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	b.  Publications

Thermoresponsive Nanostructures by Self-Assembly of a Poly(N-isopropylacrylamide)-Lipid Conjugate, Hay, D. N. T.; Rickert, P. G., Seifert, S., Firestone, M. A , J. Am. Chem. Soc. 2004, 126 (8), 2290-2291

Surface Functionalization of Ultrananocrystalline Diamond Thin-Films: Towards Biomedical Devices, Wang, J., Xiao, X., Carlisle, J., Orlando, A., Firestone, M. A., J of the Electrochemical Society, submitted 2003.

Electrochemically-Assisted Covalent Modification of Ultrananocrystalline Diamond Films for Biosensor Applications, Wang, J., Xiao, X., Carlisle, J., Orlando, A., Firestone, M. A. Mat. Res. Soc. Symp. Proc. (A13.2), in press

Small-Angle X-ray Scattering Study of the Interaction of Poly(ethylene oxide)-b-Poly(propylene oxide)-b-Poly(ethylene oxide) Triblock Copolymers with Lipid Bilayers, Firestone, M.A., Wolf, A. C., Seifert, S., Biomacromolecules (2003), 4(6), 1539-1549

Ultrananocrystalline Diamond-Biomolecular Composites: Towards BioMEMs, Grynaviski H. N. M., Auciello, O., Carlisle, J. A., Gerbi, J. E., Gruen, D. M., Moore, M. J., Zinovev, A., Firestone, M. A., Mat. Res. Soc. Symp. Proc. (2003), 773, (N11.4.1-6)

c.  Purpose

This project involves the design, synthesis, and characterization of nanostructured materials incorporating biomolecule arrays that exploit the capabilities of biological molecules to store and transduce energy. It combines the unique capabilities of an interdisciplinary research team at ANL and Northwestern University, and recent significant advances made by team members in materials development and characterization techniques.  The research plan involves five integrated tasks focused on meeting the challenges in developing biomaterials for energy transduction. The first task involves use biomimetic complex fluids for organizing a variety of biomolecules. The second involves incorporation of these proteo-complex fluids into rigid mesoporous inorganic frameworks and modification of the frameworks to tailor electronic transport and photon-induced processes. The third task involves interfacing the proteo-complex fluids with electrode surfaces based on ultrananocrystalline diamond and modification of the interface to control ionic transport processes.  The last pair of tasks involve two other important research tools, biomolecule modification and theory, that will play an integral role in achieving the research goals in the first three tasks. 

The research plan in this proposal encompasses a novel approach to the development of nanostructured biomaterials that exploit biological functions. This general area of research is of great scientific interest and of enormous potential technological value. We expect the results of our research to provide fundamental insight into the use of soft and hard materials to construct complex architectures that combine the functionality of biomolecules with the novel properties of the host materials. The project will also yield fundamental knowledge of the nanoscale phenomena occurring at the interfaces of these integrated materials and thus, provide a means to tailor energy transduction processes. The information gained will lay the ground work for the next generation and “generation after next” materials for use in sensors, optoelectronics, organ replacement, or catalysis

e.  Approach
Personnel:  M. Firestone (50%), L. Curtiss (5 %) , P. Zapol (25 %), L. Iton (50%), D. Gruen (10%), J. Carlisle (10 %), O. Auciello (10 %), P. Laible (20 %), R. Gerald (10%) , M. Wasielewski (Northwestern University), N. Grynaviski (30% Post-doc), D. Hay (100% Post-doc), J. Wang (40 % Post-doc), Dolly Batra (Post-doc)

Project Scope

· The use of polymer-grafted, lipid-based complex fluids for the formation of functionally-active, hierarchically-structured, and vectorial-ordered arrays of proteins in synthetically-derived scaffolds.

· The integration of the proteo-complex fluids into rigid mesoporous inorganic frameworks and modification of the frameworks to tailor electronic transport and photon-induced processes between the biomolecules and the host.  

· The interfacing of the proteo-complex fluids with carbon-based electrode surfaces and modification of the interface to tailor field-induced ion transport processes at the interface.

