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        In the past, much of orthopedic surgery has been characterized by surgical repair of 
tissues that heal effectively and resection and replacement of tissues that do not. 
Replacement has been with metal, ceramic, or plastic (total joint replacement) or 
with grafts (ACL reconstruction, meniscal transplant). With the discovery of the 
cellular and molecular events preventing the tissues within joints to heal, new 
approaches to specifi cally address the problems of intra-articular tissue healing 
have been developed to assist with the move from tissue resection and replacement 
towards tissue repair and regeneration. 

 In the late 1990s, a paradigm shift from replacement to regeneration was initiated 
in general surgery, a trend that quickly spread to orthopedic research and more 
slowly to orthopedic clinical practice. This new paradigm underscores the enhance-
ment of intrinsic healing. One of the most effective tools in this endeavor is tissue 
engineering. In a landmark publication, tissue engineering was defi ned as “interdis-
ciplinary fi eld in which the principles of engineering and the life sciences are 
applied towards the generation of biologic substitutes aimed at the creation, preser-
vation or restoration of lost organ function” [ 1 ]. Briefl y, these biological substitutes 
are made from a combination of three constituents: (1) cells, (2) biomaterial, and 
(3) signals. Cells can be of any type, including fully differentiated cells, such as 
cartilage cells (chondrocytes), tendon cells (tenocytes), ligament cells (fi broblasts) 
or the more fl exible progenitor (stem) cells that can become one of many different 
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cell types. These cells are usually seeded into a biomaterial (scaffold) that supports 
cell growth and gives structural stability. Lastly, signals such as growth factors or 
hormones are used to channel cell differentiation and regulate their biosynthetic 
activity (Fig.  12.1 ).

      Do We Need Tissue Engineering in ACL Treatment? 

 Earlier chapters in this book have described the epidemiology of ACL injuries and 
the problems associated with ACL healing; thus, this content will only be repeated 
very briefl y here. The ACL is quintessential for stability and thus the function of the 
knee. Tears of the anterior cruciate ligament cause pain and instability and predis-
pose patients to osteoarthritis in long term. 

 As discussed in Chap.   2    , direct repair for the ACL was proposed as a treatment 
early as 1895, and this technique was further developed well into the 1970s and 
1980s [ 2 ]. However, a number of studies showed poor outcome after primary repair, 
and this technique was subsequently abandoned [ 3 ,  4 ]. The current gold standard in 
ACL treatment is removal of the torn ACL tissue and then replacement with either 
autologous (patient’s own) patellar, hamstring, or quadriceps tendon. Allografts 
from cadavers, as well as synthetic grafts, are available, but their use is limited by 
availability and the potential of disease transmission in the former and infl ammatory 
reactions of the foreign body type and medium term failures in the latter. Modern 
techniques in ACL reconstruction have consistently produced satisfactory results in 
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  Fig. 12.1     The triad of tissue engineering . Tissue engineering rests in three pillars: cells, signals, 
and biomaterials. Combinations of these three pillars are used to enhance tissue healing, support 
tissue function, or substitute lost tissues. It is important to remember that constituents from each 
pillar can have more than one function. Collagen, for example, is a biomaterial but also a signal for 
platelets to release growth factors. Cells can lump together and form their own biomaterials, or the 
condensation of cells can act as a signal initiating diff erentiation       
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joint stability, range of motion, and pain. However, recent studies have presented 
evidence of relatively high rates of premature osteoarthritis despite ACL reconstruc-
tion, even after controlling for other intra-articular damage caused by the initial 
trauma [ 5 – 8 ]. 

 Given this need for highly effective therapies for these increasingly common 
diseases, ligament and tendon tissue engineering might very well become a valuable 
addition to the armamentarium of regenerative medicine in this fi eld.  

    What Can We Learn from Healthy Ligaments? 

