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Gas Turbine Engines

Developing Next Generation Graphene-
Based Catalysts

Coating Strategies for High Energy
Lithium-lon

Synthesis of Heterometallic Manganese
oxo Clusters as Small Molecule Models
of the Oxygen-Evolving Complex of
Photosystem |l

Enabling Novel Nuclear Reactors with
Advanced Life-Time Modeling and
Simulation

Time-Varying, Multi-Scale Adaptive System
Reliability Analysis of Lifeline Infrastructure
Networks

Structural Health Monitoring for Impact
Damage in Advanced Composite Structures
Using Virtual Sensor Grid

C2R2: Compact Compound Recirculator/
Recuperator for Renewable Energy

and Energy Efficient Thermochemical
Processing

Development of High-Fidelity Models for
Liquid Fuel Spray Atomization and Mixing
Processes in Transportation and Energy

Systems

12

464
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466

467

Development of Quality Assessment
Techniques for Large-Eddy Simulation of
Propulsion and Power Systems in Complex
Geometries

Quantifying Confidence in Complex
Systems Models Having Structural
Uncertainties

Use of Slurries for Salt Caverns
Abandonment

INTERNATIONAL, HOMELAND, AND
NUCLEAR SECURITY

468

470

472

473

475

477

478

479

481

482

483

Using Fast Neutron Signatures for
Improved UF Cylinder Enrichment
Measurements

Predictive Modeling of Non-Ideal
Explosives

Advanced High Security Command and
Control Interface (AHSC2I)

Genomics-Enabled Sensor Platform for
Rapid Detection of Viruses Related to
Disease Outbreak

High Energy Resonance Radiography by
Double Scatter Spectroscopy

Coaxial Microwave Neutron Interrogation
Source

Exploring the Development of Large Area
Geiger-Mode Avalanche Photodiodes

Characterization of Atmospheric lonization
Techniques for the Identification of New
Chemical Signatures from Homemade
Explosives in Complex Matrices

Development of a Sustainable Anthrax
Diagnostic Test for Countering the
Biological Threat

Advanced Diagnostic and Sample
Preparation Platform for Early Threat
Surveillance

Multi-Target Camera Tracking, Hand-Off
and Display
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484

485
486

487

488

489

490

492

493

494

495
496

497

498

499

501

502

Rapid Affinity Reagent Development for
Emerging Pathogen Detection

Intrinsic Material Elements Seal

Modeling the Contents of Radiological
Devices in Real-Time

Compressive Sensing for Nuclear Security
Applications

Development and Field-Testing of a
Diagnostics Platform for Global Syndromic
Disease Surveillance

Processing Radiation Images Behind an
Information Barrier for Automatic Warhead
Authentication

Bubble Masks for Time-Encoded Imaging
of Fast Neutrons

RGB+D for Biometrics and Physical
Security

Radiography Signature Science of
Homemade Explosives

Distinguishing Bioengineering from Natural
Emergence in Biothreat Genomes

Jam-Proof Wireless Communications

Using EEG to Understand Domain-Specific
Visual Search

Improved Pulse Shape Discrimination in a
Multicomponent Water/Organic System

Toward Interactive Scenario Analysis
and Exploration: A Study on Simulation
Technology Optimization and Scalability
with Big-Data Analysis and their
Applications

Advanced Digital Microfluidic Interface for
Sample Prep Automation

High Fidelity Forward Model Development
for Nuclear Reactor Spent Fuel Technical
Nuclear Forensics

Radar Detection of Personnel Obscured by
Foliage
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503 NUCLEAR WEAPONS

504 Development of Ab Initio Techniques
Critical for Future Science-Based
Explosives R&D

506 Metal-Insulator Transition-Based Limiters

508 Thermoelectric Materials: Mechanistic
Basis for Predictive Aging Models and
Materials Design

510 Non-Destructive Gas Pressure
Measurements in Neutron Tubes and
Generators

512 All Optical Fiber Architecture for Optical
Firesets

514 MEMS Photoacoustic Spectroscopy

516 AF&F Fail Safe Feature for Abnormal
Thermal Environments Using Shape
Memory Alloys

518 New Composite Separator Pellet to
Increase Power Density and Reduce Size
of Thermal Batteries

519 Liquid Metal Environment Sensing Devices
(ESDs)

521 Ultrafast Laser Diagnostics to Investigate
Initiation Fundamentals in Energetic
Materials

522 lon-Induced Secondary Electron Emission
and Vacuum Surface Flashover for High
Gradient lon Beam Accelerators

