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3. Project Summary

3  Project Summary
The NSF Nanoscale Science and Engineering Center for Directed Assembly of Nanostructures 
(www.nano.rpi.edu) was founded in September 2001 at Rensselaer Polytechnic Institute, in col-
laboration with the University of Illinois at Urbana-Champaign, and Los Alamos National Labora-
tory. Our Nanoscale Science and Engineering Center (NSEC) addresses the fundamental scientifi c 
issues underlying the design and synthesis of nanostructured materials, assemblies, and devices 
with dramatically improved capabilities for many industrial and biomedical applications. Direct-
ed assembly is the fundamental gateway to the eventual success of nanotechnology. Therefore, 
our NSEC strives to discover and develop the means to assemble nanoscale building blocks with 
unique properties into functional structures under well-controlled, intentionally directed condi-
tions. We combine theory and computational design with experimentation to focus on discovery 
of novel pathways to assemble functional multiscale nanostructures with junctions and interfaces 
among structurally, dimensionally, and compositionally different building blocks. Our NSEC inte-
grates research, education, and technology dissemination to serve as a leading national and interna-
tional resource for fundamental knowledge and applications in nanoscale science and technology. 

The NSEC research program consists of three coordinated interdisciplinary and inter-institutional 
thrusts. Thrust 1: Nanoparticle Gels and Polymer Nanocomposites focuses on the synthesis, phase 
behavior, structure, and assembly of organic and inorganic nanoparticles with homogeneous or 
heterogeneous surfaces by means of chemical and/or physical control. Its goal is to guide the or-
ganization of nanoscale building blocks to create 3-D hierarchical materials with novel properties. 
Thrust 2: Nanostructured Biomolecule Composite Architectures is focused on incorporation of 
biological macromolecules into nanocomposite materials to enable specifi c applications, includ-
ing directed assembly based on biorecognition and biocatalysis, which impact tissue engineering, 
biosensing, self-cleaning and self-repair capabilities, and the design of novel lamellar structures. 
Its goal is to enable the effi cient and selective interaction of biomolecules with synthetic nanoscale 
building blocks to generate functional assemblies. Thrust 3: Serving Society through Education 
and Outreach has as its goal to serve society by: (i) raising public science literacy through informal 
and formal education, and reaching a diverse audience to broaden the technical reach of our NSEC 
through programs that are carefully designed to integrate nanotechnology research with education, 
and (ii) enhancing the responsible, safe, and effi cient transfer of nanotechnology developments 
to industry, the primary route through which society can benefi t from the fruits of our research. 
Hence, our continuing vision encompasses research, education, and outreach through interactions 
with students of all ages and researchers in universities, national laboratories, and industry. 

There have been a number of major accomplishments in our NSEC program during 2001-2009. 
Notable examples include: elucidating the structure and properties, and developing 3-D writing, 
of nanoparticle gels; interfacially tailoring fi llers in polymer nanocomposites; discovering a uni-
fi ed relationship between polymer nanocomposite and thin-fi lm thermomechanical behavior; ex-
ploring, understanding, and exploiting protein-nanomaterial interactions; biomimetic templating; 
DNAzyme-catalyzed assembly and sensing; and creating the Molecularium® science-literacy shows 
“Riding Snowfl akes” and “Molecules to the MAX”, the book Nanocomposite Science and Technol-
ogy, and two startup companies, DzymeTech and Solidus Biosciences, based on NSEC technology. 
Outstanding progress has been made in research, education, and outreach and we will continue to 
increase our NSF–NSEC’s positive impact on both science and society as we move forward.
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4  List of Center Participants, Advisory Boards, and    
    Academic/Non-Academic Participating Institutions

4.1  List of Center Participants (A)

4.1.1  NSF Funded Participants

Rensselaer Polytechnic Institute

• Brian C. Benicewicz, Director of the New York State Center for Polymer Synthesis and Pro-
fessor, Department of Chemistry and Chemical Biology, RPI; Carolina Distinguished Profes-
sor, CoEE Chair in Polymer Nanocomposite Research, Chemistry and Biochemistry Depart-
ment, University of South Carolina, since 2008

• Marc-Olivier Coppens, Professor, Chemical and Biological Engineering Department

• Jonathan S. Dordick, Howard P. Isermann Professor, Department of Chemical and Biological 
Engineering, Center Director for Biotechnology and Interdisciplinary Studies

• Angel E. Garcia, Senior Constellation Professor for Biocomputation and Bioinformatics, De-
partment of Physics, Applied Physics and Astronomy

• Shekhar S. Garde, Elaine and Jack S. Parker Career Development Professor and Head, De-
partment of Chemical and Biological Engineering

• Ravi Kane, Professor, Department of Chemical and Biological Engineering

• Pawel Keblinski, Professor, Materials Science and Engineering Department

• Sanat K. Kumar, Professor, Department of Chemical and Biological Engineering, and Profes-
sor of Chemical Engineering, School of Engineering & Applied Science, Columbia University, 
since 2007

• Lois S. Peters, Associate Professor, Lally School of Management and Technology

• Chang Y. Ryu, Associate Professor, Department of Chemistry and Chemical Biology

• Linda S. Schadler, Professor, Materials Science and Engineering Department

• Richard W. Siegel, Robert W. Hunt Professor, Materials Science and Engineering Department, 
Director, Rensselaer Nanotechnology Center 
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University of Illinois at Urbana-Champaign

• Paul V. Braun, Associate Professor and Willett Faculty Scholar, Materials Science and 
Engineering Department

• Steve Granick, Professor, Departments of Chemistry, of Physics, of Chemical and Biomolecu-
lar Engineering, of Materials Science and Engineering, and Founder Professor of Engineering

• Jennifer A. Lewis, Director of the Frederick Seitz Materials Research Laboratory, Hans Thur-
nauer Professor of Materials Science and Engineering

• Yi Lu, Professor, Departments of Chemistry and of Materials Science and Engineering

• Jeffrey S. Moore, Professor, Department of Materials Science and Engineering, and Lycan 
Professor of Chemistry

• Kenneth S. Schweizer, Professor, Departments of Chemistry and Chemical and Biomolecular 
Engineering, Morris Professor of Materials Science and Engineering

• Moonsub Shim, Racheff Assistant Professor of Materials Science and Engineering

• Gerard C. L. Wong, Associate Professor, Departments of Materials Science and Engineering 
and of Physics

• Charles F. Zukoski, Vice-Chancellor for Research, Lycan Professor, Department of Chemical 
and Biomolecular Engineering

4.1.2  Affi liated Participants

Rensselaer Polytechnic Institute

• Robert J. Linhardt, Professor of Chemistry and Chemical Biology, Biology and Chemical 
and Biological Engineering and Ann and John H. Broadbent, Jr. ‘59 Senior Constellation Pro-
fessor, Biocatalysis and Metabolic Engineering

• Lupita Montoya, Assistant Professor, Civil and Environmental Engineering Department

• Saroj K. Nayak, Associate Professor, Department of Physics, Applied Physics and Astronomy

• G. Ramanath, Director, Center for Future Energy Systems (CFES) and Professor, Materials 
Science and Engineering Department

• E. Fred Schubert, Constellation Chair and Professor, Electrical, Computer and Systems Engineering

• Deanna M. Thompson, Assistant Professor, Biomedical Engineering Department
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Los Alamos National Laboratory

• Joel D. Kress, Group Leader, Theoretical Chemistry and Molecular Physics Group

• Kim O. Rasmussen, Technical Staff Member, Theoretical Division

• Antonio Redondo, Director, Theoretical Division

• Sergei Tretiak, Technical Staff Member, Theoretical Division

4.2  External Advisory Boards (B)

4.2.1  Industry Advisory Board

• Thomas Liljenberg, ABB Research, Program Manager - Nanotechnology

• C. Gregory Toney, Albany International Research Co., R & D Manager

• Paul T. Murayama, Chisso Corporation, Executive Offi cer

• Douglas Robello, Eastman Kodak Company, Research Scientist, R&D Laboratories

• George Thompson, Intel Corporation, Technology Strategy Group

• Satya V. Nitta, International Business Machines, Research Staff Member, Advanced Intercon-
nect Technology

• Seetharama C. Deevi, Philip Morris USA, Senior Principal Scientist, Research, Development, 
and Engineering

• Drew V. Spear, Sealed Air Corporation, Research Fellow, Cryovac Division

4.2.2  External Visiting Committee

• Barbara A. Baird, Horace White Professor of Chemistry and Chemical Biology, Department 
of Chemistry and Chemical Biology, Cornell University

• Louis Brus, Thomas Alva Edison Professor, Department of Chemistry, Columbia University

• Juan J. de Pablo, Director, Materials Research Science and Engineering Center; Howard 
Curler Distinguished Professor, Chemical and Biological Engineering; Professor, Molecular 
Thermodynamics and Statistical Mechanics Research Group, University of Wisconsin

• William A. Goddard, III, Charles and Mary Ferkel Professor of Chemistry, Materials Sci-
ence, and Applied Physics; Director of the Materials and Process Simulation Center, California 
Institute of Technology
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• John Silcox, David E. Burr Professor of Engineering, Applied & Engineering Physics, Cornell 
University

• Matthew V. Tirrell, Professor, Chemical Engineering and Materials, Richard A. Auhll Profes-
sor and Dean, College of Engineering, University of California at Santa Barbara

4.3  Academic Participating Institutions (C)
• Academy of Sciences, Institute of Chemistry, Beijing, China, Scientifi c collaborations to 

enhance research at the NSEC (UIUC)

• Burnt Hills-Ballston Lake Central Schools, Upstate NY (co-educational) K through 12th 
grade outreach program and collaborative study with four faculty from their group to develop 
curriculum and fi eld test modules in nanotechnology (BHBLCS/RPI)

• Columbia University, New York, NY, (co-educational, multi-disciplinary) Department of 
Chemical Engineering, Scientifi c collaborations to enhance research at the NSEC (UIUC) 

• Delft University of Technology, Delft, The Netherlands, Department of Chemical Engineer-
ing – Extensive research and educational collaboration. Coppens taught class on advanced 
nanomaterials in Delft during May 2008.  Involvement of Ph.D. students in Coppens’s group 
in Delft on nanostructured materials.  These collaborations relate to Thrust 2 efforts (RPI)

• Emory University, Decatur, GA, Department of Physics (co-educational, multi-disciplinary) 
– Scientifi c collaborations to enhance research at the NSEC (UIUC)

• EU Network of Excellence, INSIDE PORES, involving top European groups in porous ma-
terials synthesis, characterization, membranes, catalysis, computational research (led by Na-
tional Center for Scientifi c Research “Demokritos”, Greece, and involving multiple partners).  
These efforts enhance the research related to Thrust 2 efforts at the NSEC (RPI) 

• Indian Institute of Technology, New Delhi, India – (co-educational, multi-disciplinary) Mod-
eling the experimental results on polymer grafted nanoparticles (RPI, Columbia University, 
and University of South Carolina)

• Institut Curie, Paris, France, Scientifi c collaborations to enhance the research at the NSEC 
(UIUC)

• Instituto Superior Technico-Lisboa, Lisbon, Portugal, Institute for Biotechnology and Bio-
engineering (co-educational, multi-disciplinary) – Scientifi c collaboration to advance high-
throughput stem cell growth platforms relating to Thrusts 2 and 3 efforts (RPI)

• Morehouse College, Atlanta, GA (minority-based) Undergraduate outreach collaboration 
(RPI)

• Mount Holyoke College, South Hadley, MA (women only) Undergraduate outreach collabora-
tion (RPI)
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• National Institute for Materials Science (NIMS), Tsukuba, Japan – Collaboration on the syn-
thesis and characterization of novel mesoporous carbons and silicas; studies of protein adsorp-
tion on these materials. As part of an MOU between NIMS and RPI, Coppens’s NSEC student, 
Lung-Ching Sang, spent several months (May-August 2008) at NIMS. This successful col-
laboration is continued in 2009; Lung-Ching Sang is also spending the fi rst semester of 2009 
at NIMS, with funding from Japan.  These studies are to enhance research at the NSEC (RPI)

• Northwestern University, Evanston, IL, Department of Cell & Molecular Biology (co-educa-
tional, multi-disciplinary) – Scientifi c collaborations to enhance research at the NSEC (UIUC)

• Oberlin College, Oberlin, OH, (co-educational, multi-disciplinary) – Undergraduate outreach 
collaboration (RPI)

• Peking University, Beijing, China, Scientifi c collaboration to enhance the research at the 
NSEC (UIUC)

• Pohang University of Science and Technology, Pohang, South Korea, Department of Chem-
istry and Department of Chemical Engineering (co-educational, multi-disciplinary) – Scien-
tifi c collaborations to enhance research at the NSEC (RPI)

• Purdue University, West Lafayette, IN, Department of Chemical Engineering (co-education-
al, multi-disciplinary) – Scientifi c collaborations to enhance research at the NSEC (UIUC)

• Rice University, Houston, TX, Department of Mechanical Engineering and Materials Science 
and Engineering (co-educational, multi-disciplinary) – Scientifi c collaborations (with Prof. P. 
M. Ajayan) to enhance research at the NSEC (RPI)

• Shanghai Institute of Ceramics, Chinese Academy of Sciences (SIC, CAS), Shanghai, P. R. 
China – Through exchange student Shi Chen – Mr. Chen synthesized rare earth doped nanopar-
ticles which may be used as part of our holographically directed assembly project to enhance 
the research at the NSEC (UIUC)

• Smith College, Northampton, MA (women only) – Undergraduate outreach collaboration   
(RPI)

• Spelman College, Atlanta, GA (minority-based, women only) – Undergraduate outreach col-
laboration (RPI)

• Universidad de Puerto Rico de Mayagüez, PR (Hispanic bi-lingual, co-educational) – Sci-
entifi c collaboration to enhance research at the NSEC (RPI)

• University of California, Berkeley, CA, Department of Chemical Engineering (co-educa-
tional, multi-disciplinary) – Scientifi c collaborations on the development of high-throughput, 
enzyme- and cell-based microarray platforms for drug discovery and human toxicology. These 
relate to Thrusts 2 and 3 efforts (RPI)
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• University of California, Davis, CA, Member of Byoungseon Jeon’s Ph. D. thesis “commit-
tee in charge” and co-advisor (with Prof. Niels Gronbech-Jensen) as Byoung’s thesis research 
was carried out in residence at Los Alamos.  Thesis awarded fi rst quarter 2008.  Thesis title is 
“Methods for Molecular Interactions and Large-Scale Simulations” to enhance the Thrust 1 
research at the NSEC (UIUC/RPI)

• University College Dublin, Ireland, School of Chemical and Bioprocess Engineering – EU 
collaboration FUSION, to enhance the research at the NSEC (RPI)

• University of Illinois, Urbana, IL, Physics Dept., Microbiology Dept., (co-educational, multi-
disciplinary) – Scientifi c collaborations to enhance research at the NSEC (UIUC) 

• University of Leipzig, Germany, Department of Theoretical Physics (co-educational, multi-
disciplinary) – Scientifi c collaboration on diffusion studies in nanostructured materials, using 
PFG NMR, and theoretical studies of diffusion in nanopores, also involving the University of 
Giessen, Germany, Department of Physics.  These activities relate to Thrust 2 and enhance the 
research at the NSEC (RPI)

• University of Lyon, Lyon, France, Department of Physics – Scientifi c collaborations in the 
area of modeling interfacial phanomena to enhance research at the NSEC (RPI)

• University of Massachusetts, Amherst, MA, Polymer Science & Engineering Dept. (co-
educational, multi-disciplinary) – Scientifi c collaborations to enhance research at the NSEC 
(UIUC)

• University of Michigan, Ann Arbor, MI, Life Science Institute (co-educational, multi-dis-
ciplinary) – Scientifi c collaboration to advance NSEC research in the design of therapeutic 
agents that can be linked to nanoscale delivery vehicles.  This relates to Thrust 2 efforts (RPI)

• University of St. Andrews, Scotland, School of Chemistry (co-educational, multi-disciplin-
ary) - Collaboration on high-resolution transmission electron microscopy of hierarchically 
structured nano-composite materials. This  relates to Thrust 2 efforts and to enhancing the 
NSEC (RPI)

• University of Sheffi eld, United Kingdom, Department of Physics, (co-educational, multi-dis-
ciplinary) – Scientifi c collaborations to enhance research at the NSEC (UIUC)

• University of South Carolina, Columbia, SC, Department of Chemistry and Biochemistry 
& USC NanoCenter (co-educational, multi-disciplinary) – Scientifi c collaborations as part of 
Thrust 1 efforts to enhance research at the NSEC (RPI)

• University of Tennessee, Knoxville, TN, Department of Chemistry (co-educational, multi-
disciplinary) – Scientifi c collaborations to enhance research at the NSEC (UIUC)

• University of Washington, Seattle, WA, Microbiology Dept, (co-educational, multi-disciplin-
ary) – Scientifi c collaborations to enhance research at the NSEC (UIUC)
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• University of Wisconsin, Madison, WI, Departments of Chemistry and Chemical Engineering 
(co-educational, multi-disciplinary) – Scientifi c collaborations to enhance research at NSEC 
(UIUC)

• Vrije Universiteit Amsterdam, The Netherlands – Department of Public Administration and 
Organization Sciences.  Collaboration with  Prof.  Peter Groenewegen, Faculty of Social Sci-
ences on organizing innovation by collaborating, in a comparison of the nanotechnology and 
biotechnology sectors to enhance Thrust 3 research at the NSEC (RPI) 

• Williams College, Williamstown, MA (co-educational, multi-disciplinary), Undergraduate 
outreach collaboration (RPI)

• Wuhan University, Hubei, P. R. China – Through exchange student Peng Wan – Ms. Wan 
is studying large area nanoparticle assembly techniques to enhance the research at the NSEC 
(UIUC)

4.4  Non-academic Participating Institutions (D)
• ABB Corporate Research, Västerås, Sweden – Industry partner; scientifi c collaborations on 

the dielectric behavior of fi eld grading materials and the mechanical properties of new insulat-
ing materials to enhance research at the NSEC (RPI)

• Air Force Research Laboratory – Richard Vaia, Hillmar Koerner - Scientifi c collaborations 
to enhance research at the NSEC (RPI)

• Albany International, Menands, NY – Industry affi liate (RPI) 

• Albemarle Catalysts R&D, Amsterdam, The Netherlands - Synthesis, characterization and 
catalytic testing of hierarchically structured porous catalysts.  Methods are envisaged to apply 
to the synthesis of materials of interest at the NSEC (RPI)

• Chisso Corporation, Osaka, Japan - Industry partner; scientifi c collaborations to enhance re-
search at the NSEC (RPI)

• Dow Chemical, Freeport TX, and Midland, MI – Scientifi c/technological discussions, partner-
ship on hierarchically structured catalysts (RPI)

• DuPont, Wilmington, DE, Industrial research collaboration (UIUC & RPI), scientifi c collabo-
rations to enhance the NSEC (RPI)

• DzymeTech, Inc., Champaign, IL – Startup company affi liate (UIUC) 

• Eastman Kodak Company, Rochester, NY – Industry affi liate (RPI)

• FMC Corporation, Plainsboro, NJ – Industrial scientifi c collaboration to enhance research at 
the NSEC (RPI)
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• Genencor International, Palo Alto, CA – Industrial scientifi c collaboration to enhance re-
search at the NSEC (RPI)

• Intel Corporation, Santa Clara, CA and Chandler, AZ – Industry partner, designing nanostruc-
tures for thermal applications and to enhance research at the NSEC (RPI)

• International Business Machines (IBM), Fishkill and Yorktown Heights, NY – Industry part-
ner, designing nanostructures for thermal applications and to enhance research at the NSEC 
(RPI); Industrial research collaboration (UIUC)

• Littelfuse, Inc., Des Plaines, IL, Industry collaborator; interested in technology developed 
under NSEC support for varistor and fuse applications to enhance the research at the NSEC 
(UIUC)

• Magnolia Optics Corporation  – Industrial collaboration to enhance research at the NSEC 
(RPI)

• Michelin Company, France – Scientifi c collaborations to enhance research at NSEC (UIUC)

• Oak Ridge National Laboratory, Oak Ridge, TN, Scientifi c collaborations to enhance re-
search at the NSEC (UIUC) 

• Pantex Plant, Amarillo, TX – Project collaboration, study polymer degradation in high explo-
sives to enhance the Thrust 1 research at the NSEC (UIUC/RPI)

• Philip Morris USA, Richmond, VA –  Industry affi liate (RPI)

• Sandia National Laboratories, Albuquerque, NM – Semiconductor Materials & Devices Sci-
ences Department, Scientifi c collaboration to understand performance limitations of solid-state 
lighting devices as related to device nanostructure and to enhance research at the NSEC (RPI) 

• Sealed Air Corporation, Duncan, SC – Industry affi liate (RPI)

• Semco – Industrial collaboration to enhance research at the NSEC (RPI)

• Solidus Biosciences, Troy, NY, Start-up venture; scientifi c collaborations to enhance research 
in Thrusts 2 and 3 at the NSEC (RPI)

• The Children’s Museum of Science and Technology (CMOST) Troy, NY, Outreach affi liate, 
Molecularium® project (RPI)

• Trojan (Troy) Research Corporation – Industrial collaboration to enhance research at the 
NSEC(RPI)

• Vodaphone, Germany – Industrial collaboration to enhance research at the NSEC (RPI)
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5  Quantifi able Outputs

5.1  NSF Table 1: Quantifi able Outputs

Outputs

Reporting 

Year - 10

Reporting 

Year - 9

Reporting 

Year - 8

Reporting 

Year - 7

Reporting 

Year - 6

Cumulative 

Reporting 

Year 1-5 TOTAL

Publications  resulted from NSEC Support 100 156 109 337 702

    In Peer Reviewed Technical Journals 86 137 102 308 633

    In Peer Reviewed Conference Proceedings                                              4 11 6 29 50

    In Trade Journals                                                                                       0 0 0 0 0

    With Multiple Authors                                                                                 97 149 106 319 671

    Co-authored with NSEC faculty                                                                 97 36 37 113 283

NSEC Technology Transfer 4 13 9 34 60

    Inventions Disclosed                                                                                  0 1 0 10 11

    Patents Filed                                                                                              3 8 9 17 37

    Patents Awarded                                                                                        1 0 0 4 5

    Patents Licensed                                                                                       0 0 0 1 1

    Software Licensed                                                                                     0 4 0 0 4

    Spin-off Companies Started  (if applicable)                                               0 0 0 2 2

Degrees to NSEC Students  7 12 7 39 65

    Bachelors Degrees Granted                                                                      0 0 0 2 2

    Masters Degrees Granted                                                                         0 2 0 2 4

    Doctoral Degrees Granted                                                                         7 10 7 35 59

NSEC Graduates Hired By 7 11 7 33 58

    Industry 5 7 4 17 33

       NSEC participating Firms                                                                       0 1 1 6 8

       Other US Firms                                                                                       5 6 3 11 25

    Government            1 0 0 0 1

    Academic Institutions                                                                                 0 1 3 12 16

    Other     0 1 0 4 5

    Unknown         1 2 0 0 3

NSEC Influence on Curriculum (if applicable)

    New Courses Based on NSEC Research                                                  0 0 3 2 5

    Courses Modified to Include NSEC Research                                           0 0 0 8 8

    New Textbooks Based On NSEC Research                                              0 0 0 1 1

    Free-standing Course Modules or Instructional CDs                                 0 1 0 0 1

    New Full Degree Programs                                                                       0 0 0 0 0

    New Degree Minors or Minor Emphases                                                   0 0 0 0 0

    New Certificate                                                                                          0 0 1 0 1

Information Dissemination/Educational Outreach 

    Workshops, Short Courses to Industry                                                      7 0 1 13 21

    Workshops, Short Courses to Others                                                        0 3 1 19 23

    Seminars, Colloquia, etc.                                                                           160 188 266 858 1472

    World Wide Web courses                                                                          0 0 0 0 0
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6  Mission and Broader Impact
The research mission of our NSF-funded NSEC is to discover and develop the means to assemble 
nanoscale building blocks with unique properties into functional structures under well-controlled, 
intentionally directed conditions. Our overall mission is to integrate research, education, and tech-
nology dissemination to serve as a national and international resource for fundamental knowledge 
and applications in directed assembly of nanostructures. Directed assembly is the fundamental 
gateway to the eventual success of nanotechnology. We are now able to create a wide range of 
inorganic, organic, and hybrid nanoscale building blocks, and our ability to assemble complex 
hierarchical structures is signifi cantly improving with the excellent progress made during our fi rst 
eight years. Nevertheless, much future work remains to be done in this important area. 

Our integrated research program combines computational design with experimentation to focus 
on the discovery of novel pathways to assemble functional multiscale nanostructures with junc-
tions and interfaces between structurally, dimensionally, and compositionally different building 
blocks. Understanding the interactions among diverse nanoscale constituents will enable us (i) to 
design directed nanoscale assemblies with specifi c properties and (ii) to specify the process steps 
and parameters required for each unique assembly. This systematic integration of computational 
models and design principles will form the basis for the emerging practice of nanoengineering 
and its application to the development of new materials, structures, and devices for the benefi t 
of society. Since its inception in 2001, our NSEC has assembled and continually improved the 
strong multidisciplinary and inter-institutional research teams that have comprised our two origi-
nal thrusts. These teams continue to make fundamental discoveries and develop new technologies 
in the directed assembly of nanostructures in areas ranging from novel nanostructure synthesis and 
characterization to creating new materials and devices with a wide range of functions. 

Our NSEC has also initiated and actively pursued a number of broad activities in outreach, teaching 
and training, research and educational infrastructure, and dissemination to the scientifi c, technical, 
and industry communities. The successes of these efforts from our inception have been suffi ciently 
great that we created from them a new thrust on serving society through education and outreach. 
This third thrust is helping to further focus these efforts and give them even greater future impact 
nationally and internationally. The impact of this new thrust is multifold, and complements the 
other two research thrusts to provide critical links between fundamental research and real world 
applications and education. In the past eight years, we have initiated and grown a number of pro-
grams that will have broad and continuing impact for our Center for Directed Assembly of Nano-
structures. For example, we created Molecularium® “Riding Snowfl akes”, a 23-minute “magical, 
musical adventure into the world of molecules” that brings young people (of all ages) into the 
nanoscale world to help them learn about the behavior of materials, excite them about the world 
around them, and stimulate their interest in pursuing a career in science and technology, or simply 
to be more science literate. All of these outcomes benefi t society. This fi rst show is now being 
distributed worldwide and is being translated into several foreign languages. Enabled by supple-
mentary private funding of $3.3 million, we have built upon this effort to create a new 42-minute 
Molecularium® movie, “Molecules to the MAX”, for large-format (e.g., IMAX) and high-defi nition 
video screens to further advance public science literacy worldwide. This new movie was released 
for worldwide distribution in March 2009. A 3-D version of this show is now in production.



20

6. Mission and Broader Impact

During each of the summers of 2002-08, selected undergraduates from our diverse partner insti-
tutions spent ten weeks at Rensselaer doing research cementing the collaborations between our 
NSEC and Morehouse, Mt. Holyoke, Smith, Spelman, and Williams Colleges. In 2007, we added 
the University of Puerto Rico at Mayagüez to this program to broaden both Hispanic and female 
representation. In 2008 we added Oberlin College to the program to further broaden our reach. We 
also presented an NSF Chautauqua Short Course at RPI on “Nanotechnology and Nanostructured 
Materials and Devices” taught by NSEC faculty members during each June of 2002-06, and in 
June 2007 and 2008 we offered this successful course to high school teachers.  Participants in 
these short courses have returned to their institutions to create new courses or course modules in 
nanotechnology impacting positively hundreds of students across the U.S.

Informal reviews of our NSEC program have been held annually with NSF representatives and at 
meetings with our industry partners each year. The latter meetings also include meetings with our 
Industry Advisory Board. They have frequntly also included meetings with our External Visiting 
Committee, but these are sometimes held separately for convenience. These meetings have been 
dynamic events that have included major multinational companies such as ABB, Albany Inter-
national, Chisso, Eastman Kodak, IBM, Intel, Philip Morris USA, and Sealed Air over the past 
eight years. Two new start-up companies have resulted from our NSEC research, DzymeTech and 
Solidus Biosciences. We have also compiled a database of nanotechnology companies, and have 
developed a set of questions that were posed to scientists and engineers in the nanotechnology fi eld 
to understand what drives their research agenda, what triggers their interest in nanotechnology, 
and what their views are about future applications and impacts. A protocol was also developed 
and tested on company representatives from large established fi rms to help us understand how 
such organizations came to invest in nanoscience and nanotechnology and what the impact of their 
investments has been.  Hence, the effi cient transfer, for commercialization purposes, of our NSEC 
nanoscience and nanotechnology both to multinational corporations and to startup companies has 
been a hallmark of our program during its fi rst eight years. We expect to continue such efforts in 
the future in our NSEC to create new jobs and benefi t society worldwide.
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7  Highlights

7.1  Molecular Level Assembly of Novel BioHybrid Materials
Mimicking the principles learned from microtubules can 
lead to the next generation of materials with improved 
mechanical effi ciency and a wide range of functional 
properties. Dinu, Dordick et al. (Adv. Mat. 2009, Small 
2009) have shown that biological function can be con-
ferred to carbon nanotubes. Specifi cally, direct attach-
ment of tubulin dimer cytoskeletal protein (schematical-
ly shown in green and violet) onto multi-walled carbon 
nanotubes (MWNTs, shown as graphite cylinders) form 
tubulin-MWNT conjugates. The geometries of these 
conjugates are a function of the tubulin concentration 
(AFM image of fl owerlike geometry). MWNT-templat-
ed tubulin undergoes self-assembly with free tubulin in 
solution to yield  functional nano- and mesoscale archi-
tectures, including biohybrids of microtubule-encapsu-
lated nanotubes, which can be manipulated in synthetic, 
non-physiological environments by surface-attached ki-
nesin molecular motors.  
Jonathan S. Dordick (RPI-NSEC)

7.2  Self-organization of Water Induced by Electrons
Fundamental understanding of self- assembly in water re-
quires knowledge of water structure and dynamics in the 
vicinity of solutes, specifi cally in the hydration shells. In an 
NSEC collaboration, Wong (UIUC) and Garde (RPI) use 
a new hybrid experimental-computational method, Linear 
Response Imaging (LRI), to reconstruct the dynamical 
behavior of water from a library of dynamical structure 
factor data measured at 3rd generation synchrotron X-ray 
sources. The Green’s function of water is extracted from 
and subsequently used to reconstruct the space- and time-dependent behavior of water at femto-
second timescales and Ångstrom lengthscales. 
Gerard C. L. Wong (UIUC-NSEC), Shekhar Garde (RPI-NSEC)
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7.3  Imaging the Structure and Flow of Gels in Microchannels
For the fi rst time, Conrad and Lewis have directly imaged the structure and fl ow behavior of col-
loidal gels in microchannels using confocal microscopy.  Silica particles are fi rst coated with a 
cationic polyelectrolyte, and then fl occulated by the addition of an anionic polyelectrolyte. In the 
quiescent state, the suspension is an isotropic and homogeneous gel.  Under shear fl ow, the sus-
pension contains dense clusters that yield at intercluster boundaries, resulting in network breakup 
at high shear rates. These structural changes coincide with a transition from plug-like fl ow at low 
pressures to fl uid-like behavior at high pressures. 

J.C. Conrad and J.A. Lewis, “Direct Imaging of Colloidal Gels during Microchannel Flow”, Langmuir, 24, 7628-34 (2008).

7.4  Understanding the Role of Interfacial Cohesion in Polymer   
       Nanocomposites
A fi rst of its kind combined theory-experiment analysis (Schweizer, Zukoski) of adsorbing poly-
mer mediated structural reorganization (depletion aggregation, full dispersion, bridging) of silica 
nanoparticles in equilibrated miscible polymer nanocomposites of variable chemistry and adsorp-
tion affi nity has been performed. Quantitative comparison of microscopic theory calculations with 
small angle X-ray scattering experiments demonstrate the theoretical approach properly accounts 
for the effects of adsorbed polymer layers on nanoparticle concentration fl uctuations over all length 
scales for a wide range of volume fractions and interfacial cohesion strengths. A distinctive micro-
phase separation like peak in the collective polymer structure factor is predicted. Nanoparticle po-
tential of mean force calculations suggest a criterion for the onset of kinetic gelation. Remarkably 
small changes in nanoparticle surface or polymer chemistry are shown to result in dramatically 
different equilibrium and nonequilibrium nanocomposite behavior and properties.  This opens up 
new ways of thinking about the processing of polymer nanocomposites and controlling the state 
of particle dispersion. 

L.B. Hall. B.J. Anderson, C.F. Zukoski and K.S. Schweizer, “Concentration Fluctuations, Local Order and Collective Structure in 
Polymer Nanocomposites”, Physical Review Letters, in review, 2009.
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7.5  IMAX Show Completed – “Molecules to the MAX”
The second Molecularium® show, “Molecules to the MAX” played at the Giant Screen Cinema 
Association in Los Angeles in March 2009. This 42 minute long large format (e.g., IMAX) fi lm 
takes you on a ride to NanoSpace with Oxy and her crew to boldly go where only atoms have gone 
before! Aboard the Molecularium, the most fantastic ship in the universe, you will fl y through the 
crystalline structure of a snowfl ake, explore the metallic maze of a penny, blast through the far 
reaches of space, escape the tangled polymers of chewing gum, and discover the molecular ma-
chinery of a living cell. This animated adventure brings audiences into amazingly small places and 
fascinates them with incredibly big ideas. Coming soon to IMAX®, IMAX 3D® and other Giant 
Screen Theatres near you! This project is led by executive producers Siegel, Schadler and Garde 
(see www.moleculestothemax.com).
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7.6 Five Local High Schools Adopt Nanotechnology     
 Curriculum After Attending Rensselaer’s Nanotechnology   
 Curriculum Development Summer Institute
A synergistic effort between the NSEC, the National Center for Learning and Teaching, WSWHE 
BOCES, and the Workforce Consortium for Emerging Technologies (WCET) last summer resulted 
in 5 new local high schools introducing nanotechnology curriculae into their classrooms. Each 
high school contributed $10,000 to the program to pay their teachers and buy supplies. This four-
week program started with a week on the Rensselaer campus being introduced to nanotechnology 
and taking part in already developed curricula. The high school faculty then spent 3 weeks devel-
oping their own curriculae ranging from a new course year-long course that combines chemistry 
and technology, to modules introduced to existing physics and chemistry courses throughout the 
year. Hundreds of new high school students will be introduced to nanotechnology this year as a 
result of this program.
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8  Strategic Research Plan
The strategic plan for our NSF-funded NSEC was developed in support of our mission to dis-
cover and develop the means to assemble nanoscale building blocks with unique properties into 
functional structures under well-controlled, intentionally directed conditions. It is based upon our 
overarching goal to integrate research, education, and technology dissemination to serve as a na-
tional and international resource for fundamental knowledge and applications in directed assembly 
of nanostructures. Our plan has already led to: (i) the development and transfer of our nanoscale 
science and technology to existing industries; (ii) the founding of start-up companies; (iii) the 
creation of new jobs; and (iv) the education and eventual science literacy of a broad segment of 
society through informal and formal education. During the remaining two years of our NSEC, we 
will further intensify our efforts, using NSF-NSEC funds wisely and strategically, to increasingly 
leverage our program to become a vital and continuing institution for applying nanoscale science 
and technology to benefi t society worldwide. We will also take advantage of any available op-
portunities to safeguard and build upon the investment of NSF funds by continuing our efforts to 
create and develop our understanding and capabilities in the directed assembly of nanostructures. 

Our NSF-NSEC for Directed Assembly of Nanostructures, since its inception in September 2001, 
has planned and developed a well-integrated partnership of strong teams at Rensselaer Polytechnic 
Institute (RPI), the University of Illinois at Urbana-Champaign (UIUC), and Los Alamos National 
Laboratory (LANL). The NSEC’s home is in the Rensselaer Nanotechnology Center, also founded 
in 2001, which together with the NSEC has already leveraged the $2 million received annually 
from the NSF and funds from other federal, state, industry, and private sources into an annual 
budget of several million dollars. We plan to continue and increase leveraging such sources, and 
private foundations as well, over the remaining two years so that the fi nancial base of our Center 
remains solid and fundamentally sound as we transition the Rensselaer Nanotechnology Center  
and its partnerships with UIUC, LANL, and other quality institutions into the future beyond 2011.

