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Microscope optics have long been used to observe biological samples,
when used in conjunction with a laser light source, they can also be a powerful
means to probe and manipulate cells. This dissertation describes the development
of methodologies for laserbased microfabrication in biological environments.
These techniques use pulsed laser light at a wavelength transparent to the
experimental medium except in a region with submicron dimensions defined by
the focus of a high numerical aperture objective. At the focal region, high
intensity light can modify sample material. The localized nature of this energetic
event allows it to be accomplished in the vicinity of living cells, enabling
microfabrication strategies that are used to probe and modify extracellular
environments with high resolution. The basic principles of this process are
explored and its use in several applications for cell culture manipulation are
described. In one methodology the focused laser induces physical and chemical
events that lead to the formation of a micronscale solid from a precursor protein
solution. By translating the relative position of the beam in the solution, arbitrary
vi

threedimensional structures can be formed. The use of protein microstructures as
a platform for probing and manipulating cellular microenvironments is
investigated and an advanced method of rapidly patterning elaborate structures
with a spatial light modulator is demonstrated. The high intensity laser focus is
used in a second strategy to create microfluidic conduits in a device consisting of
two stacked flow channels, one containing adherent cells in buffer and the other a
reagent solution. With laser ablation of a pore, highly defined reagent plumes are
directed into the cellcontaining chamber where they can dose multiple
specifically

targeted

regions

with

subcellular

specificity.

The

unique

microfabrication technologies described in this dissertation could prove to be of
use for researchers developing diagnostic and therapeutic devices and could lead
to more advanced tools for studying the basic biology of cells.
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Chapter 1: Introduction

1.1 BIOLOGICAL MICROFABRICATION

There is a broad interest in developing microfabrication techniques for use in
biological contexts. Building on the microscale has proven profoundly successful for the
development of electronic devices. Here, microfabrication led to increasingly powerful
instruments, with more uses, which can be manufactured more quickly, and less
expensively. Researchers developing microfabrication techniques for the life sciences and
related areas of chemistry hope to find analogous benefits. Chemical and biological
procedures generally involve the transport and processing of materials, making artificial
miniaturization more challenging than it is for electronics. However, significant
advantages could be realized for bioanalytical and medical devices that could duplicate
some of the precision, modularity, and amenability to mass production seen in
microelectronics.
A wide range of chemical and biological research fields rely to a significant
extent on microfabrication techniques. For example, micrototalanalysis or “labona
chip” approaches seek to build biological and chemical analysis systems where multiple
analytical processes are integrated onto a single microfabricated platform [1, 2].
Likewise, some tissue engineering approaches use microfabrication techniques to mimic
the microstructural details of natural tissue in the development of designed materials with
controlled biological response [3, 4]. Microarrays probably represent the most developed
1

application of microfabrication technologies to biological analysis. Microarrays are a
commonly used research tool, and may one day play a key role in the development of
personalized medicine [5]. The development and characterization of microfabrication
techniques with unique biological capabilities could potentially be useful in a broad range
of areas, from tissue engineering therapies to microarray based diagnostics.
Microfabrication techniques are becoming important for the study of cells. With
conventional cell culture methodologies, cells are introduced, allowed to differentiate,
and are tested on a planer surface bathed in homogeneous solutions. While the ability to
examine cells in vitro is a highly important biological technique, it has limitations.
Animal cells in a monolayer on a twodimensional substrate can behave differently than
they would in tissue. Cells cultured in systems able to mimic aspects of the complex
threedimensional (3D) environment of tissue exhibit phenotypes and express molecules
different from cells in 2D cell culture [6, 7]. Microfabrication offers promising routes for
extending the capabilities of conventional cell culture by adding 3D topographical
features, and gradients of immobilized and diffusible chemicals. The ability to mimic
some of the complex features of tissue leads to new ways to analyze and control cells [8,
9]. Enhancement of cell culture techniques with microfabrication shows promise in a
variety of applications. For example, microfabrication of cell culture analogs that mimic
the drug transport properties of tissue have been studied as a possible route to more
efficient drug screening methodologies [10] and microfabricated platforms have shown
the ability to influence the proliferation and differentiation of stem cell populations [11].
While most microfabrication techniques introduce cells onto prefabricated substrates, the
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Shear Lab has developed a unique niche in cell culture microfabrication technologies—
microfabrication in live cell culture.
The Shear Lab works on the development of laserbased microanalytical
techniques for the study of biomolecules and cells. This includes capillary electrophoresis
to track the expression of cell metabolites, fast separations for the analysis of transient
states of biological molecules, and work on sensor arrays [1214]. The lab has also
developed microfabrication schemes that can be accomplished in biological environments
[15]. The harsh processes necessary for the formation or removal of microsolids are
relegated to the femtoliter volume at the beam waist of a laser focused though high
numerical aperture (NA) objective. This allows microfabrication in cellular buffers, in the
vicinity of living cells.
Techniques of direct modification of cellular microenvironments are important for
biological investigations. The development of new tools for molecular biology, such as
expression cloning and polymerase chain reaction, has facilitated a dramatic growth in
the knowledge of the molecular workings inside of the cell. However, many of the
common methods of manipulating the external microenvironments of cells remain
relatively primitive. For example, often micropipettes are simply manipulated into the
vicinity of the cell to release reagents.
Microfabrication techniques effectively gentle enough to be accomplished in the
presence of cells could potentially lead to new ways of testing and manipulating cells in a
manner more efficient and effective than achieved using current technologies. This could
enable new types of studies of how cells sense and respond to their local environments.
There are many examples of why this is an important area of study. For instance, during
3

animal development dividing and migrating cells acquire dynamic positional information
from their local environments to find their properly incorporated position in the
organism. Localized signals in the extracellular environment also can play a detrimental
role for the organism, as when cancer cells induce angiogenesis which supports tumor
growth [16, 17]. Insight into important biological events could be gained from
methodologies that can, in an experimentally controlled cell culture environment,
efficiently probe and analyze cells at the same scales as the natural phenomena in
question.

1.2 MICROFABRICATION TECHNIQUES
The work presented in this dissertation describes development of two
microfabrication techniques. The first is a microfabrication technique based on the phase
change of protein, from solvated in aqueous solution, to a solid with microscale
dimensions. The photon flux of a pulsed laser focused through a microscope objective
into a protein solution can be high enough to lead to nonlinear absorption and deposition
of laser energy at the focal volume. This leads to the formation of a protein particle with
micronscale dimensions. By scanning the focal volume in the sample with beam
directing galvano mirrors and/or x,y,z stage micropositioning 3D microstructures can be
built.

Aqueous protein

is

a uniquely

biocompatible precursor

material for

microfabrication. This dissertation describes experiments in which the activities and
morphologies of cells, bathed in proteinbased microfabrication solutions, remain
unaffected for hours. The fabrication process is also highly compatible with cells because
4

of its extremely localized nature. The processes leading to protein condensation are
relegated to small enough regions that structures can be made within microns of cells.
Though the protein microsolids have not been fully characterized it is clear that
they retain characteristics of their solution phase precursors. This work describes
experiments that use an avidin precursor for microstructure fabrication. After laser
processing, the avidin incorporated into a designed matrix maintains a strong affinity for
its ligand, biotin. This outcome is useful for functionalizing the structures with biotin
linked enzymes. Decoration of avidin structures with various biotinlinked reagents is a
way to build chemically active 3D structures. Since a degree of the solution phase protein
characteristics are maintained after laser processing, it should be feasible to directly
fabricate microstructures with desired chemistries by using the appropriate precursor
material. This could provide a useful tool in the design of 3D cell environments with
defined chemical and structural characteristics.

5

Figure 1.1

Example of biocompatible microfabrication. The images show a coillike
protein structure that was made around a cell suspended in a Matrigel™
matrix. The left image shows a plane with the cell in focus. The right
image is an average of a series of images at various planes along the z axis
that better shows the protein microstructure. Scale bar, 20 µm.

This dissertation also describes the use of pulsed lasers for a process that involves
microfabrication of pores in a membrane that separates two microfluidic channels. On
one surface of the membrane, adherent cells are bathed in a flow of buffer while various
reagents are pumped through the chamber on the opposing side of the membrane. Upon
laser induced formation of a pore, upstream from a targeted cell, a plume of reagent
emerges into the cell containing channel. Taking advantage of the highly laminar nature
of fluid flow in microchannels, the micron width plumes can be targeted to subcellular
regions of the adherent cells. The result is a reagent application method with a unique
combination of resolution and the ability to dose multiple sites simultaneously.

6

It is anticipated that the techniques described in this dissertation will be the
subject of further development and eventually prove to be of use for researchers laboring
in the important tasks of advancing therapeutics, diagnostics, and the basic understanding
of cell biology.

1.3 OVERVIEW OF THE CHAPTERS
This chapter outlined the motivations and techniques of the research described in
this dissertation. Chapter 2 reviews the mechanisms of nonlinear interactions of high
intensity lasers in aqueous media. Estimates are provided of the levels of energy
deposition for various experimental configurations and some of the likely physical and
chemical processes underlying the microfabrication schemes are discussed. This chapter
is meant to provide a guide for future experimental characterizations of the
microfabrication processes.
Cell compatible additive microfabrication is the topic of Chapter 3. Protein
microfabrication in cellular environments is demonstrated including the enzymatic
functionalization of protein microstructures and the use of protein microstructures as
guides to control the movements of motile cells.
Chapter 4 describes a method for rapid patterning of protein microstructure using
a digital micromirror array from Texas Instruments to spatially and temporally control
laser exposure at the focal plane. The use of commercial video projection instrumentation
in conjunction with custom image manipulation and presentation software enables
arbitrary 3D microstructures to be designed and prototyped at a high rate.
7

Chapter 5 describes a unique cell dosing system based on a stacked microfluidic
channel geometry. It is demonstrated that with the device, adherent cells can be dosed
with high precision with a variety of reagents. Also, a scheme to control the reagent
plumes with a more complicated microfluidic geometry is presented.
.
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Chapter 2: Mechanisms of High Intensity Laser Processing of Biological
Substrates

This dissertation describes the use of high intensity light as a tool for submicron
resolved modification of biologically relevant substrates. At a sufficient intensity level,
light energy can be deposited into an otherwise transparent material. Experimentally,
high intensity levels are achieved by use low duty cycle pulsed lasers and by focusing the
beam to a small crosssectional area by means of a high numerical aperture (NA) lens
system. The threshold intensity for nonlinear effects relegates the affected area to a
microscopically resolved 3D volume, which provides a unique tool to probe and modify
biological environments. This chapter surveys some of the physical and chemical events
involved in this process.

2.1 INTRODUCTION
The response of materials to high intensity light can be a complex process that
involves energy gradients and phase transformations that evolve on subnanosecond time
scales. This chapter does not seek to furnish a comprehensive or quantitative description
of these processes, but is an attempt to provide some elements of a conceptual framework
to guide future experiments. Increased understanding of the mechanisms involved in laser
microfabrication in biological media will allow more control of the process, which will
be important for the further development of the technologies. The nonlinear laser
interactions described in this dissertation involve three intensity regimes. The lowest
11

intensity levels involve multiphoton absorption. Here photons with energies lower then
those required for direct absorption by a molecular species induce electronic excitation
when the sum of their energies is combined in a near simultaneous absorption event. The
probability of this event is very small, therefore it only happens at any significant
frequency with a high photon flux, such as can be achieved at the beam waist of a
focused, pulsed laser. With the excitation of an appropriate fluorophore this process can
provide emission from a region that is microscopically resolved in threedimensions.
Scanning the fluorescence emitting focal volume is the basis of a commonly employed
strategy for optical slicing and imaging known as multiphoton microscopy.
Typically, higher laser intensities are used for experiments where light focused
into a protein solution results in the formation of solid matrix whose initial size can be
restricted to submicron dimensions of the focal volume. By scanning the laser focus in
the protein solution, arbitrary 3D microstructures can be fabricated. This process can be
described as additive microfabrication.
Generally the highest intensity levels, used in experiments described in this
dissertation, are for a type of subtractive microfabrication. In this case a laser is focused
into a polymer membrane that is used as a cell culture substrate. The membrane substrate
is ionized at the laser focus which leads to heating, melting, cavitation and the removal of
material. The resulting microscopically defined pore is used as a conduit for the targeted
dosing of cells with reagent.
The processes mentioned above are initiated by the generation and spatio
temporal localization of laser energy. The next two sections will discuss how this is
accomplished.
12

2.2 LASER SYSTEMS
Laser systems have a remarkable capacity for effectively concentrating power.
The average power outputs of the lasers described in this dissertation are relatively low,
in the 10’s to 100’s of milliwatts. However, the lasers are pulsed and have low duty
cycles meaning that the power during a pulse is much higher than the time averaged
power. When the lasers are tightly focused with a high NA lens, the flux of photons at the
beam waist can be extremely high. The intensity values of the focused laser light in some
applications described here can exceed 1 TW cm2 (1012 W cm2). At such intensities, light
that is transparent to the bulk of the sample can be absorbed in the focal volume, leading
to photochemical and photophysical events in and near the focal volume. These events
include, fluorescence, photochemistry and optical breakdown.
Figure 2.1 shows the layout of the equipment used for focusing and scanning a
laser beam within a sample. Two basic light sources were used for the experiments
described in this dissertation. Most of the initial work was accomplished with mode
locked titanium sapphire (Ti:S) lasers which provided red light in ~150 fs pulses with
repetition rates of ~76 MHz. The second source used was a Qswitched, frequency
doubled (532 nm), microchip Nd:YAG (Neodymium Yttrium Aluminum Garnet) laser
which has a pulse frequency of 7.7 kHz, with a pulse width of 0.6 ns. The Nd:YAG’s
energy was distributed over longer pulse widths in comparison to the Ti:S laser.
However, the energy of each pulse was larger (µJ vs. nJ) so the intensities of both lasers
were within an order of magnitude of each other.
13

Figure 2.1: A schematic of the instrumentation used for laser microfabrication

The laser output was directed by mirrors into a half wave plate and beam splitting
cube which were used to control the average power of the laser beam. A pair of lenses
served as a telescope to expand and collimate the beam. The beam was then directed onto
a dichroic mirror mounted inside a microscope, which aligned the laser with the
microscope’s optical train. The microscope and its attached CCD camera were used to
observe and record processes at the focal plane of the objective. During experiments, the
focal volume was scanned by means of a motorized microscope stage or a piezo driven
14

3D scanner. Chapter 4 describes the addition of beam scanning galvano mirrors and a
spatial light modulator. Positioned before the microscope, these components allowed
rapid patterning of the light in the focal plane of the microscope objective. The
distribution of light at the focal plane region is a critical component of these experiments
and is the subject of the next section.

2.3 INTENSITY PROFILE
The point spread function describes the intensity distribution in the vicinity of the
front focal plane of a microscope objective. This is most accurately described as a vector
field. However, a rigorous description of a femtosecond laser pulse brought to a focus
through multiple dielectric interfaces is complex. Researchers studying the high intensity
transformation of materials with focused light have often found it convenient to take the
simplifying step of approximating the intensity distribution in Gaussian terms, similar to
what is shown below [14]. While Gaussian approximations simplify calculations and
make available straight forward analytical expressions, it should be noted that more
rigorous vectorial approaches are available [5, 6].
The high intensity region at the laser beam waist has a prolate spheroidal shape
where the long axis is aligned with the optical axis. Its dimensions can be described by
the Rayleigh length zo
2

zo =

wo p h

l

15

(1)

where η is the refractive index of the sample medium, λ is the laser wavelength, and wo is
the beam waist which for a diffraction limited focus can be described by

wo = 0.61

l
NA

(2)

A parameter necessary to estimate the intensity distribution is the incident power
of a laser pulse which is known a “peak power” Po

Po =

Pavg j

tw

(3)

here Pavg is the average power measured at the back aperture of the objective, φ is the
throughput of the objective for the given wavelength, τ is the pulse width, and ω is the
pulse repetition rate (τω is the duty cycle). Typical functions describing the temporal
variation of power during a laser pulse to not vary largely from the assumption of
constant power during a square pulse [7]. Thus, for simplicity, it is assumed that power is
constant during a pulse and these equations are not written explicitly as functions of time.
The peak intensity Io is found by dividing the peak power by the beam waist area.
The multiple of 2 gives the maximum for a Gaussian distribution.

Io =

2 Po
2
wo p
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(4)

A typical protein crosslinking experiment might use a Ti:S laser tuned to 740 nm
with a pulse width of 150 fs, a pulse frequency of 76 MHz, and an average power of
30 mW. Focusing the laser using a 1.3 NA objective with an 80% transmittance at the
wavelength of light would give a peak intensity value of 1.1 TW cm2.
The GaussianLorentzian (GL) formula performs as well as other Gaussian
estimates for approximating the intensity distribution of a diffraction limited focus [8].
This equation is commonly used to describe diffraction limited focal volumes in
fluorescence correlation spectroscopy [911] because it is straightforward to integrate
(which is done below). The GL also provides an accurate physical description of the
spatial intensity profile with the nondiffraction limited focus that results from
underfilling the back aperture of the objective [12], a format used for some of the
experiments described in this dissertation. Figure 2.2a shows the axial view of the GL
spatial intensity distribution as described by the formulas:

æ z ö
w( z ) = wo 1 + çç ÷÷
è zo ø

S ( r , z ) = wo2

2

exp( - 2 r 2 w ( z ) 2 )
w( z )2

I (r , z ) = I o S (r , z )
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(5a)

(5b)

(5c)

Here r and z are the radial and axial coordinates respectively, equation (5a)
characterizes the beam divergence, and equation (5b) describes a unitless spatial
distribution function. The intensity distribution can be obtained by multiplying S(r,z) by
the peak intensity Io as shown in equation (5c). The nonlinear response of the medium to
light intensity means that the affected region is potentially more confined then the
intensity distribution. The response of the medium to an nphoton process can be
effectively described by raising the intensity distribution function to the nth power [1, 12,
13]. The decreased spatial distribution for a for a twophoton process I(r,z)2 is shown in
figure 2.2b.

18

Figure 2.2: Focused light and affected region. (a) Optical axis crosssection of a beam
waist for a GL intensity distribution. (b) The same function squared to
depict the region of response for a twophoton process. Calculations were
for a 1.3 NA objective and a laser wavelength of 740 nm. Both functions
were normalized to one.

2.4 ABSORPTION OF LIGHT ENERGY

2.4.1 Electronic Excitation and Ionization
Figure 2.3 depicts mechanisms for electronic excitation and ionization. Linear
absorption is depicted by figure 2.3a. Here the energy of the photon is equal to energy
separation between the ground and the excited state. This describes a medium that is not
transparent to impinging photons.

19

Figure 2.3: Processes for frequency dependent photon deposition in material. (a) one
photon absorption, (b) twophoton absorption, (c) multiphoton ionization
with an intermediate resonant level, (d) nonresonant multiphoton
ionization, (e) Avalanche ionization: initially free electron absorbs photons
gaining enough energy to promote a valence electron through impact
(depicted by dashed arrows). The process is repeated with the newly
promoted electrons.

Figure 2.3b depicts twophoton absorption. For multiphoton processes, the bound
electron is promoted to a higher energy level by the near simultaneous absorption of n
photons, the sum of whose energies nhν is equal to or greater then the transition energy
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(hν is the energy of a photon). Multiphoton absorption was not experimentally observed
until after the invention of the laser due to the requirement of extremely high intensities
for it to be achieved at significant rates.
The photon absorption rate Wn (photons/sec) for one or multiple photon processes
can be described with the phenomenological term.

Wn µ s n F n

(6)

Here F is the laser flux (photons cm2 sec1), and σn is the nthorder crosssection
(cm2n secn1 photon(n1) molecule1). The simple Fn dependence where n is an integer does
not hold for stepwise nonlinear transition, such as depicted by Figure 2.3c. In this case an
intermediate resonant level generally decreases the flux necessary to achieve a given
transition rate [14]. The next section will discuss the multiphoton absorption process in
detail.

2.4.2 Multiphoton Absorption
Experimentally, multiphoton processes are easiest to monitor by observing the
fluorescent decay of excited states. Unlike onephoton processes transmittance is difficult
to measure because a relatively small fraction of the incident light is attenuated in the
sample. Typical twophoton crosssection values for molecular fluorophores are within
an order of magnitude of 1050 cm4 s photon1, and threephoton crosssections generally
have significantly smaller absolute values [12, 15]. Fluorophores allow observation of the
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multiphoton processes by proxy. Light emission by a fluorophore excited by n photons is
proportional to the photon absorption rate. This allows laboratory measurement of the
intensity range for a given nonlinear absorption process. At laser powers too low, no
signal is detected, and for a power too high, fluorescence loses Fn dependence. This can
happen because of saturation, intersystem crossing, photobleaching or the onset of higher
order processes. A typical peak intensity range for multiphoton fluorescence of a stable
fluorophore excited by ~150 femtosecond nearIR pulses is approximately 0.01 to 0.2
TW cm2.
The formula predicting the nphoton absorption rate has the form of equation (6)
written as a function of the illuminated sample volume with an additional term for the
number concentration of absorbers C (molecules cm3). Assuming σn and C are constants
and that Fn has axial symmetry the equation can be given [12, 16]:

Wn = s n C ò F n (r , z )dV

(7)

To describe twophoton absorption with terms defined above, the equation has the
form:

W2 = s 2

C

(hn )

2

I o2 ò S 2 (r , z )dV

(8)

Here dividing photon flux F by the photon energy hν converts the variable to peak
intensity. The assumption of time and space independence for the femtosecond pulse
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allows us to equate the spatial intensity distribution with the peak intensity Io (equation 4)
multiplied by the spatial distribution function S (equation 5c) [12]. The integral of the
square of the spatial distribution function can be evaluated analytically by writing the
integral in cylindrical coordinates. Because the focal region is typically much smaller
then the beam path through the sample the limits of integration can be written as infinite.

¥ ¥
2
ò S (r , z ) dV =

ò òS

2

(r , z )2p r drdz

-¥ 0

(9)
=

h p 3 wO4
4l

This useful result gives the volume of the twophoton excitation profile plotted in Figure
2.2b. However, this definition of the focal volume must be used with some caution,
sometimes additional factors are calculated which can change the result several fold [8,
12]. For the rough estimates we require, equation (9) will suffice.
The time averaged twophoton absorption rate can be found by substituting
equation (9) into equation (8), writing the peak intensity Io in terms of peak power
(equation 4) and multiplying by laser duty cycle τω.

p CP02hs 2
W2 =
tw
(hn ) 2 l
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(10)

Notably, the focal volume dimensions drop out of the equation. Conceptually, the reason
for this is that a larger focal volume compensates with greater numbers of absorbing
species for what it lost in photon flux.
The twophoton absorption rate is related to the measured time averaged two
photon fluorescence Fluor by the equation:

Fluor =

1
F D f W2
2

(11)

where Φ is the quantum efficiency of the fluorophore, Df is a factor that characterizes the
spatial and temporal efficiency of the detection system, and the factor of ½ accounts for
the fact that two laser photons have to be absorbed to promote the fluorescence emission
of a single photon.
We can estimate the energy per unit volume deposited by a single pulse by
dividing the absorption rate (equation 8) by the focal volume (equation 9) and
multiplying by the pulse width and the energy of a photon as shown:

e TPE = s 2 CI O2 t ( hn ) -1

(12)

The energy density absorbed per pulse with multiphoton excitation is relatively
small.

Assuming

an

absorber

with

a

twophoton

crosssection

of

1049 (cm4 s molecule1 photon1), a concentration of 10 mM, a laser wavelength of
740 nm, a pulse width of 150 fs, an average power of 10 mW, a presumptively diffraction
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limited focus with a 1.3 NA objective that has an 80% throughput, and the use of
equations (2), (3), (4), and (12); yields an energy density per pulse of 0.046 J cm3 .

2.4.3 Nonlinear Ionization
Multiphoton ionization (Figure 2.3d) is essentially the same as multiphoton
excitation except the molecule is ionized instead of electronically excited. Often this
requires a higher transition energy, meaning more instantaneously absorbed photons are
required. Tunneling ionization, another form of direct photoionization is not considered
here because, at visible wavelengths, it is not important until peak intensities several
orders of magnitude higher then those described here are reached [17].
With a strong enough applied electric field any material will undergo the process
of dielectric breakdown and will develop a conduction band populated with charge
carriers. Populations of unbound electrons that interact freely with light can similarly
evolve during an intense laser pulse. In aqueous media such free electrons are very
transient and will exist as a significant population only during a high intensity laser pulse,
afterward recombining, or solvating, or forming new chemical species within a few
picoseconds [3]. Free electrons play an important role in the deposition of laser energy
into materials through avalanche ionization. This process, diagrammed in Figure 2.3e,
operates on “seed” electrons already in the conduction band. In an intense laser pulse the
most likely source of seed electrons is promotion by photoionization [17]. Free electrons
can gain energy from a laser field through freefree absorption which is also known as the
inverse bremsstrahlung process. Bremsstrahlung (German for “braking radiation”)
describes electromagnetic radiation produced when electrons decelerate after collisions
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with heavier particles such as atomic nuclei [18]. Inverse bremsstrahlung describes the
opposite effect where radiation is absorbed by a free electron when it collides with a
heavier particle. This increases the energy of the electron. In this manner electrons can
gain enough energy from the laser field to ionize atoms during a collision, and repetitions
of this process lead to a rapid multiplication of ionized electrons. The result is the
formation of a plasma in the region of the laser focus [19].
Whether photoionization or avalanche ionization plays a larger role in generation
of free electrons depends on the conditions. For lasers with femtosecond pulses,
photoionization can play a stronger role because the process occurs almost
instantaneously. Free electrons grow exponentially with avalanche ionization but the
process takes longer to establish. The relative contribution of the two mechanisms in the
femtosecond pulse regime is the subject of differing viewpoints among researchers [17,
20, 21]. However, in pulses more than a few picoseconds in length, avalanche ionization
dominates [22, 24].
To calculate energy absorption from two photons it is typically assumed that the
twophoton crosssection is independent of the intensity (refer to equation 7). This is not
the case with the absorption coefficient at intensity exposures capable of producing
avalanche ionization. With the onset of avalanche ionization, the medium at the focus
becomes significantly opaque and linearly absorbs photons. The concentration of free
electrons increases rapidly until a threshold is reached where the plasma reflects instead
of absorbs incident photons. The typical estimate for the free electron concentration when
this occurs is around 1021 cm3 [3, 22, 23]. This is called the critical electron density and
it sets an upper bound for the free electron population of laser generated plasma. Vogel
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and coworkers provide plots of the calculated maximum electron density achieved during
a laser pulse, versus the laser intensity [13]. According to their calculations, the electron
density generated by a laser with a 6 ns pulse width will increase eight orders of
magnitude to reach the critical density over a very small intensity range. For lasers with
nanosecond pulse widths, plasma formation is a threshold phenomenon and the focal
volume is either highly ionized or not at all. The same plots for femtosecond laser pulses
show the electron density evolving more gradually with laser intensity until critical
density is reached. According to the calculations a significant population of free electrons
a “low density plasma” can exist during a pulse before the critical electron density is
reached [24].

2.5 HEATING

2.5.1 Heating from Electronic Excitation
Some of the laser energy absorbed by a sample is transformed into heat, and it is
possible that a rapid increase in local temperature plays a part in the processes or side
effects of cell compatible microfabrication. It is useful to look at the events of laser
interaction with matter as a step wise process consisting of excitation of electrons,
relaxation of electrons, and subsequent chemical reaction or physical change. The short
pulses of the Ti:S laser (150 fs) make this view especially convenient because excitation
and relaxation steps are effectively separated, a femtosecond pulse is over by the time
any significant electronic relaxation occurs. The relatively long pulses (0.6 ns) of the
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microchip Nd:YAG source complicate this picture because that the laser interacts with
the sample even as electrons relax to lower energy levels. This is diagramed in Figure 2.4
where the Nd:YAG pulse width and the electron thermalization time overlap.

Figure 2.4: Time scales of events for high intensity laser interaction with water. (a)
Depiction of series of 600 ps pulses at 7.7 kHz (b) Series of 150 fs pulses at
76 MHz. (c) Electron thermalization, sub to low ps time scale [25]. (d)
Thermal diffusion time in water from region defined by 1.3 NA voxel, sub
to low μs time scale [13]. (e) lifetime of solvated electron in oxygenated
water, 300 ns [26]. (f) diffusion time of molecule from region defined by 1.3
NA voxel, ~600 µs (equation (14), using the diffusion coefficient of
106 cm2 s1).

In the case of twophoton absorption, the temperature rise for a single
femtosecond pulse can be estimated from the energy density from a single pulse
calculated with equation (12) [27].
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DT =

e
r w Bw

(13)

Here ε is the energy density, ρw is the mass density of the medium and Bw is the heat
capacity. Using the density and heat capacity values for water, ρw = 1.0 g cm3,
Bw = 4187 J K1 kg1 and the result from the sample calculation for equation (12)
(0.046 J cm3), we find a temperature rise of 0.011 K. This assumes that all the energy
absorbed was transformed to heat.
The accumulation of heat from multiple pulses would depend on the rate of heat
transport from the focal volume. This can be roughly assessed with an equation to
estimate the thermal diffusion time td from the focal volume [3].

td =

wo2
2k

(14)

The variable κ is the thermal diffusivity of water (1.4 x 103 cm2 s1). For the beam
waist radius of a diffraction limited focus of a 1.3 NA objective, the diffusion time is
~400 ns. With a pulse repetition rate of 76 MHz there are pulses every 13 ns, so it would
be expected that heat would accumulate at the focal spot. Temperature evolution in the
focal region as a function of 3D space and time was modeled by Vogel et al. for an
energy density of 1 J cm3 being deposited by a 100 fs pulse at a repetition rate of
80 MHz. According to their calculations the temperature stabilized in less than 100 µs
[13]. The increase in temperature after a long series of pulses for a diffraction limited 1.3
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NA objective was calculated to be only 36% higher then the temperature increase of a
single pulse. For the larger focal volume of a 0.6 NA objective, heat transport would not
be as efficient. In this case the accumulated heating after a long series of pulses was
predicted to be approximately sevenfold that for a single pulse. With a tightly focused
laser the cumulative increase in temperature with exposure to a series of pulses is limited.
Multiphoton microscopy typically uses femtosecond pulses at MHz repetition
rates, with light nearIR focused using high NA objectives, at powers chosen to optimize
fluorescence signaltonoise. The lack of heating produced by the technique during
examination of sensitive biological samples has long been considered one of its
advantages. Linear absorption of the near infrared light by water has been more of a
concern as a source of heating than multiphoton absorption [15]. However, a
sophisticated analysis by the Schönle and Hell did not find heating through linear
absorption to be significant in the experimental conditions typical for multiphoton
microscopy [28].

2.5.2 Heat Generation from Ionization
For high energy laser interactions, heating takes place when the energy carried by
free electrons is transferred to the medium, a process that is accomplished in a few
picoseconds [29]. This process can lead to some readily observable events if the electron
density is sufficiently high. The result is damage to the substrate that is known as optical
or laserinduced breakdown. The series of events in the laser mediated breakdown of a
dielectric are heating of the substrate, explosive expansion, and emission of a shock wave
[3, 19]. These microexplosions have been a familiar feature of the experiments described
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in this dissertation. Sometimes optical breakdown has been used in microfabrication
processes and other times it has been a side effect. The temperature increase threshold for
bubble formation, from exposure to femtosecond pulses focused with a 1.3 NA objective
to be has been estimated to be ~130 °C, starting from water at 20 °C [13].
The 600 ps pulse of the frequency doubled Nd:YAG laser has the capacity for
generating more heat than do the shorter pulses of the Ti:S source. For pulse widths
above several picoseconds, the laser energy deposition process and the response of the
medium become intertwined. Electrons transfer energy to the lattice during the course of
pulse. This results in expansion of material which is further heated by the laser [30].
Lasermaterial interaction in the these regimes is dominated by thermal decomposition
[31]. The microchip Nd:YAG laser used in experiments described in this dissertation, at
calculated peak intensity levels approaching 1 TW cm2, ablates glass coverslips. This is
not something that the Ti:S source can do even though the laser is capable of
considerably higher peak intensity levels. This is indicative of the longer pulse length of
the Nd:YAG leading to more heating and more substrate damage.
The pulse repetition rate of 7.7 kHz for the 532 nm Nd:YAG means that the delay
between pulses is orders of magnitude longer then the estimated thermal diffusion time
(which for a diffraction limited focus with a 1.3 NA objective would be ~1 µs). It is
therefore anticipated that in an aqueous solution there would be no cumulative heating
from a series of pulses. It should be noted that cumulative effects still occur, most likely
through physical modification of a solid substrate or through accumulation of light
modified solution phase compounds, since molecular diffusion is much slower than heat
diffusion.
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2.6 MECHANISMS OF SUBTRACTIVE MICROFABRICATION
This dissertation describes a microfludic cell dosing scheme based on laser
fabricated micropores in a polymer membrane. Figure 2.5 shows a scanning electron
microscope (SEM) image of a characteristic pore formed in a 2.5 µm thick Mylar
membrane. The pore was fabricated using the Ti:S oscillator. In more recent experiments
pores have been fabricated with the 532 nm microchip Nd:YAG. Analysis of the finished
pores with optical microscopy indicates they have similar morphologies, which consists
of an aperture 3 to 4 microns in diameter that is rimmed with a raised burr of material.
The typical intensities values for pore fabrication were ~4 TW cm2 for the Ti:S
and ~0.6 TW cm2 for the Nd:YAG. With the Ti:S laser there was a threshold for
apparent damage to the membrane, with peak intensites below ~1 TW cm2 not damaging
the membrane under typical experimental conditions. Since the damage threshold was
above the intensities needed to fabricate protein structures, it was feasible to direct write
microstructures on the membrane with the Ti:S source. It was not feasible to do this with
the Nd:YAG microchip laser where damage occurred to the membrane even at very low
average powers. While the bulk optical properties of the membrane are transparent at
visible wavelengths, for packaging purposes they are coated with microscopic inorganic
particles of proprietary composition. If these impurities were easily ionized at 532 nm, it
would greatly enhance optical breakdown by providing seed electrons for avalanche
ionization. Materials with easily ionized impurities can have very low and hard to define
thresholds for optical damage by picosecond and nanosecond lasers [17].
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Figure 2.5

Pore fabricated on 2.5 µm thick Mylar by laser induced breakdown with
Ti:S 76 MHz oscillator at 750 nm and ~4 TW cm2 . Scale bar, 2 µm.

The events observed during pore formation include a visible flash (in the case of
the microchip laser) and the formation of a small gas bubble. The finished pore provides
evidence of energetic removal of material. The diameter of the pore, while
microscopically defined, occupies an area many times larger then the beam waist
calculated in equation (2). This indicates a transport of energy outwards from the region
of the highest intensity. A burr surrounding the pore, indicates melting and
resolidification have occurred. These features point to a predominantly thermal
component of pore formation. Substrate damage by lasers in the picosecond and
nanosecond time regimes is considered to be generally caused by a thermal mechanisms
[3234].
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The similar morphologies of the pores made by the femtosecond and picosecond
pulsed lasers most likely indicate similar mechanisms of fabrication. While heat is
generated less efficiently during femtosecond pulses compared to picosecond pulses,
temperatures considerably higher then the melting point of Mylar (~250° C [35]) are
predicted to be reached with the femtosecond laser, as ionized electrons approach critical
density [13]. It seems reasonable that the primary mechanism for the formation of pores
made with the picosecond and femtosecond lasers is thermalized energy deposited by
avalanche ionization which leads to melting and ablation of the membrane. The next
section will investigate the possibility that avalanche ionization also plays a role in
additive microfabrication.

2.7 PROSPECTIVE ADDITIVE MICROFABRICATION MECHANISMS
2.7.1 Multiphoton Lithography
As first described by Wu et al. in 1992 the nonlinear absorbance of light in the
focal region of a high NA objective can change a liquid phase precursor to a solid with
submicron dimensions. Focal volume scanning can then be used to create 3D
microstructures [36]. Several years after the initial demonstration the Kawata lab
published a highly influential paper that includes a striking SEM image of a bull micro
sculpture on the dimensions of a red blood cell [37]. The increasing citations of this paper
(over 100 in 2006 according to the Scifinder Scholar database) are indicative of the
growing interest in the field [38, 39].
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Published work has described this basic method by several different acronyms
including, 2PP, TPIP, MAP, MPE fabrication, TPA lithography, MPP and DLW
(respectively: “Twophoton polymerization” [2], “twophoton induced polymerization”
[40], “Multiphoton absorption polymerization” [41], “Multiphoton excitation fabrication”
[42], “Twophoton absorbed lithography” [43], “Multiphoton polymerization” [44], and
“Direct laser writing” [45]).
The materials for multiphoton lithography most often have consisted of a
prepolymer resin in the form of viscous organic liquids, solids or gels. The resins are
often based on commercial compounds designed for UV polymerization. Usually they are
mixtures consisting of monomers (such as acrylates or methacrylates) and photoinitiators
or photosensitizers which are compounds designed to absorb light and promote
photochemical reactions. The distinction between photoinitiators are photosensitizers is
that the former is consumed during the reaction while a photosensitizer can initiate
multiple reactions by cycling from excited to ground states [46]. After fabrication, the
excess material is usually washed away, typically with ethanol or acetone [4]. Since the
liquids often used in these processes are organic they are clearly not conducive for
sustenance of biological cells. Multiphoton lithography was first demonstrated in aqueous
protein solutions by Pitts et al. [47]. The Shear lab developed protein solutionbased
multiphoton lithography into a microfabrication technique that could be accomplished in
cell culture providing a means to dynamically modify and influence the environments of
living cells [4850]. Under typical conditions of protein microfabrication described in this
work, the peak intensity values for both the Ti:S and the Nd:YAG lasers were several
hundred GW/cm2. Figure 2.6a shows a grid pattern fabricated from a solution of bovine
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serum albumin (BSA). The Shear lab has fabricated microstructures out of a wide range
of protein starting materials including BSA, lysozyme, myoglobin, and avidin.

Figure 2.6

BSA structures. (a) grid structure laser fabricated from BSA solution. (b)
bubble and ring of material generated in BSA solution by prolonged
exposure to ~1 TW cm2 Ti:S pulses. The scale bars are 20 µm.
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2.7.2 Reactive Species Produced via Multiphoton Absorption
Because processes at the focal volume are limited in space and time, the
photochemical events taking place there are not easily subjected to direct analysis. When
assessing the potential mechanisms of protein microfabrication, the Shear lab and other
workers have looked to better characterized onephoton photochemical systems [47, 48].
The photoexcitation of methylene blue (MB) and rose bengal is known to generate
singlet oxygen through energy transfer from triplet states [51, 52]. Singlet oxygen can
subsequently oxidize protein residues leading to reactive species, crosslinking, and the
formation of high molecular weight aggregates [53, 54]. Photoexcited sensitizers can also
react directly with protein residues leading to the formation of radicals and crosslinks
between residues [55, 56]. Photosensitized reactions with a singlet oxygen intermediary
are known as type 2 processes, while direct radical formation through interaction between
the photosensitizer and substrate are known as type 1 reactions. Both pathways can occur
at the same time, with their relative importance dictated by experimental conditions [57].
The Nd:YAG laser can effectively generate structures in protein solutions with no
photosensitizer. Possible mechanisms for this process can be found in the literature
describing linear absorption of UV light by the major chromophoric amino acids. The
absorption of UV light can lead to formation of radical amino acid species via reactive
triplet states [58]. Also, there is evidence that UV absorption by tryptophan can generate
singlet oxygen, which means that type 2 processes could potentially occur in protein and
amino acid solutions even without a specific photosensitizer added [59]. The twophoton
crosssections of some proteins and amino acids at 532 nm have been reported to be
reasonably large [60, 61].
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It can be seen in the literature that there are several plausible mechanisms by
which electronically excited states could lead to the generation of radicals and
crosslinking of proteins. It would also seem plausible that these reactive pathways could
be attained through multiphoton absorption.

2.7.3 Free Electron Induced Reactive Species
If a significant level of ionization occurs with the conditions used for protein
microfabrication, and if ionization could induce processes leading to the condensation of
protein from solution, then laser mediated ionization could play a role in the
microfabrication process. This possibility will be assessed for protein microfabrication
with the Ti:S source. Literature describing optical breakdown in aqueous solutions with
picosecond pulsed lasers is not specific to our experimental conditions, so discussion of
fabrication with the microchip Nd:YAG laser will be placed aside.
The estimated peak intensity levels used for protein microfabrication with the
Ti:S laser vary with experimental conditions but are typically in the high 100’s of
GW cm2 range. This is a significant fraction of published breakdown intensity thresholds
for ~150 fs nearIR pulses in pure water (4.8 to 8.6 TW cm2) [62, 63]. The threshold
intensity levels for the solutions typically used in my dissertation studies could be lower,
as they generally contained millimolar photosensitizer concentrations, levels expected to
substantially facilitate ionization. Indeed generation of microscopic bubbles is
38

commonplace during the protein microfabrication process. As noted above it has been
estimated that the temperature increase required for localized phase change and formation
of a bubble of with femtosecond nearIR pulses brought to a diffraction limited focus
with a 1.3 NA objective is ~130 ºC [13]. The temperature increase from twophoton
absorption can be estimated with equations (12) and (13) and the relevant experimental
parameters including concentration and twophoton crosssection of the photosensitizer.
For typical protein fabrication conditions in this dissertation’s studies the predicted
temperature increase with these calculations is insignificant (millikelvins) making heat
generation from multiphoton absorption a poor candidate for the observed phase change.
Localized microscopic bubble formation at the laser focus is therefore a result of optical
breakdown stemming from photoionization and avalanche ionization. In fact bubble
formation is a common criterion for determining optical breakdown in water induced by
femtosecond pulsed lasers [24, 63].
As described above, a significant number of free electrons can populate the focal
volume during femtosecond pulses at intensity levels below the threshold for optical
breakdown [3, 62]. Often, in this dissertation’s protein microfabrication experiments,
intensity levels are optimized by adjusting the average laser power to just below the level
at which the formation of microscopic bubbles are observed. It is therefore feasible that
protein fabrication can take place in a partially ionized focal volume.
The thermalization of free electrons after the termination of the pulse could lead
to heating. This could have an effect on the protein fabrication process, it has been
demonstrated that the heat induced coagulation of albumin can occur on the time scale of
100’s of µs [64]. A partially ionized focal volume could also result in chemical effects.
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The laser induced breakdown of aqueous solutions accomplished with UV sources results
in the formation of many reactive species including solvated electrons (eaq) and reactive
oxygen species such as the hydroxyl radical (OH∙), hydrogen peroxide (H2O2), and
superoxide (O2∙) [26, 65]. Pulse radiolysis studies have shown that these reactive species
(most notable the hydroxyl radical) will react with solution phase proteins leading, in
some cases, to crosslinking between proteins and the formation of high molecular weight
aggregates [6670]. With a significant population of free electrons in the focal volume,
there might also be direct changes to the protein, for instance, biomolecules can form
transient molecular anions with exposure to free electrons, subsequently leading to the
formation of radicals [71, 72]. Considering solutions of up to 400 mg ml1 protein are
used which result in an environment densely crowded with solvated protein, such effects
could be important.
There are viable pathways leading the formation of crosslinked protein structures
both with multiphoton absorption and with photoionization and avalanche ionization.
However, considering the evidence that crosslinking can take place in conditions of
relatively high energy densities and that multiphoton absorption, in the experimental
conditions of this dissertation, is predicted to only deposit a small amount of energy,
processes stemming from ionization could be more important.

2.8 CONCLUSION
The possibility that protein microstructures form in a highly ionized focal volume
would, in some ways, make the process more difficult to control. It seems likely, that
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instead of crosslinks between specific protein residues, a more energetic reaction
environment would result in less discriminate events. For instance, the involvement of
heating could not be precluded. In some ways, this could make the microfabrication
process more difficult to predict and control but it might also produce new opportunities
for analysis. Because the amount of energy that can be deposited in ionization processes
is much higher that that of multiphoton processes, it seems reasonable to anticipate that
proportionally more reactive species could be generated for analysis. This could ease
some of the challenges of analyzing the small amount of material typically produced in
the focal volume. There are various strategies for detecting the products of water lysis
which could prove applicable for studies of focal volume processes. For instance the
hydroxyl radical can be analyzed with fluorescence methods [73], chemoluminescently
[74], and by capillary electrophoresis [75]. These analytical techniques provide possible
routes for characterizing products generated by an ionized focal volume.
There are many important types of characterizations that would help elucidate the
processes involved in protein microfabrication. This chapter has focused on the physical
and chemical events that could potentially underlie the fabrication process. However,
there are features of the structures themselves that require characterization. These include
the nature of the bonds that knit the protein structures together, and the mechanical
characteristics of the microstructures. These questions present many exciting research
opportunities.
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Chapter 3: Proteinbased Microfabrication for the Perturbation and
Analysis of Cells
This chapter presents work in which we demonstrate a strategy for
microfabricating threedimensional matrixes composed of protein in cellular and
microfluidic environments. In this approach, the high intensity focal region of a pulsed
laser focused into protein or protein/photosensitizer solution results the formation of
solid, threedimensionally defined volumes. In this manner, it is possible to fabricate
protein microparticles with dimensions on the order of the multiphoton focal volume (less
than 1 µm3) or, by scanning the position of a laser focal point relative to a specimen, to
generate surfaceadherent matrixes or cables that extend through solution for hundreds of
micrometers. We show that protein matrixes can be functionalized, by decoration of
avidin matrixes with biotinylated enzymes, or by crosslinking biotinylated proteins that
then are linked to biotinylated enzymes via an avidin couple. Several formats are
explored, including threedimensional enzymatic structures, protein pads that generate
product gradients within cell cultures, and protein fences to guide the migration of
selected motile cells.

3.1 INTRODUCTION
A cell senses and responds to external environmental features that are defined
across a broad range of spatial dimensions, from the gross anatomical to nanoscale
physical and chemical characteristics. The particular range represented by micrometer
scale features is an important level of biological organization. Cellular response to signals
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with microscopic spatial resolution plays important roles in development, homeostasis,
and in response to disease or injury [14]. Microenvironmental signals can be transmitted
by diffusible or immobilized chemical gradients or through mechanical coupling [57].
The ability to reproduce and study the effects of localized signaling in a controlled cell
culture environment could further our understanding of these processes. To this end,
various strategies that produce spatiotemporal chemical gradients or physical
perturbations have been developed. Modification of extracellular environments in three
dimensions is possible, for example, through directed solution delivery from
micropipettes [8] and manipulation of chemically defined microspheres [9]. Although
useful for some applications, these techniques are not easily amenable to parallel
examination of multiple sites and can suffer in terms of precision. Techniques that
incorporate microfabrication can be superior to techniques that involve the careful
positioning of pipettes and probes in some respects. For instance, microfluidic techniques
can dose cells with very high resolution [10, 11]. Also, highly parallel levels of cell
analysis can be achieved with strategies based on the lithographic patterning of surface
biomolecules on substrates which can result in expansive arrays of high resolution
patterns. These approaches can influence cell behavior including migration, division and
metabolic activity [1215].
While conventional microfabrication strategies can provide high resolution
modification of substrates, there are several drawbacks. The environment of a cell within
an organism

is threedimensional

and

dynamically

modified.