523 Determination of Reaction Zone Length in
Vapor-Deposited Explosive Films

525 Gas Permeation Properties of Graphene
Membranes

527 Chemical Enhancement of Surface Kinetics
in Hydrogen Storage Materials

528 Advances in High Dynamic Range
Resonant Accelerometers

529 Impact of Crystallization on Glass-Ceramic
to Metal Bonding

530 Synthesis of Wear-Resistant Electrical

Contact Materials by Physical Vapor
Deposition
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531

532

534

535

536

537

538

539

540

541

542

543

545

Extension of Semiconductor Laser Diodes
to New Wavelengths for Novel Applications

Deciphering the Role of Residual Stresses
on the Strength of Adhesive Joints

Inherent Secure Communication Using
Lattice Based Waveform Design

Impact of Materials Processing on
Microstructural Evolution and Hydrogen
Isotope Storage Properties of Pd-Rh Alloy
Powders

Developing Software Systems for High-
Assurance Applications

Understanding H Isotope Adsorption and
Absorption of Al-Alloys Using Modeling and
Experiments

Carbon Composite MEMS Accelerometer

Organosilicon-Based Electrolytes for Long-
Life Li Primary Batteries

Electromechanical Performance of
Electronic Components in Harsh
Environments

The Use of Degradation Measures to
Design Reliability Test Plans

Lithium Thiophosphate Compounds as
Stable, High Rate Li-lon Separators:
Moving Solid Electrolytes into High Rate
Applications

Non-Linear T-Lines for Fire-Set/EBW
Drivers

GRAND CHALLENGES

546

549

551

552

AQUARIUS: Adiabatic Quantum
Architectures in Ultracold Systems

Enabling Secure, Scalable Microgrids with
High Penetration Renewables

Science-Enabled Next Generation
Photovoltaics for Disruptive Advances in
Solar Power and Global Energy Safety and
Security

Extreme Scale Computing Grand
Challenge
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553 Pattern ANalytics To Support High-
Performance Exploitation and Reasoning
(PANTHER)

554 CYBERSECURITY

555 Hybrid Methods for Cybersecurity Analysis

557 Leveraging Complexity for Unpredictable
yet Robust Cyber Systems

559 Reliable PUFs for Supply Chain Assurance

561 Uncertainty Quantification and
Substantiation for Machine Learning in the
Context of Cybersecurity

563 Peering Through the Haze: Privacy
and Monitoring in the Cloud Computing
Paradigm

565 Secure and Efficient Privacy Preserving
Program Obfuscation

566 Instrumenting Nation-Scale Networks with
Hierarchical, Peer-to-Peer Communications

568 Memristor Evaluation and Optimization for
Cybersecurity

569 A Thin Hypervisor for Dynamic Analysis
and Reverse Engineering of ARM Based
Embedded Systems

570 Encryption Using Electrochemical Keys
(EEK)

571 Cross-Domain Situational Awareness in
Computing Networks

572 Modeling and Development of
Nondestructive Forensic Techniques for
Manufacturer Attribution

573 An Empirical Assessment of the Factors
Underlying Phishing

574 Flexible and Scalable Data Fusion using
Proactive, Schemaless Information
Services

575 Robust Decision Making Despite
Compromised Data

577 Composing Formally Verified Modules to

Analyze Security and Reliability Properties
of Large-Scale High-Consequence
Systems
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578

579

580

581

582

583

584

585
586

Line Element Electron Source for High-
Speed Electron Microscopy

Cyber Graph Queries for Geographically
Distributed Data Centers

Applying Cognitively Inspired Computing
Systems to Create a Robust Cyber
Protection Architecture

Nested Narratives
Active Learning for Alert Triage

Highly Efficient Entangled Photon
Source for High-Speed Secure Quantum
Communication Network

Model Reduction for Quantum
Technologies

Supply Chain Lifecycle Analytics
RESEARCH CHALLENGES

587

588

589

590

591
592

593
594

Revisiting the Applied Mechanics
Paradigm: Multi-Scale Modeling of
Transport Processes in Complex Materials

Breaking Antibiotic Resistance: Use of
High-Throughput, Multi-Dimensional Data
Analyses and Revolutionary Advances in
Engineered Nanoparticles to Design and
Deliver Antisense RNA

Flexible, Adaptable, Full-Spectrum
Imaging via Nanoantenna Enabled Two-
Dimensional Detectors

Comparative Approach for a Physics-Based
Understanding of Power Spectrum Analysis
Signatures

Counter-Adversarial Data Analytics

Beyond Moore's Law Computer
Architecture

First to High Yield Fusion
EXPLORATORY EXPRESS

595

597

599

Experimental Validation of a High-Voltage
Pulse Measurement Method

Reconfigurable Threat Emulation Attitude
Control Strategy

In Situ TEM Study of LiMn,O, Stability
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600

602

604

606

607

609

610

612

613
614

Pathogen Capture: Using Sandia
Technology to Understand Host-Pathogen
Interactions

Modeling the Chelyabinsk Airburst: a New
Benchmark for Radiation Hydrocodes

Graphene Liquid Crystals: Novel Building
Block for Anisotropic Oriented Materials

A Micro-Engineered Human Blood-Brain
Barrier (u-BBB) to Study Host-Pathogen
Interactions

Study of Gallium Nitride High Electron
Mobility Transistor Degradation through
Comprehensive Characterization

Carbon Nanotube Thermal Interface
Materials for Satellite Systems

Exploring Graphene Field Effect Transistor
Devices to Improve Spectral Resolution of
Semiconductor Radiation Detectors

Enabling the First-Ever Measurement of
Coherent Neutrino Scattering through
Background Neutron Measurements

UNPUBLISHED SUMMARIES

APPENDIX A: FY 2013 AWARDS AND
RECOGNITION
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Message from Julia Phillips, Vice President and
Chief Technology Officer

Laboratory Directed Research and Development (LDRD) is essential for maintaining
the critical science, technology, and engineering (ST&E) capabilities required to
carry out our national security mission, including the safety and security of the
nuclear deterrent. Through the LDRD program, Sandia National Laboratories and
other Department of Energy (DOE) laboratories pursue high-risk, mission-driven
research that pushes the frontiers of science and engineering and ensures the United
States maintains science and engineering superiority in a world replete with threats
to our national security. It also helps Sandia and other labs attract and retain many
of the nation’s best and brightest scientists and engineers to carry out that vital work.
Through its support of this indispensable sole discretionary R&D program, the US
Congress has recognized the value of LDRD on fulfilling our mission to protect
Americans at home and abroad.

The research investments provided by the LDRD program are essential to implementing Sandia’s research
strategy, whose goals are to: 1) provide critical differentiation in the delivery of mission through a
multidisciplinary research portfolio; 2) tackle groundbreaking challenges that create transformational
opportunities in national security; and 3) steward and nurture a vibrant, problem-rich research environment.

The FY 2013 LDRD Annual Report highlights the diverse research that Sandia conducts to support our
national security missions, often in collaboration with scientists and engineers in academia, industry, and other
government labs. The LDRD program provides direct and indirect benefit to current and emerging DOE and
National Nuclear Security Administration (NNSA) missions and research priorities. Our history of executing
this program has also shown a remarkable ability to anticipate the research needs of future missions and
priorities.

The FY 2013 LDRD program supported 447 projects at a cost of $168M. LDRD proposals undergo a robust

peer review, resulting in the selection of projects that are of the highest technical quality and which are well
aligned with Sandia’s vital national security missions.
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SANDIA FY 2013 PROGRAM OVERVIEW

Introduction

How vital is the LDRD program to fulfilling our mission? The benefits of LDRD research pervade almost
every mission area of the Laboratories, making it possible to accomplish our critical national security role.
Breakthroughs have occurred in areas as diverse as new sensor technologies, quantum science and technology,
nanotechnology, metamaterials, computational modeling and simulation, molecular biology, and alternative
fuels.

For example, research funded by Sandia’s LDRD program enabled the only strategically radiation-hardened
microelectronics capability in the United States. This capability is vital to the effective performance of the
nuclear stockpile and our nonproliferation missions, and to the success of the nation’s satellite and space
programs. LDRD also advanced the capability to measure materials properties in extreme environments
important to nuclear weapons performance. This capability helps make it possible to certify the performance of
nuclear weapons without underground testing.

LDRD also miniaturized high-resolution radar technology so that it could be mounted on small planes to gather
intelligence in support of our national security and to help save the lives of American soldiers on the battlefield.
And, LDRD can have unexpected payofts as seen by the project to alleviate the problematic heat build-up on
fiber optics laser systems. The technology that resulted from this project is a small — approximately 10 cm in
diameter — device that provides a 30-fold improvement in heat transfer. Termed the “Sandia Cooler,” it has
potential cooling applications in laptop computers, automobiles, LED lighting, both large and small appliances
and electronics, and even building air conditioning systems.