 When developing a new ACL treatment, be it tissue engineering based or not, it is 
crucial to familiarize oneself with how a healthy ACL functions. With this as a 
guide, one can establish targets and directions for a new treatment. The purpose of 
the ACL is to withstand tensile forces. The healthy ACL supports loads of about 
450N during normal activities [ 9 ] and will withstand up to 2000N before failing [ 9 ]. 
These mechanical properties are a direct result of the strong tensile characteristics 
of the aligned collagen protein that makes up the majority of the ligament and resist 
the tensile loads. Frank and Amiel described dense type I collagen bundles, with 
additional smaller amounts of type III collagen and glycosaminoglycans in liga-
ments [ 9 ,  10 ]. On the structural level, both cells and fi bers exhibit an undulating 
pattern, called crimp, which allows for the ligament to stretch up to 6 % before 
permanent damage starts to happen (Fig.  12.2 ).

  Fig. 12.2     Crimp . A healthy ligament exhibits a crimp or a wavy structure that can be seen in light 
microscopy. This crimp has a major implication in the biomechanics of the tissue. At higher mag-
nifi cation (smaller panel), one can observe that the cells in the tissue follow the crimp closely. 
Reestablishing crimp is a critical parameter in tissue engineering of ligaments       
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   Healing of ligaments depends on a number of factors. It is commonly accepted 
that tears of the anterior cruciate ligament will not heal, while tears of the medial 
collateral ligament heal spontaneously. Rotator cuff tendon tears do not heal while 
Achilles tendon tears do. Both the ACL and torn rotator cuff tendon are inside the 
joint (intrasynovial) in humans, and it is thought that they fail to heal due to factors 
of the intra-articular environment. 

 A blood clot that forms in the wound site for tissues outside the joint (extra- 
synovial) serves as a provisional scaffold for infl ammatory cell attachment and as a 
source of stimulatory cytokines from platelet activation. Within this clot, the damaged 
tissue is absorbed and new tissue is produced. In intrasynovial tissues, the formation 
of such a blood clot does not occur [ 11 ], a fact that is attributed to mechanical factors 
of the fl uid environment as well as biochemical factors such as the presence of acti-
vated plasmin in the injured joint. Without a provisional scaffold, the wound site 
remains empty and the injured ends of the tissue are covered by proliferating synovial 
cells and retract due to the production of smooth muscle actin-alpha (a contractile 
protein) in the ligament itself. Bridging the wound site of an intra-articular ligament 
with a material that could encourage local cell ingrowth and stimulate collagen pro-
duction in the wound site may be a critical step in healing of tissues within joints. 

 Tissue engineering is a logical solution for the lack of a scaffold within the ACL 
wound site. The success of such treatment in vivo should be evaluated by the 
mechanical strength of the implanted construct over time, which is a function of 
both the quantitative and qualitative reproduction of cell-matrix interactions. Its 
clinical success has to be judged in the light of long-term effectiveness at limiting 
further joint deterioration including cartilage damage, since this is the area of weak-
ness in current treatments. 

 The composition of the tissue engineering construct, in terms of cells, biomateri-
als, and signals, should be carefully chosen for any application. Thus, before dis-
cussing more complicated tissue engineering-based ACL treatments, a look at the 
three variables of cells, biomaterials, and signals will be presented.  

    Cell Sources 

 Various kinds of cells have been studied for their potential in ACL tissue engineer-
ing. An ideal cell source would provide cells with a high proliferation rate and a 
high biosynthetic activity to build and remodel the ligament as fast and accurately 
as possible. Fibroblasts of different origins have been extensively studied, following 
the logic that highly differentiated cells possess all the phenotypic properties neces-
sary to produce and maintain an adequately composed extracellular matrix. 

 Like currently employed cartilage repair procedures involving scaffolds seeded 
with chondrocytes, fi broblasts could potentially be obtained for seeding in a ligament 
scaffold in an initial arthroscopic procedure. Like articular cartilage procedures, this 
arthroscopy could be performed weeks before the repair procedure. The cells obtained 
during the initial arthroscopy could be taken to the lab and cultured and stimulated to 
proliferate until enough cells were present for reimplantation into the injured knee. 
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Another option would be a one-step technique in which fi broblasts would be isolated 
in the operating room and directly reimplanted, although low cell numbers might limit 
such a method. It has been shown by Murray et al. that the fi broblasts from the human 
ACL are viable long after the initial ACL trauma, and that they are able to migrate into 
a biomaterial used for tissue engineering-augmented ACL repair [ 12 ,  13 ]. 

 The major problems associated with using differentiated adult fi broblasts are 
their fairly low proliferation rates and relative scarcity. This has led investigators to 
consider another cell source: undifferentiated mesenchymal progenitor cells (MPC). 
These cells can be obtained in relatively high numbers from the bone marrow or 
other adult tissues. They have a high proliferation rate and the potential to differenti-
ate into multiple different cell types. 

 However, there is a small but persisting risk of faulty differentiation of MPC that 
might lead to problems in a clinical application. For example, pluripotential cells 
implanted to stimulate ligament healing might instead head down the osteogenesis 
pathway and form spicules of bone within the ligament. This could cause stress ris-
ers within the ligamentous tissue and make it easier for the tissue to fail. In addition, 
the classic way to obtain MPC is a bone marrow biopsy, which is a technically 
straightforward, yet considerably painful procedure.  

    Biomaterials 

 After choosing a cell source, an appropriate scaffolding or biomaterial that satisfi es a 
number of stipulations has to be selected. A suitable scaffold should foster tissue 
remodeling by providing an environment that stimulates cellular attachment, growth, 
and biosynthetic activity. Biocompatibility and degradation rates that match tissue 
remodeling are also likely to be important. Additionally, safety is an important issue, 
since some biomaterials might provoke infl ammatory responses, cause arthrofi brosis, 
and lead to loss of joint function or systematic adverse reactions. Finally, the biomate-
rial has to be chosen according to the planned procedure. Tensile strength is less impor-
tant than enhancement of cellular behavior in primary repair, where the suture repair 
carries the load, while it is pivotal for scaffolds chosen as an ACL graft. 

 Natural polymers have a long and successful history in tissue engineering, and 
collagen is an obvious choice for a tissue-engineered ligament. Collagen, a natural 
polymer, is and has been in clinical use for decades in suture materials and clotting 
agents. Its safety profi le is well established. Collagen is also used as biomaterial in 
clinically available tissue engineering methods such as autologous chondrocyte 
implantation and has been shown to enhance cellular phenotypes in this application 
[ 14 ] (Fig.  12.3 ). Bovine collagen has been used in multiple studies to establish and 
sustain fi broblast cultures, yet with somewhat inconsistent results [ 16 ,  17 ]. However, 
the effect of collagen on cellular behavior depends not only on its mere presence but 
also on material characteristics such as pore size, cross-linking, and fi ber diameter 
[ 14 ,  15 ]. Other natural polymers that have been studied include hyaluronic acid, 
fi brin, and chitosan-alginate. Hyaluronic acid is a well-known biomaterial in tissue 
engineering and has been shown to benefi cially infl uence cellular behavior. Wiig and 
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coworkers reported improved healing of a central ACL defect after injection of 
 hyaluronic acid in a rabbit model [ 18 ]. Cristino et al. showed mesenchymal progeni-
tor cell growth and differentiation in a modifi ed hyaluronic-acid-based scaffold [ 19 ]. 
Hyaluronic acid has also been shown to have a benefi cial effect in the prevention of 
osteoarthritis in anterior cruciate defi cient knees [ 20 ,  21 ]. Fibrin has the advantage of 
producing a biodegradable scaffold when mixed with thrombin.