Many

current

microfabrication strategies are based on lithographic technologies that can only modify
two dimensional surfaces. Also, the process of modification of the experimental substrate
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is generally accomplished before the cells are introduced. This precludes changing
microfabricated features to investigate cellular response, or localizing microfabricated
objects to target cellular features at specific locations or time points.
To address such limitations, we have developed a technique based on protein
crosslinking induced by the nonlinear absorption of light from a high intensity pulsed
laser. This technique enables fabrication of chemically active structures with micrometer
threedimensional resolution in cellular environments. Until recently, microarchitectures
fabricated using nonlinear absorption induced photochemistry were based on synthetic
resins and were fashioned into structures such as exquisitely detailed (but chemically
inert) artwork [16, 17], highaspectratio towers [18], and micromachines [19]. As a
biomolecular alternative, Campagnola and coworkers demonstrated that similar structures
could be created using nonlinear absorption of high intensity Ti:S light to crosslink
proteins such as alkaline phosphatase and fibrinogen [20, 21]. Although these structures
were shown to retain some native protein activity, the fabrication solutions contained
toxic photosensitizers (e.g., rose bengal), limiting possibilities for application to living
cellular environments [21]. Rose bengal and methylene blue facilitate the fabrication of
protein microstructures but can be both phototoxic [22] and cytotoxic (in the absence of
irradiation) at low micromolar levels [23]. The Shear lab has explored the use of flavins
and other noncytotoxic biological compounds for facilitating protein photocrosslinking.
These naturally occurring compounds largely avoid issues related to nonphotonic
cytotoxicity. Work from the Shear lab has demonstrated the effectiveness of flavin
adenine dinucleotide (FAD) for facilitating the protein crosslinking process within
cultures of living cells. The utility of this approach has been demonstrated by influencing
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neuronal development in real time [24]. The Shear lab also has explored the use of an
inexpensive frequency doubled microchip Nd:YAG laser for protein microfabrication. It
has been demonstrated that with this laser it is feasible to fabricate protein structures
without added photosensitizer [25].
Here, we investigate the capabilities of this microfabrication strategy for
localizing enzymatic reactions within cellular milieus, establishing the feasibility for
creating chemical gradients within cell cultures. Chemical localization is achieved via
strategies that exploit avidinbiotin conjugation chemistry. In addition to surfaceadherent
lines and platforms, the geometry of protein matrixes created using this approach ranges
from suspended micrometerthick cables with lengths greater than 100 µm, to the
creation of dense threedimensional fences to guide cell migration. The wide range of
protein architectures and chemical functionalities possible with this method opens
important

opportunities

for

characterizing

and

controlling

extracellular

microenvironments.

3.2 EXPERIMENTAL METHODS
3.2.1 Matrix Fabrication
Protein structures were fabricated using the output from a femtosecond Ti:S laser
(Coherent Mira, Santa Clara, CA) operating at ~750 nm (pulse width ~150 fs, pulse
repetition rate ~76 MHz). The Ti:S beam was aligned into a Zeiss Axiovert 135
(inverted) microscope. The beam was adjusted to approximately fill the back aperture of
a 40× objective (Olympus UPlanFl, 0.75 NA) with average powers of 50 to 100 mW at
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the back aperture of the objective resulting in estimated intensities at the beam waist of
0.5 to 1 TW cm2. By scanning the position of the specimen relative to the laser focus
with a Prior motorized stage (Proscan 2), extended structures of different dimensionality
could be fabricated. Except where otherwise noted, matrixes were fabricated using
solutions that contained protein (100300 mg/ml) and flavin adenine dinucleotide (FAD)
at 5 mM as a photosensitizer in Hepesbuffered saline (HBS; 10 mM Hepes, 135 mM
NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM Dglucose, pH 7.4). Cables were
fabricated using similar protein concentrations, but typically used 1 mM methylene blue
(MB) as a photosensitizer due to its superior crosslinking abilities. Although the specific
photophysical and photochemical causes have not been delineated, we find that lines
fabricated using MB are consistently thicker at a constant protein concentration and scan
speed than are lines produced using FAD.
An alternative laser fabrication system was used for the experiments involving
keratocyte migration. Here, a microchip frequency doubled (532 nm) Nd:YAG (pulse
width 0.6 ns, pulse repetition rate 7.7 kHz) was aligned into a Nikon Eclipse (TE2000E)
microscope. Sample translation was accomplished by means of a Physik Instrumente (P
527) nanopositioning stage. Laser exposure was controlled by Uniblitz shutter
(UHS1,Vincent Associates). Both the nanopositioning stage and shutter were controlled
with custom software written with Labview (National Instruments, Austin Texas).
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3.2.2 Chemicals and Materials
Except where noted, all chemicals were purchased from SigmaAldrich
(St. Louis, MO). BSA and biotinylated calf intestinal alkaline phosphatase (biotinAP,
29339) were obtained from EquitechBio (Kerrville, TX) and Pierce Biotechnology, Inc.
(Rockford, IL), respectively. Avidin was purchased from Molecular Probes, Inc. (Eugene,
OR).

3.2.3 BiotinBSA Cables
BSA was biotinylated via reaction with excess 6((biotinoyl)amino)hexanoic acid
succinimidyl ester (biotinX SE) in 100 mM carbonate buffer (pH 9.9) followed by
dialysis against HBS to remove unreacted substrates. After fabrication, cables were
functionalized with alkaline phosphatase (AP) by treatment with avidin (1.0 mg/ml;
2 min) followed by biotinAP (0.1 mg/ml; 2 min) in HBS.

3.2.4 Cell Culture
Neuroblastomaglioma (NG10815) cells were purchased from the American
Type Culture Collection (Manassas, VA) and cultured in DMEM (Mediatech, Inc.,
Herndon, VA) supplemented with 10% fetal bovine serum (FBS), penicillin (100 mg/L),
and streptomycin (100 kunits/L) purchased from Invitrogen (Carlsbad, CA). Flasks were
maintained at 37 °C in a 10% CO2 atmosphere with saturated H2O. NG10815 cells were
seeded on 0.01% (w/v) poly(Llysine)coated glass coverslips and incubated for 13 days
in a lowserum (1% FBS) growth medium.
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An established protocol was followed to obtain the keratocyte cells [26]. Briefly,
scales were extracted by tweezers from a sacrificed Black Tetra (Gymnocorymbus
ternetzi) tropical fish and placed flat on a flame sterilized coverslip. Before the cells
could dry, they were perfused with Hepesmodified DMEM (Sigma Aldrich)
supplemented with 20% FBS. The cells were then incubated overnight at 30 °C and the
sample was used the next day after ~2 min treatment with 0.25 % (wt./v) Trypsin,
2.21 mM EDTA (Cellgro).

3.2.5 PDMS Microchamber Fabrication.
To minimize the surface area subjected to nonspecific protein adsorption in
extracellulargradient experiments, NG10815 cultures were grown on coverslips that
could be transferred to flow cells after fabrication of protein structures. In this approach,
adapted from Folch et al. [27], a stencil with a 1.5 mm pore was formed from PDMS
(Polydimethylsiloxane, 10:1 RTV615A to RTV615B; GE Silicones, Niskayuna, NY) and
was placed on a 22 × 22 mm coverslip (no. 1; Erie Scientific, Portsmouth, NH). This
procedure created a well (~1 mm deep) into which NG10815 cells were seeded at
~15000 cells ml1.
For protein structure fabrication, the medium was removed and a blocking
solution of BSA (200 mg ml1) in HBS was added and incubated for 10 min before
addition of photocrosslinking solution (avidin and FAD). After photofabrication, the
pore was washed extensively with HBS. To functionalize the avidin structure, the pore
was filled with a 0.1 mg ml1 solution of biotinAP in HBS for 2 min and then rinsed
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several times with HBS. After the stencil was removed, a small droplet of HBS was left
on the NG10815 field, ensuring the cells remained submersed in buffer. An opensided
channel fashioned from PDMS (see below) was aligned over the droplet, and the entire
system was gently compressed in an aluminum clamping block to strengthen the seal
between the coverslip and PDMS, after which the channel could be flooded with HBS
and used as a flow cell.
The negative master for the PDMS channel was prepared by affixing a section of
a no. 1 1/2 coverslip (cut to the same dimensions as the desired channel) to the floor of a
3.5cmdiameter Petri dish using epoxy. Teflon tubing (0.35 mm i.d., 0.65 mm o.d.; Zeus
TFE) was affixed to both ends of the channel master coverslip to create voids in PDMS
through which solutions could be introduced into the cell containing channels. The Petri
dish was filled with PDMS solution, degassed, and cured at 60 °C for 1 h. This process
resulted in channels ~170 µm high, 3.5 mm wide, and 20 mm long, which could be
placed over cultures of NG10815 cells.

3.2.6 Cell Imaging
After matrix fabrication, initial inspection of structures, and placement of the flow
cell, extracellular product gradients were imaged using a Photometrics CCD (Coolsnap
FX) on a Nikon Eclipse (TE2000E) microscope using a DAPI filter set.
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3.2.7 Sample Preparation for Electron Microscopy
Samples were prepared for electron microscopy by exchanging fabrication
solutions with Trisbuffered saline (TBS; pH 8.5) containing 15% (w/v) glutaraldehyde.
After incubation for 10 min, solution exchanges were performed using, in sequence,
100% H2O, ~50% H2O/50% ethanol, 100% ethanol, 100% methanol (×2); each solution
was allowed to incubate for 20 min before being replaced. The specimen was allowed to
airdry for 5 days after the final methanol wash, and the dry sample was coated using a
Au/Pd target to a nominal thickness of 8 nm.

3.3 RESULTS AND DISCUSSION

3.3.1 LargeAspectRatio CrossLinked Structures
Cultured cells display differential patterns of development according to the
physiochemical structure of their environment; experiments with twodimensional and
3D culture systems have demonstrated effects of cellcell and cellmatrix interactions on
neuronal stem cell differentiation [28, 29]. The ability to alter the 3D cellular
microenvironment through ondemand fabrication would extend the reach of traditional
tissue engineering methods as well as our understanding of cells in biomimetic systems.
To explore the capabilities of nonlinear laser crosslinking for fabricating large
aspectratio protein matrixes in various configurations, BSA cables were constructed that
bridged gaps between coplanar or parallel glass surfaces spaced by distances greater than
100 µm (Figure 3.1). The thickness (crosssectional diameter) of such cables is largely
determined by laser power and the speed at which the laser focus is translated through the
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protein solution, with higher translation speeds and lower powers yielding thinner
structures. At a scan speed of ~10 µm s1 and 100 mW average laser power, cables
fabricated from BSA and MB displayed an average thickness of ~2 µm. We also have
fabricated cables using the photosensitizer FAD, although such structures generally
require significantly greater care to avoid damage during washes.
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Figure 3.1: Largeaspectratio protein cables. (a) SEM micrograph of a BSA cable
fabricated across a gap between coplanar borosilicate coverslips. Scale bar,
30 µm. Inset: Low magnification SEM image of the same specimen
demonstrating a series of parallel cables. (b) Catalytically active protein
cables. A cable was fabricated from biotinylated BSA across a ~180 µm gap
between glass coverslips and was labeled with biotinAP via an avidin
sandwich approach. The sample then was treated with the fluorogenic AP
substrate, 4methylum belliferyl phosphate (4MUP) (100200 µM), which
is catalytically converted to fluorescent 4MU by AP. The intensity plot on
the left was produced from a widefield fluorescence image acquired under
high flow conditions, in which steadystate product concentrations remain
low. By reducing flow rates (right intensity plots), an increasing
accumulation of 4MU product can be attained. Background signal from the
coverslips is caused by biotinAP retained as a result of nonspecific
adsorption of biotinBSA. Scale bar, 200 µm. (c) Product concentrations
(4MU) measured 20 µm downstream of an APfunctionalized cable as a
function of solution flow rate. Point measurements were made using
multiphoton excitation. A volume flow rate of 1.0 ml min1 in the flow cell
used here corresponds to a linear flow rate of ~30 mm s1 at the cable.
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Figure 3.1b demonstrates the enzymatic activity of a functionalized protein cable
under a flow of 4methylum belliferyl phosphate (4MUP). This bridge, fabricated using
a biotinBSA conjugate, was decorated with biotinAP via bridging avidin molecules.
4MUP was catalytically converted to fluorescent 4methylumbelliferone (4MU) by
biotinAP immobilized to the cable. Accumulation of fluorescent product can be seen
both in the vicinity of the cable and from coverslipassociated enzyme (the result of
nonspecific biotinBSA adsorption). Product accumulation downstream from the
functionalized cables as a function of flow rate was measured (Figure 3.1c). To evaluate
whether protein cables were merely accumulating fluorescent product generated at the
coverslip surface, control cables were fabricated using nonbiotinylated BSA alongside
functionalized cables (data not shown); unlabeled structures displayed no significant
4MU fluorescence.

3.3.2 In Situ Chemical Gradients
The ability to selectively expose a cell or a small population of cells with a
specific chemical effector could potentially have broad utility, particularly if dosing could
be achieved with arbitrary spatial control. To explore the potential applicability of
biocompatible microfabrication to this goal, we have performed proofofconcept studies
in which a realtime gradient of fluorescent 4MU molecules are created through
localization of a biotinylated enzyme to crosslinked avidin structures. Here, a structure
(60 µm × 30 µm × 1 µm) composed of crosslinked avidin was fabricated in a field of
NG10815 cells and functionalized by treatment with 0.1 mg ml1 biotinAP for 2 min
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(Figure 3.2). The structure and cell field then were enclosed in a PDMS microchannel
(crosssectional area, 0.6 mm2), and a stream of 4MUP was introduced at a flow rate of
~0.5 ml min1 (~14 mm s1 average linear flow rate). As shown in Figure 3.2, 4MUP was
converted to fluorescent 4MU principally at the structure, which was carried by the flow
in a stream.