Sandia’s LDRD program is operated in compliance with DOE Order 413.2B. The program supports the
missions of the DOE/NNSA, Department of Homeland Security, Department of Defense, and other federal
agencies. It underpins DOE missions in nuclear security, energy security, scientific discovery and innovation,
and the broader national security missions of our partners in the Work for Others (WFO) program.

LDRD projects are chosen for their technical quality, their differentiating and programmatic value to Sandia,
and their relevance to the missions of DOE/NNSA and other federal agencies. LDRD scientific advances and
technology innovations provide multiple benefits to all Sandia stakeholders, consistent with congressional intent
and the Laboratories’ strategic goals.

Program Strategy

Sandia’s LDRD program is an essential part of the Laboratories’ research strategy. It touches other key
elements of that strategy, which consist of research challenges designed to develop solutions that can surmount
critical technical obstacles, and the translation of technologies into intellectual property that can be licensed

to companies for commercialization. Sandia integrates LDRD into the overall strategy to fulfill the following
goals: enable our national security missions now and in the future; advance the frontiers of science and
technology; and, attract and retain a world-class research community.

The FY 2013 LDRD program structure supported these goals through strategic investments in five primary
Program Areas each consisting of smaller focused investment areas (IAs).
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Research Foundations (RF) Program Area

The RF Program Area seeks to anticipate and provide for the future science, technology, and engineering
(ST&E) needs of the Laboratories, fostering our science base as a means to further develop the critical existing
and future ST&E capabilities needed to support our national security missions. In FY 2013, there were eight RF
investment areas, seven of which align to Sandia's RF areas: Bioscience, Computing and Information Sciences,
Engineering Science, Nanodevices and Microsystems, Materials Science, Radiation Effects and High Energy
Density Science (REHEDS), and Geoscience. An eighth RF investment area, called "New Ideas," supports
leading-edge research that lies outside Sandia's current research foundation focus areas, but that may lead to
breakthroughs in science and technology that could profoundly impact our national security mission.

Mission Technologies Program Area

The Mission Technologies Program Area seeks to create and nurture the ability to provide innovative solutions
for NNSA, DOE, and Work for Others (WFO) sponsors of Sandia’s mission areas, creating and accelerating
the development of technologies needed to address national security issues. The four Mission Technologies
investment areas align with the Sandia’s Strategic Management Unit (SMU) structure: Nuclear Weapons;
Defense Systems and Assessments; Energy, Climate, and Infrastructure Security; and International, Homeland,
and Nuclear Security.

Mission Challenges Program Area

The Mission Challenges Program Area targets the most complex and difficult ST&E problems facing our
nation that no one agency or industry can solve on its own, pursues key ST&E challenges spanning many
years of R&D effort across multiple portfolios and disciplines, and seeks to create breakthroughs in science or
engineering in support of these challenges. In FY 2013, there is one Mission Challenge IA: Cybersecurity.

Grand Challenge Program Area

Grand Challenges address some of the most difficult problems facing our nation, using large multidisciplinary
teams to create significant ST&E advances that lead to unique or differentiated capabilities not likely to be
established elsewhere.

Corporate Investments Program Area

The Corporate Investments Program Area has a broad Labs-wide focus, promoting strategic collaborations with
academia or addressing initiatives directed by the Chief Technology Officer (CTO) or Sandia management.
Early Career R&D projects provide an opportunity for new research staff members to build new research
capabilities through LDRD as they become integrated into the Sandia workforce and contribute to mission-
driven projects. Exploratory Express LDRD projects are smaller, short-term projects that provide an
opportunity for staff to quickly test or mature a novel idea that has potential to become very important for one
of Sandia's strategic missions. This new investment area was created in FY 2013 to support one of the three
goals of Sandia’s Research Strategy — “Steward and nurture a vibrant problem-rich research environment that
is a fundamental element of the Laboratories’ mission success” — by providing a vehicle to explore ideas that
are generated by researchers spontaneously throughout the year rather than in response to a specific Investment
Area during the annual call. Another new investment area initiated in FY 2013, “Research Challenges,”
addresses the Research Strategy goal to: “Pursue a small number of transformational interdisciplinary research
challenges that enable the Laboratories to solve strategic mission challenges by building on our research
foundations.”

18



Sandia National Laboratories 2013 LDRD Annual Report

Selection Process

The process for selecting LDRD projects begins each year with an annual Labs-wide call for ideas. The ideas
are requested from and directed to particular investment areas that cover the gamut of research within the
laboratory. As described above, the investment areas align with the Laboratories’ research strategy and the
strategic management programs, which carry out the mission work.

