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Work Proposal Description: 
The objective of this project is the design, synthesis, and characterization of nanostructured biocomposite materials that exploit the capabilities of biological molecules 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 early 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. 

b. Publications: 11 publications for the period Oct. 1, 2004 – Sept. 30, 2005
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 to store and transduce energy. To address this challenge, we have developed a platform to organize a variety of biomolecules comprising a series of polymer-grafted, lipid-based complex fluids whose structure and function mimic those of natural cell membranes. These synthetic/biological molecule composites (proteo-complex fluids) will be stabilized by integrating them with selected hard (inorganic), nanostructured materials, among them mesoporous oxides and metals, nanostructured carbon-based electrodes, and polarized ferroelectrics. Integration of the soft and hard components enables connection of the nanoscopically-organized biomolecule arrays to the macroscopic world, an important requirement if the resultant composites are to find application.  This connection will be achieved by co-integration of natural and artificial light-harvesting units into the complex fluids and inorganic framework structures to allow for photonic coupling, by electronic coupling to nanostructured carbon electrodes and mesoporous and nanoparticulate metals and semiconductors, or by rapid orientational switching induced by polarization state changes of ferroelectrics.  This general area of research is of great scientific interest and, if successful, of enormous potential technological value. We expect the results of our research to provide fundamental insights into the integration of soft (biomolecules, complex fluids, liquid crystals, polymers) and hard materials (mesoporous inorganic frameworks, nanoparticulate metals and semiconductors, nanostructured carbon and complex oxides) to construct complex architectures that combine the functionality of biomolecules with the properties of the host materials. 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

d. Background:
In nature, molecules self-assemble to form complex structures having properties that differ dramatically from those of the constituent molecules. Life itself, in fact, depends on the ability of certain molecules (e.g., lipids, amino acids) to self-assemble into cellular components (e.g., membranes, organelles), which then combine to form cells.  These cells can then assemble to form tissues, combinations of which constitute organs. This hierarchical organization evolves out of an incredibly complex series of molecular interactions, with each component consisting of sub-components that independently exhibit/retain their own function (e.g., the ability to catalyze reactions, to recognize specific ions or molecules, to carry out energy conversion, or to perform active or passive ion/molecular transport).  The precise control of the hierarchical structure of biomolecules is critical to the selective catalytic, transduction, and transport phenomena that underlie the complex processes occurring in cells and organisms. 

At present, the level of control of supramolecular architecture found in nature far exceeds that achievable in synthetic materials chemistry. In fact, a level of architectural and functional control in totally synthetic systems even remotely approaching that found in nature is, at present, unattainable. One possible approach to constructing functional materials involves the use of hybrid natural/synthetic systems, in which natural “molecular machinery” (i.e., proteins, enzymes, etc.) is integrated into synthetic architectures. The result is a class of materials that extends the use of naturally-derived molecules beyond that which evolution has intended and at the same time, may permit their application in non-biological environments. This is the opportunity addressed in the current proposal.

 e. Approach: 
Personnel:  M. Firestone (80%), P. Zapol (25 %), L. Iton (STA), A. Crisci (STA), O. Auciello (10 %), P. Laible (20 %), M. Wasielewski (Northwestern University), C. Burns (100% Post-doc), C. Reedy (100% Post-doc), D, Batra (Post-doc), B. Reiss (50% Post-doc).

f. Technical Progress:
a. Synthesis of Soft Nanospace Architectures
pH-responsive materials: We have synthesized new stimuli-responsive complex fluids that are ionic strength or pH-responsive.  This has been achieved by the integration of newly synthesized polymer-lipid conjugates that possess ionizable functional groups on the polymer side chains that alter their conformation as a result of ionization or deionization of the functional groups. As an initial target a poly(acrylic acid)-lipid conjugate has been synthesized and its integration into the complex fluids have been studied. Synchrotron SAXS studies reveal that the new complex fluids show pH dependent structural changes. Both the optical transparency and temperature-regulated inverted phase transition properties have been negatively impacted and further work is required to improve these physical properties prior to using these new materials as a scaffold for the encapsulation of photoactive proteins. These new materials, however, maybe be useful for the stabilization of non-photoactive membrane proteins such as the use of ion channel proteins.  This work is significant because it further contributes to our understanding on the design of multicomponent self-assembled materials.  