Research Thrusts

(1) Proteo-complex fluids. This thrust addresses the challenge of developing functionally-active, hierarchically-structured and vectorial-ordered arrays of proteins in synthetically-derived scaffolds.  Polymer-grafted lipid-based complex fluids have been shown to serve as biomimetic scaffolding in which to incorporate a variety of biomolecules (both aqueous- and membrane-soluble). Here, these complex fluids will be used as the platform upon which to form biomolecular arrays.  In this work, we will determine the range of biomolecules that can be incorporated, devise methods to achieve vectorial arrays of biomolecules, and study chemical variants on the complex fluid compositions (i.e., by co-integration of functional amphiphiles) as a means to direct protein organization and/or to tailor functional properties of the host matrix to allow for active modulation of guest packing and hence, physicochemical properties. In addition, light-induced energy transduction processes in the new materials will be investigated. The proteo-complex fluids developed in this part will be utilized in the research thrusts described in (2) and (3), which are aimed at the integration of biomolecule arrays with rigid host architectures and modification of the host materials to permit energy transduction processes between the biomolecule arrays and the external world. In addition, biomolecule modification will be used to improve their integration into the synthetic materials and to tailor or adapt native function.

(2) Integration of proteo-complex fluids with mesoporous inorganic frameworks. This thrust addresses the challenges of integrating biomolecule arrays with rigid host materials based on mesoporous inorganic frameworks and modification of the frameworks to permit energy transduction between the biomolecular function and the external world. The research plan is centered on the exploitation of the proteo-complex fluids being developed in (1) and has three parts. The first is aimed at the organization of biomolecular arrays, including both membrane proteins and water-soluble proteins, in ordered mesoporous oxides, with the preservation of the biochemical activity of the arrayed molecules. Once this integration into inorganic framework materials is achieved, the next step in the development of advanced protein biocomposite materials involves formulating variants of the inorganic framework that are suitable for manipulation of light and for electronic transport. The final part describes investigations of the energy transport and electron transfer processes to help tailor the energy transduction processes. The fundamental knowledge about advanced materials design gained from this research will provide the groundwork for future nano- and micro devices such as the biosensors. Theoretical calculations will be used in several aspects of this project to help model the photochemical processes. 
(3) The interfacing of the proteo-complex fluids with carbon based electrode surfaces. This thrust involves the coupling of biomolecule arrays in complex fluids with ultrananocrystalline diamond electrodes and modification of the interface to tailor field-induced ion transport processes at the interface. To accomplish these tasks, we will investigate the electrochemical properties of UNCD bionanocomposites fabricated with simple planar UNCD films, as well as patterned, addressable UNCD nanoelectrode arrays. The research plan is based on the proteo-complex fluids being developed in (1) and contains three parts. The first part involves the integration of UNCD with the proteo-complex fluids by either adjusting the hydrophobicity of the UNCD surface and/or the use of SAM’s or other functionalization schemes, The second part involves fabrication of patterned, addressable UNCD nanoelectrode arrays to be interfaced to the proteo-complex fluids. The final part involves investigation of the interfacial electrochemistry of these all-diamond bioelectrode arrays. Theoretical calculations will be used to help model the structure, energetics, and electronic properties of the integrated complex fluid/ultrananocrystalline diamond system. The fundamental knowledge gained in this research about control of the ionic transport processes at the biomolecule/electrode interface will provide the groundwork for future devices such as the artificial retinas.

Interactions

We have numerous collaborations within the ANL Materials Science Division.  For example, neutron scattering work on the structures of these materials will be done in collaboration with the Neutron Group. The Directed Energy Interactions with Surfaces Group is aiding in the development and application of surface techniques for the characterization submonolayer surface functionalized materials.  During this funding period, we have initiated work with members of the Interfacial Materials Group to evaluate thermal transport through nanostructured materials.  We make use of major user facilities at Argonne including the APS, IPNS, EMC and Advanced Computing Facility

f.  Technical Progress

(1) Proteo-Complex Fluids.  

Thermoresponsive biomimetic nanostructures by self-assembly of a NIPAM-lipid conjugate. During this fiscal year, a series of new, polymer, lipid-based complex fluids incorporating a poly(N-isopropylacrylamide)-lipid conjugate (NIPAM-DMPE) have been prepared.  Previously, we have shown that soft nanostructures can serve as scaffolds for the encapsulation of both soluble and membrane proteins.  Furthermore, their collective properties can be modified by simply adjusting the dimensions of the water channels, thereby altering their packing arrangements either within the water channels or the spacing between adjacent lipid bilayers.  Previously, this was achieved by using PEG-lipid conjugates of varying PEG molecular weights.  The synthesis of a NIPAM-DMPE conjugate and its formulation into a new complex fluid  has allowed for the creation of a new family of thermoresponsive, noncovalent self-assembled aggregates that feature two distinct, temperature-triggered phase transitions.  These new materials allow for improved external control over the dimensions of the confined water channels, as well as the ability to tune the relative arrangement of opposing lipid bilayers.  This added control over the nanospace architecture will afford better control over the packing arrangement and hence, interactions between encapsulated biomolecules.