Interested researchers submit proposals that are directed to the appropriate investment areas for evaluation.
Each investment area has a team that reviews the proposals for leading-edge R&D that may have potential
impact on Sandia’s future national security mission needs. Independent technical and programmatic appraisals
are conducted for each new proposal before a final set of projects is selected within each investment area based
on available funds.

All LDRD principal investigators must submit annual status reports, pursue publication in professional journals
as applicable, and submit detailed final reports on their findings.

Of the 902 ideas submitted in response to the annual FY 2013 LDRD program call for ideas, 200 were invited
to submit full (initial-funding) proposals, and 89 of these were approved for funding. In addition, there were
32 new Early Career R&D projects, 11 Exploratory Express projects, and 56 other new projects for a total of
177 new projects. The new projects were added to the 270 continuing projects for a total of 447 projects in
FY 2013, with a total cost of $168M.

FY 2013 Budget
Figure 1 illustrates a breakdown of the FY 2013 LDRD portfolio by Program Area cost.

B Research Foundations
B Mission Technologies
M Mission Challenges

B Grand Challenges Figure 1: FY 2013 LDRD Portfolio by Program
Area Cost ($M)

¥ Corporate Investments

¥ Program Management

Program Performance

Enabling our National Security Missions
LDRD projects are selected following rigorous review of technical quality, differentiating and programmatic
value to Sandia, and relevance to DOE/NNSA missions (nuclear security, energy security, environmental
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remediation, and scientific discovery and innovation), as well as the national security missions of the
Department of Homeland Security, the Department of Defense, and Other Federal Agencies. As a result, the
scientific advances and technology innovations from LDRD provide multiple benefits to all stakeholders,
consistent with Congressional intent and our Laboratories’ strategic goals. Figure 2 shows the mission
relevance of the FY 2013 LDRD portfolio and illustrates the broad support for current and planned national
security. The dollar amounts total more than 100 percent of the total FY 2013 costs since most projects have
relevance to more than one mission area.
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Figure 2. The FY 2013 LDRD portfolio supports multiple missions. DOE/NNSA missions: nuclear security (NucSec), energy security
(EnSec), scientific discovery (SciDisc), environmental responsibility (Env); and Department of Homeland Security (DHS), Department
of Defense (DoD), Other Federal Agencies (OFA), and other organizations, e.g., industry (Other).

Advancing the Frontiers of Science and Engineering

LDRD creates and builds new knowledge and novel technologies that develop new capabilities and produce
major scientific advancements through leading edge R&D. Supporting evidence includes success stories,
awards and recognition, as well as statistical measures of outputs such as publications and intellectual property.

Technical success in Sandia’s LDRD program is illustrated in part by the documentation of LDRD research in
peer-reviewed journals and publications during FY 2013, including these examples featured on journal covers:

“Atomistic Simulations Predict a Surprising Variety of Morphologies” in the March

— 2013 issue of American Chemical Society Macro Letters described the work of several
Sandians to carry out fully atomistic molecular dynamics simulations of melts of lithium-
neutralized precise ionomers, which revealed the structural features of ionic aggregates in
unprecedented detail. They found that traditional assumptions of spherical ionic aggregates
with liquid-like ordering, which is typically used to interpret experimental scattering data,
is too simplistic, and that a more rich and complex set of structures exist that also fit the
scattering data.

ACSMacro Letters>
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“Self-Assembly in a Mixed Polymer Brush with Inhomogeneous Grafting Density
Composition” in the June 14, 2013, issue of Soft Matter described the work of two
Sandians and other researchers to analyze the possibility of obtaining long-range ordering
from the self-assembly of A-B binary mixed brushes similar to diblock copolymer thin
films. Their work focused on the correlation between the spatial distribution of the
grafting points and the self-assembly.

Materials Science
and Engineering

Two Sandians joined several other scientists in writing “The Mechanical Behavior and
Deformation of Bicrystalline Nanowires” in the January 2013, issue of Modelling and
Simulation in Materials Science and Engineering. The paper investigated the competition
between free surfaces and internal grain boundaries as preferential sites for dislocation
nucleation during plastic deformation in aluminum bicrystalline nanowires. The work
suggested that the cooperation of numerous mechanisms and the structure of internal
grain boundaries are crucial in understanding the deformation of bicrystalline nanowires.

| e Jourmnalof “Molecular Dynamics Simulations of Evaporation-Induced Nanoparticle Assembly” in the
ChismicalEnySicy February 14, 2013, issue of AIP: The Journal of Chemical Physics, presented large-scale

.~ molecular dynamics simulations of the evaporation-induced assembly of nanoparticles

suspended in a liquid that evaporates in a controlled fashion. The results have important

implications in understanding assembly of nanoparticles and colloids in nonequilibrium

liquid environments.

