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Direct-write multiphoton-excited photocrosslinking of chemically active three-

dimensional (3D) protein microstructures could potentially extend in situ cellular analysis 

to include more interactive studies of neural networks, signal transduction, and neural 

response to local chemical gradients.  This dissertation presents a strategy that has been 

developed for highly specific functionalization of 3D protein microstructures with 

protein-coated nanoparticles, an approach that is demonstrated to be appropriate for 

imparting these materials with desired electronic and chemical/biochemical properties.  

Once targeted with protein-gold conjugates, these protein scaffolds can serve as 

conductive bio-wires after electroless deposition is used to fuse the nanoparticles 

together.  Unlike earlier approaches for templating metals with biomolecules, the current 

strategy can be used to construct scaffolds with precise spatial control in three 

dimensions, offering new opportunities to construct advanced bioelectronic architectures.   

This protein-gold conjugate functionalization technique has also proven to be an 

excellent way to localize high concentrations of active molecules with minimal 

nonspecific adsorption.  Sequential functionalization steps can be used in conjunction 
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with direct crosslinking of active enzymes, such as cytochrome c (cyt c), to produce 

enzyme suites capable of quantifying substrates with low micromolar detection limits.  

Also presented here are detailed electrochemical and spectroscopic studies that are aimed 

at quantitatively characterizing the native heme integrity and enzyme activity of directly 

photocrosslinked cyt c.  Finally, this work presents initial studies focused on adapting 

gold conjugate functionalization of protein microstructures for compatibility with 

cultures of neurons and other cell types, a goal that would substantially expand 

capabilities for constructing in situ bioelectronics, localized dosing sources, and 

biochemical sensors for monitoring and stimulating biological processes.  Use of this 

electrostatically driven approach towards functionalization combined with direct 

crosslinking of active molecules offers flexibility in the creation of highly definable, 3D 

reactive regions that are capable of sensing chemical gradients and/or modifying electric 

fields in sensitive aqueous environments.   
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Chapter 1:  Photofabrication of Protein Microstructures 

The cellular microenvironment is a complex, three-dimensional (3D) arena in 

which physical, chemical, and electrical stimuli influence cellular activities such as cell 

differentiation, cell polarization, and neurite outgrowth.  Fundamental study of such 

single cell and cell-cell activities ultimately requires precise control over many aspects of 

the cellular environment and cellular properties.  Advances in electrophysiology, 

photolytic release of effector molecules, and inducible knockout technologies [1-3] have 

enabled great advances in the field of cellular biology, providing the means to perform 

single cell studies.  Despite these advances, the abilities to direct cellular outgrowth and 

connectivity with high precision, to controllably interact with sub-cellular domains, and 

to locally influence cell morphology in three dimensions remain challenging.  Such 

advances would facilitate important fundamental cellular investigations, such as studies 

of signal transduction and the properties of neural networks. 

Various techniques have emerged recently that allow manipulation of cellular 

growth in culture.  Electric fields and laser irradiation have both been used to influence 

directional neurite outgrowth in two dimensions [4, 5].  Micropipets can be used to 

deliver gradients of diffusible neurotrophin molecules to coerce neurite outgrowth in 

three dimensions [6].  However, all these techniques exert relatively coarse control over 

directional outgrowth and lack the resolution to precisely direct cellular interactions.  

Cells can be patterned with high resolution using both hard and soft lithographical 

techniques to define intricate landscapes that often include intermittent regions of 

biomolecules to promote or inhibit cellular growth [7-10].  In some cases, embedded 

electronics provide potential methods to directly interface with neurons [11, 12].  
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Patterned substrates such as these require many fabrication steps before cells are seeded 

onto them, and the ability to direct cellular growth post-seeding is often limited.    

To address such limitations, the Shear Group has developed a technique that 

utilizes multiphoton-excited protein crosslinking to fabricate functional 3D 

microstructures in situ using a direct-write method.  Here, sensitized protein crosslinking 

is confined to a reaction volume on the order of a femtoliter, which can be translated to 

arbitrary coordinates within a solution of protein and an appropriate chromophore to 

“write” lines of protein with sub-micron resolution.  When biocompatible sensitizers are 

used, these structures can be fabricated in the presence of many types of living cells, thus 

providing a high-resolution, three-dimensionally enabled technique capable of 

manipulating cellular function, directing cellular outgrowth, and interfacing with cells. 

Aside from its high impact in cellular studies, multiphoton excitation (MPE) 

fabrication of protein microstructures offers a direct-write approach for micromachining 

novel biomaterials that have unique properties deriving from the individual proteins 

composing the structures.  Once crosslinked, proteins are still constrained by 

hydrophobic interactions between residues, subunits, and other nearby proteins.  This 

characteristic has been implemented by others in the group in the creation of predictable 

micro-actuators that respond to pH changes [13].  Furthermore, these proteinacious 

materials have an inherent porosity that aide in the creation of microchambers to enclose 

various motile cells while still allowing mass transfer of small molecules or nutrients to 

the cells and cellular wastes away from them.  Also, 3D protein scaffolds can be 

specifically targeted for functionalization through both specific and nonspecific 

interactions between the proteins composing the host structure and the biomolecules of 

interest.  These functionalization strategies have been used to provide added functionality 

to existing structures as well as to create metallized structures displaying conductivities 
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greater than most conductive polymers.  This dissertation presents a body of work 

directed towards characterizing and expanding the functionality of MPE-fabricated 

protein microstructures for potential use in cellular studies as well as biological 

micromachining.          

 

1.1 MULTIPHOTON EXCITATION 

    Multiphoton excited fluorescence was first predicted by Maria Göppert-Mayer 

in 1931 and was demonstrated experimentally in the 1960’s [14, 15].  Since then, it has 

become an increasingly valuable tool in many areas of research.  Perhaps the largest 

impact of MPE has been in the biological sciences, since the well-defined, 3D excitation 

volume of MPE provides an alternative to confocal microscopy when it is desirable to 

eliminate out-of-plane fluorescence as well as scattering of both the excitation source and 

fluorescence emission.  For these reasons, MPE scanning microscopy is becoming 

popular for deep imaging of biological specimens [16-18].  Multiphoton excitation is also 

attractive for biological studies because it offers the ability to excite many fluorophores 

that require single-photon excitation in disparate ultraviolet/visible regions with a single 

wavelength of relatively less energetic photons.  This long-wave irradiation can often be 

chosen such that it is less damaging to biological tissues. 

In single-photon excitation, the energy of the source photons must equal the 

energy gap between the ground and excited electronic states of the chromophore.  

However, the same excitation can be accomplished by the near-simultaneous absorption 

of multiple longer-wavelength photons in MPE.  During MPE, molecules transition from 

the ground state to the excited state through virtual states that can be represented 

diagrammatically as a sequential process (Figure 1.1).  

 



 

 

Figure 1.1   Molecular excitation via one- and two-photon excitation.  In single-photon 
excitation the source photons must equal the energy gap between the ground 
and excited electronic states of the chromophore.  This same (or similar) 
energy gap can be bridged by the near-simultaneous absorption of two 
lower-energy photons. 

Virtual states exist for extremely brief periods of time due to the superposition 

and Heisenberg broadening of molecular energy levels.  MPE requires that two or more 

photons interact with the excitable molecule during the lifetime of the virtual state, which 

is on the order of femtoseconds for chromophores excitable by visible wavelengths; 

otherwise, the virtual state dissipates and the molecule relaxes back to the ground state.  

As a result, an extremely high-intensity photon flux is necessary for MPE.  To 

demonstrate the dependence of MPE on intensity of the light source, the excitation event 

can be treated as a chemical reaction [19]: 

 *M)(hΜ ↔+ νn                                               [1.1] 

where M and M* are the ground and excited state of the chromophore, hν is a photon, 

and n is the number of photons absorbed.  The rate of this reaction is: 

 

]M[δI]M[]k[h
dt

*]d[M nn == ν                                      [1.2] 

4 
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where k is the reaction rate constant.  The rate can also be represented in terms of the 

instantaneous intensity, I, and the excitation cross section, δ, which is proportional to the 

rate constant.  From this representation, it is clear that the rate of MPE depends more 

strongly than single-photon excitation upon the excitation light intensity. 

To achieve the laser intensities necessary for efficient MPE, it is often desirable to 

focus the laser to extremely small spot sizes.  Since the rate of single-photon excitation 

depends linearly on the light intensity and each plane along the path of the beam focus 

experiences the same photon flux, each plane generates the same number of excitation 

events.  In the case of MPE, the excitation rate depends nonlinearly on the light intensity, 

and thus, excitation is effectively confined to those planes near the focal spot where the 

beam intensity is the greatest.  The MPE excitation volume can be on the order of one 

femtoliter when high numerical aperture optics are used to focus the laser. 

While nonlinear excitation has been demonstrated using continuous-wave lasers, 

the excessive power required of such experiments can be limiting [20].  For a 

chromophore with a high excitation cross section, such as fluorescein, hundreds of 

milliwatts of power must be tightly focused to achieve high excitation rates.  Even in this 

ideal scenario, the required power is often great enough to damage cellular samples 

through local heating and single-photon excitation of cellular components.  Higher 

powers also make filtering of long-wavelength scatter difficult and ultimately hinder 

detection sensitivity.   

The emergence of “turn-key” femtosecond pulsed lasers has made MPE 

experiments much more feasible.  Ideal pulsed lasers effectively concentrate photons into 

temporal packets with high instantaneous intensities, while maintaining low average 

intensities.  Titanium:sapphire (Ti:S) oscillators, for example, have high repetition rates 

(~80 MHz) and low duty cycles (10-5), and thus, they produce very short pulses 
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(~150 femtoseconds) of intense radiation separated by relatively long periods of time 

(~10 nanoseconds).  Using high numerical optics, it is possible to create an instantaneous 

intensity of ~1011 W cm-2 at the focal point using a 10-mW average power Ti:S laser 

beam [19].  Sensitive detection of many fluorophores, including low-cross-section native 

biological species, can usually be achieved with < 50 mW of near-IR Ti:S laser light —

 time averaged powers that are more conducive to biological specimens [19]. 

 

1.2  BIOCOMPATIBLE MICROFABRICATION 

Since the advent of stable femtosecond-pulsed laser systems, MPE has been used 

in a wide variety of applications, including high-resolution imaging of biological 

samples, high-sensitivity detection of biological chromophores with capillary 

electrophoresis, photodynamic therapy, and cell surgery [17, 21-23]. These techniques 

seek to provide very localized stimulation of chromophores or to promote laser-induced 

breakdown of materials.  Another application of MPE that has become increasingly 

visible is in the field of micro/nano-fabrication [24].  Here, the well-defined excitation 

volume inherent to MPE is used to confine the fabrication of materials through 

photochemical means.  In many cases, MPE-fabrication provides a 3D, direct-write 

alternative to standard hard or soft lithographic patterning methods. 

Fabrication of materials can be achieved using two-photon excitation as a means 

to photopolymerize or photocrosslink UV-curable, synthetic resins [24].  The highly 

efficient and spatially limited MPE reaction volume allows for the creation of structures 

with sub-micron feature sizes when focusing with high numerical aperture optics.  Once 

the polymeric features are condensed from the solution phase, unreacted monomer can be 

rinsed away, leaving free-standing plastic microstructures.  Scanning of the laser beam 

and the specimen stage can be used to create highly intricate 3D architectures, such as 
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microsculptured livestock, high-aspect ratio towers, and micromachines [25-27].  

Although these chemically inert structures show potential value in areas such as micro-

electromechanical systems (MEMS), their use as in situ-fabricated devices in biological 

systems is limited due to the nonaqueous solvents and strong radical initiators required 

during fabrication. 

Proteins are good candidates for use in the development of BioMEMS since they 

are known to undergo crosslinking in vivo through numerous enzymatic and photonic 

pathways.  For example, natural crosslinks in the structural protein collagen provide 

added strength and stability to bone and connective tissue [28, 29].  Less desirable protein 

crosslinking occurs in the cornea with excessive exposure to UV radiation.  Here, 

accumulations of photocrosslinked protein (cataracts) result in clouding and loss of vision 

[30, 31].  Furthermore, light irradiation is often used in photodynamic therapy (PDT) to 

combat the growth of tumors in patients [23].  Tumors can be treated with 

photosensitizers so that—when illuminated—reactive species induce detrimental covalent 

modifications to biopolymers within tumor cells that often lead to cell death.  In this case, 

therapy can be localized to the tumor cells simply by appropriately directing the 

excitation light source.  

Photopolymerization is generally accomplished using photoinitiators to increase 

the efficiencty of the polymerization process by promoting the formation of radicals or 

ions upon irradiation by the light source.  These radicals or ions attack monomers or 

oligomers to form monomer radicals/ions, which then react with other 

monomer/oligomers to form longer chains.  Photoiniators are small molecules that are 

converted to active species upon excitation and are consumed in the polymerization 

process.  Chain reactions propagate the active species during the polymerization process, 

which can result in the incorporations of many monomers into a polymer chain using a 
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single initiator molecule.  In contrast to photopolymerization, photocrosslinking requires 

an active species for the addition of each monomer making up the polymer chain.  Here, 

photosensitizers transfer energy to a separate initiator upon excitation and are not 

chemically incorporated into the polymer chain.  Although in some cases photoinitiators 

cause crosslinks between proteins, the formation of high molecular weight protein 

aggregates from light irradiation is generally considered a sensitized photocrosslinking 

process [32].     

Photosensitization occurs via a type I or type II mechanism, depending on how 

the excited, triplet-state sensitizer imparts modifications to protein residues [33, 34].  In 

type I sensitization, the photosensitizer is excited to a singlet state, undergoes intersystem 

crossing to form a triplet state, and then acts directly upon a biomolecule through 

hydrogen abstraction, which can give rise to many possible free radical species.  Type II 

sensitization occurs when the triplet state photosensitizer transfers its energy to the 

ground state of oxygen to form singlet oxygen, which then acts upon biomolecules.  

Some examples of common photosensitizers (Figure 1.2) are rose bengal, methylene 

blue, and flavin adenine dinucleotide (FAD).  



 

 

 Rose Bengal Methylene Blue 

 

 

 

 Flavin Adenine Dinucleotide

Figure 1.2   Chemical structures of common sensitizers used in protein photocrosslinking.  
Rose bengal and methylene blue induce crosslinks through type II, singlet 
oxygen mediated mechanisms [35, 36] and are cytotoxic to many cells in 
low micromolar concentrations [37, 38].  Flavin adenine dinucleotide (FAD) 
is a non-cytotoxic sensitizer that can promote crosslinking through type I 
and type II processes [39].   

Both types of sensitizers have been shown to promote crosslinks between 

oxidizable side chains in proteins (His, Tyr, Trp, Cys, Met); however, the actual 

mechanism of the reactions in each case is unknown due to the wide variety of possible 

reactive species and protein conformations.  For this reason, mechanistic crosslinking 
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studies often involve amino acids or short peptide sequences instead of whole proteins.  

Studies show that flavin-derived molecules such as FAD (Figure 1.2), flavin 

mononucleotide (FMN), and riboflavin can sensitize crosslinking through type I or 

type II processes; however, type I mechanisms dominate at physiological pH [39].  In the 

case of an FMN-sensitized tyrosine (Tyr) crosslink, triplet state FMN abstracts a 

hydrogen atom from the Tyr phenolic group, creating a Tyr and a FMN radical 

(Figure 1.3).  The Tyr radical can then react with another Tyr radical to form a dimer, or 

presumably, a protein crosslink when the Tyr residues are part of a protein peptide 

sequence. 

 



 

 

Figure 1.3    Proposed reaction pathways of flavin mononucleotide (FMN) sensitized 
crosslinking between tyrosine residues [40].  

Rose bengal and methylene blue are photosensitizers that induce crosslinking 

through type II processes [35, 36].  Here, singlet oxygen produced from the 

photosensitizer attacks oxidizable groups on one protein to form products that react with 

normal or photo-altered residues of another protein to form crosslinks.  For example, the 

singlet oxygen produced from rose bengal has been shown to promote crosslinks between 

histidine residues (Figure 1.4).  
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Figure 1.4    Reaction pathways of singlet oxygen mediated crosslinking of histidine 
residues when rose bengal is used as a photosensitizer [41].  

While many protein photocrosslinking studies have been performed in bulk 

solution using single-photon excitation, researchers have begun to exploit MPE as a 

means to confine photocrosslinking to the focal volume of a microscope objective.   By 

scanning the focus of a pulsed laser beam in a solution of protein and photosensitizer, 3D 

protein microstructures can be fabricated directly from solution (Figure 1.5), in much the 

same way plastic microforms are created from synthetic monomers as described 

previously.  The Campagnola group has reported the ability to photofabricate free-form 

microstructures composed of proteins such as bovine serum albumin (BSA), collagen, 

and alkaline phosphatase [42-44].  Though these structures were constructed in an all-

aqueous environment, the photosensitizers that were used (e.g., rose bengal) are both 

12 



 

phototoxic [23, 36] and cytotoxic [38] to many cell types at the concentrations required 

for efficient crosslinking. 

 

 

Figure 1.5  Direct-write protein photocrosslinking using multiphoton excitation.  Protein 
microstructures can be written in three dimensions by translating the focus 
of a pulsed laser beam in a solution of protein and photosensitizer (inset).  
Writing can be accomplished by translating the specimen stage relative to 
the laser focus and/or using a confocal laser scanner to raster scan the beam 
in the specimen plane of the microscope.  Legend:  VA, variable attenuator; 
L, lens.   

Others in the Shear Group have recently demonstrated the ability to 

photocrosslink a variety of 3D protein microstructures via MPE in the presence of living 

neuronal cells using non-cytotoxic sensitizers such as FAD.  In initial studies, ~250-nm 

13 
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wide lines of BSA were “written” on-the-fly in neuronal cultures using 30 – 60 mW 

(average power) of 740-nm light from a Ti:S laser [45].  These structures were used to 

provide physical barriers with which to direct neurite outgrowth with submicron 

resolution (Figure 1.5a).  The structures could also be written close enough to cellular 

components to potentially interface with cells (Figure 1.6b). 



 

 

 

Figure 1.6   In situ fabrication of protein microstructures.  (a)  Confinement of neurite 
outgrowth with a low-profile corral composed of photocrosslinked bovine 
serum albumin (BSA).  The barrier was written around the growth cone of 
an NG108-15 cell (left).  After 3.5 hours (right), it exerted strong 
confinement of neurite growth.  (b)  Scanning electron micrograph of a low-
profile protein line fabricated underneath an NG108-15 neurite (adapted 
with permission) [45].    

Since many proteins are capable of undergoing photocrosslinking, the Shear 

Group has explored to ability to create 3D microstructures that are biologically active so 

as to have the ability to interface with cellular components chemically as well as 

physically.  We have shown on several occasions that microstructures composed of 

photocrosslinked avidin have the ability to bind biotin [45-47], implying that the 

crosslinking of the protein does not necessarily disrupt bioactivity.  However, no studies 

15 
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have been done to investigate the effects of crosslinking on dissociation rates of 

biotinylated molecules.  Regardless, retention of biotin binding capacity when 

crosslinking avidin provides a potentially powerful platform to create localized active 

structures that could be used to deliver gradients of biological stimuli to single cells with 

high spatial control.  As an example, others in the group functionalized avidin structures 

with biotinylated alkaline phosphatase in a cellular culture and showed that laminar flows 

could be used to specifically dose cells with enzymatic products downstream of the active 

structures (Figure 1.7).  