As a result of our NSF Center, two start-up companies have been formed based fully or in part on 
our NSEC created technology, industry pre-commercialization scale-up and trials of our NSEC 
technology have commenced and moved forward, and novel informal educational programs and 
tools created in our NSEC are now being distributed to the public worldwide. We expect that many 
more positive outcomes will result from our research, education, and outreach efforts during the 
remaining two years and well beyond. Our plan is to continue to strategically build a Nanotechnol-
ogy Center at Rensselaer Polytechnic Institute in close collaboration with our research partners 
at UIUC and LANL, along with other collaborations worldwide, that will exist well beyond the 
presently planned ten-year NSF funding period for our NSEC. Rensselaer is especially well known 
for its success in the transfer of technology from the laboratory to the marketplace so that new dis-
coveries and inventions can benefi t human life, protect the environment, and strengthen economic 
development. In the present worldwide economic evironment, such efforts have become even 
more important. In such a depressed economic environment, expanded NSF-NSEC efforts could 
be increasingly important engines for innovation and economic recovery.

The integrated research program in our NSEC combines computational design with experiment to 
focus on the discovery of novel pathways to assemble functional multiscale nanostructures with 
junctions and interfaces between structurally, dimensionally, and compositionally different build-
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ing blocks. This program was strategically planned to enable us (i) to design directed nanoscale 
assemblies with specifi c properties and (ii) to specify the process steps and parameters required 
for each unique assembly. Such systematic integration of computational models and design prin-
ciples will form the basis for the emerging practice of nanoengineering and its application to 
the development of new materials, structures, and devices for the benefi t of society. In order to 
carry out this plan, our NSEC assembled the strong research teams that comprised our original 
thrusts: (1) Nanoparticle Gels and Polymer Nanocomposites and (2) Nanostructured Biomolecule 
Composite Architectures. These efforts have now become two coordinated multidisciplinary and 
inter-institutional thrusts, further strengthened by strategic faculty additions and phase-outs over 
the past several years, which are supported by strong cross-cutting theory, computer simulation, 
and characterization efforts. The thrust teams have made fundamental discoveries and developed 
new technologies in areas that range from novel nanostructure and biomolecular synthesis, as-
sembly, and characterization to creating new materials and devices with a wide range of func-
tions. Through numerous meetings of NSEC investigators at all levels, we have fostered the rapid 
exchange of research results and have coordinated planned research activities across our three 
partner institutions.

Our specifi c objectives are to both encourage and guide productive interactions between the thrusts. 
Such strong cross-fertilization among all our efforts has already led and will increasingly lead to 
new research directions, funding, and commercialization opportunities in the future. We also initi-
ated at the inception of our NSEC, and have actively pursued since then, a number of extensive 
activities in outreach, teaching and training, research and educational infrastructure, and dissemi-
nation to the scientifi c, technical, and industry communities. The successes of these efforts were 
suffi ciently great that we created from them a new thrust, (3) Serving Society through Education 
and Outreach, that is helping to further focus these efforts and give them even greater impact na-
tionally and internationally. Thus, the results of our integrated program are leading to new method-
ologies for assembling novel functional materials and devices from nanoscale building blocks, to 
an interdisciplinary cadre of students and researchers trained in nanoscale science and engineering, 
to new opportunities for helping to create a science-literate public through informal and formal 
education activities based on nanoscience, and to novel applications of nanotechnology that will 
help spur industry into the 21st century.

Our plan for the remaining two years will be to continue to pursue exciting, novel, and potentially 
important new research directions within the context of our stated mission, and to more fully inte-
grate and strengthen our three thrusts to make possible greater positive impacts on society world-
wide. The overarching goal of Thrust 1: Nanoparticle Gels and Polymer Nanocomposites is to 
guide the organization of synthetic nanoscale building blocks to create 3-D hierarchical materials 
with novel properties. We will continue to focus on two primary research areas: nanoparticle gels 
and polymer nanocomposites, which are closely integrated through shared intellectual threads and 
a highly collaborative and interdisciplinary research team. A major challenge that we are address-
ing is to merge and extend our work in these two historically separate areas of suspension-based 
nanoparticle/colloid science and melt- or network-based polymer science to construct hierarchical-
ly organized polymer nanocomposites via novel direct-write assembly processes. Good progress is 
being made in this area. Combining biology with materials science is also a very powerful concept 
that is still in the early stages of exploration and exploitation. The goal of Thrust 2: Nanostructured 
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Biomolecule Composite Architectures is to enable the effi cient and selective interaction of biomol-
ecules with synthetic nanoscale building blocks to generate functional assemblies that will impact 
tissue engineering, regenerative medicine, biosensing, self-cleaning and self-repair capabilities, 
and the design of novel lamellar structures. The capabilities being developed in both Thrusts 1 and 
2 will be increasingly integrated and cross-fertilized over the next two years. A central theme of 
this work is the creation of new materials and devices based on a combination of theoretical mod-
els and the directed and controlled assembly of inorganic and/or organic hybrid structures from 
nanoscale building blocks. This interactive combination of multidisciplinary research activities 
over an extended and dedicated duration of effort, and the effective transfer of its results to indus-
try, requires the type of Center environment that only the NSF–NSEC provides.  Such an important 
investment should be nurtured and further developed well into the future for the benefi t of society.

The goal of Thrust 3: Serving Society through Education and Outreach is to serve society by: (i) 
raising the science literacy of the public through informal and formal education, and reaching a 
diverse audience to broaden the technical reach of our NSEC through programs that are carefully 
designed to integrate nanotechnology research with education; and (ii) enhancing the responsible, 
safe, and effi cient transfer of our and other nanotechnology developments to industry, the primary 
route through which society can benefi t from the fruits of our NSEC research. We have been 
improving science literacy through the development of educational programs for people of all 
ages, which provide fundamental information about the fi eld of nanotechnology. We have already 
reached several thousands of people and we plan over the next several years to reach ever-wider 
segments of society in the U.S. and around the world. We created Molecularium® “Riding Snow-
fl akes”, a digital-dome show that brings young people (of all ages) into the nanoscale world to help 
them learn about the behavior of materials, excite them about the world around them, and stimulate 
their interest in pursuing a career in science and technology, or simply to be more science liter-
ate. This fi rst show is being distributed worldwide and also being translated into several foreign 
languages. Building upon this effort, over the past several years we have created a new 42-minute 
Molecularium® movie, “Molecules to the MAX”, for large-format (e.g., IMAX) theaters and high-
defi nition video screens to further advance public science literacy. This new movie was released 
for worldwide distribution in March 2009, and a 3-D version of this show is now in production in 
order to reach even more people.

Through our industry outreach program, we have entered into several pre-commercial trials of 
technology developed in our NSEC laboratories. We are continuing to build our strong industry 
interactions, which not only provide a mechanism for transferring technology to benefi t society, 
but also broaden the education of our undergraduate and graduate students and provide a basis for 
increasing the fi nancial contributions from industry to the ongoing operations of our Center. To 
better understand how technology is used by industry, we will continue to study the socioeconomic 
impacts of nanotechnology, study that is already providing an understanding of the role of industry, 
the role of collaborations, and the role of public perception in the development and acceptance of 
nanotechnology. The effi cient and effective transfer of our NSEC nanoscience and nanotechnol-
ogy to major multinational corporations, and to start-up companies as well, has been a hallmark 
of our program during its fi rst eight years and our efforts in this regard are planned to grow in the 
next two years and beyond to create new jobs and to benefi t society worldwide.
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A broad base of funding supports our NSEC, in which NSF funds have been extensively and suc-
cessfully leveraged. In addition to the $2 million annual award from the NSF for our NSEC, un-
restricted gifts for joint research and educational efforts in nanoscience and nanotechnology from 
our partner companies have allowed us over the past eight years to use about $500K annually as 
matching funds in our NSEC program. An additional $500K of NSEC matching funds were re-
ceived annually during 2001-2006 from the State of New York through NYSTAR (the New York 
State Foundation for Science, Technology and Innovation), and this annual funding is expected to 
continue at this level for the remaining duration of the NSEC until 2011. RPI and UIUC together 
contributed continued annual matching funds of about $500K, which have now increased to al-
most $800K in the second 5-year NSEC funding period. In addition, our successful Molecularium® 
project has already garnered almost $700K in supplemental NSF funding, as well as $3.3 million 
in private gifts. Thus, our solid and broad support from the NSF, the State of New York, industry 
and other private sources, and our member institutions together provides a strong basis for contin-
ued substantial positive societal impact, technology transfer, and potential new job creation from 
our NSF-NSEC.
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9  Research Program, Accomplishments, and Plans
The programmatic focus and research mission of our NSF-funded Nanoscale Science and Engi-
neering Center (NSEC) for Directed Assembly of Nanostructures is to discover and develop 
the means to assemble nanoscale building blocks with unique properties into functional structures 
under well-controlled, intentionally directed conditions. As such, our overall NSEC mission is to 
integrate research, education, and technology dissemination to serve as a national and international 
resource for fundamental knowledge and applications in directed assembly of nanostructures. Di-
rected assembly is the fundamental gateway to the eventual success of nanotechnology. While we 
are now able to create a wide range of inorganic, organic, and hybrid nanoscale building blocks, 
our ability to assemble complex hierarchical structures, while signifi cantly and rapidly improving, 
is still in its early stages of development. Our integrated research program combines computation-
al design with experimentation to focus on the discovery of novel pathways to assemble functional 
multiscale nanostructures with junctions and interfaces between structurally, dimensionally, and 
compositionally different building blocks.

Understanding the interactions among diverse nanoscale constituents will enable us (i) to design 
directed nanoscale assemblies with specifi c properties and (ii) to specify the process steps and pa-
rameters required for each unique assembly. This systematic integration of computational models 
and design principles will form the basis for the emerging practice of nanoengineering and its ap-
plication to the development of new materials, structures, and devices for the benefi t of society. To 
complement these activities, we are working assiduously to excite and educate a diverse cadre of 
students of all ages, from K - 12 through postdoctorate in nanoscale science and engineering, who 
will become the future workforce in this area, and to work hand-in-hand with industry to develop 
and transfer nanotechnology for the benefi t of society.

Since its inception in September 2001, our NSEC has assembled and continually improved its 
strong research teams at Rensselaer Polytechnic Institute (RPI), the University of Illinois at Urba-
na-Champaign (UIUC), and Los Alamos National Laboratory (LANL) that comprised our original 
thrusts. These teams are making fundamental discoveries and developing new technologies in the 
directed assembly of nanostructures in areas ranging from novel nanostructure synthesis and char-
acterization to creating new materials and devices with a range of functions. Our original two coor-
dinated multidisciplinary and inter-institutional thrusts have been supported by strong crosscutting 
theory, computer simulation, and characterization efforts. These latter efforts are now so fully and 
successfully integrated into the individual thrusts that they no longer appear as separate groups. 

Thrust 1: Nanoparticle Gels and Polymer Nanocomposites is focused on the synthesis, phase 
behavior, structure, and assembly of organic, and inorganic nanoparticles with homogeneous or 
heterogeneous surfaces under chemical and/or physical control. Thrust 2: Nanostructured Bio-
molecule Composite Architectures is focused on the incorporation of biological macromolecules 
into nanocomposite materials to enable specifi c applications, including tailored assembly based 
on biorecognition, biocatalysis, tissue engineering and biosensing, self-cleaning and self-repair 
capabilities, and novel lamellar structures. This core research program has been complemented 
since inception of our NSEC by: (i) an extensive and important set of educational programs that 
reach a diverse audience and that broaden the technical reach of our NSEC through programs care-
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fully designed to integrate nanotechnology research with education; (ii) a research effort at RPI 
on socioeconomic impacts of nanotechnology in important areas dealing with radical innovation 
pertaining to core competency, knowledge management, and globalization; and (iii) a continuing 
and active interaction with industry at both institutions. 

These three areas, along with a new effort on potential positive and negative biological effects 
of nanoscale building blocks, have now been very effectively brought together under Thrust 3: 
Serving Society through Education and Outreach. This coordinated thrust is focused on serv-
ing society through education, industry outreach, and biological safety, (i) by raising the scientifi c 
literacy of the public through formal and informal education and (ii) by enhancing the responsible, 
effi cient, and safe transfer of nanotechnology developments to industry, the primary route through 
which society can benefi t from the fruits of NSEC research. Detailed descriptions of the Accom-
plishments in Year 8 and the Research Plans for Year 9 are presented below.  

Our NSEC participants comprise 26 senior investigators, six junior investigators, seven postdoc-
toral research associates, 34 graduate students, 23 undergraduates, four administrative and fi ve 
technical staff, at RPI, UIUC, and LANL. Over the past eight years, we have strengthened our 
program through phasing out or transferring some original senior investigators and making strate-
gic additions from successful new seed-funded research efforts, faculty hiring, and new affi liated 
participants. We have developed strong working partnerships among all of our NSEC participants 
and built up productive joint research efforts under our NSF funding. Outstanding progress has 
already been made in research, education, and outreach and we are now poised to continue this 
progress and increase our NSEC’s positive impact on science and society over the coming years.

9.1  Thrust 1:  Nanoparticle Gels and Polymer Nanocomposites
Our overarching goal is to guide the organization of synthetic nanoscale building blocks to create 
3-D hierarchical materials with novel properties.  Specifi cally, Thrust 1 focuses on two central re-
search areas: (1) Nanoparticle Gels and (2) Polymer Nanocomposites, which are closely integrated 
through common intellectual links and the highly collaborative nature of our interdisciplinary 
research team.  A mutual goal is to employ self- and/or directed assembly to control the organiza-
tion of diverse nanoscale building blocks in the solution, melt, gel, rubbery or glassy state. Under-
standing and exploiting both enthalpic and entropic forces of assembly is a common and pervasive 
theme in the two core research areas. To date, we have: synthesized organic and inorganic na-
noscale building blocks with controlled size, composition, shape and surface functionality; studied 
the fundamental viscoelasticity, phase behavior and structure of both model and technologically 
relevant nanoparticle suspensions and mixtures; created 3-D hierarchical structures via direct-
write assembly of nanoparticle inks; and synthesized, assembled, characterized and modeled the 
behavior of polymer nanocomposites of diverse chemistry.

The leading questions that guide our research activities include: 

• What are the fundamental structural and thermodynamic parameters that control the slow 
dynamics and rheological properties of concentrated nanoparticle gels, glasses and polymer 
nanocomposites?
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• What are the effects of nanoparticle size, shape, volume fraction and interparticle forces on the 
structure, rheology and physical aging of nanostructured gels and glasses and polymer nano-
composites?

• How does the polymer-fi ller interface infl uence the self-assembly, structure, and thermal, me-
chanical and transport properties, of nanocomposites?

• How are polymer dynamics affected by the presence of many highly curved interfaces? How 
do nanoparticles diffuse, aggregate and form networks in dense polymer matrices?

A summary of our key accomplishments in each core research area is provided below along with 
a discussion of our planned research activities for the coming year.

9.1.1  Faculty and Senior Participants

Faculty-level investigators in Thrust 1 include: Brian C. Benicewicz, Carolina Distinguished Pro-
fessor, CoEE Chair in Polymer Nanocomposit Research, University of South Carolina, Director 
of the New York State Center for Polymer Synthesis and Professor, Department of Chemistry 
and Chemical Biology (RPI); Paul V. Braun, Associate Professor and Willett Faculty Scholar, 
Materials Science and Engineering Department (UIUC); Steve Granick, Professor, Departments 
of Chemistry, of Physics, of Chemical and Biomolecular Engineering, of Materials Science and 
Engineering, and Founder Professor of Engineering (UIUC); Pawel Keblinski, Professor, Materi-
als Science and Engineering Department (RPI); Joel D. Kress, Group Leader, Theoretical Chem-
istry and Molecular Physics Group (LANL); Sanat K. Kumar, Professor, Chemical Engineering 
Department (Columbia University); Jennifer A. Lewis, Director of the Frederick Seitz Materials 
Research Laboratory, Hans Thurnauer Professor of Materials Science and Engineering (UIUC); 
Jeffrey S. Moore, Professor, Department of Materials Science and Engineering, and Lycan Pro-
fessor of Chemistry (UIUC); Linda S. Schadler, Professor, Materials Science and Engineering 
Department (RPI); Kenneth S. Schweizer, Professor, Departments of Chemistry and Chemical 
and Biomolecular Engineering, Morris Professor of Materials Science and Engineering (UIUC); 
Moonsub Shim, Racheff Assistant Professor of Materials Science and Engineering (UIUC);  Rich-
ard W. Siegel, Robert W. Hunt Professor, Materials Science and Engineering Department, Di-
rector of the Rensselaer Nanotechnology Center (RPI); Sergei Tretiak, Technical Staff Member, 
Theoretical Division (LANL); Charles F. Zukoski, Vice-Chancellor for Research, Lycan Professor, 
Department of Chemical and Biomolecular Engineering (UIUC). Seventeen graduate students, 
fi ve undergraduate students, and two postdoctoral associates and four technical staff participate in 
Thrust 1. The faculty-level participants in Thrust 1 are shown in Figure 1.  

9.1.2  Accomplishments in Year 8

Nanoparticle Gels

Nanoparticle gels are a fascinating, yet poorly understood, class of non-equilibrium materials with 
enormous scientifi c and technological importance [1-8]. Our efforts in this area include synthesis 
of nanoparticles (Moore, Shim), fundamental experimental (Lewis, Shim, Zukoski) and theoreti-
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cal (Schweizer, Kumar) studies of their structure, phase behavior and viscoelastic properties in the 
fl uid suspension, glass and gel states, and the use of nanoparticle gels as inks for the direct-write 
assembly of 3-D structures (Lewis, Moore, Schweizer, Zukoski) with potential appli cation as ad-
vanced ceramics, porous membranes, sensors, and photonic materials.

Figure 1 Faculty-level participants in Thrust 1. 

Synthesis of Functional Nanoparticles and Colloids

A seed effort (Shim) has synthesized novel anisotropic nanocrystalline heterostructures (NCHs) 
with controlled surface chemistry to allow programmable assembly of inorganic structures. NCH 
particles bring two or more nanocrystalline components together epitaxially in a non-centrosym-
metric manner [9-11], with the goal of synergistically combining unique properties of two or more 
materials to potentially yield entirely new ones.  Anisotropic NCHs may also provide routes to 
novel assemblies with delicate control over the placement of individual nanoscale components. 
Before we can exploit such benefi ts, studies elucidating general parameters favoring anisotropic 
as opposed to isotropic growth are needed. To this end, we have examined various factors that 
contribute to structural diversifi cation in Fe3O4/CdS anisotropic NCHs [9]. Pseudo-separation of 
nucleation and growth has been achieved allowing us to quantify how the number of heterojunc-
tions formed varies with concentration and the size of the seed nanocrystals. A careful examina-
tion of the size dependence of the maximum number of CdS particles that can nucleate per seed 
nanocrystal has revealed strain-induced limitations. By increasing the growth rate, we have ob-
served an enhancement of spatial anisotropy in rods-on-dot heterostructures without the need for 
rod promoting capping molecules. These results are summarized in Figure 2. We have also carried 
out studies elucidating crystallographic details at the heterointerfaces allowing us to identify three 
distinct morphologies that can arise in “rods-on-dot” heterostructures due to zinc blende/wurtzite 
polytypism in CdS. In all three cases, the junction planes contain identical or nearly identical co-
incidence sites.  The emerging picture of the growth mechanism for anisotropic Fe3O4/CdS NCHs 
from the results obtained is as follows. CdS can nucleate on {111} planes of seed Fe3O4 nanocrys-
tals in either wurtzite or zinc blende form. Slow growth leads to dots-on-dot morphologies where 
the maximum number of CdS particles that can grow on Fe3O4 is mainly determined by the interfa-
cial strain, which limits the nearest possible distance between growing CdS particles. Rods-on-dot 
structures arise at fast growth rates and these structures provide insights on the heterointerfaces 
and how polytypism in CdS leads to three distinct morphologies: “branched” structure, when CdS 
nucleates as zinc blende, and “linear” and “kinked” structures with wurtzite nucleation.
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Figure 2. TEM images of Fe
3
O

4
/CdS NCHs. Central 

large spheres are the Fe
3
O

4
 seed nanocrystals in the top 

images. Spherical particles in the “rods-on-dot” struc-
tures are the Fe

3
O

4
 seed nanocrystals in the bottom im-

ages. Increasing seed nanocrystal size leads to system-
atic increase in the saturation number of heterojunctions 
per seed particle, which can be attributed to a strain ef-
fect. Increasing CdS growth rate leads to the rod-based 
structures.

Lewis and Moore have created colloidal silica mixtures that mimic the biphasic nanoparticle inks 
used for direct-write assembly.  These model colloidal analogs contain larger particles, which 
enable their structure, dynamics and nonlinear fl ow behavior to be visualized in real space and 
time by confocal microscopy. Although the particles are chemically homogeneous, their surface 
chemistry and interparticle forces can be manipulated by adsorbing polyelectrolytes of variable 
architecture.  Using the reversible addition-fragmentation chain transfer (RAFT) polymeriza-
tion method (Moore), cationic polyelectrolyte homo- and comb (co)polymers composed of a 
poly(trimethylammonium iodide ethyl methacrylate) (PTMAM) backbone and polyethylene oxide 
(PEO) teeth have been synthesized and characterized on a large scale (~100 g). The stability of 
silica particles coated with ionically responsive cationic polyelectrolytes can be exquisitely tuned 
by varying the ionic strength of the solvent medium (see Figure 3).  Pure PTMAM-coated micro-
spheres are attractive, while PTMAM-PEO coated particles remain stable at high ionic strengths 
[12].  When these two particle populations are mixed together, the desired biphasic colloidal mix-
tures are obtained.

Structure, Dynamics and Assembly of Biphasic Nanoparticle Inks

Direct-write assembly of concentrated nanoparticle inks offers a fl exible patterning approach for 
constructing hierarchical, 3-D nanostructured materials [13]. Lewis has designed biphasic mixtures 
composed of attractive (gel) and repulsive (glassy) nanoparticles, whose stability is controlled by 
varying the architecture of polyelectrolyte-based dispersants [14].  By using anionic forms of the 
cationic comb polymer and homopolymers synthesized by Moore, we have created novel inks 
whose printing behavior and linear and nonlinear viscoelastic properties can be varied over a broad 
range simply by adjusting the ratio of attractive:repulsive particles and total nanoparticle volume 
fraction (Lewis, Schweizer).  Now, we have demonstrated that particle size provides an additional 
control parameter by which to control these properties.  Specifi cally, we have investigated the 
elastic properties of two types of mixtures: (1) small attractive-small repulsive, and (2) small 
attractive-large repulsive species, whose average radii (a) are 25 nm and 175 nm, respectively 
(see Figure 4a).  For biphasic mixtures with a 1:1 ratio of attractive:repulsive species, we observe 
dramatic differences in the power law dependence of their shear elastic modulus (G’) on effective 
nanoparticle volume fraction (see Fig. 3b).  These data, which were acquired after both mixtures 
had been presheared and then allowed to age under quiescent conditions, reveal that the small-
small mixtures exhibit a power law exponent, n, of 5.6, akin to that observed for pure nanoparticle
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Figure 3. Confocal images (x-y scans) of representative sediment structures assembled from the PTMAM-
g-PEO (●) and PTMAM # ( )-coated silica microspheres in aqueous suspension (f = 0.02, pH = 6.0) as a 
function of increasing salt concentration at fi xed polymer concentration in solution (2.5 mg/m2) [scale bar = 
5 mm].

gels, whereas the small-large mixtures, exhibit behavior that is typical of pure nanoparticle glasses 
[15].  This result was initially puzzling, since both biphasic mixtures contained the same popula-
tion of attractive nanoparticles (a = 25 nm).  However, by probing their gelation kinetics, we found 
that the small-large biphasic mixtures required much longer ageing times compared to the small-
small mixtures to achieve the same equilibrium G’ value.  We suspect that such differences are 

Figure 4.  (a)  Schematic view of biphasic nanoparticle mixtures of varying size ratio; (b)  Log-log plot of 
shear elastic modulus of 1:1 biphasic mixtures as a function of effective nanoparticle volume fraction (data 
acquired after ageing for 1 hr); and (c)  Semilog plot of shear elastic modulus as a function of ageing time 
for 1:1 biphasic mixtures with an effective nanoparticle volume fraction of 0.3. (Solid symbols = small-small 
mixtures;  Open symbols = small-large mixture).

highly dependent on the size ratio between the large and small species.  In this present study, the 
smaller nanoparticles fi t nicely within the interstices that arise between close-packed large par-
ticles.  The “cages” formed by such species appear to signifi cantly hinder the aggregation of the 
smaller attractive particles in these mixtures. It is interesting that the time-dependent mechanical 
aging behavior observed is similar to our prior NSEC studies of entropy driven polymer-nanopar-
ticle depletion gels (Zukoski, Schweizer).

netpro
Highlight

netpro
Highlight

netpro
Highlight

netpro
Rectangle

netpro
Rectangle

netpro
Text Box
This section has been removed at the author's request.

netpro
Text Box
This section has been removed at the author's request.

netpro
Text Box
This section has been removed at the author's request.

netpro
Text Box
This section has been removed at the author's request.

netpro
Text Box
This section has been removed at the author's request.

netpro
Text Box
This section has been removed at the author's request.



35

9. Research Program, Accomplishments, and Plans

Our new statistical dynamical theory [16] (Schweizer) of structure, elasticity, and relaxation in 
biphasic mixtures of repulsive and sticky particles (Lewis) [17] has been applied in detail to under-
stand cooperative relaxation [18].  The dynamical free energy surface, activation barriers, saddle-
point trajectories, and mean fi rst passage times depend in a rich manner on mixture composition, 
(high) total volume fraction, and attractive particle interaction strength. In general, there are three 
types of relaxation pathways: a pure sticky or repulsive particle displacement keeping the other 
species localized, and a cooperative trajectory involving a system-specifi c mix of coupled repulsive 
and attractive particle displacements. In most cases the relaxation time trends refl ect the behavior 
of the barrier height, especially as the sticky particle attraction strengths become large. However, 
if the attraction strength is modest there are dramatic exceptions associated with cooperative repul-
sive and attractive particle trajectories. The theory has also been applied to understand the tracer 
diffusion limit corresponding to transport of dilute repulsive particles through a gel-like matrix of 
variable volume fraction and degree of stickiness [19]. By combining Brownian trajectory simula-
tion methods with the theory, preliminary results have been obtained for time-dependent properties 
measurable using confocal microscopy (Lewis). These include the repulsive particle mean square 
displacement, dynamic structure factor, diffusion constant and nongaussian parameter (see Figure 
5). Distinctive changes of the average and fl uctuations aspects of the repulsive particle dynamics 
are predicted as the fraction of attractive particles in the biphasic mixture is varied.

Figure 5.  Dynamic properties of repulsive particles in biphasic mixtures at a total solids packing fractiof 0.5, 
and 3 kT attraction strength between localized sticky particles of volume fractions   = 0, 0.2, 0.5, 0.8 (black, 
red, green, and blue curves, respectively). Left panel shows the incoherent dynamic structure factors at the 
cage peak (inset: same results with time normalized by the alpha relaxation time). Right panel shows the 
corresponding nongaussian parameters (inset: doubly normalized analog based on the maximum value 
and corresponding time scale).

Polymer Nanocomposites 

Polymer nanocomposites in the melt, rubbery or glassy states have many applications  that 
combine novel electrical, optical and/or mechanical responses [20-26]. Our multi-faceted ef-
forts include the synthesis of nanoscale bulding blocks with controlled surface functionalization 
(Benicewicz, Braun, Kumar, Shim), and fundamental experimental (Braun, Kumar, Moore, 
Schadler, Siegel, Zukoski) and theoretical (Keblinski, Kress, Kumar, Schweizer, Tretiak) studies 
of the structure, dispersion, directed assembly, and dynamical and optical properties of model and 
practical systems in the bulk. Complementary experimental and simulation studies of polymer 
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dynamics at model fl at interfaces and confi ned between two surfaces, and nanoparticle diffusion in 
confi ned polymer melts, are also performed (Granick, Keblinski, Kumar).

Synthesis, Structure and Assembly of Brush-Coated Fillers in Homopolymer Matrices 

Inspired by toys such as “Lego”, it is expected that nanoparticle shape and interactions determine 
the superstructures that they can assemble into [27-30]. For example, proteins self-assemble into 
myriad structures templated by non-spherical shapes coupled to directional inter-protein interac-
tions [31-35]. By contrast, under appropriate conditions, nanofi llers can be incorporated as isolated 
particles into polymeric matrices [36-43]. Being able to tailor the dispersion state as well as the 
resulting superstructure when agglomeration occurs, is an important aim of our work due to its 
implications on controlling the properties of polymer nanocomposites.

We implemented RAFT polymerization techniques that allow us to precisely con-
trol the key molecular parameters that regulate the particle-matrix interactions, as well 
as the placement of functionality (Beniceweiz, Schadler, Kumar) [44,45]. Recently, we 
have combined the RAFT technique with new developments in “click” chemistry to cre-
ate novel grafted polymer brushes on nanoparticle surfaces (see Figure 6) [46].We have 
discovered that spherical inorganic nanoparticles isotropically grafted with polymeric 
homopolymer “brushes” can self-asemble into anisotropic structures (Figures 6 and 7) when they 
are placed in the corresponding homopolymer, which acts as a selective solvent and allows equili-
bration [47]. We believe that this assembly is driven by unfavorable interactions between the par-
ticle cores and the polymer grafts. Hence, these species attempt to phase separate from each other, 
but are constrained by their connectivity – a phenomenon analogous to microphase separation 
in amphiphiles and block copolymers. By analogy with amphiphiles, this causes these spherical 
particles to self-assemble into a range of anisotropic particle superstructures (e.g., strings and 
essentially two-dimensional sheets). 

Self-consistent mean-fi eld theory has been applied to gain insights into our observations. Because 
we conjecture that self-assembly is driven purely by the amphiphilicity of the nanoparticles, the 
matrix polymer is modeled as an implicit solvent. A short ranged core-core attraction is adopted 
which is counteracted by the entropy of distorting the polymer brush chains when two particle 
cores approach each other. The minimization of the resulting free energy yields the “morphology” 
diagram shown in Figure 8b. The strong similarity of the theoretical morphology diagram and the 
experimental results in Figure 8a suggests that the dominant physics is captured by the analytical 
model.  In future efforts, we plan to expand this work to properly understand the important role of 
the matrix chain length, and thus, we will explicitly account for the polymer matrix. 

We have also found that above a given molecular weight and graft density the nanoparticles with 
homopolymer brushes are well dispersed, most likely because they are kinetically trapped.  By 
contrast, nanoparticles with grafted diblock polymer chains, in which the inner block is a conduct-
ing polymer and the outer block is the same chemistry as the matrix, do not form good dispersions
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 Figure 6.  Schematic showing the recent use of the RAFT and “click” chemistry to create grafted brushes 
with new functionality.

Figure 7.  TEMs of 14 nm silica particles functionalized with a polystyrene brush with molecular mass and 
grafting density as shown in the fi gure.
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Figure 8. (a) Experimental “morphology diagram” of polymer tethered particles mixed with matrix polymers. 
The lines which separate different regions are merely guides to the eye. (b) Predictions of analytical theory.

under the same molecular weight and graft density conditions even when we attempt to kinetically 
trap them.  This suggests that the morphology map in Figure 8 is incomplete.   

Motivated by the experimental work on fi llers with grafted polymer described above, the 
Polymer Reference Interaction Site Model (PRISM) theory for suspensions of nanopar-
ticles carrying grafted chains (Schweizer) [48,49] has been extended to study the struc-
ture and phase behavior of lightly tethered polymer-tethered spherical nanoparticles in a 
dense homopolymer melt. In the presence of a polymer matrix there is a competition between 
tether-mediated microphase separation via steric repulsions and matrix-induced depletion mac-
rophase separation. For a single tether of eight segments on a nanoparticle twice the diameter of 
a segment, the apparent microphase spinodal curve exhibits both dilution-like and depletion-like 
features, and a non-monotonic dependence of the spinodal temperature on matrix chain length.  As 
the particle size and tether length are both increased, the shape of the microphase spinodal curve 
remains unchanged, but the effect of matrix polymer chain length on the spinodal ordering temper-
ature diminishes. For larger fi llers, the tendency for macrophase separation grows with increasing 
polymer length. As the number of tethers is increased the effect of matrix degree of polymeriza-
tion, particle size and tether length on the apparent spinodal temperature diminishes.

Model Filler-Physisorbed Homopolymer Nanocomposites 

The PRISM theory of polymer nanocomposites [50,51] provides a microscopic description of 
pair correlations, scattering functions, thermodynamics and phase transitions (Schweizer). An ex-
tremely rich phase behavior is predicted for hard fi llers in a homopolymer melt. The strength 
(εpn) and spatial range of monomer-particle attraction play a critical role in determining whether 
polymers mediate depletion aggregation (entropy-driven phase separation), steric stabilization and 
good dispersion, or local bridging of nanoparticles (resulting in enthalpy-driven demixing or ki-
netic gelation). The most striking prediction is that for intermediate values, thermodynamically 
stable “bound polymer layers” form around nanoparticles resulting in a repulsive potential of mean 
force and a “miscibility window” in the phase diagram. This concept has now been confi rmed 
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(Zukoski) for equilibrated silica-polyethyleneoxide (PEO) nanocomposites [52,53].This raises the 
opportunity to use small angle X-ray scattering (SAXS) to probe the theoretical predictions for 
the nanoparticle structure factor, Snn(k), over a wide range of length scales and volume fractions. 
A fi rst of its kind combined theory-experiment analysis of adsorbing polymer mediated structural 
reorganization of nanoparticles in equilibrated miscible mixtures of silica nanoparticles and PEO 
or the more weakly adsorbing polytetrahydrofuran (PTHF) has been performed [54] (Schweizer, 
Zukoski). The polymer-particle interfacial interactions have been characterized using intrinsic vis-
cosity measurements which indicate, as expected based on chemical considerations, PTHF adsorbs 
signifi cantly more weakly to silica than PEO. Moreover, the PTHF nanocomposites form brittle 
gel-like materials at elevated volume fractions in strong contrast to their PEO analogs.

Quantitative comparison of the PRISM calculations with the SAXS measurements demonstrate 
the theory properly accounts for the effects of adsorbed polymer layers on nanoparticle concentra-
tion fl uctuations over all length scales, volume fractions and studied interfacial cohesion strengths. 
Examples of the theory-experiment confrontation are shown in Figure 9 for the three primary 
features of the nanoparticle collective structure factor:  (i) wavevector (k*) and intensity (Snn(k*)) 
of the local cage peak, and amplitude of long wavelength concentration fl uctuations (Snn(k=0)). 
The theory has also been used to make predictions for a distinctive microphase separation peak in 
the collective polymer structure factor amenable to probing using small angle neutron scattering. 
Complementary nanoparticle potential of mean force calculations suggest a criterion for the onset 
of depletion or bridging induced kinetic gelation, which is consistent with our experimental obser-
vation (Zukoski) of gel formation in PTHF nanocomposites, but not their PEO analogs. 

Figure 9.  (a) Inverse of the nanoparticle dimen-
sionless osmotic compressibility, and (b) cage peak 
intensity of the nanoparticle structure factor (inset 
shows peak wavevector) as a function of fi ller pack-
ing fraction. Solid curves (thick N=100, thin N=10) are 
the PRISM theory results; dashed curve is for a pure 
hard sphere fl uid (polymer replaced by vacuum). 
Experimental data are for silica-PEO (squares) and 
silica-PTHF (circles) of MW = 400 (open squares) 
and 1000 (solid symbols).
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The signifi cance of these studies is the demonstration that small changes in nanoparticle surface 
chemistry for a fi xed polymer type, or small changes in polymer chemistry for a fi xed nanoparticle 
type, can result in dramatically different equilibrium and nonequilibrium nanocomposite behavior 
and properties. This opens up new ways of thinking about the processing of polymer nanocompos-
ites and controlling the state of particle dispersion based on subtle, but experimentally realizable, 
changes in polymer and nanoparticle chemistry on the nanoscale.