Figure 3.2: Generation of chemical gradients within cellular cultures. The image on the
left is a transmission image (10× objective with a 1.5 times magnifier)
showing a field of cultured NG10815 cells before fabrication of a photo
crosslinked avidin scaffold. The middle image shows the same field after
fabrication of protein structure and decoration with biotinAP. On the right
is a fluorescence image of the same field subjected to a directional flow of
4MUP (arrow denotes flow path). Fluorescent 4MU product can be seen
extending from the scaffold along the flow path and bathing downstream
cells, several which develop high fluorescence due to dye uptake. The scale
bars represent 20 µm.
To characterize such product plumes under controlled conditions, a similar
protein structure was fabricated in the absence of cells, and multiphoton fluorescence
point measurements using a 100× objective were performed both downstream and
upstream of the structure at varying heights. For the flow conditions and reagent
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concentration (200 µM 4MUP) used in these studies, the concentration of fluorescent
product immediately adjacent to a structure was ~10 fold greater within the plume
(32 ± 7 µM) than on the upstream side of the structure. Similarly low product levels were
measured 1020 µm both above and lateral to the plume so long as moderate flow rates
were maintained.
As evidenced by the downstream cell in Figure 3.2 that has accumulated
significant 4MU product, this approach can be used to differentially dose desired cells
within cultures that were unpatterned before plating. Other cells in the shown field also
have developed cytosolic fluorescence at somewhat lower levels, likely a result of
nonspecific ectophosphatase activity. The use of biocompatible microfabrication to
localize enzyme reactors within cellular environments could eventually be extendable to
biologically relevant systems. For example, diffusible molecules can play critical roles in
the differentiation of stem cells [30]. With the appropriate enzyme/substrate couple this
system could be uniquely capable of producing, in cell culture, the localized gradients
stem cells experience in vivo. Moreover, although relatively large structures were
fabricated in the current proofofconcept studies for ease of visualization, submicrometer
spatial resolutions  suitable for subcellular dosing  should be feasible using multiphoton
fabrication.
At present, the principal limitation in the spatiotemporal localization of chemical
gradients is the nonspecific adsorption of protein, the result of exposing unprotected glass
and fusedsilica surfaces to very high protein concentrations (typically at least
100 mg m11) during the photocrosslinking process. To avoid prohibitive nonlocalized
enzyme activity throughout a fabrication chamber, extensive washing procedures were
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required, in some cases causing the release of adherent cells from surfaces. Even with
such treatment, residual enzyme levels in some cases can generate significant steadystate
product concentrations, particularly under stagnant conditions. Various passivation
strategies have been investigated by the Shear lab, such as competitive binding with
surfactants, and use of proteins for microstructure fabrication that are designed to be
more resistant to nonspecific adsorption (such as streptavidin). These strategies have met
with limited results. One challenge is that many conventional methods such as covalent
attachment of poly(ethylene glycol) also prohibit cell adhesion. An alternative approach
currently being pursued is the photoincorporation of biotin conjugated to a photoreactive
benzophenone moiety into protein matrixes as they are created. This may be useful for
fabricating structures with high avidinbinding capacities while reducing background
associated with nonspecific protein adsorption. Small molecules are generally less prone
to nonspecific adsorption than are proteins, which should, in principle, allow biotin to be
more effectively washed off,

3.3.3 Topographic Guidance of Cell Migration
Along with microscopically defined chemical gradients, physical features in the
extracellular microenvironment can have a determinative effect on the cell. For instance,
most tissue cells are not viable without a solid support [31]. The physical topology in the
cellular microenvironment provides important cues that influence cell differentiation and
migration in events such as development and wound healing [32].
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We used fish epidermal keratocytes, a model system for the study of cell motility
[26] in experiments to investigate laser microfabrication for dynamic control of cell
migration. Here we constructed the fencelike protein microstructures out of a solution of
300 mg ml1 BSA using a frequency doubled Nd:YAG, a laser capable of efficiently
fabricating structures in protein solution without added photosensitizer.
Fence structures were made within microns of targeted cells. The geometry of the
structures was determined by the programmed parameters of a piezo nanopositioning
stage which oscillated in the in vertical axis according to a sine function while moving at
constant rates in the x,y plane. The amplitude of the sine function defined the height of
the fence and the frequency, in conjunction with the rate of travel in the x,y directions,
could control the density of vertical lines in the fence. To use the fence building routine,
the user would select the desired path of the fence in relation to cells in the microscope
field of view as observed by the CCD. On command, fences would be fabricated
according to the parameters programmed into the piezo scanner. With this system, fences
could be used to corral individual cells. This process is shown in Figure 3.3 where a box
was built by parts around a migrating keratocyte. The piezo zaxis was driven by a sine
function with the amplitude of 5 µm and a frequency of 25 Hz which (for the piezo x,y
translation rate of 5 µm s1) meant that the focal volume made 10 vertical passes for every
1 µm of travel in the x,y plane. The actual height of the fence was not precisely defined
because the axial resolution of this fabrication system was not characterized and the axial
starting positions for the fence structures were estimated visually.
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Figure 3.3: Control of cell migration with dynamic microfabrication. (a) DIC images
showing ~5 µm high fences, fabricated from a BSA precursor solution, built
sequentially around a migrating fish epidermal keratocyte. The asterisk
highlights the original fence segment in each of the images. There is an
approximate 5 min interval between each image. (b) Illustration depicting
how the protein structures redirect migrating cells. (c) Sequence of images,
5 seconds apart, depicting a characteristic interaction of the cell
lamellipodium with the protein structure. The arrow highlights a more
prominent region of the lamellipodium that forms, interacts with the protein
fence in several locations and then retracts in under 30 seconds. All scale
bars are 30 µm.
In these experiments rapidly migrating cells (~10 µm/min) that had moved clear
of the tissue explant were selected and perturbed by microfabrication to constrain their
direction of travel. A migrating keratocyte whose path was blocked by a protein fence
was redirected after an interaction between the keratocyte’s lamellipodium and the fence.
A migrating cell impeded by a protein fence would stop when the lamellipodium
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contacted the fence and then proceed in a different direction at a similar rate. This process
(for these rapidly migrating cells selected for analysis) generally took around 5 min. For
the structural dimensions of the fences examined in this experiment, the response of the
cells was remarkably consistent. A cell trapped in an enclosed box would generally
migrate around the inside, contacting and moving away from the walls in apparently
random directions often for 3 to 4 hours, until the cell began to lose apparent viability.
Conditions in these experiments were not optimized for the long term maintenance of
cells on the microscope stage, which was unheated. Experiments would also occasionally
end with the cell traversing the ostensibly 5 µm high fence.
A system such as this with unique abilities to test and control motile cells with
microscale stimulation could be of interest to biological researchers. Future experiments
could expand the experimental system described here. The response of cells to a variety
of microstructure geometries on scales from tens of microns (such as mazes and corrals
made from systems of fences) to the micronscale (such as height, density and textures of
the fence) could be assessed. The ability to select cells demonstrating particular
morphologies or activities, and to test them with custom structures could enable unique
experimental strategies not available to conventional lithographic techniques where the
substrate modifications necessarily take place before the cells are plated.
It might seem peculiar to put a cell in a maze as one would place a rat in a maze.
However, the establishment of stereotypical responses of an organism to a controlled and
structured environment can provide important phenotypic information. Would migrating
cells associated with mammalian connective tissues such as fibroblasts, or the
mammalian immune system such as neutrophils, respond similarly? The response of
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various cells in different conditions to microstructural stimuli could provide insight to the
natural behavior of cells in tissue. Use of celllines amenable to genetic manipulation
might provide routes for studying some of the complex mechanotransductive and
biochemical events that must underlie the process of cell sensing and response to change
in physical microtopography.

3.4 CONCLUSION
A potential advantage of the techniques described in this chapter is that through
methodologies common to automated microscopy, such as programmed stage control,
laser exposure, and computer image recognition, it should be feasible to greatly increase
the rate at which cells are analyzed. It is much easier to move a manipulative probe
rapidly through a cell culture if the probe consists of focused light instead of relatively
massive mechanical devices such as micropipettes. Partial automation is already
demonstrated in the case of microstructure fabrication to guide cell migration.
The capability of fabricating catalytically active protein matrixes provides a
unique tool to tailor microenvironments. This approach offers the ability to create a broad
range of chemically defined topographical features (e.g., cables, surface adherent lines,
pads, fence geometries). Developing methods of creating microstructures with
biomolecular gradients well enough defined to control cell behavior chemically is an
ongoing research subject in the Shear lab.
The approaches explored in this work should provide new capabilities for
studying a variety of cell functions, ranging from singlecell biochemistry and
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development to perturbation and analysis of populations of cultured cells. The 3D control
inherent to multiphoton crosslinking could eventually enable enzymebased sensors to
be fabricated within cellular environments in topographies that restrict diffusion of
analytes from their cellular release sites, thus increasing the efficiency of masslimited
cellular analyses. Beyond its application to fundamental questions in cell biology,
applications for this technology are likely to be found in regenerative medicine where
precise chemical and physical control of cell proliferation and differentiation is required.
Innovations in microfluidics promise to revolutionize the biosciences by providing new
approaches to diagnostics [33], enzymatic assays [34], and cell biology [10, 11]; on
demand, highresolution microfabrication complements and adds versatility to these
technologies by providing a means to alter chemical and mechanical environments after
fabrication of initial microfluidic architectures.
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Chapter 4: Dynamic MaskBased Microfabrication*

This chapter describes a strategy for rapidly producing microstructures using
multiphoton

lithography

directed

by

a

computercontrolled

dynamic

mask.

Morphological descriptions of 3D structures, including biological specimens and
designed tissue analogues, are encoded in 2D slice data that are used to create a sequence
of reflective photomasks on a digital micromirror device (DMD). By scanning a laser
focus across the face of these intrinsically aligned masks, tomographic and computed
data can be translated into proteinbased 3D reproductions having micrometer feature
sizes within minutes. This straightforward and highly versatile approach may provide
improved routes for the development of custom tissue replacements, design of 3D
cellular scaffolds, and rapid prototyping of microanalytical devices.

4.1 INTRODUCTION
Multiphoton lithography is a unique microfabrication strategy capable of
generating highresolution 3D microstructures through a laser directwrite process [1].
The nonlinear dependence of multiphoton excitation on photon flux provides inherent
optical sectioning for fluorescence microscopy [2] and photofabrication [3]. Recently, the
Shear lab showed that by directing multiphoton photocrosslinking with transparency
based photomasks, 3D microstructures and chambers composed of crosslinked proteins
could be designed, fabricated and evaluated in minutes, allowing rapid iteration of
*

Adapted from Nielson, Kaehr and Shear Angewante Chemie 2007 (submitted)
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prototype geometries that guide cellular motion or trap single cells for extended
incubation of clonal populations [4]. The basis of this technique was the placement of a
physical mask in the path of a raster scanned laser beam that was directed into
microscope optics. The mask was aligned at the intermediate image plane before a tube
lens and high NA infinity corrected microscope objective. Therefore, the scanning beam
would reproduce the mask image in reduced proportions onto the specimen plane.
This ability to rapidly fabricate microforms composed of biological building
blocks [5, 6] could be important in a variety of applications. However, because the image
displayed on a multiphoton mask determines the pattern of crosslinked protein at the
specimen plane, transparency masks must be replaced sequentially in a laborious
procedure to achieve variations in microstructure topography. As a result, this procedure
has been well suited to fabrication of structures requiring only one or two photomasks but
is not practical for creating more complex materials such as tissue microconstructs.
To achieve the levels of complexity necessary to replicate complex structures
such as microscale tissue morphology, we have designed a system based on a DMD
automated reflectance mask [7]. This device, which is manufactured for image projection
in consumer electronics, consists of an array of over 5 x 105 aluminum micromirrors
which mechanically switch between two orientations. Light rays impinging on the
mirrors are either sent along an optical path or into a beam block according to the
orientation of the individual mirrors. This provides a means of videorate mask switching.
Similar dynamicmask lithographic approaches recently have been used to pattern
(broadband) UV light for a number of applications including microarray fabrication and
stereolithography [811]. Our approach combines dynamic mask microfabrication with
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the advantages offered by multiphoton lithography allowing 3D fabrication in aqueous
environments. To accomplish this, a femtosecond pulsed laser light is raster scanned in a
rectangular pattern across the face of a DMD positioned at the intermediate image plane
(Figure 4.1). The image displayed on the DMD using the graphic output from a personal
computer is reproduced on the specimen plane of the objective with a reduction of scale
approximately determined by the ratio of the focal lengths of the objective and tube lens.
In combination with the intrinsic 3D resolution of multiphoton lithography, this approach
allows sequential horizontal fabrication planes to be rapidly layered with precise,
automated alignment—in contrast to traditional photolithography which requires high
accuracy physical alignment for sequential masks. Here, we demonstrate the versatility of
this straightforward fabrication approach for 3D microprototyping and microreplication.

4.2 EXPERIMENTAL METHODS

4.2.1 Instrumentation
The output from a modelocked Ti:S laser (SpectraPhysics, Tsunami) tuned to
730 – 740 nm was aligned into a confocal scan box (Biorad, MRC600) where
galvanometerdriven mirrors scanned the beam in a raster pattern of ~500 lines in 1 or 3 s
depending on the setting. The DMD used in these experiments (Texas Instruments,
0.55SVGA) was a component of a partially dismantled business projector (Benq,
MP510). The reflective surface of the DMD was an 848 x 600 array of 16 µm x 16 µm
aluminum mirrors. Each individual mirror could switch between “on” and “off” states
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corresponding to a ±10º tilt angle. The individual mirrors were controlled by the intact
projector electronics which were programmed to display (by modulating between the off
and on states) the graphic output of a computer. A 15.2 cm focal length lens focused the
laser onto the DMD which resulted in an estimated beam diameter on the chip face of
~30 µm. The beam spot scanned over approximately a quarter of the DMD mirrors. The
DMD reflectivity when duplicating a white display was ~40%. Light reflected down the
optical path was collimated by a 15.2 cm focal length tube lens and sent into an inverted
microscope (Zeiss Axiovert). A Zeiss Fluar, 100x/1.3 NA, oil immersion objective was
used for all fabrication data presented except Figure 4.7 which was fabricated with an
Olympus LUMPlanFl, 100x/1.0 NA, water immersion objective. Laser powers measured
at the back aperture of the microscope objective typically were 50 – 60 mW. The
irradiated area at the sample plane was ~60 µm by ~40 µm.
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Figure 4.1: Simplified schematic of the optical alignment of the DMDdirected
multiphoton lithography system. On the left side of the diagram is a
depiction of the x,y galvo scanner (only one scanning mirror is shown). The
highlighted region represents the extent of the beam translation. The scan
lens and lens 2 have focal lengths of 2.5 cm and 10.2 cm, respectively. The
beam focused by lens 3 scans the face of the DMD. After reflection off of
the DMD the beam is collimated by the tube lens (focal lengths of lens 3 and
tube lens, 15.2 cm). To ensure that a collimated beam pivots at the back
aperture, the distance between the galvo mirror and the back aperture of the
objective is approximately twice the sum of the focal lengths of the four
lenses. Mirrors in the beam path have been omitted for simplicity.

4.2.2 Microstructure Fabrication
Structures were fabricated on no. 1 1/2 coverglass (Erie Scientific Co.). The
coverglass was boosted ~35 – 190 µm over a lower coverglass by using microsphere or
coverglass spacers. The low profile chamber was filled with a solution containing 400
mg ml1 BSA (EquitechBio) and 5 mM MB (Sigma) in PBS (pH ~7.5). Structures were
fabricated from the top coverglass (to avoid focusing through the nascent structure) over
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60 to 150 individual scan planes stepped by 0.1 to 1.0 µm increments (along the optical
axis) using a motorized focus driver (Prior, H122). Vertical heights of the structures
could be extended to as much as 150 µm with lowmicrometer (axial) and submicrometer
(radial) minimum feature sizes using this approach.

4.2.3 Image and Stage Control
The modified projector displayed the same computer output as a monitor,
allowing observation and control of the DMD display. Most of the images displayed were
in JPEG format and had been adjusted using Adobe Photoshop to correct for an observed
~5º skew (discussed below). In addition, most tomographic input data were processed to
reduce resolution until features of the plane slice data roughly matched the spatial
resolution of the system. The batch processing capacities of Photoshop were convenient
for preparing the groups of images necessary to define the multiple plane structures.
The display of images, stage translation, and shutter activation were controlled
with software written inhouse using Labview (National Instruments). For multiple plane
structures, x,y and z stage translation was coordinated with the display of plane slice data
that corresponded to the appropriate features of the microstructure. The fabrication of
extended 2D structures made by stitching together multiple planes used a program that
segmented images into smaller parts. Programs written with Labview accomplished these
image processing routines. Labview software was also used to present animations of
trigonometrically defined shapes which were used to specify 3D structures plane by
plane. For example, to create the slice data for an enclosed 3D ramp that ascended at 30°,
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the Labview display window would be programmed to show white field inset with a
black box. The dimensions of the box represented a horizontal slice through the intended
tunnel structure. The position of the Labview display window corresponded with the
laserscanned region on the DMD chip (which shared the computer output with the
monitor). Each iteration of the program was coordinated with a zaxis step of s µm. The
physical length at the specimen plane was calibrated with the display resolution of the
monitor, giving a conversion factor p (pixels µm1 ) (for example if the display resolution
was set at 1280 by 1024 then p was ~12.5 pixels µm1). With each iteration, a structure
crosssection would be fabricated on the specimen plane, then the stage would step up by
s µm and the position of the box would shift on the monitor in a defined direction by
ps(tan(30°))1 pixels. From multiple fabricated planes a ramp would be constructed. This
basic principle could be extended to create a variety of 3D objects.