 



 

 

Figure 1.7   Generation of chemical gradients within cellular cultures.  (a)  Transmitted 
light image showing a field of cultured NG108-15 cells after fabrication of a 
photocrosslinked avidin scaffold (arrow) decorated with biotin-alkaline 
phosphatase (AP).  (b)  Fluorescence image of the same field subjected to a 
directional flow of 4-methylum belliferyl phosphate (4-MUP), a fluorogenic 
reagent that is converted to a fluorescent product (4-methylumbellifrone, 
4-MU) in the presence of phosphatase.  4-MU can be seen extending from 
the scaffold along the flow path (arrow) and bathing a cell (asterisk) that 
develops high fluorescence due to the dye uptake.  (c)  A surface plot 
showing the fluorescence intensities from the central portion (enclosed with 
the rectangular box) of the image in part B (used with permission) [47]. 

A significant limitation of this method of constructing direct-write active 

microstructures, however, is the high degree of nonspecific protein adsorption resulting 

from exposing unprotected glass and fused-silica surfaces to very high protein 

concentrations (typically 40 – 400 mg/mL) during the photocrosslinking process.  Pre-

passivation of the substrate and extensive washing procedures post-functionalization, 

which can cause the release of adherent cells, are necessary to avoid prohibitive 

nonlocalized enzyme activity.  In some cases, these preventative measures still result in a 
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high degree of nonlocalized enzymatic activity, which prohibits the ability to deliver 

biomolecules with high spatial contrast.  Developing methods to circumvent problems 

associated with nonspecific protein adsorption will be prove invaluable towards the use 

of in situ protein microfabrication as a tool for single cell studies.   

This dissertation will describe efforts to expand the functionality of these direct-

write protein microstructures, with hopes of providing new ways to alter the cellular 

microenvironment.  For example, one of the main motivations of research presented here 

is to develop strategies to fabricate crosslinked protein microstructures that are 

conductive.  Microfabricated electrode and transistor arrays have shown promise in that 

they have enabled electrical recording from both individual and networks of neuronal 

cells [11, 12, 48-51].  These patterned arrays are especially attractive because they can be 

easily multiplexed, a task that is not straightforward when using micropipets to deliver or 

measure electrophysiological conditions.  Resolution of feature sizes and packing 

densities have typically been significant limitations to patterned electronic arrays; 

however, silicon nanowires have been used more recently to create transistor arrays 

capable of detection and stimulation of neuronal activity on the level of individual axons 

and dendrites [52].  Direct-write conductive structures fabricated from MPE crosslinking 

of proteins with feature sizes of ~250 nm could potentially enable subcellular detection 

and stimulation of neuronal activity as well.  Such structures could easily be adapted to 

3D geometries that would mimic natural cellular environments more so than traditional 

planar substrates.  Also, the ability to construct conductive protein structures in situ 

would alleviate the need for highly pre-patterned substrates.   

 This work describes initial experiments directed at metallizing protein 

microstructures for potential use as direct-write electrodes in cellular environments.  The 

experiments are largely based on a method, presented in Chapter 2, by which specific 
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protein structures can be targeted with protein-nanoparticle conjugates. Once deposited, 

the nanoparticles can be fused together into conductive wires using electroless deposition.  

In Chapter 3 experiments are presented that make use of the same gold nanoparticle 

loading technique to deposit active molecules onto existing protein structures in a way 

that exhibits superior signal-to-background when compared to avidin-based loading of 

active molecules previously reported by the Shear Group (described above).  Chapter 4 of 

this dissertation will detail the use of a novel electrochemical technique developed by the 

Stevenson Group to characterize redox activity of directly photocrosslinked 

cytochrome c, a known biocatalyst that helps shuttle electrons across the mitochondrial 

membrane.  Finally, Chapter 5 describes further studies directed at tailoring gold 

conjugate functionalization of protein structures for use as a method to create functional 

devices in cellular studies. 
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Chapter 2:  Microfabrication of Three-Dimensional 
Bioelectronic Architectures*

 

2.1 INTRODUCTION 

The ability of biological macromolecules to direct seeding, growth, and 

organization of inorganic materials offers valuable opportunities for materials synthesis. 

Studies of natural biomineralization processes have inspired efforts to specify the 

structure of inorganic materials over many length scales, from quantum dots with well-

defined crystallinity to large single crystals of calcium carbonate [1, 2].  Recently, several 

strategies have been explored that use macromolecules to scaffold electronically 

conductive metallic components within aqueous solutions, a goal that could provide 

routes for fashioning new electrochemical architectures, nanoelectronic components, and 

cellular interfaces.  In these approaches, surface-adhered biofilaments — DNA [3-5] and 

polyproteins such as amyloid fibers [6], peptide nanotubes [7], and F-actin [8] — have 

been used as templates to grow metallic “bio-wires” through the catalytic reduction of 

copper, gold, and silver ions.  Metallization has been initiated both directly from 

electrostatically associated ions or by covalently bound metal-nanoparticle seeds.  

Although such procedures have yielded wires with radial dimensions as small as ~0.1 µm 

with conductivities of ~104 S cm-1, the arrangement of such materials into functional 

electronic patterns faces severe challenges.  

In this chapter, a strategy is presented for constructing both surface-adherent and 

free-standing biomolecular scaffolds for electronic components with submicron, three-

dimensional control.  Here, proteins are photocrosslinked into controllably placed 

 
* adapted from Hill et al., J. Am.. Chem. Soc. 2005 127 10707-10711. 
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matrices that display high-binding capacities for functionalized metal nanoparticles; 

loading of protein structures with nanoparticle-seeds followed by reductive metallization 

yields hybrid materials that are highly conductive.  By building protein-based structures 

using a direct-write process based on scanning multiphoton excitation (MPE), matrices 

can be fabricated with feature sizes that range from hundreds of nanometers to more than 

a millimeter, and that may either remain in integral contact with a support surface or 

extend tens of microns into free solution. 

 

2.2  EXPERIMENTAL 

2.2.1  Reagents and Materials 

Bovine heart cytochrome c (cyt c; Sigma-Aldrich, C3131, St. Louis, MO), 

lysozyme (Sigma-Aldrich, L6876), avidin (Molecular Probes, A-887, Eugene, OR) and 

flavin adenine dinucleotide (FAD; Sigma-Aldrich, F6625) were stored desiccated at 

-20 °C.  Horse skeletal muscle apo-myoglobin (prepared by Jennifer Lyon of Prof. Keith 

Stevenson’s research group, UT Austin), Horse skeletal muscle myoglobin (Sigma-

Aldrich, M-0630) and bovine serum albumin (BSA; Equitech-Bio, BAH64-0100, 

Kerrville, TX) were stored undesiccated at -80 °C, -20 °C, and 4 °C, respectively.  

Methylene blue (Sigma-Aldrich, M-4159) and rose bengal (Sigma-Aldrich, 330000) were 

stored undesiccated at room temperature.  A concentrated stock solution of fluorescein-

biotin (Molecular Probes, B-1370) in DMSO was stored at 4 °C.  Catalytic gold 

enhancement solution was purchased from Nanoprobes (2112, Yaphank, NY) and 

solutions of gold nanoparticles (~5 nm diameter) decorated with biotinylated BSA 

(b-BSA), biotinylated horseradish peroxidase (b-HRP), unmodified HRP, streptavidin 

(SA), and alkaline phosphatase (AP) were purchased from EY Labs (GB-01, GB-02, 
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GP-03, GA-02, GE-03; San Mateo, CA,); each solution was stored at 4 °C.  All reagents 

were used as received.  H2O used in all experiments was purified using a Barnstead 

NANOpure system (resistance, > 18 MΩ).  Unless otherwise noted, buffers in all 

experiments were either phosphate/perchlorate (0.1 M NaCl, 18 mM phosphate, pH 7.4) 

or HEPES/NaCl (0.1 M NaCl, 20 mM HEPES, pH 7.4).  Glass coverslips (no. 1 

thickness) and microscope slides (25 × 75 mm) were purchased from Erie Scientific 

(Portsmouth, NH). 

2.2.2  Photolithographic modification of coverslips 

Coverslips were coated with indium-tin oxide (ITO; Metavac, Inc., Holtsville, 

NY) and patterned using standard photolithographic methods, yielding non-conductive 

barriers of bare glass (generally, 50 – 100 µm) between conductive regions of ITO.  

Lithographic patterning was performed by Jennifer Lyon.  In this procedure, ITO 

coverslips (coating thickness, ~100 – 200 nm) were spin-coated with 1,1,1,3,3,3-

hexamethyldisilazine (HMDS, Sigma) at 5000 rpm for 30 s, followed by the positive 

photoresist, AZ 5214E (5000 rpm for 60 s).  Coated coverslips were prebaked at 120 °C 

for 80 s before being masked with an aluminum stencil (UTZ Technologies, San Marcos, 

CA) and exposed to UV radiation (460-W lamp for 15 s; ABM Instruments, Santa 

Barbara, CA).  After exposure, coverslips were treated immediately with a 20% solution 

of developer (AZ 400K diluted in H2O).  ITO was etched in 1:3 HCl:HNO3 solution for 

120 s and was cleaned from coverslips by extended rinses with H2O, acetone and 

isopropanol. 

2.2.3  Multiphoton fabrication 

Before use, patterned coverslips were subjected to three rinses with each of the 

following; isopropanol, ethanol, and an aqueous buffer containing 18 mM phosphate and 
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0.1 M sodium perchlorate (pH, 7.4).  In most cases, surface adsorption was reduced by 

soaking coverslips for 10 min in phosphate/perchlorate buffer containing 200 mg/mL 

BSA and rinsed 10 time with the buffer to be used for crosslinking.  Protein matrices 

generally were fabricated using 40 – 400 mg/mL protein in a pH 7.4 buffer solution using 

either FAD, methylene blue, or rose bengal as a photosensitizer.  In some studies, cyt c 

was crosslinked without the addition of a separate photosensitizer. 

Crosslinked protein structures were written on a Zeiss Axiovert (inverted) 

microscope using a femtosecond titanium:sapphire (Ti:S) laser (Spectra Physics, 

Mountain View, CA) typically tuned to 740 nm.  The laser output was adjusted to 

approximately fill the back aperture of a high-power objective (Zeiss Fluar, 

100×/1.3 numerical aperture, oil immersion); average laser powers entering the 

microscope were 20 – 75 mW (all powers reported in this dissertation were measured just 

before the laser beam enters the microscope objective).  Photocrosslinked protein 

structures were created by raster scanning the focused laser beam within the focal plane 

using galvanometer-driven mirrors (BioRad MRC600 confocal scanner).  In some 

instances, a motorized xy-stage was used to translate the position of the sample at ~3 –

 7 µm/s as the beam was raster scanned, an approach capable of creating lanes of 

crosslinked protein that extend over (millimeter) distances ultimately limited by the stage 

travel.  After protein crosslinking, structures were rinsed 30 times with H2O. 

Diagonal cables (i.e., extending along the optical axis) were fabricated between 

opposing glass coverslips that were spaced ~80 – 100 µm by Scotch Double Sided Tape 

(3M, St. Paul, MN).  The focus of an Olympus 40×/0.95 numerical aperture Plan Apo 

objective was translated from the bottom surface of the top coverslip to the top surface of 

the bottom coverslip through a solution containing 400 mg/mL avidin and 0.6 mM 

methylene blue in HEPES/NaCl buffer.  Generally, additional surface-adherent protein 
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matrix was fabricated from the positions at which a cable contacted each coverslip, 

thereby increasing contact area and tethering stability.  Cables were washed by displacing 

the crosslinking solution with H2O (four reaction volumes, ~80 µL total).  In some cases, 

cables were subsequently labeled using 1 µM fluorescein-biotin. 

Cables were also tethered between coplanar glass coverslips spaced ~ 80 –150 µm 

apart and mounted on a glass microscope slide.  Here, the focus of an Olympus 40×/0.95 

numerical aperture Plan Apo objective was translated from the edge of one coverslip to 

the edge of the other at speeds of 10 – 30 µm/s.  Rinses were performed by immersing the 

slides in ~100 mL of buffer or water.  

2.2.4  Gold nanoparticle deposition and enhancement 

Structures were incubated with protein-coated gold nanoparticles for 0 – 45 min 

using the 2-mM sodium borate buffer in which nanoparticles were supplied.  Following 

nanoparticle exposure, matrices were rinsed another 30 times with H2O.  A gold 

enhancement solution (ca. pH 7) capable of catalytic reduction of gold onto nanoparticle 

seeds was applied to structures for 10 – 45 min.  Before characterization, samples were 

dehydrated by using five 10-min sequential washes (2:1 EtOH/H2O; 2 × 100% EtOH; 1:1 

EtOH:HMDS (planar structures) or MeOH (tethered cables); 100% HMDS or MeOH; all 

solutions vol:vol) and allowed to air dry for periods of between 20 min and several days.  

In five separate negative control experiments, patterned ITO coverslips were treated with 

the same protein/photosensitizer solution used for fabrication of cyt c matrices, but were 

not exposed to focused laser light.  After removal of protein solution and rinsing, control 

coverslips were incubated with protein-coated nanoparticles and gold-enhancement 

solution in the same manner described for photofabrication samples. 
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2.2.5  Materials characterization 

Tapping-mode atomic-force microscopy (AFM) measurements were made by 

Jennifer Lyon using a Digital Instruments Dimension 3100 microscope in combination 

with a Nanoscope IV Controller (Veeco Metrology, Santa Barbara, CA).  All 

measurements were obtained using uncoated, n-doped Si SPM probes (cantilever length, 

125 µm; resonant frequency, 300 kHz; spring constant, 40 N/m; model MPP-11100, 

Nanodevices, Inc., Santa Barbara, CA).  In some cases, metallized protein structures were 

severed using a focused ion beam (FIB; FEI-Strata DB235, Hillsboro, OR) operated 

using a beam current of 100 pA.  Ryan Williams of Prof. Keith Stevenson’s research 

group performed FIB milling.  SEM data was obtained from a LEO 1530 scanning 

electron microscope operating at accelerating voltages of 3 – 6 keV with working 

distances of 8 – 25 mm and using magnifications of 1700× – 50,000×.  In some cases, 

images were captured using an in-lens annular detector.  Current-voltage data was 

collected by Jennifer Lyon and by Ryan Hill using a Karl Suss PM5 probe station 

coupled to an Agilent 4145B semiconductor parameter analyzer.  Tungsten filaments (2-

µm radius) were used to probe the structures.  In some studies, conductivity 

measurements were acquired by Jennifer Lyon using a CH Instruments 440 potentiostat 

(Austin, TX) interfaced to a PC.  Transmission images of protein matrices were obtained 

using a Photometrics CoolSnap HQ CCD digital camera (Tuscon, AZ) mounted to the 

Axiovert fabrication microscope and interfaced to Metamorph imaging software 

(Universal Imaging Corporation, version 6.2, Downingtown, PA).  Confocal images were 

acquired with assistance from Rex Nielson by using a Leica SP2 AOBS confocal 

microscope outfitted with a 40× plan-apo 1.25 numerical aperture UV objective; 

fluorescein-biotin fluorescence was imaged on this system using the 488-nm line from an 

argon-ion laser and a FITC filter set. 
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2.3  RESULTS AND DISCUSSION 

Fabrication of conductive protein microstructures was attempted using two 

different methodologies:  directly crosslinking of redox-active proteins and localizing 

metal nanoparticles onto protein matrices.  Initially, redox-active proteins were explored 

in hopes of finding a simple, one-step method of creating a conductive direct-write 

microstructure.  The heme protein, cyt c, was chosen for these experiments since it is 

involved in electron transport across the mitochondrial membrane during adenosine 

triphosphate synthesis (ATP) and has been well-characterized among the biochemical and 

electrochemical communities.  It seemed conceivable that if cyt c were directly 

photocrosslinked into a protein matrix, the heme centers may align in a way that would 

promote electron hopping throughout the structure [9]. 

Photocrosslinking of cyt c was most easily accomplished in a solution of 18 mM 

phosphate (pH 7.4) and 0.1 M perchlorate as opposed to the same buffer without 

perchlorate, 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), or 20 mM HEPES and 0.1 M 

sodium chloride (pH, 7.4).  Reasons for the inability to crosslink structures in HEPES 

buffers or solutions without high salt concentration are unclear.  Cytochrome c structures 

were written from 20 – 200-mg/mL solutions using rose bengal (3 – 12 mM) or FAD 

(4.5 – 7.2 mM) as photosensitizers on both glass and indium-tin oxide (ITO) coated glass 

substrates.    Methylene blue was not used because it formed precipitates with cyt c 

solutions in phosphate buffers.  In all cases, 740-nm light from a Ti:S was used at powers 

ranging from 20 – 75 mW. 

Cytochrome c structures could also be written from solutions containing no 

additional photosensitizer.  Figure 2.1a shows cyt c structures that were written in two 

different crosslinking regimes: one where concentrated cyt c acted as its own 
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photosensitizer (structure on the left) and another case where rose bengal was used to 

sensitize crosslinking with 10-fold less cyt c in solution (structure on the right).  The 

middle structure was presumably formed from a combination of cyt c self-

photosensitization and rose bengal photosensitization.  In the case that no additional 

photosensitizer is used, it is speculated that the heme groups within the protein act as 

sensitizers to promote crosslinks between protein residues.  Both heme and 

protoporphyrin IX, the iron-deficient precursor to heme, have been used extensively as 

type II photodynamic therapy photosensitizers previously [10, 11].  To further investigate 

the role of heme in crosslinking, the ability to write structures with myoglobin, a protein 

containing a non-covalently bound heme group, was compared to that of apo-myoglobin, 

which is myoglobin with the heme group removed.  Myoglobin could be crosslinked both 

with and without sensitizer; however, apo-myoglobin was only crosslinkable in the 

presence of sensitizer (Figure 2.1b). 

 



 

 

Figure 2.1  Photocrosslinking of hemoproteins.  (a) Differential interference contrast 
(DIC) image of cytochrome c (cyt c) microstructures photocrosslinked using 
different sensitization regimes.  Structures 1, 2, and 3 were fabricated from 
solutions of 200 mg/mL cyt c and no photosensitizer, 100 mg/mL cyt c and 
3 mM rose bengal, and 20 mg/mL cyt c and 5.4mM rose bengal 
respectively.  The average laser power was 75 mW in each case—the 
minimum laser power necessary to create structure 1 on glass using the 
native heme as a sensitizer.  As protein (and thus, heme) concentration is 
reduced by half and a low concentration of rose bengal is added, resulting 
structures appear less well defined (structure 2).  However, with 10-fold less 
protein and even more rose bengal, structures appear more well-defined 
(structure 3).  (b) DIC images of photocrosslinked myoglobin (i and ii) and 
apo-myoglobin (iii) from solutions of 40mg/mL protein using 98 mW 
average laser power.  No photosensitizer was used in crosslinking structure i 
while 12-mM rose bengal was used to create structure ii.  At the stated 
power, apo-myoglobin (structure iii) was only crosslinkable with the 
addition of 12-mM rose bengal as opposed to the case where no 
photosensitizer was used.  (a) and (b) demonstrate the ability of 
hemoproteins to sensitize their own crosslinking.  Support solutions in all 
cases was phosphate/perchlorate buffer.  Scale bars, 5 µm.      

To test the ability of photocrosslinked cyt c structures to conduct electrons, it was 

necessary to ensure that the heme remained intact post-crosslinking.  Initially, this was 
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examined by crosslinking cyt c structures directly onto ITO electrodes and using cyclic 

voltammetry to detect the presence of the photocrosslinked structures.  These 

experiments will be detailed more explicitly in Chapter 4; however, for the present 

discussion it should be noted that detection of intact photocrosslinked cyt c structures 

through direct electrochemisty between the iron core of the heme and the ITO electrode 

proved difficult.  For this reason, research focus shifted towards finding ways to 

incorporate metal nanoparticles into protein structures so as to make them conductive as 

opposed to simply using redox proteins. 

The most obvious way to localize nanoparticles onto protein structures would be 

to use highly specific chemical interactions such as that of the avidin-biotin interaction 

that has been previously reported by our research group [12-14].  Initial unoptimized 

experiments directed at loading b-BSA gold conjugates onto avidin structures as well as 

streptavidin gold conjugates onto b-BSA structures were unsuccessful.  However, another 

technique in which loading of protein structures with nanoparticles using nonspecific, 

electrostatic protein interactions was discovered somewhat serendipitously.  In this 

approach, gold nanoparticles were functionalized with a protein that has an isoelectric 

point (pI) significantly different from that of the matrix protein, while the solution used to 

deposit the nanoparticles was buffered at a pH intermediate to the two pIs.  Controlling 

the pH of the deposition solution in this manner electrostatically targets the protein 

matrix of choice with protein-nanoparticle conjugates (Figure 2.2). 

 



 

 

Figure 2.2    Strategy for metallization of crosslinked protein structures.  A deposition pH 
is chosen to be inbetween the isoelectric point of the protein comprising the 
target structure (cyt c) and that of the protein coating the gold nanoparticles 
(BSA).  In this case, protein nanoparticle conjugates are directed to protein 
structures of choice (cyt c) by electrostatic interactions.   

In the basic solutions provided as supports for protein-coated nanoparticles 

(pH 8.8 – 9.0), planar structures created from cyt c (pI = 10.4 – 10.8) [15] showed a high 

capacity for binding nanoparticles coated with b-BSA (Figure 2.3a), a strongly acidic 

protein with a native pI of 4.8 [16].  Particles were bound at densities sufficient to 

completely envelop the matrix surface after reductive growth enlarged particles to 

~50 nm.  The addition of  avidin (pIavidin > 10) [17] to b-BSA-nanoparticle deposition 

solution (pH 8.8 – 9.0) blocked their ability to associate with cyt c structures.  This result 

is attributed to the conversion of the net-negatively charged conjugates to net-positively 

charged conjugates as avidin associated to bBSA coating the nanoparticles., and 

subsequent reduction in electrostatic attraction between the conjugates and cyt c 

mictrostructures.  Upon further optimization of loading experiments, high levels of 
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b-BSA nanoparticle loading were achieved for structures comprised of avidin, and 

nanoparticles coated with HRP, b-HRP (principally the HRP C isoform — native 

pI ≈ 8.5 – 9.0) [18], streptavidin (pISA ≈ 6.4) [19], and alkaline phosphatase (pIAP ≈ 4.4) 

[20] were bound by cyt c structures at comparable levels.  In addition, high densities of 

BSA, AP, and HRP gold conjugates have been loaded onto photocrosslinked lysozyme 

structures, another basic protein with a pI ≈ 11.35 [21].  These results are summarized in 

Table 2.1. 

 
Protein Nanoparticle Conjugate 
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BSA bBSA HRP bHRP streptavidin alkaline phosphatase

cyt c

avidin

bsa

bBSA

myoglobin

lysozyme  

Table 2.1    Loading of protein structures with protein nanoparticle conjugates in basic 
(pH 8.8-9.0) support solutions.   indicates a high degree of nanoparticle 
retention after thorough rinsing while  indicates a relatively low degree of 
nanoparticle retention. 

Consistent with an electrostatic role in binding, structures fabricated from both 

myoglobin (pI ≈ 7) [22] and BSA did not bind appreciable amounts of b-BSA 

nanoparticles when the deposition solution was buffered at pH 8.5 – 9.0.  Moreover, 

treatment of cyt c matrices with solution-phase BSA and methylene blue before addition 

of b-BSA nanoparticles blocked nanoparticle association.  Figure 2.3b demonstrates this 

selective metallization of desired protein matrices.  Here, BSA presumably associates 

with cyt c structures through electrostatic interactions that prevent electrostatic attraction 

between cyt c structures and gold conjugates, however, the role of methylene blue in 
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blocking gold conjugate association with cyt c structures is unclear.  It should be noted, 

however, that this blocking effect produced the best results on ITO substrates.  Blocking 

on glass substrates was achieved to some degree, but not nearly as well as it was achieved 

on ITO.  It is possible that BSA adsorbs more strongly and irreversibly onto ITO surfaces 

than glass surfaces, and thus, acts as a better passivation agent for the prevention of 

adsorption of gold conjugates on ITO surfaces. 



 

 

Figure 2.3 Specific, high-density metallization of matrices comprised of photocrosslinked 
cytochrome c (cyt c).  (a) Scanning electron micrograph (SEM) showing the 
interface between cyt c structure and an ITO-coated glass substrate.  Scale 
bar, 300 nm.  The intrinsic graininess of ITO can be clearly seen, as well as 
a few bright, nearly spherical gold particles scattered on the surface.  
(b) SEM of crosslinked BSA (lane 1), cyt c (lane 2), and cyt c blocked with 
BSA/photosensitizer (lane 3; blocking performed using 200 mg/mL protein 
in a methylene blue/HEPES solution for ~5 – 10 min) after application and 
reductive growth of gold nanoparticles.  Structures were fabricated on an 
ITO substrate; non-conductive regions (i.e., the BSA and blocked cyt c 
lanes) appear dark in this image.  Scale bar, 10 µm.  (c)  High magnification 
SEM of a metallized cyt c structure showing high degree of nanoparticle 
retention.  Scale bar, 300 nm.  For all structures fabricated in (a), (b), and 
(c), cyt c was photocrosslinked in a solution containing 100 mg/mL cyt c 
and 4.5 mM FAD in perchlorate/phosphate buffer; BSA structures were 
prepared in 200 mg/mL BSA and 0.6 mM methylene blue in HEPES/NaCl 
buffer. 
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A key feature of multiphoton photofabrication is that supporting protein matrices 

can be constructed with well-defined topographies.  Figure 2.4a-b demonstrates 

capabilities for fabricating and metallizing crosslinked protein cables that extend through 

solution, unsupported, for nearly 100 µm between two opposing coverslips.  Crosslinked 

proteins can be written into a diverse range of geometries, with the complexity of patterns 

limited primarily by the sophistication of scanning instrumentation and software.  It is 

possible to fabricate structures of various dimensionality, including parallelograms 

(Figure 2.4c), helices, microparticles, and arcs that loop from a surface [13]. 

 

 

Figure 2.4    Metallized-protein architectures.  (a) Transmission images of an avidin cable 
that extends between two spaced glass coverslips.  In the left panel, the 
lower surface of the upper coverslip is in focus; the subsequent panels focus 
downward in steps of 24 µm, 24 µm, and 28 µm.  The cable’s high optical 
density is caused by reductively grown gold nanoparticles.  Scale bar, 
40 µm.  (b) Confocal reconstruction of an avidin cable labeled with 
fluorescein-biotin and gold nanoparticles, but not subjected to reductive 
gold growth.  The top tethering region of this cable extended just beyond the 
depth of focus.  Scale bar, 20 µm.  In parts (a) and (b), structures were 
fabricated by scanning the stage laterally at several microns per second 
while simultaneously translating the depth of the focal point within the 
sample solution.  (c) SEM of metallized cyt c parallelograms fabricated on 
an ITO coverslip.  Scale bar, 10 µm. 

To examine the ability of metallized protein matrices to electronically conduct, 

ITO substrates were patterned with ~50 – 100-µm insulating breaks of bare glass, and 

cyt c structures were fabricated across these electronic barriers, overlapping at their ends 
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with the conductive ITO pads.  Ohmic scaling measurements were performed on 

representative metallized cyt c structures (Figure 2.5).  Here, tungsten probes were placed 

in contact with ITO adjacent to the ends of the protein wires.  From these data and 

measurements on three additional test samples, apparent conductivities for structures 

fabricated across insulating gaps ranged from 6 – 14 S cm-1; generally, structures 

displayed consistent I-V responses for days.  Importantly, conductivities were nearly zero 

unless nanoparticles were both applied to structures and subjected to reductive growth.  

Following initial I-V measurements, wires could be severed using FIB milling.  

Figure 2.5c shows an FIB cut made through a wire, a disruption that virtually eliminated 

current flow: although some non-specific deposition of gold can be seen in the vicinity of 

this structure, FIB disruption of the matrix decreased conductivity by more than 106-fold. 

(e.g., at 100 mV the severed structure supported a current of 2 pA versus 50 µA in an 

intact structure). 

As further confirmation that current responses could not be attributed to non-

specific adsorption of protein (and subsequent gold deposition) on the glass surface, 

control experiments were conducted in which patterned ITO slides were subjected to 

identical solutions and procedures as protein matrix samples, with the exception that 

protein photocrosslinking was not performed.  Currents measured for these controls were 

~1 pA at an applied potential of 100 mV and did not scale with potential. 

 



 

 

Figure 2.5  Electronic characterization of metallized protein architectures.  (a) DIC 
images of a metallized cyt c matrix spanning a insulating gap (~68 µm) in 
an ITO substrate (top) and the same matrix post severance via focused ion 
beam (FIB) milling (bottom).  Scale bar, 20 µm. (b) Current-potential 
measurements on a representative sample in which a metallized cyt c matrix 
spanned an insulating gap  between ITO electrodes (squares) and after the 
matrix was severed (darkened circles).  (c) SEM of the metallized cyt c 
matrix after severing with a FIB.  Scale bar, 5 µm.  Solutions used to 
fabricate protein matrices for in parts (a) and (b) contained 200 mg/mL cyt c 
with no additional photosensitizer.  (I-V data, Jennifer Lyon; FIB, Ryan 
Williams). 

Loss of conductivity also was achieved by applying high potentials.  Figure 2.6 

shows a once conductive structure fabricated across an ~80-µm gap in ITO that suffered 

damage after applying four potential sweeps from +2 V to -1 V at 100 mV/s (probes were 
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placed on ITO contacts as opposed to directly on the protein structure).  The first three 

scans showed similar ohmic scaling with current as that of wires reported above; 

however, conductivity was lost by the fourth scan.  This damage is most likely indicative 

of resistive heating due to high currents passed through the wire. 

 

 

Figure 2.6  SEM of a metallized cyt c matrix that has been damage from conduction of 
high current.  Loss of conductivity was attributed to degradation of metal 
coating along the protein structure.  Scale bar, 5 µm.  

In these initial measurements of metallized cyt c conductivity, contact resistance 

between the protein matrix and ITO appears to be a limiting factor.  To evaluate this 

effect, several additional samples were characterized by placing the tungsten probes in 

direct contact with metallized cyt c structures.  Although probe contact caused some 

damage to protein matrices, measured conductivities increased to ~103 S cm-1, nearly 

100-fold greater than determined with the probes placed on the ITO surfaces.  Another 

source of error in calculating conductivities is our simplifying assumption that matrices 

are solid (i.e., contain no void volume), a poor approximation given the high level of 

porosity of cyt c structures fabricated for conductivity measurements (Figure 2.5c).  
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Interestingly, significant differences were found in photocrosslinking cyt c on 

glass and ITO surfaces: the fabrication process on glass is less controllable, typically 

requiring greater laser powers and higher concentrations of cyt c.  As can be seen from a 

comparison of Figures 2.3 and 2.5c, cyt c matrices on glass are less uniform and more 

porous than those patterned on ITO.  AFM analysis indicated that heights of metallized 

cyt c matrices on insulating glass regions ranged from ~1.5 – 3.0 µm (compared to 

~700 nm on ITO).  Height variability of structures on the glass region is a result of 

performing multiple scans of the laser beam in regions along the protein structure that did 

not fill with crosslinked protein on the first scan.  Explosions during cyt c crosslinking on 

glass could often be minimized by making initial laser scans at lower powers and filling 

in gaps in the resulting structures with extra laser scans.  Although the causes of these 

differences in photocrosslinking cyt c on glass and ITO are not certain, it is speculated 

that decreased dissipation of local heating on glass (dependent on thermal conductivity of 

the surface material) plays a role in influencing matrix structure, as diffusion and 

convection should result in more rapid depletion of reactive photoproducts from the 

multiphoton focal volume.  Notably, matrices comprised of various other proteins, 

including avidin, could be fabricated more controllably on glass substrates than structures 

formed from cyt c.  Although avidin matrices efficiently bound gold nanoparticles, they 

were not used in initial conductivity studies because of higher non-specific adsorption of 

avidin to glass and, hence, greater background binding of nanoparticles. 

Also notable is the fact that the ability to fabricate conductive structures appeared 

to vary as ITO coatings were used from different batches.  All initial conductivity 

experiments were performed from the initial batch of ITO coatings obtained from 

Metavac.  However, a batch of ITO coatings from different lot were used in later 

experiments directed at further optimizing the gold binding mechanism.  Crosslinking of 
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well-defined cyt c structures on these coatings required significantly less laser power.  

Although loading densities of gold nanoparticle conjugates onto cyt c structures appeared 

similar to results reported initially (Figure 2.3c), the ability to block the loading of cyt c 

structures by passivating with BSA less efficient for structures on the new ITO coatings.  

Several cleaning methods (involving sonication in detergent, water, and ethanol; and 

plasma cleaning) were used to clean ITO slides before use in crosslinking studies.  These 

cleaning methods appeared to improve the ability to crosslink on the slides, but they did 

not improve the ability to block existing structures from gold binding.  These differences 

in batches may be a result of variability in the integrity of the ITO coatings supplied by 

Metavac.  High magnification SEM analysis of coatings from the two batches shows 

significant differences in the coating morphology (Figure 2.7).  It is conceivable that 

different ITO coatings are characterized by different heat transfer properties, which could 

affect the integrity of crosslinked protein structures fabricated on their surfaces. 

 



 

 

Figure 2.7    High magnification SEM of ITO coating from two separate batches provided 
by Metavac shows drastic morphological differences.  Scale bars, 300 nm. 

In addition to obtaining conductivity measurements from metallized protein 

structures on planar supports, a number of attempts have been made to make similar 

measurements on metallized scaffolds tethered from 3D supports.  Initial studies were 

conducted by tethering protein cables from shards of glass or ITO-coated glass spaced 

~80 – 150 µm apart (Figure 2.8a).  Cytochrome c was not used to make suspended tethers 

due to its limited ability to be crosslinked into strong, unsupported architectures capable 

of surviving multiple rinsing steps.  For this reason, avidin and bBSA were used as host 

protein structures and loaded with bBSA and SA conjugates respectively, despite the fact 

that higher nonspecific adsorption of gold nanoparticles is observed in these cases.  

Unsupported structures composed of avidin and b-BSA have been shown to be quite 

resilient to many rinsing steps, as previously reported [12].  Also, BSA and AP 

nanoparticles have been loaded onto lysozyme cables tethered from support shards and 

ITO-coated glass.  In all cases when using glass shards as supports, incubation with 

nanoparticles and gold enhancement steps were carried out ~3-4 times longer than the 
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case where planar supports are used.  Despite the longer incubation times, the degree of 

gold nanoparticle loading was never as high as that of metallized structures on planar 

surfaces. 

 



 

 

Figure 2.8    Metallized 3D structures for conductivity measurements.  (a) SEM showing 
b-BSA functionalized avidin cables tethered between coplanar ITO-coated 
glass coverslips.  Cables were crosslinked from a solution of 400-mg/mL 
avidin and 0.6 mM methylene blue (HEPES/NaCl buffer).  Scale bar, 
50 µm.  (b)  SEM of lysozyme cables tethered from larger lysozyme pads, 
all of which were functionalized with alkaline phosphatase gold conjugates.  
Lysozyme structures were fabricated from a solution of 300 mg/mL 
lysozyme and 0.8 mM methylene blue in water (no buffer).   Scale bar, 
5 µm.  (c)  SEM of a metallized avidin cable that has been damaged from 
tungsten probes used to test for conductivity.  Scale bar, 10µm.  
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Large protein pads have also been used to provide supports with which to tether 

metallized cables (Figure 2.8b).  In these studies, 30 × 15-µm pads of lysozyme were 

built up to ~8 – 10 µm tall by incrementally stepping the focus of the raster scanned laser 

along the optical axis.  Lysozyme cables were tethered between the larger pads that were 

spaced from 5 – 50 µm apart.  These structures were then loaded with AP gold conjugates 
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and gold enhanced.  SEM analysis shows that these structures had a high nanoparticle 

density.  Nevertheless, conductivity measurements were unsuccessful.  Due to the 

intricate architectures being probed, acquiring conductivity measurements without 

causing significant damage to the structures is the major limitation in these experiments 

(Figure 2.8c).  Another concern with such low-profile architectures is the size changes of 

the cables as a result of rinses with solutions of varying pH and ionic strength.  In some 

cases, cables that were fabricated in a taught fashion collapse during the functionalization 

or the gold enhancement step.  The response of crosslinked protein structures to varying 

pH and ionic strength conditions is similar to that of solvation and desolvation of 

hydrogel materials and has been well documented by others in the Shear Lab [23].        

 

2.4  CONCLUSION 

In the current studies, electrical conductivity measurements obtained ex situ (i.e., 

on dried, metallized photocrosslinked protein matrices) have been examined.  While 

drying the metallized structures presents a reasonably straightforward way to obtain 

conductivity measurements, attempts should be made to characterize conductivity of 

these structures in solution to confirm that dehydration does not alter their electronic 

properties.  Studies presented in this chapter show conductivities for metallized cyt c 

matrices supported by planar substrates.  To truly exploit the MPE fabrication technique 

used to construct these structures, the conductivity of unsupported 3D protein wires 

should be characterized.  This likely will involve new experimental designs to produce 

architectures that can easily be probed for conductivity as well as less damaging analysis 

techniques that pose less of a threat to the integrity of the structures.   

Unlike earlier approaches for using biomolecules as templates for metallization, 

the current strategy can be used to construct scaffolds with precise spatial control in three 
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dimensions, offering new opportunities to construct advanced bioelectronic architectures.  