   Biomaterials like poly(lactic acid), poly(glycolic acid), and other synthetic poly-
mers have been used as suture materials with much success and minimal adverse 
events. The advantage of these polymers is that their composition can be controlled 
and adjusted for specifi c purposes. With modern processing techniques, these poly-
mers can be spun into microfi bers, which have been proven to enhance cell attach-
ment by a high area to volume ratio and benefi cial properties in mass transport of 
nutrients [ 22 ]. Additionally, these polymers have convincing mechanical properties. 
Of special interest is silk, which holds a position at the intersection between natu-
rally occurring and synthetically modifi ed materials. Silk in its native form is coated 
with sericin – a glue-like protein which can cause an immune reaction in humans.  
Modifi cation of silk by removing the sericin yields an inert, biocompatible material 
with excellent mechanical properties, similar to the native ACL. Silk has also been 
used successfully as a scaffold for fi broblasts and shown to enhance fi broblastic 
 differentiation of mesenchymal progenitor cells [ 23 ].  

    Growth Factors and Signaling Molecules 

 Signaling is the third factor in the triad of tissue engineering. Signaling can be 
used to direct cellular activity to achieve the desired outcome in terms of cell 
growth or matrix production. Growth factors that have been associated with cell 
growth and differentiation were studied initially in an effort to identify factors that 
would be benefi cial in wound repair. Transforming growth factor beta (TGF-β), 
insulin- like growth factor (IGF), fi broblast growth factor (FGF), and platelet-
derived growth factor (PDGF) have been shown to improve growth and bioactivity 

  Fig. 12.3     Collagen biomaterial . This fi gure shows an electron microscopy picture of chondro-
cytes on a collagen matrix. The cells adhere to the surface of the biomaterial and express the same 
morphology that we have seen in earlier cell culture pictures (cf. Fig.   10.1    ) (Used with permission 
from Dorotka et al. [ 15 ])       
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of fi broblasts [ 24 ]. On the other hand, various growth factors, such as TGF and 
vascular endothelial growth factor (VEGF), have been shown to be produced by 
fi broblasts themselves and thus have also been investigated for their use in tissue 
engineering of ligaments and tendons [ 25 ,  26 ]. However, the effects of many 
growth factors are still not completely understood and how to combine these and 
optimize their function is diffi cult to say the least. In one elegant study, the inves-
tigators used a carefully chosen growth factor cocktail in tendon repair and were 
able to get the desired high increase in cell growth. However, this was associated 
with a mechanically inferior scar [ 27 ]. Thus, even careful and thoughtful planning 
and design may not translate into the desired effect in vivo. 

 Another very important source of cell stimuli is the physical and mechanical 
environment of the cells. The structure of the biomaterial selected as the scaffold, in 
terms of both chemical composition and structural properties, has been shown to 
stimulate cell attachment, growth, differentiation, and biosynthesis. Mechanical 
stimuli such as tensile and torsional stress also affect cellular behavior. However, 
little is known about the details of these effects and the interactions between them. 
Hence, the directed use of these stimuli in tissue engineering, beyond a general 
benefi cial effect, is not yet possible.  

    Approaches to Clinical ACL Tissue Engineering 

 Generally, two philosophies exist in the management of the torn ACL: replacement 
using a graft or primary repair. Either of these techniques may potentially be 
enhanced using tissue engineering. For a replacement (also called an “ACL recon-
struction”), a graft or synthetic material is used to replace the entire ACL. In this 
case, cells and scaffolds could be used to enhance the healing of a tendon graft or 
synthetic ligament to the bone. Advantages of the reconstructive approach are 
immediate mechanical function and a minimal change from currently used tech-
niques, thus avoiding a steep learning curve. However, the immediate mechanical 
strength also introduces the potential problem of stress shielding. Stress shielding, 
where the load is taken by the implanted scaffold rather than the tissue developing 
within it, can deprive cells of important mechanical stimuli to drive their bioactivity. 
A bio-artifi cial ACL has been presented by Goulet et al. [ 28 ]. Briefl y, this group 
suggested a complete substitute consisting of two bone plugs connected with a sur-
gical thread. During culture cells attach to this thread and deposit a matrix rich in 
type I collagen thus building a ligament-like structure (Fig.  12.4 ). This graft healed 
well in a goat model and showed tissue ingrowth and vascularization in histology. 
After 13 months it showed 36 % of the mechanical strength of a normal goat liga-
ment. In a similar approach, Ma et al. from the University of Michigan generated a 
multiphasic (bone-ligament-bone) ACL construct from bone marrow stem cells 
(BMSC). Briefl y, BMSC were cultured in vitro from either bone or ligament and 
then combined to a functional graft of approx 80 mm length and 3 mm diameter. 
These constructs were implanted into sheep after ACL excision and the animals 
were followed for up to 6 months. At this time, histological and biomechanical 
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assessment showed vascularization and innervation of the graft, as well as good 
bone integration and biomechanics very close to the contralateral, normal knees.