4.2.4 Scanning Electron Microscopy (SEM)
Samples for SEM were prepared by sequential immersion (15 min. per solution)
in 5% glutaraldehyde (Ted Pella, Redding CA), phosphate buffered saline (PBS, pH 7.4),
deionized water, 50% methanol (MeOH), and 100% MeOH. After air drying overnight
the samples were sputter coated with Au/Pd to a nominal thickness of 15 nm and imaged
with a LEO 1530 SEM (Leo Electron Microscopy Ltd., Zeiss, Oberkochen, Germany).
Preparation of structures for electron microscopy in some instances resulted in settling of
minimally supported features.
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4.2.5 Multiphoton Fluorescence Microscopy
Multiphoton excitation (MPE) fluorescence images were acquired using a stage
scanning system mounted on a Nikon Eclipse TE2000E inverted microscope. A
nanopositioning stage (Physik Instrumente, P527) driven by a digital piezo controller
(Physik Instrumente, E710) raster scanned the sample relative to a Ti:S beam (750 nm)
focused using a 1.4 NA objective. Fluorescence detection was accomplished using a PMT
(HC12502, Hamamatsu) and multichannel scaler (SR430, Stanford Research Systems)
that was synchronized via trigger signals from the piezo controller. In general, images
were acquired at ~3000 pixels/s. Stage translation, signal acquisition, and image
reconstruction were accomplished using a custom Labview program.
Fluorescence data could also be acquired during fabrication of each plane of a
protein structure. In this case, BSA solution was spiked with BSAFITC, and the
multiphoton excited fluorescence emitted during fabrication of each plane was recorded
using a CCD (Photometrics Coolsnap HQ). ImageJ software was used for image
processing and 3D renderings from slice data [12].

4.2.6 Bacterial Cell Culture
E. coli strain RP9535 (∆cheA, kindly provided by J. S. Parkinson, Dept. of
Biology, University of Utah), were streaked on 1.5% agar (214050, Becton Dickinson)
containing Tbroth (1% Tryptone [211705, Becton Dickinson], 0.5% wt/vol NaCl) and
grown at 32°C. Singlecolony isolates were used to inoculate 2 ml of Tbroth, which
were grown to saturation on a rotary shaker (200 rpm) at 32°C. An aliquot was diluted
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1:100 into another 2 ml of Tbroth and grown ~4.5 h. to midexponential phase. Bacteria
solutions were diluted for experiments 1:10 to 1:100 in motility buffer (10 mM KPO4,
67 mM NaCl, 0.1 mM EDTA, 10 mM sodium lactate, pH 7.0). Cells collected in the
microchamber depicted in Fig. 4 were incubated at ambient temperature (~20 °C) in T
broth in a 1 ml dish.

4.3 RESULTS AND DISCUSSION

4.3.1 PlaneDefined 3D Structures
The system for dynamic mask microfabrication could be used to quickly build
complex 3D microstructures in a process that required no specific programming from
input data that required minimal processing. Figure 4.2(a, b) shows scanning electron
micrographs of tissue replicas composed of photocrosslinked BSA that were defined by
images derived from Xray computed tomographic (CT) data. Input data depicting from
60 to 120 CT image planes were used to direct fabrication of microstructures on glass
substrates using step sizes of between 0.1 and 0.5 µm per z–step, a process that required
less than 4 minutes per structure.
Figure 4.2c provides a qualitative assessment of the 3D fabrication fidelity. The
left sides of the middle and bottom rows show reconstructions of the 110 images of
image processed CT slices that provided plane data for the fabrication of the pincushion
protea. The side view of the mask data 3D reconstruction (middle row, left side) can be
compared to the low angle SEM micrograph of the finished structures (top row) and
fluorescence data acquired during fabrication (middle row, right). The bottom row
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compares a zprojection of the mask data (left) with MPE fluorescence x,y slices of the
final structure (right).
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Figure 4.2: Microreconstructions of biological organisms. The synchronization of
DMD image sequences (high resolution Xray CT data; digimorph.org) with
vertical sample plane steps enables replicas composed of photocrosslinked
BSA to be fabricated rapidly (1 – 2 s plane1). (a) On top is a 3D replica of a
puma skull (puma concolor), while below is a group of duplicate puma
skulls. (b) A spotted bird grasshopper (Schistocerca emarginata) replica
(left) and group of facsimiles (right). (c) Depictions of pincushion protea
(Leucospermum tottum). On the top row is a low angle SEM micrograph
(one of the structures fell during sample preparation). The middle row
shows a 3D reconstruction of mask data used for fabrication (left) and a 3D
reconstruction from fluorescence acquired during fabrication (right). The
bottom row shows a zprojecton of the slice data (left) and zprojection from
MPE fluorescence optical sections of finished structure (right). Scale
bars,10 µm.
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4.3.2 Resolution and Artifacts
Because of geometric limitations in focusing with typical microscope optics the
focal volume is inevitably longer (along the optical axis) then it is wide [13]. In
fabricated structures this results in an axial distortion in sufficiently small features. The
finer features (0.5 – 0.75 µm) of the beetle in the left panel of Figure 4.3 represent the
minimum size of defined features with the fabrication system. The minimum axial
features (middle panel) were approximately 3 to 4 times larger. This distortion can be
observed in the beetle mandibles, which in the mask data are not elongated in the axial
directions (right panel, top). With the initial optical setup the back aperture of the
objective was not completely filled, which results in a nondiffraction limited focus and a
degradation of lateral and axial resolution. Overfilling the back aperture in future
configurations should result in improved lateral and axial resolution.

Figure 4.3: BSA structures showing axial distortion. Left and middle, SEM micrographs
of replicas of the staghorn beetle (Lucanus sp.). Submicron resolution was
regularly achieved in the lateral (left image) but not in the axial dimensions
(middle image). Arrows highlight fine features. Right image, 3D
reconstruction of mask data in orientations similar to SEM images. Scale
bar, 10 µm.
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The reflection geometry of the DMD chip resulted in a skew in the projected
image on the specimen plane. Two separate, parallel rays reflecting off of a single plane
will maintain the same relative spatial relationship before and after reflection. This is not
the case for two parallel beams reflecting off separate micromirrors on a DMD chip. The
mirrors, which tilt on separate axes, are not in the same plane. Therefore the relative
distance between beams is changed after reflection. The result is a ~5º skew in the image
projected onto the specimen plane (Figure 4.4). This is easily corrected by added a
counter skew to the slice data.

Figure 4.4: Reflection geometry distortion. (a) Diagram of change in spatial relationship
of parallel beams with reflection from separate planes. (b) Skew correction.
The square mask produces a skewed structure while the skewed mask
produces an approximately squared structure. Scale bar, 10 µm.

Grayscale effects similar to those observed with a DMD in its intended use as an
image projection system were not attained with the laser fabrication system. It would be
advantageous to have the capability of continuous attenuation of laser exposure at defined
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microregions designated by grayscale patterns on the chip; however, with the current
configuration exposure is essentially binary. This is because of an artifact stemming from
the fact that the laser does not sample the mirrors of the DMD continuously. Grayscale
shading effects are achieved with DMD projection systems by adjusting the duty cycles
of individual micromirrors which is known as pulse width modulation (PWM) [7].
According to information from the manufacturer, the DMD projector is programmed to
operate at a frequency of approximately 50 to 80 Hz. A time period T can be defined as
the inverse of the projector frequency. To achieve shading, the mirrors are in the “on”
position for a fraction of T. For brighter shades, the mirrors are in the “on” position for a
larger fraction of T, and for darker shades, a lesser fraction. The dwell time of the beam
spot on an individual mirror is microseconds, far less then T. Thus micromirrors scanned
during the “off” portion of their duty cycles will not send light to the specimen plane. By
using a scanning, focused light source the effects of the micromirror PWM are not
averaged as they would be for a broadly distributed continuous source. The result is the
development of interference patterns as seen in Figure 4.5. The projector frequency was
ambiguously defined making the interference patterns difficult to predict. Future
configurations will have galvanometer scanning mirrors with continuously adjustable
frequencies. This should allow the minimization of the interference patterns or the use of
interference patterns for designed periodic structures.
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Figure 4.5: Interference patterns. Effects caused by scanning focal spot sampling of
grayscaled micromirrors. The lower panel depicts the shades that gave rise
to the patterns in the row above. Scale bar, 10 µm.

4.3.3 Extended 2D Structures
The micrometer resolution possible with DMDbased multiphoton lithography
enables structural features to be incorporated into materials at subcellular scales. In the
design of tissue replicas or cellculture environments, it could be useful to extend such
microengineered materials over lateral dimensions larger than a singlescan plane, which
in the current studies are ~(50 µm)2. To achieve such capabilities, we have created
automated procedures for coordinating x,y stage movements with sequential display of
DMD masks, providing a route for “quilting” multiple horizontal scan planes into larger
integrated patterns. The quilted structures were fabricated from an acrylicbased resin that
consisted of equal volumes ethoxylated(6) trimethylolpropane triacrylate (Sartomer) and
tris(2hydroxyethyl)isocyanurate triacrylate (Sartomer) with 2% trimethylbenzophenone
UV photoinitiator [14]. Figure 4.6a depicts the image segmentation process for piecemeal
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fabrication. The purpose of expanding and overlaying the segments is to obscure joints,
the main cause of which are positioning inaccuracies in the motorized stage. With more
accurate stage positioning it should be feasible to quilt materials that cover square
millimeters on a timescale of tens of minutes. Figure 4.6b shows structures fabricated
from Sartomer resin. The quilting and overlapping procedures were easier to optimize for
the resin because it was less prone than protein to accumulation of material with repeated
laser exposure. The resin was also used out of convenience when developing new
fabrication procedures, because of the long shelf life of the solution. The axial resolution
of the structures made with the resin was very poor (~8 µm minimum feature size, from
SEM analysis). Therefore, the resin was not a good precursor material for 3D structure
fabrication.
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Figure 4.6: Quilted structures fabricated from acrylicbased resin. (a) Steps in a
Labview program that segments an image for fabrication by parts. (1)
Shows the segmented regions. (2) Depiction of expansion of segmented
regions (now labeled by order of fabrication). (3) Depicts the amount of
overlap between fabricated structures. (4) Shows the finished structure
stitched together from eight separate masks. (b) Eightsegment quilted
structures made from JPEG files. From left: model of caffeine, flycatcher on
wire, and Shear Lab logo. Scale bars, 10 µm.

4.3.4 Animation Defined Structures
Simple DMD mask sequences can be designed for constructing complex 3D
protein topographies such as braided filaments. These microstructural motifs are of
particular relevance for tissue engineering applications, serving, for example, as regrowth
scaffolds whose mechanical and cellinfiltration properties can be tuned using a range of
geometric design parameters [1517]. To fabricate a triplefiber braid, a DMD animation
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was created using LabView software that displayed three squares translating through
interwoven ‘figure 8’ patterns; by coordinating the mask sequence with precise steps of
the focal plane along the optical axis, a protein microbraid with a desired pitch was
rapidly produced (Figure 4.7). In contrast to the significant computational encoding that
would be needed to fabricate such structures using conventional directwrite procedures,
DMDdirected masking is accomplished simply and with the flexibility to modify or
iterate rapidly by changing basic parameters (e.g., size, shape, and overlap of geometric
components), providing a facile approach for materials prototyping.
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Figure 4.7: A simple mask sequence creates a complex 3D object. Left: 3D
reconstruction of 40 masks spaced by the equivalent of 1 µm. The mask data
for each plane was formed by three squares that moved in interlocked
“figure 8” patterns. Right: Reconstruction of optical slices obtained by MPE
fluorescence optical sectioning of the fabricated structure. Scale bar, 10 µm.

The complex nature of interactions between biological cells and their
microenvironments (e.g., those affecting stemcell differentiation, neuronal development,
and formation of bacterial biofilms) has created a demand for tissue analogues that serve
as more advanced 3D models for exploring cell activity in culture [18]. To evaluate the
use of DMDdirected masking in the generation of functional cellculture interfaces, we
created a masksequence animation that could be modified rapidly to prototype new 3D
topographies in a culture of motile (E. coli) cells. The programmed animations displayed
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individual slices of a 3D structure which, when fabricated, consisted of a protein cylinder
containing a spiraling tunnel and a central receptacle (Figure 4.8).
Because geometric parameters describing the cylinders, including width, height,
and pitch of the transit tunnel, were defined by simple trigonometric functions, they could
be readily modified to identify conditions for guiding cell migration through the tunnel in
three dimensions to the central receptacle. Incremental iteration of tunnel heights resulted
in optimization of chamber dimensions for reproducible entry, guidance, and trapping of
smoothswimming E. coli. Analogous prototyping schemes would be valuable in
development and optimization of various bacterial interfaces, including microstructures
designed for the study of populationbased behavior, diagnostic separation of bacterial
species or phenotypes, and development of bacteriapowered microelectromechanical
and microfluidic devices [19].
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Figure 4.8: Prototyping of microarchitectures for directing cell motility and molding 3D
cell colonies. (a) 3D reconstruction (based on mask images) of a
microchamber prototype with a single entrance into a spiral ramp (20° pitch,
270° twist) leading up and into the topfront of the enclosed central
receptacle (labels are dimensions in micrometers). (b) SEMs of
microchamber prototypes with intact (top left panel) and sectioned (top right
and bottom panels) tops. (c) DIC image sequence of a single, smooth
swimming E. coli bacterium (oval) that passes the entrance and is directed
up the spiral passage. Dotted line denotes the top edge of the passageway;
elapsed time for sequence is 1 s. (d) Overnight incubation in Tbroth of
E. coli within the microchamber (from panel c) results in growth of a
molded cell colony conforming to the shape of the internal architecture.
Insets show a schematic of the cell colony and position of focus for each
panel. All structures were fabricated from solutions of BSA in ~2 min. using
a sequence of 120 masks, with the specimen stepped by 0.3 µm along the
optical axis between masks. Nominal structure height (c and d), 32 microns.
Scale bars, 10 μm.
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4.4 CONCLUSION
In conclusion, we have demonstrated that DMDdirected multiphoton
microreplication and prototyping provide new capabilities for facile development and
optimization of biologically interactive microstructures. The capability of this system to
rapidly translate tomographic data and computergenerated topographies into biological
microstructures is an important step toward the creation of custom tissue replacements
and culture scaffolds that mimic complex 3D biological environments, such as bronchial,
intestinal, and oral tissue. The use of such a technique promises an unprecedented degree
of flexibility and accuracy in the ex vivo study of biological processes.
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Chapter 5: Parallel Chemical Dosing of Subcellular Targets*

To characterize the role of spatially heterogeneous signaling in cellular function,
methods are required for differentially exposing distinct regions of individual cells to
externally applied reagents. Although a range of standard approaches exists for
generating localized chemical gradients in culture, including puffer pipette spritzing and
photolytic release of caged effectors, each is limited in key respects. Here, we report
development of a celldosing strategy that addresses these limitations, providing the
means to create steep gradients of any aqueousmiscible compound at essentially
unlimited numbers of sites in parallel. In this approach, cells are cultured on a
micrometerthick polymer membrane that serves as a barrier between two stacked
laminarflow channels: one containing the cell culture and the other serving as a reagent
flow cell. By focusing a pulsed laser beam onto one or more selected membrane
positions, micrometerdiameter pores can be ablated upstream of desired cellular targets.
Nascent pores thus serve as ports of entry into the culture environment for reagent
streams capable of modifying subcellular features at positions potentially hundreds of
micrometers from ablation sites. Importantly, individual reagent streams also can be
rapidly eliminated by photocrosslinking a protein plug over a selected pore. This
versatile strategy for dynamically reshaping the chemical microenvironments in which
cells reside should be useful in a variety of cell biology applications, ranging from
neurotrophic modulation of neurite pathfinding to stimulation of cellular networks.

