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Understanding microscale biological processes as cells develop into tissues is one 

of the most important, yet most difficult, problems in modern biology.  Cells encounter a 

dynamic chemical and physical environment and delineating the myriad of variables 

proves daunting with even the most sophisticated experiments.  This dissertation focuses 

on the development and application of unique enabling technologies designed to sample 

and control biological microenvironments. By developing two approaches – one aimed at 

intracellular biochemistry and another for extracellular targets – based on photochemistry 

and optical force generation, research presented here will allow new areas of subcellular 

dynamics to be addressed.  

On the intracellular side, enzyme-immobilized polymeric microspheres or enzyme 

microstructures are placed into the cell cytosol via optical tweezers for sustained and 

localized chemical modification of the intracellular environment.  This approach is 

complemented by the use of extracellular guidance barriers formed from photo-induced 

crosslinking of proteins.  Through the use of minimally toxic photosensitizers and 

femtosecond (fs) near infrared (NIR) light, it is possible to fabricate three-dimensional 
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protein structures in a living cell’s environment.  Moreover, this work explores the ability 

to form protein structures with enzymatic activity as well as with high aspect-ratio 

features at micron resolution.  Finally, the photochemical transformation of serotonin into 

a highly fluorescent visible photoproduct is investigated as a means to overcome 

problems associated with sample size in neurotransmitter detection during synaptic 

chemical signaling.  Optimization of this multiphoton process entails understanding the 

mechanism by which the photoproduct is created and experiments towards this goal are 

presented here.   Ultimately, the precision and flexibility of these technologies will allow 

access to new areas of the biosciences.   
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Chapter 1: Novel Approaches for Subcellular Analysis 

 The migration of robust analytical techniques from the chemist’s benchtop to the 

biology lab has fueled the recent growth in the biosciences.  Continuing this trend, new 

technologies are being applied to increasingly complex biological phenomena, as cell 

biologists and biochemists meet at the interface of their respective fields.  Techniques 

that began in the physical sciences, such as single molecule fluorescence 1, atomic force 

microscopy (AFM) 2 and multiphoton-excited fluorescence detection 3, are being adapted 

to previously intractable problems in biology.  The widespread use of these enabling 

technologies has profoundly affected the way biological sciences are conducted, and will 

continue to accelerate the discovery process.   

With this in mind, the Shear lab develops and applies biophysical methods to 

probe systems involving the most reduced element of self-sustaining life: the single cell.  

Understanding the microscale biological processes as a tissue grows is one of the most 

important, yet most difficult, problems in modern biology.  Cells encounter a dynamic 

chemical and physical environment and delineating the myriad of variables proves 

daunting with even the most sophisticated experiments.  For example, the process by 

which a neuron initiates a neurite and establishes a synapse with another cell involves 

many steps governed by complex subcellular reactions.  Interpretation of extracellular 

signals and mobilization of internal cascades leads to an initial sprouting event, followed 

by formation of a growth cone and movement of the neurite through its environment.  

The growth cone interprets neurotrophic gradients and moves to a target cell, where 

exchange of chemical signals determines the identity and functional significance of the 

new connection.  These fundamental actions govern the dynamic wiring of the central 
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nervous system, yet current methods to study and manipulate this process in real time 

lack adequate spatial and temporal resolution.  

 Work presented here describes techniques based on multiphoton-excited (MPE) 

photochemistry and optical tweezers for control of cellular microenvironments and ultra-

sensitive biomolecule detection.  The ultimate goal is to develop and demonstrate 

methods that facilitate study of key steps along the pathway from neuroblast to 

differentiated neuron.  Signaling cascades that govern neurite initiation can be modulated 

by introducing molecules through modes ranging from genetic manipulation to bath 

application.  In this work, enzyme-immobilized polymeric microspheres or enzyme 

microstructures are placed into the cell cytosol via optical tweezers for sustained and 

localized chemical modification of the intracellular environment.  This approach is 

complemented by the use of extracellular guidance barriers formed from photo-induced 

crosslinking of proteins.  Through the use of minimally toxic photosensitizers and 

femtosecond (fs) near infrared (NIR) light, it is possible to fabricate three-dimensional 

protein structures in a living cell’s environment.  Moreover, this work explores the ability 

to form structures with enzymatic activity as well as with high aspect-ratio features at 

micron resolution.  Finally, the photochemical transformation of serotonin into a highly 

fluorescent visible photoproduct is investigated as a means to overcome problems 

associated with sample size in neurotransmitter detection during synaptic chemical 

signaling.  Optimization of this multiphoton process entails understanding the mechanism 

by which the photoproduct is created and experiments towards this goal are presented 

here.   Ultimately, the precision and flexibility of these technologies will allow access to 

new areas of the biosciences.   

 



 3

1.1 MULTIPHOTON EXCITATION (MPE) 

Described theoretically in 1931 by Maria Göoppert-Mayer and demonstrated 

experimentally in the 1960’s, multiphoton excitation (MPE) has found a wide array of 

novel applications in fields ranging from neuroscience to analytical chemistry 4,5.  The 

most familiar and widespread use of MPE in the biological sciences is three-dimensional 

imaging through two-photon excited (TPE) scanning microscopy 3.  As an alternative 

three-dimensional technique to confocal microscopy, TPE microscopy not only reduces 

out of plane signal and bleaching, but also provides the ability to simultaneously access 

multiple fluorophores and image deep into turbid biological specimens 6.    

MPE has also been used to quantify biological microenvironments through 

techniques such as fluorescence correlation spectroscopy (MP-FCS) 7,8, fluorescence 

recovery after photobleaching (MP-FRAP) 9 and capillary electrophoresis-MPE 10.  

Lastly, MPE provides high temporal and spatial resolution to manipulate cells via 

photoactivation of caged molecules 11, transfection of individual cells 12, and subcellular 

surgery 13.  

As a non-linear process, MPE differs from single photon excitation (1PE) in terms 

of spectral characteristics and spatial sensitivity.  During 1PE, a photon must be absorbed 

that equals the energy gap between electronic levels, while with MPE this same gap can 

be bridged by the near-simultaneous absorption of two lower-energy photons (Figure 

1.1). After absorption of the first photon, the molecule transits a “virtual” state – a 

superposition of molecular energy levels that persists for ca. 1 fs – en route to excitation 

to a real energy level by another photon.    
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Figure 1.1     A simplified Jablonski diagram illustrating 1PE and MPE.  In one photon 
excitation, a molecule absorbs a photon of equal energy to the gap between 
electronic states; this same energy gap can be bridged by near-simultaneous 
absorption of two lower-energy photons. 

From this state, the molecule can undergo the same processes as a molecule 

excited by one photon; it may relax through a non-radiative process, emit a photon, or 

absorb additional photons to undergo further linear or non-linear transformations 10,14.  

High intensity photon fluxes are required to increase the probability that a second photon 

will interact with a molecule before the virtual state dissipates.  By spatially confining the 

photons with high numerical aperture optics, a diffraction-limited focal volume (typically 

on the order of ~1 µm3) can be created, restricting the nonlinear process to that region.  

This creates non-equivalent regions along the beam axis, causing only the planes with the 

smallest cross sections to reach high enough intensity to support MPE. The non-linear 

nature of the intensity can be demonstrated by treating excitation of molecules as a 

chemical reaction: 

 

        *)( MhvnM ↔+                                                   [1.1] 
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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.  The rate of excitation can then be described in terms of 

each of the reactant “concentrations”:  

 

                                               ][][][*][ MIMhvk
dt
Md nn δ==                                         [1.2] 

 

where k is the forward rate constant and I is the instantaneous intensity.  The excitation 

cross section, δ, is proportional to the rate constant.  From this equation it is seen that the 

rate of MPE scales as the intensity raised to the number of absorbed photons 14.  

While early experiments found that focused continuous wave lasers can drive 

some degree of nonlinear excitation, the high average intensities needed were 

prohibitively damaging to the samples and difficult to spectrally filter15, limiting MPE as 

an analytical technique.  Thus, light is ideally “focused” in time as well as space to create 

the high intensities for MPE while maintaining low average power.  Pulsed lasers, such as 

titanium:sapphire (Ti:S) oscillators, that maintain a high repetition rate (the number of 

pulses per unit time) with low duty cycles (the fraction of time a laser is “on”) make this 

high-intensity temporal focusing possible, as shown in Figure 1.2.  For instance, a laser 

with a low duty cycle (most of its photons packed into a short time) and low repetition 

rate would be ineffective, because the number of molecules excited from a limited focal 

region per unit time would be few.  Alternatively, a laser with a high duty cycle that 

spread out the intensity over too much time would not achieve high enough intensities to 

drive transition of enough molecules from the virtual state to be effective 14.   
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Figure 1.2    A schematic representing the temporal distribution of Ti:S laser pulses 
illustrating the relation between duty cycle and repetition rate. Note that 
actual pulses are not square waves. 

Many of the biological uses of MPE discussed above are the result of 

commercially available pulsed Ti:S lasers. These instruments, when equipped with 

broadband optics, can be tuned from ~700-900 nm, making them suitable for accessing 

the two photon cross sections of a variety of chromophores16,17.  Typical Ti:S lasers such 

as those used for the experiments presented here, have a low duty cycle (~10-5) combined 

with repetition rate of ~80 MHz.  This produces ~150 femtosecond pulses that are ~10 

nanoseconds apart, creating instantaneous intensities of ~1012 W/cm2 with only ~100mW 

average power when focused to a diffraction-limited spot by high numerical aperture 

optics.  

The equipment used in much of this work (Figure 1.3) consists of a Coherent Mira 

900F Ti:S laser pumped by a Coherent Innova 310C 10W argon ion laser. The output 

from this system was aligned into a Zeiss 100TV inverted fluorescence microscope, 

modified by the addition of a specially machined dichroic mount placed above the 

fluorescence optics.  Along the optical train, the beam passed through two telescopes.  

One (1:1 telescope) brought the focus of the laser into the image plane of the microscope, 
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while another (1:2.33 telescope) enlarged the beam diameter, ensuring that it would 

overfill the back aperture of the objective to produce a diffraction-limited focal volume.  

A quarter-wave plate was paired with a polarizing cube to reject varying amounts of laser 

light, thus controlling the amount of sample irradiation.  

 

   

Figure 1.3     A schematic of the instrument used in multiphoton crosslinking and optical 
trapping experiments. 

 The versatility of MPE is apparent in the broad range of applications it has found 

in the physical and biological sciences. The efficient and volume limited effect of non-

linear excitation combined with its minimal invasiveness makes it an ideal choice when 

dealing with delicate samples. As with many spectroscopic techniques, however, there is 

a danger in overexposing the sample to damaging radiation.  Even with low average 

powers, absorption of additional photons from the S0, S1 or T1 states can result in 

unwanted photochemical reactions.  To prevent photobleaching and phototoxicity, 

average powers are kept low and often a minimum time is spent analyzing the chemical 

species in a given focal volume.  While much effort may be spent in identifying 

conditions that minimize unwanted photochemistry, some researchers have found ways to 
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harness this side effect.  Through careful selection of laser parameters and sample 

chromophores, many techniques have been developed that allow precise spatio-temporal 

control of biological chemistry.  

 

1.2 PHOTOCHEMISTRY OF BIO-MOLECULES 

Biochemistry catalyzed by absorption of light is common in the natural world.  

Probably the most familiar example is light harvesting by chlorophyll to drive the water-

splitting reactions of photosynthesis.  Electrons excited in the chlorophyll light-absorbing 

array are channeled through photosystems that eventually drive the chemistry that makes 

all life on earth possible 18,19.  Other, less useful forms of photochemistry happen as light 

interacts with biological compounds in an uncontrolled manner to generate damaging 

photoproducts.  Tragically, light can interact with a number of components in beer, 

leading to what experts have termed “lightstruck flavor” 20.   This phenomenon has been 

recognized for over one hundred years, and has led to the adoption of brown-tinted 

bottles to protect the beverage.  As people age, collagen and elastin fibers accumulate 

intermolecular crosslinkages through exposure to sunlight, making them less elastic and 

creating one of the classic signs of aging: wrinkles 21.  More medically relevant is UV 

photocrosslinking and damage in DNA, leading to various forms of skin cancer in 

susceptible people living at lower latitudes 21.  Particularly vulnerable are proteins in the 

cornea, where the gradual accumulation of crosslinkages results in clouding and loss of 

vision 22.  

Laboratories focus on these photochemical effects not only to study their medical 

relevance but also to harness them in basic research.  While photobleaching of 

microscopic samples is generally an unwanted side effect of imaging, it can be used to 

study membrane diffusion through techniques such as FRAP 9.  Localized chemical 
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environments can be created with high spatial and temporal resolution through the use of 

photo-protected molecules (e.g., “caged” Ca+2  that release bursts of effectors exclusively 

within the laser focal volume 11.  Along these lines, native fluorophores such as the 

neurotransmitter serotonin may undergo photoderivatization to yield new species with 

superior photophysical properties 10.  In addition, site-directed toxicity has been used in 

photodynamic therapy (PDT), where tumors treated with photosensitizers are irradiated 

with light.  The photosensitizing agent generates reactive species that covalently modify 

biopolymers (proteins and nucleic acids), thus damaging and killing tumor cells while 

leaving non-illuminated tissue intact 23.   

Normal protein function is disabled through the formation of covalent inter- and 

intramolecular bonds formed from interactions with an excited-state photosensitizer. A 

similar process occurs in photocured polymers, where a photoinitiator is mixed with 

plastic monomers and—when exposed to light—generates polymer chains. Generally, 

such photoactive molecules are classified as either photosensitizers or photoinitators 

depending on whether they are regenerated or consumed during the reaction.  After 

absorption of light, photoinitiators create free radicals and then fragment into inert 

species, limiting their usefulness in catalyzing sustained reactions.  On the other hand, a 

photosensitizer can interact multiple times, cycling from excited to ground states.  From 

this mode of action, photosensitizers could equally be called photocatalysts.  Especially 

relevant to the present work are photochemical reactions between amino acids and 

biologically derived (flavins, indoles) and synthetic (methylene blue, rose bengal) 

photosensitizers (Figure 1.4) that create intra- and intermolecular crosslinks.  

Photosensitizers are classified either type I or type II based on the primary 

mechanism by which they effect photochemical transformations from their triplet states. 

A type I sensitizer, while in the triplet state, acts directly on a biomolecule, abstracting a 
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hydrogen and giving rise a variety of free radical species.  A type II sensitizer transfers 

energy from its triplet state preferentially to molecular oxygen, generally forming singlet 

oxygen (1O2).  The PDT sensitizing molecules rose bengal and methylene blue (Figure 

1.4), for instance, act through the 1O2 mechanism to damage cellular components and 

induce apoptosis in tumor cells 24,25.   
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Figure 1.4    Structures of photosensitizers. Each of these molecules catalyzes the 
photocrosslinking of proteins in solution, but they vary according to the 
chemical mechanism and efficiency.  While rose bengal and methylene blue 
generate singlet oxygen, the natural cofactors FAD and NADH tend to act 
directly on protein residues from their triplet states under conditions used in 
MPE photocrosslinking26. 
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  Both types of photosensitizers are capable of generating crosslinks between 

adjacent protein molecules in solution, but due to the presence of several types of reactive 

residues and the difficulty in isolating specific crosslinked moieties26-30, many studies use 

isolated amino acids or peptides instead of intact proteins. An ongoing project in the 

Shear lab seeks to understand the mechanism of photosensitized protein crosslinking and 

preliminary experiments from deoxygenated systems confirm results from the literature.  

For instance, deoxygenation during FAD sensitized crosslinking does not hinder the 

formation of protein structures, agreeing with published data suggesting that FAD acts 

mainly through the type I mechanism. Future work will focus on elucidating the type of 

photochemical process generating crosslinked protein and the nature of the bonds formed 

between adjacent protein molecules.  By addition of cosolutes such as azide (singlet 

oxygen scavenger), ascorbate (radical quencher) and heavy atoms (potassium 

iodide, facilitates intersystem crossing), a type I process can be distinguished from a type 

II process.  Furthermore, electrospray ionization mass spectrometry (ESI-MS) will be 

used to investigate crosslinked proteins and/or tryptic digests of crosslinked proteins with 

the goal of finding the residues involved in the photochemical process.  While this work 

will shed light on the nature of photosensitized protein crosslinking, previous reports 

using less complex systems (e.g., isolated amino acids and peptides) are helpful in 

understanding possible mechanisms. 

Singlet oxygen acts on photo-oxidizable side chains in proteins (His, Tyr, Trp, 

Cys, Lys, Met), generating, in some cases, products that attack other photoaltered and 

non-photoaltered groups, forming covalent bonds 26.  For instance, studies have shown 

that histidine interacts with 1O2 to produce His-His and His-Lys crosslinks29 (Figure 1.5), 

while Tyr tends to interact physically with 1O2, leading to collisional quenching of 

oxygen to its ground state without modification of Tyr31.                     
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Figure 1.5    Possible pathways for the formation of histidine dimers after exposure to 
rose bengal generated singlet oxygen. While these products are possible, in 
biological situations 1 is expected to predominate due to steric hindrance27.  

Flavin-derived molecules such as FAD (Figure 1.4), flavin mononucleotide 

(FMN) and riboflavin act through a combination of type I and II mechanisms, yet the 

type I mechanism predominates at physiologic pH26.  In studies conducted on FMN, 

crosslinks are formed through abstraction of a hydrogen atom by triplet state FMN from 

the Tyr phenolic group, to give Tyr and FMN radicals (Figure 1.6)26. The Tyr radical can 

then interact with another Tyr radical to produce a Tyr dimer or, in the case of proteins, a 

crosslink between neighboring residues.        
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Figure 1.6    Possible pathways for the formation of tyrosine dimers after exposure to 
triplet state FMN. Pairing between radicals II and III, two III radicals or two 
I radicals are expected to be unlikely due to instability of the intermediates 
or steric hindrance of the dimers28.  

Several species, such as singlet oxygen and superoxide anion, are produced in the 

process, but typically do not play a major role in priming residues to undergo reactions 

with other residues.  For example, the FMN radical (FMN•¯) and 3FMN can react with 

ground state oxygen to generate superoxide anion (O2•¯) and singlet oxygen, 

respectively.  While these products compete to some degree with the Type I processes, 

studies have suggested that they are not the main route through which photooxidizable 

residues are attacked by flavin photosensitizers 26. 

Many of the photochemical reactions described above result in intermolecular 

covalent bonds that produce high molecular weight photoproducts.  In the Shear lab, 
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fouling of capillary electrophoresis channels by multiphoton generated photoproducts has 

been observed in solutions of natural chromophores.  Separation mixtures consisting of 

various hydroxyindoles such as serotonin (5-hydroxytryptamine, 5HT) and 

5-hydroxyindole acetic acid (5-HIAA) can, upon laser irradiation, form large insoluble 

aggregates.  This process, however, is not efficient without cosolutes (e.g., Hepes)32, 

because the hydroxyindoles often must act as both the photosensitizer and 

photooxidizable group to generate a network of crosslinked molecules.  A protein, on the 

other hand, has a wide variety of photo-oxidizable residues and, in the presence of a 

photosensitizer, can form numerous inter- and intramolecular crosslinks.  This feature has 

been exploited to form large networks of crosslinked proteins via multiphoton 

excitation33,34.  

Natural crosslinks in macromolecular assemblies and structural proteins, such as 

collagen, enhance stability by locking side chains into place.  Disulfide bonds and salt 

bridges provide stability to individual protein molecules, while covalent crosslinks can be 

found in the complex protein structures in connective tissue.  In this vein, intermolecular 

photocrosslinking has been used to generate structures from soluble protein33,34.   

These crosslinked protein structures are created by photosensitization of a 

solution of enzyme or inert protein by the singlet oxygen generating molecule rose 

bengal. As diagrammed in Figure 1.7, excitation of the photosensitizer by a pulsed laser 

beam focused through a microscope objective drives localized reactions that crosslink 

protein molecules only in the focal volume.  In this manner, three dimensional features 

can be built by scanning the laser focus through the protein solution.  While other labs 

have used this technique to create highly defined protein structures on the lab bench, the 

toxicity of the photosensitizers prohibits its use with living systems.  In fact, the 

photosensitizer used in these studies is commonly used to kill tumor cells in PDT via 
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inactivation of intracellular proteins from exposure to excess singlet oxygen 24,35,36.  

Photosensitizers containing flavins, hydroxyindoles and nicotinamides allow real-time 

fabrication of three-dimensional structures in living cell environments with minimal 

cytotoxic side effects.   In addition, this work demonstrates the ability to create structures 

from a variety of enzymes, adding increased biochemical functionality beyond single 

enzyme studies previously published33. 

 

      

Biocompatible Microfabrication

 

Figure 1.7     A schematic of protein photocrosslinking demonstrating the concept of 
scanning the focus of a multiphoton laser to develop and three dimensional 
structures composed of crosslinked protein monomers (used with permission 
from J. Shear). 

Lastly, structures created on the micron and nanometer scale are becoming 

attractive targets for researchers interested in Micro-Electro-Mechanical Systems 

(MEMS).  Several labs have created microsculptures with submicron resolution through 

photoinitiated polymerization that may one day serve as building blocks of microscopic 

machines 37,38 and along these lines, work presented here lays the ground work for 

developing BioMEMS.  
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1.3 OPTICAL TWEEZERS 

In addition to fabrication of static protein matrices, the active re-positioning of 

these materials to specific loci of interest could offer valuable capabilities in studies of 

cell function.  The size and optical properties of these structures makes them ideal for 

manipulation with light via optical tweezers.  Research presented here builds upon this 

idea by demonstrating biofabrication of protein structures followed by precise optical 

manipulation.  

Manipulating and controlling microscopic objects with light has proven extremely 

useful in a variety of fields over the past three decades.  Since the first description of 

optical trapping by Arthur Askin in 1970, this technique has continued to find new 

applications in the biological and physical sciences 39,40.  The ability to control materials 

that range 4-5 orders of magnitude in size—from individual atoms to cells—garnered a 

Nobel prize for the production of a super-cooled Bose-Einstein condensate 41-43 and 

spawned an entire field of ultra-sensitive force measurements of single bio-molecules 44.   

Optical tweezers are aptly suited for manipulation of biological objects with high 

precision in the mesoscopic range (from hundreds of nanometers to microns).  A typical 

trap used in biology generates piconewton (pN) forces with enough precision ( ~ 100 aN) 

to measure single translocations of molecular machines such as DNA polymerase or 

kinesin 38,44.  On greater length scales, viscoelastic measurements of large protein 

assemblies that compose the cytoskeleton and chromosomes are equally reasonable 

targets for optical manipulation 45-47.  Using optical tweezers, researchers have probed 

individual organelle movement 48, guided growth cones in neuronal cultures 49, and 

directed precise placement of entire mammalian cells 50.  The ability to probe single 

molecules as well as larger cell-wide processes with high spatial precision makes optical 

trapping a unique tool in the bioscience arsenal.  
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 Typically, optical traps used in biological applications are created by focusing 

laser light to a diffraction-limited spot using a high numerical aperture microscope 

objective.  After an object is captured, it then can be maintained indefinitely in the focus 

of the trap, and translated throughout the sample by moving either the stage or the beam 
38.  Although the exact mechanism of optical trapping as described by quantum physics is 

still being worked out, the basic phenomenon can be understood as a balance between 

radiation pressure and gradient forces (Figure 1.8).  A gradient force pulls a dielectric 

particle to the most intense region of the laser at the focus, while radiation pressure from 

reflected and scattered light drives objects unidirectionally along the optical axis away 

form the focus.  When the gradient forces dominate a particle is held at the laser focus.   

