Biomaterials Workshop
Briefing

NSF Biomaterials Workshop: Important Areas for
Future Investment – June 19 -20, 2012
• NSF planning: Ashley White, David Brant, Joe Akkara; started
November 2011
• Steering committee: Kristi Anseth, Dennis Discher, Lara Estroff,
Paula Hammond, David Tirrell
• Graduate student participants: Dave Dingal, Larry Dooling,
Debra Lin, Anasuya Mandal, Mark Tibbitt
• 41 universities and companies represented
• 18 representatives from 6 federal agencies
• 9 plenary lectures, education panel, break-out sessions
–
–
–
–
–

Hard materials and composites: Lara Estroff
Soft Materials: Dennis Discher
Cell – Material Interactions: Kristi Anseth
Dispersed Systems: Paula Hammond
Thin Films and Interfaces: David Tirrell

• Report preparation supported by James Swyers

An alternative framework from the NSF Biomaterials
Program webpage
• The Biomaterials program supports fundamental
materials research related to (1) biological materials, (2)
biomimetic, bioinspired, and bioenabled materials, (3)
synthetic materials intended for applications in contact
with biological systems, and (4) the processes through
which nature produces biological materials.
• Projects are typically interdisciplinary and may encompass
scales from the nanoscopic to the bulk. They may involve
characterization, design, preparation, and modification;
studies of structure-property relationships and interfacial
behavior; and combinations of experiment, theory, and/or
simulation. The emphasis is on novel materials design and
development and discovery of new phenomena.

Over-arching Themes – Scientific Concepts
• Complexity
– In composition, structure and function

• Hierarchy
– Control and analysis (both experimental and theoretical) on
multiple length scales, importance of interfacial interactions

• Dynamics and Adaptation
– Response to signals and stresses

• Healing
– Self-healing structural materials, promotion of biological healing
processes

• Morphogenesis
– Autonomous control of structure, programmed cellular
morphogenesis

Over-arching Themes – Practical Impact
• Health
– A $200 billion medical device industry dependent upon fundamental studies of
interfacial phenomena, cell-material interactions, particle synthesis and
characterization, sensors and diagnostics
– Longer-term impact in cell-powered implants, virtual patients, materials that
anticipate and prevent disease, materials that adapt and grow

• Energy
– Harvesting of light, solar energy systems, controlled assembly of batteries,
systems for fuel production

• Manufacturing
– Heterogeneous enzymatic reactors, enzymes of improved stability and activity,
materials morphogenesis

• Environment
– Biocatalytic systems for environmental remediation, selective membranes for
water purification, particle consortia, particle quorum sensing

• Safety and Security
– Sensors, protection of food and water supplies, energy-dispersive materials

Over-arching Themes – Needs and Recommendations
• Synthetic tools
– Control of molecular architecture, particle structure, patterning,
presentation of functional biomolecules, stable proteins

• In situ characterization
– Hydrated systems, buried interfaces, cell-material interactions,
amorphous systems, functionally graded systems

• Rapid discovery
– Data mining, combinatorial and high-throughput experimental
methods, integration of experimental, theoretical, computational
and modeling approaches

• Scale-up
– Micro- and nano-scale technologies, biological synthesis

• A particle foundry
– Synthesis, scale-up, characterization, standardization, distribution,
training

Over-arching Themes – Education
• Reach diverse audiences
– Students in biomaterials science and engineering, in other fields,
and in the first year

• Ensure scientific rigor
– Balance breadth and depth, avoid superficial surveys

• Engage industrial scientists
– Case studies of practical successes, discussion of ethics and
professional responsibility, career options and decisions

• Share what works
– Online resources, social networks

• Embrace biology
– Cell and developmental biology, cell signaling, physical biology

Hard Materials and Composites – Opportunities and
Challenges
•

Interfaces in composite materials – control and
characterization at the atomic level
– Creation of organic and inorganic interfaces and
interphases
– Characterization of structure and properties
– Modeling of structure-property relations, development of
predictive models

•

Exploiting genomic information
– Elucidation of the molecular basis of materials biogenesis
– Genetic engineering of organisms for materials production

•

Penetrating biological complexity
– Identification of critical length scales and levels of
hierarchy
– Strategic biomimicry: Can we reduce complexity and
capture function?

