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Introduction

	 The anterior cruciate ligament (ACL) is the most commonly injured ligament of the knee. The incidence of rupture is 
reported to be 1/3000, and approximately 100,000 reconstructive surgeries are performed annually in the United States[1-5]. Injury 
occurs when an excessive tension force is applied to the ligament, commonly due to abrupt twisting and/or deceleration movements 
performed on a planted foot[6-8]. The ACL plays a principal role in providing mechanical stability to the knee joint. Originating on 
the posterior-medial aspect of the lateral femoral condyle, the ACL attaches distally to the proximal tibia[9]. It is made up of several 
components including types I, III, and V collagen, elastin, proteoglycans, water, and cells-mostly fibroblasts; these combine in an 
hierarchical fashion to create a dense, highly organized, cable-like tissue[9,10]. 
	 The ACL functions to prevent anterior and medial translocation of the tibia on the femur, and to provide constraints on 
the rotational capabilities of the knee joint[11]. Kinematic importance of the ACL is highlighted by the fact that, upon injury, there is 
immediate mechanical limitation of the knee, followed by a predisposition to arthritis and meniscal injuries[12,13]. The most sensitive 
clinical test to acutely diagnose ACL instability is the Lachman test, performed by stabilizing the femur and applying anterior force 
to the tibia while the knee is held in 20-30 degrees of flexion. Injury to the ligament results in either a soft endpoint or increased 
anterior translation of the tibia[14].
	 Normal ligament healing proceeds through three distinct stages[15]. The initial 72 hours are marked by inflammation with 
accumulation of serous fluid and hematoma formation. The recruited inflammatory cells release growth factors, chemokines and 
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Abstract
	 The anterior cruciate ligament (ACL) is the most commonly injured liga-
ment of the knee. The incidence of rupture is reported to be 1/3000, and approxi-
mately 100,000 reconstructive surgeries are performed annually in the United States. 
Reconstruction of the anterior cruciate ligament aims to restore mechanical stability 
to the knee joint and impede formation of osteoarthritis and other degenerative joint 
issues. Due to the limitations in long term stability and comorbidities associated 
with current available graft options, the possibility of utilizing tissue engineering to 
aid in the healing of the anterior cruciate ligament has gained significant attention. 
The goal of tissue engineering is to develop a degradable scaffold that provides suf-
ficient initial strength and stability to the knee joint to support normal functioning 
post-implantation, while allowing cells and growth factor infiltration for remodeling 
and eventual restoration of the ACL. The investigation into the possibility of a tis-
sue engineered ACL graft is still in its early stages. The search for an ideal scaffold 
construct and cell source continues to be a challenge. However, earlier studies show 
promise and future investigations are sure to bring us closer to in vivo implemen-
tation and utilization of an appropriately engineered ACL graft with the structural 
integrity comparable to the native ACL.
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cytokines. Vasodilation occurs and mast cells degranulate[10]. 
During this stage, phagocytic cells rid the area of necrotic tissue 
and debris, angiogenesis takes place and fibroblasts are attracted 
to the area of injury[16-18]. This is followed by cellular prolifera-
tion and matrix production[10]. Finally, approximately 6 weeks 
after the initial injury, remodeling begins and will eventually 
yield a slightly disorganized extracellular matrix[19,20]. 
	 Unfortunately, other anatomical structures and poor 
vascularization preclude the ACL from being able to undergo 
complete self-repair[21-23]. Due to its intra-articular location, 
rupture of the ACL also tears its thin synovial sheath, allowing 
blood to escape the site of injury, and thus impeding the for-
mation of a hematoma. Without the development of this provi-
sional scaffold, the necessary milieu for repair is not created and 
healing cannot proceed[21]. Conservative management of ACL 
injuries may be attempted for patients who are less active or un-
able to modify current activities. However, recurrent episodes 
of instability are usually experienced, especially with pivoting 
activities, and in most cases reconstruction will be necessary[14].