*

Adapted from Nielson and Shear Anal. Chem. 2006, 78(17) 5987 5993
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5.1 INTRODUCTION
Controlled chemical dosing of cells in culture is an indispensable tool in the study
of cell differentiation, growth, activity, and death. Agents for selectively perturbing
secondmessenger signaling, genetranscription rates, and metabolic processes are used to
probe cellular function in a defined fashion [1, 2]. Although entire culture dishes
commonly are dosed with a reagent via perfusion or pipette, there is growing
understanding for a need to exert greater spatiotemporal control over interactions
between chemicals and cells. In particular, studies focused on signaling within and
between individual cells, chemotaxis, and neuritic pathfinding have benefited from a
battery of methods for creating localized chemical signals. In addition, the ability to
deliver labeling reagents to subcellular domains has the potential to clarify mechanisms
involved in processing and transport of macromolecules and organelles [3, 4].
Various strategies have been used to locally target chemical agents within cell
culture environments. Of these, pufferpipette expulsion and photolytic cleavage of caged
cellular effectors both have been adopted as relatively routine tools for dosing with
subcellular resolution. While both methods present important capabilities, each suffers
from serious limitations. Micropositioned puffer pipettes can be used to accurately target
nanoliter volumes to subcellular coordinates and, consequently, have been used
extensively in studies of polarized cellular responses, including growthcone turning and
localized stimulation of neurons [5, 6]. It generally is not feasible, however, to
independently position more than several pipettes in tandem or to rapidly reposition
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fragile tips to new sites of interest. For chemical uncaging, dosing volumes can be as
small as ~1 fL and the site at which effectors are photolytically created can be rapidly
selected and changed in a manner unattainable with puffer pipette [7, 8]. Nevertheless,
the applicability of uncaging is severely limited by the need to synthesize a new caged
precursor for every effector of interest, many of which cannot be caged using current
strategies. For dosing using either micropipettes or uncaging, it typically is not feasible to
establish steep concentration gradients that are sustainable for extended periods.
Microfluidic technologies have been used control chemical gradients in
microfabricated chambers amenable to cell culture [912]. Whitesides and coworkers
developed a method in which parallel laminarflow streams formed within a microfluidic
environment could be used to dose subcellular regions of cells with reagent [13, 14]. In
this approach, the interfacial region between streams remains sharp, with mixing across
stream boundaries limited to the small amount of diffusional transport that occurs as
streams rapidly traverse a confluence channel. Unlike dosing using micropipettes or
uncaging, steep gradients can be easily established and sustained indefinitely.
Despite its advantages, the microfluidic approach has important limitations. Most
significantly, the complexity of the chemical environment is constrained by the initial
design of the microfluidic device, and, as with the use of puffer pipettes, practical
considerations most likely limit simultaneous dosing to a few independent subcellular
sites. Moreover, although streaminterface positions can be manipulated laterally within a
confluence channel, stream directionality must be oriented along the channel’s
longitudinal axis. As a consequence, a structure such as a neurite growing longitudinally
in a channel would either have to be dosed along its entire extent or not at all.
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Chapter 3 of this dissertation described a technique that used protein structures
that were fabricated in the presence of cultured cells, enzymatically functionalized, and
exposed to laminar flows of dissolved substrate to create localized gradients. The ability
to generate diffusible gradients on arbitrary 3D microstructures in cell culture may one
day be an important tool for creating cell scaffolding and tissue analogs. However, before
this technique can fulfill its promise several challenges must be met. One problem is the
nonspecific adsorption of the protein fabrication precursor which degrades the ability to
spatially localize enzymes. Another issue, similar to that of caged compounds, is that the
effector needs to be biologically inert until reaction with a specific enzyme. This is a
stringent chemical requirement that would limit choice of reagents in experiments.
Considering these challenges, it is reasonable to concurrently pursue complimentary cell
dosing strategies.
Here, I describe an approach for cellular dosing that fundamentally extends
existing capabilities. Cells are cultured on an ultrathin polymer membrane that separates
two stacked laminarflow chambers (Figure 5.1a). Brief application of a train of focused
femtosecond laser pulses rapidly introduces a pore in the membrane, producing a
laminarflow effector stream that enters the lowerpressure cellculture chamber. Because
membrane ablation can be performed in the presence of cultured cells, features of interest
(e.g., cell bodies, synaptic terminals, growth cones) can be specifically targeted for
chemical dosing. In contrast to other chemical dosing approaches, this strategy is
amenable to creation of essentially unlimited numbers of laminarflow streams at
arbitrarily selected positions. Importantly, the design of this system should be readily
modified to provide onthefly control of flow directionality and access for patch pipettes.
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Figure 5.1: Strategy for producing laminarflow dosing streams via ablation of polymer
membranes. (a) PDMS device design. Cells are cultured on a several
micrometerthick membrane, which is inserted into the device with the cells
on the underside of the membrane facing a microscope objective. A
femtosecond pulsed laser beam (red cone) is focused by the objective onto
the membrane to create an ablation pore at a desired position. Effector
solution from the higher pressure top flow channel is forced through the
pore, producing a tightly defined reagent stream that propagates across the
membrane surface within the cell culture environment. (b) SEMs of ablation
pores created in 6 µmthick polycarbonate membranes showing oblong
damage regions surrounding central pores. The scale bar for the top image is
4 µm. An array of pores is shown to the right. (c) A higher magnification
SEM showing the more symmetric and smaller pores created in 2.5 µm
thick Mylar. Scale bar, 2 µm.

100

5.2 EXPERIMENTAL METHODS
5.2.1 Device Configuration
In the initial device design, a 2 mm by 8 mm field of cells (see below) was
sandwiched between two parallel PDMS flow channels. The membrane acted both as a
substrate for support of adherent cells and as a barrier between the two flow channels. A
standard microscope coverglass served as the bottom of the lower channel. Because the
membrane was situated within the working distance of the microscope objective
(~100 µm above the coverslip), it was possible to both image cells and to focus a laser
beam on the membrane for ablation. The low profile of the channel also resulted in low
Reynolds number (laminar) flow even at the highest flow rates examined, a condition
important for creating welldefined reagent streams as solution emerges through pores
from the upper chamber. The comparatively large width of the channel (2.5 mm) readily
accommodated an extended field of cultured cells, providing many potential cellular
targets for dosing and the possibility for creating extensively networked neuronal
cultures. To enable rapid exchange of solutions for cell dosing, a similar flowchannel
design was adopted for the upper chamber. A positive pressure gradient was created
between the upper and lower chambers by constricting the drain tube of the upper flow
cell, thus ensuring that solution flowed downward through a pore into the cell culture
region. Viton tubing (1.6 mm inner diameter; ColeParmer, Vernon Hills, IL) provided a
fluidic connection between the chambers and a syringe pump (BS9000, Braintree
Scientific, Braintree, MA).
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5.2.2 Device Fabrication
Flow channels were fabricated using modifications to standard PDMS molding
processes [15]. To provide a positive relief for the upper channel a strip of transparency
film 2.5 mm wide, 22 mm long and 0.1 mm thick was fastened to the bottom of a 5.5 cm
diameter polystyrene Petri dish using a thin application of silicone rubber adhesive
(RTV 108, GE silicones, Niskayuna, NY). Masters for the drain and feed channels were
created with pieces of polyurethane coated wire (0.9 mm diameter) glued next to the ends
of the transparency strip in an orientation initially normal to the surface. At a height of
~3 mm the wires were bent parallel to the surface and extended away from the channel
master. PDMS (RTV 615 parts A and B, GE Silicones) was mixed at a 10:1 ratio of
monomer to curing agent then degassed by centrifuging at 2000 rpm for 10 min. The
mixture then was poured into the Petri dish mold to a height of ~6 mm and further
degassed in a vacuum chamber. PDMS was cured at 70 ºC for 1 h.; hardened polymer
was separated from its masters/mold and was cut to its final dimensions using a razor.
The resulting form was a PDMS block 40 mm long, 14 mm wide and 6 mm high which
encased a rectangular channel accessed by additional channels to feed and drain solution.
The lower channel was fabricated in a similar manner except that after the addition of a
thin layer of PDMS, a 22 mm by 22 mm No. 1 1/2 coverglass (Erie Scientific Company,
Portsmouth, NH) was compressed onto the transparency film that formed the master for
the lower channel. Additional PDMS mixture was added, burying the coverglass and
filling the Petri dish mold to the height of ~2.5 mm. After curing, PDMS was separated
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from the Petri dish and the masters/mold. A 15 mm by 15 mm wide window for the
microscope objective was made by cutting through and removing the PDMS on the side
opposite the channel, thereby exposing part of the coverglass that was embedded in the
elastomer. The finished bottom flow channel was 0.1 mm high, 2.5 mm wide and 22 mm
long, with the optically transparent coverglass serving as the floor of the channel.
The eight port flow channel was constructed in much the same manner except the
master for the channel was made by conventional photolithography. An SU8 precursor
was spincoated onto a glass substrate. The desired asterisklike shape was polymerized
into the precursor by UV light patterned with a printed transparency mask. After
development, the SU8 master had wires attached to the ends of the channel molds to
function as inlet/outlet ports in the finished flow channel. PDMS was used to form the
body of the flow channel. There were four 2 mm wide, 0.15 mm thick and 22 mm long
channels that crossed in the middle forming an asteriskshape in the finished structure.
The finished structure was ~40 mm on a side and ~10 mm high.

5.2.3 Chemicals
Except where noted, all chemicals were purchased from SigmaAldrich (St.
Louis, MO). BSA was obtained from EquitechBio (Kerrville, TX). Mitotracker Green
FM (M7514) was purchased from Molecular Probes, Inc. (Eugene, OR).
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5.2.4 Cell Culture
Substrates for cell culture consisted of 2.5 µm thick Mylar polyester membranes
(SPI Supplies, West Chester, PA) or 6 µm thick polycarbonate membranes (Goodfellow,
Devon, PA). Pieces of polymer membrane were held taut by taping them to plastic frames
that formed 18 mm wide by 50 mm long rectangular openings. PDMS wells were placed
in the center of the pieces of membrane, forming a stable seal by means of surface
adhesion. The wells created ~1 ml containers for growth medium. The bottom of the
wells had 2 mm by 8 mm rectangular apertures which provided a means to pattern
adherent cells onto the polymer membrane. The PDMS well/polymer membrane adhesion
structures were washed multiple times with ethanol and deionized water. Wells were
filled for 20 min. with 33 µg ml1 collagen from rat tail (C7661, Sigma) in HBS (10 mM
Hepes, 135 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM D glucose, pH
7.4) then rinsed several times with plain HBS before the addition of the cell suspension.
Neuroblastomaglioma (NG10815) cells were purchased from the American
Type Culture Collection (Manassas, VA) and cultured in DMEM (Mediatech, Inc.,
Herndon, VA) supplemented with 10% fetalbovine serum (FBS), penicillin (100 mg/L),
and streptomycin (100 kUnits/L) purchased from Invitrogen (Carlsbad, CA). Flasks were
maintained at 37 °C in a 10% CO2 atmosphere with saturated H2O. Cells were
suspended in a lowserum (1% FBS) growth medium at a concentration of ~30,000
cells ml1, placed into the PDMS wells on the polymer membrane and incubated for 1 – 3
days in the lowserum medium to induce neuronal differentiation.
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5.2.5 Cell Loading
After incubation, cells were loaded into the flow channels by inverting the
membrane on which the cells had been plated; the PDMS well then was removed, leaving
a hanging drop that bathed the plated cells. The two flow channels were aligned on either
side of the cell field and compressed to sandwich the membrane. A block with two
screws was used to hold and compress the mated channels onto a heated microscope
stage, reinforcing a seal between the channels and the membrane. This process yielded
two channels ~100 µm high and 2.5 mm wide that were separated by a polymer
membrane, with a field of cells adhered to the underside of the membrane. The lower
channel feed tube was secured to the heated stage and the temperature was adjusted so
that solution exiting the lower channel was 37 °C.

5.2.6 Pore Formation
Pores in membranes were produced by ablation using the output from one of two
light sources. The first was a Ti:S laser (Coherent Mira, Santa Clara, CA) tuned to 750
nm. The laser repetition rate was 76 MHz and the pulse duration was ~150 fs. The second
laser was a frequency doubled (532 nm) microchip Nd:YAG laser (Teem Photonics).
Both beams were aligned into a Zeiss Axiovert (inverted) microscope. The beams were
expanded and collimated so that they approximately filled the back aperture of a 40x
objective (Olympus UPlanFl, 0.75 NA). The average power of the Ti:S beam ranged
from 200 to 350 mW (measured before the objective), yielding an approximate intensity
at the focal spot of ~2.5 – 4 TW cm2. While the average power for the frequency doubled
Nd:YAG was typically 10 mW which yielded an intensity of ~0.6 TW cm2. Laser
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exposure periods were controlled using a Uniblitz UHS1 shutter (Vincent Associates,
Rochester, NY).

5.2.7 Microscopy
Light transmission photomicrographs were obtained on the Axiovert using a
cooled CCD camera (C474298; Hamamatsu, Bridgewater, NJ). Fluorescence images
were acquired using a Zeiss HBO 100 mercury lamp and a FITC filter set. Confocal
images of plumes were obtained using a Leica SP2 AOBS confocal microscope (Wetzlar,
Germany). Image analysis was performed using ImageJ [16].
To obtain SEM images of ablated pores, polymer membranes were washed with
ethanol and air dried. Afterward, membranes were sputter coated with gold to a nominal
thickness of 9 nm and imaged using an LEO 1530 scanning electron microscope (Leo
Electron Microscopy Ltd., Zeiss, Oberkochen, Germany).

5.3 RESULTS AND DISCUSSION

5.3.1 Membrane Ablation
The pore forming process is accompanied by localized melting of the membrane
and the formation of a gas bubble. As discussed in Chapter 2, such phase changes require
a significant deposition of energy and the predominant mechanism for this is most likely
multiphoton and avalanche ionization. In the current studies, a 40x air objective was used
to create pores in Mylar and polycarbonate membranes that separated adjoining flow
cells. For most of the experiments described in this chapter ablation of polymer
106

membranes was accomplished by focusing a high repetition rate (76 MHz) Ti:S beam
approximately midway into a membrane. In studies using 6 µmthick polycarbonate
membranes, exposure was limited to a period of ~150 ms using a laser power of
~200 mW (measured before the objective). For ablation of 2.5µmthick Mylar, various
exposure conditions were evaluated to achieve minimum pore sizes and to optimize the
regularity and reproducibility of pore shapes. Ultimately, a procedure was adopted in
which the membrane was irradiated by a train of ten 1 ms exposures at 350 mW average
power, spaced by 50 ms intervals. Insertion of these extended “dark” periods appeared to
reduce cumulative exposure effects, resulting in more regularly sized pores than were
attained using continuous exposure. Pore size did not appear to depend strongly on laser
power, so long as laser power was set to a level significantly above the threshold for
ablation. The precise positioning of the laser focus within the membrane likely affected
pore size, although detailed studies on this effect were not conducted in this initial study.
Highresolution analysis of pores formed in polycarbonate and Mylar using these
procedures was performed using scanning electron microscopy (SEM). As shown in
Figure 1b, in polycarbonate a somewhat elongated central pore (pore area, 12 ± 4 µm2) is
created surround by an asymmetric lip. The appearance and relatively large diameter of
the pores (~4 µm diameter; more than 10fold larger than the focal spot diameter)
indicate that the ablation process likely involves both dielectric breakdown and an
accompanying thermal process [17]. The apertures in 2.5µm thick Mylar (Figure 5.1c)
were both smaller (pore area, 3.2 ± 0.7 µm2) and less oblong. Standard deviations in
membrane pore areas were determined via SEM measurements on series of pores
fabricated within single polycarbonate and Mylar membranes. Provided that the laser
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focal point remained stationary with respect to the membrane during pore ablation, this
level of variability appears similar to that fabricated in other membranes (on different
days) as observed using optical microscopy.
When ablation is performed with aqueous solutions in both the upper and lower
chambers, gas bubbles often adhere to the lip surrounding the pore, obstructing flow
through the aperture. Such blockage can be avoided by filling the upper chamber with air
during laser exposure, an approach that requires the chamber to be refilled with solution
after formation of the pore.

5.3.2 Laminar Stream Characteristics
Confocal fluorescence microscopy was used to characterize the 3D properties of
laminarflow streams created by flow of 1 µM fluorescein through representative pores in
6 µm thick polycarbonate membranes. Figure 5.2a shows streams emerging from three
pores laterally spaced by ~30 µm. Using a lowerchamber flow rate of 1.0 ml min1
(calculated to be 15 µm ms1 at a distance of 4 µm from the membrane), welldefined
streams are created that extend from pores for hundreds of microns with minor
broadening. The mean 1/e stream radius 10 µm downstream from the pore edge at a
nominal distance of 4 µm from the membrane was measured to be ~6 µm. Laminarflow
streams run parallel to the membrane, with dye detectable at a maximum distance of
~8 µm from the membrane surface. Within experimental error, the concentration of the
dye at the center of the laminarflow stream 10 µm downstream from the pore was
equivalent to the concentration of dye supplied to the upper chamber. As expected, at a
lower flow rate (0.15 ml min1; 2.3 µm ms1 4 µm from the membrane), plumes were
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more diffuse, with fluorescein fanning out significantly tens of microns downstream from
the pore. However, within 10 µm of the pore the dye stream remained well defined, with
a measured lateral radius of ~7 µm. As a consequence, specific targets can be dosed with
reasonably high resolution even at lower flow rates.
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Figure 5.2: Formation of laminarflow streams through photoablated pores. (a) Confocal
fluorescence microscopy of 1 µM fluorescein streams emerging through
pores created in a 6 µmthick polycarbonate membrane. The image in the
right panel was created by summing a stack of confocal images ranging
from the membrane to tens of micrometers into solution. Measurements
were acquired using a 20x, 0.7 NA air objective with 0.34 µm steps between
stack images. The panel at the upper left plots intensity along a line running
from the top of the image downward through the center of the middle
plume. Fluorescein intensity decreases by ~20% over the 350 µm length of
stream shown. The plot on the lower left shows intensity along transverse
lines running left to right across the image at two positions downstream
from the pores (87 and 347 µm). Note the relatively minor increase in
stream widths at the more distal position. (b) Differential interference
contrast image (inset) and fluorescence intensity surface plot demonstrating
the use of a series of pores to dose an extended region of a cultured cell. A
varicosity region (asterisk, both images) and neurite of an NG10815 cell
cultured on a polycarbonate membrane is labeled with 50 µM
carboxyfluorescein diacetate (a membranepermeant stain) over ~75 µm
using a set of six pores. Flow direction is represented by the downward
arrow (inset). The varicosity region is labeled most intensely, as it lies both
in the direct path of the dye stream and is significantly larger in volume than
the neurite. HBS buffer was flowed through the cell chamber at a volume
flow rate of 0.15 ml min1. Scale bar (inset), 30 µm.
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Initial characterization of laminar streams emerging through pores formed in
Mylar indicates that stream radii decrease as a consequence of the smaller and more
symmetric ablation pores. Using widefield fluorescence to estimate stream dimensions
via dequenching of fluorescein emission (as a consequence of a pH differential between
the two flow channels), 1/e radii of flow streams ~10 µm downstream from the pore edge
are estimated to be smaller than 5 µm.
Notably, the dimensions of laminarflow streams are consistently larger than their
corresponding aperture diameters, even at positions immediately adjacent to pores.
Various factors in addition to pore diameter likely influence the concentration
distribution and morphology of laminarflow streams, including the shape of the pore and
its surrounding burr, the crosssectional area of the pore and the pressure drop between
the chambers.
In these initial studies, it was not feasible to dictate the diameter of pores with a
high degree of control. In both Mylar and polycarbonate, pores having the minimum
achievable diameters (Figure 5.1b–c) can be created with good reproducibility and over a
limited range, pore size can be increased by using larger average laser powers or longer
exposure times. Ultimately, however, threshold values are reached at which violent
ablation results in membrane cratering, a process that yields apertures with diameters
severalfold larger than pores fabricated below threshold. From a utilitarian standpoint,
however, we found it feasible to create wider plumes by ablating arrays of densely
packed small pores (Figure 5.2b).
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5.3.3 Termination of Flow through Selected Pores
An ability to “valveoff” selected laminar streams while continuing to flow
reagents through other pores would provide valuable onthefly control over the chemical
landscapes that can be created with this approach. To eliminate flow through selected
pores in cellular environments without use of complex, prefabricated microfluidics, we
have adapted biocompatible protein microfabrication as a means to seal off selected
pores. To accomplish this, we introduced a solution of 100 mg ml1 BSA and 5 mM FAD
into the reagent chamber. By focusing ~50 mW from the Ti:S laser (measured before the
objective) onto the aperture entrance, BSA plugs (Figure 5.3a) could be fabricated within
less than 1 s that eliminated all apparent flow through a desired pore without visibly
damaging the polymer membrane. Figure 3b demonstrates a series in which plumes of
BSA are sequentially eliminated in this manner. In addition, we have attempted to re
open pores by removing BSA plugs through a subsequent ablation event. Although pore
reopening is readily feasible, our preliminary studies have produced somewhat larger
pores than were originally created in the membrane.
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Figure 5.3: Closure of pores using protein photocrosslinking. Left panel: an SEM of a
BSA plug fabricated to obstruct a pore formed in Mylar. Scale bar, 5 µm.
Right five panels: sequential plugging of laminarflow BSA streams (14) in
a culture of NG10815 cells using multiphotonexcited protein
photocrosslinking. FAD was used as a nontoxic photosensitizer to promote
BSA crosslinking at the entrances to pores ablated in a polycarbonate
membrane. From left, sequential images were acquired at t = 0 s, t = 132 s, t
= 185 s, t = 190 s, and t = 206 s. HBS buffer flowed through the cell
chamber at a volume flow rate of 0.15 ml min1. Scale bar, 30 µm.

5.3.4 Cell Dosing Studies
For moderate solution flow rates, we found that flow had little or no effect on
cells

as

assessed

by

adherence,

morphology,

and

metabolic

viability

(see

carboxyfluorescein diacetate studies, below). At flow rates above ~0.5 ml min1
(~0.8 cm s1 at a position 4 µm from the membrane) visible effects of shear stress could
be observed on some NG10815 cells plated on Mylar (e.g., minor deformation, partial
lifting of neuritic structures) and at flow rates greater than 1.0 ml min1 a significant
fraction of cells lost adherence within 10 min.
An initial assessment of the biocompatibility of the membrane ablation process
was made by examining morphological properties of NG10815 cells plated on Mylar
during and after pore formation. Retraction of neurites and other signs of physical distress
often are apparent when pores are made in direct proximity to cells (i.e., at spacings of
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less than 5 µm), but generally are not evident at somewhat greater distances (> 10 µm).
Provided that cells appear healthy immediately after ablation, they typically display no
morphological degradation for experiments that last more than an hour. Were it
advantageous to create a pore within 5 µm or less of a cell, the pressure differential
between flow chambers could be reversed to minimize exposure of cells to membrane
debris during pore formation. It also would be of value in future studies to evaluate
transient temperature increases in the vicinity of a pore that accompany the ablation
process.
The ability to dose specific cells and subcellular regions with a labeling reagent
was evaluated using 5carboxyfluorescein diacetate (CFDA) (Molecular Probes, C1361),
a membranepermeable dye that is converted to its fluorescent form after hydrolysis by
cytosolic esterases. Because visualization of this dye relies both on the continued
functioning of metabolic components and a reasonably leakfree plasma membrane [18,
19], use of this dye served the additional role of further probing the viability of cells
downstream of newly created pores. In these studies, 2.5 µm thick Mylar served as the
barrier between flow chambers. To avoid occlusion of the pore by adherent bubbles,
ablation was performed with the reagent chamber filled with air. Within several seconds
of pore formation, CFDA was pumped into the upper flow cell, resulting in formation of
a laminarflow stream in the lower chamber directed at a selected target. CFDA was
replaced with plain HBS buffer in the upper chamber after a dosing period of ~1 min.,
and the procedure was repeated several times to sequentially dose targets at desired
spatiotemporal coordinates. As shown in Figure 5.4a, cellular features of specific
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interest—a neurite terminal and three cell bodies—could be directly targeted, as
evidenced by an increase in fluorescein emission.

Figure 5.4: Subcellular labeling of neuronally differentiated cells using multiple
laminarflow streams. (a) NG10815 dosing using the plasma membrane
permeant fluorescein dye, CFDA. Four sets of pores are visible in the
transmission image (top), with clusters numbered according to the sequence
in which they were created. After formation of pore clusters 13 in the
Mylar substrate, CFDA laminarflow streams were established to selectively
dose subcellular regions; following 1 min, exposures to 50 µM CFDA and
dye washout, fluorescence data were acquired using widefield imaging.
Fluorescence intensities are displayed as surface plots corresponding to t = 0
(top plot, pore cluster 1), after ~14.5 min (middle, pore cluster 2), and after
~27 min (bottom, pore clusters 3). Scale bar, 50 µm. (b) Point labeling of
opposing neurites on an NG10815 cell using Mitotracker Green FM. Two
pores (1 and 2) were created in the Mylar substrate, seen as concentric
circles (top, transmission image) and fluorescence peaks (bottom,
fluorescence intensity surface plot). Subcellular sites labeled by pores 1 and
2 are designated in the fluorescence image as 1' and 2', respectively.
Fluorescence data were acquired after a 1 min exposure to 2 µM Mitotracker
followed by ~1 min of dye washout. Scale bar, 10 µm. For the studies
shown in parts a and b, HBS buffer flowed through the cell chamber during
the dosing period at rates of 0.15 and 0.45 ml min1, respectively.
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In general, we found that CFDA delocalized throughout the cytosol within
minutes, a finding consistent with expected diffusion rates for this compound [20]. For
example, the neuritic fluorescence created by pore cluster 1 dissipated almost completely
in the period between the initial CFDA exposure and dosing after creation of pore cluster
2 (data not shown). Only after CFDA flow was reinitiated did the neuritic structure once
again become fluorescent.
We also found it feasible to selectively dose precise regions within cultured cells
using Mitotracker Green FM (Molecular Probes, M7415), a dye that, at the
concentrations used here, has been reported to localize to a variety of cellular structures.
Because this dye is fluorescent principally when incorporated into lipid environments
(e.g., organelles), cellular staining from this species delocalizes less rapidly than for
cytosolic fluorophores with similar molecular masses, such as CFDA. To evaluate
Mitotracker labeling, NG10815 cells cultured on Mylar were dosed in a procedure
similar to that used for CFDA except that the volumetric flow rate was increased to 0.45
ml min1. As shown in Figure 5.4b, it is possible to target narrow regions (extending
~10 µm) on two neurites on opposing sides of a cell body without appreciable staining of
the soma itself.
To test the ability of this system to selectively target cells for disruption, ethanol
was flowed through the reagent chamber and a single pore was introduced near a cluster
of cells plated on polycarbonate (Figure 4.5). Within several seconds of pore formation, a
cell positioned directly downstream of the pore underwent extensive dehydration. The
last (rightmost) image in this sequence, taken ~25 s after creation of the pore, shows that
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even after this relatively long period no additional cells within the field displaed signs of
morphological damage.

Figure 5.5: Sequence showing selective dehydration of an NG10815 cell. A laminar
flow ethanol stream was introduced through a pore (asterisk, middle image)
formed in a polycarbonate substrate. Based on the direction of flow (arrows,
left panel), ethanol was delivered to the cell identified in the final panel
(acquired 25 s after pore formation). Throughout dosing, HBS buffer flowed
through the cell chamber at a rate of 0.15 ml min1. Scale bar, 30 µm.

5.3.5 Multiport System
In complex neuronal cultures, accessibility to some sites of interest would be
improved by incorporating into the system a means to control flow orientation. The
membranebased system developed here is readily amenable to modifications that
provide such control. This was demonstrated with an eight port flow chamber in which
four channels (with dimensions similar to those in single channel setup) were arranged
in an orientation where the channels intersected in the middle and were offset 45° at the
ends, giving the flow chamber an asterisklike appearance. The chamber was regulated
with pinch valves so that fluid could flow in either direction through any of the four
channels. This was done by having two inlets at the end of every channel, one to feed and
one to drain. The inlets were connected to the syringe pump or to the waste container by
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silicon tubing. The corresponding feed and drain tubing for each channel direction was
controlled by the same pinch valve, so that opening a valve would allow liquid flow in
one direction through a particular channel. An array of eight electronically controlled
pinch valves allowed fluid flow to be controlled in at least eight orientations through the
fourchannel flow cell. With the ablation of a pore and the flow of separate solutions
through the upper and lower channels, the result was a plume whose orientation could be
changed in less than 1 s. In addition more orientations could be obtained by activating
several channels simultaneously (Figure 5.6).
Modifications for future configurations may include an opening in the central
region to provide greater mechanical access to cells to, for example, to enable
electrophysiology to be conducted in parallel with chemical dosing. These designs
necessitate cells plated on the top side of the membrane which has been the preferred
configuration in recent experiments. Others have demonstrated that flow cell systems
with openair canals can provide rapid, laminarflow exchange of solution while
maintaining access for patchclamp measurements [21]. Preliminary studies seem to
indicate the laminar flow characteristics can be reasonably well maintained in open flow
cells.
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Figure 5.6: Multiport flow chamber for control of plume orientation. (a) Exploded view
showing the four channel upper flow chamber, separating membrane, and
single channel bottom flow chamber. (b) Diagram of flow orientations
controlled by eight valves (c) Eight separate orientations for 6% BSA
plumes emerging into aqueous buffer as different flow directions are
activated. The pores were formed in 2.5 µm thick Mylar with a frequency
doubled Nd:YAG (estimated intensity at focus, ~0.6 TW cm2). The
volumetric flow rate in the channel was 0.1 ml min1. Scale bar, 50 µm.
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5.4 CONCLUSION
In these studies, we demonstrate that stable, welldefined reagent streams can be
created in parallel within cell culture environments. Although larger pores are created in
polycarbonate membranes than in Mylar, more systematic studies will be required to
determine the individual contributions of material composition and membrane thickness
to pore size. Because ablation and plugging of pores that gate reagent delivery can be
accomplished

under

biologically

benign

conditions,

this

procedure

provides

fundamentally new capabilities for chemically interfacing with cells without requiring
complex, prefabricated microfluidic networks. Creation of sustainable and steep
concentration gradients in neuronal environments may have a substantial impact in
numerous applications, including multisite chemical stimulation of neuronal networks,
induction of receptor clustering, neurotrophic mediation of neurite pathfinding, and
tracking of axonal transport processes [2224].
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