Organization and activity of biomolecules in complex fluids. Experiments designed to assess the ability of selected membrane proteins to function in the “first generation” biomimetic nanostructures (pegylated complex fluids) were conducted during this funding cycle.  Both wild-type and mutant bacterial photosynthetic reaction centers (RCs) were employed as model, multisubunit, integral transmembrane, pigment-protein complexes.  They were each incorporated into complex fluids and their activity monitored using ultrafast, time-resolved spectroscopy.  The signals observed in complex fluids were compared to those from detergent-solubilized versions of the same samples.  Direct comparison of wild-type samples proved difficult because of the differences in viscosity of the buffered solutions containing detergent and the complex fluids (especially at temperatures above their phase transition) and the relatively high repetition rates of the laser setup (presently fixed at 1kHz).  Experiments on buffered samples could be facilitated by stirring or mixing to refresh the illuminated volume during laser flashes.  This is not possible for samples in complex fluids, however, which are quite viscous.  We made two attempts to modify the protocols to yield signals from RCs in the complex fluids:  Initially, we attempted to facilitate these measurements using exogenous donors and acceptors (to chemically regenerate the sample more quickly).  When this approach was used on fully-quinone-occupied wild-type RC samples that have charge-separated states lasting > 100 ms, it most likely worked for the first few flashes, but failed in the long term, as the eventual sample recycling time was limited by the lack of diffusion of even small soluble redox components. Eventually, we used an engineered variant of the RC that harbors a substitution that prevents the binding of a terminal quinone acceptor and eliminates the problematic long-lived charge separated state in RCs, while retaining important and measurable initial charge-separated states.  Without this quinone, RCs recycle on their own (without exogenous donors and acceptors) in 10 ns.  This mutant RC facilitated measurements in complex fluids, although the slow, irreversible signal bleach on the time scale of many seconds is still a problem.  We propose to overcome this issue by mounting the sample cuvette on a stage that is slowly translated by a stepper motor while signals are averaged and accumulated.  Currently, we are in the process of comparing our preliminary data obtained from mutant RCs in complex fluids with those obtained from mutant RCs in buffered solution containing detergent.  Initial inspection suggests that RCs function well in complex fluids.  We observed almost identical yields of charge-separated states that differed very slightly in their rates of formation and recombination -- differences that may disappear entirely as our signal-to-noise ratio increase with improved experimental setup.

(2) Integration of Biomolecules with Mesoporous Inorganic Frameworks.

Water-soluble proteins bound in ordered mesoporous inorganic hosts.  Ordered mesoporous silicas and surface-modified silicas, with a 2-dimensional hexagonal array of cylindrical pores and pore diameters in the range 3 to 6 nm, were used to encapsulate prototypical soluble hemeproteins, for example, horse heart cytochrome c.  The unmodified silicas were synthesized in alkaline conditions using alkyltrimethylammonium surfactant as template (MCM-41), and in acidic conditions using ethylene oxide-propylene oxide-ethylene oxide triblock copolymer as template (SBA-15).  Unmodified MCM-41 silicas with expanded pores were synthesized in alkaline conditions using alkyltrimethylammonium surfactant combined with tetramethylammonium cations as template. Two parallel approaches to modify the surfaces of the mesoporous silicas have been studied.  The first approach employs a post-synthesis modification of these silicas with thioalkyl, and chloroalkyl groups using standard silane chemistry.  In addition, a direct co-condensation approach has also been used to prepare ordered mesoporous silicas with pore surfaces modified with the thioalkyl, and chloroalkyl groups.  Cytochrome c has been incorporated into both unmodified and modified variants of the mesoporous silicas.  The electronic state of the encapsulated protein has been studied with diffuse reflectance UV/visible spectroscopy and EPR spectroscopy.  In unmodified conventional and expanded MCM-41 the retained encapsulated cyt c is in a mixed (high and low) spin state, while in the unmodified SBA-15 matrix the protein retains its native oxidized form (ferricytochrome c).  Modification of SBA-15 pore surfaces with thiopropyl groups strongly enhances the amount of cyt c bound, and the protein is stabilized in its reduced form (ferrocytochrome c) state by the thiol groups.  Modification of both MCM-41 and SBA-15 with chloropropyl groups suppresses the binding of cyt c by rendering the pore surfaces hydrophobic. The surface characteristics of the unmodified silicas of similar mesostructure differ with the synthesis route followed; this influences the surface polarity and electron donating ability.  These properties are being examined by spectroscopic studies of adsorbed probe molecules that have a range of hydrogen bond-accepting and electron accepting abilities.