Confi ned polymer diffusion

Granick has studied confi nement effects on polymer diffusion by placing polymer chains between 
mica crystals that are devoid of steps.  Specifi cally, polydimethylsiloxane (PDMS) was investi-
gated, because it is fl uid at room temperature and also because end-functionalizable samples can 
be acquired commercially.  The main goal is to determine how diffusion depends on molecu-
lar weight (N), thin-fi lm thickness (D), and surface chemistry.   First, a 488 nm laser with high 
power bleaches the dyes for up to 5 seconds; we have verifi ed that the recovery time constants 
are independent of laser power, within the range used.  Subsequently, recovery of fl uorescence is 
monitored with 2-3 orders of magnitude lower power that ensures the probe beam does not pho-
tobleach fl uorescence during recovery.  Our preliminary observations indicate that there are two 
populations of polymer chains:  a fast population, whose diffusion parallel to the surface is of the 
same order of magnitude as observed for polymer chains adsorbed onto a single sheet of mica; and 
a slow population that appears nearly immobile over the experimental time scale of a few hours 
(see Figure 10). Tentatively, we imagine that polymer chains located towards the center of the thin 
fi lm are more mobile, whilst those nearest the surfaces have hindered mobility due to their stronger 
adsorption to the mica surface.

Mobility of nanoparticles in polymer matrices

Granick has initiated experiments to study the diffusion of nanoparticles in polymer melts and 
solutions using imaging techniques to follow not just ensemble-averaged mobility, but also the 
trajectories of individual elements.When small probe fl uorophores are embedded within polymer 
melts, single-particle tracking can be used to determine the distribution of trajectories that goes 
into ensemble-averaged measurements – essential information to understand these heterogeneous 
systems. The theoretical anticipation is that when particles are smaller than a mesh size of the poly-
mer network, they will experience low friction and diffuse freely.  However, when they exceed it, 
the nanoparticles will experience high friction and be blocked.  Moreover, when the particle and 
mesh sizes are comparable, transport may no longer be described by Gaussian statistics, rather 
glassy-type dynamics may dominate.  One experimentally rich system under investigation, with 
ties to Thrust 2, is composed of fl uorescent silica nanoparticles in biomolecular actin networks (see 
Figure 10). Highly nongaussian, intermittent hopping or jump transport is observed reminiscent 
of dynamics in glassy materials. This work complements the NSEC effort on electrostatic as-
sembly of biomolecules (Wong, Garcia), theoretical modeling (Schweizer), and scattering (Wong, 
Kumar).  Moreover, it provides a fi rst important step towards measuring fi ller motion at the single 
particle level in polymer nanocomposites. 
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Figure 10.  Left:  schematic diagram of a nanoparticle diffusing in an actin network with mesh size (300 nm) 
comparable to that of the particle (200 nm). Middle:  Single-particle trajectory using epifl uorescence imag-
ing;  the grey lines show 50 ms time steps, the red lines show 2 s time steps.  Right:  probability distribution 
of particle displacements, the so-called van Hove distribution function, for step sizes of 1 s (circles), 5 s 
(triangles) and 20 s (crosses). Surprisingly, the step size distribution is exponential rather than Gaussian up 
to the longest times we can measure.

Novel Applications: (1) Holographic Assembly of Inorganic and Organic Nanostructures

The directed assembly of inorganic and organic nanosystems into higher order functional struc-
tures remains a signifi cant challenge in nanoscience and engineering.  Previously, Braun and co-
workers demonstrated that nanoparticles can be assembled into predefi ned regions via the holo-
graphic exposure of a mixture of nanoparticles, monomer, liquid crystal (optional) and photoinitia-
tor [55].  Specifi cally, a model system composed of isooctyl acrylate (monomer), diiodofl uorescein 
(photoinitiator), 2,6- diisopropyl-N,N-dimethylaniline (co-initiator), and silica nanoparticles was 
exposed using multiple beams of 532 nm laser radiation.  In the regions of constructive interfer-
ence the monomer polymerizes fi rst; during this polymerization, the nanoparticles are generally 
sequestered into the regions of destructive interference (typical characteristic dimension of 250 
nm).  It was hypothesized that nanoparticle segregation occurs only if their Stokes-Einstein diffu-
sion constant is suffi cient to enable nanoparticle transport within the polymerizing matrix before 
polymerization locks the nanoparticles in place [56]. 

In order to investigate this idea, 12, 25, and 50 nm silica nanoparticles were synthesized and as-
sembled via holographic exposure under similar conditions.  As expected, given their greater dif-
fusion constant, the smaller nanoparticles were signifi cantly sequestered, while the large particles 
exhibited very little movement.  We are currently quantitatively analyzing these data to understand 
the effect of monomer reactivity, diffusion constant, and laser power on the structure of the fi nal 
polymer-nanoparticle composite and plan to use this information to further refi ne these architec-
tures.  By replacing the nanoparticles with a monomer with an orthogonal reactivity to the photo-
curable monomer, Braun and collaborators have demonstrated that a second monomer can be se-
questered into nanodroplets, which can be polymerized upon demand at a later time as required for 
the desired application (e.g., fi lms with defi nable elastic properties, self-healing coatings, dynamic 
optical coatings).  Specifi cally, acrylate and isocyanate monomers have been used.  The acrylate 
polymerizes via a free radical process, while the isocyanate polymerizes via a cationic polymeriza-
tion, and the cross reactivity of the monomers is zero.  The monomer mixture is placed in a laser 
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interference pattern, which drives the polymerization of the acrylate in the regions of constructive 
interference and sequestration of the isocyanate into the regions of destructive interference.  A 
TEM micrograph of alternating lines of isocyanate and acrylate can be seen in (Figure 11a).  The 
isocyanate has been polymerized through the addition of a catalyst and a heat treatment prior to 
microtoming the sample. 

While the index of refraction of the acrylate and isocyanate polymers are the same, the indices of 
the isocyanate monomer and acrylate polymer differ.  As a result, holographically defi ned coatings 
refl ect a certain wavelength when the isocyanate remains in monomeric form, but become trans-
parent when isocyanate is polymerized.  The color of the coating can be tuned by changing the 
indices of the monomers or by changing the periodicity of the monomer within the polymer.   The 

Figure 11.  (a) TEM micrograph showing alternating lines of polyisocyanate (light) and polyacrylate (dark) 
formed via holographic exposure of a mixture of the respective monomers, and (b) optical refl ectivity before 
and after curing of the isocyanate droplets contained within the holographically defi ned polymer nanocom-
posite.  Polymerization of the droplets increases their refractive index, leading to a near match of the two 
phases and as a result, the transmission notch almost nearly disappears.

transmission spectrum of a typical sample is shown in Figure 11b.  Notice the transmission notch 
(refl ectance peak) in the sample with unpolymerized isocyanate; after a heat treatment of the same 
sample, the isocyanate polymerizes and the refl ectance peak disappears.  This holographic dual-
cure nanocomposite is currently under investigation for both self-healing and optically responsive 
applications.

Novel Applications:  (2) Polymer Nanocomposites for Restoring Electrical Functionality

To overcome the cycle life and safety issues that plague lithium-ion battery technology, new ap-
proaches are needed that can stabilize the electrode-electrolyte interface and restore electrodes 
degraded by microcracks formed from charge-discharge recycling. Toward this goal, Moore and 
Braun are developing a new type of polymer nanocomposite, in which carbon nanotubes (CNTs) 
are are suspended in organic solvents encapsulated within polymer-based microcapsules.  Shells 
that erode under conditions of high electrical potential, temperature spikes, mechanical damage or 
other appropriate stimuli can release and deliver conductive components, where they are needed, 
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Figure 12. Polymer nanocomposites based on liquid-fi lled suspensions for carbon nanotubes encapsulat-
ed in poly(urea-formaldehyde) shell.  Schematic view of triggered release of microcapsule cargo (left), rep-
resentative SEM image (middle) and optical micrograph (right) of microcapsules containing single-walled 
nanotubes (SWNTs) suspended in ethyl phenylacetate.

thus restoring current in damaged electrical conductors (Figure 12). The migration of CNTs in an 
organic solvent driven by an external electrical fi eld has been previously reported [57-60], sug-
gesting that triggered release of CNTs from microcapsules suspensions, even at small CNT weight 
fraction, could indeed provide an autonomous mechanism of self-repair of electronic functionaity.

`

Figure 13.  (a) SEM image showing bundles of SWNTs released from a ruptured microcapsule [Inset shows 
SWNTs deposited from the released suspension], and (b) representative current-voltage plots showing con-
ductivity measurements of solutions in which microcapsule contents are released by mechanical damage. 

Specifi cally, Moore and Braun have encapsulated single-walled nanotubes (SWNTs) and multi-
walled nanotubes (MWNTs) suspended in chlorobenzene (PhCl) and ethyl phenylacetate (EPA) 
into microcapsules using an in situ emulsifi cation polymerization of urea-formaldehyde. 

The capsules were characterized using optical microscopy, TGA, and SEM to determine size and 
thermal  stability (see Figure 12). The resulting microcapsules had an average diameter of 300 
μm. Microcapsules containing suspensions of SWNTs in EPA at various weight fractions ranging 
from 0.025-0.1 wt% CNTs were prepared by this method. The release of CNTs from these capsules 
was monitored when crushed onto a silicon wafer mounted on top of a carbon tape-coated stage, 
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which was observed by SEM (see Figure 13a).  When the electrical conductivity of the released 
core material from the capsules was evaluated, the electrical resistance decreased with increasing 
concentration of CNTs in the initially encapsulated suspension (see Figure 13b).

9.1.3  Research Plans for Year 9

Nanoparticle Gels

Under prior NSEC support, we have identifi ed a new class of nanoparticle gels that are modulated 
by the presence of repulsive (stable) particles. Our planned activities for the next year will focus 
on fundamental experimental (Lewis, Moore) and theoretical (Schweizer) studies of the structure, 
viscoelastic properties, and printing behavior of biphasic (attractive-repulsive) nanoparticle mix-
tures of varying size distribution, and their model colloidal analogs.  

The gelation kinetics, linear viscoelastic response and printing behavior of biphasic nanoparticle 
mixtures of varying nanoparticle volume fraction, attractive:repulsive ratio, and particle size ratio 
will be studied. In addition, using analogous model colloidal mixtures, real-space observations of 
their fl ow behavior in the confi ned geometries relevant to the nozzles used in direct-write assem-
bly will be made by confocal microscopy (Lewis).  This effort builds directly on our recent work, 
in which the structure and fl ow behavior of model colloidal gels were investigated (see Highlight 
7.3).  Benchmark measurements of the elastic shear modulus will allow the calibration of interpar-
ticle interactions required in the theoretical work (Schweizer), and also will provide a test of the 
theoretical predictions for how the elasticity depends on attractive particle composition [16]. The 
fundamental scientifi c insights gleaned from these studies will be exploited to design new biphasic 
mixture systems and processing protocols to further improve the direct ink writing technique.

The recently developed theory of structure and dynamics of biphasic mixtures (Schweizer) will 
be applied in detail to interpret the new confocal and rheological measurements on silica based 
model inks. Comparison of theory and experiment for the elastic shear modulus will allow deduc-
tion of the degree of stickiness of the attractive particles. Brownian trajectory methods will then 
be used to explore the role of mixture composition on repulsive particle dynamics, especially the 
mean square displacement, nongaussian parameter, real space van Hove function, and diffusion 
constant. The intermittent nature of local particle transport under quiescent conditions will be elu-
cidated, and quantitative comparison with complementary experiments will be performed (Lewis, 
Moore). Extension of the theory to treat the stress-induced nonlinear yielding phenomenon will be 
pursued, and its implications for controlling the direct-write assembly process explored.  

Polymer Nanocomposites 

The ultimate technological success of polymer nanocomposites requires developing new concepts 
and practical methods to precisely control their structure-property-processing relationships. Struc-
tural control from the nano- to macro-scale is desired, and elucidating the infl uence of the nature 
of nanocomposite dispersion on the thermomechanical properties, fi ller diffusion and networking, 
and polymer dynamics is a primary goal. Systematically exploring the possibility of self-assem-
bling fi llers into large scale ordered structures (e.g., strings, sheets) at relatively low loadings is 
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now of great interest due to our exciting discoveries in Year 8.  Understanding and controlling the 
nonequilibrium consequences of physical aging is also a rich scientifi c problem of high practical 
importance. Our major research strategy for addressing these problems is to deeply understand and 
and exploit both entropic and enthalpic aspects of the polymer-nanoparticle interface via rational 
chemical and physical design of the fi llers and polymer matrix.

Grafted Filler Effects on Polymer Nanocomposite Assembly and Properties

Kumar, Schadler, and Beniceweiz seek to understand how more complicated fi llers, such as parti-
cles grafted with block copolymers, might spatially organize within polymer matrices. This partic-
ular question is inspired by the large “zoology” of structures that have been predicted and obtained 
for triblock copolymers. More pertinently, this study is driven by the need to enhance certain 
properties of the nanocomposite, while still facilitating the controlled dispersion of nanoparticles 
into the matrix. We shall synthesize block copolymers where the inner block enhances the property 
of interest, while the outer one is matrix compatible.  For example, as a conducting layer is added 
to the inner block, how do the permittivity and index of refraction properties of the composite 
change as a function of molecular weight and graft density?  We plan to extend these ideas to other 
polymer architectures and nanoparticle shapes, e.g., nanorods and nanosheets, and examine what 
shapes of assemblies may arise. This effort is underpinned by on-going work on the development 
of RAFT chemistries on other types of nanoparticles (virus particles, clay, graphite, other metal 
oxide fi llers). Our overarching goal is to a-priori design isotropically decorated nanoparticles that 
can spontaneously assemble into progressively more complex superstructures. Our recent devel-
opments in this area are a major improvement in interface design, and give us a unique ability to 
study and understand polymer nanocomposites. 

Ultimately, we aim to identify the global organization of nanoparticles that optimizes one or more 
properties of a polymer nanocomposite. Specifi cally, an integrated suite of experiments and theo-
ry/simulation (Keblinski, Kumar, Schweizer) will be used to study the following issues: (a) From 
the perspective of mechanical reinforcement, what is the optimal spatial distribution of spherical 
nanoparticles? (b) What is it for other properties such as electrical conductivity (which we expect 
to have strong analogies to mechanical behavior), optical properties, and gas permeation? (c) How 
do these results depend on particle loading and how are they altered if one wants to simultaneously 
improve two or more properties of a polymer?

A detailed theoretical study (Schweizer) of the effective interactions, collective structure and phase 
behavior of nanoparticles carrying six tethers dissolved in a chemically-matched homopolymer 
matrix will be performed motivated by the recent experimental work on the silica-polystyrene 
nanocomposite (Benicewicz, Schadler, Kumar). The role of direct nanoparticle attraction and ma-
trix molecular weight, and how it competes with entropic repulsions mediated by tethers of vari-
able chain length, on the fi ller potential of mean force will be studied in detail. Comparison with 
dilute limit computer simulations (Kumar) will be performed. The theory will then be employed to 
explore many particle phase behavior, specifi cally the conditions for full dispersion versus macro-
phase separation or microphase ordering.
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Model Filler-Physisorbed Homopolymer Nanocomposites 

Our experimentally confi rmed theoretical prediction of an extreme sensitivity of polymer nano-
composite structure, miscibility and aggregation state to small changes in the fi ller-polymer inter-
facial cohesion suggests a new route to morphology and property control via modest solvent plas-
ticization.  By varying the quality of the solvent for the continuous polymer matrix and the amount 
of polymer in the free volume outside the nanoparticles, the tendency for depletion aggregation, 
bridging, and full dispersion may be tuned.  The physical mechanism is that the introduction of 
solvent results in a competition between solvent and monomer adsorption onto the fi ller surface.

A quantitative experimental and theoretical study (Zukoski, Schweizer) will be performed for 
nanocomposites composed of silica, PEO or PTHF, solvents of wide quality for the polymer.  Scat-
tering and rheological measurements will be performed and compared to equilibrium theoretical 
calculations and estimates of dynamical arrest based on the nanoparticle potential of mean force. 
Preliminary experiments using a PEO-ethanol-silica ternary mixture reveal that the fi llers strongly 
aggregate at high solvent concentrations, but that the nanocomposite becomes a well dispersed 
mixture as the ratio of polymer to solvent grows. X-ray scattering measurements are consistent 
with PRISM theory calculations based on the idea that introduction of a good solvent reduces in a 
simple manner the effective monomer-nanoparticle adsorption energy.

Mobility of Nanoparticles in Polymer Matrices

Granick will continue to pursue experiments on nanoparticle diffusion in biopolymer matrices, 
seeking to understand what happens when the nanoparticle size is less than the polymer correla-
tion length, in collaboration with Wong (Thrust 2) and Schweizer.  Going beyond existing ensem-
ble-averaged measurements, as has already been done using XPICS by Mackay, who observed 
breakdown of the Stokes-Einstein relation, Granick will consider single-particle behavior and 
single-particle trajectories.  The mobility of nanoparticles that are either attracted to or repelled 
by the individual chains within the polymer matrix will be explored, and comparisons to theory 
(Schweizer) will be made. A key question for the nanocomposite system is how fi ller mobility 
is determined by the ratio of nanoparticle diameter to the mechanical mesh size of the entangled 
homopolymer melt. A longer term goal is to study nanoparticle motion under external stress or 
strain, a problem likely of high importance in understanding the nonlinear rheological response of 
polymer nanocomposites.

Novel Application of Polymer Nanocomposites for Restoring Electrical Functionality

Moore and Braun have made important initial progress on encapsulating carbon nanotube (CNT) 
suspensions within polymer microcapsules and exploring their ability to restore electrical func-
tionality to devices, such as batteries.  In the coming year, their efforts will focus on synthesizing 
submicron capsules containing other components, such as nanoparticles and carbon-rich molecu-
lar fragments that may undergo electric fi eld triggered nanowire self-assembly.  In addition, they 
will design microcapsules with smart shell walls that can erode electrochemically and thus exhibit 
electrical potential-triggered release of contents. The class of polymers known as “self-immolative 
materials” will be examined as candidates for design of smart shell-wall materials.
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9.2  Thrust 2: Nanostructured Biomolecule Composite Architectures
The mission of Thrust 2 is to enable the effi cient and selective interaction of biomolecules with 
synthetic nanoscale building blocks to generate functional assemblies. We have positioned the 
thrust squarely at the interface of the biological, chemical, and materials sciences, which closely 
integrates our expertise in biomolecular engineering; nanomaterial preparation, characterization, 
functional assembly, and theory/simulation; and applications at the meso to macro scales (Figure 
14). During Year 8 of the NSEC, we have continued our focus on both the fundamental proper-
ties and potential applications of hierarchical biomolecule/nanomaterial hybrid composites with 
tailored structures and functions.  We have also begun to integrate more fully with Thrust 3 by 
investigating biologically-functionalized nanoscale materials and their impact on human biology 
and toxicology.

9.2.1  Faculty and Senior Participants

Faculty-level investigators who participate in Thrust 2 (see Figure 14) include: Paul V. Braun, 
Associate Professor and Willett Faculty Scholar, Materials Science and Engineering Department 
(UIUC); Marc-Olivier Coppens, Professor, Chemical and Biological Engineering Department 
(RPI); Jonathan S. Dordick, Howard P. Isermann Professor, Chemical and Biological Engineering 
Department, and Biology Department (RPI); Angel A. Garcia, Senior Constellation Professor for 
Biocomputation and Bioinformatics, Department of Physics, Applied Physics and Astronomy 
(RPI); Shekhar S. Garde, Professor and Department Head, Chemical and Biological Engineering 
Department (RPI); Steve Granick, Professor, Departments of Chemistry, of Physics, of Chemical 
and Biomolecular Engineering, of Materials Science and Engineering, and Founder Professor of 
Engineering (UIUC); Ravi S. Kane, Professor, Chemical and Biological Engineering Department 
(RPI); Robert J. Linhardt, Professor of Chemistry and Chemical Biology, Biology and Chemical 
and Biological Engineering and Ann and John H. Broadbent, Jr. ‘59 Senior Constellation Professor, 
Biocatalysis and Metabolic Engineering (RPI); Yi Lu, Professor, Departments of Chemistry and of 
Materials Science and Engineering (UIUC); Richard W. Siegel, Robert W. Hunt Professor, Materials 
Science and Engineering Department, Director of the Rensselaer Nanotechnology Center (RPI);  
Gerard C. L. Wong, Associate Professor, Departments of Materials Science and Engineering and 
of Physics (UIUC). Eighteen graduate students, two undergraduate students, three postdoctoral 
associates, and three technical staff have participated in Thrust 2.

Figure 14. Faculty-level participants in Thrust 2.

Biomolecular and Nanomaterial         
Driven Organization 

Functional Biomolecule-Nanoscale 
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9.2.2  Accomplishments in Year 8

Biomolecular and Nanomaterial Driven Organization

The combination of biology and materials science is a powerful concept, with tremendous 
opportunities in understanding fundamental biomolecular science and engineering, and in serving 
as the key interface in the development of new technological applications. This part of Thrust 2 
is focused on achieving a fundamental understanding, both experimental and computational, of 
the molecular events that govern biological function and selectivity in nonbiological nanoscale 
environments. We continue to be guided by the following fundamental questions:

• What are the key molecular events that govern biomolecule-nanomaterial interactions?

• How do the unique structural surface properties of nanoscale materials infl uence biomolecular 
structure, function, and stability?

• How can these molecular events be controlled to the extent necessary to promote optimal 
structure and orientation of biomolecules on nanoscale surfaces?

• How can the properties of proteins, for example, be engineered to promote fuctionality on 
nanoscale materials?

• How can proteins or other biomolecules be used to assemble nanostructures into controlled and 
functional useful structures?

• What broad-based computational strategies can be used to guide experimental research to 
enable precise control of biomolecule-nanoscale interactions?

Protein-Nanomaterial Interactions

Proteins are known to undergo changes to their structures and stabilities upon adsorption onto 
macroscopic solid surfaces [1,2]. Such changes are strongly dependent on both the nature of the 
adsorbed proteins and the physicochemical characteristics of the solid surfaces. At the nanoscale, 
an additional infl uence of the surface geometry, including surface curvature (Dordick, Kane, 
Siegel) [3-8], is also known to play a role in governing protein structure and function.

Protein unfolding on nanoscale surfaces 

In the past year, we have continued to study the unfolding behavior of model proteins on the surfaces 
of silica nanoparticles (SiNPs) (Siegel, Dordick). Previously we have shown with ribonuclease 
A and cytochrome c (cyt c) that protein stability (both thermodynamic and kinetic) decreases 
upon adsorption to nanoparticles and that the decrease is a function of increasing nanoparticle 
size. For cyt c we collected additional evidence that provides a specifi c structural basis to the 
changes in stability. By taking advantage of the protein’s covalently bound catalytic heme group, 
buried within the interior of the protein, we were able to probe nanoparticle size effects on protein 
stability and on the infl uence of the surface on local changes to the enzyme’s active site [9]. The 
buried heme group exhibits circular dichroism (CD) with a positive cotton peak around 408 nm 
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and a negative cotton trough near 418 nm. Upon adsorption to the SiNP the positive cotton peak 
increases, while the negative cotton trough is eliminated, resembling the Soret spectra of a typical 
peroxidase. Consistent with this spectral result is the fi nding that cyt c adsorbed to increasingly 
larger SiNPs shows increasing peroxidatic activity (Figure 15a). These results suggest that the 
larger nanoparticles open up the internal core of the cyt c, perhaps by a slight degree of unfolding 
on the larger (and fl atter) SiNPs.

Figure 15. Nanomaterials employed in 
protein-binding studies: (a) Infl uence of 
SiNP size on cyt c peroxidatic activity; higher 
activity results from increased exposure of 
the buried heme due to protein unfolding on 
the fl atter surface. (b) TEM images of CTAB-
stabilized gold nanorods (bar represents 62 
nm).

Infl uence of nanomaterial geometry and crystal face properties on protein structure and function

Understanding how the structure and function of adsorbed proteins are affected by the surface 
geometry of nanomaterials requires the precise control of the synthesis of concentrated, 
monodisperse particles with desirable properties. Siegel and Dordick have undertaken a study on 
the infl uence of rod-like geometry vs. spherical geometry on protein structure and function, which 
raises the question of how crystal faces infl uence protein behavior. Electrochemical and template 
methods were used to generate gold nanorods following the method by Murphy et al.[10]. This 
approach produces nanorods of adjustable aspect ratio (3-20) and with a distinct crystal structure. 
Small seeds of metallic gold are generated with citrate stabilization and form clustered atoms 
with very little long-range order. By taking newly formed seeds and immersing them in “growth” 
solutions of gold salt and a surfactant, cetyltrimethylammonium bromide (CTAB), it is possible 
to control the direction of particle growth and form rods. CTAB has an affi nity for the {110/001} 
families of Au crystal planes; by binding to these facets, the growth in those directions is stunted 
and the particle elongates along the <111> direction (Figure 15b). Producing these particles with 
monodisperse size and aspect ratio will now enable an investigation of how surfaces with variable 
curvature and defi ned features affect protein adsorption and orientation.

Investigation of biomolecule adsorption and stability on raft-mimetic lipid domains.

In an inter-institutional collaboration, Kane, Kumar, and Dordick have demonstrated that the sta-
bility of adsorbed proteins can be enhanced by controlling the heterogeneity of the reconfi gurable 
surface – a soft liposomal membrane. Adsorbing enzymes onto “patchy” surfaces composed of ad-
sorbing and non-adsorbing regions (Figure 16) can be used to reduce lateral interactions between 
adjacent enzymes and enhance enzyme stability, much like what was observed on highly curved 
nanoparticles and nanotubes. To demonstrate the ability to pattern the adsorption of proteins, we 
adsorbed fl uorescein-labeled soybean peroxidase (SBP) onto giant unilamellar vesicles (GUVs) 
composed of DPTAP, DOPC, and the fl uorescent dye 1,1’-dioctadecyl-3,3,3’,3’-tetramethylin-
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docarbocyanine perchlorate (DiI) in a molar ratio of 25:74:1; DiI partitions preferentially into 
domains enriched in gel-phase lipids. Phase separation was induced by heating the liposomes to 
above 60°C followed by allowing them to cool to room temperature. Characterization by confocal 
microscopy confi rmed the highly selective binding of SBP onto the gel phase DPTAP-enriched 
domains (Figure 16b). We next made heterogeneous liposomes (ca. 100 nm in diameter) composed 
of a mixture of DPTAP and DOPC in a molar ratio of 1:3, and following heating and cooling to 
induce phase separation, SBP was allowed to adsorb. SBP-liposome conjugate activity was then 
measured in solutions containing 50% methanol. Characterization by CD spectroscopy revealed a 
slower rate of change of secondary structure for SBP adsorbed onto the heterogeneous liposomes 
as compared to SBP adsorbed onto homogenous DPTAP liposomes (Figure 16c), and an ca. 3-fold 
increase in enzyme stability over that obtained on homogeneous DPTAP liposomes (Figure 2d). 
These results provide evidence that protein stability can be controlled through the heterogeneity 
of the underlying soft material.

Figure 16. (a)  Schematic 
of SBP adsorbed onto (i) 
homogeneous gel phase 
liposome; (ii) positively 
charged domains in a 
heterogeneous liposome 
(b) Confocal micrograph of 
(i) DiI partitioned into gel 
phase domains of a GUV 
ii) Fluorescein-labeled SBP 
adsorbed on the same GUV 
and iii) merged image showing 
the patterned adsorption of 
SBP. (c) Percent secondary 
structure retained vs. time and 
(d) Percent activity retained 
vs. time for SBP adsorbed 
on  homogeneous (dark 
circle), and heterogeneous 
(open circle) liposomes.

Active and stable covalent enzyme-nanotube conjugates

Despite considerable progress in the preparation of nanotube-protein conjugates for numerous ap-
plications ranging from sensing to delivery and the design of functional composites [11], few stud-
ies have yielded detailed information on the structure and function of proteins covalently attached 
to nanotubes. Dordick and Kane (in partial collaboration with Genencor International, Palo Alto, 
CA) have, therefore, evaluated in detail the structure, activity, and stability of enzymes covalently 
attached to carbon nanotubes. Along these lines, we examined the intriguing enzyme, perhydro-
lase S54V (AcT), which effectively catalyzes the perhydrolysis of acetate esters such as propylene 
glycol diacetate (PGD) to generate peracetic acid (PAA). PAA is a potent oxidant increasingly 
used for sanitization, disinfection, and sterilization due to its broad effectiveness against bacteria, 
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yeasts, molds, fungi, and spores. AcT is a large molecule (an octamer, Mr = 184 kDa) with dimen-
sions of 72 × 72 × 60 Å (Figure 17a) formed through tight association of pairs of dimers that may 
negatively impact the activity of the enzyme on supports, and hence on MWNT-based conjugates. 
Specifi cally, there are four insertions: residues 17-27; residues 59-69; residues 122-130; and resi-
dues 142-156 in the AcT structure, which form loops at the dimer interfaces and contribute to sta-
bilization of the octameric structure. These loops enable formation of a hydrophobic channel that 
extends to the exterior of the octameric surface. The regions forming the hydrophobic channel lead 
to the active sites of the AcT being somewhat buried and thus having restricted substrate accessi-
bility [12].  Bioinformatic calculations (performed using ProtParam and images created on MOE, 
Chemical Computing Group Inc.) revealed that ~60% of the amino acid residues that constitute 
the monomer are hydrophobic and the average hydropathicity of the monomer is 0.117 indicat-
ing a high degree of hydrophobicity. The large block-like structure and extensive hydrophobicity 
of AcT would presumably lead to substantial nonspecifi c hydrophobic interactions between the 
AcT surface and the non-functionalized hydrophobic regions of the MWNTs. These nonspecifi c 
interactions, together with covalent attachment, determine close packing of AcT molecules onto 
the MWNT surface (Figure 17b, inset); as a comparison the bare acid-treated MWNTs are also 
shown). Consequently, the attached AcT molecules would have limited fl exibility and their strong 
interaction with the nanotube would also reduce the substrate accessibility to the active sites. 

Figure 17. Structure of AcT. (a) AcT octamer with catalytic triad Ser11, Asp192, and His195 shown in fi lled 
space, and all other residues shown with lines; colored residues, green: hydrophobic, pale blue: hydrophilic, 
dark blue: basic, and red: acidic. (b) Direct attachment of AcT onto MWNT. In addition to covalent binding, 
nonspecifi c hydrophobic interaction also exists due to the large size and hydrophobic nature of AcT. Inset: 
TEM image of AcT-MWNT conjugates. (c) Attachment of AcT onto MWNT using dPEG as spacer.

Enzyme fl exibility can be improved by inserting a spacer between enzyme molecule and the at-
taching surface [13]. To this end, a bifunctional amino-dPEG12-acid (dPEG, 4.7 nm in contour 
length) spacer was fi rst covalently attached to the acid treated MWNTs and subsequently AcT was 
attached to the free end of the spacer both via EDC/NHS amide formation (Figure 17c). Both the 
free AcT and the AcT-dPEG-MWNT conjugates followed Michaelis-Menten kinetics with kcat 
values of 4.6 × 105 and 1.3 × 105 min-1 for free AcT and the AcT-dPEG-MWNT conjugates, 
respectively, indicating that these conjugates possessed high intrinsic activity on the nanoscale 
support.  The good kinetic properties of the AcT-dPEG-MWNT conjugates led us to use this for-
mulation for preparation of the polymer and paint composites.
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Molecular Modeling of Biomolecules in Nanoscale Environments

A fundamental understanding of biological self-assembly – e.g., protein folding and aggregation, 
micelle and membrane formation and molecular recognition – is expected to signifi cantly improve 
potential applications in areas of health and medicine, and materials and device development. Key 
aspects of this part of Thrust 2 are the elucidation of the role of water on biomolecule structure, 
function, and dynamics, particularly in environments that are substantially nonaqueous, and the 
infl uence of confi ned environments on biomolecule folding.

Garde has focused on gaining a fundamental understanding of how interfaces affect conformational 
dynamics and thermodynamics (i.e., folding-unfolding processes) in biological systems. This is 
central to protein-nanomaterial interfaces, and especially in understanding how the nanomaterial 
infl uences protein structure, dynamics, and function. Extensive molecular dynamics simulations 
have been performed on the folding-unfolding of a hydrophobic polymer (a fi rst step in mimicking 
a biomolecule) in bulk water and at two interfaces - a model hydrophobic solid-water interface 
and a vapor-liquid interface of water. In bulk water, the model hydrophobic polymer collapses into 

Figure 18: Representative conformations of the hydrophobic polymer in (a) bulk, (b) at a hydrophobic solid-
water interface, and (c) at a vapor-liquid interface of water. Top plates are top views, and bottom plates are 
side views. (e) Free energy of the polymer as a function of radius of gyration. The minimum in bulk water at 
Rg = 0.5 nm indicates folding into globular states. Driving force for folding is weaker at the S-L and almost 
non-existent at the V-L interface.

globular folded structures (Figure 18a). When interfaces are present, we found that the polymer is 
driven to the interface by water-mediated interactions and polymer structure and thermodynamics 
of folding is signifi cantly different than in the bulk. Polymer conformations are quasi 2-D (fl at 
pancake like) at both interfaces (Figure 18b-d). The driving force or the potential of mean force 
(PMF) for folding is also weaker at the interface compared to that in the bulk. At the vapor-
liquid interface, there is no stable minimum in the PMF as a function of the radius of gyration of 
the polymer, and correspondingly, the polymer samples a wide spectrum of conformations from 
compact to fully extended at that interface. These observations are consistent with observed binding 
of proteins and consequent unfolding at hydrophobic as well as vapor-liquid interfaces of water.

Interfaces are also highly dynamic at hydrophobic S-L or V-L interfaces. Diffusivity of water as 
well as timescales for collapse transition or conformational transitions are faster at S-L interface 
compared to that in bulk and much faster at the V-L interface. This enhancement in dynamics of 
molecular entities at hydrophobic interfaces should motivate experimental studies in this direction 
and this is the subject of future investigations.
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Dynamical coupling between water and protein via thermal analysis.

Using molecular dynamics simulations Keblinski and Garde studied thermal energy fl ow between 
a green fl uorescent protein and surrounding water to unravel the nature of dynamical coupling 
between biomolecules and their aqueous environment (Figure 19) [14]. A novel characterization 
method was introduced allowing frequency dependent dynamical coupling to be determined at 
interfaces between biomolecules and their environment. Low frequency vibrations in the protein, 
which are thought to be critical for the protein function, are strongly coupled with water, whereas 
intermediate and high frequency vibrations are essentially decoupled with water, except for those 
present at the surface of the protein. These studies shed new light on the fundamental physical 
mechanism underlying the dynamical slaving of proteins to water, which is a topic of intense 
discussion by the scientifi c community. In future work, the applicability of this method will be 
assessed on systems where protein is exposed to a non-aqueous environment and ultimately to 
hydrophobic nanoscale materials.

Figure 19. Color-coded representation 
of the temperature of high (left panel) 
and low (right panel) frequency modes 
in green fl uorescent protein subjected to 
the thermal fl ux to warmer surrounding 
water. High frequncy modes are cold 
(blue color) in the protein center and 
even at the proten surface are colder 
than water (red color). Low frequency 
modes are warmer in the protein center 
and assume water temperaturte at the 
protein surface.

Encapsulation of an alpha helical peptide in a reverse micelle. 

A model ω-helical peptide encapsulated in a reverse micelle (RM) was used to study the structure 
and dynamics of proteins under constrained environments that mimic the membrane water envi-
ronment in cells (Garcia). RM’s formed with Na-AOT surfactant, water, and non polar organic 
solvents have been widely used to encapsulate proteins in non polar solvents. Molecular dynamics 
simulations of the self-assembly of a system composed of a peptide, AOT, water, and isooctane 
show that the peptide prefers to be located at the water/AOT head groups interface. Specifi cally, to 
study the dynamics, hydration, and motions of the peptide in RM’s, a series of extensive molecular 
dynamics simulations were performed of AOT/water-RM self assembly in isooctane, with and 
without peptides. Simulations were initiated from a random distribution of the system components 
and allowed to equilibrate over periods of 200 ns. Two systems were examined; ω0 = 6 and ω0 = 
11 (ω0 = [water]/[AOT]). The ω0 = 11 system consists of a total of 162,595 atoms. The peptide, 
AK4, consists of Ala, Lys repeats (NH3+-YGA(KAAAA)4G-COO-), similar to the peptide stud-
ied by Mukherjee et al. [15,16]. Simulations were conducted with NAMD, using 512 cpu in a Blue 
Gene L computer at RPI (Figure 20).
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Figure 20. (a) Atomic representation of the placement of the AK4 peptide relative to the reverse micelle. 
(Left frame) View from the outside of the RM. One side of the α-helix is exposed to the hydrocarbon solvent. 
(Right frame)) View from the inside of the RM. The charged side chains point toward the RM interior and 
make contact with the AOT head groups.  (b) Proximity radial distribution function of the AOT headgroup. 
Na+ ions, water, and AOT sidechains around the α-helix. (c) Water coordination number around each pep-
tide carbonyl oxygen.

Figure 20a shows the position of the AK4 peptide at the RM water/isooctane interface. Some non-
polar Ala sidechains make contact with the isooctane solution. Two Lys side chains are well sol-
vated, while two other Lys chains point toward the RM exterior and make extensive contacts with 
the negatively charged AOT head group. Na ions are coordinated to the AOT headgroups. Simula-
tions of the octapeptides A8 and AK were performed with ω0 = 12, and in RM formed by AOT 
with a modifi ed charge distribution such that the net head group charge is zero. In all instances 
the peptides bind to the head group interface, away from the ‘free water’ region of the RM. These 
results show that the peptides prefer the constrained hydration environment of the anionic AOT 
headgroups. Figure 20b shows the proximity distribution function of AOT head and tail groups, 
water and ions around the α-helical peptide, and the coordination of water (Figure 20c) around the 
backbone carbonyl oxygens for the α-helix in the RM and in bulk water. The proximity correlation 
function clearly shows that the peptide interacts largely with the AOT tails and also has strong in-
teractions with the charged head groups.  The overall picture gained from these simulations is that 
the alpha helical peptide prefers to reside at the AOT RM interface such that the loss in entropy due 
to the coordination of water around the phosphate and AOT headgroups is minimal. The peptide 
and the head groups share water molecules in their coordination shells. The increase in entropy 
upon binding to the interface is consistent with the α-helical destabilization observed for peptides 
encapsulated in (nonpolar) carbon nanotubes [17].
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Translocation mechanism of cell penetrating peptides.

Recent molecular dynamics simulations [18] have suggested that the arginine-rich HIV TAT pep-
tides might be able to translocate by destabilizing and inducing transient pores in phospholipid 
bilayers. In this pathway for peptide translocation, arginine residues play a fundamental role not 
only in the binding of the peptide to the surface of the membrane, but also in the destabilization 
and nucleation of transient pores across the bilayer, despite being charged and highly hydrophilic. 
Garcia and Kane have conducted molecular dynamics simulations of a peptide composed of nine 
arginines (Arg-9) that shows that this peptide follows the same translocation pathway previously 
found for the TAT peptide. The hypothesis that Arg-9 peptides will translocate through bilayers 
was tested experimentally by measuring ionic currents across phospholipid bilayers and cell mem-
branes through the pores induced by the peptides. These peptides, in the presence of an electro-
static potential gradient, induce ionic currents across planar phospholipid bilayers, as well as in 
cultured osteosarcoma cells and human smooth muscle cells freshly isolated from the umbilical 
artery. 

Figure 21. Permeabilization of phospholipid bilayers composed of a lipid mixture of DOPC:DOPG (3:1) (a) 
and (b) after the addition of 7 μM of Arg-9 to the cis chamber, (c) phospholipid bilayer composed entirely of 
DOPC, (d) lipid mixture of DOPC:DOPG, the CaCl2 ions are added to the solution before the addition of the 
peptide, (e) control measurement on a lipid mixture of DOPC:DOPG adding the Dap-9 peptide, (f) control 
on a lipid mixture of DOPC:DOPG measurement without peptides. The arrow’s origin indicates the time at 
which the peptides or the CaCl2 are added to the solution. The potential of the cis chamber relative to the 
trans chamber (the holding potential) is 50 mV. The ionic concentration is 100 mM of KCl and the pH is 7.4.

These results suggest that the mechanism of action of Arg-9 peptides involves the creation of 
transient pores in lipid bilayers and cell membranes. Specifi cally, this work involved systems with 
different degrees of complexity, ranging from simulations of very simple systems to experiments 
on live mammalian cells. The molecular dynamics studies reported previously for TAT peptides  
and here for Arg-9 peptides were conducted on simple models containing a single phospholipid 
composition (DOPC), a few peptides, and water. Cell membranes and experimental model mem-
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branes are usually composed of multiple lipids, cell receptors and modifi ed lipids. Along these 
lines, a series of systems that are as simple as the systems modeled computationally were studied 
experimentally (e.g., a DOPC planar phospholipid bilayer); systems that contain lipid mixtures 
(e.g., 3:1 DOPC: DOPG); and mammalian cells under different salt and pH conditions (Figure 
21). This enabled understanding of the physical, chemical, and biological details of the interactions 
between Arg-rich peptides and the cell membrane that we believe are essential to unveil the cell 
translocation pathway for cell penetrating peptides.

Functional Biomolecule-Nanoscale Architectures 

The fundamental building blocks being developed enable the design of materials with unique-
functional architectures. From specialized cationic membranes to “polymerizable” proteins, the 
breadth of directed self-assembly is clearly evident in the following research descriptions.

Self-Organization of Water Induced by Hydrated Electrons

Fundamental understanding of self-assembly in water requires knowledge of water structure and 
dynamics in the vicinity of solutes, specifi cally in the hydration shells. Mounting evidence suggests 
that qualitative water-structure making/breaking ideas are unhelpful, and quantitative knowledge 
of how water structure (packing, orientation, H-bonding) responds to solute shape and chemistry 
is critically important. Such information to date has come primarily from molecular simulations of 
classical point charge models of water. However, such simulations are complex, computationally 
intensive, and often depend on the precise choice of water models. Experimentalists who encoun-
ter new phenomena in aqueous media usually resort to qualitative arguments about hydration and 
the evolving structure of water.

This gap has been bridged via an inter-institutional NSEC collaboration between Wong (UIUC) 
and Garde (RPI). The goal is to effi ciently reconstruct hydration behavior at Ångstrom lengths-
cales and femtosecond timescales. Linear Response Imaging (LRI) has been to reconstruct the 
dynamical behavior of water from a library of dynamical structure factor S(q,ω) data measured at 
3rd generation synchrotron X-ray sources. The density-density response function of water χ(q,ω) 
is extracted from S(q,ω), and subsequently used as a Green’s function to reconstruct the space- and 
time-dependent behavior of water. LRI results were compared to those of existing scattering and 
spectroscopic experiments, as well as molecular dynamics simulations performed by the Garde 
group at RPI (Figure 22). The National Center for Supercomputing Applications (NCSA) at UIUC 
and the parallel computational platform at the Computational Center for Nanotechnology Innova-
tions (CCNI) at RPI were used to perform the high-speed calculations required of this study. To 
illustrate the potential of LRI, we reconstructed movies of the evolution of hydration structure 
around a charge distribution representative for hydrated electrons, by tracking the average oxygen 
density correlations at ~50 femtosecond temporal resolution and ~0.8 Å spatial resolution. Instead 
of a spherical hydration shell, our results indicate that linear movement of the charge distribution 
induces an asymmetric ‘melting’ of the hydration structure. Depending on the velocity, the hy-
dration ‘shell’ progressively evolves from closed ‘spherical’ shape to a hydration ‘bowl’ with its 
trailing edge open, to a cylindrical hydration ‘sleeve’, before the hydration structure is completely 
destroyed. These changes in the hydration structure potentially impact a broad range of aqueous 
phase chemistry.
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Figure 22. The hydration structure around an ‘electron-like’ delocalized distribution of negative charge 
moving at (a) 500 m/s and (b) 1000 m/s. The equilibrated hydration shell melts in a position-dependent 
manner.  The time stamp indicates the time in femtoseconds after the initiation of motion.  After t~500 fs, the 
hydration structure is essentially the same as the infi nite-time steady state structure as shown.

Impact of Negative Gaussian Curvature on Cell Membrane Penetration

Two self-assembly based approaches are being pursued to generate nanoparticle with negative 
Gaussian curvature. Braun and Wong have begun to investigate the effect of nanoparticle curva-
ture on cell membrane penetration. The fi rst negative curvature nanoparticle synthesis approach 
utilizes the internal void space of a self-assembled colloidal crystal to template the shape of elec-
trodeposited nanoparticles. A polystyrene (PS) opal is grown on a conductive substrate and lightly 
sintered to create necks that interconnect adjacent spheres. Then, a layer of nickel is grown by 
electrodeposition. The amount of nickel plated is controlled so that the growth front stops at the 
height of neck.  Gold is then electrodeposited above the nickel layer. The gold layer conformally 
wraps around the necks between the PS spheres and forms the negative Gaussian curvature shown 
in Figure 23a. The thickness of the gold layer is controlled so that it does not merge together above 
the necks. The PS colloids are dissolved in tetrahydrofuran, resulting in gold islands sitting on a 
nickel substrate (Figure 23b). After surface functionalization with a thiolated amine, the gold is-
lands are removed from the supporting nickel structure, forming the desired nanoparticles (Figure 
23c). Particles generated this way have a negative radius of curvature of ~50 nm along several 
sides, and a positive radius of curvature of ~5 nm at the points. Initial cell penetration experiments 
are performed by mixing the nanoparticles with human HeLa cancer cells, followed by incubation 
at 37°C for 1 h. Then the cells are observed via dark fi eld optical microscopy to determine the de-
gree of particle uptake (Figure 23d). In the image, HeLa cells appear in faint blue color. The nega-
tive curvature gold particles appear bright yellow. The particles indicated by dashed red circles are 
inside the cells.
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Figure 23. (a) Schematic of the bilayer structure generated through electrodeposition through a colloidal 
template. The negative Gaussian curvature particles are formed from the gold residing above the nickel 
layer. (b) SEM image after removal of the colloidal template. (c) SEM image of an individual particle ex-
hibiting negative Gaussian curvature. (d) Dark fi eld optical microscopy of HeLa cells after incubation with 
negative Gaussian curvature nanoparticles.

The second approach to generate nanoparticles with negative Gaussian curvature takes advantage 
of the difference between conformal growth and conformal etching on a 3-D curved surface [19], 
for example at the contact between two spherical colloids (Figure 24a). The result is a thin disk re-
maining in the area where colloids are in contact. The rim of the disk has a strong negative Gauss-
ian curvature. Conformal growth of a variety of materials can be achieved by atomic layer deposi-
tion (ALD) or chemical vapor deposition (CVD). For example, Al2O3 and HfO2 can be coated on 
a PS opal template by ALD and tungsten can be grown via CVD using a silica colloidal crystal 
template. Conformal etching of the oxides is achieved by slow chemical etching, and the metal is 
etched via pulsed electrochemical etching (Figure 24b). The Al2O3 particles generated here have a 
relatively large positive curvature (~370 nm) and a relatively small negative curvature (~80 nm); 
the results for the other materials are similar, and importantly, these dimensions scale with the col-
loid diameter, and thus a wide range of curvatures is experimentally accessible.

Figure 24. (a) Schematic of the difference between conformal deposition and conformal etching, resulting 
in disk-like objects with negative curvature.(b) SEM micrographs of Al2O3 nanodisks before and after re-
lease from the colloidal template, and tungsten nanodisks before release from the colloidal template.
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Antimicrobial-Induced Membrane Self-Assembly

Antimicrobial peptides (AMP’s) are cationic amphiphiles that comprise a key component of innate 
immunity. Synthetic analogs of AMP’s, such as the family of phenylene ethynylene antimicrobial 
oligomers (AMO’s), recently exhibited broad-spectrum antimicrobial activity, but the underlying 
molecular mechanism is unknown. Wong has shown unambiguously that these peptides permeate 
bacterial membranes by targeting negative-curvature lipids, such as phosphatidylethanolamine 
(PE): Plate killing assays indicate that a PE-knockout mutant strain of Escherichia coli drastically 
out-survives the wild-type against the membrane-active phenylene ethynylene antimicrobials, 
while the opposite is true when challenged with traditional metabolic antibiotics. That PE deletion 
is a lethal mutation in normative environments suggests that resistant bacterial strains do not 
evolve because a lethal mutation is required to gain immunity. PE lipids were found to allow 
effi cient generation of negative curvature required for the circumferential barrel of an induced 
membrane pore; an inverted hexagonal HII phase, which consists of arrays of water channels, 
is induced by a surprisingly small number of antimicrobial molecules. By using electron density 
reconstructions of the unit cell, we fi nd that the estimated antimicrobial occupation in these water 
channels is nonlinear and jumps from ~1-3 per 4 nm of induced water channel length as the global 
antimicrobial concentration is increased. By comparing to exactly solvable 1-D spin models for 
magnetic systems, the cooperativity of these antimicrobials have been quantifi ed for the fi rst time.

Tubulin-Nanotube Conjugates

The active transport, assembly, and/or spatial organization of nanocomposites in a controlled 
manner in synthetic environments are key challenges in enabling nanocomposites application in 
fi ber-reinforced products or electronic devices [20]. Examples include the assembly of carbon 
nanotubes (CNTs) by directly embeding them into microscale polymer blocks to aid gas mixture 
transport [21] and the large scale self-assembly of CNT-based circuits through use of organic mo-
lecular markers [22,23]. However, CNTs are diffi cult to solubilize and organize into architectures, 
which limits their ultimate use in electronic displays, and nanoscale actuators [18,20], as well as in 
biological applications, e.g., protein-nanotube conjugates as sensor elements [24,25]. Dordick has 
shown that biological macromolecules (cellular motor protein kinesin [26] and the synthetically 
reconstitued microtubule) can be used for active transport of innorganic material such as multi-
walled carbon nanotubes (MWNTs) in synthetic, non-physiological environments. The method 
involved reconstitution of the cellular kinesin-microtubule transport system in a fl ow chamber [27] 
and in a gliding geometry wherein surface-immobilized kinesins served as “conveyor belts“ for 
hybrids formed from microtubules loaded with MWNTs.  In order to form a stable microtubule-
nanotube hybrid, the tight and specifi c interaction between biotin and streptavidin, i.e., between 
biotinylated microtubules and streptavidin-MWNT conjugates, was exploited (Figure 25). Mim-
icking active cellular transport in synthetic environments may facilitate the design of nano-electro-
mechanical systems (NEMS) such as molecular motor actuators that behave as nanoscale robots 
[28] or the bottoms-up assembly of functional polymeric materials [29]. Moreover, these results 
begin to establish a platform for assembling individually addressable MWNT nanostructures using 
microtubule templates.
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Figure 25. Schematic representation of the strategy employed to transport MWNTs using a kinesin-micrtu-
bule system. (a) Streptavidin-functionalized MWNT is attached to a biotinylated microtubule and moved 
in the fl ow chamber by kinesin-adsorbed molecules. (b) Time-lapse fl uorescence micrographs of gliding 
hybrids (yellow) formed from biotinylated microtubules (red, TRITC) and streptavidin-functionalized nano-
tubes (green, FITC) on kinesin-coated surfaces. Nanotubes are transported by individual microtubules. All 
the microtubules in the fi eld of view are loaded with streptavidin-coated nanotubes.

Meso-to Macroscale Impact: Key Applications

Nanoscale materials impact properties well beyond the 100 nm size limit that broadly defi nes 
the nanoscale. Thrust 2 has led to the development of myriad applications that are fundamentally 
based on nanoscale materials development and design, yet infl uence the macroscale.

Label-Free Colorimetric Sensors

Detection of lead ions with a nanomolar detection limit and tunable dynamic range by using 
gold nanoparticles and DNAzyme.

Metal ion sensor design has been a focus of research as it allows detection of metal ions for vari-
ous applications. Lu has continued to develop simple and sensitive colorimetric sensors for on-site 
and real-time lead detection using unmodifi ed DNAzyme and gold nanoparticles (Figure 26a). In 
the presence of Pb2+, the cleaved enzyme-substrate complex releases ssDNA which absorbs on 
and stabilizes the AuNPs against salt induced aggregation. In the absence of Pb2+, however, the 
uncleaved complex cannot stabilize the AuNPs, resulting in purple-blue AuNP aggregates. The 
sensor has the detection limit of 3 nM, which is lower than the EPA maximum contamination level 
of lead ions in drinking water (75 nM), and even better than the DNAzyme catalytic beacon sensor 
developed in our group. The dynamic range of the sensor can be tuned simply by adjusting the pH. 
This colorimetric sensing method also provides a general platform for sensing other metal ions.

Highly sensitive and selective colorimetric sensors for uranyl (UO2
2+): Development and com-

parison of labeled and label-free DNAzyme-gold nanoparticle systems

In the labeled method, a uranyl-specifi c DNAzyme was attached to AuNP, forming purple aggre-
gates (Figure 26b). The presence of uranyl induced disassembly of the DNAzyme functionalized 
AuNP aggregates, resulting in red individual AuNPs. Once assembled, such a “turn-on” sensor is 
highly stable, works in a single step at room temperature, and has a detection limit of 50 nM after
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Figure 26. (a) Secondary structure of the DNAzyme complex, which consists of an enzyme strand (17E(8)) 
and a substrate strand ((8)17S). (Left) After lead-induced cleavage, 10-mer ssDNA is released, which can 
adsorb onto a AuNP surface; (Right) Schematic of the label-free colorimetric sensor. The lead-treated/-
untreated complex and NaCl are mixed with AuNPs. The AuNPs aggregate in the absence of lead but 
remain dispersed in the presence of lead. (b) (A) Scheme of labeled colorimetric sensor based on AuNP 
disassembly in the absence and presence of UO2

2+. In the presence of UO2
2+, the length of the weakest 

complementary part in the aggregates becomes shorter due to UO2
2+-induced substrate cleavage. The sub-

strate cleavage can decrease the melting temperature of AuNP aggregates. An in the arm strands indicates 
0A or 12A spacers (n = 0 or 12). (B) As UO2

2+ is introduced into AuNP aggregates and the temperature is 
controlled above the melting temperature of UO2

2+-treated aggregates, AuNP disassembles. (C) 32P assay 
result showing the cleavage kinetics in the presence of UO2

2+. (D) Melting curve of A12 aggregates with 
(blue curve) and without (red curve) UO2

2+. There is about a 10 °C decrease of melting temperature in the 
presence of UO2

2+.

30 min incubation. The label-free method, on the other hand, utilizes the different adsorption 
properties of single-stranded and double-stranded DNA on AuNPs, which affects the stability of 
AuNPs in the presence of NaCl. The presence of uranyl resulted in cleavage of substrate by DNA-
zyme, releasing a single stranded DNA that can be adsorbed on AuNPs and protect them from ag-
gregation. Taking advantage of this phenomenon, a “turn-off” sensor was developed, which is easy 
to control through reaction quenching and has 1 nM detection limit after 6 min incubation at room 
temperature. Both sensors have excellent selectivity over other metal ions and have detection lim-



66

9. Research Program, Accomplishments, and Plans

its below the maximum contamination level of 130 nM for UO2
2+ in drinking water defi ned by the 

U.S. EPA. This study represents the fi rst direct systematic comparison of these two types of sensor 
methods using the same DNAzyme and AuNPs, making it possible to reveal advantages, disadvan-
tages, versatility, limitations, and potential applications of each method. The results obtained not 
only allow practical sensing application for uranyl, but also serve as a guide for choosing different 
methods for designing colorimetric sensors for other targets.

Nanoscale Cellular Protein Delivery Vehicles

The ability to deliver genes into cells to affect long-term cell function is now well-known. How-
ever, the delivery of active proteins into cells is still poorly characterized and fraught with bottle-
necks, including poor effi ciency of delivery and loss of protein function. Dordick and Kane have 
explored the ability of SiNP to internalize into mammalian cells and deliver proteins with high 
effi ciency while retaining biological activity. This is important in realizing the activity of the bio-
molecule delivered to target cellular organelles or perform actions, which can alter cell function. 
Internalization of protein-nanoparticle conjugates were performed to target various cellular com-
ponents, including transcriptional molecules (DNA and mRNA) and signaling pathways (Akt). 
Protein internalization was quantifi ed using fl uorescent molecules including GFP, FITC-BSA, and 
complementary split-GFP (GFP1-10 and GFP11) conjugated to fl uorescent silica nanoparticles. To 
track the internalization of the conjugates and their location in the cell cytoplasm, multi-track and 
z-stacking confocal microscopy has been used, which reveals information on the endosomal deliv-
ery of these conjugates followed by escape from the endosome into the cytosol (Figure 27). The ef-
fi ciency of conjugate uptake into the cells was performed using mass balance and fl ow cytometry. 
The uptake effi ciency of the conjugates varied from 89-98% for amounts ranging between 0.01 to 
0.4 mg/mL. The mean fl uorescence values obtained using fl ow cytometry were in good agreement 
with those obtained using mass balance of the conjugates recovered.  The physiological effect of 
conjugate delivery to the cytosol was revealed by selective biological interactions. SiNPs contain-
ing RNAse A and the antibody to phospho-Akt resulted in dose-dependent cell death due to the 
degradation of mRNA and activation of apoptosis, respectively. In the presence of the endosomal 
disruption agent chloroquine, no increase in the toxicity of SiNP-RNAse A was obtained, therefore 
indicating that the SiNP conjugates are capable of intrinsically escaping the endosom.

Figure 27. (a) Cytoplasmic delivery of SiNP-ODMS-RNase A conjugates in presence of an endosomal 
disruption agent, chloroquine. (b) Internalization effi ciency of nanoparticle conjugates calculated by mass 
balance of conjugates after recovery. (c) Timed snapshot images (0, 8 and 24 h) showing internalization of 
SiNP-ODMS-GFP conjugates. The nanoparticle conjugates (green) are delivered to the cell cytoplasm and 
are outside the lysosomes (red).
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Seed Project

The principle goal of the Thrust 2 seed project (Coppens) was to investigate the effects of cur-
vature of nanostructured supports on enzymes. Lysozyme (3.0×3.0×4.5 nm; 14.4 kDa; pI ~11) 
was strongly adsorbed from an aqueous solution onto the internal surface of mesoporous silica 
SBA-15. Both the adsorption capacity and kinetics were studied as a function of the unique pore 
size of SBA-15, which was controlled in a range of 5-10 nm (Figure 28). An exciting result is the 
measured tripling in activity of lysozyme in SBA-15 with 6 nm pores. The confi nement of the 
~4 nm lysozyme onto the surface of the mesopores of SBA-15 that are only slightly wider than 
lysozyme increases its activity compared to lysozyme adsorbed on to the surface of broader pores 
or free lysozyme in aqueous solution. The supported lysozyme does not leach out from the silica; 
therefore, the catalyst can easily be reused, which is interesting for industrial catalytic and sensing 
applications.

Figure 28. (left) Adsorption isotherms of lysozyme on SBA-15 silica with different pore sizes. Experimental 
data are fi tted by a Langmuir isotherm for pores barely wider than lysozyme only (6 and 7 nm pores). (Right) 
The catalytic activity of lysozyme for substrates that can enter the nanopores is markedly higher within the 
confi ning environment of SBA-15 silica nanopores.

At pH 7, the attraction between the positively charged lysozyme and the negatively charged silica 
surface leads to a large adsorption capacity. This attraction is stronger than the interaction between 
the charged lysozyme molecules. In wider pores (10 nm), adsorption does not follow Langmuirian 
behavior. In such pores, interactions between lysozyme molecules become important, since the 
pore diameter is more than twice the kinetic diameter of lysozyme. The adsorption kinetics of ly-
sozyme on SBA-15 mesoporous silica could be represented by a model that includes intraparticle 
diffusion and adsorption, but also adsorption on the external surface of the mesoporous material. 
The latter is usually neglected. The external adsorption is very rapid: it occurs within the fi rst few 
minutes of an adsorption experiment, just after the SBA-15 is brought into the lysozyme solution. 
In SBA-15 with narrow pores (6 or 7 nm), slow intraparticle diffusion leads to equilibration after 
several hours only, as opposed to minutes in SBA-15 with 10-nm pores. These experiments, in 
part, were performed during a three-month stay of Dr. Coppens’s Ph.D. student, L.C. Sang, in the 
group of Dr. Vinu at the National Institute of Materials Science (NIMS) in Tsukuba, Japan. Novel 
mesoporous carbons with very high surface areas (1400 m2/g) and a well-controlled pore size were 
synthesized. These materials will be an excellent basis for further studies on enzyme-support in-
teractions, comparing carbons to silicas.
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9.2.3  Research Plans for Year 9

Building on our key accomplishments and the collaborative and expanded expertise in biomole-
cule-nanomaterial interactions, our Thrust 2 team will continue to address research directions that 
will impact fundamental knowledge and lead to signifi cant applications related to the core activi-
ties of Thrust 2. We remain guided by the fundamental questions raised at the beginning of Section 
9.2.2. Specifi cally, we will expand our effort to understand the structure, function, stability, and 
orientation of proteins on nanoscale materials, and with particular focus on the topography of the 
nanoscale material. We will also take advantage of DNA-nanomaterial interactions to promote 
assembly-based sensing designs with a specifi c focus on MRI contrast agents for in vitro and in 
vivo applications. In both areas, computational and theoretical studies will be employed to further 
elucidate the general behavior of biotic systems on and/or in the presence of abiotic materials. The 
directed-assembly of multiscale “soft” materials holds promise for the design of macromolecular 
architectures with tailored form and function. Finally, the fundamental outcomes of Thrust 2 lead 
directly to several potential applications that may benefi t society, from selective protein delivery 
systems to assessment of the toxicological aspects of nanoscale materials, as well as from surfaces 
that resist microbial fouling and that can detoxify chemical and biological agents to bioenergy. As 
a result of these research directions, Thrust 2 sits squarely at the intersection of Thrusts 1 and 3, 
and these interactions will be strengthened in Year 9.

Biomolecular and Nanomaterial Driven Organization

Protein Structure and Function on Nanomaterials

Having established the unique effects of nanoscale size and curvature on enzyme structure, func-
tion, and stability, we will focus our efforts in Year 9 on protein structure and stability on a wide 
range of nanoscale topographies. To that end, we will perform detailed biochemical and thermo-
dynamic analysis of protein structure and stability on nanomaterials, and will elucidate the precise 
mechanisms of protein stabilization and folding on nanoscale surfaces of different dimensions 
(Dordick, Kane, Siegel). These experiments are summarized in Figure 29.

Experiments will be performed with spherical gold and silica nanoparticles, as well as gold nano-
rods. The infl uence of particle size, curvature, and crystal face structure on protein structure and 
function are likely dependent on the nature of the ligand to the nanomaterial. Simple alkyl thiols 
will be used, including those terminated with CH3, CH2OH, and charged (NH3

+ and COO-). We will 
use bacteriophage T4 lysozyme as one model enzyme in this study due to its well-known structure 
and the ability to modify selective amino acid residues via site-directed mutagenesis. The latter 
is critical in being able to address the need to tailor the protein for optimal orientation on func-
tionalized nanoparticles. We will also use a number of other proteins with different secondary and 
tertiary structural elements, and with different molecular weights and geometries, and biological 
mechanisms of action, to assess the broad impact of nanoscale materials on protein function. A par-
ticularly interesting question to be addressed herein is whether the combination of surface chem-
istry and surface curvature infl uences protein orientation on nanoparticles. Current studies with 
cytochrome c indicate that protein orientation may be infl uenced by the nature of the nanoparticle; 
however, this information needs to be confi rmed with advanced spectroscopic tools. Along those 
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lines, in addition to gross structural information (achieved via CD and FTIR spectroscopies), T4 
lysozyme allows evaluation of structural space near specifi c domains and amino acid regions via 
NMR spectroscopy. We will use the NMR core facility at Rensselaer’s Center for Biotechnology 
& Interdisciplinary Studies and a solid-state 600 MHz Bruker instrument for this purpose.

Figure 29. Broad overview of experiments to be performed on nanoparticle interactions and nanoparticle-
protein conjugate interactions with biological materials, including proteins and human cells. Nanoparticle-
protein systems are discussed in this section. Nanoparticle-protein delivery into human cells is discussed 
below.  This set of experiments is a major focus of Years 9-10 of the NSEC.

In addition to surfaces of positive curvature, research will continue into negative curvature surfac-
es (Braun). We are very much at the beginning of this exciting study, and future work will include 
both statistical analysis of the uptake effi ciency of particles with and without negative Gaussian 
curvature by cells. Along with curvature, we can selectively chemically treat various faces of the 
particles. We believe this will also strongly impact the interaction between cells and the particles. 
Finally, because the particle size is directly correlated with the diameter of the colloidal particles, 
we will be able to investigate the effect of size on cellular uptake. To date, we have focused on the 
synthesis of hard, inorganic particles.  Soft, deformable materials are also interesting, and we are 
particularly interested in disk-like particles, as their shape closely mimics that of a red blood cell.

Protein incorporation into nanoscale confi ned spaces will also be performed. This represents a 
transition of the seed (Coppens) into the main component of Thrust 2. A core focus of this project 
will be to obtain molecular information on the confi guration of adsorbed lysozyme, and other en-
zymes, confi ned in these mesoporous materials. In particular, immobilized enzyme kinetics and 
protein structure information will be obtained using a variety of standard enzyme assay and spec-
troscopic techniques, respectively. Furthermore, the effect of changing the surface properties, e.g., 
by including hetero-elements, such as Al and Ti, on protein structure and function will be assessed. 
As a result, it is expected that a complete picture of confi nement and curvature on enzymatic ac-
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tivity will be achieved. Ultimately, this work aims to provide a route to the systematic modeling 
of enzyme binding and structural changes upon immobilization on different nanomaterials under 
different environmental conditions. Simplifying this problem will help us to design applications 
involving proteins supported on nanomaterials. 

While the majority of work to date has focused on solid materials, efforts in the past year have also 
focused on liposomal nanoparticles. Continued collaboration among Kane, Kumar, and Dordick 
will be focused on determining whether the size of the phase-separated domains in heterogeneous 
liposomes infl uences the stability of adsorbed protein. Different domain sizes can be achieved by 
cooling the liposomes to below their phase transition temperature at different rates. Fluorescence 
resonance energy transfer (FRET) techniques are being used to estimate the size of the phase-
separated domains obtained at the two different cooling rates.

Molecular Modeling of Biomolecules in Nanoscale Environments

Complementary to experimental research, computational studies continue to provide a more de-
tailed theoretical framework to understand the inherently complex interplay between biomolecules 
and surfaces at a range of scales and geometries. Our overall goal is to understand physicochemical 
determinants of protein structure and function in highly inhomogeneous non-biological contexts 
(Garde, Garcia). This involves both protein-containing systems as well as systems that can effec-
tively mimic protein containing environments, some of which are substantially more challenging 
than those studied in past years.

Motivated by results in Year 8, Garde is pursuing two avenues of research. In one research direc-
tion, the thermodynamics, structure, and dynamics of self-assembly at chemically diverse inter-
faces ranging from hydrophobic to hydrophilic will be quantifi ed. Preliminary studies have been 
performed in which chemically diverse interfaces were prepared using models of self-assembled 
monolayers of surfactants on gold presenting seven different head group chemistries from most 
hydrophobic (-CH3) to hydrophilic (-OH). The free energies of binding of model hydrophobic 
polymers as well as of short peptides and proteins to these interfaces will be characterized. In addi-
tion, polymeric folding-unfolding processes at these interfaces will be characterized. Figure 30 de-
picts representative structures of a hydrophobic polymer at six different interfaces. The differences 
in structural behavior at hydrophobic surface (spreading of the polymer into 2-D conformations) 
to beading up into globular shapes at hydrophilic surfaces are readily apparent. Thus, the proposed 
investigation is expected to provide important clues into behavior of proteins at interfaces of di-
verse chemistries.

The second research direction is on characterizing hydrophobicity at the molecular level. Hy-
drophobicity, refl ected in low solubility of non-polar solutes in water, or in the tendency of hy-
drophobic solutes to aggregate in water, is known to play an important role in many biological 
and colloidal self-assembly processes. Yet, defi ning it precisely is challenging and its molecular 
signatures remain unclear. At a macroscopic level, hydrophobicity of a given surface is character-
ized by measuring the droplet contact angle, with surfaces showing angles greater than 90 degrees 
termed as hydrophobic. Water beads up into droplets at highly hydrophobic surfaces and spreads 
on hydrophilic surfaces at the other end of the spectrum. Translating these ideas into the molecular 
domain presents special challenges. In a recent perspective, Granick and Bae [30] highlighted the 



71

9. Research Program, Accomplishments, and Plans

Figure 30. Representative conformations of the 
hydrophobic polymer at solid interfaces of different 
chemistries from hydrophobic to hydrophilic.

ambiguity in defi ning hydrophobicity at molecular lengthscales, such as near proteins or nano-
tubes, where droplet contact angle measurements are not possible. Preliminary work by Garde has 
shown that monitoring properties of vicinal water, especially the density fl uctuations, provides a 
direct, quantitative, and measurable characterization of surface hydrophobicity. Hydration of sur-
faces of several different proteins will be studied to identify hydrophobic patches and regions on 
the surface. Preliminary studies indicate that the results can be surprising and not always obvious 
from the chemistry of the underlying protein surface.

The Garcia group will examine three specifi c problems. The fi rst involves expansion of the study 
of the free energy surface of Arg-9 and its relationship to TAT peptide translocation across lipid 
bilayers. In particular, it is critical to understand the role of phosphate head groups, amino side 
chains, water, and ions and TAT peptide translocation. This work will involve extensive molecular 
dynamics simulations using enhanced sampling techniques and umbrella sampling, which will lead 
to the study of the free energy of formation of a pore in a lipid bilayer. A second problem involves 
another set of lipid translocating peptides, specifi cally antimicrobial peptides. The protegrin-1 
antimicrobial peptide will be used as a special case of a cell penetrating peptide to understand the 
effect of non polar side chains in determining the formation and lifetime of pores. Finally, we will 
continue to study the dynamics of proteins in reverse micelles, including the dynamics of ubiqui-
tin and calculate dynamical properties, such as order parameters, that are measured by NMR and 
FTIR spectroscopy. In addition the binding and/or association of proteins to the AOT surfactant in 
reverse micelles will be evaluated. 

Functional Biomolecule-Nanoscale Architectures

The fundamental building blocks being developed above enable the design of materials with unique 
functional architectures. The strategy of this part of Thrust 2 is to achieve control of building-block 
assembly and phase behavior for the design of functional architectures.
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TAT Protein Transduction Domain

The TAT protein transduction domain (PTD) of the Human Immunodefi ciency Virus (HIV-1) can 
cross cell membranes with unusual effi ciency, and has many potential biotechnological applica-
tions, such as gene and drug delivery. TAT induced membrane reconstruction has been studied in 
an inter-institutional collaboration between Garcia (RPI) and Wong (UIUC). In previous NSEC-
supported work, confocal microscopy and synchrotron X-ray scattering (SAXS) was used to re-
veal that the transduction activity of TAT correlates with induction of negative Gaussian (‘saddle-
splay’) membrane curvature, which is topologically required for pore formation. This phenom-
enon is facilitated by both electrostatics and bidentate hydrogen bonding. The latter is possible for 
the TAT PTD but not for similarly-cationic, non-arginine containing polypeptides. It is known that 
electrostatic interactions between macroions and charged membrane vesicles can induce the for-
mation of a rich polymorphism of self-assembled structures and topological changes that depend 
on parameters such as the charge densities of the constituents and the intrinsic curvature of the 
membranes. We now aim to investigate how electrostatic interactions work synergistically with 
other interactions in protein transduction domains to produce structural tendencies that facilitate 
pore formation in membranes.

TAT-induced assembly at the cellular and molecular levels.

Cell based systems (starting with HeLa cells) will be investigated to identify the necessary and suf-
fi cient conditions for full TAT activity and to elucidate how these TAT-induced structural tenden-
cies in the membrane are expressed in a cellular environment. Biological studies have shown that 
the cellular machinery for uptake may be implicated, via mechanisms involving clathrin, caveoli, 
or macropinocytosis. Wong will map out the links between self-assembly and these processes. 
For example, the coupling between membrane deformations and mechanical transduction in the 
cytoskeleton will be assessed using cytoskeleton specifi c drugs, as well as model systems based 
on giant vesicles.  At the molecular level, sugar-based analogs of TAT peptides will be synthesized 
with identical chemical composition but with different geometries of guanidinium presentation. 
The side chain of arginine is a guanidinium group, which is capable of bi-dentate H-bonding, in 
contrast to the side chain of lysine, which is a terminal amine capable of mono-dentate H-bonding. 
It has been hypothesized that this difference is the key to TAT activity. The key question of how 
stereochemistry impacts the mechanism of membrane penetration will be addressed. Specifi cally, 
the infl uence of guanidinium stereochemistry on the stability of the induced Pn3m porous phase 
will be examined. These experiments will allow us to see how guanidinium ligands need to be 
presented before TAT activity is turned on, and elucidate the precise role of bi-dentate H-bonding.

Self-Organization of Water Induced by Hydrophilic and Hydrophobic Solutes 

Fundamental understanding of self-assembly in water requires knowledge of water structure and 
dynamics in the vicinity of solutes, specifi cally in the hydration shells. Mounting evidence suggests 
that qualitative water-structure making/breaking ideas are unhelpful, and quantitative knowledge 
of how water structure (packing, orientation, H-bonding) responds to solute shape and chemistry 
is critically important. Such information to date has come primarily from molecular simulations of 
classical point charge models of water. However, such simulations are complex, computationally 
intensive, and often depend on the precise choice of water models. Experimentalists who encoun-
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ter new phenomena in aqueous media usually resort to qualitative arguments about hydration and 
the evolving structure of water. In another inter-institutional collaboration, Wong (UIUC) and 
Garde (RPI) will examine the induced organization of water around hydrophilic and hydrophobic 
solutes using Linear Response Imaging via inelastic scattering, and compare it to state-of-the-art 
molecular dynamics simulations. For example, the measured response function of water will be 
used to reconstruct the structure and dynamics of water next to hydrophobic inclusions of different 
forms (Buckyballs, nanotubes, hydrocarbons) and different sizes in the form of ultrafast movies at 
sub-Ångstrom spatial resolution. We have performed preliminary work to account for excluded-
volume effects.

Controlled DNA-Nanomaterial Interactions

Lu will continue to perform functional DNA-based directed assembly of nanomaterials in response 
to chemical and biological stimuli and to apply the technology in environmental sensing. As a 
fi rst step, the fundamental understanding of the directed assembly process will be sought, thereby 
leading to application of the technology in biomedical diagnostics and smart drug delivery. With 
regard to the fomer, despite progress made in utilizing the functional DNA-based directed assembly 
for colorimetric and fl uorescent sensing, very little is known about the details in the kinetics of 
the assembly process, including intermediates in stimuli-binding, conformational change, and 
nanomaterials assembly and disassembly. Such a detailed understanding is critical to advance our 
knowledge and to design better sensors. Toward this goal, FRET will be used, both in bulk solution 
and at the single molecule level, to characterize the details in the assembly and disassembly processes.

With respect to applications, the majority of sensing applications have been in the area of in vitro 
sensing, such as monitoring heavy metal ions in the environment. This technology has a huge 
untapped potential, however, for in vivo sensing, such as in cells and in medical diagnostics. To 
realize this potential, Lu plans to develop smart magnetic resonance imaging (MRI) sensors based 
on functional DNA-directed assembly of superparamagnetic iron oxide nanoparticles for medical 
diagnostic of cancer markers before tumor develops. In another application focus, Lu and Wong 
are evaluating the specifi c binding and catalytic self-cleavage of DNAzymes and aptamers at the 
nanoscale, which can be used to trigger transformation of materials properties, such as a lipid 
structural phase transition, and drug in response to a binding event for a diseases marker, such as 
prostate cancer marker. Negative intrinsic curvature lipid molecules will be functionalized using 
a prostate cancer marker-specifi c aptamer to artifi cially change their intrinsic curvature to zero, so 
that unilamellar vesicles can form, which are often used for molecular packaging for a wide range 
of applications. When the aptamer binds to its target and changes its conformation, the intrinsic 
curvature will drastically change and the lipid will go through a phase transition to an inverted 
hexagonal phase, which will effectively turn the vesicle ‘inside-out’ and release the drugs. The 
success of this project will not only advance fundamental knowledge of how to assemble materials 
in response to chemical and/or biophysical triggers, it may have practical applications in targeted 
drug delivery.

Tubulin-Nanotube Conjugates 

A major challenge in bio-motor research is to understand how to integrate these functional 
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biomolecular materials into useful devices that operate effi ciently. However, before developing 
practical applications, it is critical to increase their robustness and to enable their programming so 
that they assemble appropriately for a designed role. Previous efforts in the Dordick group have 
shown that inorganic cargo (i.e., carbon nanotubes) can be manipulated by mimicking natural 
cellular transport in a synthetic environment [31,32]. In continuing work, it will be possible to 
envision nanoscale “machines” that can move (powered by kinesins) along predefi ned tracks on 
surfaces. This may then allow the addition of specifi c “parts” to the microtubule track (by exploiting 
ligand-recognition reaction) as it moves past on the kinesin-based conveyor belt, thereby resulting 
in an assembly line that can accommodate loading and docking of cargo while being externally 
switched on and off (i.e., by changing the ATP energy source to AMPPNP, a non-hydrolyzable ATP 
analog).

Based on our previous efforts in the NSEC, one specifi c example that will be investigated is 
the kinesin-driven transport of hybrid materials (e.g., carbon nanotubes, magnetic nanoparticles, 
quantum dots, etc.) towards a molecular “chip reservoir” for self-assembly and functional structure 
formation (Dordick, Siegel). Microtubules could be directed to connect different reservoirs and 
retrieve their different cargos. Based on consecutive site recognition assembly, it is possible for 
the cargos to form large nanostructures. The “coarse” product (i.e., unloaded microtubules) could 
be eliminated through a product sorting and quality control stage, such as inducing microtubule 
depolymerization. Specifi c applications include: a) defi ning transport of cargo between user-
controlled positions; b) accommodating loading and docking of cargo; and c) externally switching 
on and off transport and delivery. The proposed approach will also permit imaging and analyzing 
nanoscale features in real-time by using conventional optical microscopy. 

Hydrophobins as Unique Surface Assembling Proteins 

Hydrophobins are intriguing proteins that were discovered in the early 1990’s as a mechanism 
that mushrooms use to protect their heads from water. They are highly stable at extremes of pH, 
temperature, and in the presence of organic solvents, perhaps due to their unique amphiphilicity. 
Hydrophobins will be used to organize proteins on the surface of hydrophobic surfaces, including 
carbon nanotubes and hydrophobically-functionalized nanoparticles. Fusions of hydrophobins 
with streptavidin may serve as an excellent vehicle to attach any biotinylated protein on the 
surface of such nanoscale materials for use in a variety of applications ranging from antimicrobial 
surfaces to sensors. A new collaboration between Dordick and Prof. Peter Tessier (RPI Chemical 
and Biological Engineering) will explore the folding of hydrophobins in solution and on nanoscale 
materials, as well as identify through bioinformatic tools the hydrophobin-like proteins and 
peptides that can be exploited.

Meso- to Macroscale Impact: Key Applications

Nanomaterial-Protein Conjugate Delivery to Human Cells

The diffi culties in effi cient protein delivery have limited its widespread use, even though protein 
delivery can complement more traditional gene delivery. Kane and Dordick are using nanoparticles 
as carriers for protein delivery. Our longer-term goal is two-fold: 1) to provide a rapid methodology 
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to alter cell function for in vitro screening; and 2) to develop an effi cient approach to deliver 
proteins to target cells in vivo. For example, targeted cancer cell delivery with selected proteins 
bound to nanoparticles can be used as a therapeutic to disrupt cancer cells and cause apoptosis 
(programmed cell death). These include proteins (e.g., antibodies (or fragments), binding proteins, 
enzymes, transcription factors, etc.), peptides (e.g., TAT peptide) for enhancing cellular delivery 
and intracellular localization, and small molecules (e.g., folic acid) used for specifi c cellular 
targeting.

Mechanism of nanoparticle-protein conjugate delivery to human cells

A key goal for Year 9 is to elucidate the mechanism of mammalian cellular uptake of nanoparticle-
protein conjugates (Kane, Dordick). Experiments with fl uorescent nanoparticle conjugates suggest 
endocytotic uptake of the conjugates and their autonomous release from the vesicular compart-
ments that are involved in traffi cking. This could have a signifi cant impact in targeting cellular 
components such as organelles and metabolic pathways at various stages of cell function. Since 
endocytosis is a critical route hypothesized to enable transport of nanomaterials into cells, we 
will use a variety of endocytotic inhibitors and assess their effect on the uptake of nanoparticle 
conjugates to mammalian cells, e.g., phenylarsine oxide (clathrin inhibitor), cytochalasin D (actin 
inhibitor, and fi lipin (caveola inhibitor). Time-resolved confocal microscopy and Fluorescence 
Activated Cell Sorting (FACS) will be used to aid in the identifi cation of specifi c endocytotic path-
ways involved, and to assess the rate of uptake into the cytosol as a function of nanomaterial size 
chemistry, and geometry. As a result, we hypothesize that it will be possible to fi ne-tune the prop-
erties of nanomaterials for effi cient uptake and targeted delivery to specifi c cellular components.

Control of stem cell differentiation by protein delivery to cells

The Wnt signaling pathway is a hallmark of self-renewing activity of neural stem cells in vivo [33]. 
Controlling this pathway by internalization of pathway-specifi c biomolecules can potentially have 
advantages in enriching self-renewing stem cells in primary cell cultures. In our previous work, we 
have proven the ability of silica nanoparticles to deliver proteins intracellularly in cancer cells and 
the retention of the functional properties of the delivered proteins. In a similar fashion, Dordick 
and Kane intend to deliver specifi c proteins interacting with the Wnt signaling cascade pathway 
and control the cell behavior by external perturbation. In the canonical Wnt pathway, β-catenin is 
recruited into a ‘destruction complex’, which facilitates the phosphorylation by GSK3β (Figure 
31). This leads to ubiquitylation and proteasomal degradation of β-catenin. If the post-translational 
stability of β-catenin is increased, then β-catenin levels rise and the protein accumulates in the nu-
cleus, where it interacts with DNA bound TCF and LEF family members to activate the transcrip-
tion of the target genes. A peptide sequence (39 amino acid residues), called FRATtide, has been 
investigated previously specifi cally to block the active binding site of the Wnt signaling protein 
GSK3β and prevent phosphorylation of β-catenin. We propose to deliver this peptide, linked with 
green fl uorescent protein, with the help of a silica nanoparticle carrier into neural progenitor cells 
and assess the modulation of β-catenin levels upon cellular delivery. This work involves the design 
of plasmids leading to expression of eGFP-FRATtide in mammalian cells and in E. coli. Quantifi -
cation of β-catenin levels in a cell population will be determined using Western blotting, and the 
presence of the peptide in cells will be identifi ed using FACS analysis and confocal microscopy. It 
has been shown that GSK-3-specifi c inhibitor (BIO) activates the Wnt pathway and maintains the 
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undifferentiated phenotypes in human and mouse embryonic stem cells and sustains the expression 
of the pluripotent state-specifi c transcription factors Oct-3/4, Rex-1 and Nanog [34]. The stem cell 
fate upon delivery of silica nanoparticle-GFP-FRATtide could then be identifi ed using various dif-
ferentiation markers available.

Figure 31.  (a) Destruction complex formation leads to phosphorylation of β-catenin, leading to ubiquity-
lation and proteasomal degradation in stem cells, (b) Delivery of silica-RFP-FRATtide nanoconjugate is 
proposed to block GSK3β active binding site, preventing the destruction complex formation and leading 
to accumulation of β-catenin in cells. β-catenin enters the nucleus and activates target genes, maintaining 
stem cells in the undifferentiated and proliferative state.

Antimicrobial Materials

Selective cell destruction based on CNT-mediated ROS generation

Continued work in the Kane lab will be focused on functionalizing MWNTs with a peptide con-
taining an RGD motif, which is known to bind integrins on the cell surface and MWNTs conju-
gated to a peptide, Ac-AWPLSQLDHSYN-amide, which was found to bind to cells expressing the 
TEM-8 receptor. This receptor is found to be over expressed in tumor cells. We would thus be able 
to delivery MWNTs to specifi c cell types. Once the MWNTs are internalized inside these cells, we 
would irradiate the cells with visible or NIR irradiation. As demonstrated in last years report, we 
hypothesize that ROS will be generated, which will assist with cell destruction. Internalization of 
the MWNTs will be visualized by functionalizing with fl uorescein and observing the fl uorescence 
via confocal microscopy following the delivery of the conjugates to the cells. To detect the pho-
togenerated ROS inside the cells, and to confi rm cell killing by a photochemical mechanism, we 
will use a dye dihydrorhodamine 123, which is routinely used for intracellular detection of free 
radicals.

Fabrication of antimicrobial fi lms

Dordick and Kane have demonstrated that proteases adsorbed onto SWNT and MWNT and dis-
persed into a polymeric fi lm, coating, or paint degrade biomolecules that bind to the composite 
surfaces, and therefore, function as self-cleaning surfaces. We will now develop nanocomposite 
coatings that are highly active and stable. A large number of commercially available enzymes are 
available for our purposes, including proteases (as per our previous efforts), AcT, lysozyme (cell 
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wall degradation), peroxidases (generation of small molecule antimicrobial agents), and mutanases 
and dextranases (hydrolysis of polysaccharide-based biofi lms). Protein antifouling will be tested 
initially by challenging the composites with a series of proteins including human serum albumin 
(HSA) and fi brinogen. The microbial fl ora is complex and S. aureus and Streptococcus mutans are 
good preliminary candidates to evaluate the antimicrobial activity of the enzyme-nanomaterial-
polymer composite coatings. While the prevention of protein adhesion, and ultimately microbial 
adhesion, will dramatically reduce the formation of biofi lms on surfaces, a second line of defense 
against biofi lm formation can involve the degradation of dextrans and mutans once formed or in 
the process of being formed. To that end, multienzyme composites, containing both dextranase 
and mutanase can be tested for the hydrolysis of these glucan polymers. Finally, antimicrobial 
peptides will begin to be incorporated into protein-nanotube-polymer composite materials. This 
includes cousins of the TAT peptide and, therefore, we envision the collaboration of a broad group 
of Thrust 2 faculty, including Dordick, Kane, Wong, Garcia, and Siegel. The focus of this proposed 
effort involves experimental and computational design of antimicrobial peptides, the development 
of high-throughput platforms to identify optimal single and combined peptides under operational 
conditions (e.g., on peptide-nanotube-polymer composite coatings), and the identifi cation of can-
didate peptide-nanotube-polymer composites with desired activity.
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9.3  Thrust 3: Serving Society Through Outreach and Education
The goal of Thrust 3 is to serve society by raising the science literacy of the public and enhancing 
the responsible and effi cient transfer of nanotechnology developments to industry.  We are im-
proving science literacy for people of all ages through the development of educational programs, 
including the Molecularium® and high school curriculum, which provide fundamental information 
about the fi eld of nanotechnology.  We have reached tens of thousands of people to date, and are 
on our way to reaching ever-wider segments of society.  Our industry partners have run several 
pre-commercial trials of technology developed in the laboratories of our NSEC and we are con-
tinuing our strong interactions with industry.  These interactions provide not only a mechanism 
for transferring technology for products that benefi t society, but also an opportunity to educate 
our undergraduate and graduate students with a broader view of research.  As we are transferring 
technology, several questions arise about the biological safety, health effects, and socioeconomic 
impacts of the materials and fi nished products produced by nanotechnology.  Thus, we have two 
targeted projects answering two basic questions: “How is technology transferred and commercial-
ized for emerging technologies?” and “What are the potential biological hazards and benefi ts of 
nanostructured materials?”  The fi rst question is humanistic in nature, while the second question 
requires scientifi c experimentation and technological development. Insight into these questions is 
critical to maintaining the pace of nanotechnology advances and commercialization, while at the 
same time keeping the public informed about health and safety aspects of these new technologies.

9.3.1  Faculty and Senior Participants

Faculty-level investigators in Thrust 3 include: Brian C. Benicewicz, Carolina Distinguished Pro-
fessor, CoEE Chair in Polymer Nanocomposit Research, University of South Carolina, Director 
of the New York State Center for Polymer Synthesis and Professor, Department of Chemistry and 
Chemical Biology (RPI), (USC) Paul V. Braun, Associate Professor and Willett Faculty Scholar, 
Materials Science and Engineering Department (UIUC); Jonathan S. Dordick, Howard P. Iser-
mann Professor, Chemical and Biological Engineering, and Biology Departments (RPI); Angel 
E. Garcia, Senior Constellation Professor for Biocomputation and Bioinformatics, Department 
of Physics, Applied Physics and Astronomy (RPI); Shekhar S. Garde, Elaine and Jack S. Parker 
Career Development Professor, Chemical and Biological Engineering Department, (RPI); Pawel 
Keblinski, Associate Professor, Materials Science and Engineering Department, (RPI); Jennifer 
A. Lewis, Interim Director of the Frederick Seitz Materials Research Laboratory, Hans Thurnauer 
Professor of Materials Science and Engineering, (UIUC); Lupita Montoya, Assistant Professor, 
Civil and Environmental Engineering Department, (RPI); Saroj K. Nayak, Associate Professor, 
Department of Physics, Applied Physics and Astronomy, (RPI); Lois S. Peters, Associate Pro-
fessor, Lally School of Management and Technology, (RPI); Chang Ryu, Associate Professor, 
Department of Chemistry and Chemical Biology, (RPI); Linda S. Schadler, Professor, Materials 
Science and Engineering Department, (RPI); E. Fred Schubert, Constellation Chair and Professor, 
Electrical, Computer and Systems Engineering, (RPI);Kenneth S. Schweizer, Professor, Depart-
ments of Chemistry and Chemical and Biomolecular Engineering, and Morris Professor of Mate-
rials Science and Engineering, (UIUC); Richard W. Siegel, Robert W. Hunt Professor, Materials 
Science and Engineering Department, Director of the Rensselaer Nanotechnology Center, (RPI); 
Deanna M. Thompson, Assistant Professor, Biomedical Engineering Department (RPI); Gerard C. 
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L. Wong, Associate Professor, Departments of Materials Science and Engineering and of Physics, 
(UIUC). Three graduate students and one undergraduate student have participated in Thrust 3.

Figure 31.  Faculty-level participants in Thrust 3.

9.3.2  Accomplishments in Year 8

Science Literacy

It has become clear through studies such as the National Academy of Sciences Publication, “Ris-
ing Above the Gathering Storm: Energizing and Employing America for a Brighter Economic 
Future,” that educating and exciting the public about science and technology, and attracting stu-
dents to STEM fi elds is critical to the future economic success and environmental health of our 
nation and the world.  The outreach programs developed by the Center for Directed Assembly of 
Nanostructures are intended to mitigate just this problem. Our programs have reached thousands 
of school children (K - 12), several hundred families, 13 undergraduate students/year, 23 graduate 
students/year, several visiting scholars, about 10 High School Teachers/year, and many industrial 
researchers.  Our High School (HS) program works in synergy with R.P.H. Chang’s National Cen-
ter for Learning and Teaching at Northwestern University and the high school curricula we have 
developed are now being disseminated to other school districts via a month long summer program 
for high school teachers. Our Molecularium digital dome theater show is being translated into Ko-
rean, and an expanded new IMAX version of the show, “Molecules to the MAX” will be released 
in 2009.  We have recently secured funding to make a 3-D version of this new IMAX show. We 
continue to seek out ways that we can reach the broader public, including discussions in progress 
with PBS about a pilot television show.

Our Signature Project - Molecularium® (www.molecularium.com)

In 2004, we released the fi rst Molecularium® show, “Riding Snowfl akes” to the digital dome 
theater (like a planetarium) community.  Instead of taking the audience on a ride into the stars, the 
Molecularium ship takes the audience on a ride into the world of atoms and molecules and shows 
them molecular dynamics simulations of atomic and molecular motion.  This fantastical ship can 
shrink to molecular sizes and move as fast as the speed of light.  The main messages of this show 
are aimed particularly at K-5 children and their parents, and include: (1) everything is made of 
atoms and molecules; (2) there are 3 states of matter; and (3) polymers are long long chains of 
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mers.  In addition to premiering at the Children’s Museum of Science and Technology (CMOST), 
“Riding Snowfl akes” opened in 4 museums and 2 school districts in 2006 and 2007.  In the past 
year James Madison University’s John C. Wells Planetarium, the Catawba Science Center, the 
Schreder Planetarium, the Kika Silva Planetarium, Thronateeska Heritage Center in Georgia, and 
the Children’s Museum in Hartford Connecticut have exibited the show.

In March of 2009, the Molecularium® project (Schadler, Garde, Siegel) released “Molecules to 
the MAX.”  “Molecules to the MAX” follows a similar story line to “Riding Snowfl akes,” but is 
aimed at children in grades 4-8 and a broader audience in general.  In addition to the themes in 
the fi rst, show, the audience experiences the water cycle as well as a journey through a cell.  They 
also meet new characters such as Argon, with the personality of a “noble” gas, as well as Nitro 
and Nitra who bring some humor to the atmosphere.  We have signed a contract with SK Films for 
marketing and distribution of the fi lm, and recently secured funds to produce a 3-D version of the 
show to be released in Fall 2009.  In addition, we are in discussion with PBS and our local public 
television station about producing two pilot television shows based on “Molecules to the MAX.”  
PBS is considering a national production of the show pending the results from a local broadcast.  

Curriculum Development

Accompanying the IMAX show will be a new teachers guide with hands-on activities for grades 
4-8.  This complements our current guide for grades K-4, and will be available as a pdf down-
load from the new www.moleculestothemax.com web site.  The fi rst teachers guide is being used 
broadly, based on feedback we receive from teachers.  The new guide has two formats: an 8 page 
fold-out glossy guide that summarizes the lessons in the show (meant primarily for public audi-
ences) and a full teachers guide available as a pdf fi le from our web site. 

Graduate Student Involvement in Molecular Scale Education

One exciting aspect of the upcoming 42-minute Molecularium IMAX movie, “Molecules to the 
MAX”, is the integration of complex molecular dynamics (MD) simulation data into this state-
of-the-art Disney/Pixar like animation adventure.  The atomic characters Oxy, Hydra, Hydro and 
others explore the molecular world using the Molecularium ship. There are two fundamental en-
vironments in the movie – one mostly inside a ship, where atomic characters speak, dance, and 
communicate with the audience; and the other outside the ship, which is the rest of the world that 
they explore.  Our goal was to show many parts of that world in their full atomic glory.  To this 
end, the Garde group (including several graduate students) performed molecular dynamics (MD)
simulations of those materials – polymers, paper, atmosphere (including water vapor, droplets, 
trace gases and elements), proteins and biological systems, etc., in full atomic detail.  Some of 
these simulations included over a hundred thousand atoms and were run for comparable to more 
than a year of single processor computer time each.  DNA packaged in chromatin structures was 
modeled at the atomic detail by Chang Shung Tung at Los Alamos laboratory, a world expert in the 
modeling of DNA conformations and loops.

A typical simulation-animation integration process involved generation of signifi cant amount of 
trajectory data on a system of interest from MD simulation, processing of those data for animation 
software, rendering and reviewing of the visuals, providing feedback to simulations to repeat the 
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loop until perfection.  Tremendous computational power was required to get the above done – in-
cluding the use of computer clusters at NSEC, CCNI (Computational Center for Nanotechnology 
Innovation), and the Molecularium render farm dedicated primarily to conversion of numerical 
data into visual information.

The computational aspects of the project required collaboration between several computing groups 
as well as with numerous artists, animators, and computer graphics experts.  This exercise was 
tremendously benefi cial to undergraduate and graduate students and postdoctoral researchers as it 
provided them the unique opportunities to interact with, explain, and pass on excitement about the 
molecular world to a cross-section of people in the art/entertainment world they would otherwise 
never meet. The project also gave them tremendous satisfaction and pride about having partici-
pated in something special that will have lasting impact on the next generation.

K-12 Education

Bouchet Outreach and Achievement in Science and Technology (BOAST) Program

The BOAST program in which we have been actively involved in prior years was not active this 
year because the BOAST program is still seeking continued funding.

Bringing Nanotechnology to the Classroom - High School Program

Our program building high school curricula for high school students in partnership with Burnt 
Hills Ballston Lake High School (BHBL) has reached the dissemination stage.  This past summer, 
we developed the Nanotechnology Curriculum Development Summer 2008 Institute in partner-
ship with WCET – a non-for-profi t company committed to developing programs that strengthen 
New York State Capital District’s involvement in nanotechnology, and the 5 county WSWHE 
– BOCES program. As part of the program, 5 school districts contributed more than $10,000 to 
have a team of 2-3 teachers attend the month-long program.  The teachers spent the fi rst week at 
Rensselaer learning about nanotechnology. They also observed and participated in the modules 
developed by Rensselaer, the Albany Public School District, and the National Center for Learning 
and Teaching so that they could use those in their classrooms. They spent 2 weeks developing their 
own new modules to incorporate into their curriculum.  In one case they developed a whole course.  
The fi nal week was spent practicing the new modules on each other and receiving feedback.

One full day of the fi rst week was spent showing the teachers the modules developed by BHBL 
on atomic force microscopy.  BHBL built a large scale AFM that makes use of a hack-saw blade 
and speaker coils. The blade simulates the tapping mode with a mechanical vibration device.  The 
height of the hacksaw blade is measured with a laser (as in a real AFM) and is recorded on a piece 
of paper.  As the tip encounters both varying height and varying stiffness, the vibration is altered 
and this is recorded with the laser.  The teachers also attached a magnetic head, which they can 
used to sense metallic portions of a sample of coins embedded in a block of wood.  In this way, 
the major principles of an AFM are demonstrated with this large scale instrument.  In addition, 
the technology teacher at BHBL makes use of Lego Mindstorm kits to synergistically infuse the 
students’ interests to “have fun” building moving parts with LEGO bricks and software with the 
teacher’s motivation to educate their students with the principles of engineering design.  At the end 
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of the day, each school district was given an AFM setup and a set of LEGO Mindstorms.  What we 
found was that the teachers wanted to develop new curricula more than practice using what had 
already been developed, but will likely make use of much of what they were shown.  In addition, 
the curriculum developed for the AFM was uploaded to the NCLT web site for dissemination to 
high schools around the country.  Assessment is ongoing by the new teachers within the classroom 
and we expect to be able to evaluate the impact of the institute in Spring 2009.

Technology Transfer

A second mission critical to the eventual success of nanotechnology is the development of new 
and improved commercial products that create economic growth and provide signifi cant benefi ts to 
society. Thus, while a primary focus of the Center is on fundamental research, in select cases, we 
are focusing on the utility of our innovations and taking advantage of our close collaborations with 
industry to develop intellectual property, transfer technology, and help in pre-commercialization 
activities. Progress in technical transfer has been aided by regular interaction with industry, which 
in some cases is semi-monthly phone calls, two face-to-face visits each year, and student intern-
ships. In addition, 3 students have spent time in industry this year.  In addition, 2 startup companies 
continue to commercialize technology initially developed within the NSEC and continue to lever-
age NSEC funds.  The following sections detail some of our success stories during the past year 
in technology transfer. 

ABB Corporation - Nanocomposites for Use in the High Voltage Cable Industry

We (Schadler, Siegel) have been working with ABB Corporation for eight years to solve 
fundamental problems that will help to develop materials useful for the high voltage cable industry.  
Specifi cally, we have been conducting fundamental research on the effect of nanoparticles on 
the morphology, mechanical properties, and electrical behavior of polymers.  We have fi led two 
comprehensive patents with ABB [1,2]. The work has resulted in many publications, including two 
recently published [3,4] and two in preparation [5].  Former RPI-NSEC graduate student Su Zhao 
is a postdoctoral fellow at ABB.  She is using the materials developed in her thesis (nanoalumina/
epoxy composites with increased ductility and fatigue resistance) to build commercial test parts.  
This is the next step in the commercialization process, and the results to date are promising.  

One reason for the success of this interaction is the extensive collaborations we have developed.  
We have two face-to-face meetings per year usually at Rensselaer, but periodically in Sweden, 
where there are several days of interactions between the students and the technical staff at ABB.  
In addition, we have a short symposium where the students and the technical staff from ABB 
present their results followed by a long discussion.  We have phone calls every other week in 
which the students must present a written report, and the technical staff offer comments and 
suggestions.  This leads to signifi cant maturing on the part of the students and ensures that there 
is a deep understanding of ABB’s needs by the students, and an appreciation of the fundamental 
understanding we are gaining by the industrial researchers.
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Chisso Corporation

Chisso Corporation is a Osaka based chemical and materials company that joined the Rensselaer 
Nanocenter in 2008.  With the funding provided by Chisso, we supported a postdoctoral fellow 
and a graduate student in Professor Linhardt’s laboratory, in addition to a visiting scientist 
from Chisso Polypro Fiber Company, Minoro Miyauchi.  The focus of our joint project is the 
preparation of electrically active conducting nanofi ller/cellulose nanofi bers, which have a broad 
range of applications.  The nanofi bers have been processed using electrospinning and a novel non-
volative organic salt, called room temperature ionic liquids, as a solvent.  The unique nature of this 
project is the use of ionic liquids, which are capable of both dissolving cellulose and suspending 
nanotubes.  By electrospinning these solutions into a coagulation bath containing an anti-solvent, 
such as water or ethanol, we obtain nanofi ber composites.  The electrical properties of these novel 
materials are then tested. Publications and patents are already in preparation, which will allow us 
to release more information on these exciting materials, (see Figure 32).

Figure 32.  Field emission scanning electron microscope images of cellulose fi bers electrospun from a 
room temperature ionic liquid.

DzymeTech, Inc. - Start-up Based on NSEC Technology

Under the NSEC, we (Lu) have made signifi cant progress in advancing the fundamental science 
of genetic control of stimuli-responsive assembly and disassembly of nanomaterials such as gold 
nanoparticles, quantum dots, supermagnetic iron oxide nanoparticles using functional DNA such 
as DNAzymes and aptamers. These research activities have resulted in simple, highly sensitive and 
selective colorimetric, fl uorescent and magnetic resonance imaging sensors for a broad range of 
molecules, including metal ions (such as lead, uranyl, mercuy and copper) and organic molecules 
(such as adenosine and cocaine, and thrombin). This past year, we fi led two patent applications 
through the Offi ce of Technology Management at the University of Illinois at Urbana-Champaign. 
[7,8].  The technology has been licensed to the DzymeTech. In 2008, DzymeTech, in collaboration 
with the Lu group, received one NIH STTR Phase II grant (totaling $750,000). 

Solidus Biosciences, Inc. - Start-up Based on NSEC Technology

Advances in the fi elds of genomics and proteomics combined with the complete sequencing of 
the human genome have produced a number of new targets for potential therapeutics. However, 
many candidate drugs fail due to poor metabolic and toxicological profi les. Earlier screening of 
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these compounds could streamline the drug discovery pathway and potentially decrease the cost of 
manufacturing pharmaceuticals. Solidus Biosciences, Inc. (Dordick) is exploiting revolutionary, 
proprietary technology to develop easy-to-use, readily marketable biochips and associated 
benchtop devices that will alleviate two key bottlenecks in the drug development pipeline: the 
analysis of drug candidate toxicity and the diversifi cation and optimization of pharmaceutical 
lead compounds to yield better drugs. [9,10]. These biochips and devices (the MetaChip and 
Multizyme Chip, and the MetaReader device) will enable low cost, accurate, high-throughput 
in vitro analysis of drug metabolism and toxicology (MetaChip), and serve as a unique platform 
for high-throughput lead diversifi cation in drug discovery (Multizyme Chip). A third chip (the 
DataChip) has been developed to serve as the screening chip for cell-based toxicity assessment 
and biological activity assessment for lead compound diversifi cation. These chips are based on 
the encapsulation of human metabolizing enzymes and human cells. Nanoscale fi bers formed via 
an alginate-based matrix aid to stabilize the enzymes and cells for use as a screening tool. The 
company has extended this platform by validating its technology through a series of commercial 
partnerships. These partnerships included expansion into the toxicity assessment for cosmetics and 
chemicals. A research collaboration was also established between the company and the ToxCast 
program of the U.S. EPA for analysis of the toxicity of agrochemicals, primarily herbicides.

Biological Impacts of Nanoscale Materials

As nanotechnology becomes more widely utilized in our society, concerns regarding the health and 
environmental effects of nanoparticles have been expressed.  Thrust 3 has a small but growing ef-
fort in this area.  Work on the impact of single-wall carbon nanotubes (SWNT) on smooth muscle 
cells continued from last year (Ajayan, Thompson).  The Seed Project with two junior faculty 
(Montoya, Thompson), entitled Health Effects of Nanoparticles Based on their Physico-Chemical 
Properties has made signifi cant progress this year. 

Work by an undergraduate student, Brenda Behan (Thompson) on the cytotoxicity of single walled 
carbon nanotubes (SWNT) on Schwann cells (SC) was undertaken because it has been shown that 
by creating a scaffold consisting of collagen-matrigel with embedded SWNT to make it conduc-
tive, Schwann cells proliferation is enhanced and the conductive scaffold can help direct neurite 
orientation [11,12].  It was found that as the weight percent of SWNT increased, the ability for SC 
to proliferate decreased, resulting in smaller colonies. The construct digestion assay showed that 
high weight percentages of SWNT resulted in a smaller number of cells being released from the 
construct. This suggests that high weight percents have a toxic effect and kill cells. The morpho-
logical assay showed that the presence of SWNT did not affect the morphology of the Schwann 
cells that were located within a construct. However, the abundance of cells decreased as percent 
weight increased as shown in Figure 33.

The strength of the seed project (Montoya, Thompson), initially funded in January 2007, is that the 
particles used in the cell studies will be well characterized. We can now generate aerosol samples 
of specifi c particle sizes (monodisperse) starting from a polydisperse (multiples particle sizes) 
sample.  We are also able to collect the aerosol samples into a liquid with the help of an impinger.  
For example, alumina with a distribution of particle size ranging from 5 nm to 50 nm, was reduced 
to a set of particles ranging from 5-10 nm in size.  This provides a means for focusing cytotoxic
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studies on specifi c size ranges to isolate size range effects.  The preliminary cytotoxicity studies 
have looked at cell count, viability and proliferation of epithelial cells in the presence of nanopar-
ticles using a six-day clonogenic assay and Dapi staining.  The fi rst results (Figure 34) show that 
for Al2O3, the two particle sizes tested (10 nm and 30 nm) there is a decrease in cell count as the 
concentration of nanoparticles increases. There also appears to be a small effect of particle size at 
longer times with the 30 nm particles causing more of a decrease in cell count.  The results from 
TiO2 are not as statistically signifi cant, but indicate that the cell colony number decreases with 
increasing nanoparticle dose, and that the cells/colony increase with increasing nanoparticle dose.  
These studies will be important in determining which nanoparticle size ranges and concentrations 
are toxic and allow us to ascertain appropriate levels of exposure.

Figure 33  Construct Digestion Results for constructs with varying weight percentages of SWNT. As per-
cent weight SWNT increases past 0.8% SWCNT, the percent of living cells recovered from the digestion 
decreases dramatically.

Figure 34. Epithelial Cell proliferation as a function of alumina particle size and  concentration.
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Socioeconomic Impacts of Nanotechnology

This past year our research on the socioeconomic impacts of nanotechnology continued to focused 
on management of technology [13], commercialization of nanotechnology, innovation and tech-
nology development  networks [14] and management of innovation.  In particular we compared 
nanotechnology to biotechnology R&D networks for the years 2000 and 2005 and found a lower 
level of activity in the nano domain different patterns of activity for nano and biotechnology. Nano 
innovation networks appear to be less interconnected than in biotechnology [15]. Following ob-
servations on: a) the importance of individuals to the innovation process, b) the over attention of 
organization on the mechanics of innovation, and c) the lack of education of management in this 
area, we began to investigate the  human sides of management of innovation in more depth. In this 
regard we elaborate behaviors and actions underlying multiple innovation roles at multiple levels 
of the corporation over time [16]. It became clear that an individual’s actions in this area impacts 
systems thinking. Our analysis brings in a behavioral perspective to Dynamic Capability Theory, 
which attempts to explain how organizations adapt to and reshape fast changing environments 
[17].

9.3.3  Research Plans for Year 9

Science Literacy Through Informal Science Education

Our Signature Project - Molecularium® (www.molecularium.com)

We continue to pursue our vision for The Molecularium project to create new and increasingly 
effective science education and literacy tools for the worldwide public (Garde, Schadler, Siegel).  
While the 2-D version of “Molecules to the MAX” will be released in March of 2009, the 3-D 
version will not be released until Fall 2009.  We have developed a relationship with Rensselaer 
such that revenue raised by the project will be available to the Center for new Molecularium pro-
ductions and educational materials.  Thus, if suffi ciently successful, this project will become self-
sustaining fi nancially.  In addition, we are pursuing discussions with public television to fi rst pilot 
the show in our local market, and if successful take the show to national broadcast.

Cognitive assessment, games, and curriculum development

We continue to pursue funds for building a team of educators, cognitive psychologists, and scien-
tists, to answer broader questions of fundamental importance regarding the impact of informal sci-
ence education and immersive environments on learning and retention, and on generating interest 
to pursue careers in science and engineering.  Such hands-on activities and the resulting answers 
will infl uence not only the specifi c development of future Molecularium efforts (shows, related 
curricula, lesson plans, games), but also our overall understanding of effective science education 
for children of all ages in NYState, in the US, and around the world.
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Molecularium On The Road  

We have recently purchased a portable dome and projector and are in discussion with the Chil-
dren’s Museum of Science and Technology (CMOST) that will create an educational partnership.  
CMOST staff will take the “show on the road” using our equipment and digital media.  Thus 
trained educators will interact with students and provide us with feedback as we continue to create 
new educational materials.  

Broader Reach for the Molecularium Project

We continue to pursue other means of reaching the broader public.  A Korean translation of the 
show is currently in production.  We are in discussion with PBS and our local PBS station (WMHT) 
to create a television pilot.  “Molecules to the MAX” was rendered in such a way that the lower 
resolution television version is immediately available.  We will start by testing the show in our lo-
cal market, before making decisions about pursuing a national broadcast. 

K - 12 Nanotechnology Programming

BOAST and Virtual Microscope

These projects are essentially complete and will not see further activity under the NSEC.

High School Program

We plan to continue the 4-week summer program described earlier although perhaps in a 3 week 
form this summer to reduce the cost for schools in these diffi cult economic times. In addition, we 
are working with the New York State BOCES offi ce to create nanotechnology kits, particularly 
the AFM kit, that can be borrowed by school districts around the state.  The equipment plus the 
curricular materials that accompany it will be made available.  This will be an excellent way to 
leverage our success to date and signifi cantly improve the impact of this local program. 

Biological Impacts of Nanoscale Materials

SWCNT / Collagen scaffolds

The long-term goal of the SWNCT work is to establish a better understanding of nerve regeneration 
mechanisms through the refi nement of the “ideal microenvironment” via the presentation of 
synergistic combinations of guidance cues (electric fi eld, scaffold composition and orientation 
and Schwann cell migration and alignment (support cells in the PNS)).  Composite scaffolds of 
Collagen I and Matrigel hydrogels are supportive of Schwann cell attachment and migration, and 
the incorporation of SWCNT may serve to guide both regenerating axons and Schwann cells 
through the electrically conductive SWCNT composite scaffold.  Schwann cell cytotoxicity in 
both 2-D and within the 3-D scaffold needs to be determined to fi nd the appropriate loading of the 
nanomaterial in the 3-D scaffold.
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Seed Project

Based on the results from the fi rst cytotoxicity tests with highly controlled particles size, further 
controlled exposure tests will be conducted. First, the sample size will be increased to improve 
statistical analysis. In addition, the effect of size (surface area) vs. dose will be isolated. We are 
presently using an in vitro model of immune responses to complement our cytotoxicity tests 
using murine macrophages. The test looks at the effect of nanoparticles on antigen processing 
and presentation. Initial tests show a response to exposure to TiO2 nanoparticles. Further tests are 
being performed to determine the molecular mechanism of this effect on antigen presentation. In 
addition, we are looking into the development of a new exposure methodology using direct aerosol 
deposition onto the cells.

Socioeconomic Impacts on Nanotechnology

In Year 9 we will make international public policy comparisons between 2003 and 2009 regarding 
nanotechnology incentives and investments by different nations.  We will also update our existing 
nanotechnology company database, and then will use the data based to investigate the reasons for 
successes and failure of companies investment’s in nanotechnology research and development.  
This work will be conducted by a graduate student who has an internship from the New York State 
Energy Research and Development Agency (NYSERDA) and an undergraduate student.
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10  Center Diversity – Progress and Plans: NSEC    
      Diversity Strategic Plan

10.1  Current Status and Progress (A)
In 2008 we continued our highly successful program that constitutes the cornerstone of our diver-
sity strategy: partnering with Primarily Undergraduate Institutions (PUIs) including, Morehouse, 
Mt. Holyoke, Smith, Spelman, and Williams Colleges. Spelman and Morehouse are Historically 
Black Colleges and Universities (HBCUs) and Smith, Spelman and Mt. Holyoke are women’s 
colleges. The undergraduates involved in our 2008 PUI program included 9 women and 2 minor-
ity students. Faculty participants from the PUIs also represent a diverse population, as shown in 
Table 4. Our collaborative research with these partner schools includes the transfer of funds from 
the NSEC, annual meetings, and mutually agreed upon research projects (see Section 11), which 
have resulted in joint publications. The summary of the program statistics presented in Section 11 
demonstrates the growing integrated success with 23 students participating in the program so far. 
In particular, two of our past program participants joined the RPI graduate school, with many other 
pursuing science and engineering related careers at other schools or with the government, such 
as one of our former program participants, who was graduated from Morehouse and RPI (within 
the so-called 3-2 program) and joined the US DOE Nuclear Regulatory Agency. In late 2008, 
Keblinski (RPI) initiated a discussion with Profs. Gustavo Gutierrez and Oscar Perales from the 
University of Puerto Rico - Mayagüez (UPRM), which is a leading school with a large Hispanic 
student population. 

At UIUC, an aggressive program to bring undergraduate students from under-represented groups 
into NSEC faculty labs is in place. During this past year, four students participated. 1) Ekandrea 
Miller, Hispanic female, a junior in Chemical Engineering at Illinois who works under the guid-
ance of Professor Jennifer Lewis in the area of biphasic colloidal mixtures and direct write as-
sembly. 2) Evelyn Huang, female, a junior in Materials Science and Engineering at Illinois who 
works with Professor Gerard Wong on peptide-directed membrane reconstructions. 3) Meghan 
McKelvey, female, a senior in Materials Science and Engineering at Illinois who works with Pro-
fessor Moonsub Shim in the area of synthesis and properties of functionalized magnetic iron oxide 
nanoparticles of different shapes. 4) Arianne Collopy, female, a sophomore in Physics at CalTech 
who worked with Professor Paul Braun on the effect of exposure dose on the formation of holo-
graphically defi ned photonic crystals.  

In terms of graduate students and postdoctoral fellows, we have been relying on the aggressive 
recruiting strategies of our constituent NSEC institutions. These strategies have had good success 
in attracting female graduate students and postdoctoral researches. For example, our NSEC funds 
8 female graduate students of the 34 total, and 2 female postdoctoral researchers out of the 7 total. 
At UIUC, one of the female graduate students is African-American. At RPI, three NSEC graduate 
students and one postdoctoral researcher are females. We now harvest our investment in the PUI 
partnership program with a total of three ethnic minority students recently joining RPI’s gradu-
ate school in the Chemistry and Materials Science and Engineering programs. Although we make 
steady advances in promoting ethnic minority graduate education, we currently do not support 
any ethnic minority graduate student directly by the NSEC funding. This issue is continuously ad-
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dressed with the major strategy of increasing the graduate applicant pool. Our NSEC management 
team includes an above average female membership and our Center faculty members are represen-
tative of the diversity at Rensselaer and UIUC. NSEC groups at both institutions have put forth a 
strong commitment to diversify their faculty. 

We also continue to provide education to a large number of K-12 children through our Molecu-
larium project at RPI. The Molecularium audience at the Children’s Museum of Science and Tech-
nology in Troy, NY involves large percentages of female and ethnic minorities. Another example 
of our continuing K-12 targeted activities is participation in the Annual Black Family Technology 
Awareness Day, which is organized annually and hosted by the Offi ce of Institute Diversity at RPI. 
NSEC faculty and students prepared a workshop entitled “Explore Your Materials World”. This 
workshop, led by an African American graduate student, has become a regular component of the 
Awareness Day.

The NSEC diversity group established four years ago focused its effort on expanding our reach 
to minorities. Keblinski, the group coordinator, continues to work closely with the RPI Diversity 
and Admission offi ces to increase awareness about undergraduate and graduate research at RPI 
among ethnic minorities. In February 2009, Keblinski attended a Diversity Summit organized by 
the National Society of Black Physicists and National Society of Hispanic Physicists. The Summit 
educated us and exposed us to the broad problems facing science and engineering promotion and 
education within under-represented minorities. We learned about one effective avenue of increas-
ing representation of ethnic minorities in the PhD program, namely targeting institutions with 
large minority student populations, which have Masters-level programs. In the next year we will 
indentify one such institution to establish a contact and promote our PhD program among Masters- 
level students. 

Throughout the eight years of existence of our NSEC, we built a national and international reputa-
tion for RPI, particularly in the areas of nanosciences and nanotechnology. This contribution is one 
of the building blocks of the spectacular success of the admission process at RPI. As of January 
2009, the number of applicants for undergraduate studies have increased by 150% over the last 
fi ve years. Most importantly, the number of female applicants has increased by more than 300% 
and applications from under-represented minorities have increased by over 650%. We see this as 
an opportunity to dramatically increase the number of females and under-represented minorities in 
fi elds of science and engineering that will be nurtured by our institution.

At UIUC, NSEC faculty members have continued to participate in the “Multi-Cultural Engineer-
ing Recruitment for Graduate Education” (MERGE) program in the College of Engineering. This 
highly successful program brings promising graduate school prospects from under-represented mi-
nority groups to the UIUC campus for an expense-paid, in-depth view of the outstanding programs 
and facilities available for graduate study at UIUC. The program is funded by corporate partners 
and includes all engineering departments plus chemistry and physics. 
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10.2  Plans for the Next Reporting Period (B)

10.2.1  Undergraduate Students

The PUI partnership program has been extremely successful in providing research training for 
undergraduate students and in involving faculty from PUIs in the NSEC. 

In Year 9 of our Center we will focus on continuing to leverage this program by creating research 
opportunities for our (RPI and UIUC) undergraduate students. As in the previous years, those stu-
dents will be fully integrated with the NSEC’s PUI summer program and often they will continue 
their research during the academic year; they will thus follow the same undergraduate research 
schedule as the undergraduates from the PUI partners. As in the past, support for such students will 
combine the NSEC resources with additional funds from the participating faculty and the RPI Of-
fi ce of Diversity. In Year 9 we will focus on developing collaborations and PUI partnerships with 
the University of Puerto Rico - Mayagüez (UPRM), which will broaden our activities with their 
excellent Hispanic student population.

Faculty at UIUC will again support research by 4 or 5 undergraduates from under-represented 
groups during the summer and academic year 2009-2010.

Our NSEC students and faculty will continue to participate in RPI and UIUC school-wide pro-
grams to recruit women and minority undergraduate students. Examples include a high school 
visitation weekend at UIUC held annually to attract minority students to engineering. Summer 
camps for minority students are held on campus, and there are full scholarships, now including 
more than 50 merit awards, available for minority engineering students, which are largely funded 
by companies. Our diversity focus group will continue to coordinate NSEC faculty involvement 
in recruiting opportunities, including summer camps, and also in mentoring minority students. 
This group will continue to strive to improve retention and encouragement of minorities choos-
ing scientifi c and engineering careers. We will involve Center students in the tutoring of fi rst-year 
minority students as well.  

10.2.2  Graduate Students

Of the current 34 graduate students, 8 are women, and 2 represent an ethnic minority. Our original 
diversity plan utilized the PUI program as a means to increase the diversity of our graduate popula-
tion. Most of the students involved in this partnership program have proceeded to enroll in gradu-
ate school. Currently three of the students who participated in the PUI partnership program were 
successfully recruited and conduct their graduate studies at RPI. This success clearly demonstrates 
that the PUI program spring-boards undergraduates into graduate programs, and motivates us to 
emphasize gradate recruiting efforts via undergraduate research programs.  

The NSEC diversity focus group has also identifi ed several programs on campus to engage for the 
purpose of recruiting students. This includes involvement in the SURGE program (Support for Un-
der-Represented Groups in Engineering) at UIUC that provides funding for minority students for 
the fi rst year of graduate school and the AGEP program (Alliances for Graduate Education and the 
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Professoriate) at RPI that provides similar support. The participation of UIUC’s NSEC faculty in 
the MERGE recruiting activity will continue in the Fall of 2009.  In addition, Rensselaer is now a 
member of the Faculty Diversity Compact and attends recruitment fairs in Atlanta, GA. Our NSEC 
will also take advantage of Rensselaer’s policy to pay for the campus visits of potential minority 
and women graduate students that have a grade-point average of 3.5 or above. 

10.2.3  Postdoctoral Fellows 

In the hiring of postdoctoral fellows, our human resource departments observe policy safeguards 
to ensure fair hiring practices. In addition, through Rensselaer’s involvement with the New Eng-
land Board of Higher Education (NEBHE), as well McNair fellowships, we are actively recruiting 
top quality postdoctoral fellows as part of our updated diversity strategy.

10.2.4  Faculty

In Year 9 we will continue our activities designed to increase diversity hires. Examples of Rens-
selaer’s activities include working with the Compact for Faculty Diversity. Compact members 
include Alliances for Graduate Education and the Professoriate, Bridges to the Professoriate Pro-
gram, Ronald E. McNair Postbaccalaureate Achievement Program, National Science Founda-
tion Postdoctoral Fellows Program, Alfred P. Sloan Foundation Minority Ph.D. Program, and the 
Southern Regional Education Board Doctoral Scholars Program. RPI employs the services of The 
Northeastern Consortium for Faculty Diversity to identify potential faculty.  Rensselaer is also 
developing a recruiting relationship with the NEBHE Excellence Through Diversity Program. 
There are additional Rensselaer funds to recruit minority faculty candidates. Finally, RPI has been 
holding recruitment seminars with its Department Chairs, Deans, and Faculty to discuss strate-
gies for increasing diversity within the candidate pool. UIUC has also adopted similar strategies, 
with aggressive programs that provide new faculty lines for under-represented minorities at both 
the College of Engineering and University-wide (Provost, Chancellor) levels. Our NSEC will 
continue its active involvement in providing signifi cant incentives for relevant faculty to join our 
constituent institutions.
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11  Education and Human Resources
The NSEC’s education and human resources programs range from primary to secondary through 
graduate education. Our educational programs are well integrated with our research efforts and 
have greatly enriched the impact of our NSEC. Our educational partnerships with Morehouse, Mt. 
Holyoke, Smith, Spelman, and Williams Colleges continue to expand the high quality and diverse 
undergraduate population that has been trained and developed through our Center. Our graduate 
courses both in Leadership and in Emerging Technologies have had a positive infl uence on a broad 
array of graduate students, and we have provided unique opportunities for our undergraduates to 
participate in research, and for many of the Center’s graduate students to participate in outreach 
efforts such as the Molecularium project and our High School Teachers program. While some of 
our programs have already been discussed in Thrust 3 of Section 9, the others are discussed here.  

11.1  K-12 Informal Science Education
Our efforts in K-12 informal science education are highlighted in Thrust 3 of Section 9. In addi-
tion to the formal programs described in Section 9, the faculty and students participate in many 
one time events such as Black Family Technology Awareness Day, Design Your Future Day, and 
Exploring Engineering Day. Our students are working with the Children’s Museum of Science 
and Technology (CMOST) in Troy, NY during Nano Days 2009. We recently supported installa-
tion of a scanning electron microscope at CMOST and NSEC faculty spend time in public school 
classrooms. 

11.2  Undergraduate Education

11.2.1  Primarily Undergraduate Institutions (PUI) Partnership Program

We have been collaborating for the past eight years with faculty from Morehouse, Mount Holy-
oke, Spelman, Smith, and Williams Colleges to provide a research opportunity for undergraduates 
and to provide collaboration between NSEC faculty and PUI faculty. One faculty member from 
Mt. Holyoke (Decatur) recently moved to Oberlin College as Dean of Science and we will con-
tinue to work with him there. Each of these colleges has outstanding undergraduate programs; the 
group includes two of the premier HBCUs and three of the premier women’s colleges in the U.S. 
Through this collaborative effort, we have learned a great deal about how to partner with PUIs, 
completed some strong research, and had about 49 students (35 of them from under-represented 
groups in engineering ) spend time at Rensselaer. Many of the students have spent two summers 
involved in the project. Two of the former students are currently graduate students at Rensselaer 
(one from Spelman and one from Morehouse) and the majority of them have pursued graduate 
education. We are working on a new partnership with the University of Puerto Rico at Mayagüez 
and a student from UPR Mayagüez will join our summer program this year.

We budget $15K per project with about $8K/project transferring to the partner schools to cover 
travel, supplies, and student salary during the year. Based on assessment and discussion with part-
ner faculty, it is clear that the students are learning a great deal, and get an opportunity to determine 
if they like research. This fl exible program allows students to spend summers at Rensselaer or their 
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home institution or in some cases the summer split between the two schools. We have found that 
for some projects the students are more productive if they have spent a semester or summer work-
ing at their home institution fi rst, and for other projects, spending time at Rensselaer fi rst works 
best. We continue to try to keep the students involved for more than one year and this has been 
very successful when working with Morehouse and Spelman. Second, we continue to insist on an 
annual meeting of the faculty from the NSEC and from the partner schools early in the summer 
with the students present. This meeting sometimes happens face-to-face and sometimes through a 
conference call. This is in addition to the discussions between faculty before the students arrive for 
the summer. During the fi rst week of the summer program (Figure 1), the students give a 5 minute, 
3 slide presentation of their research project. This has been an excellent way to ensure the students 
are clear about the goals for the summer. Finally, we continue to develop our summer seminar se-
ries for the students that includes leadership, ethics and report writing as well as technical seminars 
from faculty and graduate students.

Figure 1.  The 2008 PUI students and faculty meet with Prof. Schadler on the Rensselaer campus.

The following paragraphs give examples of the collaborative NSEC-PUI projects. Joint posters 
and publications resulting from the work are referenced in Section 11.5, in which undergraduates 
have a * after their name and both NSEC and PUI faculty names are underlined.

Protein Interaction with Surfaces (Decatur – Oberlin, Garcia, Dordick)

The self-assembly of polypeptide chains into bundles of nanofi brils (termed ‘amyloids’) is associ-
ated with a large number of diseases, including Alzheimer’s and type II diabetes. The mechanism 
of this process and the factors which guide the self-assembly are still open questions, with sig-
nifi cant implications in biomedical applications as well as fundamental principles of biological 
self-assembly. The Decatur group at Oberlin (formerly at Mount Holyoke) has synthesized many 
peptides, derived from naturally occurring aggregating proteins, which form amyloid fi brils in 
solution. One common model for self-assembly is the peptide Abeta16-22, a fragment of the Abe-
ta polypeptide associated with Alzheimer’s disease. This peptide forms antiparallel beta sheets, 
which laminate to form nanocrystallite structures. The Decatur lab has characterized these using 
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FTIR [1], and X-ray fi ber diffraction [2]. Dong Zhang ’09 has introduced nitrile groups into the side 
chains of these peptides, and she has used the IR spectrum of the nitrile labels to probe the details of 
the intersheet lamination process. This year, she has been building models of the laminate structures 
at RPI in collaboration with the Garcia laboratory based on her IR data. Her work follows on Priscilla 
Yohuno’s ’08 work studying the stability of H1 aggregates using both experiment and MD modeling 
in Garcia’s laboratory. 

First Principles Chromophore Formation in Green Fluorescent Proteins (Cardelino – 
Spelman, Nayak)

Green fl uorescent protein (GFP) is widely used as a genetic marker and biosensor. Its ability to 
catalyze the synthesis of its fl uorescent chromophore (p-hydroxy-benzylidene-imidazolidone) from a 
three residue segment of its amino acid sequence (Ser-Tyr-Gly, SYG), without the use of additional 
enzymes or cofactors, makes it portable into any organism. Understanding this autocatalyzed reaction 
would fi ll a void in our knowledge and at the same time it would unlock the potential for the design 
of novel proteins with the ability to synthesize intrinsic chromophores. Using fi rst principles density 
functional method and gradient corrected approach, we have studied the initial steps of chromophore 
formation. Specifi cally, we have studied the initial cyclization step, which involves the carbonyl 
carbon and peptide nitrogen forming a ring structure that is a critical component for chromophore 
fl uorescence. Starting with the uncatalyzed reaction (Figure 2), we found that carbonyl oxygen on 
the intermediate ring must be protonated in order to form a stable intermediate state. The estimated 
energy barrier for this reaction is 14 kcal/mol with protonation (Figure 3). Without protonation of 
this oxygen, the ring structure opens up and returns to the initial reactant state. This step will help in 
understanding which amino acids may be used for catalytic steps along the reaction path.

Figure 2.  Atomic structure (left) and electronic density (right) for the GFP triad (Thr-Tyr-Gly) with catalytic 
groups Arg and Asp. Using density functional theory (DFT), the threshold of structural rearrangement for the 
catalytic side chains will be tested and used as input for determining suitable and new protein structures that 
may incorporate the fl uorescent triad. Three water molecules are included in the calculation.

Figure 3.  Energy profi le for ring closure reaction, indicating protonation is necessary for a stable intermediate 
ring structure.
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Characterization of Metal Encapsulated Multiwall Carbon Nanotubes (Ravi – Spelman, 
Schadler)

This new project this year focused on the characterization of metal encapsulated multiwall carbon 
nanotubes using X-ray diffraction and electron microscopy. Transition/rare earth metal encapsu-
lated multiwall carbon nanotubes were synthesized by the pyrolysis of hydrocarbon using an inter-
metallic alloy as the catalyst. While electron microscopy confi rmed the presence of the nanotube 
structure (Figure 4), X-ray diffraction data indicate encapsulation of metal atoms in the tube. Dif-
fraction peaks corresponding to the metals are seen in addition to conventional peaks due to carbon.  
From the characterization studies of the materials prepared at different conditions, it is concluded 
that encapsulation is possible only when the operating temperature is above 900οC, but below
1000οC. This project resulted in a presentation at the National Society of Black Physicists in Nash-
ville, TN, February 10-13, 2009 by Jasmine Hargrove [3]. This past summer was primarily spent 
training Jasmine on microscopy and the X-ray diffraction equipment, teaching her the fundamen-
tals behind the techniques and gathering preliminary data. In the future, she will complete a more 
comprehensive study of the structures of the tubes under different processing conditions.

           Figure 4.  A TEM micrograph of nickel
              encapsulated in multiwall carbon nanotubes.

The Structure of Water on Nanoscale Surfaces (Queeney – Smith, Schadler)

For cells to adhere and grow on a surface, it has been shown that pre-adsorption of proteins is an 
essential fi rst step. The amount of adsorbed proteins on a surface will, to some extent, determine 
the quantity of cells that will adhere. Certain qualities of a surface promote increased protein 
adsorption that leads to cell adherence. Experimental data suggest that proteins adsorb in greater 
amounts to various oxide surfaces with nanoscale, rather than conventional micron-scale, fea-
tures. This study focuses on the size-dependent surface chemistry of α-alumina. Specifi cally, we 
have examined the hydroxyl groups on this surface and their relationship, if any, to particle size. 
Alumina (aluminum oxide) is a ceramic that has many phases, of which α-alumina (commonly 
known as corundum) is the most stable. The goal is to look at differences in the surface chemistry 
and determine if smaller particles, specifi cally nanoscale alumina particles, promote the adsorp-
tion of proteins better than larger, conventional sized particles. By depositing alumina particles of 
varying sizes on substrates cut from silicon wafers, transmission infrared (IR) spectroscopy can 
be used to look at the different hydroxyl groups that are on the surface of the alumina particles. 
IR spectra taken show a defi nitive difference in the hydroxyl groups of silicon wafers that have 
been coated with 0.9-2.2 μm (conventional) particles and those that have been coated with 27-43 
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nm (nanoscale) particles. The smaller particle size has a higher relative intensity than the larger 
particle size. This suggests that there is a different distribution of hydroxyl groups, depending on 
the size of the particles. The difference in surface chemistry as a function of size may therefore be 
infl uenced by the distribution of hydroxyl groups on the particle [4].

11.2.2  Undergraduate Research 

We have hired 7 undergraduates from UIUC and RPI to conduct research inside the Center this 
year.  These are in addition to students involved in the partnerships with PUIs. These students 
were closely allied with NSEC research and in several cases their work has resulted in excellent 
publications. 

Ekandrea Miller (Hispanic Female, currently a junior in Chemical Engineering at UIUC). Under 
the guidance of Prof. Lewis, Ekandrea synthesized fl uorescently dyed silica microspheres and 
characterized them using scanning electron microscopy. In her work she developed a method 
to scale up colloidal synthesis to create large volume batches. She further studied the effect of a 
comb copolymer dispersant on the stability of colloids as a function monovalent salt additions. 
She characterized the coated particles using zeta potential measurements, and imaged the resulting 
colloidal structure with confocal laser scanning microscopy.

Evelyn Huang (Female, currently a Junior in Materials Science and Engineering at UIUC).  Ev-
elyn worked on peptide-directed membrane reconstructions under the guidance of Prof. Wong. 
In collaboration with a graduate student mentor, she measured how deeply a prototypical class of 
antimicrobials embed themselves in membranes of different composition. This is an important de-
terminant of how much the membrane initially thins, and whether the membrane thus restructured 
can undergo addition self assembly. To do this, Evelyn had to learn to analyze the scattering form 
factor of membrane vesicles with high and low cholesterol content at a synchrotron. We anticipate 
that these results will be published this year. 

Meghan McKelvey (Female, currently a Senior in Materials Science and Engineering at UIUC).  
Meghan explored various methods to synthesize and functionalize magnetic iron oxide nanopar-
ticles of different shapes under the guidance of Prof. Shim. In addition to UV-Vis spectroscopy and 
other chemical analysis, she worked with a graduate student mentor to characterize the nanoparti-
cles with transmission electron microscopy. She successfully synthesized nearly spherical and cu-
bic shaped nanoparticles and exchanged their surface capping molecules to achieve water soluble 
nanoparticles.

Arianne Collopy (Female, currently a Sophomore in Physics at CalTech). Under the guidance of 
Prof. Braun at UIUC, Arianne studied the effect of exposure dose on the formation of holographi-
cally defi ned photonic crystals. She used optical microscopy and FTIR microscopy to character-
ize the optical properties of these holographic structures, and was able to identify the parameters 
necessary to reproducibly fabricate the photonic crystal structures.

Dan Scheffl er (Junior, Materials Science and Engineering, RPI). Under the guidance of Prof. 
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Schadler and senior NSEC graduate student Doug Dukes, Daniel is processing lead zirconium 
titanate nanoparticles for use in polymer nanocomposites. He uses microscopy and dynamic light
scattering to characterize the nanoparticles.

Shannon Johnson (Junior, Materials Science and Engineering, RPI). Under the guidance of Prof. 
Schadler, Shannon explored the use of high energy lasers to brea up agglomerates of InSnO 
nanoparticles. She worked with a graduate student to characterize the size of the particles as a 
function of laser power, nanoparticle concentration, and time. The work resulted in a poster pre-
sentation [5] at the Fall 2008 MRS meeting.  

Nicolas Profi ta (Junior, Information Technology, RPI).  Nicolas worked with the NSEC and our 
Molecularium Project under the guidance of Prof. Siegel on implementation of new Web sites.  

11.3  Graduate Education

11.3.1  New Graduate Course on Airborne Nanoparticles

Prof. Montoya developed a new graduate course titled “Airborne Particles: from Nanomate-
rials to Health Effects” (ENVE 6961) taught last spring at Rensselaer. This is an introductory 
course to Aerosol Science and seeks to present the fundamentals of the fi eld, including proper-
ties and mechanisms for airborne particles from the nanoscale to the super-micron scale. Student 
evaluations were based on individual and team projects. The students formed multidisciplinary 
teams to integrate the various research disciplines represented in the class (e.g., architecture, en-
vironmental engineering, chemistry, mechanical engineering, science and technology studies).

11.3.2 Business Implications of Emerging Technologies

Prof. Peters is part of a team of three faculty teaching a semester graduate course in Business In-
novation in Emerging Technologies (BIET). This course investigates the business dimensions of 
major technological advances. It explores how industry structures and organization, the dynamics 
of competition, patterns of innovation, operational decisions, and fi nancial investment are all in-
fl uenced by various types of technical breakthroughs. A major assignment for this course is devel-
oping a technology road map and using this roadmap as a basis for analyzing the potential impact 
of technology on the dynamics of an industry involved in emerging technologies. Several groups 
explored the impact of various nano-enabled technologies, such as carbon nanotubes, fuel cells 
and nanobiotechnolgy. In Commercializing Advanced Technology (which used to be the second 
semester of BIET) taught by Peters and another faculty member, students explore the interplay 
between emerging technology development, commercialization and new business creation. The 
challenges associated with intellectual property protection and utilization as well as the socio-
economic and ethical dimensions of new technology adoption are explored. Each year, students 
are required to select an early stage technology-based business concept development project, pro-
vided by either private sector companies or the RPI Offi ce of Technology Commercialization. A 
majority of the projects over the last four years have involved some aspect of nanotechnology. 
Educational material drawing on nanotechnology research fi ndings in commercialization and the 
socioeconomic impacts generated through NSF support of our NSEC has also been included in 
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courses taught by Peters on Invention, Innovation and Entrepreneurship and Technological Entre-
preneurship, which serves undergraduate and graduate students, and New Technology Commer-
cialization, which serves the RPI executive MBA population. In Technological Entrepreneurship, 
student projects include the study of nanotechnology companies.

Past research on nanotechnology innovation and commercialization and the research carried out 
this past summer, supported by the NSEC Center, provided input into proposing a new Lally Busi-
ness School Degree. This specialized masters degree, Technology Commercialization and Entre
preneurship (TC&E), is now under review by New York State for certifi cation. The purpose of 
the TC&E degree is to prepare a new breed of technological entrepreneurs who have advanced 
understanding of technology, fundamental understanding of commercial functions and analytics 
and practical experience in technological commercialization. Graduates from the program should 
be able to work in many areas. Among them are: technology transfer companies, government 
labs, university technology transfer programs, technology start-ups, new business centers in R&D 
department, investment banks and venture capital fi rms, consulting companies featuring manage-
ment of technology or new product development, and intellectual property fi rms. In addition, 
Peters’ participation in the NSEC led to her involvement in the management and commercializa-
tion dimension of an IGERT Grant submission to the National Science Foundation on Molecular 
Bioprocessing.   

11.3.3  Graduate Leadership Course (Archer Leadership Center)

With NSEC support, the Archer Leadership Center at Rensselaer developed a graduate profes-
sional leadership series (PLS) open to all graduate engineering and science students at Rensselaer 
in the Spring of 2003. Since that time, a total of 287 students have participated in this non-credit 
course. The course is currently open to all Rensselaer graduate students, and enrollment is at an 
all-time high (51 students took the course this year). The course meets weekly, for two hours and 
covers topics in leadership such as the Myers-Briggs Type Indicator, ethical decision making, 
creativity, team building, and several others. Guest speakers from industry and academia lead 
class and foster discussion. The course has consistently received highly ranked evaluations from 
participants. This year, PLS introduced three new topics; ‘Managing Your Career’, ‘The Global 
Workforce’ and ‘Moving from a Tech Specialist to Manager’. The program logistics changed for 
the Spring 2009 semester, by moving from Wednesday nights to Monday nights. This has allowed 
for different types of students to take advantage of the course (we’ve seen an increase in students 
who are currently employed in industry). This new timing will continue into the Fall 2009 se-
mester. Beginning in Fall 2007, the Provost took fi nancial sponsorship of the PLS through a cost-
sharing program with the Fuel Cell IGERT program at Rensselaer. The PLS is a required course 
for students participating in the NSEC and the Fuel Cell IGERT program.

11.3.4  Graduate Student Research Workshop

Rensselaer’s second annual Nanotechnology Research Workshop was focused this year on stu-
dent and postdoctoral presentations and took place just before our Industry Partners Meeting 
in the Fall of 2008. Each NSEC student and postdoctoral researcher was asked to make a 20 
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min presentation of their research. This full day workshop, attended by many of the faculty as 
well, lead to fruitful discussions and a more complete understanding by the students of Center 
research. Students, postdoctoral researchers and faculty responded very positively to this work-
shop. This year the focus was primarily on NSEC presentations and did not include an out-
side speaker or panelists. This kept the focus on the NSEC and on intra-center collaborations.

11.4  Postdoctoral Researcher Mentoring 
The postdoctoral researchers in our NSEC are mentored throughout their stay in the Center.  They 
are given professional development guidance for their future careers in academia and/or industry.  
Signifi cant opportunities for guiding graduate and undergraduate students are made available, and 
these activities are overseen by faculty advisors.  Mentoring on research proposal writing and on 
intellectual property disclosure and patenting is also made available.  The NSEC faculty are quite 
proactive in all of these important areas of postdoctoral researcher and workforce development. 

11.5  Summary 
Through our K-12 educational programs, programs to improve science literacy, and our more 
formal undergraduate and graduate programs, the NSEC for Directed Assembly of Nanostructures 
has impacted thousands of people. Our work with undergraduates has encouraged them to pursue 
graduate degrees and provided focus to that pursuit. Our graduate courses have broadened our stu-
dents perspective in terms of leadership, entrepeneurship, and environmental impact. In addition to 
the programs listed here and in Thrust 3 (Section 9.3), we have had visiting scholars, international 
collaborations, and internships and extended visits for graduate students, as described in the Out-
reach and Knowledge Transfer Section (Section 12).
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12  Outreach and Knowledge Transfer
Our outreach and knowledge transfer strategy has been to continually and effectively reach out to 
people of all ages through informal and formal education efforts in nanoscale science and technol-
ogy and to well-established industries that could benefi t both society and commercially from our 
research results. In addition, we have continued to look for new opportunities to disclose and pat-
ent our NSEC technology and to create start-up companies to commercialize our technology and 
to create new jobs. Two such start-up companies were founded based on NSEC research. 

Solidus Biosciences, Inc., a startup company based on technology developed at RPI (Dordick 
laboratory), was founded to commercialize biochips and related devices to identify the toxicity 
of chemicals (e.g., drugs, drug candidates, cosmetics, and environmental chemicals) all in the 
absence of animal testing. Solidus Biosciences continues to operate and has benefi ted from sev-
eral research grants and industrial contracts totaling ca. $4 million. These include the award of a 
Phase II STTR grant from the National Institute of Environmental Health Sciences (NIEHS), two 
additional Phase I STTR grants from NIH, and two Phase I STTR grants from the NSF. This com-
pany has also established partnerships with pharmaceutical, chemical, and cosmetics companies 
for performing high-throughput in vitro toxicology analysis on biologically active candidates, as 
well as with the U.S. EPA ToxCast program for analysis of the toxicity of agrochemicals, primarily 
herbicides.

DzymeTech, Inc., a startup company based on technology developed at UIUC (Lu laboratory), was 
founded to commercialize highly sensitive and selective functional sensors for a broad range of 
targets. Under the NSEC, Lu’s group has made signifi cant progress in advancing the fundamental 
science of the genetic control of stimuli-responsive assembly and disassembly of nanomaterials 
such as gold nanoparticles, quantum dots, and supermagnetic iron oxide nanoparticles using func-
tional DNA and aptamers. These research activities have resulted in simple, highly sensitive and 
selective colorimetric, fl uorescent and magnetic resonance imaging sensors for a broad range of 
molecules, including metal ions (such as lead, uranyl, mercury and copper) and organic molecules 
(such as adenosine and cocaine, and thrombin). Two patent applications have been fi led this year 
through the Offi ce of Technology Management at UIUC. The technology has been licensed to 
DzymeTech, which has received an NIH STTR Phase II grant worth $750K.

Our NSEC has developed, through its past and present collaborative activities, a strong relation-
ship with the Smart Lighting Engineering Research Center, which is maintaining the web site 
www.LightEmittingDiodes.org that provides hundreds of fi gures and pieces of technical informa-
tion. The web site is frequently visited and, based on feedback, is valued by thousands of engi-
neers, researchers, and even high-school students around the world. 

During the past year our broadly based outreach and knowledge transfer efforts have also included: 
active outreach to a wide range of companies and academic institutions worldwide; further im-
provements to our NSEC websites, including related work on our Rensselaer Nanotechnology 
Center and Molecularium websites (now including www.moleculestothemax.com); organization 
and presentation of our NSF-funded High School Teacher Short Course on “Nanotechnology and 
Nanostructured Materials and Devices”; and signifi cant expansion of our Molecularium® project 
to enhance science literacy. Our NSEC’s initial Molecularium creation, an entertaining twenty-
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three minute, animated musical educational production, “Riding Snowfl akes”, has beeen shown 
for long periods at the Children’s Museum of Science and Technology (CMOST) in the Rens-
selaer Technology Park in Troy, N.Y., at the Chabot Space and Science Center in Oakland, CA, 
and at the LodeStar Planetarium and Astronomy Center in Albuquerque, NM. The show is now in 
worldwide distribution under licensing agreements between Rensselaer and the major planetarium 
show distributors, including Sky-Skan and Spitz, and is being translated into several foreign lan-
guages including Korean and Arabic. During the past year we have continued the development of 
our Molecularium project, thanks to substantial private gifts totalling $3.3 million presented to 
the Rensselaer Nanotechnology Center for the Molecularium project. With these generous gifts, 
which have complemented our NSEC funding in this project, we have purchased and installed at 
RPI a state-of-the-art render farm for animation production, as well as a digital-dome production 
studio. We have now fi nished creating a 42-minute show, ‘Molecules to the MAX”, based on the 
fi rst show, that has signifi cantly expanded and refi ned its content and greatly increase its probable 
impact by being made into a HD video and a 70 mm fi lm version for display in the vastly popular 
large-screen format (e.g., IMAX). It’s an extremely exciting period for the Molecularium project 
as we create new educational pathways and seek additional funding to expand our efforts to im-
prove public science literacy and provide new opportunities for science visualization.  

12.1  Industry Outreach

12.1.1  Industry Partnership

The NSEC’s major industry partners during the past year have included ABB, Chisso, IBM, and 
Intel, in addition to our affi liated companies Albany International, Eastman Kodak, Philip Morris 
USA, and Sealed Air Corporation. Each of these companies has a representative on our Indus-
try Advisory Board (IAB). The NSEC research funded by these companies, primarily through 
company-named graduate or postdoctoral fellowships, continues to be very productive. In March 
2008, the new industry partnership with North American Chisso Corporation (an international 
corporation based in Japan) commenced. It has already been quite productive with a member of 
their research staff on the RPI campus working with the research group of Dr. Robert Lindardt. We 
continue to submit publications, invention disclosures, and patent applications, often jointly with 
these companies, and facilitate technology transfer. Our graduate and undergraduate students, and 
postdoctoral reserachers, continue to benefi t tremendously from these interactions with industry, 
both from the broader education that they have received and the considerable self-confi dence that 
they have achieved. One of the highlights of this NSEC-industry interaction is a meeting with the 
companies each year. The meeting was last held in October 2008. During this industry meeting, 
personnel working on the projects shared their results with the meeting group and small break-out 
groups discussed plans for the coming year. The IAB also met with the NSEC management team 
during this event. 

12.1.2  Other Industry Outreach

Our NSEC and its participants have a number of interactions with industry at both UIUC and RPI 
that are more informal. Frequently, NSEC members visit companies to give seminars (see Section 
17.3) and/or discuss collaborations. Interactions have been ongoing since our NSEC’s inception.
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12.2  NSEC Website
Our NSEC website, www.nano.rpi.edu, has been linked to the new all-NSEC website that was es-
tablished at Columbia University to provide more fl uid interactions among all of the NSF NSECs.  
We helped in the establishment of this new and very useful website at www.nsecnetworks.org. In 
addition, we have updated and improved the website, www.molecularium.com, and created a new 
website, www.moleculestothemax.com, for our Molecularium project. We are continuing the pro-
cess of creating a new Rensselaer Nanotechnology Center website portal that will effectively link 
to our NSEC and Molecularium sites, making easy Internet access all the more available.

12.3  Short Courses and Workshops

12.3.1  High School Teachers Short Course

In partnership with high school teachers and students, we continue to develop high school chem-
istry teaching modules that are being implemented in high school chemistry laboratory courses. 
Each summer, two high school teachers and two students spend six weeks in the NSEC at Rens-
selaer, working in Professor Ryu’s laboratory and developing teaching modules. The module con-
cept was piloted in Niskayuna High School’s AP Chemistry course, with an emphasis on creating 
a hands-on module and developing an appreciation for the nanoscale. The faculty took advantage 
of an existing “silver mirror laboratory” and enhanced it for thois module. In their experiment, the 
students use self-assembled monolayers (SAM) to change the silver mirror surface into a Tefl on-
like one. In addition, this experiment enhances their understanding of the fundamental concepts 
of “hydrophobicity and hydrophilicity” as surface properties. The teachers and students also per-
formed microscopy and AFM experiments to investigate the nanoscale surface structures of mica, 
fl oppy disks, a nanoporous membrane, and particles. The microscopy surface images are used as 
lecture material to improve the student’s understanding of material structures at the nanoscale. The 
teachers assess student learning and continue to provide us with feedback each semester.

12.3.2  Nanotechnology Research Workshop

A Nanotechnology Research Workshop, involving our NSEC graduate students was held again 
in Fall 2008. The aim of this workshop was to inform graduate students working in nanotechnol-
ogy-related research areas about the research activities of their peers, identify available equip-
ment and facilities at Rensselaer, and establish effective professional networks. More than thirty 
students, postdoctoral researchers and faculty gathered for this multidisciplinary event including 
participants from nine departments. Students responded very positively to this workshop. In post-
workshop evaluations, students indicated that they were excited to participate in future workshops 
and that they would recommend workshop participation to friends. Students also indicated that 
the Nanotechnology Research Workshop helped them to learn about ongoing research activities 
on campus and to grow their professional network. We will continue having this Workshop each 
year in order to facilitate interaction and collaboration among our NSEC participants and with the 
broader campus community. It will next be held in May 2009.
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12.4  Personnel Exchanges
In addition to our exchanges with industry, we continued to have signifi cant interactions among our 
NSEC institutions. UIUC and Rensselaer faculty and LANL researchers normally meet at Rens-
selaer for an annual review meeting. In addition, there were a number of informal working visits 
by individuals among these and external partner institutions during the year. Graduate students and 
postdoctoral researchers also visited other institutions during the past year to exchange ideas, carry 
out research, and pursue valuable interactions with other researchers. Some examples are:

• Ms. Abigail Griffi th (graduate student, UIUC) spent the Summer of 2008 at the Air Force Re-
search Laboratory, Wright Patterson Air Force Base in Ohio.

• B. C. Benicewicz  presented a seminar on RAFT polymerization from nanoparticles at the Max Planck 
Institute for Polymer Research in Mainz, Germany. 

• K. S. Schweizer initiated a collaboration with Michelin North America in the area of polymer 
nanocomposites.

• Lung-Ching Sang (Ph.D. student, RPI), spent several months at the National Institute for Materials 
Science (NIMS) in Tsukuba, Japan. As part of an MOU between NIMS and RPI, Lung-Ching Sang is 
also spending the fi rst semester of 2009 at NIMS with funding from Japan. This is in the framework 
of a collaboration on the synthesis and characterization of novel mesoporous carbons and silicas, and 
studies of protein adsorption on these materials.

• M.-O. Coppens conducted extensive research and educational collaboration and taught class on ad-
vanced nanomaterials at the Department of Chemical Engineering of Delft University of Technology, 
Delft, The Netherlands.  Collaborated on diffusion studies in nanostructured materials, using PFG 
NMR, and theoretical studies of diffusion in nanopores at the Department of Theoretical Physics of 
the University of Leipzig, Germany with involvement by the Department of Physics at the Univer-
sity of Giessen, Germany.  Also collaborated on high-resolution transmission electron microscopy 
of hierarchically structured nano-composite materials at the School of Chemistry at the University 
of St. Andrews in Scotland.  Attended EU’s  INSIDE PORES Network of Excellence involving top 
European groups in porous materials synthesis, characterization, membranes, catalysis, and compu-
tational research led by the National Center for Scientifi c Research “Demokritos”, Greece, and the 
EU Collaboration FUSION at the School of Chemical and Bioprocess Engineering of the University 
College Dublin, 

• Henrik Hilborg (Researcher, ABB) spent several days at Rensselaer to enable technology 
transfer to ABB. 

12.5  Visits to Other Institutions: International Visits by NSEC Faculty
B. C. Benicewicz.  Germany.  For the purpose of a seminar.

M.-O. Coppens.  The Netherlands, Japan, Norway, Mexico, France, Belgium, Italy, Canada.  For the pur-
poses of seminars and collaboration.
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S. Garde.  Greece.  For the purpose of presentation.

S. K. Kumar.  Sweden, Greece, India.  For the purposes of presentation and  invited lectures. 

Y. Lu.  Singapore, China.  For the purposes of seminars and collaborations. 

E. F. Schubert.  South Korea.  For the purpose of collaboration. 

K. S. Schweizer.  The Netherlands, Japan.  For the purpose of collaboration.

R. W. Siegel.  Canada, England, India, Spain, Switzerland.  For the purposes of collaboration, invited lec-
tures, educational outreach, and participation on evaluation and advisory boards.

12.6  Outreach and Knowledge Transfer - Plans
To continue growing our outreach to industry. We will continue to seek additional corporate part-
nerships and funding at both UIUC and RPI under the aegis of our NSEC. We have very recently 
hired a new Associate Director for the Rensselaer Nanotechnology Center to help in this effort to 
seek additional companies to join the partnership or sponsor research and education through other 
avenues.

To continue to increase the number of exchange visitors and to encourage longer-term person-
nel exchanges. Our NSEC participants and programs benefi t greatly from personnel exchanges at 
all levels, nationally and internationally. We will continue to welcome visitors to our institutions 
and laboratories and to encourage valuable longer-term exchanges.

To continue to develop the Molecularium® Project. The tremendous success of our fi rst show 
“Riding Snowfl akes”, a magical musical adventure into the world of molecules and materials, is 
creating many opportunities to further promote public science literacy using the Molecularium 
concept. The marketing and distribution of our now completed large-format (e.g. IMAX) and HD 
video shows, “Molecules to the MAX”, is underway. We will continue to develop new and exciting 
efforts to reach a broader segment of society worldwide. This project is now an important compo-
nent of Thrust 3 (see Section 9).

To continue to encourage the formation and mentoring of NSEC spin-off companies. Our NSEC 
has already spawned two new start-up companies based fully or partly upon the Center’s research.      
We will continue to maintain an atmosphere in which invention disclosure, patent application, and 
the creation of new companies are encouraged so that the NSEC’s broad range of creative activities 
can benefi t society to the maximum extent possible.



112

13. Shared and other Experimental Facilities

13  Shared and other Experimental Facilities
Our NSEC’s extensive, crosscutting research efforts are enabled by excellent research facilities, 
including equipment managed by our NSEC, centrally by RPI and UIUC, and at national laborato-
ries. These tremendous resources at various locations are shared and utilized by NSEC researchers 
for: simulation and design; synthesis and directed assembly; and characterization. The success and 
growth of our NSEC effort depends strongly on the quality and availability of current and pro-
posed facilities. In addition to the NSEC experimental facilities at RPI and UIUC, and the excel-
lent research infrastructures at these two institutions, world-class facilities at national laboratories, 
particularly Los Alamos National Laboratory, boost the level and capabilities of several of our 
NSEC research programs. The powerful network of computational facilities at LANL, in addition 
to those at UIUC and RPI, has signifi cantly advanced NSEC modeling efforts. The new facilities 
at LANL’s Center for Integrated Nanotechnology (CINT) also support our NSEC program. NSEC 
researchers at RPI and UIUC use facilities at other national laboratories as well, including the Ad-
vanced Photon Source (APS), USAXS facility at Argonne National Laboratory and the grazing-
incidence X-ray diffraction (X21) facility at Brookhaven National Laboratory.

13.1  NSEC Facilities
Our NSEC houses and manages a variety of microscopy, spectroscopy, thermal analysis, and me-
chanical testing equipment, as well as extensive computational clusters. These resources are ac-
cessible to all NSEC researchers. An NSEC laboratory for computational facilities continues to 
play a signifi cant role at RPI to support our computational modeling and design activities (Garcia, 
Garde, Keblinski). Simulation resources now include fi ve computational clusters and a fi le server 
providing 9 terabytes of shared data storage organized in a RAID-Z array for added reliability and 
performance. Senior Research Specialist, Dr. Sergei Shenogin, is supported by the NSEC to main-
tain these computational facilities and advance computational research efforts at the Center. These 
clusters constitute an important component of the computational facilities at RPI and enable our 
theory and modeling research programs to conduct extensive multiscale computational research. 

A new render farm was installed for the production of our Molecularium® IMAX-type large-format 
show (Garde, Schadler, Siegel). Last year this facility was upgraded to double its computer power 
and now includes more than 63 terabytes of disk, 40 terabytes of back-up tape, 300 CPU cores, 
and 650 gigabytes of RAM. The main disk arrays are interconnected by fi ber and have two dedi-
cated 10 gigabit Ethernet connections to the cluster switch. A myriad of commercial, open source, 
and custom written software packages, running on multiple operating systems, drives the render-
ing and compositing processes. This new system, funded by a generous gift from a Rensselaer 
alumnus, constitutes a leap forward for the Molecularium project and also signifi cantly advances 
scientifi c visualization capabilities in the NSEC. The establishment of the Computational Center 
for Nanotechnology Innovations (CCNI) at RPI with funding from IBM and New York State has 
greatly increased our computational cababilities. This center hosts one of the world’s most power-
ful university-based supercomputer consisting of a series of IBM BlueGene/L systems with a total 
of 32,768 PowerPC processors. The NSEC researchers extensively use the possibility of highly 
parallel computations provided by CCNI that in some cases reduces the computation time by a 
factor of 30 when compared with conventional computer clusters.
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For the physical generation of nanoparticles and their in-situ modifi cation, a state-of-the-art inert-
gas condensation chamber is available in the NSEC laboratories at RPI. This chamber is able to 
produce metal, semiconductor, or ceramic particles ranging from 5 to 100 nm in diameter with 
lognormal size distributions. The versatility of the system is derived from the multiple methods of 
evaporation of the source. Chemical or biological treatments may be applied immediately after the 
nanoparticles are produced, before they agglomerate. Particles may be collected in various forms, 
solution, powder, or pellet, for desired applications. Also, our NSEC has extensive facilities for 
the synthesis of carbon nanotubes (multiwall and single wall) using chemical vapor deposition 
(CVD). Several CVD furnaces with various carbon precursors and different catalyst materials for 
nanotube growth are available. These furnaces have capabilities such as substrate selective growth 
and controllable length growth with automated feed rate control for the production of variable 
length nanotubes. One of the CVD setups is able to grow carbon nanotubes with high control and 
uniformity using wafer substrates up to four inches in diameter, ten pieces at a time. Several CVD 
furnaces are also optimized to grow carbon nanotubes on metallic substrates.

Facilities are also available for modifying nanoparticle and nanotube systems with a wide range 
of chemical and biological surface treatments. Standard facilities include chemical hoods and 
adequate sonicators and glove-boxes. For more specifi c uses, e.g., for chemical modifi cation of 
nanoparticle surfaces or synthesis of protein/nanoparticle conjugates, protein assay, studies of the 
kinetics of enzymatic reactions, etc., we have a wide range of equipment including the following: 
incubator-shaker (Boekel Scientifi c, 30-70°C); micro-centrifuge (Ultracentrifuge, Eppendorf, up 
to 14,000 g) at UIUC; analytical balance (HJM Co., 0.01 mg); pH meter; stirrer/hot plates with 
external temperature probes, 30-300°C; UV-Vis spectrophotometer (Thermo Electron Co., wave-
length range: 190-1000 nm). The NSEC also acquired at RPI a cryo-ultramicrotome (RMC, MT-
XL), which is necessary for making sections of various structures including biopolymer hybrids, 
polymer nanocomposites, and thin fi lms on silicon wafers. A conventional microtome and ion mill 
are also available, as is equipment for sputter- or CVD-coating of sample surfaces for microscopy 
sample preparation.

Multiple robotic deposition systems (Lewis) are available at UIUC for gels and nanocomposites. 
One robotic deposition apparatus, capable of 3-axis motion with positional accuracy of ~ ±100 nm 
over travel distances of 100 mm offers control over the dimensional accuracy of the as-deposited 
structures with roughly three orders of magnitude greater precision than in the original device, 
while matching its travel distance. Another system at UIUC is a dual-stage robotic deposition ap-
paratus with 3-axis motion, coarse stage (axial travel distance ~ 20 cm; positional accuracy ± 10 
μm) and a fi ne stage (axial travel distance = 100 μm; positional accuracy ± 50 nm). Equipment 
for the design of a dual-stage robotic deposition apparatus capable of 0.1 μm positional accuracy 
in its x-y-z motion stage is also available. Also at UIUC, the Malvern Instruments Zetasizer 3000 
HS provides characterization of nanoparticle size and surface charge in both polar and nonpolar 
solvents; it is also useful for studying properties of biologically-based particle assemblies. Also, a 
UV-Vis integrating sphere enables us to obtain accurate spectroscopy of nanoparticle containing 
solutions.

At RPI, an important NSEC facility continues to be our proximal probe laboratory, which plays a 
key role in all of our thrusts. This atomic force microscope (AFM) instrument (Digital Instruments 
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Multimode IIIa) has diverse capabilities including: tapping (regular, electric, and magnetic) and 
contact (regular, lateral, and current imaging) mode imaging (useful for imaging surface mor-
phologies of materials including multiphase systems such as nanocomposites); thermal imaging 
(capable of real-time imaging samples up to 250oC and taking viscoelastic measurements); making 
electrical measurements using Pt/Cr conducting tips (both current and potential mapping, useful in 
a wide variety of systems including biological nanostructures); making magnetic force measure-
ments (capable of measuring magnetic moments of molecules on the nanoscale); fl uid imaging 
to observe folding and refolding kinetics of various proteins in solutions; and performing nano-
indentation. In addition to the above capabilities, the instrument has a scanning tunneling micro-
scope (STM) and a high resolution scanner attachment that can be used to measure molecular level 
I-V characteristics. 

Signifi cant additions to the proximal probe laboratory have recently come online including (1) 
AFM/confocal Raman Microscope (alpha300R, WITec) and (2) Nanoindentor and NanoDMA 
with in-situ surface imaging (TI 900 Triboindentor, Hysitron). The alpha300 R represents a new 
generation of Raman imaging systems with high resolution, speed spectrum, and imaging, as well 
as in-situ topological mapping with AFM. In typical experiments, the acquisition time for a single 
Raman spectrum is signifi cantly less than 50 milliseconds. This allows complete two-dimensional 
images consisting of tens of thousands of spectra to be collected within a few minutes, realizing 
3-D mapping via depth profi ling with 200 nm resolution in both lateral and vertical points. Its 
sensitive setup allows for the nondestructive imaging of chemical components without specialized 
sample preparation for various materials. The Hysitron nanoindenter is a low load nanomechanical 
test system. It is ideal for measuring the hardness and elastic modulus of thin fi lms and coatings. 
The Hysitron TriboIndenter provides quantitative nanomechanical testing capabilities with the 
convenience of modern automation. With both normal and lateral force loading confi gurations, the 
TriboIndenter revolutionizes the sub-micron scale testing arena with real-time data collection and 
nanometer resolution using the optical viewer. In addition to the capabilities for mechanical and 
electrical characterization of nanoscale materials, the proximal probe laboratory has the capability 
of optical characterization of nano- and biomaterials utilizing a UV/Vis/NIR spectrophotometer 
(PerkinElmer LAMDA 950, 175-3300nm). This facility also has an FT-IR spectrometer (PerkinEl-
mer Spectrum One, 4000-400cm-1), which is a powerful tool to determine the existence of specifi c 
functional groups or molecules on nanomaterial surfaces.

Common uses of this facility include: visualization and characterization of nanoparticles, nano-
tubes, and their conjugates with biomolecules, including structures formed as a result of pro-
tein-directed self-assembly; resolution of single protein molecules adsorbed onto nanoparticles or 
single-wall carbon nanotubes; biomolecular nanolithography; and in situ observation of protein-
nanoparticle conjugation in liquid phase AFM. Our NSEC has a new experienced researcher (Dr. 
Jong-Won Lee) to supervize and maintain the facility, to assist researchers with specifi c projects, 
and to help train students at this facility.

13.2  Central University Facilities at RPI and UIUC
University facilities at Rensselaer and UIUC that are managed outside of the NSEC, but which 
are accessible to NSEC researchers, play a vital role in NSEC research. These central facilities 
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increase the breadth of NSEC simulation and design, synthesis and directed assembly, and char-
acterization abilities. Recent additions at Rensselaer in the Center for Biotechnology and Inter-
disciplinary Studies have been utilized in many NSEC investigations including DSC, TGA and 
Dynamic Light Scattering (DLS) instruments. RPI also has a full range of microelectronics-related 
processing and characterization equipment available for use in the Rensselaer Microfabrication 
Clean Room (MCR), a 5870 ft2 Class 100 facility. In the MCR we also have full access to: a dip-
pen lithography tool (Nanoink DPN Writer); e-beam lithography (Carl Zeiss SMT Supra 55 SEM 
with e-beam writing attachment); atomic force microscope for topographic, electrical, magnetic 
and thermal characterization at the nanoscale (Digital Instruments/Veeco Dimension 3100); and 
a dual-beam FIB setup (Carl Zeiss Ultra 1540 Cross-beam Focused Ion Beam/Electron Beam 
Nanofabrication and Analysis Tool). Also available for NSEC use at RPI are: a variety of optical 
and electron microscopes equipped with material characterization capabilities including a CM 
12 Philips TEM with EDX attachment, a JEOL 2011 HR-TEM, and a JEOL6330 FESEM with 
EDX and Z-contrast capability; a triple-axis X-ray diffractometer; and a Renishaw micro-Raman 
Microscope with an argon ion laser (514.5 nm) operating at 24 mW power and 50x objective. 
UIUC has an extended suite of equipment both at the Materials Research Laboratory (MRL) and 
the Beckman Institute that is extensively used by our NSEC team. At the MRL, the NSEC team 
uses the small- and wide-angle X-ray facilities, multiple TEMs and SEMs, XPS and SIMS. At the 
Beckman Institute, the NSEC team also uses the environmental SEM, the laser scanning confocal 
microscope, AFM and TEM facilities.
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14  Personnel and Management

14.1  Director’s Statement
During the past eight years, we have continually improved our NSEC’s research, management and 
support teams. In Year 8, we upgraded our administrative staff with a new Senior Business Admin-
istrator (Carol Trifaro) and an Associate Director for the Rensselaer Nanotechnology Center (Den-
nis Hull). Over the past two years, new leaders of our Computing and Proximal Probe Laboratories 
were hired to further develop these key facilities and train students. Over the past several years, 
ten new faculty members were brought into the NSEC, each of whom have contributed important 
new and complementary expertise to our research programs. One of these (Kumar) transitioned 
from RPI to Columbia University toward the end of Year 5, but still retains a faculty appointment 
at RPI and is continuing his active participation in our NSEC program. Another (Benicewicz) 
moved to the University of South Carolina at the end of Year 7, but still retains a strong ongoing 
research presence in the NSEC.  Room was made for these faculty additions by phasing out some 
original senior investigators. Also, several affi liated or limited participation senior researchers 
were added to our NSEC. This now brings the total number of faculty-level participants to 34. 
Research Thrusts 1 and 2 have retained, graduated, and replaced excellent graduate students and 
postdoctoral researchers to carry out their research. Thrust 3, with its focus on serving society 
through education and outreach, was consolidated from several successful underlying efforts into 
an integrated whole. Finally, positive adjustments have continually been made to strengthen our 
NSEC management team including changes in our Executive Committee and the creation of a 
strategic diversity focus group.

14.2  NSEC Committees and Membership
Our NSEC leadership team is based in an Executive Committee (ExCom).  The ExCom is now 
comprised of: the Director, Richard W. Siegel (RPI), Associate Director, Kenneth S. Schweizer 
(UIUC); the Leaders of Thrusts 1, 2, and 3, respectively, Jennifer A. Lewis (UIUC), Jonathan S. 
Dordick (RPI), and Linda S. Schadler (RPI); Pawel Keblinski (RPI); and new Los Alamos team 
leader Joel Kress (LANL), who replaced Antonio Redondo who became Theoretical Division Di-
rector at LANL. Schweizer and Keblinski also serve as diversity program coordinators for the 
NSEC on their respective campuses and Schadler continues to oversee the education and outreach 
activities of our NSEC. We also created associate leader positions for Thrusts 1, 2, and 3, respec-
tively fi lled by Sanat Kumar (RPI/Columbia), Yi Lu (UIUC), and Chang Ryu (RPI), to help sup-
port the Thrust Leaders. The ExCom meets at least once a month by telephone to fully discuss and 
review research and educational progress, allocate NSEC resources, help with personnel recruit-
ment and development, and defi ne new research and educational directions for the Center. These 
meetings are supplemented by frequent phone meetings of the individual thrust teams, monthly 
group meetings at RPI, UIUC, and LANL, and numerous inter-institutional visits and seminars 
by the researchers at all levels. In addition, we normally hold an annual summer meeting and 
program review with all of our NSEC faculty-level investigators. The Director also makes visits 
to each of the participating institutions annually to discuss progress with the individual faculty-
level researchers and there are a number of other more informal visits during each year by ExCom 
members to the other NSEC institutions.  
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Our NSEC and its leadership team continually benefi t from two outstanding advisory commit-
tees: an External Visiting Committee (EVC) comprised of Barbara Baird (Cornell University), 
Louis Brus (Columbia University), Juan de Pablo (University of Wisconsin), William A. God-
dard, III (California Institute of Technology), John Silcox (Cornell University), and Matthew V. 
Tirrell (University of California at Santa Barbara); and an Industry Advisory Board (IAB) that has 
representation from ABB Research Corporation, Albany International, Chisso, Eastman Kodak 
Company, IBM, Intel, Philip Morris USA, and Sealed Air Corporation. Our EVC generally meets 
with our ExCom and Director each year in conjunction with our annual Industry Partners Meeting 
and NSEC review. Our IAB is made up of representatives from our various industry partners and 
affi liates to advise the NSEC management. The IAB members are currently: ABB Research Cor-
poration - Thomas Liljenberg; Albany International - C. Gregory Toney; Chisso Corporation - Paul 
T. Murayama; Eastman Kodak - Douglas Robello; IBM - Satya Nitta; Intel - George Thompson; 
Philip Morris USA - Seetharama Deevi; and Sealed Air - Drew Spear. The IAB meets with us in 
conjunction with our annual Industry Partners Meeting. Both of these committees, EVC and IAB, 
are charged with reviewing and assessing the impact of the NSEC programs, suggesting new 
research directions with high potential for technological impact, evaluating the impact of seed 
research programs, and providing advice to the NSEC leadership team. Very useful input has been 
received on an ongoing basis from both the EVC and IAB to strengthen our NSEC research, educa-
tion, and industry outreach efforts.
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15.1  Publications (current reporting period)
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ation and Shear Thinning in Glassy Hard Sphere Fluids”, J. Physics-Condensed Matter, 20, 
244129 (2008).

• (X) Serdakowski, A. L. and J. S. Dordick, “Enzyme Activation for Organic Solvents Made 
Easy”, Trends Biotechnol. 26, 48-54 (2008)

• (X) Sgourakis, N. G., and A. E. Garcia, “Global Versus Local Features of an Unfolded Peptide 
System – Aβ42 Modeled by Dynamics Simulations and NMR Experiments”,  for book entitled 
“From Denatured States to Intrinsically Disordered”, Vladimir Uversky and T. Creamer, Edi-
tors, in press (2009)

• (X) Shah, D., R. C. Pangule, S. S. Bale, P. Asuri, A. Joshi, A. Banerjee, D. Vance, J. S.  Dordick, 
R. S. Kane, “Preparation and Characterization of Carbon Nanotube-Protein Conjugates”, in 
press (2009)

• (X) Shang, W., J. H. Nuffer, V. A. Muñiz-Papandrea, W. Colón, R. W. Siegel, J. S. Dordick, 
“Cytochrome C on Silica Nanoparticles: Infl uence of Nanoparticle Size on Protein Structure, 
Stability and Activity”, Small, 5, 470-476 (2009)

• Shang, W., D. E. Crone, H. Yang, J. S. Dordick, R. E. Palazzo , R. W. Siegel, “Using Centro-
some Fragments in the Directed Assembly of Microtubules”, J. Nanosci. Nanotechnol. 9, 871-
875 (2009)
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• (X) Shenogina, N., P. Keblinski, and S. Garde, “Frequency-dependent Dynamical Coupling 
between Water and Protein via Thermal Analysis”, Journal of Chemical Physics, 129, Article 
#155105, 5 pages, (2008)

• (X) Smaldone, R. A. and J. S. Moore, “Sequence Dependance of Methylation Rate Enhance-
ment in Meta-phenyleneethynylene Foldamers”, (Communication from Chem. Commum), 
The Royal Society of Chemistry, DOI:10, 1039/b716122k (2008)

• (X) Son, D., A. Wolosiuk, P. V. Braun, “Double Direct Templated Hollow ZnS Microspheres 
Formed on Chemically Modifi ed Silica Colloids”, Chemistry of Materials, DOI: 10.1021/
cm8017852 (2009)

• Son, Y., S. K. Pal, T. Borca-Tasciuc, P. M. Ajayan, R. W. Siegel, “Thermal Resistance of the 
Native Interface between Vertically Aligned Multiwalled Carbon Nanotube Arrays and their 
SiO2/Si Substrate”, J. Appl. Phys., 103, 024911, 1-7 (2008)

• (X) Thomin, J. D., P. Keblinski, and S. K. Kumar, “Network Effects on the Non-linear Rheol-
ogy of Polymer Nanocomposites”, Macromolecules 41, 5988-5991, (2008)

• (X) Viehman, D. C. and K. S. Schweizer, “Cooperative Activated Dynamics in Dense Mix-
tures of Hard and Sticky Spheres”, Physical Review E, 78 051404 (2008)

• (X) Viehman, D. C. and K. S. Schweizer, “Dynamics of Tracer Particles in Gel-Like Media”, 
Journal of Physical Chemistry B, 112, 16110 (2008)

• (X) Viehman, D. C. and K. S. Schweizer, “Theory of Gelation, Vitrfi cation and Activated Bar-
rier Hopping in Mixtures of Hard and Sticky Spheres”, J. Chem. Physics, 128, 084508 (2008)

• (X) Wang, G. and M.-O. Coppens, “Calculation of the Optimal Macropore Size in Nanopo-
rous Catalysts and its Application to DeNOx Catalysis”, Ind. Eng. Chem. Res., 47(11), 3847-
3855 (2008)

• (X) Wang, G., M.-O. Coppens, C. R. Kleijn, “A Tailored Strategy for PDE-based Design of 
Hierarchically Structured Porous Catalysts”, Int. J. for Multiscale Comp. Eng.,  6(2), 179-190 
(2008)

• Wang, G., C. R. Kleijn, M.-O. Coppens, “Multi-scale PDE-based Design of Hierarchically 
Structured Porous Catalysts”.  Invited book chapter for Advanced Computational Methods in 
Science and Engineering (B. Koren and C. Vuik, ed.), Springer Lecture Notes in Computa-
tional Science and Engineering (2009)

• Wang, J., J. C. Groen, and M.-O. Coppens, “Unifi ed Formation Mechanism of Disordered 
Mesoporous Silica, Structured by Means of Nontemplating Organic Additives”, J. Phys. Chem. 
C, 112(49), 19336-19345 (2008)

• Wang, J., J. C. Groen, W. Yue, W. Zhou, M-O. Coppens, “Facile Synthesis of ZSM-5 Compos-
ites with Hierarchical Porosity”, J. Mater. Chem. 18, 468-74 (2008)



127

15. Publications and Patents

• Wang, J., J. C. Groen, W. Yue, W. Zhou, M.-O. Coppens, “TUD-C: A Tunable, Hierarchically 
Structured Mesoporous Zeolite Composite”, Microp. Mesop. Mater., in press (2009)

• Wang, Z., J.-H. Lee, Y. Lu, “Highly Sensitive “Turn-on” Fluorescent Sensor for Hg2+ in Aque-
ous Solution Based on Structure-switching DNA”, Chem. Comm., 6005–6007 (2008)

• (X) Wang, Z., J.-H. Lee, Y. Lu, “Label-free Colorimetric Detection of Lead Ions with a Nano-
molar Detection Limit and Tunable Dynamic Range by using Gold Nanoparticles and DNA-
zyme”, Adv. Mat., 20, 3263–3267 (2008)

• (X) Wang, Z. and Y. Lu, “Functional DNA Directed Assembly of Nanomaterials for Biosens-
ing”, J. Mater. Chem., in press (2009)

• Wernette, D. P., J. Liu, P. W. Bohn, Y. Lu, “Functional DNA-Based Nanoscale Materials and 
Devices for Sensing Trace Contaminants in Water”, MRS Bulletin 33, 34-41 (2008)

• Wrobleski, D. A., D. A. Langlois, E. B. Orler, A. Labouriau, M. Uribe, R. Houlton, J. D. Kress, 
and B. Kendrick, “Accelerated Aging and Characterization of a Plasticized Poly(Ester Ure-
thane) Binder”, in “Polymer Degradation and Performance”, ACS Symposium Series 1004, 
eds. M. C. Celina, J. S. Wiggins, N. C. Billingham, 181-196 (2009)

• Yang, L., V. Gordon, D. Trinkle, M. Davis, C. deVries, A. Som, J. Cronan, G. Tew, G. C. 
L. Wong, “Mechanism of a Prototypical Synthetic Membrane-active Antimicrobial: Effi cient 
Hole Punching via Interactions Negative Curvature Lipids”, Proc. Nat. Acad. Sci. USA, 105 
20595-20600 (2008)

• Yang, H., L. Yang, M-M. Ling, S. Lastella, D. D. Gandhi, G. Ramanath, Z. Bao, and C. Y. Ryu, 
“Aging Susceptibility of Terrace-like Pentacene Films”, J. Phys. Chem. C, 112(42), 16161-
16724, featured as the cover article of the journal (2008)

• (X) Yigit, M. V., D. Mazumdar, Y. Lu, “MRI Detection of Thrombin with Aptamer Functional-
ized Superparamagnetic Iron Oxide Nanoparticles”, Bioconjugate Chem 19, 412-417 (2008)

• (X) Zhao, S., L. S. Schadler, H. Hillborg, T. Auletta, “Improvements and Mechanisms of Frac-
ture and Fatigue Properties of Well-dispersed Alumina/Epoxy Nanocomposites,” Composite 
Science and Technology, in press, on-line version available (2009)

• (X) Zhao, S., L. S. Schadler, H. Hillborg, T. Auletta, “Mechanisms Leading to Improved Me-
chanical Performance in Nanoscale Alumina Filled Epoxy,” Composite Science and Technol-
ogy, in press, on-line version available (2009) 

• Zschiegner, S., S. Russ, R. Valiullin, M.-O. Coppens, A. J. Dammers, A. Bunde, J. Kärger, 
“Normal and Anomalous Diffusion of Non-interacting Particles in Linear Nanopores”, Eur. 
Phys. J. – Special Topics, 161, 109-120 (2008)
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15.2  Patents (current reporting period)
• Lu, Y., Z. Wang and J.-H. Lee, “Fluorescent Sensor for Mercury” (U.S. Provisional Patent Ap-

plication fi led (UIUC) on October 10, 2008, PENDING)

• Lu, Y., Z. Wang and J.-H. Lee. “Label-free Colorimetric Detection” (U.S. Provisional Patent 
Application fi led on June 03, 2008, PENDING)

• Siegel, R. W., J. M. Nugent and P. M. Ajayan, “Carbon Nanotrees Formed by Flash CVD 
Method”, U.S. Patent No. 7,504,152 (Issue Date: 17 March 2009)
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16. Biographical Information

16  Biographical Information 
No personnel were added during the current reporting period.
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17. Honors and Awards

17  Honors and Awards (current reporting period)

17.1  Honors and Awards - Faculty
P. V. Braun
• Named on UIUC List of Teachers Ranked as Excellent by their Students, 2008

• University Scholar, University of Illinois Urbana-Champaign, IL, 2006-09

M.-O. Coppens 
• Invited as Guest Professor and Principal Investigator at the Center for Advanced Studies at the 

Norwegian Academy of Sciences and Letters, Oslo, Norway, to research on theme of Nature 
Inspired Chemical Process Design, February-June 2008

• Member – Belgian American Educational Foundation (BAEF), April 2008

• Editorial Board of the new international journal Nanoscience and Nanotechnology Letters, 
April 2008

• Appointed as Adjunct Professor in Chemical Engineering, Delft University of Technology, 
The Netherlands, August 2008

