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To check or uncheck boxes, highlight an appropriate box, copy it, and paste over existing box.The objective of this project is the design, synthesis, and characterization of nanostructured biocomposite materials that exploit the capabilities of biological molecules and bioderived components (e.g., whole cells) to store and transduce energy. The first challenge is the formation of functionally-active, hierarchically-structured and vectorially-ordered arrays of proteins in synthetically-derived scaffolds.  This component of the program addresses the synthesis of dynamic or responsive soft nanospace architectures (polymer-grafted, lipid-based complex fluids discovered at ANL) and their use in controlling protein positioning and orientation. The light-induced energy transduction (photochemistry and photophysics) of the proteo-complex fluids as a means to ascertain retention of biochemical activity of the biomolecules represents another area of focus, with current programmatic effort on photochromic, photovoltaic and photochemical energy processess. Based upon these studies future work directed at exploiting the functionality of a wider range of membrane proteins will begin, including ion channel proteins, hydrogenase, and motor/transport proteins.  The integration of these proteo-complex fluids into selected hard materials as a means to improve composite stability and to connect nanoscale functionality (proteins) with macroscopic control is the third focus area, and comprises three subtasks. In the first, rigid mesoporous inorganic frameworks will be prepared and modified to tailor electronic transport and photon-induced processes between the biomolecules and the host. In the second, proteins will be interfaced with nanostructured carbon electrodes and their electronic transport properties studied. Finally, the use of phage display will be explored as a means to evolve selected peptide sequences that will be introduced into proteins, then coupled to nanopatterned ferroelectrics and used to control the position and orientation of tethered biomolecules.  The final challenge presented in the proposed work, the sequential coupling of processes to create functional components, and ultimately supramolecular machines, will be addressed in this project.
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	b. Publications: 
5 publications for the period Oct. 1, 2005 – Sept. 30, 2006
c. Purpose:
The Nanostructured Biocomposite Materials for Energy Transduction research program has as its overarching goal the design, synthesis, and characterization of a new class of functional nanoscale materials that exploit the native capabilities of biological molecules and components to store and transduce energy. To address this challenge, FY08-09 work will focus on the developed of stimuli-responsive soft materials platforms to organize a variety of biomolecules.  These new complex fluids will have molecular components integrated within them to permit pH, ionic strength, photonic and solvent control over the architecture. Efforts will also be directed at the selective introduction of crosslinking and polymerizable moieties that will serve to increase the mechanical durability of these soft materials.

These synthetic/biological molecule composites will be further stabilized by coupling them with selected hard (inorganic), nanostructured materials, among them mesoporous oxides and lithographically patterned metals, nanostructured carbon-based electrodes, and polarized ferroelectrics. Inorganic-organic integration will enables connection of the nanoscopically-organized biomolecule arrays to the macroscopic world, an important requirement if the resultant composites are to find application.  

e. Approach:

Personnel:  M. Firestone (80%), P. Zapol (25%), L. Iton (STA), P. Laible (20%), M. Wasielewski (Northwestern University), C. Burns (100% Post-doc), C. Reedy (100% Post-doc), S.Y. Choi (50% Post-doc)
f. Technical Progress: 

Modeling and simulation of proteo-complex fluids. The self-assembly and post self-assembly dynamics of the polymer-based complex fluids and the proteo-complex fluids are not well understood.  Models that attempt to predict a priori the conformation of appended or intercalated polymers under nanoscale confinement, their association with a charged biomembrane, and their response to external stimulus changes (temperature and pH) would be of enormous value, narrowing the focus of our synthetic efforts to bioconjugates likely to possess desirable physical properties. To this end we have carried out molecular dynamics (MD) simulations to model a lipid-triblock copolymer system using a coarse-grained (CG) model. 

Mesoporous inorganic frameworks for photo-initiated energy transfer. Post-synthesis modification and co-condensation synthetic strategies have been carried as a means to introduce photoactive moieties into mesoporous silica pore surfaces. Spiropyran derivatives with variable-wavelength energy and electron donors or acceptors have been successfully prepared. These organic-inorganic hybrid framework materials will be used to study photostimulated electron transfer between these appended organic molecules and encapsulated proteins. 

Electronic interfacing a membrane protein. A bioelectronic composite prepared by molecular wiring of a photosynthetic reaction center to an electrode has also been achieved. Two sites on the protein were studied as points for electrical connections.  These sites were found to serve effectively in asymmetrically coupling the protein to the electrode. Voltammetry was used to monitor protein integrity, confirm protein chemisorption and orientation to the organo-functionalized electrode. Single-protein conductive atomic force microscopy and scanning tunneling spectroscopy was used to study the electron transport. I-V curves obtained by wiring the protein at the polyhistidine tag showed diode-like behavior.  The cysteine attachment site does not serve as an efficient means to address the protein electrically.  