(3) Interfacing Biomolecules with Carbon Based Electrode Surfaces

Synthesis and characterization of biocompatible electrodes. Microwave-assisted chemical vapor deposition protocols that control the nitrogen doping (incorporation level) have been developed, yielding semiconducting ultrananocrystalline diamond (UNCD) thin films that will serve as the basis for future development of UNCD as a biocompatible electrode.  Specifically, during this funding period, higher microwave and increased methane content in the plasma have been shown to produce UNCD films with room-temperature conductivities as high as 240 (-1·cm-1. In addition, the deposition of conductive, transparent UNCD films onto quartz substrates, which enables UV-VIS spectroscopic assaying of surface tethered biomolecules, has been achieved.  Fabrication strategies have been initiated in which patterned UNCD structures are formed as microtip arrays or microdots, allowing for directional application of electric fields to self-assembled monolayers (SAMs) /multilayers of redox proteins and ultimately, membrane proteins such as voltage-gated ion-channels.

Photochemical and electrochemical modification of UNCD. During this fiscal year, two parallel synthetic routes for modifying the hydrophobic, hydrogen-terminated nanocrystalline diamond thin films have been developed. The first approach seeks to use light to promote the attachment of selected functional groups to UNCD.  This approach has been found to yield low levels of functionalization, the result of the instability of the selected target molecules (chloroalkenes and chlorosytrene) to solution-derived electrons. The future success of this approach will depend on identifying the operative mechanism for photochemical surface modification (see below) and using theory and modeling to guide the design and synthesis of new photostable molecules. 

The second approach uses electrochemistry to modify the surface.  Specifically, we have demonstrated that conductive UNCD thin-films (nitrogen incorporated) can be surface functionalized by electrochemically reducing aryl diazonium cations in a nonaqueous medium. The one-electron transfer reaction leads to the formation of solution-based aryl radicals that couple to the UNCD surface, forming covalent C-C bonds. Cyclic voltammetry, X-ray photoelectron spectroscopy, contact angle measurements, and ac impedance measurements have been used to fully characterize the organic overlayer and have been used to estimate surface coverage (ca. 70% close-packed monolayer). The grafting of 3, 5-dichlorophenyl groups renders the UNCD surface hydrophobic, whereas the attachment of 4-nitrophenyl makes the UNCD surface relatively hydrophilic. The grafted organic layer decomposes at temperature above 700 0C (while heated in an ultrahigh vacuum). Facile electron transfer to redox active groups attached to UNCD surfaces via the aryl derivatives is observed by cyclic voltammetry and ac impedance measurements. The electrochemical modification of UNCD is a versatile approach and represents an important step towards developing components for integrated functional nanostructures (i.e., supramolecular machines.)

Theory.  Computational studies have been carried out to determine a likely mechanism for the photochemical functionalization of a diamond surface. Quantum chemical studies of several proposed pathways for the addition of 1-chlorohexane, 6-chloro-1-hexene, and 4-chlorostyrene to a hydrogen terminated diamond surface have been completed. The quantum chemical studies are based on density functional theory and cluster models for the diamond surface. Two mechanisms were postulated for photochemical activation of the system and investigated.

· The first mechanism involves excitation of the molecules by UV (254 nm) light and subsequent abstraction of hydrogen from the surface by the excited state molecule. The functional group can then add to a surface defect site.

· The second mechanism involves ionization of the hydrogen terminated diamond surface by the 254 nm light, which is enabled by the surface and solvation of an electron. The resulting positively charged surface can readily react with the organic molecule thereby promoting attachment to the surface. Alternatively, the generation of an electron in solution may cause dissociation of the molecule, which will inhibit attachment of the selected functional moiety by promoting the addition of a molecular fragment to the surface.

The results of our calculations on 1-chlorohexane, 6-chloro-1-hexene, and 4-chlorostyrene indicate that hydrogen abstraction mechanism is unlikely because of an apparent high barrier (10-15 kcal/mol) for the abstraction for hydrogen abstraction from the surface. This result is consistent with experimental findings based on varying the UV light wavelength.  Consideration of the second mechanism as applied to 1-chlorohexane and 6-chloro-1-hexene indicated that they would be poor for functionalization because the radical anion resulting from electron attachment will be unstable resulting in the dissociation of the chloro-terminus of the alkene. The chloro-styrene has a small barrier to dissociation, which also may make it a poor functionalizing group. These results are consistent with experiment. The calculations are being used to guide our synthetic efforts and will be used to design a better target molecule for photochemical attachment to UNCD. 

g.  Future Accomplishments

(1) Proteo-complex fluids

Organization of biomolecules in complex fluids. Interactions between the biomolecules and both the first (Pegylated) and second (NIPAM) generation complex fluids will be probed using a variety of techniques (small-angle neutron and X-ray scattering, optical spectroscopy, electron paramagnetic and nuclear magnetic resonance). The objective of this portion of the work will be to tune the complex fluid composition to allow for the inclusion of a wide variety of guest proteins with retention of biochemical activity.  Successful integration will likely require either modification of the amphiphiles comprising the matrix or tuning the lipid structure to provide a host matrix that adequately mimics the native environment of the protein. Along these same lines, since membrane proteins exhibit affinity for certain detergents, it will be necessary to explore co-integration of the “preferred” detergents into the complex fluids. In addition, the structural organization of the biomolecule arrays formed as a function of concentration and complex fluid structure will be studied. Among the guest molecules to be examined are a variety of aqueous-soluble proteins, including several electron-transfer cytochromes and photoactive proteins such as Green Fluorescent Protein (GFP) and luciferase. Among the transmembrane and membrane-associated proteins to be examined are photosynthetic reaction centers, light-harvesting complexes, photosystem I, bacteriorohdopsin, ATPase, and a range of ion-channel proteins. Efforts will also focus on the inclusion of other responsive polymers and synthesis of other polymer-lipid conjugates to control and externally regulate nanoscale organization of the encapsulated proteins.

Interrogation of light-induced energy transduction processes. In this work, materials capable of transducing light into or from other forms of energy will be developed.  Photosynthesis, a natural process in which light is converted into chemical energy, provides the archetypical example of such transduction. Promising candidates for bio-optoelectronic or photonics applications include transmembrane bacterial photosynthetic reaction centers and aqueous-soluble proteins such as green fluorescent protein (GFP) and luciferase.  The use of such proteins for photonic device applications does not necessarily require their stabilization into rigid architectures or into synthetic constructs with input/output interfaces, but rather that they simply be incorporated into a transparent, non-denaturing environment that allows for control of their position within a matrix.  With these material requirements in mind, we will create organized arrays of photoactive proteins in various formulations of polymer/lipid-based complex fluids and examine their photochemistry and photophysics. 

Biomolecule modification for improved integration and energy transduction. Successful integration of biomolecules into nanospace architectures may require modification of the native proteins to either improve their integration into the synthetic materials (i.e., to enhance their orientation or to improve electrical connectivity) or to tailor or adapt native function for full use in the proposed synthetic transduction systems.  This modification will be accomplished using recombinant methods for the introduction of amino acids residues or prosthetic groups. Affinity tagging of the biomoleucles will also be explored as an alternative approach to anchor proteins into the nanostructured materials.
(2) Integration of proteo-complex fluids with  mesoporous  frameworks
Integration into inorganic framework materials. Growth conditions for mesoporous silica frameworks based on each of the biomimetic complex fluid compositions will be determined, thereby establishing the optimum synthetic conditions for formation of silica-reinforced biomimetic complex fluids. Synthetic parameters essential for stable encapsulation of both the selected aqueous proteins (luciferase, GFP) and membrane proteins (RCs, PSI, bR, cyt. b5 and the ion channel proteins) will be evaluated, and  synthetic protocols for the formation of silica framework-reinforced proteo-complex fluid materials will be determined. 