Because metallized protein matrices can be fabricated using mild aqueous conditions and 

having broad range of geometries, protein-based microfabrication can be performed in 

chemically sensitive and mechanically confined environments.  Future development for 

these bioelectronic structures includes adapting these procedures for compatibility with 

cultures of neurons [13] and other cell types, a goal that would substantially expand 

capabilities for constructing in situ bioelectronics for monitoring and stimulating 

biological processes.  Development of in situ metallization strategies for protein 

structures will be detailed in Chapter 5.  Because proteins have been shown to effectively 

template materials as varied as quantum dots [1], hydroxyapatite, and silica [24], the 

strategy described in this report may portend a general approach for creating 

microscopically defined inorganic landscapes. 
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Chapter 3:  Enzyme-Nanoparticle Functionalization of Three-
Dimensional Protein Scaffolds*

3.1  INTRODUCTION 

The ability to functionalize surfaces with biologically active molecules is essential 

to applications ranging from gene-chip fabrication to patterning of neuronal networks 

[1-4].  A variety of soft and hard lithography techniques have been used for high-

throughput fabrication of complex surface patterns for depositing enzymes, antibodies, 

and other biomolecules [5-8].  In addition, biomolecule patterns can been created in a 

serial process by scanning a laser focus across a substrate to promote photochemical 

reactions between the surface and a solution-phase molecule [9].  Such direct-write 

procedures are particularly useful in situations where application of photoresist and 

masking present significant challenges, such as modification of channel surfaces within 

existing microfluidic devices.  Unfortunately, current biomolecular patterning methods 

are not readily extended into three dimensions, where advantages may be derived from 

improved mass transfer rates, greater levels of functionalization, and more sophisticated 

geometries for microreactors and model cell cultures.  

The Shear Group and others previously have demonstrated use of multiphoton 

excitation to pattern complex three-dimensional (3D) protein microstructures in aqueous 

environments using direct-write photochemical crosslinking induced by MPE [10-14].  In 

some instances, it is possible to create catalytically active matrices by directly 

crosslinking enzymes of interest [13, 15].  However, the possibility of disrupting activity 

by chemical modifications that accompany crosslinking has motivated the group’s 

 
* adapted from Hill and Shear, Anal. Chem. 2006 78 (19) 7022-7026. 
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interest in developing a more general method in which enzymes are targeted to 

microstructures post-fabrication.  

Toward this goal, others in the group showed that the tetrameric protein, avidin, 

could be crosslinked to form microstructures that retain strong biotin-binding capacity 

[11, 14].  By treating structures with biotinylated enzymes, avidin microstructures could 

be functionalized without risk of photochemical damage to the chemically active pendant 

group.  Unfortunately, protein solutions must be prepared at very high concentrations 

(typically, 50 – 400 mg/mL) to be efficiently crosslinked into matrices, a condition that 

results in significant non-specific adsorption of protein to the support surface (e.g., a 

glass coverslip).  As a consequence, biotinylated enzymes are non-specifically deposited, 

resulting in a large background and far less spatial contrast than may be required for 

applications such as control of neurite pathfinding and site-specific stimulation of 

neurons.  This problem can be ameliorated to some degree by passivating the support 

surface with appropriate reagents or by subjecting the environment to very high flow 

rates (thereby preventing accumulation of reaction products). 

In this chapter, an alternative strategy for post-fabrication targeting of enzymes to 

protein microstructures is examined in which metal nanoparticles are used as a support 

system and delivery vehicle for an enzyme of interest.  Microstructures are fabricated 

using a protein whose isoelectric point (pI) is generally several pKa units higher than the 

targeted enzyme.  After fabrication, the microstructure is washed using a solution of the 

nanoparticle-enzyme conjugate at a pH between the isoelectric points of the 

microstructure protein and enzyme.  In this way, high contrast deposition of enzymes is 

achieved in three dimensions, providing the means to localize catalytic activity to specific 

microstructures with micron resolution. 
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3.2  EXPERIMENTAL 

3.2.1  Reagents and Materials 

Hydrogen peroxide (H325-100; Fisher Scientific, Fairlawn, NJ) was stored 

undessicated at 4 °C.  Concentrated stock solutions of fluorescein diphosphate (FDP, 

10030; Biotium, Hayward, CA) in 100 mM tris buffer (pH 7.4) and Amplex Red 

(A12222; Molecular Probes, Eugene, OR) in DMSO were stored dessicated at -20 °C.  

Biotinylated calf intestinal alkaline phosphatase (biotin-AP, 29339; Pierce Biotech., Inc., 

Rockford, IL) was stored desiccated at 20 °C.  All other chemicals were described in 

previous chapters. 

3.2.2  Matrix Fabricaton and Functionalization 

Non-specific surface adsorption was reduced by soaking coverslips and 

poly(dimethylsiloxane) (PDMS) fabrication wells for 10 min in containing 200 –

300 mg/mL BSA and 0.6 – 0.8 mM methylene blue (hepes/NaCl buffer) and 

subsequently rinsing 10 times with buffer.  Photocrosslinked BSA microstructures 

typically were fabricated from the same solution used for surface passivation of slides.  

Cytochrome c microstructures were constructed using a solution of 200 mg/mL cyt c in 

phosphate/perchlorate buffer.  Avidin matrices were made using a solution of 200 mg/mL 

avidin and 0.6 mM methylene blue in the hepes/NaCl buffer.  Lysozyme structures were 

made using a solution of 300 mg/mL lyozyme and 0.8 mM methylene blue in water. 

Crosslinked protein structures were fabricated on a Zeiss Axiovert (inverted) 

microscope using a femtosecond titanium:sapphire (Ti:S) laser (Spectra Physics, 

Mountain View, CA) typically tuned to 740 nm.  The laser output was adjusted to 

approximately fill the back aperture of a high-power objective (Zeiss Fluar, 

100×/1.3 numerical aperture, oil immersion).  Average laser powers entering the 
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microscope were 20 – 60 mW.  Photocrosslinked protein structures were created by raster 

scanning the focused laser beam within the focal plane using galvanometer-driven 

mirrors (BioRad MRC600 confocal scanner). 

Cytochrome c microstructures displayed intrinsic peroxidase activity and thus 

could be used without modification in enzyme reactor studies.  In some cases the 

peroxidase activity of the cyt c structures was abolished by exposure to 100 mM peroxide 

for 20 min.  Targeted functionalization of cyt c and lysozyme microstructures with 

protein-Au conjugates was accomplished using a method described previously [12] 

(Chapter 2).  In brief, AP-Au conjugates were deposited onto cyt c and lysozyme 

microstructures during a 10-min incubation step in 2 mM sodium borate buffer (pH 8.5 –

9.0) followed by 20 rinses of buffer or water at the incubation volume (10 µL).  Based on 

scanning electron microscopy of nanoparticle-loaded cyt c structures [12], this washing 

procedure does not result in observable reduction in the nanoparticle density on 

microstructures.  Avidin-based enzyme immobilization was accomplished by 

functionalizing avidin microstructures with biotin-AP (0.1 mg/mL; 10 min incubation) in 

HEPES/NaCl buffer followed by 20 rinses at the incubation volume (10 µL). 

3.2.3  PDMS Microchamber Fabrication 

PDMS molds were used to create wells for holding and exchanging fabrication 

solutions and to form channels through which solution was introduced into flow cells 

containing functionalized microstructures.  Wells were made by punching a 3.3-mm 

diameter hole in 1 – 2 mm thick PDMS (10:1 RTV615A to RTV615B; GE Silicones, 

Niskayuna, NY) films and pressing the films onto 24 × 60 mm no. 1 coverslips (Erie 

Scientific, Portsmouth, NH).  After fabrication, functionalization, and rinsing was 

complete, the well was peeled away and replaced by an open-sided PDMS channel that 

was pressed onto the glass to create a closed flow cell containing the microstructures.  
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The negative master for the PDMS channel was prepared by affixing a section of a square 

plastic coverslip (12-547, Fisher Scientific, Fairlawn, NJ; originally 22 × 22 mm cut to 

the same dimensions as the desired channel) to the floor of a 3.5-cm-diameter Petri dish 

using silicone adhesive.  A small length (~2 mm) of Teflon tubing (0.86-mm i.d., 

1.38-mm o.d., TT-250-20; Manhattan Wire Products, Manchester, CT) was affixed to 

both ends of the channel master coverslip to provide a means for securing 20-mm lengths 

of 0.83-mm diameter wire.  The wires were used to create voids in PDMS through which 

solutions could be introduced into the flow cells.  The Petri dish was filled with PDMS 

solution, degassed, and cured at 60 °C for 1 h.  This process resulted in channels 

~240 µm high, 3.0 mm wide, and 22 mm long, which could be placed over arrays of 

enzyme microstructures.  A syringe pump (BS-9000-6; Braintree Scientific, Braintree, 

MA) was used to deliver solutions in the comparative studies between nanoparticle-based 

sensors and avidin-based sensors.  A peristaltic pump (7103-054; Rainin Instrument, 

LLC., Oakland, CA) was used to deliver flow in all other studies. 

3.2.4  Spectroscopic Measurements 

Characterization of enzyme activities for functionalized microstructures was 

accomplished using fluorogenic reagents in the PDMS flow cell operated under laminar-

flow conditions.  The use of moderately high laminar flow rates generates well-defined 

product streams that originate at microstructures and undergo little dilution along the 

axial dimension for hundreds of microns but display steep concentration gradients along 

the horizontal and vertical radial dimensions.  

Multiphoton-excited fluorescence measurements of fluorescein plumes were 

acquired by exciting sample solutions at desired 3D coordinates using the Ti:S beam 

focused into the Axiovert microscope via the 100× Fluar objective (average Ti:S powers 

were 20 – 50 mW at the objective back aperture).  Widefield fluorescence measurements 
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were made on the Axiovert microscope using a mercury lamp excitation source and a 

10× Fluar 0.5 numerical aperture objective.  Fluorescence emission was collected using 

standard “Green” and “Red” filter sets (Chroma, Rockingham, VT).  For both 

multiphoton and wide field measurements, fluorescence was detected using a 12-bit 

1392 × 1040 element CCD (Cool Snap HQ; Photometrics, Tucson, AZ).  Confocal 

images were acquired using a Leica SP2 AOBS confocal microscope outfitted with a 

20× plan-apo 0.7 numerical aperture UV objective.  Fluorescein fluorescence was excited 

on this system using the 488-nm line from an argon-ion laser and was detected using an 

FITC filter set.  Data was processed using Image J and Metamorph (Universal Imaging, 

Sunnyvale, CA) image analysis software.  UV-VIS absorbance spectra were acquired 

using an Agilent 8453 spectrophotometer using a 1-cm path length quartz cuvette. 

 

3.3  RESULTS AND DISCUSSION 

The general approach for functionalizing protein microstructures is described in 

Figure 3.1.  Here, microstructures are fabricated from a protein that has a high isoelectric 

point.  By using a solution pH significantly lower than the matrix protein pI, but greater 

than the pI of an enzyme of interest, enzyme-nanoparticle conjugates can be specifically 

targeted to desired matrices.  After weakly-bound particles are washed from the 

coverslip, enzyme substrate is applied using laminar flow to create defined product 

streams originating at the microstructure.  Although electrostatics likely are not the sole 

factor mediating nanoparticle deposition and retention within protein microstructures, it 

has proved to be a reliable predictor of deposition efficiency in most cases examined thus 

far [12].  



 

 

Figure 3.1 Strategy for functionalizing protein microstructures. (a) Use of high isoelectric 
point (pI) proteins [cytochrome c (cyt-c), lysozyme] in direct-write 
fabrication yields microstructures expected to maintain a net positive charge 
under pH conditions used for nanoparticle deposition. Gold nanoparticles 
decorated with enzymes (Enzyme-Au) that have pIs lower than the 
deposition pH (pink region) are retained by microstructures largely as a 
result of electrostatic interactions. (b) Enzyme-Au specifically bound to 
high isoelectric-point matrices (blue) serve as patterned catalysts for 
converting a reagent to product in laminar-flow streams. Before use in flow 
reaction studies, samples are washed multiple times to remove weakly 
bound nanoparticles, a process assisted by passivation of the glass coverslip 
with bovine serum albumin (BSA) before fabrication.  Figure used with 
permission from J. Shear. 
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In contrast to patterning techniques that rely on surface-specific chemistry, 

microreactors fabricated in the current studies can be created with arbitrary, 3D 

topographies.  As a demonstration of this capability, a series of pillars, each ~5 µm tall, 

were fabricated from photocrosslinked BSA (pIBSA ≈ 4.8) [16] in a “V” configuration.  

Suspended cables comprised of crosslinked lysozyme (pIlysozyme ≈ 11.35) [17] were 

subsequently written from the top surface of one pillar to a paired pillar on the opposing 

branch of the “V” structure (Figure 3.2a).  Lysozyme cables, on the order of 1 µm thick, 

then were specifically labeled with AP-Au conjugates (pIAP ≈ 4.4) [18], rinsed, and 

subjected to a flow of the fluorogenic reagent, FDP.  Catalytic activity localized to cables 

was visualized by fluorescence from fluorescein reaction product (Figure 3.2b). 

 



 

 

Figure 3.2  Functionalized 3D protein cables.  (a)  Differential interference contrast 
images of BSA pillars supporting nanoparticle-labeled lysozyme cables.  
BSA pillars were built up (300 mg/mL BSA, 0.8 mM methylene blue, 
hepes/NaCl buffer) using a confocal scan box to perform 2D raster scans of 
the laser focus from the coverslip-solution (top image) interface to ~5 µm 
into solution (bottom image) in 1-µm increments.  Lysozyme cables 
(300 mg/mL lysozyme, 0.8 mM methylene blue, hepes/NaCl buffer) were 
tethered from tops of BSA pillars by scanning the specimen stage at 1 µm/s.  
Cables were functionalized by incubating with AP-Au for 10 min and were 
subsequently rinsed.  Scale bar, 20 µm.  (b)  Fluorescence intensity plot 
showing emission from a stream of fluorescein product created by AP-Au 
loaded cables and a flow of fluorogenic reagent, FDP (0.15 mL/min, 10 µM, 
hepes/NaCl buffer).  The “V” microstructure is five BSA pillar pairs 
supporting functionalized lysozyme cables; the two left-most pillar pairs are 
the same as shown in (a).  Data created by averaging 30 1-s exposures using 
4 × 4 binning and applying a flat-field correction. 

Another 3D demonstration that clearly presents the specific nature of the gold 

nanoparticle loading technique is shown in Figure 3.3.  Here, lysozyme towers (~6 µm 

tall) were fabricated on top of larger, low profile BSA pads (~2 µm tall).  Lysozyme 

structures were specifically loaded with AP-Au conjugates and subjected to rinsing and a 

flow of FDP.  Alkaline phosphatase enzymatic activity was localized to the 

functionalized lysozyme structures as visualized by the presence of narrow fluorescein 

plumes originating from the smaller lysozyme structures as opposed to the larger BSA 

pads. 
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Figure 3.3  Functionalized 3D protein matrices.  (a)  Differential interference contrast 
image of low-profile BSA pads (~2 µm tall) supporting taller nanoparticle-
loaded lysozyme towers (~6 µm tall).  BSA pads were created (300 mg/mL 
BSA, 0.8 mM methylene blue, hepes/NaCl buffer) using a larger-aspect 
ratio 2D raster scan (top image), and lysozyme towers (300 mg/mL 
lysozyme, 0.8 mM methylene blue, hepes/NaCl buffer) were placed on top 
of BSA pads (bottom image) using a smaller aspect-ratio scan.  Lysozyme 
towers were functionalized by incubating with AP-Au for 10 min and rinsed 
with buffer.  Scale bar, 10 µm.  (b)  Fluorescence intensity plot showing 
emission from a stream of fluorescein product created by AP-Au loaded 
towers and a narrow flow of fluorogenic reagent, FDP (0.15 mL/min, 
10 µM, hepes/NaCl buffer).  Data created by averaging 10 7.5-s exposures 
using 1 × 1 binning and applying a flat-field correction.  

Analysis of 3D reaction product distributions produced by functionalized 

microstructure pads was performed using confocal microscopy and two-photon 

fluorescence point measurements.  Here, a cluster of microstructures was fabricated from 

cyt c (pIcyt c ≈ 10.4 – 10.8) [19] and loaded with AP-Au conjugates.  To image 

phosphatase activity, a relatively high laminar flow (0.55 mL/min; ~1.2 mm/s at 4 µm 

above the coverslip) of FDP was supplied to the cluster, resulting in steep gradients of 

reaction product.  Figure 3.4 shows a 3D fluorescent intensity profile (a) and 
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reconstructions of a stack of confocal fluorescence images viewed from above (b, top 

panel) and end-on, upstream from the cluster (b, lower panel). 

 

 

Figure 3.4  Confocal reconstructions of fluorescein product created in a stream of 10 µM 
FDP reagent (0.55 mL/min).  (a)  3D intensity profile showing the product 
stream originating at a cluster of cyt c microstructures loaded with AP-Au as 
opposed to a cluster of BSA structures that were also exposed to the AP-Au 
loading step.  (b)  Detailed confocal reconstructions of a product plume as 
viewed from above (top panel) and end-on upstream from the 
microstructures (lower panel).  By subjecting the reaction environment to a 
moderate flow velocity, a well-defined, directional product plume was 
created that ran parallel to the coverslip.  Confocal reconstructions were 
obtained by rotating through  90° of a reconstruction of 64 confocal 
fluorescence images.  Scale bar, 50 µm. 

Two-photon fluorescence measurements were used to quantitatively assess 3D 

product distributions and signal-to-background for microstructures functionalized with 

AP-Au conjugates.  Using a microstructure cluster and FDP flow conditions similar to 

that shown in Figure 3.4, two-photon point measurements were made at a range of 

distances from the coverslip both upstream and downstream from the cluster.  Figure 3.5 

(left graph) shows representative vertical profiles of fluorescence signal at positions 

30 µm from the edge of a cyt c cluster loaded with AP-Au.  From both the confocal and 
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two-photon measurements, it can be seen that fluorescein product extends to distances 

~10 µm from the coverslip. 

Because of the relatively high flow rate, measurements made upstream of the 

cluster are essentially uncontaminated by fluorescein product created at the cluster and, 

consequently, provide an accurate estimate of non-specific background.  From these data, 

a maximum signal-to-background ratio of 20 is obtained at a height of 4 µm above the 

coverslip. The signal used in the calculation was found to correspond to that of 90 nM 

fluorescein under identical flow conditions (data not shown).  Passivation of coverslips 

with a solution of BSA and the photosensitizer, methylene blue, is essential to low 

nonspecific binding of enzyme-coated nanoparticles to the glass support surface. At the 

Ti:S power used for these measurements (21 mW input to the objective back aperture), 

photobleaching was negligible (data not shown).  Thus, regardless of vertical position 

(and, hence, flow velocity), fluorescence scales linearly with dye concentration.  

Given the specific and localized nature of signal from AP-Au-labeled 

microstructures, a comparison was made to a strategy previously reported by the Shear 

Group for localizing activity via enzyme-decorated avidin microstructures (Figure 3.5, 

right graph) [13].  Multiphoton excitation was used to crosslink avidin and the resultant 

microstructures were functionalized with biotin-AP.  Background fluorescence (from 

non-specific adsorption) measured upstream of avidin-based sensors generally was 

~100-fold greater than background measured upstream of enzyme-nanoparticle-loaded 

microstructures.  The severity of background in studies involving functionalized avidin 

depended on how close to the flow inlet microstructures were fabricated, as a reduction in 

the amount of surface area upstream of structures led to decreased background at the 

structures.  In cases where avidin microstructures were placed within several hundred 

microns of the inlet, it was possible to distinguish fluorescein product plumes from 



 

background; when such a restriction was not imposed, signal-to-background ratios for 

AP-decorated avidin microstructures did not exceed 0.5. 

 

 

Figure 3.5  Two-photon measurements of fluorescein signal as a function of height from 
the coverslip-solution interface (i.e., distance into solution) for both AP-Au 
loaded cyt c microstructures (left) and biotin-AP loaded avidin 
microstructures (right).  In each case, the coverslip supported a close-packed 
3 × 3 cluster of the respective microstructure.  Structures were 
functionalized and subjected to a flow of 10 µM FDP at 0.55 mL/min.  
Signal was measured along the product plume central axis both upstream 
and downstream from the microstructure clusters.  Laser power and 
wavelength were 21 mW and 740 nm, respectively. 

Cytochrome c, an extensively studied biocatalyst [20], retains significant native 

peroxidase activity after direct-write photocrosslinking (Figure 3.6b).  Here, the reaction 

of the fluorogenic substrate, Amplex Red, with H2O2 is catalyzed by cyt c to yield the 

fluorescent product, resorufin.  Peroxidase activity of cyt c can be attenuated by high 

concentrations of peroxide [20].  As shown in Figure 3.6, a and b, peroxidase activity 

increases from cyt c structures exposed to decreasing peroxide concentrations.  Notable 

in these studies is the observed increase in fluorescence centered at 535 nm upon 

excitation centered at 480 nm as structures are exposed to higher concentrations of 

peroxide (Figure 3.6a).  Reasons for this spectroscopic shift are unknown, however, it is 
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conceivable that upon bleaching with peroxide, the heme or porphyrin ring is converted 

to a state with bonds or associations that promote this 535-nm fluorescence.  

Interestingly, absorbance data of bleached cyt c shows no strong increase in absorbance 

at 480 nm (Figure 3.6c).  UV-VIS absorbance data confirms, however, the bleaching of 

the cyt c soret band at ~ 410 nm with exposure to concentrated peroxide.  This finding 

has been previously reported [21].  

 

 

Figure 3.6  Attenuation of cyt c native peroxidase activity with exposure to peroxide.  
(a) Fluorescence (centered around 512 nm with 480-nm excitation) intensity 
plot of  cyt c microstructure clusters that were exposed to 10-min 
incubations of decreasing concentrations of peroxide.  Data created from 
one 1.5-s exposure at 2 × 2 binning with a flat-field correction.  Scale bar, 
20 µm.  (b) Fluorescence intensity plot showing fluorescent resorufin 
plumes originating from cyt c microstructures in a 0.15-mL/min flow of 
200 µM peroxide and 20 µM Amplex Red in HEPES/NaCl buffer.  
Structures exposed to high concentrations of peroxide (left two clusters) 
showed very minimal peroxidase activity relative to those structures 
exposed to lower peroxide concentrations (right two clusters).  Data created 
by averaging ten 5-s exposures at 1 × 1 binning and applying a flat-field 
correction.  (c)  Absorbance spectra showing bleaching of the cyt c soret 
band (red arrow) upon exposure to peroxide.  Black spectrum is of 100 mM 
peroxide in perchlorate/phosphate buffer.  Red solid line spectrum 
represents that of 200 µg/mL cyt c in perchlorate/phosphate buffer.  Red 
dotted spectra were taken over 10 min after the addition of 100 mM 
peroxide and mixing.      
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Also examined was the feasibility for using both enzyme-nanoparticle 

functionalization and intrinsic enzyme activity of microstructures to create multi-sensor 

suites. By fabricating and functionalizing a given microstructure before additional 

microstructures are constructed, it is possible to selectively load a specific cyt c structure 

with AP-Au conjugates, thus imparting a subset of peroxidase-active structures with 

phosphatase activity (Figure 3.7, middle panel).  This approach for electrostatically 

directing activity to desired 3D microstructures should allow a range of sensors to be 

developed based on nanoparticle delivery systems. For example, horseradish peroxidase 

(HRP) activity has been localized to both lysozyme and cyt c microstructures using HRP-

gold conjugates (pIHRP ≈ 4.0 – 8.4 [18]; data not shown).  However, HRP activity in these 

cases is very minimal in flows of Amplex Red and peroxide at pH 7.4.  This activity 

could potentially be improved by buffering the Amplex Red/peroxide solution at a pH 

closer to the optimal pH for HRP (pHoptimal = 6.5) [22]. 

 



 

 

Figure 3.7  Heterogeneous enzyme arrays.  Left panel:  Differential interference contrast 
image showing 4 clusters of microstructures:  BSA as a negative control, 
cyt c with peroxidase activity removed by exposure to 100 mM peroxide 
(inactive peroxidase),  cyt c that was loaded with AP-Au (peroxidase & 
phosphatase), and cyt c with no further functionalization (peroxidase).  
Scale bar, 25 µm.  Middle panel:  Fluorescein stream created from 10 µM 
FDP originating from the cyt c cluster that was labeled with AP-Au 
conjugates.  Right panel:  Both of the active cyt c clusters display intrinsic 
peroxidase activity, yielding fluorescent resorufin in the presence of 200 µM 
peroxide and 20 µM Amplex Red.  The BSA and the inactivated cyt c 
clusters display neither phosphatase nor peroxidase activity.  Reagents 
flowed through the microstructure array at 0.15 mL/min in HEPES/NaCl 
buffer.  Wide-field fluorescence images (insets) used to create fluorescent 
intensity plots were generated by averaging ten 5-s exposures (no binning) 
and were subjected to a flat-field correction.   

Fluorescence generated by microstructures displaying native peroxidase and 

targeted phosphatase activities showed substrate-dependent scaling with low-micromolar 

detection limits (Figure 3.8), making these materials potentially useful as biosensors and 

tunable microreactors for creating defined concentrations of dosants.  It would be 

possible to achieve lower detection limits by integrating for longer periods over greater 

numbers of pixels.  Nevertheless, given the small spatial dimensions of these reactors and 

the brief interaction period of reagents with the microstructures, the current detection 

limits are consistent with results of other investigators [23].  Of note in these studies is 

the peaking of indicator signal with increasing peroxide concentration, a previously 
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reported observation for solution-phase cyt c indicative of damage to the enzyme reaction 

center by high concentrations of peroxide substrate [20]. 

 

 

Figure 3.8  Substrate concentration dependence of microreactors.  Widefield fluorescence 
was used to detect fluorescein and resorufin product streams. Flow and 
analysis parameters were the same as in Figure 3.7 with the exception that 
images were created by averaging ten 1-s exposures (4 × 4 binning). 
Fluorescence was quantified by averaging 66 pixel values ~5 µm 
downstream of the microstructures, then subtracting a background 
measurement from an upstream position. For the integration times used 
here, detection limits for H2O2 and FDP are approximately 10 µM and 
1 µM, respectively. 

The fact that these substrate scaling data were taken under non-steady state 

conditions prevents the extraction of enzymatic kinetic parameters.  Detailed kinetics 

studies on the peroxidase activity of cytochrome c are presented in Chapter 4.  It would 

be of interest in future studies to assess the activity of alkaline phosphatase conjugated to 

gold nanoparticle as well as the activity of the AP-Au conjugates immobilized on protein 

microstructures for a comparison to previously reported AP Michaelis-Menten constants 

(Km) ranging from 10 – 100 µM [15, 24].  Characterization the enzymatic parameters of 

these microstructures will prove useful in their application as biosensors or dosing 

sources.   
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3.4  CONCLUSION 

Enzyme-nanoparticle conjugates provide an efficient means to functionalize 3D 

protein microstructures.  Electrostatic loading of high-pI structures with low-pI enzyme-

nanoparticle conjugates was observed for several microstructure/enzyme pairs (cyt-c/AP, 

cyt c/HRP, lysozyme/AP, lysozyme/HRP).  Importantly, nonspecific adsorption of 

nanoparticles to the coverslip substrate is essentially eliminated by a straightforward 

surface passivation procedure, yielding a facile approach for patterning catalytic activity 

in three dimensions with high signal-to-background ratios.  Furthermore, gold conjugate 

loading of protein microstructures can potentially be extended to include many host 

protein/gold conjugate pairs given that the mechanism of the loading does not rely on 

specific attachment chemistry.  The electrostatic nature of gold conjugate loading to 

protein microstructures as well as directly crosslinking active enzymes enables the 

creation of complex patterns of hetergeneous bioactivity with unique flexibility. 

This direct-write, aqueous fabrication strategy offers a high resolution method for 

creating topographically complex 3D sensors and dosing sources.  These microreactors 

could be fabricated within intricate microfluidic devices for the purposes of detecting 

small molecules such as peroxide.  Sequential functionalization steps could aide in the 

development of 3D multi-enzyme reactors where the products from one enzyme reaction 

act as substrates for another downstream enzyme.  Also, these enzyme patterns could 

potentially be used to stimulate cells in culture by site specifically dosing them with 

active molecules such as the excitatory neurotransmitter, glutamate.  Analysis of the 

chemical microenvironment surrounding cells should also be feasible.   
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Chapter 4:  Redox Activity of Photocrosslinked Cytochrome c*

4.1  INTRODUCTION 

Using multiphoton excitation (MPE) to crosslink protein microstructures presents 

unique opportunities to build useful biomolecular architectures.  Unlike many other hard 

and soft lithography techniques, MPE crosslinking of protein structures can be performed 

in non-cytotoxic environments [1-3].  Others in the Shear Group have shown that protein 

microstructures fabricated on-the-fly in neuronal cultures can be used as barriers to 

influence neurite outgrowth [1, 3].  The inherent three dimensional nature of MPE 

fabrication allows for the creation of intricate, free-standing architectures within aqueous 

solution [1-6].  Also, the use of proteins as monomers to build such architectures provides 

a way to imbed functionality into the microstructures and potentially provide new ways 

to alter cellular environments.  Functionality can be attained by either directly 

crosslinking active molecules or by functionalizing existing microstructures with active 

molecules [3-7]. 

As discussed in Chapter 1, mechanisms of several types of sensitized protein 

photocrosslinking have been suggested from experiments where isolated protein residues 

were exposed to controlled crosslinking conditions [8-11].  However, the actual residues 

or functional groups within individual proteins that are modified during fabrication of 

microstructures using MPE are not well-characterized.  Furthermore, modifications of 

proteins during crosslinking could result in attenuation or elimination of their native 

bioactivity if residues within active sites are modified.  As a result, experiments are often 

devised to test for retention of bioactivity post-crosslinking.  Our group and others have 

 
* Adapted from Lyon, Hill, Shear, and Stevenson, Anal. Chem. 2006 (submitted). 
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demonstrated the ability to directly crosslink several different enzymes as well as avidin 

while retaining varying degrees of  bioactivity [1-3, 5, 7].  

This chapter presents studies directed at investigating the effects of MPE 

photocrosslinking on heme activity of cytochrome (cyt c).  Cytochrome c is unique 

amongst the hemoproteins in that its heme is covalently bound to surrounding cysteine 

residues rather than being electrostatically retained within a hydrophobic cleft of amino 

acids [12].  This covalent linkage stabilizes the protein’s native conformation; therefore, 

the presence of an intact heme post-fabrication could suggest a non-denaturing 

photocrosslinking mechanism.  Since cyt c is redox active through its Fe(II/III) heme 

couple, direct electrochemical interrogation of its activity when fabricated onto an 

electrode support is possible.   

In a collaborative effort with graduate student Jennifer Lyon and Prof. Keith 

Stevenson, we have used a unique combination of spectroscopic and electrochemical 

techniques to analyze heme activity of cyt c post-crosslinking.  Evaluation of direct 

electrochemisty, including electron transfer kinetics, from photocrosslinked cyt c at 

indium-tin oxide (ITO) working electrodes is examined.  Also, Raman spectroscopy is 

performed on specific photocrosslinked cyt c microstructures to confirm the presence of 

signature chemical shifts associated with intact heme.  Finally, a novel technique 

developed by Lyon in the Stevenson Group is used to quantitatively characterize the 

peroxidase activity of photocrosslinked cyt c.  (Note:  Both the Stevenson and the Shear 

groups worked collectively and in feedback on experimental design for studies presented 

in this chapter.  All photofabrication technique-development (for both positive and 

negative controls) and imaging of structures was performed in Ryan Hill in the Shear 

Group.  Development and implementation of electrochemical analysis schemes, Raman 
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spectroscopy, and atomic force microscopy were performed by Jennifer Lyon in the 

Stevenson Group.) 

4.2 EXPERIMENTAL 

4.2.1  Reagents and Materials 

Cytochrome c (cyt c) from bovine heart was purchased from Sigma-Aldrich (St. 

Louis, MO, C3131) and was stored in a desiccator at -20 °C until immediately before use.  

Gel permeation chromatography using an Amersham Biosciences HiPrep 16/60 column 

indicated that > 98% of cyt c was in its Fe(III) oxidation state as received, and less than 

2% was denatured (calculated by integration of peaks corresponding to both free heme 

and oligomeric cyt c); therefore no further purification of cyt c was performed prior to 

use.  Flavin adenine dinucleotide (FAD; Sigma-Aldrich, F6625) was also stored in a 

desiccator at -20 °C.  Bovine serum albumin (BSA; Equitech-Bio, Kerrville, TX, 

BAH64-0100) and methylene blue (Sigma-Aldrich, M4159) were stored at 4 °C and 

room temperature, respectively.  Amplex Red was purchased from Invitrogen, diluted to 

0.1 M in DMSO immediately upon arrival, divided into 5-µL aliquots and stored at 

-20 °C until immediately before use.  Hydrogen peroxide (H2O2) (30% w/v) was 

purchased from Fisher Scientific (Fairlawn, NJ, H325-100) and stored at 4 °C at all 

times.  H2O2 standards were prepared by serial dilution of 30% w/v H2O2 in 0.1 M 

K2HPO4/0.05 M citric acid buffer, pH = 5.0.  All other reagents were obtained from 

Sigma-Aldrich and used as received.  All solutions were prepared using ultrapure 

(18 MΩ/cm) H2O. 

4.2.2  MPE fabrication 

Nonspecific surface adsorption of photocrosslinking solution proteins to both ITO 

and glass substrates was reduced by soaking coverslips and poly(dimethylsiloxane) 
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(PDMS) fabrication wells for 10 min. in 20 mM HEPES/0.1 M NaCl buffer (pH 7.4) 

containing 200 mg/mL BSA and 0.6 mM methylene blue and subsequently rinsing 

10 times with buffer.  Crosslinked protein structures were fabricated on a Zeiss Axiovert 

(inverted) microscope using a femtosecond titanium:sapphire (Ti:S) laser (Spectra 

Physics, Mountain View, CA) typically tuned to 740 nm.  The laser output was adjusted 

to approximately fill the back aperture of a high-power objective (Zeiss Fluar, 100×/1.3 

numerical aperture, oil immersion).  Average laser powers entering the microscope were 

20 – 60 mW.  Photocrosslinked protein structures were created by raster scanning the 

focused laser beam within the focal plane using galvanometer-driven mirrors (BioRad 

MRC600 confocal scanner).  Although some day-to-day optimization of laser power was 

required due to possible changes in beam alignment and laser pulse properties, once 

appropriate conditions were determined, structures generally could be fabricated 

reproducibly with errors of ~0.5 – 1 µm. 

4.2.3  Geometric estimates of photocrosslinked cyt c 

To determine the volume of photocrosslinked cyt c structures, in situ atomic force 

microscopy (AFM) was performed using a Digital Instruments Bioscope microscope in 

combination with a Nanoscope IV Controller (Veeco Metrology, Santa Barbara, CA).  

Samples were probed in a buffered aqueous environment consisting of 18 mM 

phosphate/0.1 M perchlorate (pH, 7.4) using triangular silicon nitride cantilever tips 

(cantilever length: 100 µm; resonant frequency: 11 kHz; spring constant: 0.02 N/m; 

Olympus, OMCL-TR400PSA). 

4.2.4  Direct electrochemistry 

Direct electrochemical analysis of cyt c was performed using a CH Instruments 

440 potentiostat (Austin, TX) interfaced with CH Instruments 440 software.  The 
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working electrodes were composed of indium-tin oxide (ITO, 15-20 Ω/mm2; Metavac, 

Inc., Holtsville, NY) coated glass coverslips of No. 1 thickness (Erie Scientific, 

Portsmouth, NH).  Electrical contact was made with ITO using indium foil (Alfa Aesar, 

Ward Hill, MA).  A Pt wire counter electrode and Ag/AgCl reference electrode (sat’d. 

KCl, World Precision Instruments) were also used.  All reported potentials are relative to 

Ag/AgCl (sat’d. KCl).  For direct electrochemical analysis, cyt c microstructures were 

constructed within a Teflon chamber fitted with a Viton o-ring to expose 0.242 cm2 

electrode area using solutions of 100 mg/mL cyt c and 4.5 mM FAD in 18 mM 

phosphate/0.1 M perchlorate buffer (pH, 7.4).  The chamber was left intact and the 

crosslinked structure was rinsed 30 times with phosphate/perchlorate buffer prior to its 

use as a single-compartment, 2-mL cell for electrochemical analysis. 

4.2.5  Raman spectroscopy 

Raman spectroscopy was performed with a Renishaw InVia system using 

514.5-nm incident radiation operating at 10% of its maximum power.  A 50× aperture 

was used, resulting in an approximately 2-µm spot size.  Prior to acquiring each 

spectrum, samples were photobleached for 20 s to reduce fluorescence background.  

Raman spectra shown here are averaged over nine 10-s acquisitions.  For Raman 

analysis, cyt c microstructures were constructed from a photocrosslinking solution of the 

same composition as that used for direct electrochemical analysis.  For surfaced enhanced 

Raman spectroscopy (SERS), the structures were modified with electrostatically bound 

Ag nanoparticles using a procedure that has been described in our previous publications 

[4, 5]. Briefly, structures were incubated with BSA-Au conjugates (EY Laboratories, San 

Mateo, CA) for 10 min in 2 mM borate buffer (pH = 8.5 – 9) followed by 20 rinses with 

10 µL H2O (i.e., the reaction volume).  A silver enhancement solution kit (EY Labs) was 

applied to the structures for ~13 min, during which time Ag ions were catalytically 
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reduced at the nanoparticle-protein sites.  The structures were then subjected to one final 

cycle of 30 rinses with H2O. 

4.2.6  Enzymatic activity 

Electrochemical experiments for assessment of cyt c enzymatic activity were 

performed at room temperature (23 ± 2 °C) using an Autolab PGSTAT30 potentiostat 

interfaced with Autolab GPES ver. 4.9 software.  For enzymatic analysis, 200 mg/mL 

cyt c was photocrosslinked directly onto a glass coverslip without the use of FAD, within 

an in-house fabricated poly(dimethylsiloxane) (PDMS) well of area 8.55 mm2 and 

~1 mm in depth [5], pretreated with BSA/methylene blue to prevent nonspecific protein 

adsorption.  H2O2 standards were analyzed in a standard single-compartment, glass 

3-electrode cell of 5-mL volume, using a Ag/AgCl reference electrode and a Au wire 

counter electrode (Strem).  The working electrode was a 10-µm diameter GC disk-in-

glass microelectrode (Cypress Systems).  It was polished successively with 0.3- and 

0.05-µm alumina slurries on a polishing cloth (Buehler) to a mirror finish, ultrasonically 

cleaned for 20 min in ultrapure H2O, and used immediately in experiments.  A Faraday 

cage was used to shield the 3-electrode cell from external noise.  All reported potentials 

are vs. Ag/AgCl (sat’d. KCl). 
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4.3  RESULTS AND DISCUSSION 

4.3.1  Direct electrochemistry of photocrosslinked cyt c matrices 

Initially, redox activity of photocrosslinked cyt c was investigated by direct 

electron transfer between the protein’s heme group and an electrode.  In these studies, 

cyt c was crosslinked directly onto ITO-coated coverslips, which were then used as 

working electrodes to investigate the cyt c Fe(II)/Fe(III) redox couple.  Typically, a 

balance was chosen between the amount of photocrosslinked cyt c deposited onto the 

electrodes and the amount of time the protein solutions were exposed to the electrode in 

an attempt to prevent solution evaporation and accumulation of nonspecifically adsorbed 

protein or protein aggregates.  Using a confocal raster scanner in conjunction with 

specimen stage scanning, it was possible to crosslink ~0.095 mm2 of protein in ~20 min.  

Figure 4.1 shows an example of the type of structures used in direct electrochemistry 

experiments.  Crosslinked samples were rinsed 30 times with 10-µL aliquots and then 

incorporated into a three-electrode cell for cyclic voltammetry measurements.  To assess 

the degree to which nonspecifically adsorbed protein contributed to resultant 

electrochemical signal, cyclic voltammograms (CVs) were also taken from control 

samples where the same electrode area as that of the crosslinked samples was exposed to 

the solutions used for crosslinking for the same time periods, but no photocrosslinking 

was performed at all. 

 



 

 

Figure 4.1  Differential interference contrast image of photocrosslinked cyt c lanes 
supported by ITO-coated glass.  Structures were fabricated by raster 
scanning the laser focus while simultaneously scanning the specimen stage 
at 5 µm/s.  Photocrosslinking was performed in a solution of 100 mg/mL 
cyt c and 4.5 mM FAD in phosphate/perchlorate buffer. 

Figure 4.2 shows examples of background-subtracted CVs from samples 

containing photocrosslinked cyt c and samples containing only adsorbed cyt c.  Cathodic 

and anodic peaks for both types of samples are centered about E = –0.01 V vs. Ag/AgCl, 

which agrees with previously published data for cyt c adsorbed at ITO [13-17].  Here, 

integrated charge ratios (Qc/Qa) indicated quasireversible redox activity from the iron 

center in both photocrosslinked and adsorbed cyt c samples (Qc/Qa = 0.84 and 1.12, 

respectively), a finding that is also in agreement with previously published results 

[13-17]. 
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Figure 4.2  Background-subtracted cyclic voltammograms of a sample of 0.095 mm2 
photocrosslinked cyt c (heavy trace) and a sample containing only adsorbed 
cyt c from the crosslinking solutions (light trace).  CV parameters:  ITO 
working electrode (area:  0.242 cm2), Ag/AgCl reference electrode, Pt wire 
counter electrode, scan rate:  50 mV/s. 

Peak currents from CVs of various samples containing photocrosslinked cyt c 

were compared to samples containing adsorbed cyt c to characterize differences in heme 

activity between the two types of samples.  Figure 4.3 shows the cathodic peak current 

obtained as a function of scan rate for both an adsorbed cyt c control and an ITO 

coverglass modified with 0.095 mm2 photocrosslinked cyt c.  Though the redox activity 

from adsorbed cyt c is significant in this data set, an increase in peak current was seen as 

a function of scan rate upon the addition of photocrosslinked cyt c (anodic peak current 

data not shown).  The average percent increase of the cathodic peak current across all 

scan rates is 85%, thus implying that, for this data set, photocrosslinking of cyt c resulted 
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in the addition of nearly twice as many active heme centers as compared to a sample 

containing only adsorbed cyt c. 

 

 

Figure 4.3  Cathodic peak current response as a function of scan rate for 0.095 mm2 
photocrosslinked cyt c (closed squares) and adsorbed cyt c (open squares) 
obtained via cyclic voltammetry.  Inset:  Peak current data obtained at scan 
rates ≤ 250 mV/s, shown for clarity.  CV parameters and crosslinking 
solutions were identical to Figure 4.2. 

This result can be rationalized by considering calculations of the number of cyt c 

molecules present in a photocrosslinked matrix and in a passively adsorbed layer on the 

surface of an electrode.  The height of a typical photocrosslinked matrix was found via in 

situ atomic force microscopy (AFM) to be 200 nm.  Given the volume of a single cyt c 

protein [13] and total surface area of crosslinked matrix (0.095 mm2), the number of cyt c 

molecules in the crosslinked matrix was calculated to be 8.22 × 1011.  However, given the 

porous nature of photocrosslinked cyt c structures (Chapter 2), this calculation is most 
84 
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likely over estimated.  The surface coverage of an adsorbed redox species (Γ, mol/cm2) at 

a working electrode can be calculated using the equation Γ = Q/nFA, where Q is the 

charge (C) from integration of the cathodic or anodic peak current, n is the number of 

electrons transferred in the redox reaction, F is Faraday’s constant (96,485 C/mol) and A 

is the area of the working electrode (0.242 cm2).  A typical control sample of adsorbed 

cyt c produced a surface coverage of 6.84 pmol/cm2, which corresponds to 9.99 × 1011 

cyt c molecules.  Assuming that the number of active molecules in a crosslinked sample 

is equal to the sum of the cyt c molecules in the crosslinked matrix and in the adsorbed 

layer, a sample with 0.095 mm2 of crosslinked cyt c should contain a 90% increase in 

redox active cyt c molecules as compared to a sample of adsorbed cyt c.  The average 

increase of cathodic peak current of 85% relative to adsorbed controls from the data in 

Figure 4.3 suggests that most of the cyt c molecules contained in the crosslinked matrix 

are redox active. 

It should be noted, however, that reproducibility of scan rate-dependent peak 

current data obtained from five separate sets of photocrosslinked cyt c samples is poor, 

and thus, an overall average percent increase in cathodic peak current for a given amount 

of photocrosslinked cyt c was not determined.  These fluctuations were attributed to the 

presence of cyt c aggregates due to the high protein concentrations used during 

crosslinking [18].  It is possible that aggregates, containing varying degrees of redox 

activity, randomly adsorbed onto working electrodes used during both positive and 

negative control samples and imparted undesirable electrochemical signal. 

Kinetics of electron transfer was also analyzed with the goal of providing a more 

consistent way of differentiating between samples containing photocrosslinked cyt c and 

negative controls.  Since photocrosslinked cyt c matrices are composed of many layers of 

presumably randomly oriented heme centers, it was hypothesized that electron transfer 



 

through the crosslinked matrix would be more sluggish than through that of an adsorbed 

layer of cyt c.  The apparent electron transfer rate constant (k0
ET) of adsorbed redox 

couples can be extracted from CV data by analyzing the peak-to-peak separation, ΔEp, as 

a function of scan rate [19]. 

 

 

Figure 4.4  Electron transfer kinetics of photocrosslinked cyt c.  (a)  Peak-to-peak 
separation as a function of scan rate obtained from CVs collected from three 
0.095-mm2 photocrosslinked cyt c samples.  (b)  log k0

ET as a function of 
scan rate, extracted from ΔEp data in (a) using previously described 
methods [19].  Experimental conditions are identical to those reported in 
Figure 4.2. 

Figure 4.4a shows ΔEp as a function of scan rate averaged over a series of three 

separate samples containing 0.095 mm2 photocrosslinked cyt c.  Relatively wide values 

of ΔEp for immobilized cyt c are to be expected even at slow scan rates due to both the 

presence of a multi-layered crosslinked matrix and redox-induced conformational 

changes [14] that ultimately slow the kinetics of electron transfer to the working 

electrode.  Figure 4.4b shows k0
ET plotted as a function of scan rate, obtained from the 

ΔEp data plotted in Figure 4.4a.  As observed previously [14], k0
ET increases linearly 

before reaching a scan-rate independent region ~2 V/s.  The intrinsic k0
ET for the samples 
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containing photocrosslinked cyt c was found to be 8.41 ± 0.18 s-1 by extrapolating from 

the scan-rate independent plateau.  As expected, this value is lower than those previously 

reported for adsorbed monolayers of cyt c at ITO (10 – 25 s-1).  However, the k0
ET for 

negative controls in the present studies was 9.01 ± 0.20 s-1 (data not shown).  While the 

rate constant for photocrosslinked samples was slightly lower than negative controls, it 

remained difficult to determine from the direct electrochemisty of cyt c whether the 

addition of photocrosslinked matrices occupying only 0.1% of the total ITO working 

electrode area substantially altered the electrochemisty observed from the adsorbed cyt c 

monolayer.   

4.3.2  Raman spectroscopy 

Raman spectroscopy was used to specifically probe heme integrity in 

photocrosslinked cyt c structures.  By focusing the excitation beam down to a small spot 

size (~2 µm), spectroscopic information can be collected from regions of solid support 

that are totally covered by crosslinked matrix and compared to spectra taken from regions 

containing only adsorbed cyt c.  Raman shifts resulting specifically from the heme of 

cyt c, including characteristic iron oxidation states, have been well documented 

previously in the literature [20-27]. 

Figure 4.5 shows Raman spectra with annotated peaks corresponding to 

vibrational stretches reported in the literature for both a photocrosslinked cyt c matrix 

(top) and adsorbed cyt c (bottom) on a glass coverslip.  Frequencies of cyt c porphyrin 

skeletal modes above 1350 cm-1 generally correlate to the oxidation state of the iron 

atoms contained within the heme groups [25-27].  Adsorbed cyt c peaks occurring at 

1371, 1504, 1563, 1584, and 1636 cm-1 are known to correspond to vibrational stretches 

within the porphyrin ring about the v4, v3, v11, v19, and v10 modes, respectively, while 

Fe(III) is in its low-spin, six coordinate state [26, 27].  In contrast, the spectrum of 



 

photocrosslinked cyt c shows the stretch about the v10 mode shifted to 1626 cm-1 as well 

as the appearance of the v2 mode at 1570 cm-1, both characteristics of high-spin, six 

coordinate Fe(III) heme [26].  Photocrosslinked cyt c also displays shifts at 1092, 1399, 

1463, and 1540 cm-1, which correspond to low-spin Fe(II) heme.  Thus, the Raman data 

from photocrosslinked cyt c appears to suggest that the crosslinked protein matrix 

contains intact heme groups that exist in mixed oxidation states.  Notably, photoreduction 

of cyt c upon UV irradiation has been previously reported [28]. 

 

 

Figure 4.5  Surface enhanced Raman spectroscopic data for photocrosslinked (top) and 
adsorbed (bottom) cyt c.  Annotated peaks refer to previously reported 
literature values for chemical shifts corresponding to intact heme 
groups [20-27]. 

4.3.3  Evaluation of cyt c peroxidase activity 

    To further investigate heme activity of photocrosslinked cyt c structures, an 

enzymatic sensing scheme for mediated electrochemical detection of peroxide was 
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utilized.  Cytochrome c is an extensively studied biocatalyst that displays peroxidase-like 

activity via interactions between the heme and peroxide [29].   As discussed in Chapter 3, 

photocrosslinked cyt c structures displayed native peroxidase activity that can be 

visualized by applying flows of fluorogenic reagent to arrays of microstructures.  Here, 

the reaction of the fluorogenic substrate, Amplex Red, with H2O2 is catalyzed by cyt c to 

yield the fluorescent product, resorufin.  Peroxidase activity in these experiments was 

visualized by the presence of well-defined resorufin plumes originating from cyt c 

structures and extending hundreds of micrometers downstream from the structures.  

Retention of peroxidase activity by photocrosslinked cyt c is yet another indicator that a 

significant amount of heme groups are left intact by the crosslinking event. 

Though fluorescent-based flow studies aide in the ability to qualitatively assess 

local activity of microstructures, they are not optimal when trying to elucidate 

quantitative enzyme kinetics data.  For example, extracting kinetics data from flow 

studies presented in Chapter 3 would require that assumptions be made to describe the 

diffusion of the dye molecules under flow conditions and the number of active molecules 

present in a given matrix.  Also, accurate characterizations of the enzyme activity at 

steady-state conditions (i.e., not in flow conditions) would be essential.  Such 

characterization via fluorescence would prove difficult for enzyme structures of 

micrometer dimensions [7, 30].   

Fortunately, the electrochemical reduction of resorufin to dihydroresorufin at a 

glassy carbon (GC) working electrode (Figure 4.6) may be quantitatively and sensitively 

analyzed through electrochemical reduction and the observed current response [31, 32].  

Because peroxide oxidizes Amplex Red in a 1:1 ratio, peroxide consumption — and thus 

cyt c activity — may be directly extracted from the current response generated by 

resorufin reduction.  Lyon and others have recently developed an enzymatic peroxide 



 

electrochemical sensing scheme utilizing Amplex Red and peroxidases to generate 

resorufin, which is then detected through reduction at an electrode [31, 32].  This scheme 

is used in the present studies to quantitatively characterize the peroxidase activity of 

photocrosslinked cyt c and hence the redox activity of its heme. 

 

 

Figure 4.6  Scheme developed by Lyon and Stevenson depicting Amplex Red-mediated 
electrochemical peroxide detection catalyzed by photocrosslinked 
cytochrome c.  Here, cyt c catalyzes the oxidation of Amplex Red in the 
presence of peroxide to form resorufin.   Resorufin can either be detected 
using fluorescence (ex. 563 nm, em. 587 [33]) or through reduction to 
dihydroresorufin at a glassy carbon (GC) electrode.  Figure used with 
permission from J. Lyon. 

 Figure 4.7 shows the peak current response as a function of peroxide 

concentrations varying between 300 pM and 4 µM for an 8.55-mm2 area of a glass slide 

containing 170 µm2 photocrosslinked cyt c (Figure 4.7, inset image).  Here again, cyt c 

nonspecifically adsorbed to the glass substrate during photocrosslinking is assumed to be 

present in this sample as well.  By working in this low concentration range, substrate 

inhibition effects can be significantly reduced [34], allowing a straightforward 

comparison of photocrosslinked cyt c enzymatic activity to that of adsorbed cyt c.  
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Figure 4.7  shows classic Michaelis-Menten (M-M) behavior is exhibited since the peak 

current response scales linearly with increasing peroxide concentration before reaching a 

concentration-independent regime as the maximum enzymatic turnover rate is 

achieved [35].  This response is similar to other studies that use this sensing scheme to 

characterize HRP activity [32]. 

 

 

Figure 4.7  Peak current response for Amplex Red-mediated peroxide detection of 
170 µm2 photocrosslinked cyt c as a function of peroxide concentration 
using square wave voltammetry (SWV).  SWV parameters:  amplitude, 
25 mV; step height, 5 mV; frequency, 25 Hz.  Experimental conditions:  
10-µm diameter glassy carbon working electrode, Ag/AgCl reference 
electrode, Au wire counter electrode, 0.1 M K2HPO4/0.05 M citric acid 
buffer, pH 5.0, 10 µM Amplex Red.  Photocrosslinking solutions contained 
200 mg/mL cyt c in phosphate/perchlorate buffer.  Inset image:  Differential 
interference contrast image of 170 µm2 photocrosslinked cyt c.  Scale bar, 
10 µm.  Inset graph:  Lineweaver-Burke analysis of the plateau region the 
larger graph. 
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The maximum velocity of peroxide consumption by cyt c, Vm, can be determined 

by dividing the current obtained through the extrapolation of the plateau region in 

Figure 4.7 by the quantity nF, where n = 2 electrons transferred in the reduction of one 

resorufin molecule and F is Faraday’s constant.  Here, Vm is calculated to be 

0.34 fmol/sec, a value similar to that of HRP when using the same detection scheme [32].  

The turnover number, kcat, can be determined by dividing Vm by the number of moles of 

cyt c present.  For 170 µm2 photocrosslinked cyt c (Figure 4.7, inset image), and 

assuming an adsorbed cyt c surface coverage on glass to be as extensive as that 

determined earlier using direct cyt c electrochemistry at ITO, kcat is calculated to be 

5.8 × 10-4 s-1.  For comparison, Vm for an adsorbed cyt c control on glass using the same 

solution conditions for crosslinking was 0.41 fmol/s, and kcat was 7.0 × 10-4 s-1. 

From these Vm and kcat values, it appears that photocrosslinked cyt c again 

exhibits sluggish behavior relative to adsorbed cyt c, which is reasonable considering the 

dense, heme-entrapped composition of the photocrosslinked matrix.  Nevertheless, this 

decrease in Vm and kcat can be observed consistently with the addition of only 170 µm2 

photocrosslinked cyt c, which effectively increases the number of cyt c molecules by only 

0.4% relative to those assumed to be adsorbed to the glass.  In a series of five trials, Vm, 

and thus kcat, values for photocrosslinked samples were always lower (average Vm 

decrease of 37%) than those of cyt c adsorbed from the same solution conditions. 

Michaelis-Menten enzyme analysis also permits extraction of the Michaelis-

Menten constant (Km), which is formally know as the concentration of substrate at which 

half the active enzyme sites in the sample are occupied by substrate molecules during 

formation of the “enzyme-substrate complex” en route to product formation.  To 

calculate Km, a Lineweaver-Burke analysis is made by plotting 1/ip vs. 1/[substrate].  The 
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line-of-best-fit obtained through linear regression analysis adheres to the following 

equation [36]:  

ip
-1 = imax

-1 + (Kmimax
-1)[H2O2]-1                                          [4.1] 

where Km can be extracted by dividing the slope of the line by its y-intercept (imax
-1).  

Figure 4.7 (inset graph) shows the Lineweaver-Burke plot for photocrosslinked cyt c 

where the calculated Km is 54 ± 2 nM.  The same analysis for an adsorbed cyt c control 

produces a Km of 4 nM.  An increase in Km by as much as an order of magnitude and as 

little as double upon addition of one photocrosslinked structure (10 × 17 µm; Figure 4.7, 

inset image) was observed throughout five experimental trials.  In the situation where the 

rate of product formation from the enzyme and substrate is much greater than the rate of 

enzyme-substrate complex dissociation, a larger Km for photocrosslinked samples 

suggests more active hemes are present in photocrosslinked samples, which require 

higher concentrations of peroxide to form heme-substrate complexes with half the heme 

population. 

 The ratio kcat/Km was also calculated for photocrosslinked cyt c to make further 

comparisons to literature values.  This constant was determined to be on the order of 

104 s-1/M-1, which is of the same order of magnitude as previously published peroxide 

sensors [37-39]. 