Methods of Reconstruction
	 Reconstruction of the ACL aims to restore mechanical 
stability to the knee joint and impede formation of osteoarthritis 
and other degenerative joint issues. Primary repair of ACL tears 
has been shown to result in failure over time, and reconstruction 
with various grafts is considered to be the current standard of 
care[24,25]. Current options for graft replacement include auto-
grafts, allografts, and synthetic polymer grafts. Several types of 
autografts are commonly used for ACL reconstructions, includ-
ing Bone-Patellar Tendon-Bone (BPTB), four-strand hamstring 
and quadriceps tendon[26]. A recent meta-analysis revealed cen-
tral third Patellar Tendon (PT) autografts tend to have decreased 
failure rates, decreased postoperative joint laxity, and increased 
patient satisfaction rates when compared to hamstring tendon 
autografts[27]. Cooper et al showed Bone-Patellar Tendon-Bone 
(BPTB) autografts have mechanical properties greater than or 
equal to that of the native ACL[28]. Though it continues to yield 
positive functional results, BPTB autograft is not without lim-
itations, largely due to donor-site morbidity[29]. Recognized dis-
advantages of this graft include patellofemoral pain/crepitus, 
weakness of the quadriceps muscle, loss of joint motion, kneel-
ing pain, patellar tendon rupture, and patellar fracture[30-32].
	 An option that avoids the disadvantages associated 
with using autograft would be an allograft, usually acquired 
from cadaveric patellar, hamstring or achilles tendons. A recent 
comparison of outcomes after Achilles Tendon (AT) allograft 
versus BPTB autograft demonstrated marginally greater laxity 
in allograft patients. However, knee range of motion was shown 
to be better and with significantly less pain in the allograft study 
group[25]. Major concerns associated with this form of ACL re-
construction include disease transmission, bacterial infection 
and immunologic complications[33,34]. One of the biggest fears 
related to this is the possibility of transmission of HIV, even with 
strict multiphasic donor screening and serologic testing, the risk 
of HIV transmission by bone allograft is estimated to be a mere-
less than 1/1,000,000[35]. The lack of screening for prion infec-
tions has also raised concerns due to a reported development of 
Creutzfeldt-Jakob disease attributed to a contaminated allograft 
dural graft transplant[36]. Synthetic grafts have also been found 
to cause problems due to material degradation, wear debris, for-

eign-body inflammation and synovitis. The mechanical effect 
is that the graft has appropriate initial strength,but is frequently 
followed by rupture and failure[37].

Tissue engineering
	 Due to the limitations in long-term stability and comor-
bidities associated with the aforementioned graft options, the 
possibility of utilizing tissue engineering approach to aid in the 
healing of the native ACL has gained significant attention. As 
mentioned previously, one of the reasons for ACL replacement 
is due to the poor ability of the native ligament to heal itself. 
It is hoped that engineered tissue will serve an important role, 
bridging the gap caused by ligamentous rupture, while providing 
a migration site for cells and growth factors[38].
	 The goal of tissue engineering is to develop a degrad-
able scaffold that provides sufficient initial strength and stability 
to the knee joint to support normal functioning post-implan-
tation, while allowing cell and growth factors infiltration for 
remodeling and eventual restoration of the ACL. Ideally, the 
degradation rate of the implant would match the infiltration rate 
of neoligament formation, and eventually the scaffold would 
be completely replaced by regenerated ligament cells and ma-
trix[26,37]. As this occurs, the mechanical load would slowly be 
transferred from the implanted scaffold to the newly formed lig-
amentous tissue. In theory, this would result in the generation of 
an ACL that is very similar to the slightly disorganized matrix 
observed after ligament self-repair and is able to function similar 
identically to the native ACL. 