Synthesis of mesotructured polymers. We have synthesized polymerizable ionic liquids that have served to convert the physical gels to robust chemical gels. Two target polymerizable monomeric ionic liquids have been synthesized.  The first monomer replaced the methyl group in 1-decyl-3-methylimidazolium with a vinyl moiety, allowing for the polymerization to occur through the cationic headgroups. The second monomer involved the introduction of an acrylate group positioned at the alkyl chain terminus, permitting polymerization via the hydrocarbon chains. 
g. Future Accomplishments: 

The program will continue to study how molecular amphiphiles can be synthesized to promote the spontaneous formation (self-assembly) into functional, biomimetic architectures and how these scaffolds can be used to spatially organize guests (including a variety of biomolecules, biocomponents (including whole cells), small organic molecules and inorganic nanoparticles into functional composites.

I. Synthesis of Soft Nanospace Architectures.

pH, ionic strength and solvent responsive materials. We will continue to explore the design and synthesis of new complex fluids that are pH-responsive and/or light responsive. Of particular interest will be the synthesis of cationic polyelectrolyte lipid conjugates based upon linear (poly(ethyleneimine), PEI) and their integration into the complex fluids. Alternatively, the possibility of using a light-triggered, ionizable polymer lipid conjugate will be explored.  The initial target for a photo-activated lipid conjugate involves coupling of a spyiropyran moiety at the terminus of a low molecular weight PEGylated lipid. The structure and physical properties of the new polymer-grafted, lipid-based complex fluids will be studied by SAXS, SANS, rheology, and optical spectroscopy.  

Integration of light-harvesting components into proteo-complex fluids. Our studies of, the integration and modulation of the photophysical properties of photoactive proteins (e.g., RCs) will be extended by enhancing the RC functionality through co-integration of the associated light harvesting components, which will serve to collect sunlight and efficiently transfer its energy to the protein element.  This will be an important step towards eventual practical use of the RC, allowing it to function as a true solar-element. The integration of artificial light harvesting systems such as synthetic chlorosomes, chlorophyll a trefoils, prepared in the Wasielewski (NU) laboratory, will be evaluated.  In addition, natural antenna systems (provided by P. Laible) such as phycobilisomes will also be examined. The region of localization of these antenna components within the complex fluids and their ability to collect and transfer energy to membrane embedded proteins (RCs) will be studied by ultrafast spectroscopy. 

II. Integration of Soft Nanospace Architectures with Robust Polymeric and Hard Inorganic Materials

Integration of hard and soft materials to create novel hybrid devices.  We will build upon our recent work using combinatorial phage display methods to identify a circularly constrained heptapeptide sequence, ISLLHST, that selectively, strongly associates with a perovskite ferroelectric, Pb(ZrxTi1-x)O3 (PZT). These biological linker molecules will be used to integrate virus particles onto patterned ferroelectrics. The use of electrostatic gating of the tethered biomolecules and components will be evaluated.  We anticipate that these composites will form the fundamental components of a nanoscale, biomolecular valve to control information flow or fluid on the nanometer lengthscale. 

Mesoporous inorganic frameworks for photo-initiated energy transfer. The post-synthesis modifed mesoporous silicas will be used to study photostimulated electron transfer between the organic molecules and encapsulated proteins, employing both transient EPR spectroscopy to detect the radical species and transient absorption spectroscopy to detect excited states of the radical species. It is anticipated that the hybrid materials produced will constitute novel photoactive matrices that can employ light-activated electron transfer as a means to control the protein.   

h. Relationships to Other Projects: 
This project benefits from the Center for Nanoscale Materials at Argonne. A recent collaboration with S. Vadja (CNM) will allow for in-house construction of instrumentation and expertise for conducting second-order nonlinear spectroscopy (SHG), permitting the determination of the vectorial ordering of proteins within the soft materials.  In addition, 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.  

i. NEPA Requirements Required:   
NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B
l.  Performance Measures and Expectations:  
The project will also provide fundamental knowledge of the nanoscale phenomena occurring at the interfaces of these integrated materials and of means to tailor energy transduction processes. All of our efforts will focus on the development of prototype materials that derive their functionality from biomolecules (e.g., proteins) and possess the ability to store energy and transduce it photochemically, electrochemically, or mechanically. The fundamental information gained will lay the groundwork for producing advanced materials for use in sensors, optoelectronics, photonics, and catalysis

m. ES&H Considerations:  
Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply




