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The field of Tissue Engineering has experienced expo-

nential growth since its inception a little more than

20 years ago. In 1987, a small number of bioengineers

were invited by the US National Science Foundation (yours

truly was fortunate enough to be included) to discuss an

emerging concept of combining biology and engineering to

appropriately address the structure and function relation-

ship of biological tissues. At that meeting, the term ‘‘tissue

engineering’’ was coined by Professor Y. C. Fung of the

University of California, San Diego in La Jolla, CA, USA.

The first ‘‘Tissue Engineering’’ workshop was then orga-

nized and was held in the following year in Lake Tahoe,

CA, USA. A number of biologists and bioengineers sat

together for 4 days and the discussion centered on vascular

endothelial cell technology, skin and connective tissue,

implants, musculoskeletal system and orthopaedic surgery,

artificial organs, the nervous system, the hematopoietic

system, and mathematical modeling [10].

Since then, the field of Tissue Engineering has attracted

many players. During the last 3 or 4 years, not a month

went by without a major tissue engineering conference

around the world. At present, this field has evolved and can

be represented by a triad of cells, bioactive molecules

(growth factors and cytokines), and scaffolds. The purpose

of the latter two is to encourage the cells to proliferate

rapidly and to synthesize proteins vigorously. The work on

scaffolds, especially bioscaffolds, actually came later, but

its importance as a structural support has now been well

recognized, and more and more innovations are being made

each day.

Thus, reading the manuscript by Iwasa, Engebretsen,

Shima and Ochi on ‘‘Clinical application of scaffolds for

cartilage tissue engineering’’ and its positive view of scaf-

folds being as effective as conventional ACI treatment in the

current issue of KSSTA helps us to realize the potential of

these new and exciting approaches, and that is why there are

loads of enthusiasm on scaffolds over the last decade. I would

like to further encourage the readers to examine a recent

review paper on bilayer scaffolds designed for osteochondral

tissue engineering [8]. There, the current status of synthetic

polymers [such as poly (lactic acid) (PLA) and poly (glycolic

acid) (PGA)], and bioceramics [hydroxyl carbonate apatite

(HCA)], were beautifully reviewed. In addition, three strat-

egies for osteochondral healing and regeneration were

presented, and they are (1) chondrocytes or neo-cartilage

tissue (scaffold free) seeded directly onto a bone scaffold

base; (2) assembled bilayered scaffolds consisting of distinct

cartilage and bone scaffolds joined (or assembled) together

either before or during surgical implantations, and (3) inte-

grated bilayered scaffolds of two uniquely different

segments amalgamated together via the integration of a

mutual material common to both layers.

In the tendon and ligament area, much interest has been

given to the use of bioactive molecules including hyaluronic

acid (HA), EGF, TGF-beta; and more recently, the ubiq-

uitous platelet rich plasma (PRP) matrices for applications

in orthopaedic sports medicine. PRPs have been used to

enhance the healing of Achilles tendon tears [9] as well as

muscle injuries [2]. The potential of these bioactive mole-

cules has renewed the interest of using them for anterior

cruciate ligament (ACL) healing and regeneration. Early

works using HA, bFGF, collagen gel with platelet rich

plasma (C-PRP) as well as stem cells to heal central ACL
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defects have been reported. All have shown an increased

vascularity, increased tissue formation as well as

improvements in some of its biomechanical properties.

More recently, Murray and co-workers [7] have pioneered

the application of C-PRP to aid in the healing of a surgically

transected and repaired ACL in a porcine model. These

authors found hypertrophic neo-tissue formation as well as

increased tensile stiffness and ultimate load following C-

PRP treatment. In light of these findings, continued efforts

in improving the outcome in the long-term are being made.

However, there is less information available on the

positive effects of bioscaffolds on ligament and tendon

healing and regeneration. A mesenchymal stem cell (MSC)

seeded type I collagen sponge has been used to improve the

healing of patellar tendon (PT) injury in a rabbit model [1].

Mechanically stimulating these constructs in bioreactors

before implantation was found to further enhance the bio-

mechanical properties of the neo-PT tissues.

In our research center, we have chosen an extracellular

matrix bioscaffold, namely, the porcine small intestine

submucosa (SIS), to enhance the healing of central third

defect of the rabbit PT. We found a 68% increase in neo-

PT formation at 12 weeks and a doubling of its stiffness

and ultimate load over those untreated [5]. In another

study, when one layer of porcine SIS (200-lm thick) was

used to treat a 6 mm gap of the medial collateral ligament

(MCL), it could limit the hypertrophy of the neo-tissue and

improve its tissue quality (the mechanical properties) by

the formation of larger collagen fibrils with a concomitant

reduction of collagen V/I ratio as well as changes in levels

of small leucine rich proteins closer to normal MCL [6].

The success of this approach had prompted us to com-

bine this ECM-bioscaffold with an SIS hydrogel to heal a

surgically transected and repaired goat ACL [3]. At

12 weeks, we found a restored ACL with continuous neo-

tissue. Its cross-sectional area and shape were similar to

those of the sham-operated ACL. Morphologically, its

collagen fibers were aligned with spindle shaped fibro-

blasts. Functionally, the ECM treated ACL could reduce

the anterior–posterior knee instability while its in situ

forces were similar to the control ACL. Further, its tensile

stiffness reached approximately 50% of the normal ACL,

which was comparable to the results of ACL reconstruc-

tion. The fact that we were using the SIS from genetically

modified a gal-deficient pigs is also important; as it would

not incite marked immunological reaction in humans thus

largely eliminate the immunological issues of porcine SIS

in clinical applications. These are indeed exciting results

that give us significant confidence on the potential of this

approach. As such, additional studies on making even

better ECM scaffolds as well as designing new vehicles to

control release of growth factors for longer lasting effects

for better ACL healing and remodeling are warranted.

On the horizon, there is yet another exciting aspect of

scaffolds, namely, biodegradable metallic materials, e.g.,

porous magnesium or magnesium oxide [4]. The potential

advantages of these ‘‘smart’’ scaffolds include their initial

stiffness and controllable degradation rate as they are

replaced by the tissue. They could also be protein-coated

for better tissue integration and control release of growth

factors and cytokines to sustain tissue healing as well as to

guide tissue regeneration. Clearly, its potential application

will include ligament and tendon insertions to bone.

Indeed, the complexity of designing and using biomimetic

scaffolds will require multidisciplinary efforts and close

collaboration of engineers, life scientists, cellular and

molecular biologists, morphologists as well as surgeons.

Together, we will come up with the right strategies so that

they could be appropriately used to restore, regenerate and

maintain tissue function.

Acknowledgments I thank Mr. Matthew Fisher and Dr. Rui Liang

for their assistance and grant support from the Commonwealth of

Pennsylvania, National Institutes of Health, and a National Science

Foundation/Engineering Research Center for Revolutionizing Metal-

lic Biomaterials.

References

1. Butler DL, Juncosa-Melvin N, Boivin GP et al (2008) Functional

tissue engineering for tendon repair: a multidisciplinary strategy

using mesenchymal stem cells, bioscaffolds, and mechanical

stimulation. J Orthop Res 26:1–9

2. Cugat R (2008) Growth factors: clinical applications in tendon

and muscles. Fifth meeting of the European Federation of

National Associations of Orthopaedic Sports Traumatology.

Antalya, Turkey

3. Fisher MB, Zamarra G, Cirillo A et al (2009) Improved healing

of the anterior cruciate ligament following genetically-engineered

bioscaffold treatment in a goat model. 55th Annual Meeting of

the Orthopaedic Research Society. Las Vegas, NV

4. Gruhl S, Witte F, Vogt J, Vogt C (2009) Determination of con-

centration gradients in bone tissue generated by a biologically

degradable magnesium implant. J Anal At Spectrom 24:181–188

5. Karaoglu S, Fisher MB, Woo SL-Y et al (2008) Use of a bio-

scaffold to improve healing of a patellar tendon defect after graft

harvest for ACL reconstruction: a study in rabbits. J Orthop Res

26:255–263

6. Liang R, Woo SL-Y, Takakura Y et al (2006) Long-term effects

of porcine small intestine submucosa on the healing of medial

collateral ligament: a functional tissue engineering study. J Ort-

hop Res 24:811–819

7. Murray MM (2009) Current status and potential of primary ACL

repair. Clin Sports Med 28:51–61

8. O’Shea TM, Miao X (2008) Bilayered scaffolds for osteochon-

dral tissue engineering. Tissue Eng Part B Rev 14:447–464

9. Sanchez M, Anitua E, Azofra J et al (2007) Comparison of sur-

gically repaired Achilles tendon tears using platelet-rich fibrin

matrices. Am J Sports Med 35:245–251

10. Skalak R, Fox CF (1988) Tissue Engineering: Proceedings of a

workshop held at Granlibakken. Lake Tahoe, CA

560 Knee Surg Sports Traumatol Arthrosc (2009) 17:559–560

123


	Tissue engineering: use of scaffolds for ligament and tendon healing and regeneration
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


