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Laser-based techniques have become essential tools for probing biological
molecules in systems that demand high spatial and temporal control. This dissertation
presents the development of micro-analytical techniques based on multiphoton excitation
(MPE) to promote highly localized, three-dimensional (3D) photochemistry of
biologically relevant molecules on submicron dimensions. Strategies based on capillary
electrophoresis (CE) have been developed for the rapid separation and spectroscopic
analysis of short-lived photochemical reaction products. High-speed separation and
analysis are achieved through a combination of very high electric fields and a laser-based
optical system that uses MPE for both the generation and detection of hydroxyindole
photoproducts on the time scale of microseconds. MPE was also used for the
development of photolithographic techniques for the creation of microstructured protein-

based materials with highly defined three-dimensional (3D) topographies. Specifically, a
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multiphoton lithographic (MPL) technique was developed that used a low-cost microchip
laser for the rapid prototyping of 3D microarchitectures when combined with dynamic
optical masking. Furthermore, MPL was used to create novel “smart” biomaterials that
reproducibly respond with tunable actuation to changes in the local chemical and thermal
environment. The utility of these materials for creating biocompatible cellular
microenvironments was demonstrated and presents a novel approach for studying small
populations of microorganisms. Finally, through the development of a multifocal
approach that used multiple laser beams to promote the photocrosslinking of biological
molecules, the speed and versatility of MPL was extended to allow both the parallel
fabrication of 3D microstructures and the rapid creation of large-scale biomaterials with

highly defined spatial features.

Vil



Table of Contents

LISt OF FIZUIES ...t X1

Chapter 1: INrOdUCTION ........eoiiieiiiiiiiieeeieeee e 1

1.1 Multiphoton EXCITation .......cccceevciieriiriiiiieeiieie e 3

1.2 Multiphoton Protein Fabrication...........ccccceeeieviiiieenicniienienecneeceeee, 7

1.3 Capillary Electrophoresis.........oooeeciierieiieenienieeeeeieereeeeeee e 13

1.4 Summary of Chapters .........cocceeviieiiinieiieeeeeee e 17

1.5 REEIEINCES ...eeiiiieieee e 18

Chapter 2: Transient Photochemical Analysis Using Microsecond Capillary

EleCtrophOresis....c..eiiiiiiieiieceeee e 22

2.1 INtrOdUCHION ..c.eveiiiiiieceieeteee et 22

2.2 EXPEriMENtal ...c...eeiiuiiiiiiiiiiieeeiieeiee et s 27

2.2.1 Reagents and SOIULIONS .......cooveeiieiiiiniiiiienieeeeee e 27

2.2.2 Fluidics ASSEMDIY ...cccuviiiiiiiiiiiiiiieiiieeeeeeeeee e 27

2.2.3 Instrumentation and Optical Alignment.........ccccceecveeveenieeneennne. 29

2.3 Results and DISCUSSION ......eevviiiiiiriiiiienieeieeeiteee e 32

2.3.1 Bi-directional Electrophoretic Analysis.........ccccceecveevienieeneennee. 33

2.3.2 Multiprobe Electrophoretic Analysis........ccocceeeeerverneeneeeneennne. 38

2.4 CONCIUSION ...covviiiiiiiiiieeiieee et s 48

2.5 REEIENCES ...ttt s 50
Chapter 3: Multiphoton Lithography Using a High-Repetition Rate Microchip Laser

....................................................................................................................... 53

3.1 INErOUCTION ... 53

3.2 EXPErimental .......coooiiiiiiiiiiiiiiiiieeeieeeteeete et 55

3.2.1 Reagents and SOIULIONS .......coouveeiieniiiniiiiienieeeeeeeeee e 55

3.2.2 Optical Configurations ........ccceecveevueerreeneenieeeneenee e eneeenes 56

3.2.2.1 Laser Comparison for Multiphoton Lithography............ 56

3.2.2.2 Dynamic Mask-Based Multiphoton Lithography ........... 58

3.2.3 MicrofabriCation ............ccoceevieriieiienieeeeeeeceeee e 58



3.2.3.1 Laser Comparison Studi€s ........c.ccccevveevvenrerneeneeenneennne. 58

3.2.3.2 DMD-Directed Microfabrication ...........ccccccceevveernueennee. 60

3.2.4 Scanning Electron Microscope (SEM) Sample Preparation....... 60

3.2.5 Bacterial Cell Culture .........cooceeeviiiiniiiiniiiiiecieeeeeceeeeeen 60

3.3 Results and DISCUSSION ...cccuveiiiiiiriiieiniieiniieeeite et 61
3.3.1 Laser Comparison Study .........cceceeveeriiiiienieenienieeeeneeeeeeen 61
3.3.2 Fabrication of 3D Polymer and Protein Microstructures............ 67

3.4 CONCIUSION ...ttt 70
3.5 RETEIEINCES ....eiiniieeieeeeeeee e 71

4.1 INtrOAUCTION ...c.eviiiiiieiiieiieeie e s 73

4.2 EXPErimental .........cooiiuiiiiiiiiiiiieeiiee ettt st 76

4.2.1 Reagents and SOIULIONS ........coccveriieiriieiiiiniieieeeeceeee e 76

4.2.1 Hydrogel Fabrication ...........ccccceeeeruieiiieneeinieenieeieeeee e 76

4.2.2 Hydrogel Characterization ............ccoceeeveeveerieeneeenneeneenneenneenn 77

4.2.3 Cell CUltUIE ..o 79

4.3 Results and DISCUSSION .......covuveriieiiiiniiiiiienieeieeeeeeeeeee e 79

4.3.1 Thermally Responsive BSA Hydrogels ..........cccccoeeiiviniinnnne. 80

4.3.2 Tuning the Thermal Response of BSA Hydrogels ..................... 83

4.3.3 BSA Hydrogels and Methylene Blue..........cccccoooeeiiiininiiennne. 87
4.3.4 Thermal Responsive Protein Hydrogels: Avidin, Lysozyme,

Ovalbumin......c.coooiiiiiiiiiieee e 90

4.3.5 Chemical and Thermal Response of BSA Hydrogels................. 95

4 .3.6 Interfacing Thermally Responsive Protein Hydrogels with Motile

Cells for Bacterial Trap and Release .........cccccoceeviieiiinennens 100

4.4 CONCIUSION ...ttt 105

4.5 RELETENCES ....oeiveiiiieiieeteceeeeeeee et 106

Chapter 5: Multifocal Multiphoton Lithography ..........c.ccceeeviiiiiiniiiniininens 110

5.1 INtrOdUCHION ..c..vieiiiiiiieiiccteee et 110

S22 EXPerimental .....c.c.oooeeviieiiiiiiiiieeieceee e 112

5.2.1 Reagents and SOIULIONS ........cccueeviiiriiieniiniiiieeieeeeeeeee e 112



5.2.2 Multifocal Optical Configuration ..........c.cccceceerveeneeecueennenneens 112

5.2.3 MiCrofabriCation ...........coccueeeriieeniieiniieenieeeeiee e 115

5.2.4 Scanning Electron Microscope Sample Preparation................. 115

S5.2.5 Cell CUltUIE ..uviiiiiiieiieeetceeteeete e 116

5.3 Results and DiSCUSSION ....cccueeiriiiiniiiiiiieeiieeeiieeeeeeeee e 116

5.3.1 Large-format StruCTUIES ........cccueeirerieeiienieeieeeteeseeeeeeseee e 116

5.3.2 Multifocal eXpoSure ZOnes ..........cccecveeveeecueenieriieeneeeneeneenneens 120

5.3.3 Multifocal fabricated structures for cell culture........................ 124

5.4 CONCIUSION «..iiiiiiieeiiee ettt ettt sttt e et e s e e 126

5.5 REEIENCES .....eiiiiiiiiieeei et 129
BiblOZIaphy ...ccoeeiiiiiii e e e 130
VLA ettt ettt ettt e b e st e et enateebeesateens 140



Figure 1.1:

Figure 1.2:

Figure 1.3:
Figure 1.4:
Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2 4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8.

Figure 2.9:

Figure 2.10:

Figure 2.11:

Figure 3.1.

List of Figures

Multiphoton €XCItAtION. .....cocueiriieiiiriieiieeie et 4

Chemical structures of common photosensitizers used for protein

multiphoton fabrication. ...........ccocceriiiiiiiiiinceeeee e 9
Protein microfabriCation.........c..ccocuveviiiiiieniieeiieiee e 11
Schematic of a conventional capillary electrophoresis setup...................... 14
Chemical structures of hydroxyindoles examined in this work. ................ 24

Schematic showing the fluidics assembly for bidirectional and multispot
microsecond capillary electrophoresis. ........coceevveriieiiieciienieniecreeeeene 28

Schematic showing the optical configuration for bidirectional and multispot
unidirectional microsecond capillary electrophoresis..........cccocceerveenennne. 31

Bi-directional capillary electrophoresis.........ccccevcveevienieeiiencniecniccieee 33

Bi-directional microsecond electrophoretic separation of a three-component
TIIXEUTE . +eenitieiiieeiee ettt ettt st e e st esae e sane e me e eereesmnesaneesneeeeneenne 35

Bi-directional microsecond electrophoretic separation oppositely
hydroxyindole photoproducts in approximately 6 ps. ........cccccoevevveenennne. 37

Schematic showing a multiprobe electrophoresis setup for tracking
photochemically generated analytes as they migrate down an
electrophoretic channel. ... 39

Multiprobe electrophOresis. ......ccveecvieriiriiiiiiericeeeeeeee e 41

Theoretical and experimental spatial variances.....................cceeeeee 44

Experimental versus theoretical spatial variances..........cc.coceeveenieenennne. 45
Voltage SCAlING. ...coovvieiiiiiiiieecee e 46
Microchip MPL. ..o 57

X1



Figure 3.2:

Figure 3.3:

Figure 3 4:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4 4:
Figure 4.5:
Figure 4.6:
Figure 4.7:
Figure 4.8:
Figure 4.9:

Figure 4.10:

Figure 5.1.
Figure 5.2:
Figure 5.3:

Figure 5 4:

Figure 5.5:

Comparison of MPL fabrication using 8.24-kHz and 36.6-kHz microchip
LASETS. et 63

BSA microstructure dehydration. ............ccoceeeieniiiiiniiinieeceee 64

Three-dimensional acrylic-based resin polymer and BSA microstructures
fabricated using the high-repetition-rate microchip laser. .........cc.ccc..c...... 68

Irreversibility of the thermal response of multiphoton fabricated BSA
RYATOZEIS ..o e 81

The thermal response of BSA hydrogels as a function of RB
CONCENITALION. «..eeeuvienirerieeieeeteenieeereesiee et et e st e e sneeeereesneesreesseeesneesnneeanees 84

The thermal response of BSA hydrogels as a function of the incremental

distance between fabrication layers. ..........ccoceeviiniieiiiniiniiincceceen 86
Attenuating the thermal response of BSA hydrogels with MB.................. 89
Thermal response of avidin and avidin+biotin-TMR hydrogels. ............... 92
Tuning the thermal response of avidin hydrogels. .........cccccociriiininnnnn 95

BSA hydrogel response to changes in temperature and ionic strength. ..... 98
Thermal response of BSA hydrogels after exposure to pH 2 and pH 12 . 100
Thermally responsive cell enclosure. ..........coceeviiniiiiiiniiiniincieeee 102

Hybrid BSA and avidin microstructure for trapping and releasing

P.QETUZINOSA. ..ottt et 104
Optical configuration for Multifocal MPL. ............ccccoiiiiiiniiniien. 114
Stitched maze structure fabricated from BSA...........cccoiiiiiiiniiniinns 117
SEM images of stitched repeating pattern fabricated from BSA. ............ 119
Multiple exposure zones formed by overlapping rectangular laser scan

ATEAS. c.vveeireeiteeiee et e et e et e e e et e st e s et et et et e st e b e aa e et et e r e e e e eaneeane 123
Multifocal MPL fabricated microorganism traps. .........cceceeveeereercueeneens 125

Xii



Chapter 1: Introduction

With the invention of the laser 50 years ago, substantial technological
advancements have been realized in the fields of chemistry, biology, physics, medicine,
and industrial processes. These advancements originate from a laser’s ability to achieve
high-intensity, coherent radiation over a broad spectral range (X-ray to far IR) with high
spectral purity and high temporal resolution. Laser-based techniques have been crucial
for elucidating information from biological systems at levels ranging from multicellular
organisms to single biomolecules using tools such as fluorescence microscopy (e.g.,
confocal [1, 2] and multiphoton [3-5]), scattering-based techniques (e.g., coherent anti-
Stokes Raman scattering (CARS) microscopy [6, 7]), and, as is the focus of this
dissertation, laser-induced nonlinear photochemistry (e.g., dye uncaging [8, 9] and
photolithography [10]). The development of laser-based micro-analytical techniques that
rely on exciting photochemistry for probing complex biologically related systems
requires high-resolution tools capable of three-dimensional (3D) spatial control and high
temporal control.

Restricting photochemistry to high-resolution 3D coordinates as a result of laser
excitation is most easily achieved through multiphoton excitation (MPE). Typically, this
is accomplished by using high numerical aperture (NA) optics to focus a high-peak
power laser to a very small focal spot. This can result in the generation of an excitation
focal volume (voxel) with physical dimensions of < 1 zm’ (1 fI) and excitation intensities

in the terawatt (10> W cm™) range.



MPE has broad applications to the study of biological systems because of is its
inherent ability to localize photochemistry in three-dimensions without the extensive
scatter and photodamage associated with single-photon processes. Using MPE,
fluorescence recovery after photobleaching (FRAP) has been used to determine the
diffusion coefficient of a dye molecule by intentionally photobleaching a 3D volume of
known dimensions and monitoring the fluorescence that is generated as dye molecules
diffuse into the bleached area [11]. MPE has also been used for the localized uncaging of
bound calcium [12] and for laser axotomy for studying nerve regeneration in earthworms
[13].

When applied to traditional analytical separation techniques such as capillary
electrophoresis (CE), multiphoton-excited photochemistry has enabled for the rapid
examination of transient photochemical reaction products on millisecond and
microsecond timescales [14-16]. I have worked to expand on this by integrating MPE
with CE to develop strategies that allow for the rapid separation and spectroscopic
analysis of short-lived transient photodegredation products. High-speed separation and
analysis are achieved through a combination of very high electric fields and a laser-based
optical system that uses MPE for both the generation and detection of hydroxyindole
photoproducts on the time scale of microseconds.

By tightly focusing high peak power laser into a solution of protein and
photosensitizer, sufficient intensities can be reached that promotes the photochemical
crosslinking of oxidizable amino acid residues. This direct-write photofabrication

approach allows for the creating of novel, biocompatible materials [10, 17] with feature



sizes on the order of hundreds of nanometers [10, 18] that respond to environmental cues
[19]. I have employed MPE for the development of 3D multiphoton photolithography
(MPL) techniques. Specifically, the MPL capabilities of low-cost microchip lasers have
been assessed for the fabrication of biological and acrylic-based materials. MPL has been
used for the design and creation of novel “smart” biomaterials that reproducibly respond
to environmental cues. These smart biomaterials are capable of integrating with single
cells and have shown to be useful for the study of bacterial group behavior. Using
multiple laser beams, dynamic masked-based MPL has been multiplexed to improve the
speed and versatility of this technique, allowing for the rapid parallel prototyping of

biocompatible microstructures.

1.1 MULTIPHOTON EXCITATION

MPE is an alternate form of electronic excitation that requires high peak
intensities for the simultaneous absorption of two or more photons. Originally postulated
in 1931 by Maria Goppert-Mayer [20], MPE was not experimentally realized until the
invention of the laser in 1961 [21]. While MPE can occur with the use of continuous-
wave lasers [22], the requirement of high peak intensities limits their use, and the
widespread adoption of MPE in the biosciences did not occur until the introduction of the
femtosecond pulsed titanium:sapphire (Ti:S) laser in 1991 [23].

With a one-photon absorption event, the energy absorbed by a molecule equals
the energy gap between the ground state and the excited state (Figure 1.1). For a

multiphoton absorption event to occur, two or more photons of lower energy must be



simultaneously absorbed in a high photon flux regime. The first of these lower energy
photons excites the molecule to a virtual state, whereby a second must be absorbed prior
to the decay this virtual state for electronic excitation to occur (Figure 1.1). This virtual
state is not quantized; rather it is a superposition of electronic states that can exist for a

short period of time (~1 fs) due to broadening of the energy levels.

1PE 2PE

excited
state

ground
state

Figure 1.1: Multiphoton excitation. A simplified Jablonski diagram showing one-photon
(1PE) and two-photon (2PE) excitation. In a 1PE regime, a single photon is
absorbed that is equal to the energy gap between the ground and excited
states. In 2PE, that gap is bridged by a virtual state through which two lower
energy photons pass when simultaneously absorbed.



The photonic absorption by a molecule can be expressed in the notation of a

chemical reaction [24]:

M +n(hv) <= M *, [1.1]

where M and M* are the ground and excited states of a molecule, hv is a photon, and n is
the number of photons absorbed that excites the molecule from the ground state to an

excited state. The rate of the reaction for the generation of M* can be described as:

d| M *]
dt

= k[W]'[M]=81"[M], [1.2]

where k is the rate constant, I is the instantaneous intensity of the excitation light (in units
of photons s cm™), and § is the excitation cross-section (in units of cm*(s/photon)™").
Achieving sufficient intensities (high photon flux) to excite a chromophore in a
multiphoton regime requires the use of high peak power lasers in conjunction with optics
capable of focusing the laser light to a very small focal spot. When using high NA,
diffraction-limited optics, this localized increase in intensity results in the generation of a
3D focal volume with submicron to micron dimensions (< 1 gm?’) that is ellipsoidal in
shape (prolate spheroid) [25].

The probability of an excitation event for a particular molecule is proportional its
cross-section (0) [Equation 1.2]. The fraction of light absorbed in a MPE event is
generally extremely small and difficult to measure directly. As a consequence, the

multiphoton fluorescence ‘action’ cross-section is commonly used, which is a product of



the absolute cross-section (8) and the fluorescence quantum yield (¢) , with base units of

2n Sn—l -(n-1)

cm photon™ ", where n is equal to the number of photons involved in the excitation
process. To simplify the representation of a two-photon cross-section, the unit GOppert-
Mayer (GM) has been defined as 10°° cm* s photon™. A good two-photon absorber such
as fluorescein has a two-photon fluorescence action cross-section of ~40 GM at 780 nm
(H,O, pH 11), a common operating wavelength for the Ti:S laser [26].

The most commonly used laser for MPE is the high repetition rate (75 — 80 MHz)
Ti:S oscillator, which produces femtosecond pulses (20 — 250 fs) with high peak powers
(kW). With a low duty cycle (107), only low to moderate average powers are required for
MPE, resulting in little damage to the specimen in the planes outside of the focus of the
laser. Peak intensities sufficient for most multiphoton-excited processes can be achieved
in the terawatt range (10'> W ¢m™) for a mode-locked Ti:S oscillator operating at 780 nm
with an average power of ~ 30 mW using a 1.3 NA microscope objective.