Photoactive protein-based materials: Soft nanostructures based upon complex fluids have been shown to serve as an excellent artificial environment for the native function of integral membrane proteins and a platform for functional protein-based materials. PEG-grafted, lipid-based, thermoresponsive complex fluids have been shown to serve as scaffolding into which reconstituted integral membrane proteins, such as bacterial photosynthetic reaction centers (RCs) and bacteriorhodopsin (bR) can be stabilized, and their packing arrangement and hence photophysical properties can be controlled. Long term stability studies of the RCs and bR have been carried out at three temperatures (4 ºC, 20 ºC, and 33 ºC) by steady state spectroscopy, and show that the proteins are four times more stable in the complex fluids than in buffered aqueous solutions. In addition, time-resolved (pump-probe) experiments reveal that the tunable architecture of the complex fluid can also be used to control the collective optical/electronic properties of the RCs and bR.   We have successfully integrated functionally-active membrane bound biomolecules into the soft nanospace architectures (e.g., complex fluids) and examined their individual and collective functions (of the organized biomolecular arrays) as energy transducers. 

b. Integration of Soft Nanospace Architectures with Robust Polymeric and Hard Inorganic Materials
Integrated colloidal nanoparticle – biomolecular composites: A significant challenge in harnessing biomolecule activity is connecting and addressing nanoscale functionality.  We have investigated the synthesis of integrated soft heterostructures that can template organized array of nanoparticles (metals and semiconductors) which can subsequently be used to spatially localize and control the activity of encapsulated biomolecules. Ionic liquid-based gels, “ionogels”, which comprise binary mixtures of 1-decyl-3-methylimidazolium halides and water, self-assemble into a wide variety of architectures that can be controlled via changes in water content, anion, or cation have been used as the basis of these novel soft architectures. SAXS and optical spectroscopy has shown that the tuneability of the mesoscopic structure of the gel permits control over the morphology and spatial arrangement of the metal and semiconductor nanoparticles. Controlling the spacing (i.e., communication) between metal and semi-conducting nanoparticles in a nanostructured ion-conducting framework offers considerable potential in fabricating next generation optoelectronic or photovoltaic materials.  We have carried out preliminary studies exploring the synthesis of polymerizable ionic liquids.

Ferroelectrics for positional and functional control of biomolecules: Inorganic ferroelectrics are electrically polarizable materials. The electric-field induced polarization can be used to rapidly (ca. 10 ns) switch surface charge states. Surface charges persist after field termination and thus, offer the possibility of manipulating surface-tethered biomolecules. We have sought to exploit patterned, polarizable ferroelectric surfaces as a means to create field-responsive inorganic-biomolecule hybrid materials.  Combinatorial phage display methods have been used to identify a circularly constrained heptapeptide sequence, ISLLHST, that strongly associates with a perovskite ferroelectric, Pb(ZrxTi1-x)O3 (PZT). The affinity and selectively of binding to polycrystalline MOCVD deposited PZT thin films supported on Si/SiO2/Pt substrates were determined by titering and immunofluorescence microscopy. Ferroelectric properties were determined by measurement of the P-E hysteresis loop on unmodified and phage bound PZT thin films.  No change in the coercive field, Ec, or the saturation polarization, Ps was observed after contacting with aqueous buffer or phage binding.  The remnant polarization, PR, however, showed a minor reduction after exposure to aqueous buffer and/or phage binding, possibly due to association of compensating surface charges (ions from the buffered aqueous solution) on the PZT.

Mesoporous inorganic frameworks for light and electronic control: We have explored the selective sorption of model, soluble hemeproteins in the open network structure of mesoporous silicas as a means to create biocomposite materials. Horse heart cytochrome c (cyt c) and equine myobglobin (Mb) have been incorporated into both unmodified and modified (surface) 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 at high loading levels the heme metal center is reduced to Fe2+, representing a one-electron transfer process.  At low protein loadings (or alternatively low thiol surface coatings), however, we observe the reduction of the metal center and a reduction in one of the pyrrole rings comprising the protoporhyrin macrocycle. This two-electron transfer process results in the formation of a chlorin-type prosthetic group.  These results are significant in that they suggest that the surface chemistry of unmodified mesoporous silicas can be exploited for creating active mesoporous biocomposites.

g. Future Accomplishments

a. Synthesis of Soft Nanospace Architectures
pH and light 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.  Lastly, we shall continue to study means by which to improve the physical properties of our recently synthesized poly(acrylic acid)-lipid based complex fluids and their implementation for creating a proteo-complex fluid.