Synthesis of light-absorbing periodic mesoporous organosilica (PMO) materials. PMO materials have hybrid inorganic-organic frameworks in which organic bridging groups replace as much as 25% of the bridging oxygen atoms of the silica framework.  A synthetic approach for preparing a PMO with a low density of alkylamine bridging groups using the aminoalkyldisilane in a co-condensation method will be used as a starting point for our investigations.  Specifically, this synthetic method will be refined to allow for the inclusion of complex, light-absorbing bridging groups.  We will develop a method for synthesizing PMOs with proton and transition metal ion versions of meso-tetrakis-aminopropylpentafluorophenylphorphine bridging groups.  Meso-tetrakispentafluorophenylphorphine is being functionalized into a porphyrinosilane for use in the synthesis.  We will also extend this chemistry to the synthesis of a PMO with perylenediimide bridging groups.  A perylenediimide reagent modified with terminal trialkoxysilane groups has been synthesized by the group of M. Wasielewski (Northwestern University).  The resulting frameworks will feature both light absorbing and redox properties.  Energy transduction in these materials will be studied using transient optical spectroscopy and transient EPR spectroscopy in collaboration with M. Wasielewski.  Aqueous soluble proteins will be introduced into these hosts and energy transduction mechanisms investigated.  We will combine the methods of synthesis of silica-complex fluid composites with the method of synthesis of the light absorbing PMO materials to explore the synthesis of a PMO-complex fluid with a light absorbing framework.  If this is successful, incorporation of membrane proteins into such composites will be examined.

Conductive mesoporus hosts: metallic frameworks. Mesoporous materials with metallic or conducting frameworks are desirable because they would allow coupling of the encapsulated redox active proteins to an external circuit for doing work.  We will develop a method, either chemical or electrochemical, for synthesizing mesoporous gold using liquid crystalline templates.  A hexagonal phase of an oligomeric surfactant is a favorable templating mesophase, but the resulting material pores will only be useful as a host for small proteins.  A different strategy in which a mesoporous silica framework is used as a templating matrix for the metallic architecture, and is subsequently removed chemically, will be attempted for obtaining larger mesopores.  ASAXS and TEM techniques will be employed to establish that the metal exhibits a continuous framework with an ordered pore array.  We will then apply the liquid crystalline template synthesis method to the synthesis of a gold/complex fluid composite material where the complex fluid mesophase serves as the liquid crystalline template.  Incorporation of membrane proteins into such composites is our ultimate synthetic objective.  Other metallic frameworks can be made into mesoporous frameworks, but the constraints of biocompatibility favor the use of gold.  We will investigate electrical energy transduction in these biocomposite systems.

Interrogation of energy transport and electron transfer processes The first objective of this element of the program is to establish the efficacy of the biochemical functions in the inorganic biocomposite materials fashioned in the various ways described above.  The next objective will be to examine the mechanistic details of these biochemical functions by investigating the dynamics of excitation transfer, studying photo-induced electron transfer processes, and characterizing general charge transport properties.  Understanding the fundamental processes that underlie the use of biocomposites in photonic and electronic applications constitutes a necessary first step in the intelligent exploitation of the new materials that we have proposed to develop.  In the final phase of the program, we will construct model systems that couple biochemical functions into integrated processes that demonstrate conceptual supramolecular machines.

Theory. Quantum chemical methods will be employed to calculate the equilibrium structures of molecular moieties such as metalloporphyrins incorporated in a mesoporous metal oxide. Photocatalytic reactions will be investigated for the cluster models. Electronic excitations in the metalloporhyrinosilica materials and hybrid organic/inorganic structures will be calculated using multiconfigurational molecular orbital methods. Charge transfer pathways will be examined to evaluate different mechanisms of photoexcitation. This will be done using the calculation of electronic coupling matrix elements based on Koopmans’ Theorem. Various cationic species, such as zinc and iron, in metalloporphyrinosilicas will be studied. For light-harvesting organic molecules attached to an inorganic framework, theoretical studies can provide reaction energetics for various chemical compositions and conformations of the molecules. 

Synthesis of polymeric nanoporous frameworks. The synthesis of biocompatible, nanoporous organic materials will be initiated.  These materials will be designed in such a way as to promote directional alignment of the encapsulated/tethered proteins in a biocompatible framework.  These materials will comprise polyvinyl alcohol (PVA) polymer thin films that have been templated in such a fashion as to produce a 2D hexagonal array of pores in which a variety of proteins can be selectively incorporated.  The pore structure will be adjusted to tune the alignment of active, proteins within the nanopores.  These materials will expand the range of scaffolds and host matrices used to create functional biocomposite materials.