Scaffolds
	 Characteristic features for a successful scaffold materi-
al are biocompatibility, strength, allowance of tissue in growth, 
and degradation rate. One commonly studied polymer is poly 
(L-lactide). It has been shown to have excellent biocompatibility 
through in vivo studies. However, its crystalline nature imparts 
poor compliance,which makes it unsuitable for use as a scaffold 
to endure dynamic loading[39-41]. In an attempt to compensate 
for the brittle nature of this synthetic polymer, copolymeriza-
tion with other known biodegradable monomers was examined. 
A recent study evaluated the mechanical properties and cellu-
lar infiltration of poly (L-lactide-co-glycolide), poly (L-lac-
tide-co-D, L-lactide), poly (D, L-lactide), and poly (L-lactide)
[42]. It was found that the crimp pattern imparted on the scaffolds 
demonstrated a similar crimp-unfolding strain to that of native 
ACL. The authors further hypothesized that it is this mimicry 
of native ligament microstructure that causes seeded fibroblasts 
to become biologically active, thus leading to the observation 
that collagen and GAG synthesis increased significantly beyond 
week three of the study. However, after cellular infiltration of 
these synthetic polymers, the constructs were mechanically un-
suitable for in vivo characterization due to low load and modulus 
in comparison to native ACL[42].
	 Another comparison study that looked at in vitro per-
formance of poly(desaminotyrosyl-tyrosine dodecyl dodecane-
dioate), p(DTD DD), and Poly-L-Lactic Acid (PLLA), found 
that PLLA possessed greater strength and lower modulus during 
the initial follow up period and upto 64 weeks[37]. No difference 
in fibroblast attachment or proliferation was detected between 
the two scaffolds[37]. However, when results were compared to a 
study performed using a collagen scaffold, collagen appeared to 
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be better suited for fibroblast infiltration, but lacked comparable 
strength[43].	
	 In light of these observations, a more recent study 
explored the possibility of constructing a hybrid scaffold com-
posed of p(DTD DD) and collagen, with the hopes of combining 
the initial strength and resorption profile of the former and the 
tissue ingrowth of the latter. Implanted sheepwere able to bear 
weight 36 hours following the procedure, and return to normal 
activity was seen after 40 days of implant. Additionally, cellular 
infiltration increased over time, demonstrating the potential for 
adequate tissue ingrowth. However, during arthroscopic evalua-
tion at 12 weeks, the braided hybrid scaffolds were no longer as 
tense as seen post-implantation[44].
	 Despite these promising results, complications related 
to byproducts of degradation continue to present major concerns 
with the use of synthetic polymer scaffolds. For example, PLLA 
byproducts pose the threat of altering the intraarticular pH, in-
ducing bone resorption and generating debris for up to eight 
years after implantation[45-47]. For these reasons, among others, 
the possibility of using natural materials to construct a scaffold 
is also being explored.
	 Silk, produced by the Bombyxmori silkworm, has been 
investigated as a possible ligament scaffold with promising re-
sults. Recent studies have shown silk matrices have initial ten-
sile properties significantly higher than native ACLs[48]. This 
is important for the scaffold to adequately compensate for the 
loss of strength that occurs as resorption and replacement by 
tissue ingrowth take place. Furthermore, cellular infiltration and 
production of collagen-I and III, were observed after incubation 
with adult human progenitor bone marrow stromal cells. It was 
also seen that stiffness of the hydrophilic silk was within a range 
that provides stability to the knee without stress shielding the in-
filtrating tissue. Biocompatibility of the silk protein was shown 
to be adequate as revealed by absence of cytotoxicity[49,50]. 
	 Type I collagen has also been a popular choice for 
tissue engineering approaches due to its biocompatibility and 
ability to induce neoligament formation[44,51]. A study using ac-
id-soluble type I collagen from the tendon of Sprague -Dawley 
rat tails arranged the fibers into a novel crosslinked, braid-twist 
scaffold in an attempt to improve initial strength of the scaf-
fold. Mechanical testing showed improved uniaxial tensile tests 
and Young’s modulus compared to controls without crosslinks. 
When considering the standard deviation of Young’s modulus, 
the ultimate tensile strength of the braid-twist scaffold showed 
overlap with that of human ACL. The scaffold also demonstrat-
ed similar trends in stress-relaxation tests compared to the na-
tive ACL[51]. This was supported by another study examining the 
mechanical properties of the braid-twist design with synthetic 
PLLA that also found improved tensile strength, ultimate strain 
and length of the toe region of the stress-strain curve[52]. There-
fore, it would seem that the braid-twist model improves strength 
of the scaffold regardless of the material chosen to form the ma-
trix. 

