Citation: IBMS BoneKEy 10, Article number: 286 (2013) | doi:10.1038/bonekey.2013.20
& 2013 International Bone & Mineral Society All rights reserved 1940-8692/13
www.nature.com/bonekey

MEETING REPORT

Principles of engineering tissue regeneration
(Sun Valley 2012)
Robert E Guldberg1, Hani A Awad2, Gordana Vunjak-Novakovic3, Hank Donahue4
and Anusuya Das5
1

Parker H. Petit Institute for Bioengineering and Bioscience, Georgia Institute of Technology, Atlanta, GA, USA.
Biomedical Engineering and Orthopaedics, Center for Musculoskeletal Research, University of Rochester, Rochester,
NY, USA. 3Biomedical Engineering, Laboratory for Stem Cells and Tissue Engineering, Columbia University, New York,
NY, USA. 4Department of Orthopaedics and Rehabilitation, Division of Musculoskeletal Sciences, Pennsylvania State
University, University Park, PA, USA. 5University of Virginia, Charlottesville, VA, USA.

2

IBMS BoneKEy 10, Article number: 286 (2013) | doi:10.1038/bonekey.2013.20; published online 27 February 2013

Meeting Report from the 42nd International Sun Valley Workshop: Musculoskeletal Biology, Sun Valley, ID, USA, 5–8 August 2012
Tissue engineering and regenerative medicine is a maturing
interdisciplinary field that integrates bioengineering principles,
fundamental biological discoveries and translational medicine
to produce new clinical therapies for restoring damaged or
diseased tissue function. This workshop session discussed the
general principles of engineering tissue regeneration with focus
on musculoskeletal tissues. Bone, cartilage, muscle, and other
connective tissues are prime targets for regenerative engineering strategies given that musculoskeletal tissue damage
associated with acute injury or chronic degeneration represents
the most common cause of pain and functional disability
worldwide. Clinical efforts to restore structural integrity and
function to musculoskeletal tissues are often complicated by
the local biomechanical environment, advanced age, adjacent
tissue trauma, infection, ischemia conditions, or systemic
diseases, which conspire to overwhelm endogenous repair
mechanisms. Recent biological discoveries have introduced
candidate growth factors, small molecules, and stem cells that
may be exploited to promote endogenous repair mechanisms
for modulating inflammation, vascularization, cellular function,
and extracellular matrix synthesis. However, successful delivery
of regenerative biological cues requires careful consideration of
bioengineering factors related to biomaterial scaffold design,
mass transport, and biomechanical environment.
Dr Guldberg led off the session with an overview and
historical context of the field. The first meeting on ‘Tissue
Engineering’ was a workshop organized by the National
Science Foundation in 1988 in Lake Tahoe, California. From the
beginning, it was recognized that tissue engineering needed to
be multidisciplinary with participation from multiple federal
agencies, industry and investigators in various areas such as
cell biology, medicine and bioengineering. A report from this
workshop provided the following definition: ‘Tissue engineering
is the application of principles and methods of engineering and
life sciences toward fundamental understanding of structure–
function relationships in normal and pathological mammalian
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tissues and the development of biological substitutes to
restore, maintain, or improve tissue functions.’ Although the
field of tissue engineering and regenerative medicine has
evolved and expanded, this early definition of the field is still
highly relevant. A critical step in the maturation of the field
occurred in 2005 when the Tissue Engineering and Regenerative Medicine International Society (TERMIS) was formed by
consolidating several related organizations. TERMIS now consists of three chapters (for the Americas, Europe and Asia-Pacific)
and has over 3700 members worldwide. More importantly, while
the gauntlet of commercialization and regulatory barriers remains
a significant challenge, clinical therapies that incorporate
regenerative technologies are gaining traction.
Dr Guldberg concluded with a general paradigm for engineering tissue regeneration that involves: (i) understanding the
impediments that limit the ability of each individual tissue to
repair/regenerate, (ii) identifying key inductive signals and
common regenerative cues, (iii) developing ‘deployment’
technologies such as fibers, gels and micro/nanoparticles that
provide the spatial and temporal presentation of differentiation
cues to augment endogenous repair mechanisms, and (iv)
quantitative testing in critical defect- or disease-compromised
preclinical models. Dr Guldberg then presented data
demonstrating that a new hybrid biomaterials delivery system
developed in his laboratory involving an injectable hydrogel
loaded with bone morphogenetic protein and contained within a
perforated nanofiber mesh outperformed the current clinical
standard and completely restored the biomechanical function
of large femoral bone defects 12 weeks post treatment.1–3 He
then discussed the role of the in vivo biomechanical environment in tissue revascularization and repair. Using a customdesigned internal fixation device and 3D vascular imaging, he
showed that early loading inhibits the ingrowth of nascent blood
vessels, disrupts the biomaterial–tissue interface and prevents
initiation of bone regeneration. However, delaying mechanical
loading by just 4 weeks did not disrupt vascular ingrowth or
1

Meeting Report

tissue integration and in fact stimulated an increase in blood
vessel thickness and subsequent bone formation.4
Dr Hani Awad next addressed a major challenge in cartilage
tissue engineering—regeneration of the anisotropic extracellular
matrix structure of native articular cartilage. The oriented
structure and directional dependent properties of cartilage have
important mechanical and biological consequences that may
influence integrative repair strategies. He reported that
hydrodynamic conditions that mimic the synovial flow fields at
the articular surfaces within articular joints induce a boundary
region with enhanced interstitial flow5 that leads to the formation
of a superficial layer in tissue-engineered cartilage hydrogels.6
The biomimetic flow conditions also enhanced the production of
cartilage matrix proteoglycan, type II collagen and the surface
zone protein Proteoglycan 4 (that is, lubricin). Detailed analysis
of collagen in this superficial layer showed a highly aligned
fibrillar matrix that resembled the alignment pattern in the
surface zone of articular cartilage.6 These results are consistent
with previous findings7,8 and suggest that stimulating engineered cartilage with synovial fluid flow conditions in hydrodynamic bioreactors may promote the formation of anisotropic
superficial zone features similar to those of native articular
cartilage.
Dr Gordana Vunjak-Novakovic then described their efforts to
create patient-specific, functional human bone for clinical use.9
The approach involves directing stem cells to assemble
functional tissue structures by seeding them into anatomically
shaped biomaterial scaffolds, which serve as a template for
tissue formation, and culturing the cell-seeded scaffolds in
bioreactors designed to enhance mass transport and provide
biophysical and biochemical signals.10,11 She noted that human
engineered tissues of high biological fidelity could also be used
for studies of disease, drug development and ‘human in a dish’
screening platforms.12 For all of these applications, biomaterials, bioreactors and imaging modalities must be integrated.
Dr Vunjak-Novakovic next described the ability to tissue
engineer living anatomically shaped, clinically sized human
bone grafts for craniofacial reconstruction. The complex 3D
shape of the bones required a new generation of a perfused
‘anatomical’ bioreactor integrated with on-line imaging. Dr
Vunjak-Novakovic concluded by discussing the evolution of the
biomimetic approach to engineering functional human bone/
cartilage composites, and some of the current challenges:
vascularization, functional integration, remodeling and the
establishment of interfaces with adjacent soft tissues.
Dr Hank Donahue’s talk addressed the regulation of
osteoblastic differentiation by biophysical stimuli, which has the
potential to enhance bone formation and healing for musculoskeletal tissue regeneration. He introduced two potent
mechanisms by which biophysical signals enhance bone cell
differentiation. First, Dr Donahue showed that surface features
including hydroxyapatite (HAP) nanotopography strongly affect
cell adhesion, osteoblastic differentiation and matrix mineralization. Although the mechanisms are not fully understood,
surface topography enhances cytoskeletal organization
and focal adhesion kinase (FAK) signaling.13 Dr Donahue
next showed how specific HAP nanotopographies increase
osteoblastic differentiation in vitro and new bone formation
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following graft surgery. He also showed that osteogenesis can
be regulated by mechanical signals, and provided evidence that
nanotopographies can further sensitize cells to the effects of
fluid flow, suggesting a potential synergy between fluid flow and
nanotopography.14 He summarized his talk by suggesting that
biophysical stimuli including fluid flow and nanotopography,
alone or in combinations, represent a promising approach to
enhance osteogenesis and improve the healing of musculoskeletal tissues.15
Dr Anusuya Das, an ASBMR Harold M. Frost Award Winner,
concluded the session with a talk demonstrating that local
biomaterials-mediated delivery of a novel S1P sphingolipid
receptor-specific drug can accelerate bone regeneration by
promoting neovascularization and osteogenesis. This final
young investigator talk was a perfect example of the convergence of principles of life sciences, physical sciences and
engineering to address unmet clinical needs for restoring
function to damaged or degenerated musculoskeletal tissues.
Note: Abstracts from the 42nd International Sun Valley
Workshop: Musculoskeletal Biology can be accessed at: http://
www.ibmsonline.org/p/cm/ld/fid=156
Conflict of Interest
The authors declare no conflict of interest.
References
1. Kolambkar YM, Boerckel JD, Dupont KM, Bajin M, Huebsch N, Mooney DJ et al. Spatiotemporal delivery of bone morphogenetic protein enhances functional repair of segmental bone
defects. Bone 2011;49:485–492.
2. Boerckel JD, Kolambkar YM, Dupont KM, Uhrig BA, Phelps EA, Stevens HY et al. Effects of
protein dose and delivery system on BMP-mediated bone regeneration. Biomaterials
2011;32:5241–5251.
3. Kolambkar YM, Dupont KM, Boerckel JD, Huebsch N, Mooney DJ, Hutmacher DW et al.
An alginate-based hybrid system for growth factor delivery in the functional repair of large bone
defects. Biomaterials 2011;32:65–74.
4. Boerckel JD, Uhrig BA, Willett NJ, Huebsch N, Guldberg RE. Mechanical regulation of vascular
growth and tissue regeneration in vivo. Proc Natl Acad Sci USA 2011;108:E674–E680.
5. Chen T, Buckley M, Cohen I, Bonassar L, Awad HA. Insights into interstitial flow, shear stress,
and mass transport effects on ECM heterogeneity in bioreactor-cultivated engineered cartilage
hydrogels. Biomech Model Mechanobiol 2012;11:689–702.
6. Chen T, Hilton MJ, Brown EB, Zuscik MJ, Awad HA. Engineering superficial zone features in
tissue engineered cartilage. Biotechnol Bioeng 2012 (e-pub ahead of print 13 December 2012;
doi:10.1002/bit.24799).
7. Gemmiti CV, Guldberg RE. Fluid flow increases type II collagen deposition and tensile
mechanical properties in bioreactor-grown tissue-engineered cartilage. Tissue Eng
2006;12:469–479.
8. Gemmiti CV, Guldberg RE. Shear stress magnitude and duration modulates matrix composition and tensile mechanical properties in engineered cartilaginous tissue. Biotechnol
Bioeng 2009;104:809–820.
9. Grayson WL, Chao PH, Marolt D, Kaplan DL, Vunjak-Novakovic G. Engineering customdesigned osteochondral tissue grafts. Trends Biotechnol 2008;26:181–189.
10. Grayson WL, Frohlich M, Yeager K, Bhumiratana S, Chan ME, Cannizzaro C et al. Engineering
anatomically shaped human bone grafts. Proc Natl Acad Sci USA 2010;107:3299–3304.
11. Marolt D, Campos IM, Bhumiratana S, Koren A, Petridis P, Zhang G et al. Engineering bone
tissue from human embryonic stem cells. Proc Natl Acad Sci USA 2012;109:8705–8709.
12. Vunjak-Novakovic G, Scadden DT. Biomimetic platforms for human stem cell research. Cell
Stem Cell 2011;8:252–261.
13. Lim JY, Dreiss AD, Zhou Z, Hansen JC, Siedlecki CA, Hengstebeck RW et al. The regulation of
integrin-mediated osteoblast focal adhesion and focal adhesion kinase expression by
nanoscale topography. Biomaterials 2007;28:1787–1797.
14. Salvi JD, Lim JY, Donahue HJ. Increased mechanosensitivity of cells cultured on nanotopographies. J Biomech 2010;43:3058–3062.
15. Lim JY, Loiselle AE, Lee JS, Zhang Y, Salvi JD, Donahue HJ et al. Optimizing the osteogenic
potential of adult stem cells for skeletal regeneration. J Orthop Res 2011;29:1627–1633.

FEBRUARY 2013 | www.nature.com/bonekey