4.4  CONCLUSION 

This study presents a unique approach to the assessment of cyt c protein integrity 

that is maintained upon multiphoton photocrosslinking.  When considered in conjunction 

with one another, the direct electrochemical data, Raman analysis and enzymatic 

parameters (both from fluorescence studies presented in Chapter 3 and from the 

electrochemical studies presented here) indicate that cyt c retains its heme redox activity 

when subjected to MPE photocrosslinking conditions.  These results give insight into the 
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reaction mechanisms governing MPE: these results suggest that crosslinking does not 

significantly degrade the porphyrin ring, nor does the iron center undergo irreversible 

oxidation state changes, though Fe does appear to undergo a spin state change and/or 

partial chemical reduction relative to cyt c adsorbed directly from solution.  Direct 

electrochemical studies indicate that photocrosslinked cyt c matrices exhibit intrinsic 

electron transfer behavior that differs only subtly from adsorbed monolayers of cyt c, 

while enzymatic analysis of a single 10 × 17 um2 cyt c matrix produces results that differ 

significantly from those measured for adsorbed cyt c. 

The electrochemical and spectroscopic methodologies presented here for 

characterizing electron transfer reactivity in immobilized proteins will potentially assist 

in the elucidation of other crosslinkable hemoproteins, such as hemoglobin and 

myoglobin.  Moreover, the enzymatic electrochemical sensing scheme is capable of 

modeling local activity of a wide variety of peroxidase-based protein matrices, thus 

providing a novel method with which to assess the functionalities of enzymes (or 

enzyme-mimicking proteins) post-crosslinking.  Quantitative characterization of these 

matrices' enzymatic parameters promotes their application as enzymatic sensors that may 

be fabricated amongst existing cellular microenvironments. 
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Chapter 5:  Towards In Situ Fabrication and Protein-Nanoparticle 
Functionalization of Photocrosslinked Protein Structures 

5.1  INTRODUCTION 

Direct-write fabrication of crosslinked protein microstructures using multiphoton 

excitation presents a unique opportunity to build functional devices for use in sensitive 

aqueous conditions, such as those necessary to support living cells.  Photocrosslinked 

protein microstructures can be used as physical barriers to constrain and possibly direct 

the growth of neurites [1, 2].  Also, protein structures can be made bioactive by directly 

crosslinking functional enzymes or by functionalizing pre-existing protein structures with 

active molecules [1-5].  Active structures can potentially be used to interface both 

chemically and physically with cells.  The ability to fabricate all aspects of these devices 

in the presence of living cultures enables manipulation, perturbation, and analysis of cells 

as they are growing, and thus reduces the need for prefabrication and attempts at pre-

defining cellular growth. 

Functionalization of protein microstructures with protein nanoparticle conjugates 

is currently the most successful method utilized in the Shear Lab for constructing protein-

based conductive microstructures (Chapter 2).  Metallized structures could potentially 

allow the manipulation of electric fields near cells in culture so as to provide stimulatory 

signals, to measure response signals from cells in response to various stimuli, and/or to 

serve as electrodes for electrochemical analysis of species in the vicinity of cells.  Also, 

enzyme nanoparticle functionalization of protein microstructures provides a highly 

specific, low background alternative to the more conventional ways of imparting 

bioactivity upon protein structures; via direct crosslinking of enzymes or avidin/biotin 

interactions.  Currently, the gold conjugate method of functionalization is presumably fit 
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for use with cells as long as the crosslinking and functionalization is performed prior to 

seeding of cells and that cells can survive on substrates containing the devices.  However, 

as with any pre-patterning technique, this method of device fabrication and 

implementation will rely on the development of ways to direct cellular growth such that 

cell-interaction with the pre-fabricated devices is achieved. 

This chapter presents initial studies directed at tailoring gold conjugate 

functionalization of protein microstructures such that it can be performed in the presence 

of living cells as well as future studies that would be possible.  Successful in situ device 

fabrication will depend on choosing the right host protein/gold conjugate pair that will 

allow crosslinking, deposition, rinsing, and possibly electroless deposition in solutions 

that will cause the least disruption to cells.  Development of in situ gold conjugate 

functionalization could provide a high resolution, direct-write, and three dimensional 

method of constructing electrodes as well as highly localized patterns of active enzymes 

that could interface with cells. 

   

5.2  EXPERIMENTAL 

5.2.1  Reagents and Materials 

Bovine heart cytochrome c (cyt c; Sigma-Aldrich, St. Louis, MO, C3131), 

lysozyme (Sigma-Aldrich, L6876), 4-Methylumbelliferyl phosphate disodium salt 

(4-MUP; Sigma-Aldrich, St. Louis, MO, M8168), and avidin (Molecular Probes, Eugene, 

OR, A-887) were stored desiccated at -20 °C.  Bovine serum albumin (BSA; Equitech-

Bio, Kerrville, TX, BAH64-0100) was stored undesiccated 4 °C.  Methylene blue 

(Sigma-Aldrich, M-4159) was stored undesiccated room temperature.  Catalytic gold 

enhancement solution was purchased from Nanoprobes (Yaphank, NY, 2112) and 
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solutions of gold nanoparticles (~5 nm diameter) decorated with biotinylated BSA 

(b-BSA), biotinylated horseradish peroxidase (b-HRP), unmodified HRP, streptavidin 

(SA), and alkaline phosphatase (AP) were purchased from EY Labs (San Mateo, CA, 

GB-01, GB-02, GP-03, GA-02, GE-03); each solution was stored at 4 °C.  All reagents 

were used as received.  H2O used in all experiments was purified using a Barnstead 

NANOpure system (resistance, > 18 MΩ).  Unless otherwise noted, buffers in all 

experiments were either phosphate/perchlorate (0.1 M NaCl, 18 mM phosphate, pH 7.4) 

or HEPES/NaCl (0.1 M NaCl, 20 mM HEPES, pH 7.4).  Glass coverslips (no. 1 

thickness) and microscope slides (25 × 75 mm) were purchased from Erie Scientific 

(Portsmouth, NH).  Some coverslips were coated with indium-tin-oxide (ITO; Metavac, 

Inc., Holtsville, NY). 

5.2.2  Multiphoton fabrication and functionalization 

Non-specific surface adsorption was reduced by soaking coverslips and 

poly(dimethylsiloxane) (PDMS) fabrication wells for 10 min in solution containing 200 –

300 mg/mL BSA and 0.6 – 0.8 mM methylene blue (HEPES/NaCl buffer) and 

subsequently rinsing 10 times with buffer.  Photocrosslinked BSA microstructures 

typically were fabricated from the same solution used for surface passivation of slides.  

Cyt c microstructures were constructed using a solution of 100 mg/mL cyt c and 4.5 mM 

FAD in phosphate/perchlorate buffer.  Avidin matrices were made using a solution of 200 

mg/mL avidin and 0.6 mM methylene blue in the HEPES/NaCl buffer.  Lysozyme 

structures were made using either a solution of 300 mg/mL lyozyme and 0.8 mM 

methylene blue in water or a solution of 100 mg/mL lysozyme in phosphate buffered 

saline (PBS; 0.137 M NaCl, 2.7 mM KCl, 11.9 mM phosphate, pH 7.4). 

Crosslinked protein structures were fabricated on a Zeiss Axiovert (inverted) 

microscope using either a femtosecond titanium:sapphire (Ti:S) laser (Spectra Physics, 
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Mountain View, CA) tuned to 740 nm or a frequency-doubled (532-nm) diode-pumped 

Q-switched Nd:YAG laser (NG10320-110; JDS Uniphase, San Jose, CA) with a pulse 

width and repetition rate of ~600 ps and 7.65 kHz, respectively.  The laser output was 

adjusted to approximately fill the back aperture of a high-power objective (Zeiss Fluar, 

100×/1.3 numerical aperture, oil immersion; or Olympus UPlanFl, 40×/0.75 numerical 

aperture).  Average laser powers entering the microscope were 20 – 100 mW for the Ti:S 

and 2.5 mW for the Nd:YAG.  Photocrosslinked protein structures were created by raster 

scanning the focused laser beam within the focal plane using galvanometer-driven 

mirrors (BioRad MRC600 confocal scanner) or by mechanical scanning of the specimen 

stage at 10 µm/s. 

Protein structures were incubated with protein-coated gold nanoparticles for 

10 min.  In some cases, the conjugates were used in the 2 mM borate solution as supplied 

and in other cases, the conjugates were centrifuged at 4 °C for 30 min at 13,200 rpm and 

resuspended in specified buffers following removal of supernatant.  Following 

nanoparticle exposure, matrices were rinsed another 30 times with H2O or buffer.  A gold 

enhancement solution (ca. pH 7) capable of catalytic reduction of gold onto nanoparticle 

seeds was applied to structures for ~10 – 13 min in some cases. 

5.2.3  PDMS microchambers for flow studies 

PDMS molds were used to create wells for holding and exchanging fabrication 

solutions and to form channels through which solution was introduced into flow cells 

containing functionalized microstructures.  Wells were made by punching a 3.3-mm 

diameter hole in 1 – 2 mm thick PDMS (10:1 RTV615A to RTV615B; GE Silicones, 

Niskayuna, NY) films and pressing the films onto 24 × 60 mm no. 1 coverslips (Erie 

Scientific, Portsmouth, NH).  After fabrication, functionalization, and rinsing was 

complete, the well was peeled away and replaced by an open-sided PDMS channel that 
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was pressed onto the glass to create a closed flow cell containing the microstructures.  

The negative master for the PDMS channel was prepared by affixing a section of a square 

plastic coverslip (12-547, Fisher Scientific, Fairlawn, NJ; originally 22 × 22 mm cut to 

the same dimensions as the desired channel) to the floor of a 3.5-cm-diameter Petri dish 

using silicone adhesive.  A small length (~2 mm) of Teflon tubing (0.86-mm i.d., 

1.38-mm o.d., TT-250-20; Manhattan Wire Products, Manchester, CT) was affixed to 

both ends of the channel master coverslip to provide a means for securing 20-mm lengths 

of 0.83-mm diameter wire.  The wires were used to create voids in PDMS through which 

solutions could be introduced into the flow cells.  The Petri dish was filled with PDMS 

solution, degassed, and cured at 60 °C for 1 h.  This process resulted in channels 

~240 µm high, 3.0 mm wide, and 22 mm long, which could be placed over arrays of 

enzyme microstructures.  A peristaltic pump (7103-054; Rainin Instrument, LLC., 

Oakland, CA) was used to deliver flow in all studies. 

5.2.4  SEM analysis 

Before characterization, samples were dehydrated by using five 10-min sequential 

washes [2:1 EtOH/H2O; 2 × 100% EtOH; 1:1 EtOH:HMDS (planar structures) or MeOH 

(tethered cables); 100% HMDS or MeOH; all solutions vol:vol] and allowed to air dry for 

at least 12 h.  SEM data was obtained from a LEO 1530 scanning electron microscope 

operating at accelerating voltages of 3 – 6 keV with a working distance of 8 mm and 

using magnifications of 17,000× – 32,000×. 

5.2.5  Spectroscopic analysis 

Characterization of enzyme activities for functionalized microstructures was 

accomplished using fluorogenic reagents in the PDMS flow cell operated under laminar-

flow conditions.  The use of moderately high laminar flow rates generates well-defined 
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product streams that originate at microstructures and undergo little dilution along the 

axial dimension for hundreds of microns but display steep concentration gradients along 

the horizontal and vertical radial dimensions.  

Widefield fluorescence measurements were made on the Axiovert microscope 

using a mercury lamp excitation source and a 10× Fluar 0.5 numerical aperture objective.  

Fluorescence emission was collected using standard “Green” filter set (Chroma, 

Rockingham, VT).  Fluorescence was detected using a 12-bit 1392 × 1040 element CCD 

(Cool Snap HQ; Photometrics, Tucson, AZ).  Fluorimeter studies were conducted with a 

Photon Technology International (Birmingham, NJ) fluorimeter using a quartz cuvette 

and 2-nm slits. 

 

5.3  RESULTS AND DISCUSSSION 

When attempting to fabricate devices using MPE protein photocrosslinking in 

situ, the ability to maintain healthy cells is of utmost concern.  Common concerns 

regarding in situ crosslinking studies include minimizing cellular exposure to cytotoxic 

chemicals and maintaining the necessary fabrication solutions at an osmolarity and pH 

that will not cause irreversible damage to cell membranes or cellular components.  

Typically, balanced salt solutions containing ~1% salts (w/v) buffered at physiological 

pH (7.4) are used when working with cells [6].  The types of salts used vary according to 

the function of the solution (i.e., rinsing buffers, growth media, etc.) [6].  Though it is 

necessary to adhere to strict recipes for growth media to keep cells alive for long periods 

of time, cells can often withstand small deviations in contents of balanced salt solutions 

and pH [6].  Thus, when photocrosslinking proteins in the presence of cells, it is 

necessary to choose non-cytotoxic proteins and photosensitizers that are soluble in 

solutions capable of keeping the cells intact for the duration of the crosslinking 
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experiment.  Also, care should be taken to ensure the photocrosslinking event does not 

cause detrimental long term affects to the cells once they are returned to normal growth 

conditions. 

Functionalization of protein structures with gold nanoparticle protein conjugates 

is an attractive method for in situ device fabrication because it has been shown to be a 

highly specific strategy for imparting either electronic or enzymatic properties to existing 

protein structures.   Thus far, cytochrome c, avidin, and lysozyme microstructures have 

shown the highest affinity for gold nanoparticle conjugates.  Unfortunately, cyt c is not a 

good host protein for in situ studies since it is cytotoxic to cells.  Free cyt c (i.e., cyt c in 

the cytoplasm that is not bound in the mitochondrial membrane) is known to take part in 

apoptosis signaling cascades that lead to cell death [7].  Although avidin can be 

crossslinked in the presence of cells without threatening cell viability [5] and can be 

densely loaded with nanoparticle conjugates (Chapter 2), experiments have shown that 

the loading of avidin structures with nanoparticle conjugates suffers from high 

background binding of the conjugates  despite efforts to passivate surrounding substrate 

with BSA (Figure 5.1).  This lack of specificity in loading of avidin microstructures with 

gold conjugates has prohibited the use of avidin in potential in situ studies.  

 



 

 

Figure 5.1  SEM images of the edges of a cytochrome c (pIcyt c = 10.4 – 10.8) [8] 
structure (a) and of an avidin (pIavidin > 10) [9] structure (b) loaded with 
biotin BSA gold conjugates.  A higher degree of nonspecific background 
binding of gold conjugates on the substrate is seen in the case of avidin 
structures.  In both cases deposition of gold conjugates was performed at 
pH 8.5 – 9 and electroless deposition was performed for 13 min.  
Cytochrome c was crosslinked from a solution of 100 mg/mL cyt c and 4.5 
mM FAD.  Avidin was crosslinked from 200 mg/mL avidin and 0.6 mM 
methylene blue.  ITO-coated glass coverslips were used as the support 
substrate and were passivated with a solution of 200 mg/mL BSA and 
0.6 mM methylene blue in both cases.    Scale bars, 400 nm.  
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Lysozyme shows promise as a host protein for in situ gold conjugate 

functionalization of photocrosslinked microstructures.  Others have reported that free 

lysozyme is non-toxic to neuronal cells; however, it becomes more toxic in misfolded 

state that is subject to aggregation [10].  Thus, it would be of interest to assess cell 

viability upon exposure to lysozyme concentrations required for photocrosslinking (100 –

200 mg/mL).  As discussed in previous chapters, lysozyme microstructures 

photocrosslinked in the presence of methylene blue can be densely loaded with HRP, 

BSA, and AP gold conjugates with minimal background binding of gold conjugates.  

Chapter 3 of this dissertation detailed the loading of lysozyme with AP-gold to create 

well-defined chemical gradients of enzymatic product in the presence of a flow of 

enzymatic substrate.  Also, Chapter 2 discussed the potential of using lysozyme 

microstructures as hosts for templating three dimensional, direct-write conductive 
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structures.  However, in these studies lysozyme crosslinking was photosensitized using 

methylene blue (which is cytotoxic to cells) [11] in water containing no saline or 

buffering salts in order to increase lysozyme solubility to 300 – 400 mg/mL.  High 

lysozyme concentrations were necessary to make well-defined 3D microstructures 

extending several micrometers above the glass coverslips used as supports. 

The Shear Group has recently demonstrated the ability to directly photocrosslink 

proteins without the use of photosensitizers [1].  Here, a small-footprint, inexpensive, and 

“turn-key” Nd:YAG laser that is Q-switched and frequency doubled (532 nm) produces 

~600 ps pulses with energies of up to several microJoules and peak powers comparable to 

those needed to crosslink proteins with femtosecond Ti:S laser light.  Because this source 

previously has been shown to be a useful two-photon fluorescence excitation source for 

aromatic amino acids [12], it presented a rational choice for promoting direct protein 

photocrosslinking.  Others in the group have demonstrated the ability to directly crosslink 

avidin with retention of biotin-binding capacity using this Nd:YAG laser.  Also 

demonstrated was the ability to constrain neurite outgrowth from a cultured rat cortical 

neuron by in situ fabrication of a BSA corral without the use of sensitizer (Figure 5.2). 

 



 

 

Figure 5.2  Confinement of neurite outgrowth from a cultured rat cortical neuron by in 
situ fabrication of a BSA corral.  The low-profile (less than 1 µm high) lines 
were fabricated from a solution of 200 mg/mL BSA using an average laser 
power of 1.5 mW from a pulsed, frequency doubled Nd:YAG laser 
(532 nm).  DIC micrographs (a) immediately before microstructure 
fabrication, (b) 10 min after fabrication, (c) 26 min after fabrication, and 
(d) 95 min after fabrication.  Scale bars, 5 µm; the bar in (a) applies to the 
two upper panels, while that in (d) applies to the lower panels.  Figure used 
with permission [1]. 

It is also possible to directly photocrosslink lysozyme without the use of 

additional photosensitizer using the Nd:YAG laser.  Solubility of lysozyme in cellular 

buffers is lower than the case where water containing no salts is used as the solvent; 

however, with ~30 min. of sonication at 50 °C it can be solubilized at 100 mg/mL in 

phosphate buffered saline (PBS; 0.137 M NaCl, 2.7 mM KCl, 11.9 mM phosphate, 

pH 7.4).  Using this solution, lines of crosslinked lysozyme could be written using 

2.5 mW average power from the Nd:YAG laser by scanning the specimen stage at 

10 µm/s.  Preliminary studies were performed to determine if lysozyme structures 

directly crosslinked using the Nd:YAG laser could be loaded with active alkaline 

phosphatase gold conjugates.  Here, lysozyme structures were fabricated from a solution 
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containing 300 mg/mL lysozyme and 0.8 mM methylene blue in water using the Ti:S 

laser at 740 nm (100 mW average power, Olympus UPlanFl, 40×/0.75 numerical 

aperture) to serve as a positive control since structures crosslinked in these conditions are 

known to retain AP conjugates (Chapters 2 and 3).  Similar structures were also 

constructed from a solution of 100 mg/mL lysozyme in PBS using the Nd:YAG laser 

(2.5 mW average power) and the same objective.  All structures then were incubated with 

AP-Au conjugates contained in their stock solution (pH 8.5 – 9) for 10 min and rinsed 

with twenty 15-µL aliquots of PBS (each equal to the incubation volume).  Structures 

were then subjected to a 0.15-mL/min flow of 10 µM FDP in 20 mM HEPES, 0.1 M 

NaCl, pH 7.4.   