While Ti:S oscillators offer great tunability at wavelengths that allow for deep
penetration into biological samples (690 — 1000 nm), they are not the only pulsed laser
source capable of promoting MPE. Recent developments in microchip lasers have
produced sources capable of exciting MPE and photofabricating biological and acrylic
materials [18, 27]. These lasers (frequency-doubled (532-nm) Q-switched Nd:YAG)
generate low-microjoule pulses (500 ps) at moderate repetition rates (~7 — 40 kHz),

producing peak powers and focused peak intensities comparable to the Ti:S at 3% of the

total cost.



1.2 MULTIPHOTON PROTEIN FABRICATION

With the widespread availability of the Ti:S laser in the early 1990s, MPE-related
technologies have since seen a revolution, beginning with the development of two-photon
microscopy by Webb [3]. A more recent technology that takes advantage of the intrinsic
3D properties of MPE is multiphoton fabrication. This technology has allowed for the
direct-write, 3D patterning of a wide range of materials that cannot be performed using
single-photon, UV-initiated photolithography. The 3D patterning of acrylic-based resins
using multiphoton fabrication has lead to advances in micromachines [28-30], micro-
optics [31, 32], and microfluidics [33, 34]. Intricate, 3D microforms have been formed,
including microscopic cattle [30], chimpanzee skulls [35], and bacteria houses [33].
While feature sizes have been reduced to tens of nanometers using acrylic resins [36],
these materials do not have any native biological activity. Although resins can be doped
with bio-molecules [37], they cannot be fabricated in the presence of live cell cultures
because of the toxic acrylate monomers and solvents used to dissolve the monomers.

The photopolymerization of biological molecules occurs naturally and many
proteins contain photo-oxidizable amino acid residues (e.g., Cys, Trp, Tyr, His) capable
of crosslinking when exposed to UV light, as what occurs with some types of cataract
formation in the eyes [38] and wrinkling of the skin [39]. The first demonstration of
crosslinking between protein monomers as initiated by MPE was by Pitts et al., where it
was shown that solid protein material could be created from a solution of protein (bovine

serum albumin (BSA) and photosensitizer (rose bengal) [17]. Since this initial



presentation, the Shear group has exploited this technique for the study of biological
systems using a variety of approaches [10, 18,19, 40]

Multiphoton-excited protein crosslinking is typically performed using high NA
optics to tightly focus a high peak power pulsed laser into a solution of concentrated
protein (e.g., BSA, avidin, lysozyme, cytochrome-c) containing a photosensitizer (e.g.
rose bengal, methylene blue, flavin adenine dinucleotide (FAD)). This results in the
localized excitation of the photosensitizer, leading to crosslinking of the protein within
the fabrication voxel. A photosensitizer acts to catalyze the photochemical crosslinking
of protein monomers to form a solid protein matrix. This photosensitization process can
occur either through a type I or type II mechanism, and this designation depends on the
interaction between the sensitizer molecule and the protein [41]. A type I mechanism
involves the excitation of a photosensitizing molecule to a triplet state, where it then
interacts directly with an oxidizable residue resulting in hydrogen abstraction, generating
reactive free radicals. A type II sensitization results in the generation of a singlet oxygen
('O,) species that can then interact with amino acid residues. Of the commonly used
photosensitizers for MPE protein crosslinking, FAD is known to act through a type I

process, whereas rose bengal and methylene blue sensitize via type II mechanisms [41].



Figure 1.2: Chemical structures of common photosensitizers used for protein
multiphoton fabrication: (a) methylene blue (b) rose bengal (c) flavin
adenine dinucleotide (FAD).

Lines of solid protein material can be created by scanning the microscope stage
relative to the focused laser beam using 3D vector-based movements, thus creating
protein lines in a direct-write approach. (Figure 1.3, a, b). Alternatively, galvanometer-
driven scan mirrors can be used to raster scan the focused laser beam relative to the

sample, resulting in the creation of a protein fabrication plane. Tall, tower-like protein



structures (e.g., Figure 1.3, ¢) can be fabricated by translating the focus of the raster-
scanned beam axially into solution, thereby creating structures in a plane-by-plane
fashion with the maximum height of the structure being limited by the working distance
of the microscope objective. Through either method, protein microarchitectures can be
formed rapidly with high-resolution while maintaining biofunctionality and

biocompatibility.
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protein line

y

Figure 1.3:

obj

|
= g

TLS HWP/PBS

Protein microfabrication. (a) A simplified protein photofabrication setup.
The output of a high peak power laser is first sent through a halfwave
plate/polarizing beam splitter pair (HWP/PBS) that allows for the
attenuation of the laser power. The beam is then passed through a
telescoping lens set for beam collimation before being sent into the back
aperture of an infinity corrected, high numerical aperture microscope
objective that tightly focuses the laser beam into a solution of protein and
photosensitizer. The microscope stage can then be translated to
photofabricate solid protein material in a direct-write fashion. (b) A
scanning electron micrograph showing a bovine serum albumin (BSA) cable
fabricated using a 36.6 kHz frequency-doubled (532 nm) Nd:YAG laser
from a solution of 400 mg mL"' BSA and 10 mM FAD. This cable was
fabricated by focusing the laser from below the glass substrate up and into
solution, creating a free-floating cable that eventually settled on the glass
surface. (c) SEM image of a BSA tower. By using a galvo-driven mirror to
rapidly scan the laser in a two-dimensional plane, a tower can be easily
fabricated by simply focusing the scanning laser beam deeper into solution
at prescribed distances. This tower was fabricated to a total height of 20 xm
using the same laser and protein solution as in (b) with prescribed optical
axis stage increments of 1.0 ym between fabrication layers. A single
Escherichia coli cell, added after fabrication, is shown for scale in both (b)
and (c). Scale bars: b, 1 ym; ¢, 5 ym.
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Although vector-based, point-by-point fabrication is effective for producing
microstructures having arbitrary 3D topographies, it is time consuming and does not
generally allow for the rapid 3D prototyping of microarchitectures that would enable
researchers to rapidly iterate their fabricated designs. For the purpose of rapid design and
photofabrication, the Shear lab has developed techniques that allow for the rapid
fabrication and prototyping of biological and acrylic-based materials. Initially, Kaehr and
Shear developed a MPL technique that relies on the use of a simple over-head
transparency to act as a photomask [42]. When placed in the path of a focused, raster-
scanning Ti:S laser beam in a plane conjugate to the microscope objective image plane, a
one-to-one mapping occurs between the mask plane and the microscope image plane,
resulting in the photofabrication of the masked object at a magnification roughly equal to
the power of the microscope objective. By changing the mask, structures can be
fabricated in an iterative process, allowing the creation of microforms within minutes.
These microforms can be used for the capture of single or small numbers of bacteria for
studying cell cultures on the microscale. However, this mask-based process becomes
arduous when multiple masks corresponding to different fabrication patterns in different
axial planes are needed to complete a single structure, as careful mask alignment is
required.

To overcome the limitations associated with transparency-based masking, Nielson
et al. developed a dynamic masked-based MPL technique that uses a digital micromirror
device (DMD) in place of a static mask [35]. By raster scanning a focused, pulsed Ti:S

laser across the mirrored-face of a DMD aligned in an optical plane conjugate to the
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microscope objective image plane, the 2D binary images presented on the DMD are
rendered as a 2D photofabricated plane of material with a finite axial thickness (optical
axis) that depends on the NA objective used for fabrication, among other factors.
Complex 3D microstructures are created rapidly with high-resolution through the
synchronization of the presentation of the 2D image slices derived from 3D objects or
computer-illustrated designs on the DMD with z-axis (optical axis) stage movements.
Photofabricated microstructures can be progressively prototyped by simply manipulating
the 2D binary images presented to the DMD, allowing for a rapid, on-the-fly iterative

process for the design of 3D microarchitectures.

1.3 CAPILLARY ELECTROPHORESIS

The Shear lab has been interested in exploiting the highly localized 3D excitation
coordinates generated as a result of MPE for developing novel sample introduction
strategies for high-speed CE. MPE provides a means to minimize the spatial and temporal
aspects of a sample introduction plug and detection zone in CE as result of the femtoliter-
sized excitation voxel formed when focusing a pulsed laser with high NA optics. By
minimizing the dimensions of the injection and detection regions, separation distances
have been reduced to <10 ym, thus enabling chemical separations to be performed ~100-
fold faster than other methods when combined with very high electric fields [15]. This
section describes the basic principles of CE providing an understanding for the
experiments detailed in Chapter 2.

Separation strategies such as liquid chromatography are limited by the rate at

which molecules can partition between mobile and stationary phases, which often results
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in separation times of minutes to hours. With a separation strategy such as CE where
there is no stationary phase, the potential exists for significantly higher-speed separations.
CE i1s a separation technique in which analytes are separated based on differences in their
charge-to-drag ratio within a viscous medium that is under a continuously applied
potential. Separations are performed in open-tubular, fused silica capillaries with inner
diameters typically 20 — 150 ym that have a high surface to volume ratio and allow for
efficient heat transfer. A typical experiment (Figure 1.4) uses a capillary tens of
centimeters long, with each end placed in an electrolyte reservoir that contains either a
high-voltage electrode or a grounded electrode. To perform a separation, the capillary is
first filled with electrolyte solution and an analyte plug is injected into one end of the
capillary using either electrokinesis (high voltage) or hydrodynamic (pressure) flow. The
capillary is then returned to the electrolyte reservoir and a high-voltage is applied. The
analytes move axially within the capillary, ideally fractionating based on their movement

within the electric field prior to detection [43].

capillary— detector
I U 4—reservoir reservoir —p U I
anode HV supply cathode

Figure 1.4: Schematic of a conventional capillary electrophoresis setup.
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Analyte movement within a capillary is driven by two independent forces:
electrophoresis and electroosmosis (EOF). In a system where there is no uni-directional
bulk-solution flow, electrophoresis induces charged species to migrate towards electrodes
of opposite charge. However, silanol groups along the inner wall of the capillary are
negatively charged (above ~ pH 2.5) and solvated cations accumulate within an electrical
double-layer on the negatively charged capillary surface [43]. When an electric field is
applied to the capillary, these solvated cations within the electrical double layer are
driven towards the cathode (negative electrode), resulting in the generation of a flat flow
profile. EOF causes all species to migrate in the same direction towards the detector
when conditions for EOF are present, resulting in separation of molecules of all charge
states (positive, negative, and neutral). To separate analytes with the major driving force
being electrophoresis, EOF can be reduced through a number of methods, most notably:
increased protonation of the silanol groups by lowering the pH of the electrolyte solution,
increasing the ionic strength to decrease the size of the electrical double layer, adding
multivalent cations to reverse the net charge of the capillary wall, and adding high
molecular weight surfactants (non-ionic) to adsorb to the capillary walls to reduce the
attraction of solvated cations [43].

In contrast to liquid chromatography where a molecule is in equilibrium between
the stationary and mobile phases with the kinetics ultimately limiting the speed of the
separation, CE separations are performed within a single phase. Because of this, the
speed at which analytes migrate through the column is limited by the separation distance

and the applied electric field [15, 43, 44],
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t= L , [1.3]
'uappE

where p,,, is the apparent electrophoretic mobility, which is the sum of the
electrophoretic (u,) and electroosmotic (p,) mobilities, L is the distance from the
injection site to the detection site, and E is the applied electric field. While separation
speed is important, especially if the analytes are short-lived transient species, the analytes
must fractionate with sufficient resolution to distinguish them prior to detection. In an
ideal electrophoretic separation where diffusion is the only contributing factor to band

width, the spatial variance (0°) an of analyte plug migrating through a capillary is defined

by the Einstein equation,
o’ =2Dt, [1.4]

where D is the molecular diffusion coefficient and t is the migration time. Under ideal
conditions, the separation efficiency, N, or the number of theoretical plates, can be

defined as

Nz(éj =ﬂ [1.5]
(o 2D

where 0 is the spatial bandwidth and V is the applied potential [15, 44] From this
relationship, it can be seen that high-speed separations can be achieved by increasing the

applied potential over a shorter separation distance, thus reducing the migration time of
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the analytes. However, at high electric fields, the occurrence of resistive heating (Joule
heating) limits the potential that can be applied. While heating effects can be mitigated
through the use of low ionic strength buffers, narrow channels, and cooling systems, the
ultimate limit to the spatial variance of a migrating analyte band is the size of the
injection plug and the extent of the detection regions. To overcome these limitations, the
Shear lab has developed novel sample introduction and detection schemes that rely on the
use of focused pulsed lasers to act as highly localized injection and detection sources [14-

16], and such experiments are detailed in Chapter 2.

1.4 SUMMARY OF CHAPTERS

This dissertation describes approaches based on MPE for exciting biologically
related compounds for the development of laser-based microanalytical techniques.
Chapter 2 describes the development of strategies based on capillary electrophoresis that
allow for the rapid separation and spectroscopic analysis of short-lived transient
photochemical reaction products. Chapter 3 presents a comparison of two microchip
lasers that differ in pulse repetition rate for performing MPL. Chapter 4 describes the
design and creation of novel ‘smart’ biomaterials that reproducibly respond to
environmental cues. These smart biomaterials are capable of interacting with single cells
and may be useful for the study of bacterial group behavior. Chapter 5 describes the
simultaneous use of multiple laser spots for performing dynamic masked-based MPL to

improve the speed and versatility of this technique.
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Chapter 2: Transient Photochemical Analysis Using Microsecond
Capillary Electrophoresis*

2.1 INTRODUCTION

The study of short-lived transient species requires tools that can rapidly
distinguish similar molecules on very short time scales. Time-resolved spectroscopy has
been a useful tool for performing such analyses, leading to advances in the study of
transition states of conformationally changing biological macromolecules [1-3],
photochemical reaction intermediates [4-6], and thermal reactions [3, 7]. However,
challenges persist when reaction intermediates are in the condensed phase or when
multiple analytes are present in the sample, which often leads to overlapping spectral
responses. To overcome these limitations, a chemical separation could be performed prior
to spectroscopic interrogation to eliminate problems associated with spectral overlap.
However, this is only effective if spatial isolation occurs within the lifetime of the
transient species. Because chemical separations are often slow, typically requiring
analysis times that are considerably longer than the lifetimes of most transient species,
there is a need for faster separation strategies that allow the rapid analysis of short-lived
molecules prior to their degradation. Here, I present high-speed separation strategies
based on capillary electrophoresis (CE) for the study of short-lived transient
photochemical reaction products.

As discussed in Chapter 1, separation strategies such as liquid chromatography

are limited by the rate at which molecules can partition between mobile and stationary

* Sections adapted from Ritschdorff, E.T., Plenert, M., Shear, J.B. Anal Chem, 2009. 81, 8790-8796.
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phases, which often results in separation times of minutes to hours. With a separation
strategy such as CE where there is no stationary phase, the potential exists for
significantly higher-speed separations. Chemical separations on time scales of
milliseconds to low seconds have been achieved using CE in conjunction with a variety
of sample gating (injection) strategies, such as optical gating and fast field switching, on
microchip separation platforms that work to limit the size of the injection and detection
regions [8-16]. The rapid analysis times demonstrated using these injection techniques,
particularly optical injection, have brought upon great interest in their application to the
study of short-lived transient solution phase molecules.

The Shear lab has been interested in developing improved gating (injection)
strategies in conjunction with CE [10, 17, 18]. Hydroxyindoles act as a good model
system for developing transient analysis techniques because of their unique multiphoton
induced photochemistry. Hydroxyindoles (Figure 2.1), natively fluorescent in the UV
region (A, = 340 nm), undergo a photodegredation process when irradiated with
tightly focused pulsed Ti:S light. During this process three photons are absorbed
simultaneously to form a photochemical intermediate that can subsequently absorb an
additional photon, creating a photoproduct that is unable to relax to the ground state of
the parent hydroxyindole [19, 20]. This photoproduct has distinct fluorescence properties
from its parent compound, with A, = 500 nm when excited nonlinearly through the

absorption of two additional photons. Because the hydroxyindole photoproduct emission

is red-shifted ~ 160 nm from the parent hydroxyindole, the transient species can be
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fluorescently detected independently of the parent species through the use of UV

blocking filters.
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Figure 2.1: Chemical structures of hydroxyindoles examined in this work: (a)5-
hydroxytryptamine  (SHT), (b) 5-hydroxyindole-2-carboxylic  acid
(SHI2CA), and (c) S5-hydroxytryptophan (SHTrp). (d) Multiphoton
photochemistry of hydroxyindoles (SHT) proceeds initially through a three-
photon absorption process that generates an intermediate that can
subsequently absorb a single photon. This photoproduct can then be excited
by two additional photons, resulting in improved fluorescence in the visible
region [adapted from [19]].

Optical gating was introduced as means to rapidly inject analytes into a capillary
for electrophoretic analysis [8]. Under a continuously applied potential, a stream of

fluorescent analytes flowing through a capillary is exposed to a high intensity focused

24



laser near the inlet in a side-on approach (90° to the migration axis), resulting in the
constant photobleaching of the molecules as they enter the capillary. To perform a
separation, the laser beam is briefly blocked, resulting in the injection of a small plug of
analytes, which are separated and then detected by another beam downstream [8]. Gordan
et al. demonstrated the first capillary electrophoresis-based analysis of transient
photochemical intermediates using a modified optical gating technique as a means to
further understand the multiphoton photochemistry of hydroxyindoles [10]. Rather than
continuously photobleaching with a high-intensity laser, they took advantage of the
unique photochemical properties of hydroxyindoles by producing multiphoton-induced
photoproducts at the capillary inlet by exposing the continuously flowing solution to a
focused Ti:S laser (termed the “gate beam”) for a very brief period of time. Using a
second beam (termed the “probe beam”) that is aligned down-stream of the gate beam,
visible fluorescence from the hydroxyindole photoproduct was generated and
subsequently detected with a photomultiplier. Using a separation distance of 12 um,
photoproducts were analyzed on low-millisecond timescales and it was determined that
the photoproducts maintain the same charge-state as their parent molecule. However, low
electric fields were generated using this approach resulting in low analyte velocity. Due
to longitudinal diffusion, the slow moving analyte plug was greatly broadened resulting
in low separation efficiency.

To achieve even faster separation times and greater separation efficiency, Plenert
and Shear developed a novel capillary modification that resulted in the generation of

increased electric fields (~0.1 MV c¢cm™) [17]. Such high electric fields were amplified by
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deforming the capillary to an hourglass shape using a pipette puller, which increases its
unit-length resistance when a potential is applied following Ohm’s law. Using the
modified optical injection technique previously described, a binary mixture of
hydroxyindoles (5-hydroxytrytamine (SHT) and 5-hydroxytryptophan (5HTrp)) was
injected and separated over ~ 10 ym in 10 s using a modified capillary with an applied
potential of 35 kV [17].

This chapter describes two strategies developed for the purpose of analyzing
transient photochemical intermediates using microsecond capillary electrophoresis. The
first strategy demonstrates the possibility for minimizing analysis times of oppositely
charged photochemically generated transient species in which oppositely photoproducts
migrate towards oppositely charged electrodes under an applied electric field, positive
species towards the cathode and negative species towards the anode. In this approach,
three Ti:S laser beams are aligned into a high NA microscope objective — one high-power
gate beam and two lower power probe beams. The two probe beams, aligned on opposite
sides of the gate beam, excite fluorescence of the photoproducts after migration of several
microns from the high power gate beam.

In addition, a similar optical configuration is evaluated for tracking transient
photochemical intermediates at multiple positions as the migrate down an electrophoretic
channel, an approach with potential value in tracking changes in a molecule’s
electrophoretic mobility over short time scales (#s — ms). Here, a sequence of probe sites
are positioned downstream of a gate site, providing a means to detect the mobility of a

single species at multiple time points after its creation.
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2.2 EXPERIMENTAL

2.2.1 Reagents and Solutions
All reagents were obtained from Sigma-Aldrich Co. (St. Louis, MO) unless

otherwise noted. Stock solutions of MES buffer (pH 5.5) and HEPES buffer (pH 7.4)
were prepared weekly and hydroxyindole solutions 5HT, SHTrp, and SHI2CA were
prepared fresh daily. All solutions were filtered using 0.2 wm syringe filters (Corning,
Corning, New York); buffer vials were cleaned by filling with filtered deionized H,O and

sonicated for 45 min before use.

2.2.2 Fluidics Assembly
The polyimide coating in the central 2 cm section of a 25 um 1.d., ~10 cm long

capillary (Polymicro, Technologies, Phoenix, AZ) was removed using a Bunsen burner
flame. The capillary was then carefully placed into a pipet puller (P-2000, Sutter
Instruments, Novato, CA) where it was pulled to produce an hourglass geometry in the
central region with a waist i1.d. of ~ 5 pwm. This modification resulted in a dramatic
increase in the unit-length resistance within the pull region, thereby amplifying the
electric field. At the applied potentials examined in this work, at least 2 V ¢cm™ were
generated per volt applied to the capillary.

Pulled capillaries were secured under a milled Plexiglas block using epoxy
(Epoxy 907 Adhesive System, Miller-Stephenson, Danbury, CT) so that the hourglass
region coincided with a drilled access hole (Figure 2.2). A borosilicate glass coverslip
(no. 0) was mounted directly beneath the capillary, and was sealed against the block to

form a well surrounding the pulled region of the capillary. Refractive index matching
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fluid (glycerin) was placed in the well to fill the narrow gap between the capillary and the
underlying coverslip, an approach that minimized optical aberrations caused by the
curved surface of the capillary. Samples were electrokinetically transported between inlet
and outlet vials, which were sealed with septa to confine potentials created by platinum

wire electrodes fixed permanently into the ends of the vials.

block glye
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Figure 2.2: Schematic showing the fluidics assembly for bidirectional and multispot
microsecond capillary electrophoresis. The microscope objective focuses
multiple laser beams into the pulled region of a fused silica capillary that is
sandwiched between a No. 0 coverslip and an acrylic block with near-index
matching glycerin filling the small gaps between the coverslip and the
capillary.

The capillary assembly, consisting of the mounted capillary and two sample
reservoirs, was mounted to a 0.25 in. thick Plexiglas sheet that was bolted to a three-axis
translation stage (model 562, Newport Corp., Irvine, CA) controlled by motorized

actuators for stage movement and final laser alignment. Two high-voltage power supplies
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were used (Series EH, Glassman High Voltage, Inc., High Bridge, NJ) to supply

separation voltages of opposite polarities.

2.2.3 Instrumentation and Optical Alignment
A mode-locked titanium-sapphire (Ti:S) oscillator (Coherent Mira 900F) pumped

by a 532 nm 10 W frequency-doubled neodymium-vanadate laser (Coherent Verdi) was
operated at 755 nm for all experiments. This laser source produces ~150 fs pulses with a
pulse repetition rate of 76 MHz. The Ti:S output was first split using a half-wave plate
and polarizing beamsplitter into gate and probe beams (Figure 2.3). The gate beam was
passed through a Pockel’s cell (350-50, Conoptics, Danbury, CT) that was controlled by a
high-speed delay generator (DG-535, Stanford Research, Sunnyvale, CA) where it could
be modulated electrooptically on microsecond time scales to create spatially narrow
packets of photochemical intermediates within reagent streams. The gate was switched to
high power (an average laser power of 300-400 mW, measured at the back aperture of the
objective) for periods ranging from 0.7 to 1 ps. After being split from the gate beam, the
probe portion of the Ti:S beam was directed through an optical rotator from a 350-50
Pockel’s cell so that beams could be switched between high and low intensity (i.e., 180°
out of phase with each other), enabling each probe to detect photoproduct in half of the
electrophoretic repetitions as signal averaging was performed. The optical rotator was
controlled using a function generator (DG-345, Stanford Research, Sunnyvale, CA)
synchronized to the delay generator controlling the gate-beam Pockel’s cell (see above).
Switching frequencies of 2 kHz for the gate Pockel’s cell and 1 kHz for the probe optical

rotator were used, allowing each probe spot to excite photoproduct fluorescence after
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every other gate pulse. After the optical rotator, the beam was directed through a second
half-wave plate/polarizing beamsplitter pair to produce two probe beams. This
configuration caused the beam to be either transmitted or reflected at the second
beamsplitter, depending on whether vertically or horizontally polarized light emerged
from the optical rotator. One of the probe beams was sent through another half-wave
plate/polarizing beamsplitter pair to provide a means to match the power polarization to
the other probe beam. The beams were then recombined slightly off-axis using a 50/50
nonpolarizing beamsplitter. Farther along the beam path, the gate beam was combined
slightly off-axis with the two probe beams using a polarizing beamsplitter. All three
beams were passed through a long-pass dichroic mirror (Chroma Technology Corp.,
575DCXR) and reflected by a 90/10 beamsplitter into the back aperture of a 1.3 NA

100X microscope objective (Fluar, Zeiss).
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Schematic showing the optical configuration for bidirectional and multispot
unidirectional microsecond capillary electrophoresis. A mode-locked
titanium:sapphire (Ti:S) beam is sent through a halfwave plate (WP) and
polarizing beam splitter (BS), which directs beams of orthogonal
polarization to the gate path (blue) and the probe path (red). The vertically-
polarized gate beam is aligned through a Pockel’s cell, which generates
high-intensity gate pulses of 0.7 — 1 us for creating fluorescent
photoproduct. The gate beam is then sent through a second WP and BS
before rejoining the probe beams. The horizontally-polarized probe beam is
passed through an optical rotator (OR) from a 350-50 Pockel’s cell that
rapidly alternates its polarization. The beam is then passed through a WP
and BS, creating two probe beams of opposite polarization. The reflected
probe beam (vertical polarization) is passed through another WP/BS pair
that rotates its polarization to the horizontal plane and allows for laser power
equalization. The probe beams are recombined slight off-axis at the
nonpolarizing beam splitter (npBS) before joining the gate beam at a BS. All
three beams are then passed through a dichroic mirror (DM) and reflected
into the back aperture of a 1.3 NA 100X Zeiss Fluar objective via a 90/10
mirror. Fluorescence is epi-collected by the same objective and reflected via
the 90/10 mirror to the DM where it is passed through a 20-cm focal length
plano-convex lens and through a series of optical filters before striking the
photomultiplier tube (PMT).
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The capillary was monitored by collecting transmitted light (from a fiber-optic
illumination source) through the objective and to a tube lens, which focused the capillary
image onto a video-rate CCD (KP-M1U, Hitachi Denshi, Ltd., Japan). Laser back-
reflections at the interface between the coverslip and glycerol (which are nearly index
matched) were imaged to guide the lateral alignment of gate and probe foci. Before
performing an experiment, the capillary was adjusted using three-axis electrostrictive
actuators (AD30, Newport) to position the laser foci along the central axis of the capillary
near the hourglass waist.

Fluorescence emission generated from both laser foci from hydroxyindole
photoproducts was epi-collected using the objective, directed back along the laser
propagation path via the 90/10 beamsplitter to the dichroic mirror and passed through 20
cm focal length plano-convex lens and a series of optical filters (5 cm saturated aqueous
CuSO, and two 3 mm-thick BG-39 filters) before striking the photomultiplier (PMT; HC-
125, Hamamatsu, Middlesex, NJ). To improve signal-to-noise, data from rapid,
sequential electrophoretic runs were summed on-the-fly using a zero-deadtime

multichannel scaler with 640-ns bins (SR430, Stanford Research Systems).

2.3 RESULTS AND DISCUSSION

The Shear lab has previously shown the separation of positive and neutral
photochemically generated products using CE in under 10 us at high electric field
strengths (= 50 kV cm™) over a very short separation distance (10 zm between a gate spot

and a single probe spot) [17]. This chapter describes two similar optical configurations
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for the microsecond electrophoretic analysis of transient photoproducts using a detection
approach that spatially isolates photoproduct fluorescence by alternatively directing

probe spots at high frequency (1 kHz).

2.3.1 Bi-directional Electrophoretic Analysis

This separation technique represents a novel electrophoretic approach for
minimizing analysis times of oppositely charged photochemically generated transient
species. Shown in Figure 2.4, by placing probe sites on opposites sides of a
photochemical reaction site (gate), oppositely charged photoreaction products can be
detected simultaneously as the positive products migrate towards one probe site and the

negative species move towards the second probe site.

= +=

probe Gate Frobe

Figure 2.4: Bi-directional capillary electrophoresis. Schematic showing the centrally
located gate site that is sandwiched by two probe sites that are created by
tightly focusing three Ti:S laser beams using high-numerical aperture optics.
Oppositely charged fluorescent hydroxyindole photoproducts are created at
the gate site and subsequently transported through a fused silica capillary,
primarily by electrophoretic forces, to the probe spots where they are
detected via the generation of visible fluorescence.
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To demonstrate this approach for the purpose of rapidly analyzing transient
photoproducts of all charge states, a mixture of a SHT, SHI2CA, and SHTrp were
photochemically injected using a high power gate beam at the waist of an hourglass-
shaped capillary. To ensure the predominate mode of analyte migration was
electrophoretically-driven, buffer conditions were adjusted to minimize electroosmotic
flow (EOF). Reductions in EOF were achieved using a slightly acidic (pH 5.5) MES
buffer containing a nonionic surfactant (0.1 — 0.5% (w/v) Pluronic F-127). Pluronic
F-127 is a block copolymer (consisting of propylene oxide and ethylene oxide) that
previously has been used as a CE separation medium for large biomolecules [21, 22] and
as a coating in microfluidic channels to reduce wall adsorption of large molecules [23],
cell adhesion [15], and to modify electroosmotic flow [15, 23]. These solution
modifications were found to produce a stable EOF velocity (typically ~ 0.1 m s™, ~ 30%
of the electrophoretic velocity of the positive and negative species) for the duration of an

experiment (up to 1 h), as was monitored by the migration of the neutral species, SHTrp.
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Figure 2.5: Bidirectional microsecond electrophoretic separation of a three-component
mixture. A sample containing SHT, SHI2CA, and 5HTrp, each at 250 M in
20 mM MES (pH 5.5) with 0.1% (w/v) Pluronic was photochemically
injected using 0.7 us gate times at a centrally located gate site and
fractionated using an applied potential of 39 kV over separation distances of
3.0 ym and 2.0 ym in the direction of the cathode and anode, respectively.
The plots represent the sum of 19,000 sequential electrophoretic records.
SHT and 5HI2CA photoproducts were detected in distinct channels, with an
analysis time of 10 ps required to characterize mobilities of both
compounds. SHTrp photoproduct was observed in the “positive” product
channel due to a residual electroosmotic flow component.

The results for this approach are shown in Figure 2.5, where a mixture of 5HT,
SHI2CA, and SHTrp were photochemically injected and subsequently resolved within 30
s using alternating probe spots over separation distances of 3 ym in the direction of the
cathode and 2 ym in the direction of the anode. Due to residual EOF, the neutral

photoproduct, 5HTrp, broadly migrated in the direction of the cathode (along with the
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positive species, SHT) at a velocity of ~ 0.1 m s™'. The electrophoretic mobilities for SHT
and SHI2CA were found to be identical (4.7 x 10° cm® V' s'), as expected due to their
similar molecular structure and charge state (+1 and -1, respectively). However, due to
the residual EOF in the direction of the cathode, SHT migrated at a faster velocity
(04ms") and produced a narrower temporal bandwidth than 5HI2CA (0.2 m s™).
Although the separation efficiencies achieved were low (< 75 theoretical plates), the
theoretical plates generated per second were large with values of 1.8 million plates s, 9.4
million plates s™', and 1.2 million plates s*' for SHI2CA, 5HT, and 5HTrp, respectively.
As a point of reference, conventional CE typically generates ~ 1000 plates s™' [24]. The
number of theoretical plates generated in a separation event is limited by a number of
factors, including the size of the injection plug relative to the separation distance,

longitudinal diffusion, and the extent of Joule heating.
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Figure 2.6: Bidirectional microsecond electrophoretic separation oppositely charged
hydroxyindole photoproducts in approximately 6 us. The sample contained
SHT and SHI2CA, each at 500 M in 20 mM MES (pH 5.5) with
0.1% (w/v) Pluronic. The photoproducts were photochemically injected
using 0.7 us gate times at a centrally located gate site and fractionated using
an applied potential of 46 kV over separation distances of 2.2 ym and 2.0
um in the direction of the cathode and anode, respectively. The plots
represent the sum of 6000 sequential records.

As an attempt to decrease the separation time and further demonstrate the
capabilities of this technique, a mixture of a positive and negative species (SHT and

SHI2CA) were photochemically injected and separated over distances of 2.2 ym and
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2.0 um in the direction of the anode and cathode, respectively. This mixture of SHT and
SHI2CA was created and in approximately 6 us (Figure 2.6), achieving the most rapid
electrophoretic separation to date and demonstrating the resolved analysis of species that

would appear to be overlapping with a continuous (non-modulated) detection scheme.

2.3.2 Multiprobe Electrophoretic Analysis

Modulating a sequence of probe spots at a high frequency also allows
photoproducts to be tracked as they migrate through a separation capillary under
electrophoretic and electroosmotic forces. This could potentially be applied to the study
of short-lived molecules undergoing a rapid change, such as a refolding protein, as the
shape or charge of transient species and photoproducts may differ from that of the
original molecule, and these changes would result in different electrophoretic mobility.
Techniques such as stopped-flow methods have been used to monitor transient species,
for example, during protein folding; however, understanding the kinetics of such a
process is difficult using traditional methods because the time resolution is low (ms) [25].
In the case of protein folding, experiments are also limited by the use of harsh
denaturants [25, 26]. Alternatively, initiating the folding process of a protein has been
shown to be feasible using UV excitation [26, 27]. Creating an optical trigger that
responds to tightly focused Ti:S laser light could be used to initiate the folding process on
the order of nanoseconds. This process could be performed within a capillary and the
transient folding states could be interrogated with sequential probe spots as it migrates
within microseconds through the channel. While interpreting this type of data using a

multi-probe technique would be difficult, electrophoretic data could be interfaced with
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computer modeling to decipher the structural characteristics of an evolving transient

species such as a refolding protein.

P —p —p
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Figure 2.7: Schematic showing a multiprobe electrophoresis setup for tracking
photochemically generated analytes as they migrate down an electrophoretic
channel. The high-powered gate site is rapidly modulated to generate plugs
of fluorescent photoproducts that are sequentially probed at four probe sites
downstream. While only two probe beams are aligned into the microscope
objective, they can be translated farther downstream to achieve four distinct
probe sites.

To demonstrate this approach, SHT photoproducts were created in a high EOF
buffer system (20 mM HEPES, pH 7.4) at the gate site within a geometrically modified
capillary and subsequently probed at four distinct locations downstream (Figure 2.7). Due
to the challenges associated with laser beam alignment and the laser power requirements
that cannot be met with our current Ti:S system, probing photoproduct fluorescence

simultaneously at four probe sites was achieved using only two probe beams. Here, two
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probe beams were separated by 4 um and aligned such that the first probe site that
detected photoproduct fluorescence was 4 um from the gate site. Using this
configuration, photoproduct fluorescence was detected at two probes sites at 4 ym and
8 ym downstream from the gate site. To achieve four distinct probe sites, the probe beam
configuration described above was translated 8 ym downstream from its original
position, resulting in probe sites at 12 ym and 16 ym from the gate site. This procedure
resulted in the creation of four probe sites at distances of 4, 8, 12, and 16 ym from the
gate site. The feasibility of this approach is shown in Figure 2.8, where 5HT
photoproducts were photochemically injected with a gate time of 1 ys and migrated
downstream at an applied potential of 10 kV. At 10 kV, plugs of SHT photoproduct

maintained a velocity of ~0.19 m s™ at all probe sites downstream from the gate.
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Figure 2.8. Multiprobe electrophoresis. Multiprobe electrophoretic analysis of 5HT
photoproducts created with 1 us gate times and subsequently probed at four
sites within the waist of an hourglass-shaped capillary using an applied
potential of 10 kV. The probe sites at 4 and 8 ym were recorded first and
the beams were then translated together downstream 8 ym to record
photoproduct fluorescence at 12 and 16 ym. The sample contained 500 M
SHT in pH 74 HEPES buffer (20 mM) and is the result of 25000
electrophoretic records for each probe beam set (4/8 ym and 12/16 ym).

This approach demonstrates the feasibility of multiprobe monitoring of transient
photoproducts as they migrate through an electrophoretic channel. As expected, in an
ideal separation the signal peak height decreases at probe spots farther downstream. This

is due to the spatial diffusion of photoproducts from the analyte plug into the surrounding
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buffer, as well as photobleaching that may occur. Under ideal separation conditions
where diffusion is the only source of peak broadening, the total spatial variance of a peak
at any given point with the capillary is defined by the sum of the variances associated

with the injection site (0,,,,) and detection site (0,,), as well as diffusion (2Dt),

62 = (Gint.ro )2 + 2l)l’mig + (Gdet)2 . [21]

In this multiprobe approach, where the gate and probe dimensions, as well as the
analyte velocity (assuming the electrophoretic mobility of the analyte does not change on
the time scale of the separation), are held constant throughout the experiment, the spatial

variance of a peak is experimentally defined by
o’=(v- Wy, ), [2.2]

where v is the analyte velocity and w,, is the temporal full width at half maximum of the
analyte peak. If diffusion is the only contributor to band broadening, the spatial variance
of a peak (at the n" detection site) should be the sum of the spatial variance of the peak at

the first probe site and the contribution from diffusional broadening:

0’ =Onu, T2DAL . [2.3]

n"peak ~  peakl

For the data shown in Fig. 2.8, the spatial variance of peak 1 (4 ym separation
distance) was found to be 0.47 ym’. Using the relationship in Equation 2.3, the spatial

variance of peak 2 (8 ym separation distance) should be 0.50 ym® when theoretically

42



calculated using a diffusion coefficient for serotonin of 6.5 x 10°cm?-s ' [17]. For the
purpose of these estimates, it was assumed that the photoproduct maintains the same
diffusion coefficient as the parent species. However, when calculated directly from the
data using Equation 2.2, the spatial variance for peak 2 was found to be 0.86 um’ - a
value approximately 70% greater than would be expected if diffusion were the sole cause
of spatial broadening. Following this analysis, the spatial variances found experimentally
and theoretically for peaks 2, 3, and 4 and are shown in Figure 2.9. When the analyte
plug reaches probe spot 4, the spatial variance is ~ 3 times greater than would be
expected if diffusion alone was the sole cause of band broadening.

To ensure that this unexpected increase in spatial variance was not to due
differences in the physical dimensions of the focused probe beams, the probe sites were
translated to the opposite side of the gate beam (upstream) and the electrodes were
reversed such that when injected, the photoproducts migrated in the opposite direction
towards the probe sites now placed on the opposite of the gate site. This resulted in
spatial variances that were indistinguishable from previous experiments, thus eliminating
differences in the shape of the probe spot as a contributor to this unexpected increase in

spatial variance.
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Figure 2.9: Theoretical and experimental spatial variances. The theoretical and
experimental spatial variances (0°) for the data shown in Figure 2.9.

The Einstein equation [2.4] can be expressed graphically in a linear plot, where
the spatial variance, 0°, (y- axis) changes as a function of migration time, t, (x-axis) with

the slope of that line equaling twice the diffusion coefficient (D).

o’ =2Dt [2.4]

For the theoretical spatial variances shown in Fig. 2.9, the slope of that line was,
by definition, found to be 6.5 x 10° cm*s™ — the diffusion coefficient of serotonin used in
the calculation. For the experimental variances shown in Figure 2.9, the apparent

diffusion coefficient (D, ) was calculated to be 1.03 x 10* cm*s™” — a value ~ 16 times

app.
greater than the known diffusion coefficient for serotonin. This relationship between the

calculated and experimental spatial variances is represented graphically in Figure 2.10.
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Figure 2.10: Experimental versus theoretical spatial variances. Graphical analysis of
the spatial variance as a function of migration time for the data shown in
Fig. 2.9, where the slope of the linear regression is equal to twice the
diffusion coefficient, as shown by the Einstein equation (2.2).

In a CE experiment, there is no equilibrium between a stationary and mobile
phases and the sole contribution to band broadening is molecular diffusion. Because of

this, a dramatic increase in the D, is usually due to Joule heating of the buffer, which

app
occurs when current is passed through a conductive medium, such as an electrolyte
buffer. This heating effect is often mitigated in CE through the use of low conductivity
buffers, narrow-bore channels, and cooling systems. Experimental observation of a

nonlinear relationship between the analyte velocity and the applied potential, as

determined by a voltage-scaling experiment, is a strong indication of Joule heating.
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Figure 2.11 shows the results of a voltage scaling experiment in this system (20 mM
Hepes, pH 7.4) performed by monitoring the velocity at peak 1 (4 ym separation

distance) at applied potentials of 5, 10, 15, and 20 kV.

0.6 -

0.4 -

0.3 -

y = 0.0186x
R® = 0.9981

Velocity (m - s™)

0.2 -

0.1

0 T T T T
0 5 10 15 20

Applied Potential (kV)

Figure 2.11: Voltage scaling. Plot of SHT photoproduct velocity as a function of applied
potential for a separation distance of 4 ym. A linear best-fit is placed
through the first three points to emphasize nonlinearity at 15 and 20 kV.

A linear best fit was placed through the first three points (0, 5, and 10 kV) to
demonstrate the nonlinearity that occurs at potentials higher than 10 kV. This rapid
increase in velocity is most likely attributed to a decrease in the solution viscosity as a

result of Joule heating. An increase in temperature (and a decrease in viscosity) causes an
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increase in the buffer conductivity, the electroosmotic velocity, the current, and the linear
analyte migration velocity.

A modified version of the Stokes-Einstein equation (Equation 2.5) can be used to
estimate the temperature of a solution as a function of its diffusion coefficient and
viscosity, where it relates the diffusion coefficient at 25°C (D,s.c), the temperature (T,s.),
and the viscosity (1,s.c) to the diffusion coefficient, temperature, and viscosity at some

temperature, X [28, 29].

T25° CT’XOC

25°C X°C [2.5]

XOCnZSOC

For the experiment described above, where the diffusion coefficient of serotonin

is known (6.5 x 10-6 cm>s™) and a D,,, was found to be 1.03 x 10* cm*s™ at an applied

app
potential of 10 kV, a buffer temperature was calculated to be approximately 120°C using
Equation 2.5 (viscosity of water at 25°C of 0.89 kg m™-s™) [30]. While only an estimate,
a buffer temperature of greater than 100°C could be visualized by the boiling of the
electrolyte buffer, yet this phenomenon was not observed. However, at 10 kV, Figure
2.11 shows approximate linear velocity scaling versus applied potential — an indication
that heating is not occurring.

Due to the high electric fields, axial temperature gradients may also exist within

the capillary. In addition, convective currents, as a result of these temperature gradients,

may increase the apparent diffusion of the analyte plug. Such high instances of band
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broadening could also be attributed to a change in the molecular structure, yet this would
be indicated by asymmetrical peaks. It has been shown that hydroxyindole photoproducts
maintain their charge up to low millisecond timescales [10], indicating that structural
changes are not occurring that could result in a change in its charge-to-drag ratio or its
molecular diffusion coefficient. Consequently, the exact cause of this large increase in

band broadening has yet to be determined.

2.4 CONCLUSION

These studies demonstrate new capabilities for characterizing transient
photochemical intermediates using CE after their creation at a photoreaction site. With
this strategy, the fluorescence signal generated at the two probe spots is detected by a
single PMT even when analytes simultaneously arrive at the probe site. This was
achieved by rapidly alternating the laser power, thus temporally isolating the fluorescence
generated at each probe spot. This system allows for the detection of positively and
negatively charged transient photoproducts under low EOF conditions within 6 us — a
time scale several folder faster than would be expected (~ 20 us) based on a previous
demonstration of the separation between a positive and neutral species within 10 ys using
an approach that relied on solution conditions to generate a high EOF component [10].

This multi-probe spot approach also allows for the tracking of a single analyte as
it migrates through a capillary after creation at a photoreaction site. This was
demonstrated by tracking SHT photoproducts at four distinct probe locations downstream

from a gate spot within a pulled capillary. This technique could be used to examine
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structural changes of a macromolecule as it migrates through a capillary under an electric
field. Although feasibility for implementing of this technique is clearly demonstrated,
increases in spatial variances were observed at levels that exceed the possible
contribution from diffusion alone. While it was determined that Joule heating was not
shown to be significant, the determined spatial variances were at levels that theoretically
would indicate solution boiling (~ 120 °C), which was not experimentally observed. To
effectively use this technique for monitoring a transforming molecule, this unexpected

increase in spatial variance must be understood.
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Chapter 3: Multiphoton Lithography Using a High-Repetition Rate
Microchip Laser*

3.1 INTRODUCTION

As discussed in Chapter 1, multiphoton lithography (MPL) is a powerful, three-
dimensional (3D) photofabrication technique with applications in the fields of micro-
optics [1, 2], micromachines [3-5], microfluidics [6-8], and cellular culture [9-11]. The
3D capabilities of this direct-write fabrication approach are derived from a nonlinear
dependence on excitation intensity, where the photochemistry is restricted to the focal
volume formed by focusing a high peak power laser with high numerical aperture (NA)
optics. Microforms are created by scanning the femtoliter-sized fabrication voxel
through a solution of monomer and photoinitiator (or photosensitizer), resulting in the
photopolymerization (or photocrosslinking) of synthetic or biological micromaterials
with feature sizes of tens to hundreds of nanometers [12-14].

Developing strategies for high-speed, high-resolution MPL requires pulsed laser
sources capable of achieving high peak intensities with low average powers, which can
prevent the thermal breakdown of the fabrication solution and photodamage to the
fabricated material. The most common laser source used for MPL is the ubiquitous,
“turn-key” femtosecond-pulsed titanium:sapphire (Ti:S) laser system. Well regarded for
their ease-of-use and broad spectral tunability through the near-infrared region, Ti:S laser
systems can be prohibitively expensive for many researchers, costing in excess of $150K,

and this initial investment has placed a limit on the spread of this technology.

* Adapted from Ritschdorff and Shear, Anal Chem, 2010 (submitted)
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The development of low-cost, microchip laser systems with relatively high
repetition rates have presented an interesting alternative to the Ti:S as a laser source for
MPL. These laser systems would increase the dissemination of this technology into
laboratories whose primary area of research is not optically related, such as biology
laboratories. Recently, inexpensive frequency-double Nd:YAG microchip lasers have
demonstrated the ability to efficiently fabricate synthetic and protein-based
micromaterials [13, 15]. For example, with a laser system costing ~30X less, the Shear
lab has shown that biocompatible microforms with feature sizes of less than 500 nm can
be created using a low-cost, frequency-doubled (532 nm) Q-switched microchip Nd:YAG
laser, similar to those created using a more expensive Ti:S laser [13]. This source
produces 500 picosecond pulses (uJ), compared to 200 femtosecond pulses (nJ) that are
output from a Ti:S. With a relatively high photon energy (2.3 eV), materials can be
fabricated in the absence of photosensitizers, compounds that are often toxic to biological
systems [13]. Even though the pulses are ~1000 times longer from the Nd:YAG, the duty
cycle (~10°) and peak power (~ 7 kW) are similar to those produced by the Ti:S.
However, due to an ~ 10* difference in repetition rate (8.24 kHz vs. 76 MHz), the laser
focus of the Nd:YAG must be translated at relatively slow velocities compared to the
Ti:S to create microforms of high-integrity.

This chapter describes studies performed to evaluate the MPL capabilities of an
existing (8.24 kHz) Nd:YAG laser versus a new, higher-repetition rate (36.6 kHz) version
with similar specifications. To evaluate the lasers, bovine serum albumin (BSA)

micropads were fabricated in a layer-by-layer basis using a galvo-scanner that allows for
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user-controlled scan rate, amplitude, phase, and waveform. The integrity of the protein
micropads were examined after scanning the laser focus at varying velocities, and it was
found that the higher repetition rate laser system allows for a significant decrease in
fabrication time. The capabilities of this laser system were further demonstrated by
employing a dynamic mask-based 3D multiphoton-lithography technique to create 3D

microarchitectures.

3.2 EXPERIMENTAL

3.2.1 Reagents and Solutions
BSA was obtained from Equitech-Bio (Kerrville, TX). Sodium HEPES and FAD

were purchased from Sigma-Aldrich (St. Louis, MO). The acrylic-based resin
components were obtained from Sartomer (Warrington, PA), and consisted of a fast-
curing monomer (SR499; ethoxylated trimethylolpropane triacrylate), a hardness
promoter (SR368; tris(2-hydroxyethyl)isocyanurate triacrylate), and a bi-molecular
photoinitiator (Esacure TZT; 2.4,6-trimethylbenzophenone and 4-methylbenzophenone).
To prepare the resin, SR368 first was heated to 53 °C then was mixed with SR499 to
prepare a solution that was 1:1 in each component by weight. Esacure TZT was then
brought to room temperature from -20 °C and added to the mixture of SR499 and SR368
to 3% of the total solution by weight. All reagents were used as received without

purification.
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3.2.2 Optical Configurations

3.2.2.1 Laser Comparison for Multiphoton Lithography
Two frequency-doubled (532-nm) diode-pumped Q-switched Nd:YAG lasers

were used in this work: a lower repetition rate laser (3.5-uJ, 530-ps pulses at 8.24 kHz;
NG10320-110, JDS Uniphase, San Jose, CA) and a new, higher-repetition-rate laser
(1.5-uJ, 530-ps pulses at 36.6 kHz; Teem Photonics, Meylan, France). Each laser output
was aligned through a telescoping lens set (TLS; fl = 5 cm) to establish equal beam
diameters, passed through a half-wave plate, and directed into a single optical path using
a polarizing beamsplitter (Figure 3.1). This arrangement provided a means to
independently vary laser-beam intensities.

The beams were aligned into a scanbox containing a two-axis, galvonometer-
driven scan mirror obtained from a dismantled confocal microscope (Leica TCS-4D,
Bensheim, Germany). The mirror was controlled by software written in LabView™
(National Instruments, Austin, TX) that allows for the independent control of the scan
frequency, amplitude, phase, and waveform. After the scan mirror, the beams were
passed through lenses L1 (fl = 3.2 cm) and L2 (fl = 152 cm) for expansion and
collimation, respectively. Before reaching the microscope, two additional lenses (L3 and
L4; fl = 15.2 cm) were placed in the optical train to focus and re-collimate the beam,
which was then directed into the back aperture of a Zeiss Fluar, 100x/1.3 NA, oil-
immersion objective situated on a Zeiss Axiovert microscope. The orthogonal
polarization of the two beams produced by this optical arrangement did not affect

fabrication results.

56



8.24 kHz 36.6 kHz

«
—HE-RA 9 )

scan
HWP/PBS mirror

Figure 3.1. Microchip MPL. Schematic showing the optical configuration for MPL in
which two 532-nm Nd:YAG microchip lasers (8.24 and 36.6 kHz) were
compared. The outputs from the lasers were sent through individual
telescoping lens sets (TLS) to collimate and equalize their respective beam
diameters. The beams then were passed through half waveplates (HWP) into
the same polarizing beam-splitter (PBS), then aligned into a dual-axis,
single-mirror galvo-scanner that provided independent control over scan
amplitude, frequency, phase, and waveform for each axis. The scanned
beams were passed through lenses L1 (fl = 3.2 cm) and L2 (fl = 15.2 cm) for
beam expansion and collimation, then focused using L3 (fl = 15.2 cm) to
create a plane in which amplitude masking using a digital micromirror
device (DMD) could be performed. Lens L4 (fl = 15.2 cm) re-collimated the
beam into the microscope. Inset: Placement of the DMD in the L3 focal
plane provided a means to dynamically mask the fabrication plane created
by the microscope objective.
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3.2.2.2 Dynamic Mask-Based Multiphoton Lithography
For fabrication of complex 3D microforms, a digital micromirror device (DMD)

was inserted into the focal plane between lenses L3 and L4 (Figure 3.1, inset). Because
coordinates in this plane mapped in a one-to-one fashion to positions within the
fabrication plane, the DMD acted as an array of dynamic (amplitude) masking elements.
This instrument has been described in detail previously[16]. Briefly, a DLP® DMD
projector (BenQ, MP510) was partially dismantled, exposing an 800 x 600 array of
16 pm x 16 pm individually addressable mirrors. Micromirrors could be switched to “on”
and “off” states based on the input of binary image data from a PC. White pixels in an
image directed DMD pixels to be in “on” states and thus angled to reflect a laser beam
through the remainder of the optical system into the microscope.

Each binary image sent to the DMD represented a desired fabrication pattern for a
single horizontal slice of the desired microform. For complex 3D microstructures,
presentation of a sequence of binary images was synchronized to stage movements in the
optical axis, resulting in the photofabrication of 3D microarchitectures from stacks of 2D
image data. The 2D binary image data used in this study were prepared from in-house
designs created using Adobe Photoshop and from processed stacks of x-ray computed

tomography (CT) images (digimorph.org).

3.2.3 Microfabrication

3.2.3.1 Laser Comparison Studies
All microstructures were fabricated on an inverted microscope from the ceiling of

a reagent chamber downward, with fabrication solution sandwiched between two #1
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coverslips separated by 30-pm glass microspheres (Duke Scientific Corp., cat. #9030,
Palo Alto, CA). By fabricating structures using this inverted approach, we reduced
exposure of the nascent microstructures to high-intensity laser light, thus limiting
scattering of the beam and possible photodamage to the microforms.

The reagent solution was composed of bovine serum albumin (BSA) at
400 mg mL" with 10 mM flavin adenine dinucleotide (FAD) as a photosensitizer in 20
mM HEPES buffer (pH 7.4). BSA micropads were created by scanning a 10 gm x
16.5 pym rectangular area in twelve sequential fabrication planes, each separated by
0.25 um z-axis (optical axis) steps. Mirrors were controlled using a triangular amplitude-
versus-time function (i.e., mirrors were scanned along both axes at constant rates with
essentially no pause when switching directions). After completion of a single cycle of the
triangular function in the slow scan dimension, steps in the z-axis were performed using a
three-axis translational stage (model 562, Newport Corp., Irvine, CA) driven by
motorized actuators (model LTA-HS, Newport Corp., Irvine, CA) that were controlled
using a motion controller/driver (model ESP300, Newport Corp., Irvine, CA).

The power of each laser beam was adjusted based on a qualitative assessment of
the photofabrication quality, and was selected to create micropads having high integrity
while preventing catastrophic break-down of the fabrication solution within the laser
focus. Laser powers at the back aperture of the microscope objective were 1.8 mW and
6.9 mW for the 8.24-kHz and 36.6-kHz lasers, respectively. These powers yielded similar
peak focal intensities for the two lasers and were close to the maxima that could be used

without causing damage to nascent protein micropads during fabrication.
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3.2.3.2 DMD-Directed Microfabrication
For all DMD-based MPL studies, the 36.6 kHz laser supplied powers of 2 mW

and 6.5 mW (measured at the objective back aperture) for fabrication of the acrylic resin
and BSA microstructures, respectively. All structures were fabricated using 0.2-ym z-
axis stage increments, with the galvo-scanner operated at 0.5 Hz and 80 Hz in the slow
and fast dimensions, respectively. Triangular amplitude-versus-time waveforms were
applied to each scan axis. As in the laser comparison studies, microstructures were
fabricated in an inverted fashion with the fabrication solution sandwiched between two

#1 coverglass separated using 30-ym glass microspheres.

3.2.4 Scanning Electron Microscope (SEM) Sample Preparation
Microstructures composed of BSA were fixed in 5% gluteraldehyde (v/v) for 15

min, then sequentially washed in HEPES buffer (20 mM, pH 7.4), H,O, 1:1 EtOH:H,0,
100% EtOH, 1:1 EtOH:MeOH, and 100% MeOH (2 times), each for 15 min. Samples
then were left to dry overnight in a desiccator. Structures composed of acrylic resin were
washed with 100% EtOH (8 times) then 100% MeOH (2 times) and left to air-dry
overnight in a desiccator. After fixation and drying, BSA and acrylic resin samples were
sputter coated with Pt/Pd to a nominal thickness of 12 nm and imaged using a Zeiss

Supra 40VP scanning electron microscope.

3.2.5 Bacterial Cell Culture
E. coli strain RP9535 (smooth swimming, AcheA) were streaked on 1.5% agar

(Becton Dickinson, 214050) containing 1% tryptone broth (Becton Dickinson, 2116505)

60



and 0.05% w/v NaCl, then grown at room temperature. Single colonies were used to
inoculate 4 mL of tryptone broth and grown to saturation on a rotary shaker (200 rpm)
overnight at 32°C. An aliquot was diluted and grown to mid-exponential phase for
experiments. Cells collected in BSA microstructures were grown at 32°C in tryptone

broth.