 

     

Figure 1.8    The basic concept behind optical tweezers.   The gradient force that directs a 
particle to the focus must overcome radiation pressure that pushes away 
from the focus.  
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More detailed descriptions of these forces are possible when the wavelength of 

light is either much larger or smaller than the object being trapped.  For objects in the 

Rayleigh regime (object diameter << λ), trapping is described by electromagnetic theory, 

taking the particle as a point dipole in an electric field.  This treatment, developed by 

Askin and coworkers40, typically is less relevant to optical tweezers used in biology and 

is most often used to describe the behavior of optically trapped atoms. Incident photons 

generate dipoles in small objects, attracting them to the light’s electric field and drawing 

them up the intensity gradient to the focus.   The intensity gradient interacts with the 

particle based on the relation 51: 

 

                               EU induced ⋅−= μ                                                         [1.3] 

 

Where U is the interaction energy, E is the electric field of the laser and µinduced is the 

induced dipole moment.  The induced dipole can be further described by: 

 

                                                      Einduced αμ =                                                              [1.4] 

 

illustrating that the magnitude of the induced dipole is proportional to the strength of the 

electric field and the polarizability of the molecule expressed as the proportionality 

constant, α.  The gradient force (Fgrad) caused by the interaction of the electric field with 

the dielectric particle can be described by:  
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where nb is the refractive index of the medium, r is the radius of the particle, ∇E2 (or∇ I) 

is the intensity gradient and m is the effective index of refraction (nparticle – nmedium).  Note 

that Fgrad scales with the volume (r3) because the proportionality constant, α, is dependent 

on the number of polarizable molecules present in a particle.  In practice, this limits the 

size of particles that can be trapped in aqueous solution at non-destructive laser powers to 

~ 25 nm in the case of polymeric beads (npolymer ~ 1.4 - 1.6).  Although the gradient force 

scales linearly with laser intensity, eventually a regime is reached where absorption 

(linear or multiphoton) damages the particle and the sample (i.e., through heating and/or 

photochemistry).   

Radiation pressure acts against the gradient force to push the object down the 

intensity gradient away from the focus.  This scattering force is described by the 

following:  
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where c is the speed of light, Io  is the light intensity and λ is the wavelength of the light. 

This results in significantly weaker trapping along the optical axis (z-axis) as compared 

to laterally (the x-y plane) where there fewer forces acting to destabilize the object from 

the focal region. 
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Alternatively, the Mie regime (object diameter >> λ) can be understood through 

simple ray optics, taking the object as a lens that redirects light.  An object experiences a 

scattering force along the z-axis of the beam that arises from reflections at the interface of 

the particle and the medium (Figure 1.9A).  Through transfer of momentum, 

backscattered light acts to push an object away from the focus of the laser while the 

gradient force created by refraction through the particle pulls it towards the focus. Laser 

light slows as it refracts through the particle, thereby changing its momentum and 

transferring the difference to the particle. Shown in Figure 1.9B and C, the net vectors (F1 

and F2) together form this recoil of lateral and axial forces, drawing the particle to the 

focus of the beam.  The z-component of the trapping force is generated from the angular 

difference in light entering and exiting the particle (Figure 1.9B).  As light exits the 

particle, the z-component is greater relative to the entering light and, due to conservation 

of momentum, an opposing force is transferred to the particle.  

Likewise, lateral forces arise from the unequal contributions of rays on a 

displaced object.  F1 and F2 become unbalanced when ray 1 bends more as it passes 

through the object, creating a situation where F2 > F1.  The net difference between these 

forces directs the displaced particle back into the laser focus and stabilizes it in the x-y 

plane.  Lastly, figure 1.9 illustrates the importance of high numerical aperture optics in 

optical trapping.  As incident light approaches the normal (i.e., has a more narrow 

convergence cone) the scattering forces increase, decreasing trap power and trapping 

efficiency.  In practical terms this means that in designing an experiment there is a trade 

off between the trapping depth and the quality of the trap. 
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Figure 1.9    A simplified ray optics description of an optical trap operating in the Mie 
regime.  The scattering force (A) that pushes particles away from the focus 
is overcome by the gradient force (B, C) that pulls particles to the focus. 
Momentum transferred to the particle from refracted light generates axial 
(B) and lateral (C) forces. 

Typical cellular experiments fall into the Mie regime with most object sizes near 

the wavelength of IR lasers or larger (0.8 – 1 μm).  For instance, studies on molecular 

motors and polymerases often measure displacements of trapped polymeric spheres 

coated with biopolymers, rather than the molecules themselves 52-54.  This allows precise 

measurement of the sphere’s movement without the need to trap and control the actual 

molecule of interest.   

Furthermore, in experiments on biological systems, the wavelength of light comes 

into play as molecules in the sample may absorb the laser radiation.  Sample damage 

from heating is a concern when using lasers in the visible range, which is readily 

absorbed by some biological molecules. Such absorptions may drive unwanted 

photochemical reactions in endogenous chromophores, producing toxic products such as 

free radicals and reactive oxygen species.  Near-infrared (IR) wavelengths are preferred, 

due to the low IR absorption of both water and biological molecules in this range 55-60.            

From the discussion above, it follows that by increasing the intensity of the 

trapping light a greater force can be applied to the particle, yielding a deeper potential 
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energy well. In the present work, laser powers an order of magnitude greater than those 

used in conventional biological applications were used to generate high-strength optical 

tweezers. The same experimental system described in Section 1.1 was used for optical 

trapping, with the exception that the laser was operated in a continuous wave (CW) mode 

rather that in pulsed mode.  Using ~1.5 W of CW ~800 nm light from the Ti:S laser, 

forces great enough to translocate solid particles through the plasma membranes of living 

cells are generated.  Signal transduction enzymes such as protein kinase A (PKA) 

coupled to the surface of these microparticles then catalyzed reactions with endogenous 

substrates in the cell cytosol.  The high spatial resolution of the optical trap provides 

precise control of microparticle location, allowing sustained treatment of specific cells 

and subcellular regions.  Work towards altering neurite sprouting and membrane potential 

through localized kinase signaling from enzyme derivatized microparticles will be 

discussed.  In addition to enzyme coupled polymeric particles, the use of optical tweezers 

is explored in as an alternative means to produce microfabricated protein features.    

These microparticles, which can range in size down to ~ 1 μm diameter, present a unique 

method to spatially localize intracellular and extracellular activity in biological assays. 

 

1.4 SUMMARY OF CHAPTERS 

The work presented here focuses on novel techniques for analysis and 

perturbation of heterogeneous cellular environments based on the interaction of light with 

biological materials.  The interplay between development strategies and possible 

applications guided the research process through many stages to the work presented here.  

These studies begin with initial experiments on a specific photochemical system 

(photoderivatization of 5-hydroxytryptamine) and progresses through the application of 

photochemical processes to cellular research and then into optical force generation. 
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Finally, the appendix presents an alternative method for high sensitivity analysis of 

biological microenvironments.  As with all continuing projects, there is still much more 

work to accomplish; thus, future directions for each line of research, including 

applications enabled by the technologies developed here, will be discussed at the end of 

each chapter.  

Chapter 2 explores the process through which serotonin undergoes multiphoton-

excited photoderivatization.  This line of research in the Shear lab focuses on 

characterization of a highly fluorescent visible-emitting species derived from serotonin 

(usually a deep-UV chromophore).  The photoproduct is an attractive candidate for 

fluorescence measurements of serotonin at individual synaptic release sites; thus, 

description and optimization of the photoproduct generation is required.  Pump-probe 

experiments designed to characterize the intermediates in the photochemical pathway will 

be presented along with a putative reaction scheme.  

Chapter 3 discusses site-specific photocrosslinking of proteins through the use of 

non-toxic photosensitizers in cell culture.  Neuronal cell lines and primary cortical 

neurons are shown to interact with crosslinked protein structures fabricated from inert 

proteins such as BSA and the biotin-binding protein avidin.  The effects on viability of 

photofabrication on nearby cells, quantification of biotin binding, and the ability to create 

three-dimensional structures are discussed.  

Chapter 4 extends the work presented in Chapter 3 by demonstrating fabrication 

of enzymatically active protein structures, either through direct crosslinking of enzymes 

or through coupling of biotin conjugated enzymes to crosslinked avidin.  Resolved 

enzyme packets and high aspect-ratio structures for use in patterning cellular 

environments and microfluidic reactors are presented.  
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Chapter 5 demonstrates the delivery of polymeric and photocrosslinked effectors 

to specific subcellular regions.  This technique complements the cellular patterning work 

presented in Chapters 3 and 4 and neurotransmitter sensing work in Chapter 2 by 

providing intracellular control of chemical reactions.  Work towards direct site-specific 

modification of intracellular signal transduction cascades involved in neurite outgrowth 

and membrane potential will be presented.  

Lastly, the appendix describes a method for sensing low concentrations of the 

neurotransmitter glutamate through enzymatic conversion to α-ketoglutarate.  A highly 

fluorescent enzyme cofactor was synthesized and tested for activity with a glutamate 

specific enzyme. This method, when coupled to a sensitive, low volume separation 

technique should prove useful in detecting biologically relevant concentrations of L-

glutamate.   
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Chapter 2: Multiphoton Excited Serotonin Photochemistry 

 Multiphoton photochemistry of native fluorophores provides a powerful method 

to control and analyze single cells with high resolution in both space and time. Chemical 

reactions on microscopic scales have been used to alter biological environments through 

site specific release of caged molecules such as photobiotin 1,2 and crosslinking of 

solution phase proteins into solid structures 3.   Likewise, photochemical transformations 

have been used to analyze low levels of the neurotransmitter serotonin (5-

hydroxytryptamine, 5-HT), bypassing traditional chemical labeling schemes. Serotonin, 

normally an ultraviolet fluorophore, is modified through multiphoton excitation, resulting 

in the formation of a product that can be excited to emit a visible photon. By collecting 

this emission (λmax ≈ 500 nm) detection limits for serotonin reached levels of ~ 70 

zeptomoles, around 30,000 molecules 4.  Considering a single vesicle released at a 

synapse holds anywhere from 10,000 to 100,000 molecules of serotonin, this 

photochemical process may be relevant for the quantification of secretion at individual 

varicosities and terminals. 

 Many studies in the Shear lab focused on the mechanism through which 

monoamine neurotransmitters and their metabolites create visible emitting species with 

the goal of optimizing this process and applying it to real-time measurement of neuronal 

communication.  While extensive investigation of this reaction has been limited by low 

sample volumes and transient photoproduct lifetimes, headway has been made in 

uncovering the relevant species. New technologies developed in the Shear lab have 

allowed characterization and enhancement of photoproduct generation and should enable 

development of other useful photochemical derivatization schemes 5,6.  
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 In the present work, a series of pump-probe experiments were used to investigate 

possible intermediates involved the transformation of serotonin to visible photoproduct.  

A moderately oxygen sensitive species, distinct from previously proposed intermediates 

and capable of one photon absorption, is characterized with respect to enhancement of 

photoproduct generation.  In addition, the two photon fluorescence action spectrum of the 

transient photoproduct was measured and determined to have a maximum at ~ 780 nm. 

These results, in combination with previous studies, are used to generate a model for the 

photochemical transformation of 5-HT.   Interestingly, a newly discovered intermediate 

may prove to be the triplet state of serotonin 7. This would agree with the observed ability 

of serotonin to catalyze protein crosslinking in the same manner as flavins (see Chapter 

1), as well as, its ability to form high molecular weight aggregates when irradiated in the 

presence of high electric fields used in capillary electrophoresis.  

 

2.1 INTRODUCTION 

As the biosciences focus to ever greater levels of reduction they must confront 

problems in conducting research on minute biochemical environments.  Often this means 

measuring biological molecules at low levels and on sub-second time scales.  For 

instance, a single neurotransmitter loaded vesicle (~ 50 nm diameter) contains only a few 

zeptomoles (~ 10,000 molecules) of any one neurotransmitter and its contents diffuse 

within milliseconds after release into the synaptic cleft (~ 50 nm across).  In addition to 

problems associated with diffusion, many neurotransmitters are poor fluorophores or do 

not contain electroactive moieties, making them difficult to measure in complex chemical 

environments.   
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The ability to quantify neurotransmitters as they diffuse between communicating 

neurons would provide important information about the formation and maintenance of 

neuronal networks. While methods that detect the electrical changes associated with 

synaptic communication provide adequate sensitivity to measure individual vesicle fusion 

events, there is no complementary method for chemical information exchanged between 

cells.  Chemical labeling can provide ultra-sensitive analysis of biomolecules, but 

requires time for reactions to complete and, in many cases, lacks chemical specificity to 

separate multiple neurotransmitters that may be co-packaged in a vesicle 8,9. Multiphoton 

excited fluorescence detection of native molecules, in part, remedies these problems. 

Visible and ultraviolet fluorescence from cofactors and aromatic amino acids has shown 

promise as a means to quantify minute changes in biological environments without 

fluorogenic chemical labeling 10-13.  Further enhancements to sensitivity can be achieved 

through photoconversion of biomolecules, as is the case with the hydroxyindoles, 5HT, 

5-hydroxytryptaphan (5HTryp), and 5-hydroxyindole-3-acetic acid (5HIAA) (figure 2.1).  

Native fluorophores such as these typically suffer from poor fluorescence properties (i.e., 

low quantum yield of fluorescence and molar extinction coefficient, high bleaching rates) 

that, in the case of hydroxyindoles, may be overcome by photoconversion to more 

detectable species.  These molecules, which absorb at various bands in the 200-300 nm 

range, undergo photochemical transformation, producing a highly fluorescent, visible-

emitting species (photoproducts) when exposed to intense light from a pulsed Ti:S laser. 
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Figure 2.1   The structures of various 5-hydroxyindoles used in photochemical studies.  

 

  These photoproducts exist only transiently after being formed by absorption of 

four near infrared (NIR) photons and may be excited by two additional NIR photons, 

producing emission of a visible photon 14.  Using this six photon scheme, experiments 

showed that is was possible to separate and analyze hydroxyindoles in narrow capillary 

channels with mass detection limits as low as 30 zeptomoles (~32,000 molecules) 15.  

While this is in the realm of measuring secretion of single vesicles at synapses, more 

optimization would be needed to use this technique to actually quantify individual release 

events.  Further dissection of the photochemical process revealed three distinct absorption 
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events that lead to visible emission: (1) three photon excitation of serotonin to the S1 

state, (2) one-photon absorption of either excited state serotonin or an intermediate 

species and then (3) two-photon excitation of the transient photoproduct.   

Studies designed to identify the photoproduct and intermediate species found that 

deoxygenation, as well as the presence of cosolutes such as Good’s buffers, have 

profound effects on photoproduct generation efficiency.  The presence of oxygen 

decreases photoproduct formation, drastically reducing visible emission, while Good’s 

buffers (Hepes, Mops) seem to amplify visible emission 4.  Additional studies using a 

high speed electrophoretic system developed in the Shear lab reveal no difference in the 

charge or frictional drag between the photoproduct and its parent hydroxyindole.  These 

separations were performed using electric fields of 103 – 105 V cm-1 over timescales 

ranging from microseconds to milliseconds.  Typical separations in this regime required 

distances of ~ 10 μm to resolve differences between various hydroxyindole 

photoproducts.  Analysis of mixtures of different 5-hydroxyindoles as well as single 

component solutions indicate that the formation of heter/homodimers or extensive ring 

systems does not account for photoproduct identity 6.   

One possibility, as judged from the similarity between photoproduct excitation 

energies and one-photon 5-indoxy-radical spectra, is that fluorescence originates from 

relatively long lived radicals.  The addition of free radical scavengers, such as 

mercaptoethylamine or nitrous oxide (N2O), significantly suppresses visible emission. 

Recent studies by Bisby and coworkers 16 using a 308 nm nanosecond pulsed XeCl laser 

report a photoproduct formed from 5-Tryp with similar emission properties to that of 

photoproducts created with Ti:S lasers.  However, they suggest that the indoxyl radical 

does not play a role in visible emission.  Although they produce a transient visible-

emitting species with a spectra similar to that of the indoxy radical, they demonstrate this 
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emission is not affected by addition of ascorbate, a strong reductant of this radical. 

Importantly, however, Bisby shows the photoproduct is generated through two step 

formation kinetics from the parent hydroxyindole, agreeing, at least superficially, with 

the model presented here. Whether the species created through multiphoton absorption of 

near-IR light is the same as that created with ultraviolet light remains to be seen.  

Finally, it should be noted that while emission from the triplet state of 5HT has 

been ruled our, it may play a role as an intermediate in the photoproduct pathway.  This 

would fit well with 5HT’s ability to photosensitize protein crosslinking, a process in 

which it is theorized that triplet state molecules abstract protons from Tyr, Lys, and Cys 

residues17. In addition, multiphoton excitation of serotonin and the other hydroxyindoles 

has been observed to lead to high molecular weight aggregates similar, under light 

microscopy, to crosslinked protein when exposed to pulsed laser light.  

Multiphoton generated visible emission from hydroxyindoles clearly is created 

through a complex mechanism and further work is needed to answer many questions 

regarding the photoproduct identity and the pathway by which it is created.  The research 

presented here moves towards this goal through a series of pump-probe experiments 

designed to produce and sample transient species in 5HT photochemistry.  These studies 

establish the existence of an intermediate that exists for at least nanoseconds and is 

susceptible to one photon excitation, leading to enhanced visible emission.  Furthermore, 

it is demonstrated that this intermediate is moderately sensitive to oxygen, differentiating 

it from a previously characterized oxygen sensitive species in the pathway. The two 

photon action spectra of the visible emitting photoproduct is obtained and shown to have 

a maximum at ~ 780 nm (3.2 eV). Together these experiments begin to untangle the 

mechanism by which non-linear photochemistry modifies endogenous chromophores. 
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2.2 METHODS 

2.2.1 Chemicals and materials 

Sodium phosphate monohydrate, sodium citrate, sodium bicarbonate, sodium acetate, and 

sodium borate decahydrate were purchased from EM Scientific (Gibbstown, NJ). All 

other chemicals were purchased from Sigma Chemical (St. Louis, MO) and used as 

received. 5HT was purchased as its creatinine sulfate salt and analyzed at moderately low 

concentrations (between 20 and 300 µM) in pH 7 aqueous phosphate buffer. Water used 

to prepare buffers was purified by a Barnstead UV water system (Dubuque, IA), and all 

aqueous solutions were filtered with 0.2-µm pore size cellulose acetate syringe filters 

before use. Deoxygenation was accomplished by bubbling solutions within the sample 

cuvette with argon gas (Praxair, Danbury, CT; >99% purity), with flow rates adjusted so 

that steady-state visible emission generally was reached within 5 min. Signal stability was 

improved by terminating gas flow immediately before fluorescence data were acquired.  

 

2.2.2 Multiphoton-excited fluorescence system 

Coherent Mira 900 femtosecond modelocked titanium:sapphire (Ti:S) oscillators (Santa 

Clara, CA) were pumped by Coherent Verdi 5- or 10-W solid-state frequency-doubled 

Nd:vanadate lasers (532 nm) or an Innova 310 multilane argon ion laser. The detection 

system, which has been described previously 4,15, enabled simultaneous measurement of 

UV and visible fluorescence. In brief, the Ti:S laser beam was directed through the back 

aperture of a high numerical aperture (NA) microscope objective (Zeiss Fluar 100x, 1.3 

NA, oil immersion, Jena, Germany). The objective focused excitation light through a No. 

1.5 coverslip to a submicrometer-diameter focal spot within a solution reservoir. 

Fluorescence was collected by the objective and reflected from the laser beam path using 
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long-pass UV- and visible-reflecting dichroic mirrors. Band-pass filters (UV channel) or 

a colored glass filter and a concentrated CuSO4 liquid filter (visible channel) were used to 

isolate fluorescence in the desired spectral ranges, and each channel was outfitted with a 

bialkali photomultiplier tube (Hamamatsu, HC125-02, Bridgewater, NJ) operated in 

photon-counting mode. Signal was measured using a dual-channel photon counter 

(Stanford Research Systems, model SR400, Palo Alto, CA) for steady-state 

measurements and a zero dead time multichannel scaler (Stanford Research Systems, 

model SR430) for nonsteady-state measurements.  

 

2.2.3 Pump-probe experiments 

Several pump-probe experiments were carried out in which two separate Ti:S focal 

volumes were spatially overlapped. Schematic representations of experimental designs 

used in these studies are shown in Fig 2.2. Fig. 2.2A depicts a configuration used to 

investigate one-photon absorption at a variable delay time relative to a nonlinear-

excitation event. Here, the output from a single Ti:S oscillator was divided at a polarizing 

beamsplitter (PB1), with the more intense portion focused into a single-mode optical fiber 

(0.16 NA, 4.3-µm inner diameter; Thor Labs, model FS-SC-4314, Newton, NJ) using a 

LOMO 0.22-NA microscope objective (Prospect Heights, IL). The relative orientation of 

the fiber and objective was manipulated using a commercially available alignment system 

(New Focus, model 9091, Santa Clara, CA). The length of the optical fiber (10 m) was 

selected such that Mira pulses would be temporally broadened from 150 fs to nearly 

10 ps, thus dramatically reducing the efficiency of nonresonant multiphoton excitation 

and providing a means to study linear spectroscopic properties of reaction intermediates. 

This portion of the Ti:S output is referred to as the long pulse (LP) beam. A quarter-wave 

plate inserted into the beam path before the fiber coupler suppressed back reflections into 
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the Ti:S laser cavity by preventing light from returning through PB1. The less intense 

portion of the beam split at PB1, the short pulse (SP) beam, was not subjected to highly 

dispersive elements and thus retained the capacity to efficiently excite multiphoton 

transitions. LP and SP beams were recombined at beamsplitter PB2 and were directed, 

co-linearly, into the fluorescence detection system described above. The temporal 

relationship between femtosecond and picosecond pulses was measured using a fast 

photodiode and was controlled by varying the relative pathlengths of the LP and SP arms. 

In this instrument, which lacked pulse-picking capabilities, the maximal delay that could 

be achieved between the two pulses was ~ 13 ns (the inverse of the 76-MHz oscillator 

frequency).  

In other experiments, a second Ti:S laser was used instead of splitting a single 

beam (Fig. 2.2 B), which allowed two lasers to be operated at different wavelengths. 

Here, the Ti:S cavity optics in one oscillator could be adjusted so that modelocking was 

not achieved, again dramatically reducing the capacity of this source to excite 

nonresonant multiphoton transitions. The output beams of the two lasers were combined 

at PB. In nonsteady-state bleaching studies, a Pockel's cell (Conoptics, model 350-50, 

Danbury, CT) controlled by a delay generator (Stanford Research Systems, DG 535, 

Sunnyvale, CA) was inserted into the continuous wave (CW) beam path, providing a 

means to test the effects of adding brief periods of CW NIR light to a continuous pulse 

train of modelocked light.  

Alternately, the basic configuration in Fig. 2.2 B could be adapted so that both 

Ti:S lasers were modelocked, with the output of one directed into the Pockel's cell. In this 

way, photoproduct could be generated by one laser using a brief, high-intensity pulse train 

and probed by the second laser at a separate wavelength.  
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In the pump-probe configurations shown in Fig. 2.2, A and B, a requirement 

existed for spatially overlapping two high NA laser foci, a goal that was achieved by 

combining the two laser beams before the microscope objective. Because of the 

exceedingly small excitation volumes for multiphoton excitation (in these studies, 

<1 µm3), procedures for accurately and reproducibly aligning the two beams were 

essential. By positioning a polarizing beam combiner (polarizing beamsplitter PB2) 200 

cm from the sample, a relatively long distance was established in which small differences 

in beam overlap could be identified and eliminated. Alignment irises (pinholes P1 and 

P2) were placed directly after the beam combiner and before the first dichroic mirror; the 

back aperture of the microscope objective served as a third alignment guide. With one 

beam fixed, alignment of the second beam was adjusted with a series of mirrors through 

the three apertures. Once approximate overlap was achieved visually, the two beam foci 

were positioned on the end surface of a fused silica capillary in the solution reservoir, 

producing two reflection spots in a procedure similar to that described previously 15. The 

laser spots then were translated to overlap using a video image to guide mirror 

adjustments, and the capillary was manipulated away from the focal plane before 

measurements were performed. Ultimately, overlap of the two foci was ensured by 

optimizing the superadditive effect on fluorescence signal generated from the two laser 

sources. Using this procedure, amplification of visible signal could be reproduced with a 

relative standard deviation of 10%.  
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Figure 2.2    Experimental diagrams for pump-probe measurements in femtoliter focal 
volumes. (A) Single-laser instrument in which the titanium:sapphire output 
was split into two beams at polarizing beamsplitter PB1: one that retained a 
short pulse width and one that was temporally broadened using a 10 m 
optical fiber. The two beams were recombined at PB2 and aligned using a 
series of apertures (P1 and P2) into a high NA microscope objective (Obj). 
The temporal relationship between the femtosecond and picosecond pulses 
was monitored using a fast photodiode (PD), and laser focal volumes were 
overlapped in solution by imaging reflections off the end face of a cut 
capillary (see text for full procedure). This process was monitored by 
directing the reflected light to a video camera (VC) using a mirror (M), 
which was removed before data was acquired. UV and visible fluorescence 
were reflected from the beam path using UV and visible dichroic mirrors 
(DU and DV, respectively), passed through spectral filters, and detected 
using photon-counting photomultiplier tubes (PT). (B) Configuration for 
two-laser (L1 and L2) experiments. In some studies, a Pockel's cell (PC) 
was inserted into the beam path of a CW laser, providing a means to test 
nonsteady-state bleaching caused by low peak-intensity NIR light. For 
studies in which both lasers were modelocked, the Pockel's cell provided a 
means to briefly generate photoproduct with a high-intensity pulse train, 
which then was probed by a second, lower-intensity laser operating at an 
independent wavelength. 
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2.3 RESULTS 

Studies by other groups have indicated that absorption of additional photons from 

the S1 excited state can constitute major bleaching and photoreaction pathways following 

multiphoton excitation  18,19.  To examine the possibility that S1 serotonin could be the 

species undergoing one photon absorption leading to photoproduct formation, a pump-

probe experiment was performed using the system in figure 2A. Since serotonin has a 

fluorescence lifetime of ~ 3.8 ns 20 a population of exited state molecules would be 

expected to decrease by ~ 95% over 12 ns.  The effect of 1 photon enhancement (1PE) 

should decrease dramatically over this time if the S1 state plays a significant role in the 

photoconversion process.  A modelocked Ti:S beam capable of generating three photon 

excitation of serotonin was overlapped with another Ti:S beam aligned through a fiber 

optic.  By passing through a 10 meter fiber segment the pulse of the second beam was 

broadened to between 5 and 10 picoseconds, greatly decreasing its ability to excite 

nonlinear transitions.  The long pulse beam was timed to follow short pulse generation of 

S1 5-HT by either 1.2 nanoseconds or 12.2 nanoseconds. Enhancement of photoproduct 

generation was measured by collecting visible emission throughout the experiment.  As 

shown in figure 2.3, 1PE amplification is the same (within experimental uncertainty) for 

both delay times, indicating that the species undergoing amplification has a substantially 

longer lifetime than the S1 state of serotonin.  
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Figure 2.3    The effect of one-photon enhancement as a function of time after 
femtosecond pulses.  As a baseline signal, a train of femtosecond pulses 
generates steady state visible emission.  Between the times of 15-30 seconds 
of the data acquisition a temporally broadened pulse (~5-10 ps) followed the 
pulse train at either1.2 ns or 12.2 ns. 

 Using the experimental system shown in figure 2B, the 1PE action spectrum was 

measured using two independent Ti:S lasers, allowing the probe and pump wavelengths 

to be varied with respect to one another (Figure 2.4).  In these experiments, a continuous 

wave (CW) probe laser was overlapped with the multiphoton pump laser to produce a 

more quantitative and reproducible system.  CW powers used for 1PE were confirmed to 

scale linearly and independently of solution temperature, ruling out the possibility of 

enhancements caused by solution heating.  
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Figure 2.4    The relative one photon action cross section for amplification of visible 
emission. Data were acquired using two different pump wavelengths (740 
and 805 nm) to ensure that artifacts associated with laser tuning did not 
skew the measurements.  

Ultraviolet emission from serotonin, however, decreased during application of the 

CW light and is likely a result of photobleaching.  Evidence for this comes from previous 

reports by Webb and coworkers showing that during non-steady state experiments CW 

light suppresses UV emission after primary excitation with a non-linear source 21.  The 

UV emission could then recover to a pre-CW level based on timescales consistent with 

diffusion of serotonin into the bleached focal volume (over hundreds of microseconds) 

after turning off the CW beam.     

1PE action cross sections ranging shown in Figure 4 were obtained by tuning the 

CW Ti:S output from 717 to 873 nm and holding the pulsed Ti:S at a constant 

wavelength.  To eliminate artifacts associated with the spatial overlap of the focal 

volumes caused by adjusting laser optics during tuning, two sets of data were taken using 

different pump wavelengths.  The enhancement to visible emission peaked at the short 

wavelength limit of the Ti:S and increased nearly five fold over the measured range. It is 
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important to note that the 1PE spectrum obtained here is qualitatively and quantitatively 

different from the one-photon bleaching pathway, implying that different processes lead 

to each outcome.   

It has been shown that a highly oxygen sensitive species plays a role in generating 

the visible photoproduct 4. Since deoxygenation results in large enhancements of visible 

photoproduct emission and the photoproduct lifetime is relatively short (~ 0.8 ns), a long 

lived intermediate that is highly sensitive to oxygen has been proposed. Under ambient 

molecular oxygen concentrations, an intermediate that is highly sensitive to oxygen 

would be expected to persist for a minimum of 10-7 s (assuming a quenching constant of 

< 1010 M-1 s-1).  In addition, indirect measurements of the intermediate state lifetime were 

taken by observing CW laser intensity scaling under saturating conditions.  As CW 

intensity increases, the probability of one photon absorption approaches unity and enters 

a regime where signal saturates.  Therefore, the power needed to reach saturation should 

scale inversely with the excited state lifetime as higher intensities would be needed to 

increase the probability a photon will interact with the intermediate. Under these 

circumstances, ambient oxygen resulted in a two fold increase in laser intensity needed to 

reach saturation, indicating that the 1PE amplified species is only moderately oxygen 

sensitive. 

 Lastly, the two photon action spectrum of the transient photoproduct was obtained 

using the experimental set up shown in figure 2B.  In this case both Ti:S lasers were 

mode-locked, with the pulse form L1 generating visible photoproduct and the pulse from 

L2 exciting the visible photoproduct emission.  Using a Pockel’s cell, L1 was switched to 

a high photoreactive power for several milliseconds and then returned to a lower, 

essentially “off” state.  Light from L2 was maintained in an “on” state throughout the 

experiment but at a power incapable of generating photoproduct.  The signal generated 
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from L2 scaled as the square of the laser intensity, ensuring non-linear excitation of the 

photoproduct rather than absorption from other states.  In figure 2.5 the results of varying 

the wavelength of L2 over the range of 725 to 836 nm demonstrate a maximum in the 

two-photon fluorescence excitation spectrum at ~ 775 nm.  

 

 

Figure 2.5    The two-photon action cross section of the visible emitting 5HT 
photoproduct 

 With the results presented here and with previous work from various members of 

the Shear lab, a tentative reaction scheme for the photoconversion of serotonin to a 

visible emitting fluorophore can be proposed. As summarized in Figure 2.6 at least two 

intermediate species of differing oxygen sensitivity lead to photoproduct generation.  

Based on the longevity of the new intermediate and its moderate sensitivity to oxygen it 

can be differentiated from both the S1 excited state of serotonin and the oxygen sensitive 

intermediate species.  In addition, the observed depletion of UV emission from 1PE 

experiments indicates that this state may not be committed to a photoreaction pathway 

and is capable of replenishing ground state serotonin.  Furthermore, it is not clear if one 

photon enhanced photobleaching during the photoconversion process occurs exclusively 
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from this new intermediate, through absorption of additional photons by excited state 

serotonin or through both pathways.   

More extensive studies are required to identify each of the species along the 

reaction pathway. Studies in the Shear lab suggest that radicals play a role in the reaction; 

however, the exact mechanisms are still under investigation. Given the modest oxygen 

sensitivity of the one photon sensitive intermediate and results from previous experiments 

with various cosolutes such as heavy atoms, there is a possibility that the new 

intermediate proposed here is the triplet state (T1) of serotonin.  This would agree with 

the known ability of oxygen to interact with triplet states of indoles and observations of 

photochemical reactions involving proteins and serotonin in the Shear lab. 

 

 

 

Figure 2.6    A tentative pathway for the six photon phototransformation of 5HT, 
illustrating the presence of a newly identified intermediate and multiple 
bleaching pathways.  

2.4 CONCLUSIONS 

Photochemical transformation of serotonin and other molecules may facilitate 

ultrasensitive measurements of biological microenvironments without the need for 

additional chemical reagents.  Work presented here moves towards the goal of 
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delineating the photoproduct process and eventually utilizing it to alter endogenous 

fluorophores with multiphoton excitation in a controlled and sensitive manner.  Even 

without fully delineating the process, some optimization of fluorescent yield was 

possible, allowing preliminary improvements in neurotransmitter detection.  Likewise, 

work presented in following chapters takes advantage of photochemical reactions of 

biomolecules that, while acting through pathways still under study, has produced a set of 

useful techniques for cellular micro-analysis. 
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Chapter 3: In Situ Microfabrication 

Few areas in the biological sciences require greater resolution and precision than 

that needed to study the dynamics of single neurons.  Modern neuroscience relies on 

techniques to probe individual cells or small numbers of cells such as electrophysiology 1, 

multiphoton microscopy 2, and micro-dialysis 3.  While much of our current knowledge 

about the fundamental processes in neurons is a direct result experiments performed with 

these methods, there is still room for further improvement when dealing with questions of 

neuronal motility, morphology and interconnectivity.  Progress in these areas will require 

the ability to not only measure cell function, but to guide and direct cell development, as 

well.   

For instance, surface pattering techniques that present neurons with unique 

chemical or topological environments are widely available but rely on developing the 

substratum before cells are introduced into the system 4-7.  The challenge with such 

systems then becomes one of moving cells to the areas of interest or relying on a 

“shotgun” approach of scanning across many cell fields in search of the correct 

experimental conditions.  Stimuli such as electric fields 8, neurtrophin gradients 9, 

microfluidic isolation 10 and near infrared light (NIR) 11 can provide a real-time 

modification of subcellular environments, but lack the accuracy to direct complex cellular 

interactions.  The ability to control specific cellular interactions such those that govern 

neuronal circuits would prove not only enormously useful to studies of synaptic 

communication but also to developmental neuroscience.  

Multiphoton excitation (MPE) is volume limited technique, restricting a probe 

region to the diffraction limited focus of a pulsed laser (usually on the order of 1 μm3).  

The high spatial resolution of MPE allows localized photochemical reactions, such as the 
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photolysis of caged compounds, to be used in a biological environment without damaging 

other regions in a sample.  In addition, by using photocurable plastic resins, a number of 

researchers in the physical sciences have developed methods to create detailed 

microscopic structures using MPE.  This process of “additive” sculpture develops 

features with resolution on the nanometer scale (~ 120 nm)12 and has been used to build 

everything from microscopic livestock 12 to micromachines 13 on length scales perfectly 

suited for subcellular manipulation.  Recently Campagnola and coworkers developed a 

similar strategy for fabricating microstructures from photosensitized protein solutions 14, 

extending this technique to bioengineering applications in tissue scaffolds.   

Building on these recent developments, the Shear lab designed an on-the-fly 

microfabrication method to modify cellular environments, potentially offering both the 

chemical and spatial sensitivity needed to study individual cells.  This work demonstrates 

the versatility of this minimally invasive technique by constructing crosslinked protein 

scaffolds near, in contact with and within cultured neurons.  In addition, this work 

explores a strategy for creating chemically diverse protein structures by crosslinking the 

biotin binding protein avidin, creating three dimensional structures able to take on a wide 

set of chemical identities.  This method is shown to be a viable strategy for remodeling 

neuritic architectures through mechanical and chemical interactions with protein 

structures. 

 

3.1 INTRODUCTION 

The precise connectivity and structure of neurons are as critical to the function of 

the central nervous system as the complex dynamics of signaling at synapses.  This 

architecture and the underlying developmental program that guides its formation are 

being unraveled by a host of molecular techniques.  However, many approaches for 
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manipulating and studying such processes are primitive or lack spatial/temporal 

flexibility compared to methods such as electrophysiology and high-speed microscopy 

that offer the means to study fast synaptic communication.  Single cell specificity in a 

controlled experimental environment is required to delineate the complex variables that 

govern neuronal differentiation.   

Culture systems that attempt to study the morphology and interconnectivity of 

neurons through directed growth generally fall into two categories: those that introduce 

modifications to a cell’s environment as it grows and those that introduce cells into a 

prefabricated environment.  Prefabricated environments have the advantage of high 

chemical and topological resolution combined with wide architectural variability, 

forming landscapes with a variety of physical and biochemical features 15-17.  Surface 

patterns of extracellular matrix proteins 18, electronic substrates 16, finely etched 

topological substrates 7,19, and relatively complex 3-D structures have been fabricated 

with exquisite precision using methods such as photolithography and PDMS molding 20. 

However these environments are generally static, providing at most limited opportunities 

to respond to changes in the developing cell.   

Attempts to mimic the constantly changing milieu of chemical and mechanical 

signals through real-time techniques such as introduction of neurotrophin gradients from 

pipettes and beads 21,22, application of electric fields 8, microfluidic isolation 10,23 or 

infrared light 11 are capable of presenting a cell with a more dynamic environment.  

While these systems may allow some control of a cell’s chemical surroundings, they lack 

adequate spatial resolution, making them inadequate to address questions concerning 

specific control of neuronal architecture.  Likewise, with light-directed growth real-time 

modification is possible, but the mechanism through which growth cones are redirected is 
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not known and likely to be from anomalous growth processes, complicating the 

interpretation of results.  

Multiphoton excitation shows promise as a tool for manipulating microscopic 

environments through site directed photochemical reactions 24.  In addition to photo-

uncaging of effectors, MPE has been used by several labs to sculpt microstructures from 

photocurable urethane acrylate resins.  The focus of a pulsed laser is often controlled by 

computer guided microscope stages and/or optics to create detailed structures such as 

micro-machines 13 and microsculptures 12.   This process, however, relies on excitation of 

small molecule radical photoinitiators to catalyze the site specific polymerization of the 

plastic monomers.  In addition to their inherent toxicity, both photoinitiator and monomer 

are typically only soluble in organic solvents, prohibiting their in situ use in biological 

studies.   

A variation of this technique for living systems relies on the well known process 

of photochemically induced crosslinks in biopolymers.  Typical protein crosslinking 

occurs with and without photosensitizers in the presence of ultraviolet light and proceeds 

through either a type I (free radical) or type II (singlet oxygen) mechanism 14,25. In this 

process, absorption of light by a photosensitizer catalyzes covalent crosslinking of amino 

acid residues either within a single biopolymer molecule or between molecules in a 

process similar to polymerization 25-27.  This reaction can be limited to a highly localized 

region by driving the formation of protein crosslinks with multiphoton absorption of near 

IR light instead of UV absorption.  This approach has been used to create 3-D structures 

from a variety of proteins ranging from bovine serum albumin to alkaline phosphatase 28.  

In some instances, enzymatic activity may be preserved after crosslinking, producing a 

structure capable of catalyzing localized reactions.  Initial demonstration of this technique 

involved the cytotoxic photosensitizer rose bengal which freely passes through the cell 
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membrane and where it generates damaging levels of singlet oxygen29.  Recently, 

Campagnola and coworkers demonstrated the ability to use this membrane permeability 

to fabricate features within oocytes from endogenous cytosolic proteins; however, both 

short term and long term viability were not assessed 30.  In our hands, rose bengal proved 

toxic to cells at concentrations needed to effectively crosslink proteins and, with this in 

mind, other biologically compatible photosensitizers were tested.  

A system was developed that is capable of presenting a cell with a unique 

chemical and topographical environment through biocompatible multiphoton protein 

patterning.  MPE crosslinking of a variety of proteins near and on cells was performed by 

using low toxicity photosensitizers derived from endogenous fluorophores. Flavin 

adenine dinucleotide (FAD), nicotinamide adenine dinucleotide (NAD) and serotonin 

have been shown to undergo photochemistry that catalyzes the protein crosslinking 

process. While each of these molecules is minimally disruptive to a cell’s function during 

bath application of crosslinking components, FAD proved the most versatile sensitizer 

and is used for the majority of the experiments presented here.  Rose bengal and FAD are 

known to be minimally cytotoxic in darkness, but become phototoxic (i.e., generating 

destructive photochemistry)31 to a wide variety of prokaryotic and eukaryotic cells when 

irradiated32-37. Generally, the biological cofactor based photosensitizers examined in this 

work evoked much less cell death than synthetic dye photosensitizers (i.e., rose bengal, 

methylene blue). This difference reflects the type and efficiency of photochemistry 

catalyzed, with type I photosensitizers (radical producing) proving to be less phototoxic 

than type II photosensitizers (singlet oxygen producing). Overall, this technique is much 

less damaging to cells than photosensitized PDT, because crosslinking chemistry uses 

less toxic biological cofactors as photosensitizers and relies on tightly focused 

near-infrared light to reduce the irradiation dose.   
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The spatial localization of the Ti:S laser offers a unique ability to manipulate 

chemical or topographical micropatterns in response to changes in the cellular 

environment, as well.  Using the three dimensional resolution of MPE, structures 

composed of crosslinked protein can be fabricated in a variety of geometries, including 

the low profile lines shown in Figure 3.1. Based on the use of such structures, the work 

presented here demonstrates the ability to specifically guide and manipulate the growth 

characteristics of a chosen cell.   

 

 

Figure 3.1    An example of a low-profile protein line fabricated in the presence of a 
living NG108-15 cell from BSA sensitized with FAD.  The elapsed time 
from the first image to the last is approximately six seconds.  

Mechanical interactions with presumably inert protein structures are comparable 

to experiments done with finely etched quartz coverslips7, microchannels17 and 

micropatterned surfaces15 in which physical barriers determine cell morphology.  In 

addition to mechanical guidance, the ability to alter the chemical nature of these 

structures is demonstrated.  Avidin, widely used in bio-immobilization schemes, is 

crosslinked into micron defined 3-D geometries to generate structures that can be 

modified with biotin conjugated secondary molecules.  This work demonstrates 

fabrication of specifically labeled structures with bio-active peptides and molecules 

sensitive to changes in pH.  With the wide variety of molecules open to biotin 

modification, applications such as micro-biosensors and neurotrophic scaffolds are 

feasible.  
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3.2 EXPERIMENTAL METHODS 

3.2.1 Cell culture  

NG108-15 cells were cultured in DMEM supplemented with 10% fetal bovine serum 

(FBS), penicillin (100 mg/L) and streptomycin (100 kU/L). Flasks were maintained at 

37 °C in a 10% C02 atmosphere with saturated H2O. For all experiments, cells were 

seeded on poly-L-lysine (0.01%) coated glass coverslips and incubated for 1 – 3 days in a 

low-serum (1% FBS) growth medium. In the periods immediately before and after 

microfabrication, cells were maintained in a pH 7.4 HEPES buffer (NaCl, 140 mM; KCl, 

5.0 mM; MgCl2, 1.0 mM; CaCl2, 1.0 mM; D-glucose, 10 mM; sodium HEPES, 10 mM). 

For the study shown in Figure 1B, this solution was supplemented with 1 mM dibutyryl 

cyclic AMP immediately after the microfabrication process. Rat brain cortical cells 

(embryonic day 18 – 19) were harvested by QBM Cell Science and cultured according to 

standard procedures. Briefly, cryopreserved neurons were transferred to poly-L-lysine or 

uncoated flame-treated coverslips and incubated in neurobasal medium (Invitrogen) with 

L-glutamine, 1 U/ml pen-strep, and 2% B27. Microfabrication experiments were 

performed 1 – 3 days after plating. 

 

3.2.2 Scanning electron microscopy preparation  

Samples were fixed in 4% gluteraldehyde/Hepes (v:v) solution for 30 minutes, 

dehydrated using 10 minute sequential washes (2:1 EtOH:H2O; 100% EtOH; 1:1 

EtOH:HMDS; 100% HMDS; all solutions v:v), allowed to air dry, and sputter-coated 

nominally to 12 nm with Au/Pd.  
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3.2.3 Matrix Fabrication 

Photofabrication of crosslinked BSA (Equitech-Bio) structures was performed in HEPES 

buffer (pH 7.4) containing 1 – 4 mM FAD (Sigma, F-6625) and 50 – 200 mg/ml BSA. 