   Another approach aims at using tissue engineering to enhance primary repair. 
The rationale of this approach is that the intricate nature of the ligament insertion, 
proprioceptive nerves and the complex architecture of the ligament are preserved. 
Furthermore, the ACL remnants can serve as reservoirs of fi broblasts. Murray and 
coworkers have described the specifi cs of such an approach in much detail. In sum-
mary, they demonstrated that human fi broblasts remain viable in the ACL stump 
and are able to migrate into a collagen scaffold as could be used in a bio-enhanced 
primary repair procedure [ 12 ,  13 ]. Addition of platelet-rich plasma to this scaffold 
was shown to promote cellular migration and proliferation in a central defect model, 
thus stimulating healing [ 29 ]. Further examination revealed good defect fi lling in 

  Fig. 12.4     An artifi cial ACL . 
The  top panel  shows an 
artifi cial ACL, that is, 
collagen fi bers attached to 
bone blocks. In the  middle 
panel , this construct is kept in 
cell culture and ligament cells 
are cultured on the collagen 
fi bers. Finally, the cell-laden 
graft is implanted into a goat 
knee ( lower panel ). 
Goulet et al. [ 28 ]       
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  Fig. 12.5     Tissue engineering enhanced ACL repair . An alternative to ACL replacement, with a 
tissue graft or an artifi cial ACL, is tissue engineering-enhanced ACL repair. Briefl y, the torn ends 
are sutured together and a biomaterial-signal composite is used to enhance healing. In the fi gure, 
we can see a normal ACL, an ACL reconstruction (15 weeks after the procedure), and an enhanced 
ACL repair (15 weeks after the procedure), all from a pig model. The  arrows  show the fi xation 
devices for the surgical procedures. Biomechanical comparison at 15 weeks showed no difference 
in the strength of an ACL reconstruction or ACL repair (Reprinted from  Arthroscopy , vol 28, 
Patrick Vavken et al. [ 32 ], with permission from Elsevier)       

histology [ 30 ]. In a more challenging animal model, complete transections of the 
ACL in pigs were repaired using the same technique, and signifi cant improvement 
in mechanics was shown [ 31 ] (Fig.  12.5 ).
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       Conclusions 

 Tissue engineering uses combinations of cells, scaffolds, and growth factors to form 
a biomaterial that can be used to replace or regenerate injured tissues. Cell choices 
include those found in the mature tissue of interest (i.e., fi broblasts for ligament 
engineering) or cells that are found in the developing tissue (e.g., mesenchymal 
stem cells) that can be coerced into turning into the desired cell type. Cells can also 
be implanted with a scaffold or encouraged to migrate into a scaffold from their resi-
dence in the local environment of the wound. Scaffolds can be mechanically strong, 
particularly for replacing load-bearing structures, or they can be purely biologic in 
function, as in supplementing a suture repair where the sutures will carry the load 
and the scaffold provides the biology. The desired signaling molecules may be mul-
tiple and complex as presented in the prior chapter on wound healing, thus autolo-
gous cells capable of releasing these factors over days to weeks might be useful as 
sustained delivery systems. The possible combinations of these three elements pro-
vide enormous fl exibility and potential for regenerating musculoskeletal tissues.
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