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, molecular dynamics (MD) simulations will be employed to model a lipid-diblock/triblock copolymer system using a coarse-grained (CG) model. Systems comprising phospholipid based complex fluids intercalated with amphiphilic di- and triblock copolymers have enormous potential in many areas of bionanotechnology. Molecular dynamics simulations will be performed in synergy with experimental studies to understand how the structures of these materials depend on the concentration and size of block copolymers and various environmental variables. 

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

Integrated Colloidal Nanoparticle – Biomolecular Composites: We will synthesize polymerizable ionic liquids that will serve to convert the physical gels to robust chemical gels. Two target polymerizable monomeric ionic liquids will be synthesized.  The first monomer will involve the replacement of 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 will involve the introduction of an acrylate group positioned at the alkyl chain terminus, permitting polymerization via the hydrocarbon chains. Small-angle scattering studies will be carried out to determine the mesoscopic structure of the ionic liquid-based polymers. Metal and semiconductor nanoparticles will be synthesized within these new materials and optical spectroscopy will be carried out to evaluate the morphology and internal packing arrangement of the nanoparticles.  This work is important because controlling the spacing (i.e., communication) between metal and semi-conducting nanoparticles in a structured ion-conducting framework offers considerable potential in fabricating next-generation optoelectronic or photovoltaic materials.  

Mesoporous inorganic frameworks for electronic transport: We will employ liquid-crystalline templating in an effort to synthesize ordered, mesoporous gold frameworks, with the ultimate goal of stabilizing electroactive proteins in a matrix whose conductivity can be exploited to control their activity. Briefly, a concentrated solution of an oligomeric surfactant (e.g., polyoxyethylene(10) cetyl ether and polyoxyethylene(10) stearyl ether) comprising an ordered mesophase will be used to template metallic gold generated by chemical or photochemical reduction of a gold salt (tetrachloaurate) dissolved in the aqueous domain of the mesophase.  This should permit the “wiring” of electroactive proteins such as hemeproteins onto the pores. Electronic transport measurements will be made to determine if the mesoporous metallic framework serves as both an electrode material for bioelectrochemical applications and an organizing matrix to promote directional electron transfer.

Mesoporous inorganic frameworks for photo-initiated energy transfer: Post-synthesis modification of the mesoporous silica pore surface chemistry will be performed using photoactive moieties.  Arylenediimide molecules, (synthesized by the Wasielewski group), and spiropyran derivatives will function as variable-wavelength energy and electron donors or acceptors. These organic-inorganic hybrid frameworks 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.   

Integration of hard and soft materials to create novel hybrid devices:  The control of fluid (liquids or gases) movement on the nanoscale cannot be achieved by simple scaling of microscale devices. An essential component for controlling fluids on very small dimensions (nanoscale) is the creation of a nanosized valve that can open or close in response to an external trigger. Biomolecules are nanoscale objects that can be produced in large quantities and can be engineered to selectively attach to a variety of materials.  To this end, we will use viruses to identify peptides (biomolecules) that selectively attach to a ferroelectric. The ferroelectric responds to applied voltages by rapidly switching its surface charge from positive to negative. Integration of the peptide with the ferroelectric will create a biomolecular switch whereby the orientation of the attached peptide is toggled between up or down depending on the surface charge of the ferroelectric. We will evaluate the potential to construct such a bioinorganic switch by fabricating prototype devices to study the binding selectivity of peptides. Such a device will be useful for drug delivery and for the fabrication of chemical sensors of possible use in homeland security (e.g., pathogen detection) and environmental studies, and for the advancement of basic science in nanofluidics.

h. Relationships to Other Projects

This project forms an integral part of the Center for Nanoscale Materials at Argonne.  This innovative research, by straddling the bio-synthetic materials interface, coincides with the CNM’s major research thrust: probing and controlling biological function at the nanoscale and the merger of 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 collaborate with Mike Wasielewski of Northwestern University, who is a recognized leader in the field of the synthesis of molecular organic charge separating systems and ultrafast optical and magnetic resonance techniques. This collaboration will also provide access to Northwestern University facilities. 

i. NEPA Requirements Required:   NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B

j. Explanation of Milestones: NA

k. Deliverables:  N/A

 

l. Performance Measures and Expectations:   N/A
m. ES&H Considerations:  Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply
n. Human or Animal Subjects Activities:  N/A

o. Security Requirements:  N/A