•

Engineering morphogenesis
– Understanding biological morphogenesis
– Creation and analysis of morphogen gradients
– Harnessing control of molecular assembly and disassembly
to achieve morphogenetic control

Hard Materials and Composites – Scientific Questions
•

Bioprospecting
– Identification of biological materials with
exceptional properties (e.g., from organisms in
extreme environments)

•

Omics, bioinformatics and phylogeny as
routes to materials discovery
– Identification of genetic information encoding
biosynthetic pathways; phylogenetic
comparisons; analysis of large data sets

•

Characterizing and exploiting amorphous
phases
– Use in synthesis of conformal coatings and
composites

•

Buried interfaces
– Synthesis, simulation and in situ characterization

•

Design of functionally graded systems
– Preparation and characterization of gradients in
composition, structure and function

•

Hierarchical composites by design
– Control across multiple length scales; integration
of theory and experiment

Hard Materials and Composites – Technological
Needs
• New characterization tools
– Non-destructive, highly
sensitive, spatially and
temporally resolved

• Tools for data mining
– Databases and material
information systems

• Bioreactors with spatial and
temporal control
• Scalable methods of
synthesis and fabrication
• Theoretical tools for
complex “dirty” systems

Soft Materials – Opportunities and Challenges
• Mining and emulating the adaptive capacity of natural
materials
– Response to signals and stresses

• Making matter active and capable of morphogenesis
– Motion, change of shape, production of work, growth

• Probing genome-scale complexity for evolved biomaterials
– Systems of many components, emergence of form from genetic
information, evolutionary insights into materials optimization

Soft Materials – Scientific Questions
•

Which soft biomaterials systems are best
suited for understanding adaptation?
– Physical and chemical determinants of
adaptation in nature
– Extracellular matrices, membranes and
membrane fusion
– Assembly of filaments and viruses

•

Blurring the boundaries between natural
and synthetic materials
– Cell-material composites; materials that
sense the environment, exhibit dynamic
behavior and do work
– Cooperativity, crowding, coupled
interactions

•

Can we understand biomaterial
complexity and make matter evolve?
– Ultrahigh-throughput experiments,
combinatorial synthesis, determination of
properties at high rates on small samples

Soft Materials – Needs and Recommendations
• Adaptability of hierarchical matrices
– Fundamental understanding of biological
matrices
– Exploitation of covalent and non-covalent
interactions in synthetic matrices
– Methods for sequencing and synthesis of
polysaccharides

• Hybrid molecules for assembly of
nanostructures and hierarchical
materials
– Integration of biological function into
synthetic supramolecular systems

• Cyber-discovery
– Integration of experiment, theory and
simulation

• New tools for understanding
complexity
– Ultrahigh-throughput
experimental methods

Cell – Material Interactions: Opportunities and
Challenges
•

Improve biocompatibility of implanted
biomaterials
–
–
–

•

Engineer responsive and multifunctional
materials for cellular control
–

•

Bidirectional signaling and dynamic
adaptation

Harness developmental and regenerative
biology
–
–

•

$200 billion annual market in biomedical
devices
Foreign body reaction compromises
performance
Sensors, electrodes, drug delivery devices,
vascular grafts…

Stem cell renewal and differentiation;
patterning; generation of tissues and organs;
cellular de-differentiation
Temporal regulation of signaling

Combat disease and stimulate the
immune system
–
–

Suppressing pathogens
Programming immune cells

Cell – Material Interactions: Scientific Questions
• How do cells interact with and
sense materials?
– Implanted materials remodel (e.g.,
through protein adsorption); what
does the cell see?