Figure 5.3 shows a fluorescence image of lysozyme structures made with the 

Nd:YAG (left structure) and Ti:S (right structure) lasers in a FDP flow.  The presence of 

a weak fluorescein plume downstream of the structure made using the Nd:YAG laser 

indicates the presence of localized AP-Au conjugates on the structures.  It was suprising 

that some structures fabricated with the Ti:S laser did not show AP activity; this result is 

contradictory to earlier experiments in which lysozyme structures crosslinked in the 

presence of methylene blue using the Ti:S laser were heavily loaded with AP-Au 

conjugates (Chapters 2 and 3).  This experiment was repeated twice (four structures were 

made with each laser in each experiment) and AP activity localized to structures 

fabricated from the Ti:S laser varied from having similar activity to those of the Nd:YAG 

laser to having no apparent activity.  Nonetheless, it appears that lysozyme structures 

crosslinked directly with the Nd:YAG laser have the ability to bind AP-Au conjugates.  

Further evaluation of experimental parameters will be needed to elucidate reasons for the 

varying AP-Au loading of structures crosslinked with the Ti:S laser.   Performing 

electroless deposition and high-magnification SEM analysis on lysozyme structures 



 

crosslinked with the Nd:YAG laser and subsequently loaded with gold conjugates will 

help characterize the packing density of gold conjugates on these structures and how this 

packing compares to that of similarly functionalized structures crosslinked with 

methylene blue using the Ti:S laser. 

 

 

Figure 5.3  Fluorescence image of lysozyme structures crosslinked directly (100 mg/mL 
lysozyme in PBS pH 7.4) using a pulsed Nd:YAG laser and lysozyme 
structures crosslinked in the presence of 0.8 mM methylene blue 
(300 mg/mL lysozyme) using a Ti:S laser.  Both sets of structures were 
functionalized with AP-Au conjugates at pH 8.5 – 9 and subjected to a 
laminar flow of 10 µM FDP at 0.15 mL/min.  A weak plume of fluorescein 
can be seen downstream of the structures crosslinked with the Nd:YAG 
laser indicating localized AP activity at those structures.  This wide-field 
fluorescence image was generated by averaging fifteen 2.5-s exposures 
(4 × 4 binning) and applying a flat-field correction. Scale bar, 100 µm. 

Aside from crosslinking in cell-compatible solutions, another important 

consideration when adapting the gold conjugate method of functionalizing protein 

microstructures for use in cellular studies will be the solution used for in situ deposition 

of the gold conjugates.  All gold conjugates used to date have been shipped from EY 
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Labs in ~2 mM sodium borate solutions buffered at pH 8.5 – 9.0.  These conjugates must 

be spun down via centrifugation and resuspended in a cellular buffer to be useful for in 

situ protein structure functionalization studies.  In the case of creating localized patterns 

of active enzymes using enzyme gold conjugates, as discussed in Chapter 3, it is 

necessary to ensure the enzymes conjugated to the nanoparticles remain active after 

centrifugation and resuspension.   

Figure 5.4 demonstrates the varying enzymatic activity of a solution containing 

AP-Au conjugates as supplied by EY Labs (2 mM borate, pH 8.5 – 9); AP-Au conjugates 

subjected to centrifugation and resuspension in fresh 2-mM borate, pH 9.0; as well as a 

solution containing the supernatant collected from the spun-down AP-Au conjugates.  

Here, an increase in fluorescence over time represents varying degrees of enzyme activity 

as each solution containing either AP-Au or free AP is exposed to 4-methylum belliferyl 

phosphate (4-MUP), a fluorogenic reagent that is converted to the fluorescent product, 4-

methylumbellifrone (4-MU; ex. 350 nm, em. 450 nm) in the presence of phosphatase.  

Resuspended AP-Au conjugates retain AP activity; however, a significant amount of AP 

activity is also seen from solutions containing supernatant removed from the gold 

conjugates after centrifugation.  These results suggest that a significant portion of the 

enzyme is dissociated from the nanoparticles either during synthesis of the conjugates, 

during storage, or during centrifugation and resuspension.  In light of these results, it may 

be useful to determine how much free enzyme exists in the enzyme-conjugate solutions 

that are shipped from EY Labs.  A separation technique such as HPLC, capillary 

electrophoresis, or dialysis could be used to separate the enzyme nanoparticle conjugates 

from the free enzyme, and thus, provide insight as to the relative amounts of conjugated 

versus unconjugated enzyme in the solutions from EY Labs. 

 



 

 

Figure 5.4  Alkaline phosphatase activity from solutions containing AP-Au conjugates as 
supplied by EY Labs (solid line), AP-Au conjugates that were centrifuged 
and resuspended in 2 mM borate buffer pH 9 following removal of the 
supernatant (circles), and AP from supernatant that was removed after 
centrifugation of AP-Au conjugates (squares).  In each case, 30 µL of 
solution containing either AP-Au or AP supernatant was added (at 
time = 60 s) to 900 µL of 200 µM 4-methylum belliferyl phosphate 
(4-MUP), a fluorogenic reagent that is converted to the fluorescent product, 
4-methylumbellifrone (4-MU; ex. 350 nm, em. 450 nm) in the presence of 
phosphatase.  These results indicate that AP-Au conjugates retain some 
degree of AP activity after centrifugation and resuspension.  However, a 
significant amount of AP remains free in the supernatant solution. 

In situ functionalization of photocrosslinked protein microstructures also will 

require that deposition of the nanoparticles be done in solutions buffered at physiological 

pH (7.4).  All gold binding experiments presented thus far in this dissertation have used 

deposition solutions buffered at pH 8.5 – 9.  In these experiments, high degrees of 

loading of protein structures with gold conjugates were attained by using host protein 

structures composed of relatively basic proteins (i.e., pIhost > deposition pH) and 
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nanoparticles conjugated to relatively acidic proteins (i.e., pIconjugated protein < deposition 

pH), thereby creating a net electrostatic attraction between the host structures and the 

gold conjugates.  To further demonstrate the importance of the deposition pH, the loading 

of BSA (pIBSA ≈ 4.8) [13] structures with streptavidin (SA, pISA ≈ 6.4) [14] conjugates 

has been controlled by adjusting the pH of the deposition solution.  As shown in 

Figure 5.5, the loading of BSA structures with SA conjugates is greatly attenuated at a 

deposition pH of 8.5 – 9.0; however, BSA structures retain significantly more SA-Au 

conjugates at a deposition pH of 6.0.   

 

 

 

Figure 5.5  Controlled gold conjugate deposition through pH of the deposition buffer.  
Differential interference contrast images of BSA structures incubated with 
streptavidin gold conjugates in 2 mM borate, pH 9 (a) and in 10 mM MES, 
pH 6 (b) for 10 min, rinsed with twenty 15-µL aliquots of water, exposed to 
an electroless deposition kit for 10 min.  As indicated by the higher optical 
density, BSA structures retained significantly more SA-Au conjugates when 
the deposition step was performed at pH 6.   Scale bar, 10 µm. 

Although electrostatics are not likely to be the only driving force behind the 

targeted loading of protein structures with gold conjugates, it has often proven to be a 

reliable predictor of deposition efficiency thus far.  In cases where exceptions were 

observed, it is possible that the isoelectric points of the proteins in question were altered 

by conjugation to gold/photocrosslinking or hydrophobic interactions between protein 

residues influence retention of gold conjugates by certain protein structures.   Assuming 
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electrostatic attractions provide the most influence over the ability to load protein 

structures with gold conjugates, it should be possible to tune the deposition step so that it 

is functional at physiological pH by choosing appropriate proteins for host structures and 

for conjugation to nanoparticles.  For example, BSA structures (pIBSA ≈ 4.8) [13] would 

be predicted to strongly retain avidin gold conjugates (pIavidin > 10) [9] at a deposition pH 

of 7.4, a value that is at least several pH units intermediate to the isoelectric points both 

proteins.  In addition to metallizing protein structures for the purpose of creating 

conductive structures, functionalization of avidin gold conjugates may also prove useful 

for immobilizing biotinylated active molecules via the biotin-binding site of avidin.  As 

of this writing, a commercially available source of avidin gold conjugates is unknown; 

however, EY Labs accepts custom conjugation orders.  Also, many studies are present in 

the literature that describe methods of conjugating proteins to metal nanoparticles 

[15-20].  In choosing host protein/gold conjugate pairs, it seems logical based on 

experiments done to date that proteins with isoelectric points equal to physiological pH 

should be avoided. 

Considering all the nanoparticle binding experiments performed to date, the best 

choice of a host protein/gold conjugate pair for in situ functionalization using materials 

currently available in the lab would be to use lysozyme and AP-Au conjugates.  

Physiological pH (7.4) lies well between the isoelectric points of lysozyme (pIlys ≈ 11.35 

[21]) and AP (pIAP ≈ 4.4 [22]), and thus, the loading of lysozyme structures with AP-Au 

conjugates at pH 7.4 should be similar to what is seen at pH 8.5 – 9.0.  To test this 

hypothesis, the AP-Au conjugates should be spun down and resuspended in a cellular 

buffer before incubation with lysozyme protein structures.  Testing for AP activity in a 

flow of fluorogenic FDP as well as performing electroless deposition and subsequent 
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SEM analysis will confirm the degree to which lysozyme structures can be loaded with 

AP-Au conjugates in cellular buffers.   

Functionalization of protein structures with AP-Au conjugates could provide a 

straightforward method of creating conductive structures; however, a more biologically 

interesting active molecule will most likely be necessary to use metallized structures as 

chemical dosing/analysis devices in cell cultures.  For example, functionalization of 

protein structures with glutamate dehydrogenase (GDH) gold conjugates could 

potentially allow site specific dosing of neurons with the excitatory neurotransmitter, 

glutamate, in a flow of α-ketoglutarate, nicotinamide adenine dinucleotide phosphate 

(NADPH), and ammonia.  Based on electrostatic considerations, it seems likely that 

lysozyme microstructures (pIlys ≈ 11.35) [21] would strongly retain GDH gold conjugates 

(pIGDH ≈ 4.6) [22] using a deposition pH of 7.4.  Currently, a commercial source of GDH 

gold conjugates is not known. 

Another important consideration when attempting in situ functionalization of 

protein structures with gold conjugates is the amount of nonspecifically adsorbed gold 

conjugates as well as the degree to which the conjugates localize to cell membranes.  

Passivation of slides and cells should be attempted with concentrated BSA solutions 

(~200 mg/mL) as performed in all studies to date.  However, to assess whether 

passivation attempts will be adequate for in situ studies, cell cultures should be incubated 

with gold conjugates and further tested for localization of the conjugates.  In the case of 

AP-Au conjugates, nonspecific localization of conjugates can be visualized as AP activity 

in flows of FDP.  In conjunction with flow experiments, cell cultures could be fixed with 

gluteraldehyde post-incubation with the conjugates and subsequently subjected to 

electroless deposition and SEM analysis to visualize the density of gold nanoparticles. 



 

117 

The current method of functionalizing protein microstructures with gold 

conjugates for the purpose of creating conductive microstructures requires an electroless 

deposition step to fuse the nanoparticles into a “wire”.  Although Nanoprobes states that 

their electroless deposition kit is supplied with a buffered solution at pH 7.0, the specific 

contents of the solutions remain unknown.  This kit needs to be tested in cell culture to 

assess its degree of cytotoxicity.  If the kit proves to be cytotoxic, it may be possible to 

develop solutions for electroless deposition that are more biocompatible.  It may also be 

possible to achieve conductivity from microstructures loaded with different sizes or 

shapes (i.e., rods) of nanoparticles.  In this case, nanoparticles could be synthesized and 

capped with appropriate charged groups that would promote loading onto protein 

microstructures.  Using nanoparticles without protein conjugates may promote higher 

packing densities, which could eliminate the need for potentially cytotoxic electroless 

deposition steps. 

 

5.4  CONCLUSION 

Presented here is the current status of the development of in situ gold conjugate 

functionalization of protein microstructures in the presence of cells.  Preliminary 

experiments suggest that depositing AP-Au conjugates onto lysozyme microstructures, 

provided that high concentrations of free lysozyme proves to be non-cytotoxic, is the best 

option for adapting this method for cellular studies with the materials currently available 

commercially.  Optimizing the deposition step such that it can be accomplished in 

cellular buffers at physiological pH is paramount to the success of these experiments.  

Also, some experimentation will be necessary to build conductive structures in the 

presence of cells since the current methodology relies on a commercially available 

electroless deposition kit containing ingredient mixtures that are proprietary.  In-house 
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synthesis of gold nanoparticles, protein gold conjugates, and electroless deposition 

solutions will likely prove useful in trying to build functional devices in situ using gold 

nanoparticle functionalization of protein microstructures. 
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	Figure 3.2  Functionalized 3D protein cables.  (a)  Differential interference contrast images of BSA pillars supporting nanoparticle-labeled lysozyme cables.  BSA pillars were built up (300 mg/mL BSA, 0.8 mM methylene blue, hepes/NaCl buffer) using a confocal scan box to perform 2D raster scans of the laser focus from the coverslip-solution (top image) interface to ~5 µm into solution (bottom image) in 1-µm increments.  Lysozyme cables (300 mg/mL lysozyme, 0.8 mM methylene blue, hepes/NaCl buffer) were tethered from tops of BSA pillars by scanning the specimen stage at 1 µm/s.  Cables were functionalized by incubating with AP-Au for 10 min and were subsequently rinsed.  Scale bar, 20 µm.  (b)  Fluorescence intensity plot showing emission from a stream of fluorescein product created by AP-Au loaded cables and a flow of fluorogenic reagent, FDP (0.15 mL/min, 10 µM, hepes/NaCl buffer).  The “V” microstructure is five BSA pillar pairs supporting functionalized lysozyme cables; the two left-most pillar pairs are the same as shown in (a).  Data created by averaging 30 1-s exposures using 4 × 4 binning and applying a flat-field correction.
	Figure 3.3  Functionalized 3D protein matrices.  (a)  Differential interference contrast image of low-profile BSA pads (~2 µm tall) supporting taller nanoparticle-loaded lysozyme towers (~6 µm tall).  BSA pads were created (300 mg/mL BSA, 0.8 mM methylene blue, hepes/NaCl buffer) using a larger-aspect ratio 2D raster scan (top image), and lysozyme towers (300 mg/mL lysozyme, 0.8 mM methylene blue, hepes/NaCl buffer) were placed on top of BSA pads (bottom image) using a smaller aspect-ratio scan.  Lysozyme towers were functionalized by incubating with AP-Au for 10 min and rinsed with buffer.  Scale bar, 10 µm.  (b)  Fluorescence intensity plot showing emission from a stream of fluorescein product created by AP-Au loaded towers and a narrow flow of fluorogenic reagent, FDP (0.15 mL/min, 10 µM, hepes/NaCl buffer).  Data created by averaging 10 7.5-s exposures using 1 × 1 binning and applying a flat-field correction. 
	Figure 3.4  Confocal reconstructions of fluorescein product created in a stream of 10 µM FDP reagent (0.55 mL/min).  (a)  3D intensity profile showing the product stream originating at a cluster of cyt c microstructures loaded with AP-Au as opposed to a cluster of BSA structures that were also exposed to the AP-Au loading step.  (b)  Detailed confocal reconstructions of a product plume as viewed from above (top panel) and end-on upstream from the microstructures (lower panel).  By subjecting the reaction environment to a moderate flow velocity, a well-defined, directional product plume was created that ran parallel to the coverslip.  Confocal reconstructions were obtained by rotating through  90° of a reconstruction of 64 confocal fluorescence images.  Scale bar, 50 µm.
	Figure 3.5  Two-photon measurements of fluorescein signal as a function of height from the coverslip-solution interface (i.e., distance into solution) for both AP-Au loaded cyt c microstructures (left) and biotin-AP loaded avidin microstructures (right).  In each case, the coverslip supported a close-packed 3 × 3 cluster of the respective microstructure.  Structures were functionalized and subjected to a flow of 10 µM FDP at 0.55 mL/min.  Signal was measured along the product plume central axis both upstream and downstream from the microstructure clusters.  Laser power and wavelength were 21 mW and 740 nm, respectively.
	Figure 3.6  Attenuation of cyt c native peroxidase activity with exposure to peroxide.  (a) Fluorescence (centered around 512 nm with 480-nm excitation) intensity plot of  cyt c microstructure clusters that were exposed to 10-min incubations of decreasing concentrations of peroxide.  Data created from one 1.5-s exposure at 2 × 2 binning with a flat-field correction.  Scale bar, 20 µm.  (b) Fluorescence intensity plot showing fluorescent resorufin plumes originating from cyt c microstructures in a 0.15-mL/min flow of 200 µM peroxide and 20 µM Amplex Red in HEPES/NaCl buffer.  Structures exposed to high concentrations of peroxide (left two clusters) showed very minimal peroxidase activity relative to those structures exposed to lower peroxide concentrations (right two clusters).  Data created by averaging ten 5-s exposures at 1 × 1 binning and applying a flat-field correction.  (c)  Absorbance spectra showing bleaching of the cyt c soret band (red arrow) upon exposure to peroxide.  Black spectrum is of 100 mM peroxide in perchlorate/phosphate buffer.  Red solid line spectrum represents that of 200 µg/mL cyt c in perchlorate/phosphate buffer.  Red dotted spectra were taken over 10 min after the addition of 100 mM peroxide and mixing.     
	Figure 3.7  Heterogeneous enzyme arrays.  Left panel:  Differential interference contrast image showing 4 clusters of microstructures:  BSA as a negative control, cyt c with peroxidase activity removed by exposure to 100 mM peroxide (inactive peroxidase),  cyt c that was loaded with AP-Au (peroxidase & phosphatase), and cyt c with no further functionalization (peroxidase).  Scale bar, 25 µm.  Middle panel:  Fluorescein stream created from 10 µM FDP originating from the cyt c cluster that was labeled with AP-Au conjugates.  Right panel:  Both of the active cyt c clusters display intrinsic peroxidase activity, yielding fluorescent resorufin in the presence of 200 µM peroxide and 20 µM Amplex Red.  The BSA and the inactivated cyt c clusters display neither phosphatase nor peroxidase activity.  Reagents flowed through the microstructure array at 0.15 mL/min in HEPES/NaCl buffer.  Wide-field fluorescence images (insets) used to create fluorescent intensity plots were generated by averaging ten 5-s exposures (no binning) and were subjected to a flat-field correction.  
	Figure 3.8  Substrate concentration dependence of microreactors.  Widefield fluorescence was used to detect fluorescein and resorufin product streams. Flow and analysis parameters were the same as in Figure 3.7 with the exception that images were created by averaging ten 1-s exposures (4 × 4 binning). Fluorescence was quantified by averaging 66 pixel values ~5 µm downstream of the microstructures, then subtracting a background measurement from an upstream position. For the integration times used here, detection limits for H2O2 and FDP are approximately 10 µM and 1 µM, respectively.
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	Figure 5.5  Controlled gold conjugate deposition through pH of the deposition buffer.  Differential interference contrast images of BSA structures incubated with streptavidin gold conjugates in 2 mM borate, pH 9 (a) and in 10 mM MES, pH 6 (b) for 10 min, rinsed with twenty 15-µL aliquots of water, exposed to an electroless deposition kit for 10 min.  As indicated by the higher optical density, BSA structures retained significantly more SA-Au conjugates when the deposition step was performed at pH 6.   Scale bar, 10 µm.
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