Cell exposure to this solution was ~1 minute or less, but longer periods do not appear to 

be detrimental to NG108-15 cells or cortical neurons. Protein lines were written on a 

Zeiss Axiovert microscope using a femtosecond titanium:sapphire laser (Coherent Mira); 

typically, the laser was tuned to 790 nm, but in some cases wavelengths as short as 

740 nm were used. The laser output was adjusted to approximately fill the back aperture 

of a high-power objective (Zeiss 100X Fluar, 1.3 N.A., oil immersion). Laser powers 

entering the microscope were 30 – 60 mW, and lines were written by scanning the 

position of the sample using a motorized (XY) stage (scan speed, ~5 µm/s). Avidin 

microstructures were fabricated using procedures similar to those for BSA. Three-

dimensional structures were created by raster scanning the focused laser beam within the 

focal plane using a confocal scanner (BioRad MRC600) then manually altering the 

position of the coverslip relative to the focal point. In some experiments that did not 

involve cells (e.g., Figure 4a), methylene blue (250 µM) was used as a photosensitizer in 

place of FAD. Biotin binding of avidin matrices was assessed by applying fluorescein-

biotin (f-biotin, B1370, Molecular Probes) to structures post-fabrication at a 

concentration of 1.2 µM, with labeled structures subjected to 10 – 15 rinses with HEPES 

(pH 7.4) to eliminate non-specifically bound dye. A laminin A-chain peptide (Cys-Ser-

Arg-Ala-Arg-Lys-Gln-Ala-Ala-Ser-Ile-Lys-Val-Ala-Val-Ser-Ala-Asp-Arg; American 

Peptide Company) was reacted with biotin sulfo-N-hydroxysuccinimide ester containing 

a hexanoic acid spacer (B1022, Sigma-Aldrich) at a 5:4 molar ratio (peptide to biotin 

SSE) for 3 hours (pH 8.3, 25 °C). The labeled peptide was diluted to a final concentration 

of 2.5 µM and incubated for 10 min on avidin microstructures before rinsing. 
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3.3 RESULTS 

For many years it has been well established that absorption of ultraviolet light 

(UV) can form covalent crosslinks between photooxidizable residues in proteins.  

Absorption of high energy photons produces highly reactive species that react with 

neighboring residues, resulting in inter- and intramolecular crosslinking38,39.  This process 

is capable of conjugating large numbers of proteins into aggregates, but high intensities 

are required, causing sample heating and dielectric breakdown, as well.  To generate 

controllable photochemistry a photosensitizer can be added to transform absorbed light 

into chemical reactions. A number of organic photosensitizing agents were examined, 

such as rose bengal, a molecule that generates singlet oxygen when excited and is 

typically used to kill tumor cells in photodynamic therapy 40. As might be expected, these 

agents proved extremely toxic to cells and, while acting as excellent photosensitizers, 

could not be used to develop structures in a cellular environment.  A number of biological 

molecules such as flavins, pyridine nucleotides and certain aromatic amino acids can act 

as minimally toxic photosensitizers.  Due to its relatively large two-photon cross section, 

its low toxicity to cells over short time periods (~tens of minutes), and its availability in 

high purity,  flavin adenine dinucleotide (FAD) was chosen as the standard 

photosensitizer in experiments performed in the presence of living cells.  

Photosensitizer toxicity may come from two sources: damage to the cell surface 

from by-products of photochemistry, or from the inherent chemical toxicity of the 

photosensitizer itself.  To examine the effect of these processes on cell viability,  calcium 

homeostasis was monitored through fluorescent calcium chelating dyes introduced into 

the cytoplasm and imaged during and after photocrosslinking.  Cells were immersed in a 

mixture of protein and sensitizer for no longer than ten minutes, then thoroughly washed 

and returned to buffered salt solutions or culture medium depending on the experiment 
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duration.  Experiments using primary cortical neurons showed no detectable rise in 

intracellular calcium as FAD catalyzed photofabrication moved to within 1.5 μm of a cell 

body or a neurite, indicating that there was no transient damage to the cell integrity from 

the nearby photochemical reaction. In addition, experiments performed on cultured 

neurons and primary cortical cells from minutes to days after photofabrication 

demonstrate that cells are capable of normal growth and depolarization responses.  

Overall these experiments demonstrate that the photofabrication process and exposure to 

the photocrosslinking components can be minimally disruptive to cell viability over 

timescales ranging from under a second to over the course of days.     

The size and aspect ratio of a structure can be tailored to a given application 

through use of variable working distance objectives and careful choice of crosslinking 

conditions.  Figure 3.2 (left) demonstrates a low profile line of crosslinked BSA (~ 250 

nm in height) fabricated in an existing cell field that props a neurite off the surface of a 

glass coverslip.  This type of surface-adherent line may also be used to pin a developing 

cell extensions to the underlying substrate (Figure 3.2, right).   

 

  

Figure 3.2   An example of a BSA structure photofabricated under (left) and over (right) a 
neurite growing from a differentiated NG108-15 cell. 
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When multiple lines are combined by successive passes of the scanning MPE focal 

region an extended structure can be produced.  For instance, figure 3.3 shows a block of 

crosslinked protein created by simultaneously raster scanning a low power beam in the x-

y dimension and stepping it along its z-axis (optical axis) to add height.  This SEM image 

shows the porosity of a protein structure, giving it a large surface area which is utilized in 

Chapter 4 to immobilize high-densities of biotinylated enzymes. 

 

 

Figure 3.3    A protein structure generated by raster scanning the multiphoton laser focus 
through a crosslinking solution.  A closer view of the same structure is 
shown on the right, illustrating the porosity of the protein matrix. 

In addition to surface adherent structures, freestanding loops attached at anchor 

points and extending away from the substrate are shown in Figure 3.4.  These loops were 

fabricated by simultaneously scanning the microscope stage and the adjusting the z-axis 

focus of the laser.  This figure demonstrates the elasticity of such a structure as an optical 

trap pulls or “plucks” the wires like a guitar.  Beyond this simple demonstration, further 

assessment of the tensile properties of protein cables will require force-calibrated optical 

tweezers. Alternatively, cables may be fabricated spanning the distance between an 

atomic force microscope (AFM) cantilever and a substrate, assessing strength in manner 

similar to that used for DNA and protein conformations41,42. Future applications of 
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freestanding structures range from design of 3-D cell environments to microfluidic 

bioreactors. Preliminary results suggest that protein cables such as those in Figure 3.4 are 

capable of tethering microparticles (1-10 μm diameter) within microfluidic chambers and 

retaining them under solution flow.  A microparticle of interest could feasibly be selected 

from a combinatorial library or an effector coated microparticle could be localized near a 

cellular target. The size range and complexity of topologies achievable by this technique 

is limited principally by the working distance of the objective and the ability to control 

the laser focus through the field of view.  

 

   

Figure 3.4    On the left is a DIC image of a series of BSA cables extending from the 
surface of the coverslip into solution.  On the right an optical trap pulls on 
one of the loops demonstrating the ability to fabricate and the manipulate 
protein microstructures with the same laser. Scale bar is 10 microns. 

The ability to fabricate surface immobilized patterns lends itself naturally to 

applications in single neuron manipulation.  With the ability to physically interact with 

neurites extending from cells, it becomes possible to direct growth using defined patterns. 

As techniques matured for creating surface features made from etched glass, PDMS, or 

agarose, it became clear that the ability of a structure to directly influence a cell is related 

to the feature sizes within the pattern, the dimensions and morphology of the cellular 
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appendage, and the cell origin and differentiation stage 7,43.  Lamellapodia, growth cones 

and cell bodies require relatively large obstructions to direct their growth while fillapodia 

and other fine features may be influenced by smaller barriers.  

Interestingly, these issues can be circumvented by restricting movement of 

cellular appendages through fabrication of protein structures in direct contact with the 

plasma membrane.  With low irradiation powers and precise control of the laser focus a 

neurite can be pinned to a substrate, restricting movement for time periods of minutes to 

hours as shown in figure 3.5.  While the captured cell continues to grow under the BSA 

protein structure, cellular regions remain active and independently mobile on either side 

of the barrier. Cell damage from this process did not appear any greater than the 

background damage from photocrosslinking in general.  Factors that play a role in 

viability after fabrication of a structure in direct contact with a cell include (1) the amount 

of time the laser focus spends in/near the cell (scan speed), (2) the presence of 

endogenous chromophores capable of photochemical reaction in the cell region contacted 

by the protein structure and (3) the cell type (hybridomas are generally less sensitive than 

primary cultures). The nature of the interface between the protein structure and the cell 

surface is unknown at this time, but may involve crosslinking of membrane proteins into 

the structure matrix. However, the interaction may be purely mechanical, as cells respond 

in a similar manner to freestanding structures placed onto cellular appendages using 

optical tweezers. In future work, transmission electron microscope (TEM) sections of 

cell/structure interfaces should be able to dissect the nature of the interaction.  
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Figure 3.5    A BSA protein structure fabricated in contact with the plasma membrane of 
a growth cone extending from an NG108-15 cell.  The structure restrains the 
cell over the course of 75 minutes, preventing it from withdrawing or 
changing directions. Scale bar is 2 μm.  

Low profile lines composed of the inert protein BSA can act as mechanical 

barriers that constrain and modify the growth of adherent cells.  In figure 3.6 an obstacle 

is fabricated in the path of an advancing lamellapodia from a cultured NG108-15 cell.  

Within a matter of hours the cell encounters the structure and undergoes an elaborate 

reorganization of its architecture to form an extensive system of self-interactions. Due to 

the erratic nature of processes in neuronally derived cancer cells and non-uniformities in 

the barrier, some of the contacts the cell makes with the structure are ignored while many 

contacts provide anchoring points for cell movement.  In future experiments higher 

profile lines or chemically modified structures should provide appropriate barriers and 

interactions. For instance, in Figure 3.6 cell/structure interactions depend on the height of 

the structure with taller regions (near the top of the frame) restricting cell growth 

substantially better than shallower regions (near the bottom of the frame). The variation 

in structure height in Figure 3.6 is caused by imprecision in the motorized stage used to 

move the sample and the cell culture chamber which was not constructed with the needed 
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submicron tolerances. These limitations can be corrected with a piezoelectric stage (low 

nanometer resolution) and precision machined cell chambers.  

Although the dimensions of the structures are similar to the optical resolution, 

sub-diffraction limited features can be obtained by careful choice of crosslinking 

parameters.  Others have taken advantage of nonlinear optical processes to generate 

structures with ~ 120 nm resolution12,44  using MPE photopolymerization.  By choosing 

an exposure energy at or near the two-photon absorption threshold (defined as the power 

at which polymerization is initiated and propagated), the size of the voxel could be 

precisely controlled.  Protein photocrosslinking may yield to the same treatment and 

allow fabrication of highly resolved uniform structures.  

 

    

Figure 3.6    A protein corral is fabricated from BSA around an advancing NG108-15 
cell; over time portions of the cell are restricted and redirected. Scale bar is 
10 microns.  

A more realistic model system –primary rat cortical cultures– are more responsive 

to the influence of low profile BSA structures in redirecting neurite growth.  As shown in 
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Figure 3.7 a photofabricated line passes over a neurite extending from cell 1 causing 

partial retraction.  Re-extension of the processes from cell 1 and 3 are physically 

restricted by the barrier resulting in a guided contact between cell 1 and 2, while the 

neurite from cell 3 is effectively blocked.  It should be noted that, as with many cell 

contacts in vivo and in situ, even though a contact is formed between two cells, it does 

not ensure a functional synapse will form.  Exploratory interactions by growth cones and 

dendritic spines may form a stable connection or deteriorate and move to other 

locations45.  The contact indicated by the white arrow (right frame, Figure 3.7) forms 

within 30 minutes and remains immobile over the course of the experiment (~100 

minutes).  Over the same time frame another more dynamic connection, indicated by the 

black arrow, moves a few microns along the cell 1 neurite in the direction away from the 

barrier.   

The increased sensitivity of primary neurons versus cultured cancer cells to 

photocrosslinked structures suggests this technique may enable in situ applications such 

as developing more sophisticated circuits as models for neuronal networks. Beyond 

guidance of cellular growth, stimulation and measurement of electrical activity may 

become possible through the use of protein features bound with nanoparticles.  Recent 

work in the Shear lab has shown that structures fabricated from cytochrome C and then 

treated with gold nanoparticles can conduct electricity across gaps on indium-tin-oxide 

coated surfaces46.  This may produce an alternative way to obtain field recordings from 

neurons or to inject current directly into cells using protein structures as “wires”.   
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Figure 3.7    Time sequence demonstrating use of in situ photofabrication to guide neuron 
interaction. (Left) Neurites from three separate rat cortical neurons (labeled 
1–3) before photofabrication. The horizontal and vertical lines (center and 
right) were fabricated 5 min and 42 min, respectively, after acquisition of 
the first image. (center) Filapodia from cell 1 interrogate the vertical line as 
the neurite undergoes reextensio (15 min postfabrication). Within another 12 
min, one of the filapodia had navigated past this barrier, forming a contact 
with cell 2 just beyond the terminus of the line. This contact site, identified 
by an arrow in Right (acquired 61 min postfabrication), persisted for at least 
tens of minutes. (Scale bar: 5 μm.) 

Furthermore, since near-IR Ti:S light can penetrate hundreds of microns into 

turbid biological specimens, in vivo applications in cellular modification may be possible.  

However, obstacles such as photosensitizer penetration into the target region and possible 

side effects from crosslinked protein will need to be overcome before progress can be 

made in this area. Along these lines, crosslinking of intracellular and extracellular 

proteins without photosensitizer is feasible using a frequency-doubled Nd:YAG laser 

(JDS Uniphase, San Jose, CA). As with photocrosslinking using light from a Ti:S laser, 

the pulsed Nd:YAG laser is able to generate protein structures through non-linear 

excitation, but at average powers ~ 100 times lower (~ 100-500 µW). While the 532 nm 

pulses are longer (~ 0.8 ns) and the rep rate is lower (10KHz), the duty cycle (the amount 

of time the laser is “on”) is comparable to the Ti:S (~ 10 µs).  In addition, the Ti:S and 
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the Nd:YAG have similar peak powers when operating at equal average powers (~ 4 kW 

instantaneous at 30 mW average).   

The main difference between these two lasers, besides the wavelength of light, 

appears in the number of times each can cycle a molecule from the ground to excited 

state per unit time.  The low duty cycle of the Nd:YAG allows a molecule to be cycled 

only a few thousand times per second while, depending on the excited state lifetime, a 

Ti:S can drive many more transitions per second.  However, this may not be a concern 

when the molecule is removed from the pool of active fluorophores by photobleaching or 

photochemistry.  Thus, one explanation for the ability of the Nd:YAG laser to crosslink at 

lower powers is that the higher energy photons catalyze UV photochemistry inaccessible 

to Ti:S lasers operating at the average powers used in photocrosslinking (≤ 100 mW). 

This is supported by experiments that indicate protein crosslinking with pulsed 532 nm 

light is concentration dependent and occurs without photosensitizer at high protein 

concentrations (~ 200-300 mg/ml).  

Figure 3.8 demonstrates the ability of this laser to crosslink both non-

photosensitized cytoplasm in cultured NG108-15 cells and extracellular BSA in the 

presence of FAD. Structures fabricated near and in contact with cells did no more harm 

than Ti:S crosslinking, with cells showing a 90% survival rate 90 minutes after 

fabrication.  Furthermore, the laser focus was placed within 1 µm of cell bodies and 

neurites for minutes and no cell reaction was observed, indicating that solution heating 

effects on cells were minimal.   
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Figure 3.8    Extracellular and intracellular crosslinking with a frequency doubled 
Nd:YAG laser. In the top DIC images (a, b, and c), a photofabricated line 
formed without photosensitizer is shown in three consecutive image planes 
at different heights in the sample, confirming that the structure resides 
completely within the cell. The structure is not visible in the uppermost 
plane of the cell (a), becomes most visible in the mid section (b) and begins 
to lose focus in the lowest region (c). The bottom images show BSA 
photocrosslinked with FAD in the presence of cells 30 min (d) and 0 min 
post fabrication (e).  Scale bars are 10 µm.  

Conversely, crosslinking of material inside a cell proved more damaging with 

≥ 95% of treated cells undergoing apoptosis within 30 minutes. The reason for this is 

unknown at present, but further optimization of this technique may allow crosslinking 

within cells to be used routinely. Factors that may play a role in generating cell damage 

include the differential sensitivity of subcellular regions (e.g., nucleic acid damage vs. 

protein damage), laser power and exposure time, and cell type. As a possible system for 

intracellular and extracellular manipulation through protein crosslinking pulsed 532 nm 

light shows great promise. Besides providing an inexpensive and facile laser system for 

crosslinking with photosensitizers, this laser system may one day provide a means to 
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mechanically manipulate intracellular components.  Barriers within cells could be 

fabricated to blockade the movement of vesicles to and from distant cell sites such as the 

developing growth cone or synaptic bouton.  

In addition to mechanical barriers and guidance structures, the ability to create 

chemically distinct structures has been explored through the use of photocrosslinked 

avidin and its analogs.  This protein represents an ideal choice for fabricating 

microstructures with definable chemical identities.  Avidin is a robust protein capable of 

surviving denaturing conditions such as heat, chemical treatment, and, most important for 

this work, multiphoton crosslinking.  It binds biotin with a nearly irreversible dissociation 

constant (Kd ~ 10-15), allowing biotinylated compounds to be immobilized at low 

concentrations to prevent non-specific adsorption.  

Photofabricated structures can be created that contain various amounts of avidin 

cut with an inert “filler” protein such as BSA.  In this way, the amount of a biotinylated 

effector molecule, and thus the activity, can be titrated into a structure depending on the 

amount of avidin present in solution during crosslinking. Multiphoton point 

measurements were used to determine the biotin binding capacity of avidin structures.  

Structures composed entirely of avidin were fabricated to an estimated height of ≥ one 

micron and then labeled with fluorescein-biotin.  The multiphoton focus of a Ti:S laser 

was then placed on the structure and the resulting fluorescence was compared to 

measurements taken in standard solutions of fluorescein-biotin.  Multiple measurements 

were taken to correct for variations in beam overlap with structures; power studies 

confirmed that experiments were performed in a non-bleaching, two-photon regime.  

Although structures undoubtedly have some degree of macroscopic porosity, factors such 

as the degree of crosslinking can hinder diffusion into the structure 47.  For this reason it 
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was assumed that only the surface exposed avidin binding pockets were able to bind 

fluorescein-biotin.  

A structure fabricated from only avidin retains approximately low to mid 

micromolar range biotin binding activity (~ 103 molecules per square micron of surface) 

with some possible loss to inactivation from the photocrosslinking process.  Along these 

lines a simple sensor was developed from protein structures composed of BSA and avidin 

and treated with fluorescein-biotin (f-biotin, Figure 3.9), a pH sensitive dye conjugated to 

biotin (Figure 3.10).   
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Figure 3.9    The structure of 5-((N-(5-(N-(6-(biotinoyl) amino) hexanoyl) amino) pentyl) 
thioureidyl) fluorescein, (fluorescein-biotin).  As the pH is decreased, the 
carboxylic acid group is protonated and able to form a lactone, making the 
molecule essentially non-fluorescent.  

F-biotin is bound to a series of structures containing varying amounts of avidin 

and BSA and as the pH is cycled, the dye responds by changing its fluorescence.   With a 

pKa of 6.5, fluorescein is protonated and exists mostly in a non-fluorescent state at pH 4, 

but at pH 7 the deprotonated fluorescein predominates.  Figure 3.10 also demonstrates 

that proteins are incorporated into crosslinked structures at the same ratios as are present 

in bulk solution, allowing a facile method to control the composition of a given structure. 
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A pH sensor of this size may allow for direct single-cell measurements of metabolism via 

release of acidic metabolic byproducts48, helping not only fundamental studies, but also 

providing an alternate detection mode for cell-based biosensors. Other effectors that 

respond to molecules released into the extracellular environment (e.g., nitric oxide 

synthase, glutamate dehydrogenase), could be immobilized to structures to function as 

biosensors.  This idea and others related to enzymatically active structures is explored 

further in Chapter 4.  

 

 

Figure 3.10  Biotin binding ability of avidin structures.  A series of structures fabricated 
with varying percentages of avidin and treated with f-biotin (left).  
Treatment of same structures with high and low pH buffers alters the 
fluorescence properties of f-biotin. 

In addition to labeling with reporter molecules, avidin structures may also be 

functionalized with a variety of biologically relevant molecules for interaction with cells 

or modification of the cellular environment.  An immediate application would be 

localizing neuotrophic growth factors to protein structures to enhance their neuron 

guidance capabilities.  In an initial study of this idea (figure 3.11) a rat cortical cell was 

plated onto crosslinked avidin lines treated with a biotinylated 19-mer containing the 

IKVAV laminin neurite outgrowth motif.  Recent work has shown that nano-structured 

surfaces decorated with this sequence alone can serve as highly efficient substrates for 
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neuronal growth and development 49.  Along the length of the photofabricated line, the 

direction of growth varies little if at all and even as it crosses the structure remains 

associated.  As the process leaves the guidance of the structure it is once again free to 

move through culture in an undirected manner and forms a multi-branched architecture as 

it searches for new chemical cues in its environment.  With the wide variety of factors 

that may be attached to biotin and the ability to change these variables as a cell grows, we 

believe that these results may soon become applicable to a wide range of research areas.  

 

 

Figure 3.11   Primary rat cortical cell grown on an avidin line treated with the laminin A 
chain peptide. This peptide contains the sequence IKVAV shown to promote 
neurite initiation and outgrowth. Scale bar is 10 μm. 

3.4 CONCLUSION 

The development and initial application of a new method based on multiphoton 

driven protein crosslinking to create chemical and topological microenvironments is 

presented. As a soft patterning technique that can be performed in the presence of living 

cells it will allow access to new areas of research in cell biology.  With the increasing 

prevalence of low priced Ti:S laser systems in neuroscience and imaging labs and the 

emergence of visible nanosecond pulsed lasers, photofabrication will be able to be 

accessible to a number of labs without expertise in spectroscopy.  Although the 

experiments presented here have focused on neuronal development, one can envision 

applications for this technique with a wide variety of cells types under condition ranging 

from cell culture to tissues. 
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In the future the ability to manipulate cell actions at the single cell and subcellular 

level will help drive progress in not only neuronal development and signaling but also in 

more exotic fields such as neurocomputation and neuromedicine.  As this technique 

matures and finds applications in these fields, the possibility to guide larger numbers of 

cells simultaneously and in three dimensions will become a reality.   
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Chapter 4: Active Enzyme Structures 

 Biological environments consist of three dimensional (3D) mechanical and 

chemical signals. Attempts to replicate and control these microenvironments typically 

rely on detailed surface patterning and/or solution phase introduction of effectors. While 

these approaches have enjoyed some success they are often too course to resolve detailed 

functions from single cells or lack the flexibility to adapt experimental conditions to 

changes in cellular behavior. This chapter presents work that builds on experiments from 

Chapter 3 by adding chemical specificity to protein structures and extending the structure 

size range achievable by multiphoton crosslinking. Large aspect ratio structures 

(hundreds of microns in size) and microstructures (microparticles) with diameters of ~ 

1 micron were constructed through a variety of protein crosslinking schemes. Structures 

in each of these size ranges were shown to be capable of catalyzing enzymatic reactions 

involving fluorogenic and native substrates.  These enzyme structures were able to 

catalyze reactions that generated gradients of fluorescent molecules in cell culture 

microchambers. In addition to manipulating extracellular chemical environments, the 

possibility of placing crosslinked protein microparticles composed of active enzymes into 

cells will be presented and elaborated in Chapter 5. The ability to fabricate elaborate 

architectures from enzymes and functionalized proteins may provide a means to alter and 

detect chemicals released from select single cells or populations of cells on-demand.  

 

4.1 INTRODUCTION 

Cells exist in complex 3D microenvironments where subtle chemical changes 

direct processes such as differentiation and polarized cell growth. Diffusible and 

immobilized gradients of bioactive molecules released from neighboring cells or cells at 
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distant locations form developmental cues vital to tissue function and to the fundamental 

architecture of an organism1,2. Moreover, a cell’s response to these evolving biochemical 

surroundings is often governed by heterogeneous intracellular domains that exist only 

transiently in non-membrane bound cytosolic regions 3-5.  

Various strategies have been developed for investigating these processes in 

models culture systems that produce spatio-temporal chemical gradients. In some 

instances, two-dimensional guidance can be achieved through precision surface 

patterning of biomolecules, an approach that has been used to study growth cone 

pathfinding.6-8 Modification of extracellular environments in three dimensions also is 

possible through directed solution delivery (e.g., via micropipettes9 and microfluidics10,11) 

and high-resolution manipulation of chemically defined microspheres.12 While valuable, 

these approaches often provide insufficient precision or flexibility to affect cellular 

features, such as neuronal processes, at multiple sites with the discrimination necessary to 

investigate spatially polarized responses. Efforts to manipulate intracellular chemical 

reactions is largely restricted to introducing material via electroporation,13,14 

photorelease,15 or microinjection,16 where spatial control over effector placement is 

limited by diffusion.   

To address such limitations, a technique based on multiphoton excited (MPE) 

protein crosslinking was developed to fabricate chemically active structures with micron 

three-dimensional resolution in cellular environments.  Until recently, structures sculpted 

from MPE driven photochemistry used organic plastic resins, creating exquisitely 

detailed yet chemically inert artwork17,18 and micromachines.19 As a biomolecular 

alternative, Campagnola and coworkers demonstrated that similar structures could be 

created using two-photon excitation to crosslink proteins such as alkaline phosphatase 

and fibrinogen.20,21 Although these structures were shown to retain some measure of 
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native protein activity, the fabrication solutions contained cytotoxic photosensitizers 

(e.g., rose bengal), limiting possibilities for application to living cellular environments.20 

This work expands on previous reports by developing a non-toxic photofabrication 

method to generate structures comprised of inert and bioactive proteins for topological 

control of neuronal development 22.  

In this chapter, the capabilities of this system for catalyzing biologically relevant 

reactions are demonstrated, providing a means to form chemical gradients in a cultured 

cell environment. In addition, large aspect ratio structures are constructed with micron 

resolution and the possibility of introducing active protein microstructures into living 

cells via laser tweezers is explored. The chemical functionality of enzyme structures 

combined with their resolution and size range makes this a unique tool for probing both 

intracellular and extracellular environments. Beyond basic science that will be enabled by 

this new technology, applications for this method are likely to be found in regenerative 

medicine where precise chemical control of cell proliferation and differentiation is 

required.  

 

4.2 EXPERIMENTAL METHODS 

4.2.1 Matrix Fabrication 
The system used to generate crosslinked protein structures in the presence of cultured 

cells has been described previously.22 Briefly, structures were developed via 

multiphoton-excited photochemistry using the output from a femtosecond 

titanium/sapphire (Ti:S) laser (Coherent Mira, Santa Clara, CA) operating at ~ 750 nm 

aligned into a Zeiss Axiovert (inverted) microscope equipped with difference interference 

contrast imaging (DIC). The beam was adjusted to fill the back aperture of a 40x 
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objective (Olympus UPlanFl, 0.75 NA air) with average powers between 50 – 100 mW, 

producing a nearly diffraction limited focal volume. For experiments coupling 

photocrosslinking and optical tweezers, the Ti:S laser was operated in continuous wave 

mode at powers ranging from 1 – 1.5 Watts and aligned to overfill the back aperture of a 

100x objective (Zeiss Fluar, 1.3 NA, oil immersion).  All matrices except the cables 

shown in Figure 1 were fabricated from solutions containing protein (~ 100-300 mg/ml) 

and flavin adenine dinucleotide (FAD) at 5 mM as a photosensitizer in Hepes buffered 

saline (HBS, 10 mM Hepes, 135 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 

mM d-glucose, pH 7.4). Cables were fabricated using similar protein concentrations, but 

used 1mM methylene blue (MB) as a photosensitizer due to its superior photophysical 

properties.  

4.2.2 Chemicals 

All chemicals were purchased from Sigma-Aldrich (St. Loius, MO), except for bovine 

serum albumin (BSA, Equitech-Bio, Kerrville, TX), biotinylated calf intestinal alkaline 

phosphatase (biotin-AP) (Pierce Biotechnology, Inc. Rockford, IL.), Alexa488-BSA, 1,1'-

dioctadecyl-3,3,3',3'- tetramethylindotricarbocyanine iodide (‘DiR’), and avidin were 

purchased from Molecular Probes, Inc (Eugene, OR). 

 

4.2.3 Biotin-BSA Cables 
Generation of alkaline phosphatase (AP) functionalized cables was accomplished by 

photo-crosslinking biotinylated BSA and treating with avidin (1 mg/ml) then biotin-AP 

(0.1mg/ml) in HBS.  BSA was biotinylated in-house through reaction with excess 

6-((biotinoyl)amino)hexanoic acid, succinimidyl ester (biotin-X, SE) in 100 mM 
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carbonate buffer (pH 9.9 ) followed by dialysis against HBS to remove unreacted 

substrates. After fabrication, cables were functionalized with alkaline phosphatase (AP) 

by treatment with avidin (1.0 mg/mL; 2 minutes) followed by biotin-AP (0.1 mg/mL; 2 

minutes) in HBS. The gap was constructed by gluing two #1 borosilicate 22x22 mm 

coverslips spaced arbitrarily to a 22x60 mm coverslip with silicon RTV.  Structures were 

fabricated by placing the gap face down onto another coverslip to avoid optical 

aberrations caused by focusing through multiple glass surfaces.  

  

4.2.4 Cell Culture 

Neuroblastoma-glioma (NG108-15) cells were purchased from the American Type 

Culture Collection (Manassas, VA) and cultured in DMEM (Mediatech, Inc, Herndon, 

VA) supplemented with 10% FBS, penicillin (100 mg/liter), and streptomycin (100 

kilounits/liter) purchased from Invitrogen (Carlsbad, CA). Flasks were maintained at 

37°C in a 10% CO2 atmosphere with saturated H2O.  For all experiments, cells were 

seeded on 0.01% poly-L-lysine-coated glass coverslips and incubated for 1–3 days in a 

low-serum (1% FBS) growth medium. 

 

4.2.5 PDMS Microchamber Fabrication 

To minimize non-specific adsorption of protein, a cell field was patterned onto a 

coverslip and, after protein structure fabrication, was enclosed in a flow cell.  Patterning 

cells in this manner has been described elsewhere23, but briefly, a stencil with a 1.5mm 

pore was formed from PDMS (10:1, RTV615A silicon rubber compound, RTV615B 

silicon curing agent, GE Silicons, Niskayuna, NY).  This stencil was placed on a 22x22 
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mm # 1 coverslip (Erie Scientific Company, Portsmouth, NH) and cells were seeded into 

the pore at 15,000 cells/ml.  This procedure created a well (~ 1 mm deep) into which 

NG108-15 cells were seeded at ~15,000 cells/mL .For protein structure fabrication, 

media was removed and a blocking solution of BSA (200 mg/ml) in HBS was added and 

incubated for 10 minutes.  After blocking, avidin photosensitized with FAD was added, 

and once the structure was formed, the pore was washed ~ 10X with HBS.  To 

functionalize the avidin structure, the pore was filled with a 0.1 mg/ml solution of biotin-

AP in HBS for 2 minutes and then rinsed several times with HBS.  When the stencil was 

removed a small droplet of HBS was left on the cell field ensuring the cells remained 

covered in buffer.  The channel of the flow cell was aligned over the droplet and the 

entire system was gently compressed in an aluminum clamping block to strengthen the 

seal between the two and the channel was then flooded with HBS. 

The master for the flow cell was prepared by gluing a section (with epoxy) of 

number 1½ coverslip onto the bottom of a 3.5 cm diameter Petri dish.  Sections of Teflon 

tubing (Zeus TFE, ID ~0.35 mm, OD ~0.65mm) were glued onto either end of the 

channel master in order to provide fluid access to the channel.  The petri dish was filled 

with PDMS, degassed and cured at 60 degrees for one hour.  This process resulted in a 

channel ~ 170 microns high and ~ 3.5 mm wide and 20 mm long which was then placed 

over the cell field.   

 

4.2.6 Cell Imaging 

After matrix fabrication, initial inspection of structures, and placement of the flow cell, 

fluorogenic gradients were generated and imaged on a Nikon Eclipse (TE 2000-E) 

microscope using a DAPI filter set to detect enzymatically generated 4-

methylumbelliferone (ex377/em447).   
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4.2.7 Preparation of SEM Specimens 

After fabrication of the protein cables the sample was washed in Tris buffered saline 

(TBS) and then fixed with 10% glutaraldehyde for 3 min.  The fixation solution was 

washed off with TBS (10 min), followed by a rise with TBS:methanol (1:1) (10 min), 

three rinses with 100% ethanol (10 min each) and finally a 100% methanol rinse (10 

min). Structures were sputter-coated to 8 nm with a gold:platimum target before imaging. 

 

4.2.8 Multiphoton NADH Measurements 
The instrument used to obtain measurements for enzymatic NADH production has been 

described in previous reports24. Briefly, the output from a Ti:S (Verdi pumped Mira, 

Coherent, Inc, Santa Clara, CA) operating at 735 nm was attenuated to ~250 mW and 

focused to a nearly diffraction-limited spot using a 100x objective (Zeiss Fluar, 1.3 NA, 

oil immersion) into a chambered coverglass (Nalge Nunc International, Rochester, NY). 

Fluorescence generated in a three-dimensionally resolved volume centered at the focal 

point was collected by the objective and was reflected from the laser axis using a visible 

dichroic mirror. Residual scatter and other background was filtered using a cuvette (4 cm) 

filled with a saturated solution of CuSO4 and four long pass 039FG11-25 filters 

(Andover Corp., Salem, NH), and signal was measured using photomultiplier tubes 

(HC125-02, Hamamatsu, Hamamatsu City, Japan) operated in a photon-counting mode. 

NADH was produced and detected in the tip of square, 50-µm i.d. fused silica capillary 

(Polymicro Tech., Phoenix, AZ).  
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 Capillary tip nanoreactors were prepared by focusing Ti:S light through the 

capillary sidewall (i.e., with the capillary axis perpendicular to laser propagation), 

enabling matrices of glutamate dehydrogenase (GDH, type III: bovine liver) to be 

photocrosslinked onto the surface of the channel wall 5 – 10 µm from the end. Solution 

phase BSA (200 mg/ml) and GDH (10 μg/ml) were sensitized with FAD for structure 

development. After extended washing (typically overnight) with 100 mM borate buffer, 

the capillary was filled with 100 mM phosphate buffer and positioned on the instrument.  

The capillary end containing the crosslinked GDH structure was positioned above the 

objective in solution within the chambered coverglass (aligned coaxially with the laser 

propagation axis), with the other capillary end submersed in a separate buffer reservoir. 

Special care was taken to maintain equal meniscus heights in each reservoir during 

measurements to avoid hydrodynamic flow that would flush products from the 

measurement region. Above the objective, the capillary was aligned so that the laser 

focus was centered in the channel near the plane of the capillary aperture (i.e., within tens 

of microns of the GDH matrix). Reaction substrates (NAD+, 100 µM; glutamate, 

100-300 nM; alanine, 100 µM; glutamic-pyruvic transaminase [GPT], 4 µg/mL, ~40 µM) 

were placed in the chambered coverglass and prevented from entering the capillary 

before desired by raising the opposing buffer reservoir. Five second gravity injections of 

reaction substrates (i.e., introduced from the chambered coverglass reservoir into the 

channel) were performed by manually lowering the opposing reservoir. 
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4.2.9 Preparation of Confocal Specimen 

A particle was crosslinked from a protein mixture of bovine serum albumin (BSA) and 

Alexa488-BSA (at a ratio of 20:1) in the presence of the photosensitizer FAD at 5 mM 

concentration.  After cytosolic placement of the particle, the cells were fixed in 5% 

paraformaldehyde for 30 minutes and treated with the lipophilic dye 1,1'-dioctadecyl-

3,3,3',3'-tetramethylindotricarbocyanine iodide  (“DiR”, ex/em 650/680, Molecular 

Probes, Eugene, OR) to allow visualization of the plasma membrane in relation to the 

particle.  Confocal images of intracellular particles were obtained from a Leica 4D 

(Wetzlar, Germany).   

 

4.2.10 Estimation of Protein Concentrations in Structures 

Campagnola and coworkers have shown that protein concentrations in rose bengal 

sensitized photocrosslinked structures are approximately 8-fold higher than that found in 

free solution before crosslinking21. Our measurements agreed somewhat with their work 

with protein concentrations measured at 5-fold higher in structures than in free solution. 

The discrepancy between these measurements is most likely due to differences in 

irradiation time and photosensitizer identity. We took a ratiometric approach to measure 

the protein content of structures where signal from fluorescently labeled BSA in solution 

was compared with signal from crosslinked fluorescently labeled BSA.  BSA was 

coupled to BodipyTR (ex/em 591/620 nm) through reaction with BodipyTR, STP 

(Molecular Probes, Eugene, OR) followed by dialysis to remove unreacted dye. The 

degree of labeling and precise concentration of solution phase BSA was determined 

through UV-Vis absorption measurements at 590 and 280 nm.  The BodipyTR-BSA was 

then mixed with the photosensitizer FAD (5 mM) and line structures were generated on 

BSA passivated glass coverslips. Data obtained from wide-field fluorescence 
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measurements from these structures were compared to solution phase BodipyTR-BSA. 

Path-length differences between structures and fluorescence solutions were taken into 

account through AFM measurements of the structures and by imaging solution phase 

BodipyTR-BSA in a microchamber of known dimensions (50 μm diameter square 

capillary). 

 

4.3 RESULTS 

Controlled protein photo-crosslinking has been used to generate three dimensional 

features much in the same way that various polymer structures are formed via 

multiphoton excited polymerization 18,22.  While microscopic features sculpted from 

plastic resins may possess a wide range of aspect ratios and can exist in a free standing 

state, attempts to do this with biocompatible materials have been less successful.  Cells 

display differential patterns of development according to the physio-chemical structure of 

their environment and experiments with 3D culture systems demonstrate the effects of 

cell-cell and cell-matrix interactions on stem cell differentiation25,26.  The ability to alter 

the 3D cellular microenvironment through on-demand fabrication would extend the reach 

of traditional tissue engineering methods as well as our understanding of cells in 

biomimetic systems.  

To demonstrate the size capabilities and resolution of multiphoton biofabrication, 

free standing protein “cables” were constructed between two glass surfaces.  Figure 4.1 

shows a high aspect ratio structure extending across a 110 µm gap.   
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Figure 4.1    SEM images of photofabricated BSA cables spanning a 110 μm gap. An 
inset (left) shows a view of four cables bridging the gap with a fifth broken 
most likely during the fixation procedure. Scale bars are 10 μm and 100 μm 
for main image and inset respectively.  A closer view of a cable (right) 
shows a repeating pattern created by jumps in scan speed during 
photocrosslinking. Scale bar is 2 μm. 

The thickness of such cables is largely determined by laser power and the speed at 

which the laser focus moves through the photosensitized protein solution, with higher 

translation speeds and lower powers yielding thinner structures.  At ~ 10 µm/s scan speed 

and 100 mW laser output cable cross-sections were ~ 2-3 μm in diameter on average and 

cross-cross sections below 1 μm could be achieved by reducing the power to <70 mW.   

Figure 4.2 demonstrates the enzymatic activity of a functionalized protein cable 

under a high velocity flow of 4-methylum belliferylphosphate (4-MUP).  This bridge, 

composed of a BSA-biotin conjugate, was decorated with AP-Biotin through an avidin 

sandwich scheme.  In this method BSA-biotin cables were treated with avidin and, due to 

the fact that avidin can bind up to four biotin molecules, binding pockets not participating 

adhesion to the cable were able to bind AP-biotin. As the 4-MUP substrate stream 

overtook the structure, 4-MUP was converted to fluorescent 4-methylumbelliferone (4-

MU) by immobilized AP-Biotin.  Fluorescence from 4-MU was not only generated at the 

functionalized cable, but also at the glass surfaces holding the cable, due to non-specific 
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adsorption of BSA-biotin and AP-biotin. Protein adsorption to glass surfaces is a well 

known problem and much work has been done in this lab and others to overcome this 

issue.  

In the Shear lab, work towards reducing this background while maintaining a 

surface capable of retaining structures focused on pre-treatment of surfaces with various 

passivating agents to block adsorption.  Comparisons of various agents used to block 

surfaces in biological systems (0.01% w/v poly-L-lysine, fibrinogen 2.5 mg/ml, tween-20 

0.03% w/v, BSA 200 mg/ml) were performed through pre-treatment of a glass (coverslip) 

or fused-silica surfaces (capillary) for ~ 10 minutes followed by addition of avidin and 

BSA-biotin.  The timescale of incubation reflected the average time needed to fabricate a 

crosslinked protein structure.  Biotin-fluorescein or avidin-fluorescein were incubated on 

these surfaces and then washed and imaged.  While all the agents reduced non-specific 

adsorption to some extent, tween-20 showed the most marked decrease compared to 

blank solutions (incubation with biotin-fluorescein or avidin-fluorescein alone).  

Specifically, tween-20, poly-L-lysine, fibrinogen, and BSA reduced signal by 80%, 66%, 

33% and 66% respectively. It is interesting to note that while fibrinogen is often used as a 

blocking agent27, it was the least successful of all the compounds tested including the 

other protein, BSA.  Poly-L-lysine contains a net positive charge at neutral pH and is 

often used to cancel the surface charge of glass coverslips for adherent cell culture and, 

thus, is expected to result in some blocking of the surface.  Tween-20 was found to be the 

best passivating agent, however, subsequent tests showed that it interfered with 

generating crosslinked structures on surfaces. Lastly, covalent methods such as 

silanization with aliphatic or long chain fluorinated compounds, may prove more 

effective in blocking non-specific adsorption and this option should be explored in future 

work.  
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Figure 4.2    Functionalized 3D Protein Cables. In this DIC image a high aspect ratio 
structure is fabricated from FAD sensitized BSA across a 380 µm gap 
between two coverslips (A). B depicts a similar cable fabricated from 
Biotin-BSA and suspended across a 180 µm gap. This structure was 
functionalized by treating it first with avidin and then biotinylated alkaline 
phosphatase. A series intensity profiles depict the evolution of the 
fluorescence as a stream of the fluorogenic dye 4-MUP is passed over the 
sample. Background signal from the coverslips forming the gap is the result 
of non-specifically adsorbed protein.  Scale bar: 100 µm.  

In addition to creating structures in the hundreds of microns size range, high 

power optical tweezers were used to develop smaller, portable structures.  In this 

approach, tightly focused CW light (~ 1.5 W, 800 nm) can be used to excite multiphoton 

protein photocrosslinking at a position in solution above the coverslip.  Over the span of 

60 seconds, a microparticle (~1 µm diameter) develops at the focus and remains captured 

though optical trapping forces, providing a convenient means for further manipulation.  

As observed with other MPE sculpting techniques, when using a focused beam with low 

multiphoton efficiency, the resulting microparticle quickly grows to a size and shape 

conforming to the voxel defined by the diffraction limited focus. After this initial stage, 

microparticle formation significantly slows allowing delivery of the microparticle to 

cellular targets without significant change in size28.  This property allows for transport via 
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optical tweezers after initial fabrication without the need to decrease laser intensity to 

prevent further crosslinking.  

Work with this technique focused on optimizing the ability to form and deliver 

these microparticles to target cells in real-time.  After fabrication in cell culture a 

crosslinked protein particle may be moved to a target cell, and then translated through the 

plasma membrane into the cell cytosol (figure 4.3A and B).  Movement of the particle 

through the membrane was facilitated by the high power of the tweezers and exposure of 

the cells to hypotonic media, swelling and softening the cell.  After placement the cell 

was incubated for 15 minutes before being dehydrated and fixed in preparation for 

imaging. Over this time scale the microstructure remained intact as judged by visual 

inspection, agreeing with observations that crosslinked protein structures remain 

structurally sound over similar time scales in extracellular environments.  However, 

further experiments are necessary to ensure intracellular mechanisms, such as 

endogenous proteases, do not cause gradual dissolution of the particle, negating its 

localized effect.   It should be noted that the plasma membrane, stained with a lipophillic 

dye (DiR) for contrast, remains intact in the region near the particle, indicating minimal 

damage. The confocal slices of a cell in figure 4.3B demonstrates the presence of a 

crosslinked BSA microparticle manipulated into the cytosol of a cultured neuroblastoma-

glioma cell using this procedure. 

 

 



 92

B

63

68

73

78

83

88

93

0 10 20 30 40 50

Position Along Channel (Microns)C

A

Particle
Wall

Wall

 

Figure 4.3     Protein Microstructures.  A protein microstructure formed in an optical trap 
via multiphoton excitation is moved through the plasma membrane and into 
the cytosol of an NG108-15 cell (A).  In (B) a series of z-axis confocal 
slices show a crosslinked Alexas488-BSA placed under the membrane of an 
NG108-15 cell.  Successive panels show lower slices of the cell, 
demonstrating the particle is completely within the boundaries of the plasma 
membrane. A microstructure adhered to the inner wall (inset C, DIC, 
fluorescence, surface plot) of a fused silica capillary catalyzes a fluorogenic 
reaction. All scale bars are 10 µm. 
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The ability to create and manipulate microparticles of this sort has potentially 

widespread cellular applications, ranging from mediation of polarized intracellular 

responses to high-resolution stimulation of membrane bound receptors. Toward such 

goals experiments were performed to demonstrate the ability to catalyze chemical 

reactions using enzymatically active microparticles as catalytic point sources.  As shown 

in Figure 4.4C, a microparticle composed of avidin was fabricated inside a 50 µm square 

fused silica partially filled with photosensitized protein solution by focusing the high-

power optical trap through the capillary wall.  Once fabricated, the avidin microstructure 

was moved with optical tweezers to a region of the capillary unexposed to the 

photosensitized protein solution and adhered to the inner surface of the channel where it 

remained for the duration of the experiment.   

Crosslinked avidin retains significant biotin-binding capacity, providing a direct 

means for immobilizing a diverse range of biologically active or analytically useful 

compounds, including enzymes, antibodies, dyes, and reporter molecules.  Here, the 

microparticle was decorated with AP-biotin; 4-MUP then was introduced into the 

capillary and fluorescence from enzymatically generated 4-MU was collected.  The inset 

of figure of figure 4.4C shows a DIC image of the microparticle and a fluorescence image 

during flow of fluorogenic dye though the channel.  A linescan through the channel 

demonstrates the fluorescence from 4-MU generated specifically at the microparticle, as 

well as, some background signal from non-specific protein adsorption to the capillary 

walls.  A dip seen in the middle of the particle fluorescence linescan (denoted with an 

asterisk) is a shadow, most likely resulting from a combination of imaging the structure 

from underneath using an inverted microscope and limited diffusion of substrate into the 

interior of the microparticle.  
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The ability to selectively expose a cell or a small population of cells in a cultured 

environment to a specific chemical has proven difficult due to limitations in patterning 

microenvironments with appropriate effectors.  Figure 3 demonstrates introduction of a 

real-time gradient of fluorescent molecules (4-MU) through localization to crosslinked 

avidin structures. A structure composed of avidin was fabricated in a field of NG108-15 

cells and decorated by treatment with a low concentration of biotin-AP.  The structure 

and the cell field then were enclosed in a PDMS microchannel (cross sectional area, ~ 

0.59 mm2) and a stream of 4-MUP introduced in a steady flow using a syringe pump at a 

rate of 0.5 ml/min (~ 2 cm/sec).  As shown in Figure 3C, 4-MUP was converted to 4-MU 

principally at the structure, creating a plume of fluorescence detectable for hundreds of 

microns using widefield fluorescence illumination as the flow transported the fluorescent 

product.  

 

 

Figure 4.4    Site-specific Cell Doping.  The image on the left shows a field of NG108-15 
cells.  The middle image shows the cell field after the photofabrication of an 
avidin structure and its functionalization with biotin-alkaline phosphatase.  
The fluorescence image on the right shows a plume of the fluorogenic 
product of 4-MUP hydrolysis emanating from the structure and dosing 
downstream cells.  The plume was generated by enclosing the structure and 
cell field in a PDMS flow chamber and syringe pumping with a 4-MUP 
solution.  Scale bars: 20 µm. 
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In an attempt to better characterize the dimensions and effective area of these 

plumes, multiphoton fluorescence point measurements were taken downstream and 

upstream of the structure at varying heights.  Under the flow conditions used in these 

experiments, plumes remained at ~ 90 % of their initial concentration (32 µM ± 7 µm) up 

to 90 µm downstream from the structure, while fluorescence upstream was ten fold 

lower.  Similarly, at a height of 10 µm above the surface the concentration of the plume 

decreased approximately ten fold, indicating that most of the 4-MU stayed close to the 

coverslip surface over the 90 µm region. The selective treatment of specific zones in a 

cell field should also be possible as the lateral concentration falls off dramatically (to 

background levels) within 10 microns of the edge of the structure (note the increased 

fluorescence from the cell directly in front of the structure).   

In addition to fabricating enzymatically active structures from avidin and biotin-

conjugated proteins, direct crosslinking can be used to precisely pattern enzymes29.  Here 

glutamate dehydrogenase (GDH) was used, an enzyme important for recycling the main 

excitatory neurotransmitter, glutamate, during neurotransmission, to create a localized 

on-column reactor. GDH catalyzes the oxidation of glutamate to α-ketoglutarate with the 

corresponding reduction of non-fluorescent NAD+ to NADH, a weakly fluorescent 

molecule.  The equilibrium constant for this reaction is unfavorable (~ 10-15)30, so a 

second enzyme, glutamic pyruvic transaminase (GPT), was included in solution to 

recycle the glutamate.  Dual-enzyme schemes such as this have been used to increase the 

production of NADH in capillary electrophoresis assays 31 and in immobilized enzyme 

sensors 32 (Figure 4B).  
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Figure 4.5    On-Column GDH Reaction. Glutamate dehydrogenase is photocrosslinked at 
the outlet of a fused silica capillary. A closer view (inset) shows a portion of 
such a structure consisting of a series of fabricated enzyme lines across the 
inner channel surface.  (B) To overcome low signal resulting from the poor 
quantum yield of NADH and the unfavorable equilibrium constant of GDH, 
an enzymatic cycling reaction was used, regenerating substrate and 
producing multiple NADH molecules for every glutamate.  (C) Preliminary 
determination of the Km for the coupled GDH/GPT reaction yielded a value 
of ~ 7 µM.  Scale bar 150 µm.  Scale bar inset 20 µm. 

The crosslinked enzyme matrix was fabricated near the outlet of a square fused 

silica capillary (50 μm i.d.) and washed overnight with 100 mM borate (pH 9.5) to 

remove nonspecifically adsorbed enzyme (Figure 4A).  The enzyme structure spanned the 

capillary wall and extended ~3 millimeters along the capillary axis.  Structures fabricated 

in this manner were found to posses ~5x higher protein concentration that the solution 
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phase protein and GDH concentration in the structure is estimated to be ~50 μg/ml (900 

μM). 

Typically, a structure was fabricated within a few centimeters of the capillary 

outlet then cut to the appropriate location. After resizing, the capillary then was 

positioned on an inverted microscope and a reaction mixture containing NAD+, GPT, 

glutamate and alanine was introduced via gravity injection. Injections were timed and 

calibrated to ensure that the reaction substrate plug completely covered the structure.  

Reaction progress was monitored through continuous measurement using a Ti:S laser 

focused above the enzyme matrix to excite fluorescence from NADH diffusing from the 

structure into solution.  For glutamate concentrations of 100 and 300 nM, NADH was 

produced at rates of 1.5 and 2.2 nM/s generating low micromolar concentrations of 

products around the structure. The apparent Km value for the reaction (~ 140 nM) was 

within approximate agreement with that found with free solution enzymes (~ 300 nM), 

possibly due to some inactivation of the enzyme from the crosslinking process (Figure 

4C).   

To the best of our knowledge, this on-column reactor represents the first 

demonstration of a multiphoton-crosslinked enzyme structure catalyzing a reaction 

involving native substrates and suggests the possibility of further developing biosensors 

for endogenous cellular products. For instance, a structure composed of GDH could be 

coupled with the enzyme cycling scheme used in this study to either detect glutamate 

release from individual cells or to selectively deplete glutamate cell regions.  This type of 

sensor scheme would entail detailed fabrication of structures around glutamate release 

site such as at a chemical synapse – a capability theoretically possible, but currently 

beyond the resolution of the instrument used in these studies.  Since protein structures 

can provide an effective barrier to diffusion21 coupled with enzymatic activity, they may 
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prove to be a unique tool for microenvironment measurement where sensitivity is often 

loss due to rapid analyte dilution. 

 

4.4 CONCLUSION 

Fabrication of chemically distinct protein structures provides a unique tool to 

tailor microenvironments for biological and microanalysis applications33. The aspect ratio 

and chemical flexibility of this technique provides access to a variety of cell functions 

ranging from single-cell biochemistry and development to perturbation larger cell 

populations. Furthermore, biocompatible enzyme based sensors may be fabricated in such 

a manner as to restrict diffusion of analytes  away from their cellular release sites, 

increasing the ability to sample biological microenvironments. Recent innovations in 

microfluidics promise to revolutionize the biosciences by providing new approaches to 

diagnostics34,35, enzymatic assays36 and cell biology10,11.  On-demand microfabrication 

complements and adds versatility to this technology by providing a means to alter the 

chemical and mechanical environment after fabrication of the initial fluidic architecture. 
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Chapter 5: Intracellular Biochemical Perturbation via Effector 
Immobilized Microspheres 

Recent advances in imaging and molecular biology have given researchers the 

ability to resolve subcellular biochemistry, dramatically changing how we understand 

cellular functions.  It is now recognized that distinct, non-membrane bound domains exist 

within the cytoplasm that govern some of the most fundamental cell processes such as 

signaling and directed growth.  Detailed study of how these regions are formed and 

regulated would be aided by techniques that would allow local modification of cytosolic 

chemistry in single living cells, a capability not provided by current methods.  For 

example, two-photon photolytic "uncaging" of effector molecules offers a high degree of 

initial spatial resolution (with products created in volumes as small as ~1 μm3); however, 

diffusion rapidly delocalizes uncaged compounds, limiting the utility of this approach to 

processes that occur on millisecond timescales.  To address such limitations, I have 

developed a strategy for sustained manipulation of biological chemistry at precise 

subcellular domains.  While this method is generally applicable to a variety of animal cell 

systems, neurons were chosen as the primary focus because they contain morphologically 

distinct subcellular regions devoted to specialized biological functions, providing perfect 

targets for perturbation. For instance, a neuron projecting a growth cone during formation 

of a synapse may interpret and integrate numerous external signals that guide it to a 

specific area of the nervous system.  After the target cell has been reached and a synapse 

formed, these cells participate in a variety of complex signaling patterns that determine 

information flow in the developing neuronal circuit.  Each of these steps requires 

interpretation of extracellular signals by a spatially distinct set of interleaved signal 
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transduction cascades, presenting a ready target for sustained site-directed chemical 

modification.  

For model systems the Shear lab uses a signaling competent cultured neuronal cell 

line (NG108-15, formed from the fusion of a rat neuroblastoma and a murine glioma), as 

well as primary cortical neurons harvested from 5 day post natal rat pups by my 

collaborators in Dr. Richard Morrisett’s lab. In the work presented here microparticles 

decorated with effector molecules were introduced into cells at precise cytoplasmic 

coordinates to locally perturb cytosolic chemistry.  Using high-power laser tweezers, a 

particle can be introduced, positioned, and withdrawn from a cell (e.g, terminating the 

effector action), to alter enzyme-mediated reactions in selected subcellular domains.   

In addition, this chapter further explores ideas presented in Chapter 4 by testing 

the ability of crosslinked enzyme microstructures to retain activity within a cytosolic 

environment.  The photon flux intensities present in the optical trap allow for the 

simultaneous protein crosslinking and trapping of the resulting particles. These enzyme 

packets reflect the size and shape of the diffraction limited focal volume, allowing them 

then to be translated through the plasma membrane into the cytosol of NG108-15 cells.  

Preliminary evidence suggests that microstructures fabricated from protelytic enzymes 

posses the ability to cause wide-scale cytoskeletal rearrangements in defined cellular 

regions through the localized proteolytic degradation of cell components.  

Much of the work presented here seeks to modulate signal transduction cascades 

by artificially introducing key players into signaling pathways.  Protein kinase A (PKA), 

along with a host of other molecules, regulates processes such as neurite outgrowth 

during neuronal differentiation and membrane potential 1,2.  Complex processes such as 

these require the coordinated action of a number of signaling pathways to interpret 

extracellular and intracellular cues.  By localizing enzymes to specific cell regions this 
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work seeks to tip the balance between kinase and phosphatase actions and create an 

asymmetrical intracellular signaling environment that favors PKA governed actions.    

 

5.1 INTRODUCTION 

Most cells reside in a heterogeneous environment and encounter a variety of often 

transient stimuli occurring over length scales measured in the millionths of meters.    A 

cell interprets these signals and navigates its environment by using a complex network of 

interleaved and spatially isolated signaling cascades. Mapping these cascades and their 

cause-effect relationships to cellular actions is the main focus of cell biology. Since the 

molecules involved in cell signaling represent only a small fraction of the total cell 

volume (itself usually on the order of only a few picoliters) experiments often use 

aggregate biochemical methods to isolate and amplify signals. While large scale 

measurements provide data of the average state of such systems, information about 

localized in situ or in vivo phenomena is lost unless spatial and temporal organization can 

be taken into account. 

Currently, there are a number of techniques for analysis and perturbation of 

biological microenvironments aimed at examining single cell and subcellular dynamics.    

Electrophysiology is a traditional workhorse of cellular neuroscience and one of the most 

robust technologies for analyzing and perturbing single cells in situ and in vivo 3,4.  While 

it is exquisitely sensitive to the electrical state of the cell and can probe membrane 

associated molecules, it provides little information about the chemical mediators of this 

state (i.e., intracellular regulatory molecules). Related techniques such as microinjection 

and micro-electroporation 5-7 provide single cell specificity, but effector diffusion 

throughout the cell limits their ability to probe specific regions of the heterogeneous 

intracellular environment for sustained time periods.  
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At the level of external subcellular analysis and control, partial cell treatment in 

microfluidic devices via converging laminar flows has emerged as a promising tool8.  

With this technique, a cell field cultured in a microfluidic chamber (typically PDMS with 

interior dimensions of < 500 microns) is treated with chemicals originating from two 

different reservoirs.  The low Reynolds number of the laminar streams in these devices 

ensures that the streams mix at a rate based on diffusion with minimal turbulence.  Cells 

at the interface of these two streams can be partially treated by chemicals in each flow; 

however, this has limited spatial resolution and lacks flexibility in choosing specific cells 

for study.  A given cell or cell region must occupy a narrow area within the channel 

where the two effector streams converge for the technique to work 8-10.  

High resolution subcellular techniques with the added spatial flexibility have been 

developed based on laser ablation as well as magnetic and optical tweezers11-14. Laser 

ablation studies have been utilized to sample whole cells and subcellular appendages.  A 

sampling capillary is positioned over a cell or cell region of choice and a laser pulse 

causes dielectric breakdown at the sample/substrate interface, ejecting the cellular 

contents into the capillary.  The quick dilution of cellular material stops halts endogenous 

reactions and, when coupled with fluorescent reporters can yield information about 

intracellular signaling pathways (i.e., kinase cascades)11.  While this technique provides a 

detailed “snapshot” of reactions at specific coordinates it cannot modify those reactions 

over time or sample multiple times from the same region. As high spatial resolution 

techniques with increased temporal flexibility, optical and magnetic tweezers are able to 

precisely position effector coated microparticles near or on the cell surface to directly 

provoke reactions in real-time.  For instance, magnetic tweezers have been used to 

focally stimulate cells through membrane bound receptors by moving integrand 

conjugated paramagnetic microparticles to the cell surface.  The particles are then moved 
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or twisted through the use of high power magnetic fields to evoke a response based on 

mechanical signaling13. While this approach shows promise and utilizes effectors capable 

of subcellular resolution (particle sizes ~ 1 micron diameter), it are incapable of directly 

probing and manipulating intracellular chemistry. 

Optical methods such as fluorescent imaging can provide detailed subcellular 

information when combined with specific reporters. Most notable are the advances made 

by Rodger Stein and coworkers in the field of fluorescent proteins (FP)15. These 

engineered proteins possess a wide range of spectral properties, can be genetically 

encoded and may function as probes for specific features and signaling molecules.  This 

approach and others that use small molecule based fluorescent reporters have proven 

exceedingly successful, yet they lack the ability to modify the subcellular environment in 

a cell specific manner on-demand.  To move beyond observation of cellular action and 

into a manipulation and control regime, optical techniques such as photo-uncaging have 

been developed. Photo-caged molecules are modified with moieties to restrict their 

intended biological function until the modification is removed through specific 

photochemistry. The preferred method to photo-uncage molecules in a cellular 

environment (whether inside or outside a cell) is by MPE, thereby minimizing the 

irradiation dose to the sample and spatially restricting the amount of released effector. 

Experiments with photocaged compounds such as calcium ions, protein kinases and 

neurotransmitters provide high spatial resolution over short timescales (i.e., 

milliseconds)16-20. However, many attempts to chemically modify subcellular chemistry 

through photo-uncaging fall short due to rapid diffusion of effectors within the cell to 

sub-threshold levels.  While the spatial resolution is high, this approach is inappropriate 

for experiments that require sustained application of effector, as concentrations rapidly 

fall below physiologically relevant ranges after photolysis20. In addition, repeated 
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uncaging can accumulate toxic by-products that limit the amount of effector that can be 

generated without poisoning the sample.  

To circumvent diffusion in the cell cytosol, researchers have used polymer based 

microstructures as solid supports for reporter molecules sensitive to changes in the 

intracellular environment.  This enables a given molecule to interact with cellular 

components in the region around a structure for prolonged periods of time.  

Microstructures such as Probes Encapsulated By Biologically Localized Embedding  

(PEBBLES) or crystallized enzymes are introduced into the cell cytosol through 

microinjection or endocytic pathways21-23, where they then are free to move throughout 

the cell. These systems can provide chemical information as long as the probes happen to 

move to an area of interest. In cases where it is desirable to manipulate extracellular 

environments or surface receptors, particles have been delivered either through optical 

trapping or micropositioning controllers such as those found in microinjection, or 

magnetic tweezers 13,24,25.  Thus, intracellular microparticle techniques typically lack the 

ability to specifically probe and control a region on-demand. 

In response to these shortcomings, I developed a novel system for perturbing 

intracellular chemistry that possesses spatial resolution comparable to photo-uncaging 

and optical tweezers combined with limited the diffusion of microstructures.  Polymeric 

particles covalently decorated with effector molecules (i.e., enzymes) are introduced into 

a cell environment where they are trapped by a high power optical tweezers.  Once 

trapped, the particles are then delivered to a chosen cell and translated through the plasma 

membrane into a specific cytoplasmic region (Figure 5.1).  After positioning the particle, 

effectors catalyze reactions with endogenous substrates only at the particle, providing 

spatial resolution defined by the size of the particle and bypassing problems associated 

with diffusion.  
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In contrast to photo-caging a compound, which involves developing a protocol 

specific for a chosen molecule, many generic bio-conjugation chemistries are available 

and applicable to a wide range of proteins.  For instance, methods employed in this work 

exploit surface exposed amine residues on proteins to couple to either carboxylic acid-

functionalized or streptavidin coated microparticles.  The polymeric microparticles 

(polystyrene or polymethylmethacrylate) are transparent and serve as excellent targets for 

optical tweezers, so they can be captured quickly and efficiently, allowing for treatment 

of multiple cells or cell regions in a timely fashion. 

 

      

Figure 5.1    A generalized schematic of a trapped particle in a cell.  Once delivered to the 
cytosol, the enzymes immobilized on the surface of the particle or within the 
particle matrix are free to interact with endogenous cell substrates.  

Besides particle selection, there are many challenges in using optical tweezers to 

puncture an intact cell with a solid object without causing significant trauma.  High laser 

intensities needed to form a trap possessing enough force to overcome resistance from the 

plasma membrane and cytoskeleton (low nN) risk damaging the cell through heating and 

photochemistry. A particle much larger than the pore size of the cytoskeleton may also 

irreparably disrupt cell function when forced through the cytoplasm. Once in the 

cytoplasm an effector immobilized particle may not be capable of catalyzing reactions 
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with endogenous substrates.  Effectors on the microparticle might become damaged as it 

is trapped and moved through the plasma membrane, or could become inactivated by 

intracellular factors such as endogenous proteases.  

Successfully addressing these issues allows direct local perturbation of 

intracellular signaling and modification of endogenous chemistry. In a sense, 

immobilized enzyme particles mimic the endogenous scaffold proteins that localize 

signaling pathway components to each other and to subcellular regions.  For instance, the 

molecule of focus in much of the work here, PKA, is known to exert localized effects 

through tethering to proteins known as AKAPs (A-kinase anchoring proteins) 26-28.  After 

activation by binding cyclic-adenosine monophosphate (cAMP) and dissociation from the 

regulatory units, the catalytic subunit interacts with a wide range of downstream targets 4. 

PKA plays a role in a number of processes including cell cycle regulation, intracellular 

transport, ion channel conductivity, and cytoskeletal dynamics related to differentiation 

and proliferation 1,26,28,29. The range of diverse effects mediated by a single molecule such 

as PKA are directed in part by spatial localization of PKA through attachment to AKAPs 
27.  Presently, most studies indicate that neuritogenesis, a critical step in neuronal 

differentiation, is regulated by local PKA activity 30,31.  Neuritogenesis occurs through 

both reorganization of the cytoskeleton and altered transport of vesicles from the trans-

golgi network to the site of initiation.  Through phosphorylation of targets such as 

microtubule associated protein 2 (MAP2) and synapsins, PKA has been shown to 

participate in initiating outgrowth in specific cell regions 2.  The upstream activator of 

PKA, cAMP, is important for signaling in this pathway, as treatment of neurons and 

cultured neuroblastoma cells with membrane permeable cAMP analogs produces the 

structural and functional changes associated with differentiation 32,33.  



 110

The possibility that cAMP may be activating a signaling cascade other than the 

PKA pathway, however, cannot be ruled out.  Recent studies suggest that cAMP may act 

through pathways that involve mitogen activated protein kinase (MAPK) and/or cAMP 

response element response binding protein (CREB) 30,34. Results in such experiments may 

be dependent on the type of cell and its developmental stage, as experiments in primary 

cells point to a PKA dependent mechanism and experiments in cultured cell lines point to 

a mechanism involving other pathways (i.e., MAPK).  Lastly, there is the possibility that 

PKA does not act alone, but is one of many signaling molecules activated by cAMP  

needed to drive neuritogenesis 35.   

We have undertaken studies to develop a technique uniquely capable of probing 

complex signal transduction pathways such as this system, offering new opportunities to 

elucidate mechanisms underlying neurite outgrowth and other developmental processes.  

Not only would the ability to affect site specific neurite outgrowth based on PKA 

signaling aid in answering questions concerning its role in neuronal development, but it 

would also find applications in other areas of basic and applied neuroscience research.  

Localization of PKA activity is critical to producing spatially regulated signals with little 

crosstalk to other signal transduction cascades.   

Other cellular enzymes also require tight spatial and temporal control to generate 

appropriate responses and reduce unwanted side effects.  Recently, calcium dependent 

proteases, like calpain, have been shown to play a role in cytoskeletal rearrangements 

during neuronal differentiation and regeneration after injury 36-38.  Cytoskeletal 

components necessary for remodeling transected axons and driving neurite initiation such 

as spectrin 39, microtubule associated proteins 40 and neurofilaments 41 have been shown 

to be substrates for calpain.  The role of proteolytic activity in causing cytoskeletal 

changes is illustrated by experiments by Spira and coworkers42.  Localized introduction 
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of trypsin to axonal segments via microinjection induces effects similar to early stage 

differentiation, i.e. filapodia formation.  In a continuation of work presented in Chapter 4, 

we demonstrate the ability to modify neuronal architecture through placement of particles 

composed of crosslinked trypsin in cell bodies and neurites. While this is a somewhat 

coarse method to effect neuronal change, it serves as a definable, high-signal approach 

with established outcomes.   

As an alternative to micromanipulation and genetic techniques, optical placement 

of non-diffusible effectors provides access to new biological areas of study.  When 

combined with sensitive methods for detecting changes in cell state such as multiphoton 

microscopy, it will provide an unprecedented means of interacting with microscopic 

systems.  

 

5.2 METHODS 

5.2.1 Cell culture  

NG108-15 cells were cultured in DMEM supplemented with 10% fetal bovine serum 

(FBS), penicillin (100 mg/L) and streptomycin (100 kU/L). Flasks were maintained at 

37 °C in a 10% CO2 atmosphere with saturated H2O. For all experiments, cells were 

seeded on poly-L-lysine (0.01% w/v) coated glass coverslips and incubated for 1 – 3 days 

in a low-serum (1% FBS v/v) growth medium.  In the periods immediately before and 

after particle placement, cells were maintained in a pH 7.4 Hepes buffered saline (HBS, 

NaCl, 140 mM; KCl, 5.0 mM; MgCl2, 1.0 mM; CaCl2, 1.0 mM; D-glucose, 10 mM; 

sodium HEPES, 10 mM).  Cell conditions were maintained at 37 °C on a heated stage by 

placing cell coverslips in an in-house designed and fabricated culture chamber. Primary 

cells were the generous gift of Dr. Richard Morrissett (College of Pharmacy, University 
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of Texas at Austin).  Three to five day post natal rat pups were sacrificed and primary 

cortical neurons where harvested and plated on collagen coated coverslips.  The cells 

were maintained in neurobasal medium (Invitrogen) with L-glutamine, 1 U/ml pen-strep, 

and 2% B27 supplement.  Experiments were performed within 2-5 days after plating. 

 

5.2.2 Intracellular Calcium Measurements  

In addition to gross morphological assessment of viability, cell health was measured 

through calcium homeostasis using the calcium chelating dye Fluo-3 acetyloxymethyl 

(AM) ester (Molecular Probes, Eugene, OR and TEF labs, Austin, TX).  This 

cell-permeable dye was loaded into cells via application to the bath cell media, and then 

washed 3-5 times after a 15 min incubation.  Cells then were allowed to recover for a 

period of 10-15 minutes before calcium release was elicited by treatment with a HEPES 

buffered saline containing high potassium (50 mM).  

 

5.2.3 Bodipy Labeling of Casein  

Casein was covalently modified with the fluorophore Bodipy through reaction with 4,4-

difluoro-5,7-dimethyl-4-bora-3a,4a- diaza-s-indacene-3-propionic acid, sulfosuccinimidyl 

ester, sodium salt (BODIPY FL, SSE, Molecular Probes) under conditions recommended 

by the manufacturer and then purified through dialysis with a Slide-a-Lyzer cassette (10 

kDa MWCO, Pierce Chemicals, Rockford, IL) over the course of 24 hours (~ 5 solution 

changes).  The fluorescence signal changed as the labeled casein was treated with trypsin, 

indicating that the labeling was below the threshold for self-quenching. 
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5.2.4 Chymotrypsin Immobilization 

Carboxylic acid functionalized controlled pore glass (Millipore, Billerica, MA) with a 

mesh size of 200 and particle size of 37-74 μm was ground with a motor to produce 

“shards”.  Grinding resulted in an average particle size of ~ 1 μm.  Chymotrypsin was 

then coupled to the surface of the CPG shards through reaction with 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide, hydrochloride (EDAC) and then washed thoroughly 

by centrifugation.  Activity of bulk shard solutions was assessed by reaction with Bodipy-

casein. 

 

5.2.5 Protein Kinase A Immobilization to Polymeric Microspheres 

The catalytic subunit of cyclic AMP dependent kinase (PKA) (Sigma-Aldrich, St. Louis, 

MO) was attached to polystyrene microspheres through an avidin/biotin linkage.  Briefly, 

PKA was reacted with an excess of the amine reactive biotinylation reagent 

6-((biotinoyl)amino)hexanoic acid, sulfosuccinimidyl ester (Sulfo-NHS-LC-Biotin, 

Sigma-Aldrich, St. Louis, MO) according to previous protocols and dialyzed to remove 

unreacted molecules (Figure 5.2).  The Sulfo-NHS-LC-Biotin contains a ten carbon 

spacer to space the protein from the surface of the particle.  The biotinylated PKA was 

then mixed with a volume of 1 μm diameter streptavidin coated polystyrene particles 

(0.1 μg biotin binding capacity per mg of dry beads, Bangs Labs, Fishers, IN) calculated 

to produce a complete coverage of the sphere by the PKA.  Beads were then washed and 

re-suspended in HBS for cellular experiments. 
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Figure 5.2    Coupling chemistries used to attach proteins to polymeric particles. (Top) A 
biotin moiety and a Sulfo-NHS ester are spaced by a ten carbon spacer.  
Once the protein is labeled with biotin, it is coupled to a streptavidin-coated 
polystyrene microsphere. (Bottom) The water soluble carbodiimide EDAC 
was used to couple enzymes directly to carboxylic terminated controlled 
pore glass.  

 

5.2.6 Trypsin Particle Formation 

Trypsin microspheres were created by focusing a high power (1.5 W) continuous wave 

beam from a Ti:S laser operating at a wavelength of 800 nm to crosslink protein 

molecules.  The crosslinking solution contained both trypsin (0.54 mg/ml) and BSA (50 

mg/ml) as an inhibitor of trypsin activity until the particle could be created and moved 

into the cell. 

 

5.2.7 Instrumentation  

The instrumentation used in this work is essentially the same as that used in Chapters 3 

and 4 (see Figure 1.4), except the Ti:S laser was adjusted to operate as a continuous wave 

(CW) source rather than as an oscillator by fully opening the cavity slit. Typical powers 
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used for particle placement ranged from 800-1000 mW (790-800 nm) at the back aperture 

of the microscope objective.  CW lasers operated in this power range are capable some 

non-linear excitation as is observed with the photocrosslinked particle work presented 

here and in Chapter 4. To examine the extent of non-linear excitation solutions of 

fluorescein (Molecular Probes, Eugene, OR) ranging between 100 nM and 1 mM were 

sampled and showed no detectable fluorescence from excitation with CW light up to 1 W 

at 800 nm. 

 

5.2.8 Pinocytotic Loading of NG108-15 Cells 

Cells were loaded with a fluorogenic compound by pinocytosis (regulated fluid uptake) 

using a sucrose reagent purchased from Molecular Probes (Eugene, OR).  Briefly, cells 

were incubated in a hypertonic solution containing 50 μg/ml of Bodipy-casein for 

10 minutes. In an attempt to re-establish isotonicity, cells endocytosed the extracellular 

medium containing Bodipy casein.  The cells were then transferred to HBS and incubated 

further for a further 15 minutes, causing intracellular vesicles with hypertonic media to 

lyse and release Bodipy-casein into the cell cytoplasm.  Cells then were transferred to a 

culture chamber and placed on a heated microscope stage for the duration of the 

experiment.  

 

5.3 RESULTS 

5.3.1 Optimization of Particle Placement 

The shape and viscoelastic properties of cells are determined by a complex 

network of filamentous biopolymers that form the cytoskeleton. To translate a particle 

through the plasma membrane, resistance to entry from this network must be overcome 
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by generating high forces on the particle with optical trap formed from intense laser light.  

In addition, the mesh size of the actin network presents an obstacle to particle movement 

throughout the cell.  With a mean pore diameter from between 0.1 μm and 5 μm, 

depending on the state and function of a particular cell region, the cytoskeleton can 

ensnare a particle larger than the mesh size 43,44.   

Thus, several factors for introducing a particle into the cytoplasm are intertwined: 

the power of the optical trap, the strength of the cell membrane and cytoskeleton, and the 

type and size of the particle.  Optimization of each of these parameters involved finding 

the best operating conditions for the technique that resulted in the least damage to cell. 

While most optical trapping experiments use either visible or Nd:YAG (1064 nm output) 

lasers, the Shear lab uses near-IR lasers with maximal power outputs at ~ 800 nm. The 

optical trapping work presented in this chapter and in Chapter 4 uses 790-800 nm light 

because it is near the maximum power output of the Ti:S and it has been shown to be 

poorly absorbed by biological molecules and water45-47. This ensures that damage from 

photochemistry and solution heating is kept to a minimum when operating at powers 

found to be optimal for particle placement (~ 1-1.5 W).  

Another step was taken to reduce the amount laser power needed to translate a 

particle through the plasma membrane and further reduce the danger of damage from the 

laser.  The cell structure was modified to provide a less resilient barrier to entry by 

placing cells in a hypotonic media bath during particle placement. Without this step, cells 

are prohibitively dense and movement of optically trapped particles into and through the 

cell is limited to regimes that employ potentially hazardous laser intensities.  To optimize 

hypotonic conditions, cell media dilutions from 50% (1:1 ratio HBS:dH2O) to 90% 

(90% HBS : 10% dH2O) were tested and evaluated on NG108-15 cells based on the ease 

of particle placement (distance into the cell of particle placement, ability to remove the 



 117

particle form the cell and number of cells able to be treated with particles per unit time) 

and the damage to the cell (cell death, apoptosis). Unsurprisingly, the highest dilution 

factor (cells most softened) allowed the highest number of cells to be treated efficiency, 

but often resulted in cell death after placement. A compromise was found at ~ 80% 

hypotonicity (80% HBS : 10% dH2O), with most cells living for hours in culture after 

particle placement. In addition, damage from swelling cells was controlled by optimizing 

the time cells were exposed to the hypotonic solutions (typically less than 10 minutes).   

Particle size and composition were found to determine cell damage and the ability 

to place the particle at specific coordinates within the cell. Optical trapping forces in the 

Mie regime (object diameter >> wavelength) stem from the difference in refractive 

indexes between the object being trapped and the medium surrounding it. The greater this 

difference, the greater forces that can be exerted on the object, causing particles 

composed of polystyrene (n = 1.57) and polymethylmethacrylate (n = 1.6) to form stiffer 

traps than CPG (n = 1.5). Initial experiments that focused on placing CPG particles into 

cells sought to utilize their high surface area to immobilize larger amounts of effector. 

Low efficiency trapping and placement of CPG particles, along with high 

particle-to-particle variability, led the adoption of polymeric particles.  Polystyrene 

microspheres, being relatively non-porous throughout their structure are expected to have 

a lower functionalization capacity, however, they are more reproducibly translated into 

the cell by the optical tweezers.  This is primarily related to their higher refractive index 

than CPG shards.  Optical tweezers using 100 mW of 800 nm light have been shown to 

generate 0.1-1 nN forces on a polystyrene particle48,49. Assuming force scales linearly 

with power, the optical tweezers used in the present work should be able to generate 

forces between 1-15 nN – enough to puncture the membrane of a cell.  Polymeric 

microspheres used in this work typically ranged in size between 0.5-1 μm in diameter. 
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Smaller particles (~ 0.5 μm diameter) were found to move more readily through the 

cytoplasm, but were often visually indistinguishable from internal cell components, 

making them difficult to place precisely. There is additional concern that, even though 

smaller particles may provide enhanced spatial resolution and placement efficiency, they 

may not contain enough active sites of immobilize sufficient amounts of effector to 

provoke intracellular responses. Future work in this area will focus on the use of highly 

fluorescent particles (quantum dots) and particle tracking software to monitor position, as 

well as testing of individual particle activity.  

Lastly, photocrosslinked particles may provide an alternative means to improve 

this technique in a variety of the areas tested.  This tangential area of research based on 

work from previous chapters could improve particle placement and activity. A 

microstructure composed entirely of crosslinked enzyme could potentially have higher 

activity than a surface derivatized particle of the same size. In addition, protein 

microstructures may be more malleable and, therefore more adaptable to intracellular 

structural requirements, producing less damage during placement. This flexible matrix 

may also allow substrates greater access to the active sites of crosslinked effectors. 

There are, however, a number of questions that need to be answered before 

enzyme microstructures can be used reproducibly in a cellular environment. Activity per 

microstructure may vary substantially due to intermolecular photocrosslinks that damage 

the effector and irregularities in the time allowed for photocrosslinking.  Since the 

microstructure is generated in a cellular environment, there also is a possibility of 

solution phase effector flowing in behind the microstructure as it is translated through the 

plasma membrane and then diffusing throughout the cell. This is a difficult phenomenon 

to measure due the minute quantities of effector that may enter the cell and the short 

timescale over which it takes place.  To avoid this problem, the particle can be generated 
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and, while being held in the trap, the crosslinking solution washed out before placement 

in the cell.  Future work towards this should utilize flow-cell culture chambers to 

efficiently and quickly swap solutions in the cell environment.  

The optimized particle placement system used in this work is demonstrated in 

Figure 5.3, showing a 1 μm diameter polystyrene particle translated through the plasma 

membrane and into the cytoplasm of an NG108-15 cell.  Part b shows indention and 

deformation caused by the particle as it is delivered through the membrane, while part c 

demonstrates the reverse deformation upon removal.  Experiments over the course of 

hours have shown that polymeric particles such as the one shown in Figure 5.3 can reside 

in a cell with out causing detectable harm as judged by calcium homeostasis 

measurements with fluo-3AM ester. Particles remain in the cell and are not exocytosed 

once stably transferred across the plasma membrane. 

 



 120

              

Figure 5.3     An optically trapped polystyrene particle (~1 μm diameter) is inserted into 
an NG108-15 cell and then moved back to the plasma membrane.  Vertical 
arrows indicate the direction of movement of the microscope stage in panels 
A, B, and D.  The location of the particle is indicated by the horizontal 
arrow.  Note the inward and outward curvature of the membrane during 
placement and removal of the particle. The elapsed time between frame A 
and B is ~ 0.5 seconds while the elapsed time between C and D is ~ 15 
seconds, reflecting the difficulty on moving a polymeric particle through the 
cytoplasmic matrix. Scale bar is 10 μm. 

 

In addition to these apoptosis-based viability experiments, each of the above 

issues was investigated by monitoring calcium homeostasis and membrane potential as 

indicators of cell health.  While a cell may remain alive after particle placement, it may 

be injured by this process in a manner that prevents meaningful information from being 

gained from the experiment.  Experiments were performed that directly examined the 
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effect of introduction and residence of polymeric particles (polystyrene and 

polymethylmethacrylate) on cell viability.  After placement of particles (1 μm diameter) 

in the cell cytosol, calcium release was elicited through treatment by high potassium (45 

mM) at time points from 10 - 240 minutes, post-introduction. Calcium responses, as 

measured by the intracellular calcium chelating dye Flou-3 AM ester, were 

indistinguishable from those of untreated cells at all time points.  In addition, 

electrophysiological measurements of differentiated NG108-15 cells 15 min after particle 

introduction (corresponding to the minimum time needed to patch onto a cell) showed 

that stepped voltages elicited responses similar to that of untreated cells.  

While cultured cell lines are a robust model for testing this system and there is 

much to be learned from their study, a more realistic system was tested to demonstrate 

the applicability of this technique.  Even though primary cultured neurons were not 

evaluated in many of the respects presented above, preliminary observations suggest that 

they are more sensitive (higher death rate) to each of the conditions tested above and 

future work on this project should address this concern. In experiments with primary 

cortical neurons, particle size became an important factor in viability.  The death rate 

over 3 hours after introduction of 1 μm diameter particles approached 40 %, while death 

from particle introduction in NG108-15 cells was ~ 25 % (10 total cells tested).  I believe 

this can be attributed to the smaller cell to bead volume ratio, as well as the fragility of 

primary cells compared with that of cell lines. Work in other laboratories also has shown 

that laser tweezers used for intracellular “surgery” effect viability differently depending 

on the cell origin, with cultured cell lines, generally being more robust than primary cells 

(D. Chiu, University of Washington, personal communication).   
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5.3.2 Intracellular Activity of Enzyme Immobilized Particles 

The ability to restrict exogenous enzymatic reactions to a localized cellular 

environment was tested and visualized with a fluorogenic reaction.  As an initial 

demonstration, we chose a system based on an enzymatically catalyzed fluorogenic 

reaction that allowed visualization of enzyme activity in confined volumes.  Cells were 

loaded via pinocytosis with a version of casein heavily labeled with the fluorophore 

Bodipy (Bodipy-casein), such that intramolecular quenching suppressed most 

fluorescence 50.  When exposed to a proteolytic enzyme, like trypsin, the protein is 

fragments into peptides and the fluorescence quenching is relieved.  Proteases 

immobilized to optically trapped particles were introduced into the cytosol of cells loaded 

with Bodipy-casein, creating localized regions of fluorescent peptide products.  As shown 

in (Figure 5.4 A), a particle placed in the cytoplasm catalyses proteolysis of Bodipy-

casein molecules, releasing unquenched fluorescent peptides.  A gradient of fluorescence 

is established in the cell as the peptides diffuse away from the reaction site.  In part (B), 

another cell illustrates altered diffusion possibly based on different viscoelastic properties 

of the region. This proof of principle experiment demonstrated the possibility of 

achieving biochemical isolation and specificity within single living cells. 

Levels of intracellular fluorogenic substrate were measured to ensure that the 

Bodipy-casein concentration in the cytoplasm was high enough to generate signal in the 

presence of the chymotrypsin decorated particle.  Measurements of cellular protein 

content were accomplished by loading unquenched Bodipy-casein (lightly labeled at 3-4 

dye molecules/casein) into the cell cytosol via the same pinocytosis procedures used for 

the fluorogenic reagent.  Emission from cells was compared to standard solutions of 

Bodipy-casein with known concentrations.  From these measurements, concentrations of 
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Bodipy-casein within the cell where judged to have reached levels equivalent to that of 

the pinocytotic loading solution (~ 50 μg/ml).    

 

A)                        B)   
 

Figure 5.4     An intracellular reaction catalyzed by chymotrypsin immobilized CPG. A) 
and B) show NG108-15 cells loaded with a heavily labeled BODIPY-casein.  
Controlled pore glass shards derivatized with chymotrypsin inserted under 
the membrane catalyze the unquenching of BODIPY molecules by 
proteolytically degrading casein into peptide fragments. Below each 
overlayed image are the separate DIC and fluorescence images. Scale bar is 
10 µm. 

Measurements of bulk solutions of CPG shards ensured activity, but, since the 

CPG was ground with a mortar and pestle to produce smaller particles, estimates of 

individual shard activity were impossible due to an unknown number of shards in the 

sample.  However, single particle activity can be estimated based on the number of 

molecules expected to be coupled to the surface. A 1 μm3 particle has a surface area of 

3.1 μm2 and, in this case, would have ~ 6.3 x 107 carboxylic sites, yielding a particle with 

an effective COOH concentration of 0.2 M.  The activity of the chymotrypsin used in this 

experiment was assayed by the manufacturer at 65 units/mg and, assuming that all the 

possible sites on the particle are derivatized, an average particle would have ~ 10-7 units 

of activity. When used at 1 μg/ml, the Bodipy-casein can detect 10-6 units of 
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chymotrypsin activity, however the concentration of Bodipy-casein in the cells during 

these experiments was 50 times higher (50 μg/ml).  Combined with the higher surface 

area of the CPG, this would place the amount of signal generated from a CPG particle in 

the detectable range.   

 

5.3.3 Cellular Responses to Intracellular Microstructures 

As an alternate method for testing confined exogenous reactions, a proteolytic 

enzyme was directly crosslinked in an optical trap and then moved into a cell.  Trypsin, 

which has been shown to be able to remodel actin for neurite initiation 42, was placed into 

NG108-15 cells.  A microparticle composed of trypsin and BSA was fabricated within 

10 μm of a cell from a photocrosslinking solution contained 200 mg/ml BSA, 

0.125% trypsin, 5 mM Fad using ~ 1W of 800 nm light over the course of 60 seconds.  

The concentration of trypsin and the composition of the photosensitized crosslinking 

solution were chosen to minimize the effect of solution phase trypsin on the cells.  Tests 

using varying ratios and concentrations of trypsin showed that ~ 0.125% did not result in 

cell dissociation from the coverslip as long as BSA was present in high concentrations. 

Presumably, the BSA is acting as a non-specific trypsin inhibitor until the particle is 

introduced into the cytoplasm. As discussed in Chapter 4 microparticles conform roughly 

to the size of the diffraction limited focal volume and the particle created for this 

experiment judged to have a diameter of ~ 1 μm.  This particle was delivered to a process 

extending from a low serum differentiated NG108-15 cell and then the crosslinking 

solution was washed from the chamber with > 5 HBS rinses. Figure 5.5 illustrates the 

ability of a trypsin microstructure to cause widespread architectural changes in an 

advancing growth cone.  The growth cone contracts over a short period of time and the 
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region of initial particle placement forms a structure morphologically similar to a growth 

cone.  

         

Figure 5.5    Demonstration of the effect of intracellular trypsin on neurite dynamics.  In 
panel A (t=0) the entire cell is shown with an arrow indicating placement of 
the particle. Panels B and C represent times of 30 min and 60 min 
incubation, respectively. The dramatic changes in cytoskeletal architecture 
shown in these images were not mirrored by the neurite on the opposite end 
of the cell on the time scale shown above. Scale bars are 20 (top) and 10 
µm. 

In Figure 5.6, a particle introduced into the soma of an NG108-15 cell causes the 

cell to produce fan-like extensions, resembling lamellapodia, from either side of the cell 

body.  Note that the effect here appears to be less localized that the fluorogenic reaction 

or neurite experiment described above.  This may be due to the movement of the particle 

during cytoskeleton remodeling or dissolution of the particle allowing diffusion of the 

trypsin molecules to other sites within the cell.  While the effects of polymeric or CPG 

particles may remain localized due to the difficulty of moving a solid object through the 
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cytoplasm and neurite effects remain localized from the constrained volume, protein 

particles in the soma may have more freedom of movement.  Future studies using 

immunohistochemical labeling to visualize particle location after loading should shed 

light on which of the two mechanisms predominates. 

 While large scale changes in cytoskeletal architecture were observed in the 

crosslinked particle system, this effect was not seen using chymotrypsin-immobilized 

controlled pore glass.  First and foremost, the fluorescence experiments were terminated 

after approximately 5 minutes, providing just enough time to place the particle and 

generate a detectible signal.  Due to lack of knowledge of the proteolytic effect on 

neuritogenesis, cells were abandoned after data was collected and it remains to be seen if 

chymotrypsin might have similar effects to trypsin.  Different specificity for peptide 

sequence may substantially change the effect of exogenous proteases, as well.  Lastly, for 

a comparable volume, the crosslinked protein particle will have a higher enzyme content 

than a surface immobilized controlled pore glass, giving it a higher specific activity.  

 

 

Figure 5.6     Demonstration of the wide scale cell body changes associated with insertion 
of a photocrosslinked trypsin particle.  An arrow in panel A indicates the 
location of particle insertion at t=0.  Panels B and C represent 30 min and 60 
min after particle placement. Scale bar is 10 µm. 
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As a more biologically relevant demonstration, protein kinase A (PKA) and 

pathways where it is suspected to play a key role, such as those that govern 

neuritogenesis, were examined.  PKA acts on a wide range of downstream targets, 

regulating pathways as diverse as ion channel conductivity and cytoskeletal 

rearrangement.  These functions of PKA are, in part, regulated through binding a family 

of scaffold molecules called A-kinase anchoring proteins, AKAPS.  One of the most 

striking and readily observable examples of PKA’s restricted activity is neurite initiation 

during neuronal development and differentiation, a system that should offer a testable 

proof-of-concept system for evaluating the competency of PKA particles to effect 

localized signaling.  

Recent studies indicate that PKA plays different roles in cells derived from intact 

systems, such as primary neurons and X. laevis embryos, as opposed to immortalized cell 

lines.  For example, in NG108-15 cells PKA was found to play a role in synapotgenesis 

and not to participate in initiation of new neurites 30.  Yet, in non-cell line systems PKA 

has been found to be essential in neurite intiation, phosphorylating a number of actin 

regulating proteins to effect changes in cytoskeletal architecture 1,2.  In agreement with 

this, we found that placement of PKA coupled microspheres in NG108-15 cells does not 

stimulate neurite initiation while in primary cortical neurons particles induce cytoskeletal 

rearrangement.  As seen in Figure 5.7, a particle is placed in the cell body of a primary 

cortical neuron near an existing neurite.  Over the course of nine hours local signaling in 

the actin cytoskeleton moves the particle and the neurite together until they overlap.  As 

this occurs, a larger and more developed neurite, extending to the 4 o’clock position, 

atrophies and becomes essentially non-existent by the end of the experiment; the particle-

localized neurite becomes more elaborate, forming a bifurcation.  The result of this 
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experiment and others like it demonstrate a large scale redirection of cell polarization 

based on the placement of an artificial intracellular signal. 

 

 

Figure 5.7    Primary cortical cells harvested from 3 day postnatal rat pups redirected 
through intracellular PKA signaling.  At 0 minutes two z planes are shown, 
illustrating the position of the particle in relation to an existing neurite. Over 
the course of nine hours the cell redirects its polarized growth towards the 
PKA signaling particle and away from a previously committed direction. 
Scale bar is 10 µm. 

Redirection of neurite growth likely involved cytoskeletal rearrangement dictated 

by PKA phosphorylation of intracellular targets, but this enzymatic action did not induce 

neurite initiation as predicted by existing data.  The reason for this, I believe, is the 

differentiation state of the primary neurons.  From the images in Figure 5.7 it can be seen 

that the cells have already formed a substantial number of neuritic outgrowths and are 

well along their way to differentiation.  After cells are committed to a defined 

differentiation point, the PKA signals may not be able to activate the machinery for 

establishing new neurites.  This leaves open the possibility that PKA is modulating the 

directional outgrowth of a neurites as they extend towards their targets 51.   Future 

experiments with multiple particles containing different enzymatic components should 

help shed light on this issue.  
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5.4 CONCLUSION 

This chapter demonstrated construction and initial testing of a new technique for 

localized intracellular chemistry.  The ability to manipulate biochemistry in an spatially 

localized manner for sustained times will complement not only traditional single-cell 

techniques, but also, the novel extracellular topological and chemical pattering methods 

presented in earlier chapters. Future work will focus on further developing the 

quantitative and technical challenges of this technique along with exploring new 

applications.   

Particle to particle variability, especially with photocrosslinked microstructures, is 

an issue that needs to be addressed through direct individual particle measurement.  

Aggregate characterization of large numbers of particles may hide a wide variability 

between particles and diminish the reproducibility of the technique. Individual 

crosslinked microstructures particles were measured in Chapter 4 (Figure 4.3) by 

adhering them to the inside of fused-silica capillaries and performing assays using the 

solution flow through the channel to deliver substrate and remove products.  Microfluidic 

approaches such as this could also be combined with photocrosslinked enzyme sensors 

(Chapter 4) to measure activity of individual particles. 

With the additional funding now available to this project many of the technical 

hurdles can be overcome. For instance, a high precision microscope stage would allow 

continuous monitoring of multiple target cells in a sample, thereby building a statistically 

significant base for variables involved with this technique.  Software is available for 

tracking particles over time and would be useful in monitoring changes in particle 

location (i.e., stimulus location). The combination of these two pieces of equipment 
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should enable experiments that restrict particle movement throughout the cell over time 

by holding the particle in place with a high-precision/low-power optical trap  

Applications using more defined and stable systems such as tissues or the 

Drosophila glutamatergic synapse should be possible with the current system.  Further 

refinements in reproducibility will allow multiple particles to be placed in a cell, titrating 

the stimulus to a level appropriate to the experiment or enabling placement of multiple 

particles with different effectors throughout the cell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 131

5.4 REFERENCES  

1. da Silva, J. S. & Dotti, C. G. Breaking the neuronal sphere: regulation of the actin 
cytoskeleton in neuritogenesis. Nat Rev Neurosci 3, 694-704 (2002). 

2. Kao, H. T. et al. A protein kinase A-dependent molecular switch in synapsins 
regulates neurite outgrowth. Nat Neurosci 5, 431-7 (2002). 

3. Albright, T. D., Jessell, T. M., Kandel, E. R. & Posner, M. I. Neural science: a 
century of progress and the mysteries that remain. Cell 100 Suppl, S1-55 (2000). 

4. Kandel, E. R., Schwartz, J. H. & Jessell, T. M. Principles of Neural Science 
(McGraw-Hill/Appleton & Lange, 2000). 

5. Olofsson, J. et al. Single-cell electroporation. Curr Opin Biotechnol 14, 29-34 
(2003). 

6. Ryttsen, F. et al. Characterization of single-cell electroporation by using patch-
clamp and fluorescence microscopy. Biophys J 79, 1993-2001 (2000). 

7. Haas, K., Sin, W. C., Javaherian, A., Li, Z. & Cline, H. T. Single-cell 
electroporation for gene transfer in vivo. Neuron 29, 583-91 (2001). 

8. Takayama, S. et al. Selective chemical treatment of cellular microdomains using 
multiple laminar streams. Chem Biol 10, 123-30 (2003). 

9. Takayama, S. et al. Subcellular positioning of small molecules. Nature 411, 1016 
(2001). 

10. Whitesides, G. M., Ostuni, E., Takayama, S., Jiang, X. & Ingber, D. E. Soft 
lithography in biology and biochemistry. Annu Rev Biomed Eng 3, 335-73 (2001). 

11. Sims, C. E. & Allbritton, N. L. Single-cell kinase assays: opening a window onto 
cell behavior. Curr Opin Biotechnol 14, 23-8 (2003). 

12. Wang, N., Butler, J. P. & Ingber, D. E. Mechanotransduction across the cell 
surface and through the cytoskeleton. Science 260, 1124-7 (1993). 

13. Matthews, B. D. et al. Mechanical properties of individual focal adhesions probed 
with a magnetic microneedle. Biochem Biophys Res Commun 313, 758-64 (2004). 

14. Li, H., Sims, C. E., Wu, H. Y. & Allbritton, N. L. Spatial control of cellular 
measurements with the laser micropipet. Anal Chem 73, 4625-31 (2001). 

15. Tsien, R. Y. Building and breeding molecules to spy on cells and tumors. FEBS 
Lett 579, 927-32 (2005). 



 132

16. Brown, E. B., Shear, J. B., Adams, S. R., Tsien, R. Y. & Webb, W. W. Photolysis 
of caged calcium in femtoliter volumes using two-photon excitation. Biophys J 
76, 489-99 (1999). 

17. Pettit, D. L., Wang, S. S., Gee, K. R. & Augustine, G. J. Chemical two-photon 
uncaging: a novel approach to mapping glutamate receptors. Neuron 19, 465-71 
(1997). 

18. Curley, K. & Lawrence, D. S. Light-activated proteins. Curr Opin Chem Biol 3, 
84-8 (1999). 

19. Ghosh, M., Ichetovkin, I., Song, X., Condeelis, J. S. & Lawrence, D. S. A new 
strategy for caging proteins regulated by kinases. J Am Chem Soc 124, 2440-1 
(2002). 

20. Lippincott-Schwartz, J., Altan-Bonnet, N. & Patterson, G. H. Photobleaching and 
photoactivation: following protein dynamics in living cells. Nat Cell Biol Suppl, 
S7-14 (2003). 

21. Clark, H. A., Hoyer, M., Philbert, M. A. & Kopelman, R. Optical nanosensors for 
chemical analysis inside single living cells. 1. Fabrication, characterization, and 
methods for intracellular delivery of PEBBLE sensors. Anal Chem 71, 4831-6 
(1999). 

22. Clark, H. A., Kopelman, R., Tjalkens, R. & Philbert, M. A. Optical nanosensors 
for chemical analysis inside single living cells. 2. Sensors for pH and calcium and 
the intracellular application of PEBBLE sensors. Anal Chem 71, 4837-43 (1999). 

23. Keese, M. A., Saffrich, R., Dandekar, T., Becker, K. & Schirmer, R. H. 
Microinjected glutathione reductase crystals as indicators of the redox status in 
living cells. FEBS Lett 447, 135-8 (1999). 

24. Zhang, X. & Poo, M. M. Localized synaptic potentiation by BDNF requires local 
protein synthesis in the developing axon. Neuron 36, 675-88 (2002). 

25. Meyer, C. J. et al. Mechanical control of cyclic AMP signalling and gene 
transcription through integrins. Nat Cell Biol 2, 666-8 (2000). 

26. Alto, N. M. & Scott, J. D. The Role of A-Kinase Anchoring Proteins in cAMP-
Mediated Signal Transduction Pathways. Cell Biochem Biophys 40, 201-8 (2004). 

27. Malbon, C. C., Tao, J. & Wang, H. Y. AKAPs (A-kinase anchoring proteins) and 
molecules that compose their G-protein-coupled receptor signalling complexes. 
Biochem J 379, 1-9 (2004). 



 133

28. Taylor, S. S. et al. PKA: a portrait of protein kinase dynamics. Biochim Biophys 
Acta 1697, 259-69 (2004). 

29. Tasken, K. & Aandahl, E. M. Localized effects of cAMP mediated by distinct 
routes of protein kinase A. Physiol Rev 84, 137-67 (2004). 

30. Tojima, T., Kobayashi, S. & Ito, E. Dual role of cyclic AMP-dependent protein 
kinase in neuritogenesis and synaptogenesis during neuronal differentiation. J 
Neurosci Res 74, 829-37 (2003). 

31. Shabb, J. B. Physiological substrates of cAMP-dependent protein kinase. Chem 
Rev 101, 2381-411 (2001). 

32. Kim, Y. T. & Wu, C. F. Reduced growth cone motility in cultured neurons from 
Drosophila memory mutants with a defective cAMP cascade. J Neurosci 16, 
5593-602 (1996). 

33. Tojima, T., Yamane, Y., Takahashi, M. & Ito, E. Acquisition of neuronal proteins 
during differentiation of NG108-15 cells. Neurosci Res 37, 153-61 (2000). 

34. Charles, M. P. et al. Induction of neurite outgrowth in PC12 cells by the bacterial 
nucleoside N6-methyldeoxyadenosine is mediated through adenosine A2a 
receptors and via cAMP and MAPK signaling pathways. Biochem Biophys Res 
Commun 304, 795-800 (2003). 

35. Dehmelt, L. & Halpain, S. Actin and microtubules in neurite initiation: are MAPs 
the missing link? J Neurobiol 58, 18-33 (2004). 

36. Spira, M. E., Oren, R., Dormann, A. & Gitler, D. Critical calpain-dependent 
ultrastructural alterations underlie the transformation of an axonal segment into a 
growth cone after axotomy of cultured Aplysia neurons. J Comp Neurol 457, 293-
312 (2003). 

37. Gitler, D. & Spira, M. E. Real time imaging of calcium-induced localized 
proteolytic activity after axotomy and its relation to growth cone formation. 
Neuron 20, 1123-35 (1998). 

38. Spira, M. E., Oren, R., Dormann, A., Ilouz, N. & Lev, S. Calcium, protease 
activation, and cytoskeleton remodeling underlie growth cone formation and 
neuronal regeneration. Cell Mol Neurobiol 21, 591-604 (2001). 

39. Johnson, G. V., Litersky, J. M. & Jope, R. S. Degradation of microtubule-
associated protein 2 and brain spectrin by calpain: a comparative study. J 
Neurochem 56, 1630-8 (1991). 



 134

40. Fischer, I., Romano-Clarke, G. & Grynspan, F. Calpain-mediated proteolysis of 
microtubule associated proteins MAP1B and MAP2 in developing brain. 
Neurochem Res 16, 891-8 (1991). 

41. Raabe, T. D., Nguyen, T. & Bittner, G. D. Calcium-activated proteolysis of 
neurofilament proteins in goldfish Mauthner axons. J Neurobiol 26, 253-61 
(1995). 

42. Ziv, N. E. & Spira, M. E. Induction of growth cone formation by transient and 
localized increases of intracellular proteolytic activity. J Cell Biol 140, 223-32 
(1998). 

43. Wong, I. Y. et al. Anomalous diffusion probes microstructure dynamics of 
entangled F-actin networks. Phys Rev Lett 92, 178101 (2004). 

44. Pelletier, O. et al. Structure of actin cross-linked with alpha-actinin: a network of 
bundles. Phys Rev Lett 91, 148102 (2003). 

45. Peterman, E. J., Gittes, F. & Schmidt, C. F. Laser-induced heating in optical traps. 
Biophys J 84, 1308-16 (2003). 

46. Schneckenburger, H. et al. Cell viability in optical tweezers: high power red laser 
diode versus Nd:YAG laser. J Biomed Opt 5, 40-4 (2000). 

47. Neuman, K. C., Chadd, E. H., Liou, G. F., Bergman, K. & Block, S. M. 
Characterization of photodamage to escherichia coli in optical traps. Biophys J 77, 
2856-63 (1999). 

48. Rohrbach, A. & Stelzer, E. H. Trapping forces, force constants, and potential 
depths for dielectric spheres in the presence of spherical aberrations. Appl Opt 41, 
2494-507 (2002). 

49. Ghislain, L. P., Switz, N. A. & Webb, W. W. Measurement of small forces using 
an optical trap. Review of Scientific Instruments 65, 2762-8 (1994). 

50. Jones, L. J., Upson, R. H., Haugland, R. P., Panchuk-Voloshina, N. & Zhou, M. 
Quenched BODIPY dye-labeled casein substrates for the assay of protease 
activity by direct fluorescence measurement. Anal Biochem 251, 144-52 (1997). 

51. Dehmelt, L., Smart, F. M., Ozer, R. S. & Halpain, S. The role of microtubule-
associated protein 2c in the reorganization of microtubules and lamellipodia 
during neurite initiation. J Neurosci 23, 9479-90 (2003). 



 135

Appendix: Enzyme-Based Analysis of Small Molecule 
Neurotransmitters Using Novel Fluorescent Cofactors 

 

Quantification of neuronal secretion at the single vesicle level requires ultra-low 

mass detection limits and the ability to sample extremely small volumes.  Unfortunately, 

relatively few neurotransmitters possesses fluorescent or electroactive moieties, 

providing substantial technical challenges for detection of these molecules. This work 

demonstrates quantification of a non-fluorescent neurotransmitter using enzyme-

mediated reactions and capillary electrophoresis with multiphoton excited fluorescence 

detection. In particular, glutamate, one of the most abundant neurotransmitters in the 

mammalian brain, previously has been measured by linking its consumption in an 

enzymatic reaction to the production of a natively fluorescent cofactor, reduced 

nicotinamide adenine dinucleotide (NADH).  Improved sensitivity for this approach is 

obtained through the use of a novel, highly fluorescent derivative of this cofactor that 

retains its ability to be separated efficiently after reaction by electrophoresis.   
 

A.1 INTRODUCTION 

Extracellular environments may contain a variety of secreted molecules involved 

in complex dynamic interactions.  Many of these molecules serve specialized functions 

and are found only in minute quantities, complicating their analysis. An extracellular 

region of particular interest is the synaptic cleft between neurons. Cells communicate by 

releasing multiple chemical species into this region that act as messengers to adjacent 

neurons and other surrounding accessory cells. Uncovering activity-dependent changes in 

neurotransmitter and neuromodulatory molecule secretion is essential to understanding 

information flow in the central nervous system.  Capillary electrophoresis with 

multiphoton-excited fluorescence (CE-MPE) is an inherently low-volume, high-
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sensitivity separation technique, and can be performed using biologically compatible 

separation media 1.  

Briefly, capillary electrophoresis achieves high efficiency separations in narrow 

bore fused-silica capillaries by separating analytes based on their charge-to-frictional 

drag ratio.  A large electric field (~ 1000 V/cm) applied across a capillary column filled 

with aqueous electrolyte causes migration of charged species and generates a net flow 

from the anode to the cathode.  This flow, termed electroosmosis, transports most 

analytes towards the cathode.  While uncharged species move from the capillary inlet to 

the detection region with a velocity determined by the electroosmotic flow (EOF) alone, 

the migration of charged species depends on net charge.  A negatively charged species 

migrates slower than EOF due to an electrophoretic velocity vector oriented towards the 

anode and a positively charged species moves faster than EOF due to electrophoresis 

towards the cathode aided.  By coupling this separation technique to MPE fluorescence 

detection, the Shear lab has reported separation and detection a variety of biomolecules 

with high sensitivity 2.  The geometry of the experimental system used in work presented 

here is illustrated in figure A1. 

Although these attributes make CE-MPE a natural choice for analyzing samples 

containing multiple fluorescent neurotransmitters, many target analytes do not exhibit 

significant native fluorescence. To overcome this limitation, we have designed enzymatic 

assays that couple non-fluorescent neurotransmitters to the production of novel 

fluorescent molecules.  In this study, glutamate concentrations are linked to the 

production of α-ketoglutarate and reduced nicotinamide adenine dinulceotide (NADH) as 

catalyzed by the enzyme glutamate dehydrogenase (GDH).  Although NAD  
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Figure A1     A schematic of MPE fluorescence detection coupled to capillary 
electrophoresis.  Figure courtesy of Dr. Eric Okerberg (adapted from Jason 
Shear)  

fluorescent when reduced to NADH, this species is only weakly fluorescent with low 

molar extinction (6,200 M-1 cm-1) and fluorescence quantum efficiency (3%).  Therefore 

we have sought to improve its detectability through fluorescence derivatization.  

Derivatized-NADH can be separated from its oxidized precursor based on electrophoretic 

mobility, then measured using end-column MPE fluorescence 1,3.  This scheme can be 

used to detect and quantitate non-fluorescent neurotransmitters along with those that have 

native fluorescence, such as serotonin, to yield multianalyte information that may be 

applicable to measurements of synaptic transmission. 
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A.2 EXPERIMENTAL 

A2.1 Materials  

6-aminohexyl NAD and all buffers were used as purchased from Sigma (St. Louis, MO, 

USA).  Bodipy-SSE and Bodipy-STP were purchased from Molecular Probes (Eugene, 

OR, USA).  

A2.2 Instrumentation 

 Separations used a 15 µm I.D. fused silica capillary (Polymicro Technologies, Phoenix, 

AZ) with Innova Argon Ion pumped Titanium: Sapphire (Ti:S) (Coherent, Inc. Santa 

Clara, CA) laser in an end-on detection scheme as previously described 2.  

 

A.3 RESULTS AND DISCUSSION 

6-aminohexyl NAD differs from NAD by the addition of a primary amine 

terminated six-carbon chain at the N6 position (Figure A2).  Although NAD already has 

an amine at the 6 position, the addition of the aminohexyl moiety provided a primary 

amine with a higher reactivity towards succinimidyl ester modified dyes.  In addition, the 

six-carbon chain places the dye molecule further away from the reactive moieties of 

NAD, reducing potential interference with the enzymatic reduction of the nicotinamide 

ring.  This primary amine terminated linker was reacted with water soluble versions of 

succinimidyl ester conjugated dyes in a one step reaction.  The product, Bodipy-N6-([6-

Aminohexyl] carbamoylmethy) NAD, was obtained in approximately 30% yield and 

verified via NMR and capillary electrophoresis.  
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Figure A2     Fluorescent NAD derivative.  A twelve residue linker arm separates the 
fluorophore from the nicotinamide ring which participates in chemistry at 
the active site. 

 

Furthermore, structural studies have shown that the N6 position of NAD projects 

out of the binding pocket, placing any modifications at this position well away from the 

active site (Figure A3).  However, other forms of interference related to the placement of 

a larger molecule (i.e., increased Kd) in the enzyme may account for some loss of 

function described later in this section.  
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Figure A3    The NAD binding site of GDH demonstrating the N6 position of the adenine 
ring orientation. 4.  The N6 position points out of the pocket, allowing for 
modification at this site without interfering with enzymatic activity. 

Glutamate dehydrogenase converts glutamate to α-ketoglutarate while 

simultaneously reducing NAD+ to NADH as diagrammed in Figure 4.  This reaction is 

highly favored in the reverse direction (Keq ~ 1015) and only small amounts of NAD(P)H 

would be expected to be produced.  Addition of the Bodipy fluorophore, however, 

circumvents this problem by considerably increasing the ability to detect this molecule.  

Bodipy is a much better fluorophore compared to NADH with a molar extinction 

(> 80,000 M-1 cm-1), quantum yields approaching unity and a higher resistance to 

photobleaching.  
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Figure A4    The reduction of NAD+ to NADH as catalyzed by glutamate dehydrogenase.   
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Figure A5.    An electropherogram demonstrating the separation of Bodipy-NAD+ and 
Bodipy-NADH after reaction with 100 μM glutamate and GDH.  
Fractionation was performed in a 15-µm i.d. capillary. 

Figure A4 illustrates the GDH catalyzed reduction of Bodipy-NAD+ to Bodipy-

NADH by GDH in the presence of glutamate.  After a reaction time 5 minutes, a mixture 

of Bodipy-NAD+, Bodipy-NADH, and GDH was separated, based on net charge, in a 

capillary channel.  As shown in the electropherogram in figure A5, the loss of a positive 

charge by enzymatic reduction slows the electrophoretic mobility of the reduced form 

and allows separation.  Unreacted Bodipy-NAD+ is easily visualized at an earlier time-

point.  In the future, comparisons of the peak heights, facilitated by better reaction 

clean-up after initial labeling, along with addition of standards should allow 

quantification of reaction products for bio-sensing applications. 
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Figure A6.   A Michaelis plot for the reaction of the reduction of Bodipy labeled NAD by 
GDH. 

By varying the initial concentration of Bodipy-NAD+ and maintaining a constant 

concentration of GDH and glutamate a Michaelis plot was obtained.  Measurements were 

made using the approximate initial velocity of the GDH catalyzed reduction and peak 

heights of Bodipy-NADH were plotted in multiple CE separations.  The activity of the 

fluorescent cofactor in the reduction reaction is somewhat reduced, showing a Km 

approximately a third higher than the natural substrate and a lower maximal rate 5.  

Although some reactivity is lost, the excellent fluorescent properties of the attached 

fluorophore should make this molecule useful for a variety of enzymatic assays.    
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