• What signals are needed to direct
cell function?
– Cells integrate multiple signals across
length and time scales
– Context-dependent signaling
requires combinatorial methods of
study

• What are the key differences
between 2D and 3D environments?
– Synthetic methods, oxygen
transport, in situ analysis

• What can we learn in vitro?
– Defining and capturing the essential
features of the in vivo environment

Cell – Material Interactions: Needs and
Recommendations
•

Chemistries to probe and direct cell
behavior
–

•

Analysis of cellular- and molecular-level
response to biomaterials
–

•

•

Protein adsorption; secretion; degradation;
changes in mechanical properties; in situ strain
gauges

Real-time, in situ 3D cell monitoring
–

•

Ligand density; receptor clustering; mechanical
properties; dynamics; coupling of cues

Assessment of cell-induced remodeling of
materials
–

•

Dynamic materials; bio-orthogonal (“cell
friendly”) chemistries; capture and release of
ligands

Signaling; receptor presentation; transcriptional
and epigenetic events; secretion of cytokines

High throughput and combinatorial
methods
Generation and analysis of patterns and
gradients

Dispersed Systems: Opportunities and Challenges
• Nanoparticles for drug delivery
– Targeting by shape, size,
mechanical properties and
molecular recognition

• Bioengineered templates for
wires, electrodes and devices
• Catalysis and reaction
engineering
– Particulate enzymes
– Compartmentalized
microreactors

• Environmental protection
– Particles that seek and destroy
pollutants

• Sensing
– DNA detection; quorum sensing
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Dispersed Systems: Scientific Questions
•

Particle motility
– Actively targeted drug delivery; selforienting photodevices; triggered
release coupled to motility for
fabrication and morphogenesis
– Reversible adhesion; chemically driven
systems

•

Cooperative behavior
– Quorum sensing (“call to action”);
communication; emergent behavior;
particle consortia

•

Patterning of particles
– Selective and multiplexed detection;
targeted delivery
– Compartmentalized microreactors

•

Scalability and control in
manufacturing
– Continuous processes; templates

•

Theoretical approaches to the physics
of dispersed systems
– Water; complex aqueous media

Dispersed Systems: Needs and Recommendations
• Analytical tools
– Non-destructive determination of
particle concentration
– In situ structure determination
– Analysis of mechanical properties

• Synthetic tools
– Direct synthesis of stable
dispersed systems
– Biomolecular synthesis for
functional dispersed systems

• Scaling of nano- and microtechnologies to enable
standardized investigation
• A particle foundry
– Synthetic and analytical tools
– Capacity for scale-up, distribution,
standardization and training

Thin Films and Interfaces: Opportunities and
Challenges
• Biomedical interfaces
– Controlling attachment of
proteins and cells; preserving
protein function; measuring
interfacial forces; selective
adhesion

• Biomolecular factories
– Harnessing the catalytic, binding
and transport properties of
proteins

• Self-healing and self-reporting
materials
– Detection and repair of damage

• Adaptive interfaces
– Rapid attachment and release for
locomotion; sensing technologies

Thin Films and Interfaces: Scientific Questions
• Understanding the cell-material
interface
– Molecular to macroscopic scales
– Mechanisms of force exchange
between cells and materials; effects
on cell signaling and phenotype

• How do biological materials sense
and repair damage?
– Rupture of sacrificial bonds; singlemolecule force spectroscopy; organicinorganic interfaces; healing across
interfaces

• Understanding transport through
nanopores
– Selective membranes for separation
technologies; molecular sensing
– Insight into membrane transport in
biology

Thin Films and Interfaces: Needs and
Recommendations
•

Well-defined and well-characterized
presentation of biomolecules at interfaces
–
–
–

•

Patterned interfaces and interphases
–
–

•

Composition; topography; physical properties
Extension of top-down methods to soft and
cellular biomaterials; exploiting biomolecular
assembly

Design and characterization of
multifunctional interfaces
–

•

Selective adhesion and passivation; sensing
and separation; fundamental studies
Bio-orthogonal chemistries; synthesis on
templated surfaces
In situ characterization tools (no high
vacuum!)

Multiple ligands; orthogonal chemistries;
spatial and temporal control

Design and synthesis of stable proteins
–
–

Proteins could be better!
Design strategies; evolutionary approaches;
non-canonical amino acid building blocks

Thank you for attending.
If you have any questions or comments,
please direct them to bmat@nsf.gov
The final report will be made available on
the workshop website at
http://nsfbiomatworkshop2012.caltech.edu
/index.html.