3.3 RESULTS AND DISCUSSION

3.3.1 Laser Comparison Study
Protein microfabrication has shown be a useful tool with interesting applications

in tissue microreplication [16] and cell culture [6, 10, 11] and cell guidance [9, 11].
Numerous proteins are capable of photocrosslinking through multiphoton excitation and
these fabricated protein matrices have attractive attributes, including high-resolution
spatial features [13, 14], environmental and chemical responsivity [10], and
biocompatibility [17]. To this end, BSA was chosen as a model crosslinkable protein for
comparing the two microchip lasers.

For this study, BSA micropads were fabricated to a nominal height of 3 ym (12
planes separated by 0.25-m increments) using the optical configuration shown in Figure
3.1. However, due to the z-axis component of the fabrication voxel, the actual height of
the structures was slightly greater than the sum of the prescribed optical steps. For the
remainder of this dissertation, the multiphoton fabrication microstructure height will be
referred to as the ‘nominal height’, which is the sum of the fraction of the fabrication
voxel that creates the initial fabrication layer and the total distance the voxel is translated
into the solution as dictated by the optical axis stage motion. The laser-scanning
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parameters were varied to determine the conditions that demonstrated the fabrication of
high-integrity BSA micropads in the minimum amount of time.

Structures were fabricated with a triangle waveshape applied to both segments of
the raster scanning mirror, with the scan period for a single fabrication layer (plane)
defined by the time required to complete a single cycle of the slow dimension (SD). SD
scan frequencies of 0.1, 0.25, 0.5, and 1 Hz were used in the short axis of the BSA
micropad. At each slow dimension frequency, a fast dimension (FD, long axis of the
micropad) frequency of 20, 40, 80, and 120 Hz was examined. This resulted in the

photofabrication of an array of 32 BSA micropads used to evaluate the two lasers.

62



a 8.24 kHz 36.6 kHz 8.24 kHz 36.6 kHz

8.24 kHz 36.6 kHz

8.24 kHz 36.6 kHz
8.24 kHz 36.6 kHz

1

FL_ Bl e 5

YT
Lk
=
=

Ll

Figure 3.2: Comparison of MPL fabrication using 8.24-kHz and 36.6-kHz microchip
lasers. (a) Over-head view of BSA micropads fabricated using slow
dimension scan rates of 0.10 Hz (1), 0.25 Hz (2), 0.50 Hz (3), and 1.00 Hz
(4). (b) Views of BSA micropads from an angled perspectives at a scan rate
of 0.50 Hz in the slow dimension and 20, 40, 80, and 120 Hz in the fast
dimension. (c) Analogous studies to those in part (b) with the scan rate in
the slow dimension increased to 1.00 Hz. Scale bars, 10 um.
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Figure 3.2 shows scanning electron micrographs of the laser comparison study. At
the lowest SD scan frequency examined (0.1 Hz), there was no discernible difference
between BSA micropads fabricated by the two lasers. With a SD scan frequency of
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0.1 Hz, 120 s were required to fabricate these 12-layer structures. At a SD scan frequency
of 0.25 Hz (48 s fabrication time), the microstructures fabricated using the 36.6 kHz laser
maintained high integrity at all examined fast-segment scan speeds (through 120 Hz),
while the 8.24 kHz laser fabricated micropads at the highest FD frequency of uneven
quality (Figure 3.2a, panel 2). At higher FD scan frequencies (Figure 3.2a, panels 2 — 4)
where the fabricated protein matrix is less dense due to decreased laser fluence for each
fabrication layer, the BSA micropads have the appearance of an hourglass morphology.
This shape was not seen during the fabrication of micropads, nor when the fabrication
solution (400 mg mL-1 BSA and 10 mM FAD) was replaced with aqueous buffer
(20 mM HEPES, pH 7.4), and is an artifact of the dehydration and drying steps used in

the preparation for electron microscopy (Figure 3.3).

Figure 3.3: BSA microstructure dehydration. (a) Brightfield and (b) SEM images of the
same BSA micropads fabricated using the 36.6 kHz laser at an SD scan rate
of 0.5 Hz at FD scan rates of 80 and 120 Hz (seen in Figure 3a; panel 3).
The hourglass shape of the micropads in the SEM images is an artifact of
the dehydration steps used in the preparation of samples for electron
microscopy. Scale bar, 10 ym.
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At a SD scan rate of 0.5 Hz (Figure 3.2a, panel 3; Figure 3.2b), structures were
fabricated by both lasers with similar results at 20 Hz, with visible “rips” in the structures
due to the relatively slow fast-segment scan. These rips are the result of under-scanning
each fabrication layer as a result of inadequate FD scan rate coverage for an SD scan rate
of 0.5 Hz (2.0 s per layer). With FD scan rates of 80 Hz and 120 Hz, BSA micropads of
high integrity were formed using the 36.6 kHz laser at a total fabrication time of 24 s.
However, the 8.24 kHz was unable to fabricate micropads of even quality at these
conditions, with increased material thickness at the “top” and “bottom” edges of the
micropad. This uneven thickness is due to triangle waveform and is the result of an
increase in laser dwell-time at the turn-around points of the scan. This effect is also seen
in micropads formed using the 36.6 kHz laser, to a lesser extent, and could be eliminated
by synchronizing the scan with a shutter to block the laser beam as it is approaching the
turn-around segment of the waveform.

For the fastest scan segment examined (1 Hz), the total fabrication time was
reduced to 12 s, and at all FD scan rates, the 8.24 kHz laser was unable to successfully
fabricate BSA micropads (Figure 3.2a, panel 4; Figure 3.2c¢). Conversely, the 36.6 kHz
laser demonstrated the ability to fabricate micropads at FD scan rates of 80 and 120 Hz.
A comparison of these micropads fabricated with the 36.6 kHz laser at an FD scan rate of
80 Hz to those fabricated with the 8.24 kHz laser at an SD frequency of 0.25 Hz

(FD = 80 Hz) reveals similarities, indicating the 36.6 kHz laser allows structures to be at
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a rate 4 times faster, a value approximately equally to the difference in laser repetition
rate.

A number of factors simultaneously influence the fabrication of BSA micropads,
including the SD and FD scan frequencies (individually and in relation to each other), the
laser repetition rate, and the focal dimensions of the focused laser spot. Photofabricating
an even, unbroken protein layer requires that the laser beam is translated at a fast
dimension rate such that the laser pulses are not separated by more than the radial extent
of the two dimensional focal spot. To this end, the maximum FD frequency that results in
even fabrication can be calculated by considering the laser spot size and the inter-pulse
period. For the 8.24 kHz laser, the maximum velocity that allows for radial coverage of
the focused laser spot is ~2000 gm s™ (0.25 ym/120 us; beam waist divided by the inter-
pulse period). Thus, for the long axis of the test structures in Figure 3.2 (16.5 ym), the
maximum FD frequency applied via a triangle waveform that results in even coverage
across the scan is ~60 Hz. At higher FD scan rates the fabrication along a single axis will
be undersampled, resulting in a protein matrix of poor integrity. Although, this effect can
be diminished through the use of low SD frequencies, which allows for multiple FD
passes to occur across the same coordinates.

While it is sufficient to use low SD frequencies to mitigate the degradation of the
protein matrix at the expense of total scan time, using very slow FD frequencies can be
counterproductive and may result in structures of low integrity. It is crucial to complete,
at a minimum, one entire scan line from the FD cycle before the focal position is

translated in the orthogonal direction (slow dimension) by more than the size of the beam
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waist (beam radius). This effect is seen as rips in the micropads in Figure 3.2a, panels 3
and 4 at an FD rate of 20 Hz, and Figure 3.2b (20Hz) and 2c¢ (20 and 40 Hz). Thus, using
FD rates that are too slow can result in microstructures of low structural integrity,

especially when mated with high SD scan rates.

3.3.2 Fabrication of 3D Polymer and Protein Microstructures
Combining MPL with electronic optical masking allows for the rapid creation of

arbitrary microarchitectures with the possibility of on-the-fly iterations. This approach,
described in Chapter 1, allows for the creation of 3D arbitary microforms with high
resolution[16]. By scanning a focused laser across the face of a digital micromirror
device (DMD) aligned in an optical plane conjugate to the microscope objective image
plane, the 2D binary images presented on the DMD are rendered as 2D photofabricated
material on the coverglass substrate by the high-numerical objective, with the
magnification of the fabricated material being determined by the lens system and the
microscope objective. 3D objects can be created by synchronizing the presentation of 2D
binary image slices derived from 3D objects (tomographic data), or computer-illustrated
designs, on the DMD with incremental optical-axis stage movements. Here, the
capabilities of the 36.6 kHz laser were examined to create complex 3D microforms using
the approach described above. Moderately high scan frequencies of 0.5 Hz and 80 Hz
were used in the slow dimension and fast dimension, respectively. While it is possible to
fabricate using a higher SD scan rate, these parameters allowed for the fabrication of

high-quality microforms in short amount of time.
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Figure 3.4: Three-dimensional acrylic-based resin polymer and BSA microstructures

fabricated using the high-repetition-rate microchip laser. Microforms were
fabricated using the dynamic mask technique (Figure 1, inset), with the
presentation of the two-dimensional binary images on the DMD
synchronized to 0.2-pum stage movements along the optical axis. (a) and (b)
Microreplication of Pan troglodytes (common chimpanzee) from a stack of
X-ray CT images. (c) Two-tiered coffee table fabricated from four designed
masks. (d) An hourglass created using a sequence of 30 masks of
progressively smaller circles followed by an inversion of this sequence. (e)
A sequence showing the initial trapping of small numbers of E. coli in a
biocompatible BSA microstructure and subsequent cell division that fills the
structure (time points, left-to-right: O h, 15 h, 24 h). Scale bars: a, e, 10 um;
b-d,5 um.

Figure 3.4 shows scanning electron micrographs of microforms composed of

acrylic-based resin or BSA created using the 36.6 kHz microchip laser. Figures 4a and 4b

show tissue replicas of a common chimpanzee (Pan troglodytes) skull that were

fabricated using a sequence of ~ 50 modified binary images obtained from X-ray

computed tomographic (CT) data (digimorph.org) with optical axis steps of 0.2 ym

between each presented image, a process requiring 100 s.
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Graphic design using photoillustrative software can also be used to create a
sequence of binary images that can be combined to create a 3D microform. Figure 3.4c
and Figure 3.4d show a two-tiered table and an hourglass, respectively, that were created
using illustrated binary designs. Each structure was created using optical steps of 0.2 ym
between fabrication layers. The two-tiered table was created from four binary images,
with each image being used for multiple fabrication planes. The hourglass was fabricated
from a set of 30 individual of incrementally smaller circles, with the set of images
presented in reverse order once the fabrication reach the waist of the hourglass.

The 36.6 kHz laser was also used to fabricated 3D biocompatible BSA
microcontainers using DMD-directed MPL. Shown in Figure 3.4e, a simple
microstructure was created using two photomask images, one used to define the
microstructure internal geometry, which was fabricated using 16 optical steps of 0.25-ym
steps, and a fully reflective mask, which was used in the final 4 optical steps to create the
roof of the microcontainer. The simple microstructure, which contains a long entrance
canal leading to two sequential cavities, was inoculated with E. coli and incubated at
32°C for a 24-h period. The bacteria were observed entering the structure (Figure 3.4e,
left panel), creating a “log-jam” within the long entrance that plugged the chamber and
prevented cells from within the two chambers from escaping. Over the 24-hour
observation period, the cells continued to divide, filling both chambers with bacteria

(Figure 3.4e — middle and right panels).
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3.4 CONCLUSION

This chapter demonstrated the use of a low-cost, 36.6 kHz repetition rate
microchip laser for the formation of protein and polymer-based microarchitectures using
multiphoton lithography. This laser system was found to be capable of creating
multilayered protein micropads in one quarter the time compared to lower-repetition-rate
microchip source. This four-fold decrease in minimum fabrication time enables complex
3D microarchitectures to be rapidly created. This source demonstrated 3D MPL
capabilities similar to a Ti:S at a much-reduced cost, thus creating opportunities for the
widespread dissemination of this technology to be applied to the creation of

microarchitectures for applications in cell culture and analysis.
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Chapter 4: Thermally Responsive Multiphoton-Fabricated Protein
Hydrogels

4.1 INTRODUCTION

Materials that conformationally respond to external stimuli have current and
potential applications in numerous fields, including microfluidics [1], biosensors [2],
drug delivery [3, 4], and cell culture [S]. These materials, commonly referred to as “smart
materials”, respond to changes in their local environment, with stimuli such as pH [6],
temperature [7], ionic strength [8], light [9], humidity [10], and electric fields [11]
providing a possible means of actuation. Stimuli-responsive materials are often composed
of polymers, either synthetic or natural. Of these polymeric materials, hydrogels have
demonstrated good biocompatibility, versatile chemistry, and conformational
responsiveness that have brought them to the forefront of “smart materials” for use in
bio-related applications.

Hydrogels consist of a hydrated network of interconnected polymeric chains.
Hydrogel-based materials, composed of either natural polymers, such as hyaluronic acid
(HA), or synthetic polymers, such as poly(ethylene glycol)-poly(lactic acid)-
poly(ethylene glycol) (PEG-PLA-PEG), have been used extensively for three-
dimensional (3D) cell culture because they can be prepared with similar elastic properties
to biological tissue with good control over the chemistry that is presented to the cell
system [4, 5, 12]. Hydrogels can be selectively hydrated and dehydrated using stimuli

such as changes in pH or ionic strength that causes the gel to expand or contract. These
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materials have been adopted for use as microfluidic valves [1], optical components [6],
and actuators [11, 13].

Temperature changes can also be used as a stimulus for responsive hydrogel
materials. One of the most commonly used thermoresponsive hydrogels, poly(N-
isopropylacrylamide) (PNIPAm), demonstrates a sharp transition between swollen and
contracted states at 32 °C [14, 15]. PNIPAm hydrogels have been used in a wide variety
of applications, including drug delivery [16], microfluidic actuators [17], microlens
arrays [18], and as photonic crystals [19].

Some researches have turned their interests from large-scale, bulk hydrogels to
micro or nano-sized hydrogel-based materials. Responsive hydrogels have been
demonstrated with feature sizes ranging from hundreds of nanometers to tens of microns
[10, 20, 21], yet they are generally prepared by techniques that lack the ability to form
arbitary 3D features, such as etching (e.g., Bosch process followed by chemical
treatment) or two-dimensional photolithographic techniques (soft or hard lithography). A
photofabrication technique capable of creating responsive hydrogel materials with
intricate 3D spatial features would of great interest and could have potential uses as
microfluidic valves [1], micro-optics, such as adaptive microlenses [6], or for 3D cell
culture on the micro scale.

Multiphoton lithography (MPL) presents an alterative to traditional
photolithographic techniques for preparing stimuli-responsive hydrogels by localizing the
photochemistry to high-resolution 3D coordinates. Watanabe et al. initially reported the

preparation of an acrylic-based hydrogel by MPL that responded to UV illumination;
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however, the slow responsiveness of the material, due to the kinetics of the photoreaction,
and relatively low resolution (>50 y¢m), leave much to be improved on [22].

As an alternative to acrylic-based materials, protein matrices can be patterned
using MPL to create functional biocompatible materials, as discussed in Chapter 1 [23-
27]. Proteins have a native responsiveness to changes in their local environment. A
protein’s secondary and tertiary structure are maintained by a number of noncovalent
interactions (ionic interactions, hydrogen bonding, van der Walls forces, etc.) that can be
altered through changes in pH, ionic strength, or temperature. Changes in the protein’s
local environment can result in the unfolding or denaturing of the native conformation.
Kaehr and Shear presented the development of chemically responsive protein hydrogels
prepared by MPL [28]. By altering the pH or ionic strength, these materials provided a
means for microactuation by rapidly swelling or contracting and presented a novel mode
of capturing and releasing small numbers of microorganisms. However, to capture or
release small numbers of cells, large shifts in pH or ionic strength were required, both of
which could negatively influence the metabolic state of the microorganism under study.
Therefore, understanding the effects of other stimuli, such as thermal changes, on protein
hydrogels could have profound impacts the development of novel smart materials and on
the study of small populations of microorganisms.

This chapter describes the development of stimuli-responsive, tunable,
multiphoton fabricated protein hydrogels that undergo defined, irreversible volume
changes (swelling or contracting) when exposed to elevated temperatures. The swelling

response of a number of protein microstructures (BSA, avidin, ovalbumin, lysozyme)
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fabricated using different photosensitizers (rose bengal (RB) and methylene blue (MB))
is demonstrated. By altering the fabrication parameters, the swelling response of these
hydrogels can be tuned. Chemical effects due to changes in pH and salt concentration
were also investigated in conjunction with thermal changes. Using these thermally
responsive materials, microcavities were created that provide a means to trap and release

small populations of microorganisms.

4.2 EXPERIMENTAL

4.2.1 Reagents and Solutions
BSA was obtained from Equitech-Bio (Kerrville, TX). Avidin and biotin-

tetramethylrhodamine (biotin-TMR) were purchased from Invitrogen (Carlsbad, CA).
Lysozyme, ovalbumin, sodium HEPES, Triton-X, rose bengal, methylene blue, and
sodium sulfate were purchased from Sigma-Aldrich (St. Louis, MO). All reagents were

used as received without purification.

4.2.1 Hydrogel Fabrication
Protein hydrogels were fabricated on untreated No. 1 coverslips housed in

thermally conductive aluminum wells. These wells maintain a solution void volume of
~2.5 mL and were coated with epoxy (Epoxy 907 Adhesive System, Miller-Stephenson,
Danbury, CT) to prevent aluminum oxide formation. All structures were created using
mask-directed MPL, as previously described in Chapter 3 and elsewhere [29]. Briefly, the
output from a mode-locked titanium:sapphire laser (Tsunami; Spectra Physics) operated

at 740 nm was first sent through a half-wave plate/polarizing beam-splitter pair for laser
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power attenuation. The beam was then aligned into commercial confocal scanner (Bio-
Rad MRC600) that raster scanned the focused beam across the face of a dynamic
reflective mask (digital micromirror device (DMD)) placed in an optical plane conjugate
to the microscope objective image plane. The DMD consists of an array of micromirrors
that can be individually addressed to “on” or “off” states based on input binary image
data. The presentation of white image data on the DMD resulted in the reflection of the
laser beam through the remainder of the optical system and into the microscope. The 2D
binary image presented on the DMD was rendered as a 2D fabrication plane of finite
thickness due to the axial component of the multiphoton fabrication voxel on the
coverglass substrate. The laser beam reflected by the DMD was expanded and collimated
to overfill the back aperture of a Zeiss Fluar, 100x/1.3 NA, oil-immersion objective
situated on a Zeiss Axiovert microscope. 3D protein microforms were created from 2D
binary image stacks by incrementally translating the laser focal point deeper into the
fabrication solution using a motorized focus driver (Prior, H122) for each 2D binary

image displayed on the DMD.