FY 2013 Awards and Recognition

R&D 100 Awards: In FY 2013, Sandia received three R&D 100 Awards and contributed to a fourth R&D 100
Award, three of which had their roots in LDRD projects.

Mantevo Suite 1.0, submitted by Mike Heroux and his team, an

P integrated collection of small software programs (miniapps) that model the
T performance of full-scale applications, yet require code only a fraction of
the size of the full application.

Membrane Projection Lithography, submitted by
Bruce Burckel and his team, a fabrication technique that
enables the creation of a diverse array of microscopic 3-D
structures with macroscopic impact.
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ADIOS: Adaptable I/0 System for Big Data, submitted by Oak
Ridge National Laboratory with key contributions from Jay Lofstead, a
Sandia LDRD-funded researcher at the Georgia Institute of Technology
(now a Sandia employee). ADIOS provides adaptable, easy-to-use, and
scalable I/O plugins across a variety of platforms. It can scale data-
intensive applications that were previously daunting.

Professional Society Fellows: In FY 2013, Sandia LDRD participants who were selected as fellows in their
professional societies include:

* American Ceramic Society: Bill Hammetter and Paul Clem
* American Chemical Society: Nancy Jackson

* American Physical Society: Mark Herrmann

* IEEE: Subhash Shinde

Additional awards and recognition to LDRD projects and participants are listed in Appendix A.
LDRD Performance Measures

Table 1 shows the relative contribution of LDRD-related outputs to total Sandia outputs for publications,
intellectual property and other measures used to assess program performance.

Refereed Publications (CY 2008-2012) 3856
LDRD -supported Publications 1018
% due to LDRD 26%
Technical Advance/Records of Invention (FY2009-2013) 1548
LDRD-supported Technical Advances 819
% due to LDRD 53%
Patents Issued (FY 2009-2013) 414
LDRD-supported Patents 189
% due to LDRD 46%
Software Copyrights (2009-2013) 426
LDRD-supported software copyrights 103
% due to LDRD 24%
Postdocs (FY 2009-2013) 9208
LDRD-supported Postdocs 512
% due to LDRD 56%
Postdoc Conversions (FY 2009-2013) 128
LDRD-supported Postdoc Conversions 93

% due to LDRD 73%
R&D 100 Awards (CY2009-2013) 22
LDRD Supported R&D 100 Awards 15

% due to LDRD 68%
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BIOSCIENCE

The Bioscience Investment Area focuses on developing tools to lessen two national security risks:
biodefense and emerging infectious diseases, and the United States’ reliance on fossil fuels.

The research in biodefense includes developing better ways to detect, characterize, and contain harmful
pathogens. The strategy integrates advanced technologies with an understanding of human health and
immune response. The goal is to improve the response to disease outbreaks and to limit their spread.

The research regarding the nation’s reliance on fossil fuels focuses on developing efficient, economical
biofuels that can replace or reduce current gasoline, diesel, and aviation fuel consumption. The research
includes two sources of energy: lignocellulose, or dry plant matter, and algae. The aim is to find efficient
and economical methods to convert lignocellulose into fuels and to understand the factors that govern
algal pond stability and identify molecular mechanisms that can be used for lipid/fuel production.

The Biomimetic Lung Toxicity Screening Platform (bioMIMIC) is a practical in-vitro tissue-on-a-chip
screening platform that models the air sac/blood vessel interface and is suitable for use in BSL3/4 labs
(Project 151350).
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BIOSCIENCE

Genetic Engineering of Cyanobacteria as Biodiesel Feedstock
142441

Year 4 of 4
Principal Investigator: A. Ruffing

Project Purpose

The current dependence on fossil fuels for energy is an imminent threat to our national security.Energy
independence through alternative energy development is necessary to address this political and economic
threat. Biofuels are prime candidates for the supplementation and eventual replacement of fossil-fuel-derived
energy. Major challenges in biodiesel production include: 1) maximizing the production rate to meet the high
demand of current energy consumption and 2) developing low-energy and cost-effective methods for isolation
and purification of the biodiesel. Photosynthetic microorganisms offer a promising solution to these challenges
while at the same time addressing growing environmental concerns through CO2 mitigation. Algae, natural
photosynthetic oil producers, are the focus of most biodiesel research efforts, and little attention has been given
to other photosynthetic microorganisms, particularly cyanobacteria. Cyanobacteria do not naturally produce

oil like algae; however, there are other advantages to using cyanobacteria for biodiesel feedstock production.
Unlike algae, cyanobacteria have well-established methods for genetic engineering, as evidenced by the genetic
engineering of cyanobacteria for the production of first-generation biofuels including ethanol and butanol.
Furthermore, cyanobacteria will naturally secrete fatty acids, a biodiesel precursor, into the extracellular media,
simplifying downstream product isolation. This project investigates the feasibility of engineering cyanobacteria
for the production of fatty acids as biodiesel feedstock. The engineered cyanobacteria are subjected to additional
investigation to determine the physiological effects of the genetic manipulation. If successful, this project

will develop a new method for the production of biodiesel feedstock with reduced downstream processing
requirements compared to conventional algal biodiesel production. The PI is a Sandia Truman Fellow.

Summary of Accomplishments:
Noteworthy accomplishments:

* Tested the toxicity of potential biofuel products for three genetically tractable strains of cyanobacteria.
Synechococcus sp. PCC 7002 was shown to have high tolerance to short-chain alcohols such as ethanol and
butanol.

* Successfully engineered two cyanobacterial hosts for the production and excretion of free fatty acids. The
concentration of free fatty acids produced by the engineered cyanobacteria was high enough to lead to free-
fatty-acid precipitation and visible accumulation at the surface of the culture.

* Identified major limitations in free-fatty-acid accumulation, most notably the negative physiological effects
on the cyanobacteria host. Using RNA-seq technology, potential gene targets were identified for helping
the cyanobacterium to cope with the physiological stresses of free-fatty-acid production. Several of these
genes were targeted for genetic manipulation, and nine genes were found to improve the host physiology
during free-fatty-acid production.

» Determined that selection of the cyanobacterial host significantly influenced the rate of free-fatty-acid
production. Synechococcus sp. PCC 7002, a marine cyanobacterium, was engineered to produce higher
levels of free fatty acid compared to Synechococcus elongatus PCC 7942, a freshwater cyanobacterium,
with minimal physiological effects. The apparent free-fatty-acid resistance of Synechococcus sp. PCC
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7002 was found to be dependent on temperature and free-fatty-acid concentration.

» Determined that gene expression levels were important for high free-fatty-acid production in the
cyanobacterial host. In particular, overexpression of the carbon-dioxide-fixing enzyme, RuBisCO, led to a
three-fold increase in free-fatty-acid production.

Significance:

This project conducted fundamental research to increase biofuel production from cyanobacteria, a form of
microalgae. Microalgal biofuels have the potential to play a key role in energy security and in enabling

US energy independence but will require scientific and engineering advancements to achieve economic
sustainability. This work has demonstrated the ability of genetically engineered cyanobacteria to produce
hydrocarbon-based fuels for renewable energy production. Furthermore, scientific advancements in the
understanding of cyanobacterial physiology and genetic responses have been achieved. These accomplishments
advance two DOE mission areas: Energy and Science and Innovation.

Refereed Communications:
A .M. Ruffing, “Metabolic Engineering of Hydrocarbon Biosynthesis for Biofuel Production,” Book Chapter:
Liquid, Gaseous and Solid Biofuels — Conversion Techniques, Intech, 2013, pp. 263-298.

A.M. Ruffing, “RNA-Seq Analysis and Targeted Mutagenesis for Improved Free Fatty Acid Production in an
Engineered Cyanobacterium,” Biotechnology for Biofuels, vol. 6, August 2013.

A.M. Ruffing, “Borrowing Genes from Chlamydomonas Reinhardtii for Free Fatty Acid Production in
Engineered Cyanobacteria,” Journal of Applied Phycology, vol. 25, pp. 1495-1507, January 2013.
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Tailoring Next-Generation Biofuels and their Combustion in

Next-Generation Engines
151308

Year 3 of 3
Principal Investigator: C. A. Taatjes

Project Purpose:

Increasing energy costs, the dependence on foreign oil supplies, and environmental concerns have
emphasized the need to produce sustainable renewable fuels and chemicals. Domestically produced biofuels
for the transportation sector will be key to meeting national goals for energy security and climate-change
mitigation. The strategy for producing next-generation biofuels must include efficient processes for biomass
conversion to liquid fuels, and the fuels must be compatible with current and future engines. New clean and
efficient combustion strategies that rely on compression ignition are extremely sensitive to changes in fuel
chemistry. Nevertheless, biofuel development generally takes place without any consideration of combustion
characteristics, and combustion scientists typically measure biofuel properties without any feedback to

the production design. We seek to optimize the fuel/engine system by bringing combustion performance,
specifically for advanced next-generation engines, into the development of novel biosynthetic fuel pathways.
We have developed an innovative coupling of combustion chemistry — from fundamental reaction kinetics
to engine measurement — and the optimization of fuel production using metabolic engineering. We have
engineered new means for biofuel production from lignocellulosic biomass using metabolic pathways
discovered in endophytic fungi and concurrently have generated the combustion-chemistry knowledge base
to model utilization of the biofuel. Current biofuel production from lignocellulosic material starts with
pretreatment and enzymatic hydrolysis to obtain monomeric sugars, which are then fermented. The fungus-
based biosynthetic approach may avoid these two costly steps by using a consolidated process that directly
breaks down lignocellulosic biomass by extracellular hydrolytic enzymes and produces an infrastructure-
compatible biofuel by fermenting the liberated monomeric sugars. This project has established a framework
linking fundamental chemistry, engine science, and synthetic biology for fuel production for co-development of
engines and biofuels.

Summary of Accomplishments:

We created a robust and flexible framework for coordination of biofuel production and utilization research
that can enable co-development of fuels and engines. This framework can be applied for a range of biofuel
production and combustion strategies.

We analyzed the combustion chemistry of ketone fuels, one class of fuel molecules produced by endophytic
fungi from lignocellulosic biomass. We characterized an important radical rearrangement pathway in ketone
ignition chemistry. We demonstrated that some ketones, for example 2,4-dimethylpentan-3-one, can be
advantageous fuels for advanced engines, showing higher thermal efficiencies than gasoline in homogeneous-
charge compression-ignition (HCCI) engines. We developed a working model for ketone ignition chemistry and
validated it against a range of experimental targets.

We showed that several endophytes produce a wide spectrum of bioactive volatile organic compounds

(VOCs) that contain a high energy density, making them promising potential replacements for fossil fuels.
Genomic data mining identified that these endophytes possess an extensive complement of cellulolytic enzyme
machinery, which indicates they have a robust capacity for degrading cellulosic biomass. We determined the
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dynamics of the cellulolytic machinery of these four strains in the presence of different feedstocks. Moreover,
the putative terpene synthase (TS) genes annotated in the genomes were informatically and functionally
characterized, expressed, and optimized in E coli. We tested the fundamental ignition chemistry of cineole,
one of the principal fuel molecules produced by the action of these TS, and developed a preliminary model for
cineole autoignition.

Significance:

The framework put into place under this project can enable co-development of biofuels and engines, allowing
efficient exploration of new production platforms and facilitating their utilization. Such a framework can
enhance national goals towards secure and sustainable transportation fuels.

The characterization and engineering of new metabolic pathways for breakdown of lignocellulosic biomass and
production of useful organic molecules may enable more effective biomass conversion processes with less need
for expensive pretreatment.

The ignition chemistry investigations will facilitate the development of clean, efficient combustion strategies
that exploit emerging fuel stocks.

Refereed Communications:

A.M. Scheer, O. Welz, D.Y. Sasaki, D.L. Osborn, and C.A. Taatjes, “Facile Rearrangement of 3-Oxoalkyl
Radicals is Evident in Low-Temperature Gas-Phase Oxidation of Ketones,” Journal of the American Chemical
Society, vol. 135 pp. 14256-14265, August 2013.

Y. Yang and J.E. Dec, “Bio-Ketones: Autoignition Characteristics and their Potential as Fuels for HCCI
Engines,” SAE International, Journal of Fuels and Lubricant, vol. 6, pp. 713-728, October 2013.

27



Sandia National Laboratories 2013 LDRD Annual Report

Systems Biology in 3D: Monitoring and Modeling the
Dynamics of Francisella tularensis-associated Granuloma

Formation
151348

Year 3 of 3
Principal Investigator: S. M. Brozik

Project Purpose:

Formation of granulomatous-necrotic lesions in mice infected with Francisella tularensis (Ft), a category A
bioterrorism agent, may serve to control and regulate early stages of infection. Traditional sample-sacrifice
experimental protocols have enabled significant insight into the cellular composition of these granulomas;
however, an understanding of multiscale mechanisms and host-pathogen interactions that mediate Ft-related
granuloma formation is lacking. Specifically, we propose to explore: 1) the functional role of macrophages