(3) Interfacing proteo-complex fluids with carbon-based electrodes for energy transduction

Surface modification of carbon-based electrodes. Based upon theoretical calculations, several new target molecules that may exhibit improved photostability will by synthesized and their utility in photochemically modifying the surface of UNCD will be evaluated.  One such molecule, a tosylated alkene, will be converted to a thiol-terminated surface that can then be used for the attachment of electroactive heme-proteins.  This will allow us to evaluate the electron transfer across the molecular layers to n-doped diamond.  The electrochemical measurements will study the effect of the coupling layer (alkyl chain length, presence of intrachain heteroatoms) on electron transfer kinetics.  In addition, we will continue to develop the electrochemical modification procedure devising synthetic approaches to selectively couple amino acid residues to the aminophenyl-functionalized surface.  Furthmore, several alternative methods for surface modification will also be examined.  For example, atomic beams and plasma treatments will be used to introduce surface hydroxyl moieties, which would allow for direct biomolecule/complex fluid assembly onto a hydrophilic surface or  the application of standard silane functionalization chemistry developed to derivatize SiO2. The chemical flexibility associated with the surface modification and/or introduction of a SAM onto the UNCD should provide numerous possibilities for covalent attachment strategies. 

Ultrananocrystalline diamond (UNCD) electrode fabrication. Two basic approaches will be made to fabricate the UNCD electrode arrays: 1) fabrication of 1D, linear arrays using electron beam lithography, and 2) the combination of focused ion beam (FIB) or e-beam lithography and selective growth to fabricate 3D arrays. To fabricate simple linear arrays, first a ≤ 1 µm thin film of insulating UNCD is deposited using a Ar/CH4/H2 gas mixture onto a silicon substrate, followed by deposition of a sacrificial SiO2 layer. Photoresist (e.g., PMMA) is then spin-coated onto the SiO2 layer. An advanced e-beam writer (a Hitachi HL-700F is currently being installed at ANL) is then used to define the electrode lines (50 nm width or less) in the resist. Reactive ion etching is used to remove both the SiO2 and a thin layer (~100 nm) of the underlying insulating UNCD. Following the removal of the resist (but leaving the SiO2 layer), a 100 nm conducting UNCD layer is deposited in the open channels using a Ar/CH4/N2 gas mixture. This film is 7 orders of magnitude more conductive than the underlying insulating UNCD film. The SiO2 layer is removed by wet chemical etching, and the conducting UNCD lines then serve as the electrodes. External contacts to the array are accomplished in the usual way by a second mask to extend and enlarge the contacts for wire-bonding. 
Theory. We plan to continue studies of the functionalization of the UNCD by organic molecules addressing issues of electrochemical surface modification.  Reduction of aryl diazonium cations was proposed to lead to covalent coupling of generated radicals to UNCD surface. Theoretical studies of these mechanisms will involve cluster calculations of binding and structure of functional groups at the surface. The results will be compared with the theoretical findings on the photochemical attachment to compare efficiency of different mechanisms in UNCD surface functionalization. Similarly, theoretical investigations of the interaction of the functional groups with cluster models of the end groups of the complex fluids will be carried out. These theoretical investigations of the functional groups will provide guidance to the experimental effort in finding that can efficiently interface the complex fluids.
h.  Relationships to Other Projects

This project forms an integral part of the Center for Nanoscale Materials at Argonne. This innovative research, which straddles the bio-synthetic materials interface, makes up one of the CNM’s major research thrusts on probing and controlling biological function at the nanoscale and merging soft and hard materials.  This program reaches out to fundamental work in the Materials Science, Chemistry, and Bioscience Divisions at Argonne, providing the foundation for interdisciplinary work extending well beyond the objectives of this proposal.  As the CNM become operational over the next four years, the research developed and stimulated by this proposal will enrich and drive its nano-bio program.

We will be collaborating with Mike Wasielewski of Northwestern University who is a recognized leader in the field of molecular organic charge separating systems and ultrafast optical and magnetic resonance techniques. This collaboration will also provide access to Northwestern University facilities. 

The work is related to efforts by several members of this team on the development of UNCD-based electrodes for use in a high-density microelectronic-tissue hybrid sensor.  This sensor is intended to serve as an intraocular retinal prosthesis to restore sight in patents who suffer from degenerative retinal diseases, such as retinitis pigmentosa. This program is funded by DOE Biomedical Engineering and combines the efforts at five national labs, two universities and one industrial participant. 



	