4.2.2 Hydrogel Characterization
A number of factors involved in the fabrication process can influence the thermal

and chemical response of multiphoton fabricated protein hydrogels, including protein
type, protein concentration, photosensitizer concentration, laser wavelength, average laser
power, and the incremental optical steps between photofabrication layers. For all
hydrogel characterization experiments the laser was operated at 740 nm. All

microstructures of photocrosslinked protein were fabricated from a solution containing
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protein at a concentration of 400 mg mL" in 20 mM HEPES, 0.1 M NaCl buffer (pH
74), which insured the fabrication of microstructures at various photosensitizer
concentrations. The laser power was adjusted to 50 mW at the back aperture of the
microscope objective, a power that insured quality fabrication without catastrophic
breakdown of the fabrication solution or damage to the nascent fabricated protein
material.

The thermal response of photocrosslinked protein hydrogels was investigated for
a variety of proteins (BSA, avidin, lysozyme, and ovalbumin) using different
photosensitizers at different concentrations (RB (3.5 mM — 11.5 mM) and MB (1mM - 3
mM)) with some hydrogels fabricated using different z-axis optical step sizes between
fabrication layers (0.1 — 1 ym). The chemical response of protein hydrogels was also
investigated in conjunction with the thermal response for a number of stimuli, including
increasing salt concentration (up to 1 M Na,SO,) and changes in pH (20 mM phosphate
buffer, pH 2 and pH 12). The solution temperature within the aluminum fabrication well
was controlled using a microscope stage heater (Brook Industries) and monitored using a
thermocouple (Omega) placed near the surface of the coverglass adjacent to the
microstructures. All temperature experiments were initiated at 23 °C, a stable temperature
above a room temperature that ranges daily between 16 °C and 21 °C. Each temperature
step was reached in 5 min and temperature points were held for 5 min prior to imaging.
Within 5 min., the thermal response was demonstrated and did not change with longer

incubation (up to 2 -3 h) at that given temperature. All given temperatures are + 0.2 °C.
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All hydrogel test structures were fabricated to nominal dimensions of 10 ym x
10 ym x 8 ym (length x width x height) and imaged under brightfield illumination on a
Zeiss Axiovert 135 inverted microscope with a 12-bit CCD (Hamamatsu). Square areas
(A) of the microstructures were measured from the top of the microstructure for all test
structures and the swelling ratio was defined by the ratio A/A°, where A° is the area of

the structure at the start of the experiment.

4.2.3 Cell Culture
Pseudomonas aeruginosa PAO1 carrying the pMRP9-1 gfp plasmid was used in

all cellular experiments. Planktonic cultures were grown aerobically overnight at 37°C in
tryptic soy broth (TSB) and incubated with carbenicillin (300 g mL™") for plasmid
selection. TSB is a commonly used growth medium for microorganisms that contains
proteins (e.g., casein) and sugar (e.g., dextrose) at a phosphate buffered pH of 7.3. Cells
were diluted in TSB, grown to mid-logarithmic phase at 37°C, allowed to reach room

temperature, and introduced to the microchambers under sterile conditions via pipette.

4.3 RESULTS AND DISCUSSION

Multiphoton-fabricated protein hydrogels have attributes attractive to cell culture
and materials science, most notably good biocompatibility [25, 26, 29], chemical
functionality [23, 24], and chemical responsivity [28]. As demonstrated by Kaehr and
Shear, multiphoton fabricated protein hydrogels rapidly swell or contract in response to

changes in pH or ionic strength likely as a result of disruptions in the native conformation
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of the protein [28]. This disruption causes an increase or decrease in the solvent space
that water molecules can occupy producing a volume change. To expand of the
characterization of these materials, this study examines the effects of increased
temperature on multiphoton fabricated protein hydrogels and demonstrates further

tunability and usefulness of these materials.

4.3.1 Thermally Responsive BSA Hydrogels
To characterize the swelling response of BSA hydrogels to changes in

temperature, test structures were fabricated using RB (5.5 mM) and MB (2 mM) as
photosensitizers. RB and MB are both well-characterized Type II photosensitizers
commonly used in protein microfabrication [23, 25-27, 30]. The BSA hydrogels were
heated to 43 °C from 23 °C in approximately 15 min. and maintained at 43 °C for 5 min.
The temperature increase was halted at 43 °C because these materials are commonly used
to capture and study microorganisms and understanding the behavior of these materials at
near physiological conditions is important. It was observed that structures fabricated with
MB as the photosensitizer did not swell while those fabricated using RB underwent a
volume expansion, with a swelling ratio (A/A°) of ~ 1.10. The lack of observed swelling
of BSA hydrogels fabricated with MB in response to increased temperatures may be due
to a number of factors and is discussed in greater detail in an section 4.3.3.

To test the reversibility of the swelling response of BSA hydrogels fabricated with
RB (5.5 mM), the temperature was increased from 23 °C to four incrementally higher
temperatures and returned to 23 °C after each temperature step (e.g., 23 — 27 — 23 —
32 -5 23 — 37 — 23 — 43 — 23 °C). The results of this experiment are shown in Figure
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4.1. At all temperature steps examined, the thermal response of BSA hydrogels fabricated
with RB was found to be irreversible. Slight increases and decreases are observed in the
swelling ratio when the temperature was returned to 23 °C from a higher temperatures in
Figure 4.1. However, these changes in the swelling ratio are small (~ £ 0.001 — 0.002)

and are due to measurement error.
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Figure 4.1: Irreversibility of the thermal response of multiphoton fabricated BSA
hydrogels. BSA hydrogels fabricated with 5.5 mM RB using 0.5-ym
incremental optical steps between fabrication layers were exposed to a
cycling of increasingly greater temperatures. Error bars represent the
standard deviation (N=4), where N is the number of microstructures
examined.
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Exposing proteins to elevated temperatures can disrupt the non-covalent
interactions that maintain the native secondary and tertiary structures. At temperatures of
less than 45 °C, this process is typically reversible for mammalian proteins [31].
However, at temperatures greater than 45 °C, irreversible denaturation processes such as
protein aggregation and gelation can occur [31, 32]. BSA has been shown to have two
denaturation temperatures: ~ 30 °C and 65 — 70 °C [31-33]. The lower denaturation
temperature (30 °C) was experimentally observed by Takeda et al. using circular
dichroism from a marked decrease in the a-helical proportion of the protein [32].
Importantly, this structural change was found to be reversible if the temperature remained
below 45 °C [32].

As shown in Figure 4.1, the thermal swelling response of BSA hydrogels is
irreversible. Even though the thermal denaturation of the individual protein moieties is
likely occurring over the examined temperature range (up to 43 °C), the irreversible
responsive behavior of the protein hydrogels cannot be fully explained simply by thermal
denaturation. Rather, it could be attributed to a disruption in the entanglement of the
crosslinked polymers within the protein hydrogel.

The protein hydrogels are most likely an arrangement of crosslinked polymer
chains that are randomly interwoven with each other forming a porous solid matrix. As
the temperature is increased (e.g., 23 °C — 37 °C) the intermolecular interactions
between the polymer chains can be disrupted. In this expanded state, the entangled

polymer chains could be caught in a kinetic energy trap and are unable to return to their
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previous confirmation as the temperature is decreased (e.g., 37 °C — 23 °C), resulting in

an irreversible response.

4.3.2 Tuning the Thermal Response of BSA Hydrogels
The responsive behavior of BSA hydrogels to changes in pH and ionic strength

has been shown to be modulated by a change in the crosslinking density as function of
the laser exposure [28]. As discussed in the previous section, the irreversible thermal
response of BSA hydrogels could likely be attributed to a disruption in the entanglement
of the polymer chains that make up the hydrogel matrix. By increasing the crosslinking
density between the entangled polymer chains, the matrix should be less likely to undergo
a transition that would result in hydrogel expansion.

Towards developing multiphoton-fabricated BSA hydrogels with a tunable,
predictable thermal response, two factors involved in the photofabrication process that
would alter the crosslinking density of the protein matrix were independently varied:
photosensitizer concentration (RB) and the incremental optical step-size between
fabrication layers.

Figure 4.2 shows the thermal response of BSA hydrogels fabricated with four
different concentrations of RB: 3.5 mM, 5.5 mM, 8.8 mM, and 11.5 mM using 0.5-ym
incremental optical steps between fabrication layers for all test structures. This RB
concentration range was chosen to produce BSA structures of slightly different
crosslinking densities. At the lowest RB concentration (3.5 mM), the structures did not
appear as solid as those fabricated at higher concentrations. At a RB concentration of

55 mM and above, all structures were of good structural integrity. The thermal
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experiments were initiated at 23 °C and hydrogel response was observed at four

increasingly higher temperatures, 27 — 32 — 37 — 43 °C.
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Figure 4.2: The thermal response of BSA hydrogels as a function of RB concentration.
All structures were fabricated using 0.5-ym incremental steps between
fabrication layers. Error bars represent the standard deviation (N=4).

As the photosensitizer concentration was increased, a reduction in the thermal
swelling response of BSA hydrogels was observed (Figure 4.2). For example, when the
solution temperature was raised from 23 °C to 43 °C, swelling ratios of ~1.12 and 1.07

were observed for hydrogels fabricated with 3.5 mM and 11.5 mM RB, respectively. The
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decrease in swelling response as a function of RB concentration is attributed to the
creation of a hydrogel matrix with a greater crosslink density due to the greater
availability of photosensitizing molecules participating in the photochemical reaction. At
higher crosslink densities, there are fewer possible stimuli-induced polymer chain
disruptions that can occur, resulting in a more temperature-stable hydrogel material.
Toward further developing the tunability of BSA hydrogels, the effect of
increasing the incremental distance between fabrication layers was also investigated and

the results of these experiments are shown in Figure 4.3.
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Figure 4.3: The thermal response of BSA hydrogels as a function of the incremental
distance between fabrication layers. All structures were fabricated using 5.5
mM RB. Error bars represent the standard deviation (N=4).

Test structures were fabricated from a solution containing 400 mg mL"' BSA with
5.5 mM RB at increasing optical axis incremental steps (0.10 m, 0.25 ym, 0.50 #m, and
1.00 xm). An RB concentration of 5.5 mM was chosen because the structures could be
fabricated with good structural integrity while demonstrating a thermal response. All test
structures were fabricated to the same nominal height of 8 ym as prescribed by number of
incremental optical steps. For example, structures fabricated using 1.0 ym optical steps

were created with 8 fabrication layers, whereas structures fabricated with 0.10 ¢m optical
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steps were created with 80 fabrication layers. An increase in the swelling ratio was
observed as the distance between photofabrication layers was increased. Specifically,
when the solution temperature was raised from 23 °C to 43 °C, swelling ratios of ~1.17
and 1.06 were observed for hydrogels fabricated using 1.0 ym and 0.10 ym, respectively.

At smaller distances between optical steps, the photofabrication layers are
increasingly overlapped as a result of the nominal thickness of the multiphoton
fabrication voxel, which is expected to be in the low micron range using a 1.3 NA
microscope objective [34]. Therefore, as the distance between the incremental optical
steps was decreased, the BSA hydrogels were fabricated with a higher crosslink density
because of the greater laser exposure. When heated, the higher crosslinked hydrogels
swell less, similarly to structures fabricated using higher concentration of RB (Figure
4.3). Finally, it should be possible to fabricate BSA hydrogels such that their response to
increased temperatures is greater than those demonstrated in Figures 4.2 or 4.3. For
example, a BSA hydrogel fabricated using 3.5 mM RB with 1.00 ym optical steps would
be expected to swell to a greater extent than in any test structure used to prepare either

Figure 4.2 or 4. 3.

4.3.3 BSA Hydrogels and Methylene Blue
As mentioned in section 4.3.1, BSA microstructures fabricated using MB as the

photosensitizer did not swell when exposed to elevated temperatures. BSA hydrogels
fabricated with MB appear dark blue in color when observed under a microscope,
indicating that MB is retained within the microstructure even after rinsing with a large

volume (20 mL) of HEPES buffer (pH 7.4) following by an incubation of 2.5 mL of
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HEPES buffer for > 24 hr. Initially, numerous unsuccessful steps were taken to
chemically remove MB from the BSA microstructures. These include (1) a cycled
exposure to large changes in pH (pH 7.4 to pH 2.0 and pH 7.4 to pH 12) to disrupt
noncovalent interactions between MB and BSA. This was performed by exchanging
pH 7.4 HEPES buffer with multiple volumes (2.5 mL) of either pH 2.0 or pH 12 followed
by incubation for 1 h.; (2) incubation with a nonionic surfactant (1% (w/v) Triton X-100),
which forms a 1:1 complex with MB [35, 36]; and (3) incubation with 2.5 mL of
400 mg mL"' BSA solution in an attempt to competitively remove MB from the
fabricated protein matrix.

To further investigate this thermal response, BSA microstructures were
fabricated using RB (5.5 mM) as the photosensitizer and subsequently rinsed with
multiple volumes of 20 mM HEPES, 0.1 M NaCl buffer (pH 7.4) to remove the
fabrication solution from the sample well. This buffer was used as both the solvent for
BSA fabrication solutions and for all rinsing to maintain the solution in a physiologically
relevant state. The structures were then exposed to varying concentrations of MB (1.0,
20, 3.5, and 4.5 mM in 20 mM HEPES, 0.1 M NaCl buffer (pH 7.4)). The structures
were incubated in a MB solution for 15 min and then rinsed with multiple volumes
HEPES buffer to remove residual MB. Thermal experiments were initiated at 23 °C and
the microstructure response was observed at four increasingly higher temperatures, 27 —

32 — 37 — 43 °C. The results of this study are shown in Figure 4 4.
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Figure 4.4: Attenuating the thermal response of BSA hydrogels with MB. The effect of
increasing MB incubation concentration on the thermal response of BSA

hydrogels fabricated with RB. Error bars represent the standard deviation
(N=4).

The data in Figure 4.4 show that as the concentration of incubated MB was
increased, the thermally induced swelling response of the BSA hydrogels decreased. For
example, when heated to 37 °C, a change in the swelling ratio of BSA hydrogels was
noted from 1.08 to 1.03 when incubated in 0.0 mM and 4.5 mM MB, respectively.

While the mechanism for the attenuation of the thermal response of BSA
hydrogels is unknown, it may be due to ionic interactions between MB and BSA. At pH
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74, BSA (pl = 4.7) is a negatively charged protein that interacts electrostatically with
positively charged MB molecules [37]. The interaction of MB and BSA may inhibit the
disruption of the interwoven constituent polymer chains of the protein matrix.
Interestingly, this presents another alternate mode of tuning the thermal swelling

properties of BSA hydrogels.

4.3.4 Thermal Responsive Protein Hydrogels: Avidin, Lysozyme, Ovalbumin
BSA is considered the “work-horse” of protein microfabrication for its low-cost

and ease of fabrication. However, other proteins with interesting functionalities can also
be photofabricated to form protein hydrogels. Therefore, test structures consisting of
avidin, lysozyme, and ovalbumin were fabricated and their response to increasing
temperature was investigated.

Lysozyme acts naturally to enzymatically break down polysaccharide components
found in bacterial cell walls and has been shown to respond differently from BSA to
stimuli such as pH and ionic strength when crosslinked as a constituent protein in a
multiphoton fabricated hydrogel [28]. Test structures of lysozyme were fabricated with
MB (2.5 mM) at a solution concentration of 400 mg mL™" and exposed to increased
temperatures similarly to BSA hydrogels shown in Figure 4.3. Lysozyme structures could
only be fabricated using MB, as RB interacts with lysozyme [38] and formed insoluble
precipitates [39]. Similarly to BSA, lysozyme structures fabricated using MB showed no
thermal response at all examined temperatures (23 °C to 43 °C).

Ovalbumin is a globular glycoprotein that specifically binds to several lectin

proteins (e.g., concanavalin A [40]) and can be fabricated using multiphoton excitation to
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form solid hydrogels using either RB or MB as photosensitizers. Combining MPL with
ligand binding could enable the creation of high-resolution 3D “smart” microsensors,
such as lectin-binding ovalbumin protein hydrogels. Test structures were fabricated using
both MB and RB as photosensitizers and subsequently exposed to increased temperatures
(23 °C to 43 °C). Similar to lysozyme, no thermal response was observed at all
temperatures examined. Attempts to create thermally responsive hybrid protein hydrogels
of BSA and ovalbumin (1:1 w/v) fabricated with RB as the photosensitizer were
unsuccessful, as no thermal response was noted from these materials at elevated
temperatures (up or 43 °C).

Avidin is a well-characterized protein the Shear group has previously
photocrosslinked in hydrogels. In earlier work, Kaehr and Shear showed that avidin
retains specific biotin-binding capacity and undergoes volume changes in response to
changes in pH and ionic strength [28]. To probe the thermal response of avidin hydrogels,
multiple sets of avidin test structures were fabricated from a solution of 400 mg mL"
avidin with 2.5 mM MB or 5.5 mM RB and were subsequently incubated overnight in
either buffer or 5 yM biotin-TMR (TMR was used to confirm biotin binding by increased
red-channel fluorescence). The thermal experiments were initiated at 23 °C and hydrogel
response was observed at four increasingly higher temperatures, 27 — 32 — 37 — 43 °C,

with the results of these experiments shown in Figure 4.5.
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Figure 4.5: Thermal response of avidin and avidin+biotin-TMR hydrogels. The y-axis
represents the fractional decrease in the swelling ratio (A/A,). Error bars
represent the standard deviation (N=4).

Surprisingly, in contrast to hydrogels fabricated from BSA, avidin hydrogels
demonstrate a volume contraction at elevated temperatures, with a fractional decrease in
the swelling ratio of ~ 0.07 at 37 °C. When in a TMR-biotin-bound state, the thermal
response (volume contraction) of avidin is attenuated by ~ 50% at each temperature. For
example, hydrogel contractions of ~ 7 % and ~ 3% are seen at 37°C for avidin and
avidin+biotin-TMR, respectively. Similar structures were created using RB and no

thermal response was noted from avidin or TMR-biotin-avidin.
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The thermally induced contraction of the avidin hydrogels cannot be due to
thermal denaturation of avidin over the temperatures examined (up to 43 °C), as avidin is
known to thermally denature at 84 °C [41]. In addition, when biotin is bound to avidin,
the denaturation temperature increases to 117 °C [41]. In contrast to BSA hydrogels, the
thermal response of avidin hydrogels may be due to a collapse of the interconnected
polymer chains as the temperature is increased, which would cause a decrease in the
amount of water present in the matrix resulting in a contracted state. This process may be
interrupted when biotin is bound to avidin, which resulted in less contraction with
increased temperature. Kaehr and Shear demonstrated the swelling attenuation of
multiphoton fabricated avidin hydrogels that were bound to biotin when exposed to a low
pH solution [28]. When in the bound state (avidin+biotin-TMR), avidin hydrogels were
found to respond to a pH change from pH 7.4 to pH 2 by swelling ~ 20% less compared
to unbound avidin hydrogels [28].