• “Structuring Fluidized Beds”, Best Paper Award (with John Nijenhuis, Ruud van Ommen) of 
the AIChE Particle Technology Forum at the 2007 AIChE Annual Meeting, November 2008

• Scientifi c Committee, International Mesoporous Materials Symposium, Namur, Belgium, 
September 2008

• Guest Editor, Powder Technology Special Issue 183(3) for Prof. R. Pfeffer’s 70th Birthday, 
April 2008 

• Editorial Board of the new international journal International Review of Chemical Engineer-
ing, Rapid Communications, November 2008

• Scientifi c Committee, International Workshop on Mathematics in Chemical Engineering and 
Kinetics, Gent, Belgium, February 2009

J. S. Dordick
• Appointed Director of the Center for Biotechnology and Interdisciplinary Studies at Rensse-

laer Polytechnic Institute, 2008

A. E. Garcia
• Elected to organize 2012 Gordon Conference in Biopolymers, 2008

• Elected to the Nominating Committee of the Protein Society, 2008
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S. Garde
• Appointed Department Head, Department of Chemical and Biological Engineering, RPI, 

2008

S. Granick
• Polymer Physics Prize (national award), American Physical Society, 2009

R. S. Kane
• AIChE Nanoscale Science and Engineering Forum Young Investigator Award, 2008 

• NYSTAR Faculty Development Award, 2008

• Dr. G. P. Kane Visiting Professor in Chemical Engineering at the University Institute of  Chem-
ical Technology, Bombay, India, 2008

Y. Lu
• Distinguished Visiting Professorship, National University of Singapore, 2008 

• Special Creativity Extension Award, National Science Foundation, 2008

J. S. Moore
• Inducted into the American Academy of Arts & Sciences (2008) 

• Alpha Epsilon Delta (AED) Pre-Health Honors Society Professor of the Year Award (2008)

L. S. Peters
• Invited keynote speaker, Expert symposium on “ Innovators, Capabilities and Open Business 

Models to Facilitate Radical Innovation, Regensberg, Germany, sponsored by Vodaphone, 2008

L. S. Schadler
• Outstanding Professor Award, School of Engineering, Rensselaer Polytechnic Institute, 2008

K. S. Schweizer
• Polymer Physics Prize, American Physical Society, 2008

• Tau Beta Pi Daniel P. Drucker Eminent Faculty Award, College of Engineering, UIUC, 2008

R. W. Siegel
• Director, Nanophase Technologies Corporation, Romeoville, Illinois 1989 - present 

• Scientifi c Advisory Board, Journal of Metastable and Nanostructured Materials, Trans Tech 
Publications, 2000 – present

• Editorial Board, Journal of Nanoscience and Nanotechnology, American Scientifi c Publishers, 
2001 – present

• Nanotechnology Technical Advisory Group (N-TAG) to the U.S. President’s Council of Advi-
sors on Science and Technology (PCAST), June 2003 – 2009
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• Permanent International Scientifi c Committee, Annual Conference Series on Ceramics, Cells 
and Tissues (CCT), Italian National Research Council, Institute of Science and Technology for 
Ceramics, Faenza, Italy, 2003 – present

• Advisory Board, Synergistic Partnership for Research and Education on Functional and Nano-
structured Materials, an NSF PREM at the University of Puerto Rico-Mayagüez and the Uni-
versity of Wisconsin-Madison, April 2004 - present

• Scientifi c and Industrial Advisory Board, Education and Research Unit (ERU): Particles and 
Surface Engineering, Competence Centre for Material Science and Technology (CCMX), 
Switzerland, 2006 – present

• International Advisory Board, Chairman, National Nanotechnology Center (NANOTEC), Na-
tional Science and Technology Development Agency, Thailand, 2006 – 2008

• International Advisory Board (to the German Science Council), Karlsruhe Institute of Technol-
ogy (KIT), Karlsruhe, Germany, 2007 – present

• Advisory Board, Forest Bioproducts Research Initiative, The University of Maine, Orono, ME, 
2007 – present

• Scientifi c Advisory Board, Virginia Bioinformatics Institute, Virginia Polytechnic Institute and 
State University, Blacksburgh, VA, 2007 – present

• International Advisory Board, International Conference on Nano Science and Technology 
(ICONSAT-2008), Chennai, India, 2008

• International Advisory Committee, 9th International Conference on Nanostructured Materials 
– NANO 2008 (NANO–RIO), Rio de Janeiro, Brazil, 2008

• International Advisory Board, First International Conference on Tissue Engineering and Stem 
Cell Research using Nanomaterials (NANOBIO 2009), Amrita Institute of Medical Sciences, 
Kochi, India, February 2009

• Evaluation Panel Member, Spanish Research Council (CSIC–Consejo Superior de Investiga-
ciones Científi cas) Materials Research Centers, Spain, 2008–2009

G. C. L. Wong
• NSF–DST US–India Nanoscience & Engineering Workshop, (1 of 7 U.S. Senior Invited Lec-

turers) 2008

• Racheff Faculty Scholar, UIUC (2008)

• Xerox Foundation Award for Senior Faculty Research, UIUC (2008)
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17.2  Honors and Awards–Postdoctoral Associates, Graduate   
  Students, Others
• S. Jiang (UIUC)

 Racheff Award for Outstanding Graduate Research, University of Illinois, 2008

 Semester abroad at NIMS, Japan, January-May 2009, funded by Japanese government

• N. Nagraj (UIUC)

 WaterCAMPWS award for Outstanding Performance in Education (2008)

• N. Marshall (UIUC)

 Chemistry Biology Interface Training Grant (2008-2009)

• D.J. Poxson (RPI)

 Best Oral Presentation Award, Connecticut Microelectronics and Optoelectronics Confer  
 ence (CMOC), 2008

• L. C. Sang (RPI)

 NIMS Presidential Fellowship Invitation from the National Institute of Materials Science,  
 Tsukuba, Japan, for research at NIMS in 2008

• Z. Wang (UIUC)

 Student scholarship award for Chemical and Biological Defense Physical Science and   
 Technology (CBD PS&T) Conference, 2009

17.3  Invited Talks – Faculty
B. C. Benicewicz
• “RAFT Polymerization from Nanoparticles”, Particles 2008, Orlando, FL, May 2008

• “Functionalization of Nanoparticles via Surface-Initiated RAFT Polymerization and Click 
Chemistry”, with Y. Li, ACS Meeting, Polymer Division, Philadelphia, PA, August 2008

• “RAFT Polymerization from Nanoparticles”, Max Planck Institute for Polymer Research, 
Mainz, Germany, October 2008

P. V. Braun
• “Optical Assembly of Nanomaterials”, Symposium 2008 Nanomaterials - Fabrication, Proper-

ties, and Applications, TMS 2008 Annual Meeting, New Orleans, LA, March 2008
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• “Mesoporous Microreactors: A Synthetic Approach to Active Enzyme Entrapment”, Materials 
Research Society Spring Meeting, San Francisco, CA, March 2008

• “Molecular Recognition Based Permanent Assembly of non-FCC Colloidal Crystals”, Par-
ticles 2008, Orlando, FL, May 2008

• “Advancing the Function of 3D Photonic Crystals through Materials Chemistry”, CNM Col-
loquia, Center for Nanoscale Materials, Argonne Nat’l. Laboratory, Argonne, IL June 2008

• “Adding Function to Self-Assembled Colloidal Nanostructures”, Nanotech08, Boston, MA, 
June 2008

• “Adding Function to 3D Self-Organized Photonic Crystals through Materials Chemistry”, In-
ternational Conference on Optical, Optoelectronic and Photonic Materials and Applications 
(ICOOPMA2008), Edmonton, Canada, July 2008

• “Multibeam Interference Lithography: Three Dimensional Patterning of Inorganic Chalcogen-
ide Glass and Ceramic Photoresists”, SPIE Symposium on Active Photonic Crystals, SPIE 
Optics and Photonics, San Diego, CA, August 2008

• “DNA and Holographic Directed Assembly of Complex Photonic Crystals”, Organic Thin 
Films for Photonics Applications symposium (OTF’08), ACS National Meeting, Philadelphia, 
PA, August 2008

• “Materials Science in Three-Dimensions: Advanced Photonics, Biomaterials, and Coatings”, 
Department of Materials Science and Engineering, North Carolina State University, Raleigh, 
NC, September 2008

M.-O. Coppens
• “Lessons from Nature to Bridge Multiscale Gaps in Chemical Engineering Design”, 5th Chem-

ical Engineering Conference for Collaborative Research in Eastern Mediterranean Countries 
(EMCC5), Cetraro, Italy, May 2008

• “Design and Synthesis of Hierarchically Structured Porous Catalysts”, invited plenary speaker 
and session chair, Mexican Congress on Chemical Reaction Engineering (MCCRE 2008), Ix-
tapa-Zihuatanejo, Guerrero, Mexico, June 2008

• “Design and Synthesis of Optimal Bimodal Porous Catalysts”, invited keynote at 6th Congress 
of the International Society for Theoretical Chemical Physics (ISTCP-VI), Vancouver, Canada, 
July 2008 

• “Design and Synthesis of Hierarchically Structured Porous Catalysts”, National Institute for 
Materials Science, Tsukuba, Japan, September 2008

• “Design and Synthesis of Hierarchically Structured Porous Catalysts”, invited plenary lecture 
at 1st International Workshop on Nanoporous Materials in Energy and Environment, NAPEN, 
Chania, Crete, October 2008
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• “Design of Hierarchically Structured Porous Catalysts with Minimal Diffusion Limitations”, 
Workshop on Models and Images of Porous Media, Paris, France, January 2009

J. S. Dordick
• “The MetaChip Platform for High-Throughput CYP450 Inhibition and Cytotoxicity 

Analysis”, CHI World Congress on Drug Discovery, Philadelphia, PA, May 2008

• “Molecular Bioprocessing for Healthcare Applications”, EMCC5, Calabria, Italy, May 2008

• “High-Throughput Metabolism and Toxicology: A Vision for Tomorrow’s Drug Discovery”, 
Metabolism and Drug Oxidation Meeting, Saratoga, NY, July 2008

• “The MetaChip Platform as a High-Throughput Technology for Rapid Assessment of Human 
Toxicity of Drug Candidates and Environmental Chemicals”, National Toxicology Program 
on High-Throughput Methods for In Vitro Toxicity Testing, NIEHS, Research Triangle Park, 
NC, September 2008

• “Functionally Organized Protein-Nanomaterial Interfaces”, Gordon Research Conference, 
Aussois, France, September 2008

• “High-Throughput Molecular Bioprocessing: A New Addition to Biochemical Engineering 
Science“, Plenary Address, European Society for Biochemical Engineering Science, Faro, 
Portugal, September 2008

• “Enzyme Stabilization Promoted on Highly Curved Nanoscale Materials”, Army Research 
Offi ce Workshop on Enzyme Stabilization, Key West, FL, December 2008

A. Garcia
• “Computer Simulations of the Transport of Membranes Across Cell Membranes”, School of 

Science Lunch Talk, Rensselaer Polytechnic Institute, Troy, NY, March 2008

• “Self-assembly of Biomolecules on Surfaces”, IBM Corporation, Yorktown Heights, NY, 
March 2008

• “Descifrando las Propiedades de las Moleculas Biologicas”, Keynote Speaker, PREM, Puerto 
Rico, March 2008 

• “Molecular Dynamics Simulations of the Equilibrium Folding/Unfolding of Biomolecules”, 
Computational Biology Program, Duke University, Durham, NC, March 2008

• “Simulations of the Pressure Driven Folding/Unfolding of Biomolecules”, Department of 
Chemical Engineering, Princeton University, Princeton, NJ, March 2008 

• “Molecular Dynamics Simulation of the Folding/Unfolding Thermodynamics of an RNA Te-
traloop”, American Chemical Society Meeting, Enhanced Sampling Methods Symposium. 
New Orleans, LA, April 2008 
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• “Use of Coarse-Grained Langevin Dynamics to Extract Folding Times from Replica Exchange 
Molecular Dynamics Simulations”, American Chemical Society Meeting, Multiscale Model-
ing Symposium, New Orleans, LA, April 2008 

• “Equilibrium Folding/Unfolding Kinetics from Molecular Dynamics Simulations”, Protein 
Dynamics in Enzymatic Catalysis Meeting, Albert Einstein, Yeshiva University House, Tar-
rytown, NY, May 2008

• “Understanding Basic Biological Processes from Physical Principles - The Physics of Biol-
ogy”, Rensselaer Symposium on Teaching and Learning, Rensselaer Biology Symposium, 
Rensselaer Polytechnic Institute, Troy, NY, May 2008

• “Simulations of the Pressure Driven Folding/Unfolding of Biomolecules”, Biopolymers Gor-
don Research Conference, Newport, RI, June 2008

• “Simulations of the Pressure Driven Folding/Unfolding of Biomolecules”, Mathematical and 
Numerical Methods for Free Energy Calculations in Molecular Systems, Banff, Calgary, Can-
ada, June 2008

• “Simulations of the Pressure Driven Folding/Unfolding of Biomolecules”, Telluride Science 
Research Center Workshop Characterizing Landscapes: From Biomolecules to Cellular Net-
works, Telluride, CO, July 2008

• “The Translocation of Charged Peptides across Lipid Bilayers - Not Just a Small Perturbation”, 
Telluride Science Research Center Workshop on Protein Electrostatics, Telluride, CO, July 
2008 

• “Molecular Dynamics Simulations of Folding/Unfolding Equilibrium”, Telluride Science Re-
search Center Workshop, Algorithmic Development on Enhanced Sampling, Telluride, CO, 
July 2008 

• “Simulations of the Pressure Driven Folding/Unfolding of Biomolecules”, Protein Society 
Meeting, Protein Folding Workshop, San Diego, CA, July 2008

• “Molecular Dynamics Simulations Suggest a Translocation Mechanism of the HIV-1TAT Pep-
tide across Lipid Membranes”, Membranes and Materials Gordon Research Conference, New 
London, NH, August 2008

• “Protein Folding Dynamics”, American Chemical Society Meeting, Physical Chemistry Sym-
posium for Undergraduate Chemistry Majors, Philadelphia, PA, August 2008

• “The Translocation of Charged Peptides across Lipid Bilayers - Not Just a Small Perturbation”, 
American Chemical Society Meeting, Protein Folding Dynamics Symposium, Philadelphia, 
PA. August 2008

S. Garde
• “Hydrophobic Interactions at Multiple Scales in Biology”, American Physical Society March 

Meeting, New Orleans, LA, March 2008
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• “Thermodynamics in Chemical Engineering: Prospects and Perspectives – Nanoscale and 
Biological Systems”, American Institute of Chemical Engineers and ACS joint Spring National 
meeting, New Orleans, LA, April 2008

• “How interfaces affect folding of polymers”, a special conference on Water at Interfaces, Crete, 
Greece, June 2008

• “From hydrophobic to hydrophilic hydration of solutes and interfaces”, ACS Symposium on 
Water Mediated Interactions at the ACS National Meeting, Philadelphia, PA, August 2008

• “From hydrophobic to hydrophilic hydration of solutes and interfaces”, Departmental Seminar, 
Department of Chemical and Biomolecular Engineering, University of Oklahoma, Norman, 
OK, September 2008

• “From hydrophobic to hydrophilic hydration of solutes and interfaces”, Departmental Seminar, 
Department of Chemical and Biomolecular Engineering, University of Connecticut, Storrs, 
CT, October 2008

S. Granick
• “Advances in Nanocomposite Interfaces”, Texas A&M University, Materials Program, College 

Station, TX, April 2008

• “Polymers and Vesicles”, Curie Institute, Paris, France, May 2008

• “Polymer, Nanoparticles, and Phospholipids”, Postech University, Department of Chemistry, 
Pohang, South Korea, June 2008

• “Polymers at Interfaces”, International Workshop on Dynamics in Soft Matter, Cargese, Cor-
sica, France, July 2008

• “Polymers, Phospholipids, and Nanoparticles”, International Conference on Liquid Crystals 
ICLC2008, Jeju, South Korea, July 2008

• “Interfacial Rheology”, Institute of Chemistry, Chinese Academy of Sciences, Beijing, China, 
September 2008

• “Phospholipids when they Self-Assemble with Nanoparticles”, Institute of Biophysics, Chi-
nese Academy of Sciences, Beijing, China, September 2008

• “Nanorheology”, International Symposium on Tribology, CIST2008, Beijing, China, September 
2008

• “Fun and Profi t with Nanoparticles and Polymers”, MIT Department of Chemistry, Cambridge, 
MA, October 2008

• “Polymer Interfacial Rheology”, Carnegie-Mellon University, Dept. of Chemical Engineering, 
Pittsburgh, PA, November 2008
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• “New Trends in Interfacial Nanoscience”, Peking University, Department of Polymer Chemis-
try, China, December 2008

• “Fluorescent Polymer Tubes”, de Gennes Discussion Conference, Chamonix, France, February 
2009.

• “Janus Particles and Nanoparticles”, Gordon Conference on Physical Virology, Galveston, TX, 
February 2009

R. S. Kane
• “The Design of Nanoscale Therapeutics and Nanostructured Materials”, G. P. Kane Visiting 

Professor Lecture, Mumbai, India, December 2008

• “The Design of Nanoscale Therapeutics and Nanostructured Materials”, Nanoscale Science 
and Engineering Forum, Young Investigator Award Lecture, AIChE Conference, Philadelphia, 
PA, November 2008

• “The Design of Functional Nanostructured Materials”, Plenary Talk in Bionano-technology 
Session, AIChE Conference, Philadelphia, PA, November 2008

• “The Design of Nanoscale Therapeutics and Nanostructured Materials”, University of Mas-
sachusetts, Amherst, MA, November 2008

• “The Design of Nanoscale Therapeutics and Nanostructured Materials”, Emory University, 
Atlanta, GA, May 2008

• “The Design of Nanoscale Therapeutics and Nanostructured Materials”, Caltech, Pasadena, 
CA, April 2008

• “The Design of Nanoscale Therapeutics and Nanostructured Materials”, Princeton University, 
Princeton, NJ, April 2008

• “The Design of Nanoscale Therapeutics and Nanostructured Materials”, Michigan State Uni-
versity, Lansing, MI, April 2008

• “The Design of Nanoscale Therapeutics and Nanostructured Materials”, Drexel University, 
Philadelphia, PA, March 2008

P. Keblinski
• “Interfacial Thermal Transport”, GDR Nano-thermique Meeting, Grenoble, France, March 

2008

• “Nanomaterials for Thermal Applications: Limitations and Opportunities”, Materials Science 
Department, Schools of Mines and Metallurgy (AGH), Krakow, Poland, April 2008

• “Thermal Conductivity of Nanofl uids”, GDR School on Thermique des Nanosystemes at 
Nanomateriaux, Cargèse, Corsica, France, May 2008
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• “Ultra-Low Thermal Conductivity Layered Crystals”, The Second International Workshop on 
Transmission of Information and Energy in Nonlinear and Complex Systems (TIENCS) Focus 
on Heat Transfer and Heat Control in Micro and Nanoscale, National University of Singapore, 
Singapore, June 2008

• “Designing Ultra-low Thermal Conductivity Materials”, Air Force Research Workshop on 
Thermal Materials, Dayton, OH, September 2008

• “Nanoscale Heat Transport for Bio-application”, Department of Biomedical Engineering, 
Wake Forest Medical School, Winston-Salem, NC, January 2009

• “Nanofl uids Modeling and Simulation of Energy Transport in Nanofl uids”, International Nano-
fl uid Properties Benchmark Exercise (INPBE) Workshop, Los Angeles, CA, January 2009

S. K. Kumar
• “Anisotropic Self-assembly of Polymer Nanocomposites”, University of Illinois at Urbana-

Champaign, Urbana, IL, September 2008

• “Anisotropic Self-assembly of Polymer Nanocomposites”, Vanderbilt University, October 
2008

• “Anisotropic Self-assembly of Polymer Nanocomposites”, Wesleyan University, December 
2008

• “Dynamics of Polymer Nanocomposites”, MRS Fall Meeting, Boston, MA, December 2008

• “Anisotropic Self-assembly of Polymer Nanocomposites”, IIT, Delhi, India, January 2009

• “Anisotropic Self-assembly of Polymer Nanocomposites”, Princeton University, Princveton, 
PA, February 2009

• “Anisotropic Self-assembly of Polymer Nanocomposites”, APS Meeting, University of Cali-
fornia - Santa Barbara, Santa Barbara, CA, March 2009

J. A. Lewis
• “Novel Inks for Direct-Write Assembly of 3-D Periodic Structures”, University of California at 

Santa Barbara, Chemical Engineering Department, Santa Barbara, CA, April 2008

• “Mimicking Nature via Directed Materials Assembly”, National Institute of Advanced Indus-
trial Science and Technology (AIST), Chuba, Japan, May, 2008

• Keynote Lecture, “Novel Inks for Direct-Write Assembly of 3D Structures”, 45th Annual Tech-
nical Meeting of the Society of Engineering Science, Champaign, IL, October 12-15, 2008

• “Novel Inks for Direct-Write Assembly of Functional Materials”, MIT, Cambridge, MA, De-
cember, 2008
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• “Novel Inks for Direct-Write Assembly of Functional Materials”, Lawrence Livermore Na-
tional Laboratory (LLNL), Livermore, CA, December, 2008

• Keynote Lecture: “Colloidal Inks for Direct-Write Assembly of Functional Materials”, 2009 
Australian Colloid and Interface Symposium (ACIS), Adelaide, Australia, February 2009

J. S. Moore
• “Mechanophore-linked Polymers”, Seminar at the University of Utah, Salt Lake City, UT, 

April 2008

• “Materials Chemistry”, Seminar at the University of Colorado at Boulder, Department of 
Chemical & Biological Engineering, Boulder, CO, April 2008

• “When Chemistry Meets Mechanics”, ACS National Convention, New Orleans, LA, April 
2008

• “Dynamic Covalent Chemistry of Linear and Cyclic Oligomers”, CMBH lecture series at Yon-
sei University, Seoul, South Korea, May 2008

• “Mechanophore-linked Polymers & Mechanically Responsive Materials”, IBM Almaden Lab, 
San Jose, CA., May 2008

• “LAS on the Road”, Lecture at St. Louis University, St Louis, MO, June 2008

• “Self-Healing Polymers and Other Mechanically Responsive Materials”, 2008 10th Annual 
Beckman Scholars Symposium, Irvine, CA., July 2008

• “Dynamic Covalent Chemistry of Linear and Cyclic Oligomers”, ISMSC Las Vegas, NV, July 
2008

• “Mechanophore-linked Polymers & Mechanically Responsive Materials”, University of Ari-
zona, Tucson, AZ, September 2008

• “Self-Healing Polymers and Other Mechanically Responsive Materials” and “Dynamic Co-
valent Chemistry of Linear and Cyclic Oligomers”, Cornell University, Cornell, NY, October 
2008

• “Self-Healing Polymers”, International Institute for Nanotechnology, Northwestern Univer-
sity, Evanston, IL, November 2008

• “Mechanophore-linked Polymers and Mechanically Responsive Materials”, PPG Industries, 
Inc., Pittsburgh, PA, November 2008

• “Mechanochemical Reactions for Mechanoresponsive Materials”, 237th ACS National Meet-
ing & Exposition, Salt Lake City, UT, March 2009
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L. S. Peters
• “Innovation and Social Networks in High Technology: A Comparison Between Biotechnology 

and Nanotechnology Networks”, Peter Groenewegen and Lois S. Peters presented at EGOS 
Colloquium in Amsterdam, The Netherlands, July 2008

C. Y. Ryu
• “Displacer Effects on the Adsorption of Polystyrenes onto Nanoporous Silica”, C. Y. Ryu, Ko-

rean Polymer Society – Spring Meeting, Daejeon, South Korea, April 2008

• “Liquid Chromatography of Random Copolymers with Tunable Monomer Sequence Distri-
butions” C. Y. Ryu, J. Han, B. H. Jeon, J. J. Semler, Y. K. Jhon, J. Genzer, Korean Chemical 
Society – Spring Meeting, Seoul, South Korea, April 2008

• “Polymer Adsorption into Nanoporous Silica” C. Y. Ryu, Korean Chemical Engineering Soci-
ety – Spring Meeting, Jejoo, South Korea, April 2008

L. S. Schadler
• “Improving Mechanical and Electrical Properties of Polymers Using Nanofi llers”, Polymer 

Nanocomposite Symposium, Lehigh University, Bethlehem, PA, March 2008

• “Processing and Properties of Hierarchically Structured Graphite Fiber / MWNT / Epoxy 
Compsites”, Lockheed Martin, Baltimore, MD, April 2008

• “Towards Design of Polymer Nanocomposites: Using the Interface to Control Polymer Nano-
composite Properties”, University of Oklahoma, School of Chemical, Biological and Materials 
Engineering, Norman, OK, April 2008

• “Towards Design of Polymer Nanocomposites”, Cross Industry Issues in Nanomanufacturing 
Workshop, NIST, Gaithersburg, MD, May 2008

• “Towards Design of Polymer Nanocomposites”, Dupont Experimental Station, Wilmington, 
DE, May 2008 

• “Load Transfer Behavior in MWNT/Thermoplastic Composites”, Mississippi State University, 
Oxford, MS, September 2008  

• “Designing Polymer Nanocomposites”, University of Florida, Curie Lecture Series, October 
2008  

• “Tailored Dispersion and Organization Through Brush Modifi cation of Nanoparticles”, MS&T 
08, Pittsburgh, PA, October 2008

• “Nanotechnology Curriculum Development Institute”, NSF Global NSEE Workshop, Wash-
ington, DC, November 2008



142

17. Honors and Awards

E. F. Schubert
• “Innovation in Optical Materials for the Advancement of Solid-state Lighting Technologies” 

Colloquium, with Jong Kyu Kim, Rochester Institute of Technology, Rochester, NY, March 
2008

• “Innovation in optical materials for the advancement of solid-state lighting technologies” Col-
loquium, with Jong Kyu Kim, at the State University of New York Stony Brook, Stony Brook, 
NY, May 2008

• “The Origin of Effi ciency Droop in GaN-based Light-emitting Diodes and its Solution”, Con-
ference on Lasers and Electro-Optics, CLEO, with Jong Kyu Kim, Min-Ho Kim, Martin F. 
Schubert, Qi Dai, Sagong Tan, Sukho Yoon, Cheolsoo Sone, Yongjo Park, Joachim Piprek,  
San Jose, CA, May 2008 

• “Relevance of Light Emitting Diodes and Photonics for Energy”, U.S.-Korea Conference on 
Science, Technology, and Entrepreneurship, with Jong Kyu Kim, at UKC 2008, San Diego, 
CA, August 2008

• “Light Emitting Diodes and Solid-state Lighting”, OSA Frontiers in Optics 2008, University of 
Rochester, Rochester, NY, October 2008

• “Energy Implications of Solid-state Lighting Technology”, OSA Frontiers in Optics 2008, with 
Jong Kyu Kim, at University of Rochester, Rochester, NY, October 2008

• “Smart Lighting”, BASF Corporation, with Jong Kyu Kim, at Ossining, NY, December 2008

• “Low-refractive Index Materials”, BASF Corporation, with Jong Kyu Kim, at Ossining, NY, 
December 2008

• “Smart Lighting”, ERC 2008 Annual Meeting, Bethesda MD, December 2008

• “Light-emitting Diodes – Looking Back 100 Years and Looking Forward to the Next 10 Years”, 
Interlight Show, Moscow, Russia, December 2008

• “Light-Emitting Diodes – Looking Back 100 years and Looking Forward to the Next 10 Years”, 
with Jong Kyu Kim, at Moscow University, Moscow, Russia, December 2008 

• “Light Emitting Diodes and Solid-state Lighting”, SPIE Photonic West, San Jose CA, January 
2009

• “Polarization-matching in GaInN light-emitting diodes: a new concept for reducing effi ciency 
droop and enhancing performance”, with Jong Kyu Kim, Min Ho Kim, Martin F. Schubert, at 
SPIE Photonic West, San Jose CA, January 2008

• “Origin of Effi ciency Droop in GaInN/GaN MQW LEDs and its Possible Solution”, with Min-
Ho Kim, Wonseok Lee, Zhu Di, Martin F. Schubert, Jong Kyu Kim, Cheolsoo Sone, Yongjo 
Park, and Joachim Piprek, at SPIE Photonic West, San Jose CA, January 2008
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K. S. Schweizer
• “Slow Segmental Dynamics in Polymers: From Supercooled Melts to Aging Glasses”, Poly-

mer Physics Prize Lecture, American Physical Society, New Orleans, LA, March 2008

• “Structure, Phase Behavior and Dynamics of Polymer-Particle Mixtures: Nanocomposites, 
Suspensions and Tethered Hybrids”, Department of Materials Science & Engineering, Univer-
sity of Pennsylvania, Philadelphia, PA, April 2008

• “Glassy Dynamics in Quiescent and Stressed Suspensions of Spherical and Anisotropic Col-
loidal Suspensions”, Department of Physics, University of Pennsylvania, Philadelphia, PA, 
April 2008

• “Theory of Structure, Miscibility and Scattering Patterns of Polymer Nanocomposites and 
Polymer-Tethered Nanoparticle Fluids”, American Conference on Neutron Scattering, Santa 
Fe, NM, May 2008

• “Microscopic Theory of the Relaxation and Nonlinear Mechanical Properties of Polymer 
Glasses”, International Congress on Rheology, Monterrey, CA, August 2008

• “Dynamical Fluctuation Effects in Glassy Systems”, Workshop on Dynamical Heterogeneities 
in Glasses, Colloids and Granular Media, Lorentz Center, Leiden, The Netherlands, Sept. 2008

• “Activated Hopping, Dynamic Heterogeneity, Mechanical Response and Jamming in Glassy 
Colloidal Fluids”, International Conference on Unifying Concepts in Glass Physics IV, Kyoto, 
Japan, November 2008

• “Kinetic Arrest, Activated Dynamics and Mechanical Response in Suspensions of Anisomeric 
Colloids and Nanoparticles”, Materials Research Society Meeting, Boston, MA, Dec. 2008

M. Shim
• “Anisotropic Colloidal Nanocrystal Heterostructures”, Department of Materials Science & En-

gineering, Rensselaer Polytechnic Institute, Troy, NY, October 2008.

• “Charging and Charge Separation in Carbon Nanotubes: Insights with Polymer Electrolytes”, 
Beckman Institute, University of Illinois, Urbana, IL, October 2008.

R. W. Siegel
• “Nanostructure-Biomolecule Interactions: Implications for Tissue Regeneration”, at the Work-

shop on Priority Setting in Translational Nanoscience, University of Southern California, Los 
Angeles, CA, March 2008 

• “Nanostructure-Biomolecule Interactions: Implications for Tissue Regeneration”, at the Con-
ference on Re-Engineering Basic and Clinical Research to Catalyze Translational Nanoscience, 
Radisson Hotel-Midtown, University of Southern California, Los Angeles, CA, March 2008 

• “Nanoscale Science and Technology: Nanostructured Materials Research at Rensselaer”, Key-
note Lecture at the Nanotechnology Curriculum Development Summer 2008 Institute for High 
School Teachers, Rensselaer Polytechnic Institute, Troy, NY, July 2008 
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• “Assembling Materials from Nanoscale Building Blocks”, School of Forest Resources, Uni-
versity of Maine, Orono, ME, July 2008 

• “Assembling Materials from Nanoscale Building Blocks”, in the Fall 2008 Materials Science 
and Engineering Seminar Series, University of Connecticut, Storrs, CT, October 2008

• “A Look at Nanotechnology: Past, Present and Future”, at the National Council of University 
Research Administrators (NCURA) 50th Annual Meeting, Washington, DC, November 2008

• “Nanoscale Science and Technology: Future Impact of New Materials on Personal Protective 
Equipment”, at the International Safety Equipment Association (ISEA) Symposium: Protect-
ing Workers in the Next 25 Years, Washington, DC, November 2008

• “NanoCenters – Present and Future: Technological Development Legacy and Future”, at the 
2008 National Science Foundation Nanoscale Science and Engineering Grantees Conference, 
Arlington, VA, December 2008

• “NS&E Centers in Society: Collaboration with Industry”, at the 2008 National Science Founda-
tion Nanoscale Science and Engineering Grantees Coference, Arlington, VA, December 2008

• “Nanostructure-Biomolecule Interactions: Implications for Tissue Regeneration”, at NANO-
BIO-2009, the First International Conference on Tissue Engineering and Stem Cell Research 
using Nanomaterials, Amrita Institute of Medical Sciences, Kochi, India, February 2009

G. C. L. Wong
• “Mechanism of HIV-TAT Cell Penetrating Peptide”, MRS Spring Meeting, San Francisco, CA, 

March 2008

• “Molecular Hole Punchers in Bionanotechnology”, California NanoSystems Institute, UCLA, 
Los Angeles, CA, April 2008

• “Molecular Hole Punchers and their Mechanisms”, Gordon Research Conference on Biopoly-
mers, Salve Regina University, Newport, RI, June 2008

• “Molecular Hole Punchers and their Mechanisms”, Society for Industrial and Applied Math-
ematics (SIAM) Conference, San Diego, CA, July 2008

• “Soft Matter Electrostatics and Antimicrobials”, Washington University at St Louis, Biophys-
ics and Biochemistry Dept., September 2008

• “Soft Matter Electrostatics, Antimicrobials, and Cell Penetrating Peptides”, Plenary Lecture, 
Physical Methods and Life Sciences, University of Leeds – University of Sheffi eld Joint Con-
ference, Wakefi eld, UK, September 2008

• “Electrostatics in Water at the Nanoscale”, University of Illinois–Chicago, Physics Dept., Chi-
cago, IL, October 2008 
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• “Mechanism of Antimicrobials and Cell Penetrating Peptides”, SSRL Users Meeting 2008, 
Stanford, CA, October 2008 

• “Mechanism of Antimicrobials and Cell Penetrating Peptides”, Physics of Living Cell lecture 
series, Urbana, IL, November 2008

• “Mechanism of Antimicrobials and Cell Penetrating Peptides”, 5th International Conference 
on Structural Biology, Singapore, December 2008

• “Electrostatics in Water at the Nanoscale”, Nanyang Technical University, Singapore, Dec 2008

• ”Synchrotron Studies of Soft Matter Physics and Biophysics”, Beijing Synchrotron Radiation 
Facility, Beijing, China, December 2008

• “The Mechanism of Cell Penetrating Peptides and Antimicrobials”, Zhongshan University, 
Guangzhou, China, December 2008

• “The Role of Lysine and Arginine in Antimicrobial Peptides”, Gordon Research Conference on 
Antimicrobials, Ventura, CA, March 2009

• “Phase Transitions in Stereocilia:  The Actin-Espin System”, APS March Meeting, Pittsburgh, 
PA, March 2009

17.4  Invited Talks/Posters–Postdoctoral Associates, Graduate   
  Students, Others
• Nagraj, N., Kim, H-K., Mazumdar, D., Lu, Y., “Effect of Metal Ions on the Folding and Ac-

tivity of a DNAzyme”, Abstracts of Papers, 235th ACS National Meeting, New Orleans, LA, 
April 2008

• Nagraj, N., Lu, Y., “Detection of Trace Contaminants in Water using Functional DNA Technol-
ogy. Hands-on Future Tech Conference, Alberquque, NM, November 2008

• Poxson, D. J., F. W. Mont, J.-K. Kim (Best Oral Presentation Award - E. F. Schubert group) 
“Multilayer Nanostructures Anti-refl ection Coating with Broadband Omni-directional Char-
acteristics”, at the Connecticut Microelectronics and Optoelectronics Conference (CMOC), 
University of Connecticut, Storrs, CT, April 2008

• Wang, Zidong; Lee, Jung Heon; Lu, Yi. Colorimetric detection of metal ions using gold 
nanoparticles and DNAzyme, Chemical and Biological Defense Physical Science and Tech-
nology (CBD PS&T) Conference, New Orleans, LA, November 17-21, 2008.

• Wang, Z., Lee, J. H., Lu, Y., “Label Free Colorimetric Detection of Lead Ions using Gold 
Nanoparticles and DNAzyme with 3 nM Detection Limit”, Abstracts of Papers, 236th ACS 
National Meeting, Philadelphia, PA, August 2008
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• Yeung, N.; Zhao X.; Russell, B.S.; Lu, Yi, “Designing Myoglobin into a Nitric Oxide Reduc-
tase, Bioinorganic Chemistry Graduate Student Research Conference, Ventura, CA, January-
February 2008