Tuning the thermal response of avidin hydrogels by altering photofabrication
parameters such as optical axis step size or photosensitizer concentration proved to be
challenging due to the difficulty in fabricating high-integrity microstructures at
conditions different from those used to create the test structures for Figure 4.5, which
were 400 mg mL™" avidin with 2.5 mM MB using 0.25-um incremental optical steps. To
examine other means of tuning the thermal response of avidin-based hydrogels, protein
mixtures containing different mass percent amounts of avidin and BSA (% avidin; 50%,
67%, 75%, and 100%) were prepared and photofabricated using 2.5 mM MB as the

photosensitizer. The structures were thermally probed at four increasingly higher
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temperatures, 27 — 32 — 37 — 43 °C, and the results of this experiment are shown in
Figure 4.6. When avidin is photofabricated in the presence of increasing amounts of
BSA, the volumetric contraction of the avidin:BSA hydrogels in response to increasing
temperatures is attenuated as a function of BSA concentration. This attenuation further
demonstrates the utility of these materials to be able to precisely tune the volume change
of 3D microtopographical features. Also, due to the high cost of avidin, “cutting” the
avidin fabrication solution with BSA provides a means to reduce the overall cost of

producing these materials.
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Figure 4.6: Tuning the thermal response of avidin hydrogels. A total protein
concentration of 400 mg mL" was used for all experiments. BSA was used
to reduce the percent avidin composition. The y-axis represents the
fractional decrease in the swelling ratio (A/A,). Error bars represent the
standard deviation (N=4).

Avidin hydrogels were successfully fabricated using RB as the photosensitizer,
however, the structures did not respond to increasing temperatures. The results shown
here are reproducible and present an interesting mode of tunable actuation for high-

resolution 3D “smart” materials that respond oppositely from those created from BSA.

4.3.5 Chemical and Thermal Response of BSA Hydrogels
To further characterize the responsive properties of BSA hydrogels, experiments

were performed that examined the stimuli effects of both thermal and chemical changes

acting independently and concurrently. Specifically, changes in ionic strength (Na,SO,)
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and pH (high (pH 12) and low (pH 2)) were investigated in conjunction with thermal
changes.

As demonstrated by Kaehr and Shear, multiphoton fabricated BSA hydrogels in a
pH-induced (pH 2.2 or pH 11.9) swollen state underwent a volume contraction when
exposed to non-chaotropic salts (salts that do not act directly on the protein and do not
disrupt its native confirmation) such as NaCl, Na,SO,, and Na,PO,, with the greatest
response noted for Na,SO, [28] This volume contraction was consistent with the “salting

2

out” effect commonly used for protein purification purposes that results in the
precipitation of the protein from solution [42].

The effect of a non-chaotropic salt (Na,SO,) on the thermal response of RB-
fabricated (5.5 mM) BSA hydrogels was investigated and the results of this study are
shown in Figure 4.7. The motivation for this work was an attempt to reverse the
irreversible swelling response of BSA hydrogels to increased temperatures by chemically
inducing hydrogel contraction. In this study, BSA hydrogels were initially expanded by
heating from 23 °C to 37 °C and then returned to 23 °C and subsequently exposed to
increasing concentrations of Na,SO,(0.01 to 0.10 to 1.00 M) in pH 7.4 HEPES buffer for
15 min at each concentration (Figure 4.7a). With the addition of increasingly
concentrated Na,SO, solutions, the hydrogels contracted to a size less than their original
size observed at 23 °C (A/A, = 0.83 at 1.00 M). With the exchange of 1 M Na,SO, for
HEPES buffer, the hydrogels returned to a size equivalent to that observed when initially

heated to 37 °C, demonstrating a reversibility in the chemical effects while maintaining

the thermally swollen state, indicating that the proteins could be “salted out” while in the
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polymer matrix. Additionally, the entanglement of the polymer chains was irreversibly
altered by increased temperatures and could not be returned to its pre-heated state. The
structures were then heated to 37 °C and further thermal expansion was not observed.
The structures maintained their size when returned to 23 °C and were subsequently
contracted when again exposed to 1 M Na,SO,. When finally heated to 37 °C in the
presence 1 M Na,SO,, a volume change was not observed.

Next, BSA hydrogels were pre-treated in 1 M Na,SO, (in pH 7.4 HEPES buffer)
for 15 min, which induced a volume contraction resulting in a swelling ration of ~ 0.83
(Figure 4.7b). The 1 M Na,SO, solution was then exchanged for HEPES buffer and the
hydrogels returned to their original size. When heated to 37 °C, the hydrogels expanded
to a swelling ratio of ~ 1.08 — a value consistent with previous experiments without
exposure to high salt concentrations (Figures 4.2 and 4.3), indicating that 1 M Na,SO,
does not irreversibly disrupt the protein conformation, as expected due its non-chaotropic

nature.
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Figure 4.7: BSA hydrogel response to changes in temperature and ionic strength. (a)
BSA microstructures were first heated to 37 °C then treated with increasing
amounts of Na,SO, (up to 1 M). The Na,SO,/HEPES solution was
exchanged for HEPES buffer and the temperature was cycled once between
23 °C and 37 °C. Finally, the structures were bathed in 1 M Na,SO, and
heated again to 37 °C (b) BSA microstructures were first bathed in 1 M
Na,SO,, which was then replaced with HEPES buffer and the structures
were exposed to a 37 °C solution. After cooling back to 23 °C, the structures
were again incubated in 1 M Na,SO,. Error bars represent the standard
deviation (N=4).

98



The response of BSA hydrogels exposed to large changes in pH (pH 7.4 to pH 2
and pH 7.4 to pH 12) and elevated temperatures was investigated and is shown in Figure
4.8. When exposed 20 mM phosphate buffer prepared to either pH 12 or pH 2 for 15 min,
BSA hydrogels expanded considerably, with swelling ratios of ~ 1.92 and 1.55 observed
for each for pH, respectively. The trend observed in these results were consistent with
work demonstrated by Kaehr and Shear in which BSA hydrogels expanded to a greater
extent at pH 12 compared to pH 2 [28]. When returned to pH 7.4 (HEPES), the hydrogels
bathed in pH 12 contracted to a swelling ratio of ~ 1.14 and were unresponsive when the
temperature was subsequently increased to 37 °C (Figure 4.8, inset). The BSA hydrogels
exposed to pH 2 contracted to ~ 1.02 when returned to pH 7.4 and expanded to ~ 1.05
when heated to 37 °C, a value ~30% less than would be observed without low pH
treatment (Figure 4.8, inset). BSA is known to expand in both acidic (below pH 3.5) and
alkaline (above pH 10.5) conditions [43]. Interestingly, this process is reversible at both
pH 12 and pH 2 [44]. The altered thermal response of BSA hydrogels exposed to large
changes in pH may be due to irrevervible changes in the polymer entanglement as a result
of protein denaturation that render the hydrogel either less responsive or completely

irresponsive to increases in temperature over the range examined.
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Figure 4.8: Thermal response of BSA hydrogels after exposure to pH 2 and pH 12 (20

mM phosphate). Microstructures were cycled between pH 7.4 and either
high pH (12) or low pH (12) then heated to 37 °C and finally cooled to
23 °C. Inset: zoomed-in view of the temperature cycling. Error bars
represent the standard deviation (N=4).

4.3.6 Interfacing Thermally Responsive Protein Hydrogels with Motile Cells for
Bacterial Trap and Release
Bacteria are social organisms that display behaviors such as biofilm

formation [45] and specific motility [46] when initiated by a cell-to-cell signaling
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pathway called quorum sensing [47]. Quorum sensing is a process in which small
signaling molecules are produced and sensed by the bacteria, resulting in the regulation
of gene expression and the control of the group behavior [47]. Understanding the
mechanism of this process for small populations of cells has been an area of great interest
to microbiologists [47-50], yet the methods used to study small numbers of cells are often
in environments where normal cell growth and metabolism are impeded [47, 49, 51].

Multiphoton fabricated protein microstructures have demonstrated significant
utility for the study of small populations of microorganisms due to attributes such as a
porous crosslinked matrix that allows for the movement of waste and nutrients in and out
of the structure [26, 27, 29, 52], highly definable 3D features capable of corralling motile
cells [26, 29, 52], and environmental responsivity [28]. Therefore, the application of
tunable, thermally responsive multiphoton fabricated protein hydrogels could present
interesting utility for the capture and release of motile microorganisms for cell culture
studies for understanding the behaviors of small populations of cells.

Figure 4.9 shows a BSA microstructure in which different regions of a bacterial
trap were created using varied fabrication parameters that allowed for the differential
closure of external and internal apertures based on temperature, where the internal
aperture separated two subsections within the structure. Specifically, the distance
between fabrication layers was altered such that one section thermally responded to a
greater extent at lower temperatures, as described in Figure 4.3. The external square-
shaped section was fabricated using 0.50-ym incremental steps between fabrication

layers while the two oval-shaped inner sections were fabricated using 0.30-ym
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incremental steps. Finally, a BSA roof was fabricated to prevent cells from entering or

exiting from the top.

Figure 4.9: Thermally responsive cell enclosure. The exterior square section and the
oval-shaped sections were fabricated using 0.50 pgm and 0.30 xm
incremental steps, respectively. At 20 °C, both apertures were open, which
allowed motile P. aeruginosa in the surrounding media to freely swim
between the two subsections within the structure. The temperature was
raised to 28 °C, which caused the exterior section (square) to swell resulting
in the closure of the exterior aperture that trapped a single cell. The cell was
observed dividing at 28 °C in the top section. At 37 °C, the interior aperture
(ovals) closed creating two isolated microcavities. The cells are false-
colored green for visualization. Scale bar, 10 ym.

At 20 °C, both apertures were open, which allowed the motile bacteria
(P. aeruginosa) in the surrounding growth medium to freely enter the structure and move
throughout both subsections. Once a bacterium entered the trap, the temperature was
raised to 28°C, which caused the exterior aperture to swell closed, resulting in the capture
of a single cell that could continue to move throughout both subsections. The cell then
divided, as seen by the formation of a septum that is present prior to the cell splitting into
two daughter cells (Figure 4.9, 28°C). The temperature was raised to 37°C, which caused

the closure of the inner aperture (ovals) resulting in the creation of two isolated
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subsections within the microtrap. This demonstration could be used to isolate two clonal
populations of cells to study their behavior. Researchers have proposed that cell
population and/or density affect bacterial quorum sensing [45-47]. Using the approach
described in Figure 4.9, the cell density and population was rapidly changed through the
closure of the intra-structure aperture at 37°C. This technology may prove useful for the
study of bacterial quorum sensing by tuning the swelling properties of the BSA hydrogels
to respond at specific temperature and time points that corresponds to a cell population or
density.

Similarly, Figure 4.10 shows a hybrid structure that was created using both BSA
and avidin matrices to trap and release motile bacteria. Specifically, the oval-shaped
sections at the top of the image were fabricated from 400 mg mL" avidin with 2.5 mM
MB and the L-shaped sides and bottom were fabricated from 400 mg mL"' BSA with 5.5
mM RB. Both sections were fabricated using 0.50 ym steps between photofabrication
layers. Because MB rinsing attenuated the thermal response of BSA hydrogels (Figure
44), the avidin section was fabricated first, followed by copious rinsing with HEPES
buffer. Finally the BSA sections were fabricated, followed by the creation of a BSA roof
that covered both the avidin and BSA sections. At 20 °C, the BSA aperture (L-shaped
structure) was open and the avidin aperture (ovals) was closed, which allowed a
bacterium (P. aeruginosa) to enter the structure as shown at the bottom of the image
(Figure 4.10, 20°C). The temperature was then increased to 28 °C, which caused the BSA
aperture to close, resulting in the capture of a single bacterium. The cell was observed

dividing, as can be seen by the formation of a septum between daughter cells (Figure
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4.10, 28 °C), which resulted in the doubling of the cell density. The temperature was
raised to 37°C causing the avidin aperture to open as the oval-shaped avidin
microstructures contracted. This opening initially allowed one cell to escape into the
surrounding media (Figure 4.10 at 37 °C), demonstrating a reduction in the cell density
and the cell population by half. This could be used to probe bacterial group behavior by
initiating a rapid reduction in both the cell population and density, which may influence

quorum sensing, as previously discussed.

Figure 4.10: Hybrid BSA and avidin microstructure for trapping and releasing P.
aeruginosa. The oval-shaped structures at the top were composed of avidin
and the L-shaped walls were composed of BSA. At 20 °C, the avidin
aperture is closed and the BSA aperture is open, which permitted the cells to
enter the structure through only the BSA section (L-shaped). The
temperature was raised to 28 °C, which resulted in the closure of the BSA
aperture and the capture of a single cell, which then divided to create two
daughter cells. The temperature was then raised to 37 °C, which caused the
avidin section to contract and opened the cavity to the surrounding medium.
One cell was observed to rapidly exit the structure through the avidin
aperture. The cells are false-colored green for visualization. Scale bar,
10 pm.
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4.4 CONCLUSION

This chapter described the development and characterization of thermally
responsive, tunable multiphoton-fabricated protein hydrogels. Hydrogels fabricated from
BSA and RB were found to swell when exposed to elevated temperatures. While the
mechanism for this behavior was not fully understood, it may be due to reduction in the
entanglement of the polymer chains that make up the protein matrix. By altering the
photofabrication parameters to influence the crosslinking density, the thermal response of
BSA hydrogels could be tuned to a wide range of swelling ratios. Avidin hydrogels were
created and found to undergo a volume contraction when exposed to elevated
temperatures. The chemical influences of pH and ionic strength on the thermal response
of BSA hydrogels were examined. Furthermore, novel strategies for interacting with
small populations of microorganisms were demonstrated by thermally trapping and
releasing cells “on command” without the need for harsh chemicals to initiate aperture
opening (hydrogel contraction). Using this technology, single cells can be captured and
grown to clonal populations by increasing the temperature to a value favorable for cell
growth. The protein microstructure geometries could be altered such that phenotypic
differences, such as motility, within a cell population could be distinguished and studied

using these materials.
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Chapter 5: Multifocal Multiphoton Lithography

5.1 INTRODUCTION
As discussed in previous chapters, multiphoton lithography (MPL) is a true three-

dimensional (3D) lithographic technique in which photocrosslinking or polymerization
occurs within a femtoliter-sized fabrication voxel that is formed by tightly focusing a
high peak power laser into a reagent solution with high numerical aperture (NA) optics.
While the 3D fabrication capabilities of MPL are appealing for many applications such as
micromachines [1, 2] and cell culture [3, 4], a major drawback MPL is that it is an
inherently serial technique in which microstructures are created in a voxel-by-voxel
approach. Depending on the complexity of the desired microform, this process can
require minutes to hours to complete using vector-based stage movements. Alternatively,
the Shear lab has developed mask-directed laser-scanning MPL technology that allows
for the 3D rapid prototyping of iterative designs [5, 6]. However, using either vector-
based or mask-directed scanning methods, MPL remains a serial process and creating
complex 3D microforms in parallel remains challenging.

One approach for creating 3D microforms in parallel relies on a traditional soft
lithographic  technique, microtranser molding (®TM), 1in  which liquid
polydimethylsiloxane (PDMS) is poured over a master structure(s) that are fabricated
using vector-based stage movements [7, 8]. The PDMS is then cured, resulting in the
formation of a mold that can then be filled with monomer and photoinitiator and cured on

a separate substrate [7, 8]. However, this approach is not truly parallel since it still relies
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on the serial fabrication of the master structure(s) prior to molding. Also, structures with
small openings leading to a microcavity enclosed by walls and a roof, such as those
commonly used in the Shear lab for capturing small numbers of microorganisms [6, 9,
10], can be difficult to replicate using this approach depending on the complexity.

Another approach for performing MPL in parallel relies on the vector-based
translation of multiple laser foci through a reagent solution to rapidly create identical
microstructures over large areas [11, 12]. In this approach, the output from a
regeneratively amplified titanium:sapphire (Ti:S) laser is passed through a microlens
array (MLA), creating hundreds of redundant parallel laser beams separated by 5.5 ym
(center-to-center) when brought to focus within a sample using a microscope objective.
While this permits the parallel fabrication of hundreds of structures, the small interfocal
distance between the laser spots limited the absolute size of any individual microform. In
addition, due to the redundancy of each laser foci, creating structures with different
topographical features or crosslinking densities in parallel would be impossible.

This chapter presents the development of a multifocal approach to MPL that
overcomes these limitations. In this work, two laser beams are used in conjunction with
dynamic reflectance masking to improve both the speed and versatility of this technique.
The focused laser beams are aligned slightly off-axis and raster-scanned in a rectangular
pattern across the mirrored-face of a digital micromirror device (DMD) placed in a plane
conjugate to the microscope image plane formed by a high NA microscope objective. The
binary image pattern displayed on the DMD directs the laser beams to the microscope

objective, which reproduces the pattern as a two-dimensional (2D) fabrication plane with
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the magnification factor of the fabricated pattern being roughly equal to the power of the
microscope objective. In this proof-of-concept, the focused beams are aligned such that
their interfocal distance is ~ 40 ym to perform parallel fabrication when identical masks
are displayed on the DMD and scanned with each laser beam. By displaying a pattern on
the DMD that is scanned by two beams across different regions simultaneously, the entire
mask can be rapidly transferred. In addition, the scan areas of the individually attenuated
laser beams can be overlapped to achieve multiple laser exposure zones to fabricate

topographies of varying crosslinking densities.

5.2 EXPERIMENTAL

5.2.1 Reagents and Solutions
Bovine serum albumin (BSA) was obtained from Equitech-Bio (Kerrville, TX).

HEPES sodium salt and rose bengal were purchased from Sigma-Aldrich (St. Louis,

MO). All reagents were used as received without purification.

5.2.2 Multifocal Optical Configuration
The optical configuration for multifocal MPL is shown in Figure 5.1. The 740-nm

output from mode-locked Ti:S oscillator (Coherent Mira 900F) pumped by a 532 nm
10 W frequency-doubled neodymium-vanadate laser (Coherent Verdi) was first passed
through a telescoping lens set (TLS; fl = 5 cm) to establish a collimated beam. The laser
beam was then sent through a half-wave plate (HWP) and polarizing beamsplitter (PBS)
to create two beams. The reflected beam from the PBS was then sent through a second
HWP/PBS pair, which permitted the power of each beam to be attenuated individually.

Both beams are then aligned slightly off-axis (~ 2°) into a scanbox containing a two-axis,
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galvanometer-driven scan mirror obtained from a dismantled confocal microscope (Leica
TCS-4D, Bensheim, Germany). The mirror was controlled by software written in
LabView™ (National Instruments, Austin, TX) that provides independent control of the
scan frequency, amplitude, phase, and waveform. The scanning beams were passed
through lenses L1 (fl = 3.2 cm) and L2 (fl = 15.2 cm), then to L3 (fl = 15.2 cm), which
focused the beams onto the DMD. The interfocal distance between the laser spots on the
DMD was dictated by the beam’s convergence angle before the scan mirror and the
lenses L1 — L3. Using the aforementioned lens system with an ~ 2° convergence angle
before entering the scanbox, the focused laser spots on the DMD were separated by
~4 mm with axis that are parallel to each other. The laser beams are reflected down the
optical path by the DMD and through a tube lens (L4, fl = 15.4 cm) for final laser beam
collimation before being directed via a dichroic mirror into a Zeiss Fluar, 100X/1.3 NA
microscope objective situated on a Zeiss Axiovert 135 inverted microscope. With the
100X objective, the focused beam separation in the specimen plane was ~ 40 ym. The
overlap of the raster scanning beams was visually insured to be 1 ym. With a higher
quality scanning system, the minimum scan overlap could be reduced to tens of
nanometers. With an interfocal distance of ~ 40 um, the total scan area of the two beams
with minimal overlap (~ 1 um) was ~ 80 ym x 50 um. This corresponded to
approximately 40% laser scan coverage of the DMD chip. A partially dismantled DLP®
DMD projector (BenQ, MP510) was used for all experiments. The DMD consists of an

800 x 600 array of individually addressable 16 ym x 16 ym aluminum mirrors (17 ym
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pixel pitch with a 1 pgm intermirror distance), corresponding to a total chip area of

13.6 mm x 10.2 mm.

HWP

A9— TiS
TLS

obj

HWP PBS

PBS I\

scan
mirror

L1 L2 L3

Figure 5.1. Optical configuration for Multifocal MPL. The output from a mode-locked

Ti:S was passed through a 1:1 telescoping lens set (TLS) and directed to a
half-wave plate (HWP) and polarizing beam splitter (PBS) to create two
beams. The beam reflected by the PBS was passed through a second
HWP/PBS, which permitted the power of each beam to be attenuated
individually. Both beams were aligned slightly off-axis onto the
galvanometer-driven scan mirror. After the scan mirror, the beam focus and
scan translation are represented by the red beam and gray beam,
respectively. The beams were relayed to the DMD using L1 (fl = 3.2 cm),
L2 (fl = 15.2 cm), and L3 (fl = 15.2). The interfocal distance between the
focused beams on the DMD was dictated by the convergence angle (~ 2°)
between the beams prior to the scan mirror. The focused beams on the DMD
have axis that are parallel to each other. After being reflected by the DMD,
the beams were passed through L4 to collimate the beam before being
directed into the back aperture of the microscope objective.
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5.2.3 Microfabrication

BSA microstructures were fabricated on untreated No. 1 coverslips (Fisher
Scientific). All microstructures were fabricated from a solution containing 400 mg mL"
BSA and 8.5 mM rose bengal in 20 mM sodium HEPES buffer with 0.1 mM NaCl (pH
7.4) using either 0.50 ym or 0.75 ym incremental steps between fabrication layers with
each horizontal fabrication plane requiring 5 s to complete. Microstructures were created
by synchronizing the sequence of binary images displayed on the DMD with stage
movements in the optical axis, which were controlled using a three-axis translational
stage (model 562, Newport Corp., Irvine, CA) driven by motorized actuators (model
LTA-HS, Newport Corp., Irvine, CA) that were controlled using a motion
controller/driver (model ESP300, Newport Corp., Irvine, CA). The binary image data

used for DMD patterns were prepared using Adobe Photoshop.

5.2.4 Scanning Electron Microscope Sample Preparation
BSA microstructures were fixed in 5% gluteraldehyde (v/v) for 15 min, then

sequentially washed in HEPES buffer (20 mM with 0.1 M NaCl, pH 74), H,0, 1:1
EtOH:H,0, 100% EtOH, 1:1 EtOH:MeOH, and 100% MeOH (2 times), each for 15 min.
Samples then were left to dry overnight in a desiccator. After fixation and drying, the
samples were sputter coated with Pt/Pd to a nominal thickness of 10 nm and imaged

using a Zeiss Supra 40VP scanning electron microscope.
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5.2.5 Cell Culture
Pseudomonas aeruginosa PAO1 wildtype was used in all cellular experiments.

Planktonic cultures were grown aerobically overnight at 37°C in tryptic soy broth (TSB.
Cells were diluted in TSB, grown to mid-logarithmic phase at 37°C, cooled to room

temperature, and introduced to the microchambers under sterile conditions via pipette.

5.3 RESULTS AND DISCUSSION

5.3.1 Large-format structures
Creating large microforms with non-repeating features is time consuming with

MPL when directed by vector-based stage movements. Mask-directed MPL allows the
creation of arbitrary 3D patterns with the absolute size of the microform determined by
the scan area and the magnification of the optical system. Highly defined microstructures
extending over large areas can be formed by stitching the fabricated patterns with
coordinated x,y stage movements that coincide with the sequential display of DMD
masks. By performing mask-directed MPL with two laser beams, microforms could be
fabricated, in principle, at twice the rate.

Figure 5.2(b and c) shows a scanning electron micrograph of a stitched
multiphoton fabricated BSA maze created using the optical configuration shown in
Figure 5.1. A binary maze pattern (Figure 5.2a) was sectioned into 12 individual masks
(Figure 5.2a, solid red lines) that were individually scanned by each laser beam
simultaneously with a scan overlap of ~ 1 ym (Figure 5.2a, dashed red lines). For

example, Figure 5.2d shows a single BSA subsection (subsection #1). The slight angle of
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the scan overlap seen in Figure 5.2a (dashed red lines) was due to the reflection geometry

of the DMD chip.

1

a

12

Figure 5.2: Stitched maze structure fabricated from BSA. (a) Binary maze pattern
showing the 12-segmented images used for the stitched structure (solid red
lines) and the order in which they were fabricated (numbers, lower left
corner). The dashed red lines show the overlap zone of the two laser scans
used for fabrication. (b) SEM image of the large 3-um tall BSA maze
structure. (¢) Top-down SEM image of the same BSA maze in (b). (d) SEM
image of subsection #1 fabricated from BSA. Total fabrication time: 4 min.
Scale bars: b and ¢, 20 ym; d 10 ym.

The stitched BSA maze was fabricated to lateral dimensions of 210 ym x 135 ym
at a nominal height of 3 ym using four 0.75-um incremental optical axis steps, a process

requiring 4 min. Slight imperfections can be seen in the BSA maze at the stitched joints
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and were due to inaccurate positioning of the scan areas. Also, slight curvature and
rounding of the corners can be seen in the SEM image (Figure 5.2 (b — d)) and were to
due to the dehydration steps used in preparation for electron microscopy.

The creation of extended structures of a repeating pattern in parallel could have
potential applications in numerous fields, including cell culture, microfluidics, and micro-
optics. To investigate this, the multifocal approach was applied to the creation of a large
structure of a repeating pattern; the results of this are shown in Figure 5.3. Here, a binary
pattern of an array of repeating circles was displayed on the DMD and scanned using two
laser beams with slightly overlapping raster scan areas. The final pattern was fabricated
from BSA on a glass substrate using a stitching procedure to create a 245 ym x 425 ym
structure from 36 individual fabricated subsections to a nominal height of 2 ym using
four 0.5-ym incremental optical axis steps. With each fabrication segment in a plane

requiring 5 s to complete, the total fabrication time for this procedure was 12 min.
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Figure 5.3: SEM images of stitched repeating pattern fabricated from BSA. (a) Top
view of the large scale BSA structure of repeating microholes stitched from
36 individual fabricated subsections. (b) A view of the same structure in (a)
showing four fabricated subsections. The overlaid solid red box shows the
total scan area for an individual subsection and the dashed red line shows
the overlap of the individual laser beam scan areas. (c) A high magnification
view of the fabricated microholes. Scale bars: a, 60 ym; b, 20 ym; c, 2 ym.

The pattern of fabricated micro-holes in the stitthed BSA pad was highly
reproducible, with an average hole size of 1.27 ym + 0.07 ym (average + standard
deviation). This value was obtained by averaging the measured diameter of 200 holes
selected from different segments of the final stitched structure. While the total area of the
final structure was truncated at 245 ym x 425 pm, it is feasible to extend the stitching of
this pattern over even larger areas. Additionally, the pattern displayed on the DMD could

be rapidly manipulated using photoillustrative illustrative (e.g., Adobe Photoshop) to
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prototype structures of similar patterns with different sized holes and/or different inter-
hole spacing.

The fabrication stitching seams in the final pattern are due to both the slightly
overlapping scan areas (~ 1 ym) and inaccuracies in stage positioning. Reducing the
appearance of these seams could be achieved through a combination of limiting the
amount of scan overlap and using a stage with more accurate positioning capabilities.
Also, a blemish is seen in the top right corner of the structure (Figure 5.3a), which was
caused by laser damage to the nascent fabricated protein material as a result of an

impurity in the protein solution.

5.3.2 Multifocal exposure zones
As discussed in Chapter 4, structures fabricated from BSA behave as responsive

hydrogels and undergo a volume change (swelling or contracting) to stimuli such as pH,
ionic strength, and temperature. Kaehr and Shear demonstrated that the crosslinking
density of BSA structures could be altered to reduce or increase the swelling response to
changes in pH [10]. The crosslinking density of the fabricated BSA matrix can be altered
through a modification of various fabrication parameters, including laser power, laser
dwell time, laser exposure, protein and photosensitizer concentration, and the incremental
distance between fabrication layers.

With the multifocal optical configuration shown in Figure 5.1, each laser beam
can be individually attenuated using the two HWP/PBS pairs. By increasing the
amplitude of the function that defines the raster scan area, the individual laser scans can

be spatially overlapped, thus creating multiple laser exposure zones (summed average
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power per scan period). While overlapping scan areas could be accomplished by reducing
the interfocal distance of the laser beams through mirror adjustments on the optical table,
it is more straightforward to use software to control the raster scan size. Specifically, two
or three exposure zones can be created using the following approaches when spatially
overlapping scan areas.

By using equal laser powers for each scanning beam, two exposure zones are
created in three spatially distinct areas in which the center scan area of higher exposure is
sandwiched by two areas of half the exposure. To demonstrate this approach, nominally
8-um tall BSA cylinders were created using multiple exposure zones and subsequently
exposed to a pH step to induce a volume increase in the structure. The results of this
study are shown in Figure 5.4. The scan areas of lasers beams of equal power (20 mW)
were expanded to create an overlap zone of ~ 12 ym, thus generating three exposure
zones as described above — a center zone of 40 mW (20 mW + 20mW per scan period)
sandwiched by two 20 mW zones per scan period (Figure 5.4a). BSA microcylinders
were fabricated and washed with buffer solution (1 mM phosphate, pH 7.4)
(Figure 5.4a,top) and exposed to high pH (I mM phosphate buffer, pH 11), which
induced a swelling response (Figure 5.4a, bottom). To characterizer the swelling
response, the swelling ratio was determined as the ratio of the area of the image of the
structure at pH 11 to the area at pH 7.4 (A, ,1/Au74) that was determined by measuring
the diameter of the structure at the top of the structure. The swelling ratios (average +
standard deviation for three structures) for the left, right, and center exposure zones were

found to be 14, + 0.0,, 1.1, £ 0.0,, and 1.4, £ 0.0;, respectively (Figure 5.4a, bottom).
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The structures fabricated within the center exposure zone were of higher crosslinking
density and, as expected, their swelling response was reduced when exposed to large
changes in pH.

By repeating this protocol using laser beams of different powers, three distinct
exposure zones can be created (Figure 5.4b): a center zone (Figure 5.4b, top, center
cylinder) of 40 mW (16 mW + 24 mW) per scan period sandwiched by a 16 mW zone
(Figure 5.4b, top, left cylinder) and 24 mW zone (Figure 5.4b, top, right cylinder). In this
demonstration, microcylinders were created in each scan area, rinsed with buffer solution
(1 mM phosphate, pH 7.4) (Figure 5.4b, top) and exposed to high pH (1 mM phosphate
buffer, pH 11) (Figure 54b, bottom). This high pH exposure caused the structures to
swell, with swelling ratios of 1.6, £ 0.0;, 1.1; + 0.0,, and 1.3,+0.0; for the center
(40 mW per scan period), left (16 mW per scan period), and right (24 mW per scan
period) exposure zones, respectively. As expected, the microcylinders fabricated at the
lower exposure underwent the greatest volume expansion at high pH. The center
exposure zone (40 mW per scan period) displayed a swelling ratio of 1.14, which roughly
equivalent to that of the center zone of the same exposure in Figure 5.4a (bottom).

These results further demonstrate the tunable response of multiphoton fabricated
BSA structures to changes in pH. When combined with multifocal scanning, this
response can be spatially tuned to rapidly create, for instance, valves for microfluidic

devices or biocompatible micromachines.
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Figure 5.4: Multiple exposure zones formed by overlapping rectangular laser scan areas.
(a) Three nominally 8-um tall BSA cylinders were fabricated using two
overlapping scan areas of equal power (20 mW). Top: the left and right
cylinders were each fabricated with one scan area (light red) and the center
cylinder was fabricated by overlapping both scan areas (dark red) and
bathed in a pH 7.4 buffer. Bottom: Replacement of buffer with a pH 11
buffer induced swelling of the three BSA cylinders. (b) Top: Three
nominally 8-ym tall cylinders were fabricated using three laser exposure
zones: a center zone of 40 mW (16 mW + 24 mW) per scan period
sandwiched by a 16 mW zone (left) and 24 mW zone (right). Here,
microstructures were bathed in pH 7.4 buffer. Bottom: Replacement of the
pH 7.4 buffer with a pH 11 buffer induced swelling of three BSA cylinders.
The values given below the structures in the bottom images represent the
swelling ratio, given by the ratio of the area of the structure at pH 11 to the
area at pH 7.4 (A,u 11/Apurs). Bottom: Graphical representation of the
swelling ratios. Scale bar, 10 ym.
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5.3.3 Multifocal fabricated structures for cell culture

The Shear lab has pioneered the use of BSA microcavities created using MPL for
studying small populations of microorganisms [5, 6,9, 10] and multifocal MPL improves
on this technique through the ability to create multiple structures in parallel or large
structures more rapidly to study even larger populations of cells. To demonstrate the
creation of structures capable of cell capture using multifocal MPL, a microcavity was
fabricated using a mask that covered the areas of the slightly overlapping scanning laser
beams (Figure 5.5a). This structure was created using two masks, one to define the cavity
geometry and a fully reflective mask for the roof. The cavity was created using 12 0.75-
pm incremental optical steps followed by a nominal 1.5-ym roof (2 optical steps) in 70 s.
A visible seam was observed in the structure (Figure 5.5a, 1) due to the overlapping scan
areas of ~ 1 ym. The structure was inoculated with P. aeruginosa at room temperature (~
18° C) and cells were observed migrating in and out of the structure (Figure 5.5a, 1). The
sample was placed in an incubator at 37° C, which caused the structure to swell as shown
in Chapter 4 where BSA structures fabricated using rose bengal as the photosensitizer
undergo a volume increase with increased temperature. This swelling response resulted in
the closure of the entrance aperture and the capture of a small number of cells. The
structure was then incubated at 37° C for 2 h, over which time the cells divided
considerably (Figure 5.5a, 2). The incubation was then continued for 12 h. The cells
divided and densely packed the cavity causing the roof to extend upward without

breakage at the fabrication seam (Figure 5.5a, 3).
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Figure 5.5:

Multifocal MPL fabricated microorganism traps. (a) Differential interference
contrast (DIC) image of a cell trap fabricated using two scanning lasers with
a seam visible through the center of the structure. (a-1): The structure was
inoculated with P. aeruginosa at 18° C. (a-2): After incubating for 2 h at 37°
C, the structure underwent a thermally-induced volume increase, causing the
capture of a number of cells that subsequently divided. (a-3): After
incubation at 37° C for 12 hours, the cells were densely packed causing the
roof to expand upwards. (b) Three microcavity geometries of different
internal volumes created simultaneously. (c) Four microcavities created in
parallel. (d) A large stitched structure created from two fabricated
subsections. The dashed white lines represent the placement of the
overlapping scan areas. Scale bars: a-c, 15 ym; d, 30 ym.
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Using a multifocal approach to MPL for the creation of structures for cell capture,
cavity designs can be rapidly prototyped and created in parallel in several minutes. Figure
5.5b shows three microstructures of different cavity volumes created using two masks,
one to define the cavity geometry and one to define the roof. The cavity was created
using 12 0.75-ym incremental optical steps followed by a nominal 1.5-xm roof (2 optical
steps) in 70 s. The structure of a larger volume (5.5b, left) was created with one laser scan
area and the two smaller structures were created with the other laser scan area (5.5b,
right). Figure 5.5¢ shows four identical microcavities fabricated in parallel using the same
fabrication procedure for the structures in Figure 5.5b. By stitching two fabricated
subsections together, a large volume microstructure was created (Figure 5.5d) using three
masks to define the final structure, two to create the internal geometry, and one to create
the roof. The posts in the center of the structure were needed to prevent the collapse of

the roof into the cavity and also provided an optimal stitching location.

5.4 CONCLUSION

This chapter demonstrated the development of a multifocal approach to MPL that
enabled the creation of arbitary microstructures in parallel and over large areas in a rapid
fashion. Additionally, multiple laser beam exposure zones were generated by overlapping
the raster-scan areas of each laser beam, which allowed the simultaneous creation of
microstructures of varying crosslinking densities.

This proof-of-concept was presented with only two laser beams for a number of

reasons. (1) The scanbox used in these experiments was obtained from a dismantled
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confocal microscope. Because of this, the housing of the scan mirror prevented the
alignment of laser beams with a convergence angle of more than 2°. This ultimately
limited the interfocal distance between the laser beams and thus, the total laser scan area.
This limitation could be avoided by using a commercially available galvanometer-driven
scan system that has unobstructed access to the scan mirrors, thereby allowing multiple
beams to be aligned into the system with convergence angles of > 2°. (2) All relay lenses
used in this demonstration were 2.5 cm in diameter, which limits the total scan area due
to aberrations and attenuation of the laser beam as it is translated closer to the edge of the
lens. With larger diameter lenses, the total scan area could be increased, which would
result in a larger scan area. (3) The Ti:S system used in this demonstration has maximum
output of ~ 800 mW at 740 nm. With this system, up to three beams could potentially be
aligned into the scanning system with sufficient power to promote photocrosslinking,
when accounting for power losses due to optical interfaces such as polarizing optics,
mirrors, the DMD chip, and the throughput of the microscope objective. With a
regeneratively amplified Ti:S laser system, the number of laser beams that could be used
would be drastically increased at the expense of laser repetition rate. However, as
described in Chapter 3, pulsed lasers with relatively low repetition rates are capable of
performing mask-directed MPL at relatively rapid scan times (1 — 5 s per fabrication
plane).

To improve on this proof-of-concept, this technology could potentially be applied
with the use many more laser beams. With many beams simultaneously promoting

photocrosslinking, the fabrication speed for a large-scale structure would be rapidly
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increased. In addition, with a sufficient number of parallel scanning laser beams, a near
continuous power gradient could be achieved, which would permit the creation of a large-
scale structure with a crosslinking density that could be continuous as well. Finally, the
total area of the DMD microchip is what ultimately limits the total size of the available
scan area. This demonstration used an XVGA resolution DMD chip, which has an array
of 800 x 600 micromirros (pixels) with a total chip area of 13.6 mm x 10.2 mm. Higher
resolution chips are available, such as the HDTV chip (1920 x 1080), which has a total
mirrored area of 32.6 mm x 18.4 mm [13]. With an approximate 4-fold increase in total
available scan area, by combining more scanning laser beams with this higher resolution
HDTV DMD chip, a significant increase in the total fabrication area and a significant

decease in fabrication time would be realized.
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