Cells
	 In addition to developing a scaffold construct that pro-
vides initial stability, while also allowing for cellular infiltration 
and eventual replacement, an appropriate cell source must be 
identified that will infiltrate the scaffold and produce a matrix 
rich in collagen for structural integrity to the host ACL[53]. One 

possibility that has been under investigation is the use of ACL fi-
broblasts. In a study by Brune et al, fibroblasts from intact ACLs 
were compared to ruptured ACLs. They found both cells were 
capable of attaching to and proliferating onto the porcine small 
intestinal submucosa extracellular matrix (SIS-ECM). Histo-
logical examination revealed a pattern similar to native ACL in 
both groups, and cellular constructs were longitudinally orga-
nized collagenous tissues after two to three weeks. Interestingly, 
RT-PCR and immunohistochemical staining revealed that fibro-
blasts from intact and ruptured ACL had similar expression of 
collagen type I. However, once seeded on the cellular construct 
those from the ruptured ligament demonstrated a significant in-
crease in production of type I collagen. Based on this data, it was 
concluded that human ACL cells are a potential source for use in 
future tissue engineering applications[54].
	 Although the use of ACL cells would be ideal, access-
ing them is difficult due to their intrasynovial location. A com-
parison of fibroblasts derived from the ACL, Medial Collateral 
Ligament (MCL), AT and PT seeded on 3-D fibrous PLLA scaf-
folds was performed in an attempt to identify easily accessible 
alternatives to the use of ACL cells. It was found that all four 
cell types had higher proliferation on tissue culture polystyrene 
when compared to the 3-D scaffold[55]. The tendon fibroblasts 
proliferated faster than ligament fibroblasts, regardless of the 
material used and composition of the culture medium. RT-PCR 
analysis was performed on fibronectin, type I collagen and type 
III collagen. ACL fibroblasts were observed to have significantly 
greater gene expression than MCL and PT in all three groups. 
When compared to AT, the difference in production of type I 
collagen was not significant[55]. This is likely due to the upreg-
ulation of type III collagen during ligamentous healing, which 
is enhanced by the braided scaffold. Based on these findings, 
the authors concluded that proliferation and collagen produc-
tion should not be the primary criteria, but that differentiation is 
equally as important and could hold more promise as a determin-
ing factor for cell source[55].
	 The search for an optimal cell source has also led to in-
vestigation into the use of fibroblasts derived from other tissues, 
such as skin. The advantage of skin as a cell course is the accessi-
bility for harvesting. In a comparison of goat skin fibroblasts and 
ACL fibroblasts seeded onto a collagenous construct, the newly 
formed matrices were oriented properly and no difference was 
observed between the cell types. Both cell types showed neo-
vascularization and nerve generation[56]. The investigation into 
the use of Bone Marrow Stem Cells (BMSCs) as a cell source is 
also underway. A recent study showed ACL cells and skin fibro-
blasts all successfully proliferate and attach to the scaffold along 
the longitudinal axis. Matrix production and collagen formation 
occurred after 6-12 days along the periphery. Central penetration 
of the scaffold was limited to areas where the microstructure 
was more porous, highlighting the importance of scaffold de-
sign. Proliferation, as determined by DNA content, and overall 
collagen production were noted to be highest for the bone mar-
row stromal cells. However, collagen production per microgram 
of DNA did not show a significant difference between skin fibro-
blasts and the BMSC. Of note, the authors did mention that these 
results may not be generalizable, as all the cells were harvested 
from a single donor[57].
	 Another comparative study examined the prolifera-
tion, matrix production, and in vivo survivability of rabbit bone 
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marrow stromal cells and anterior cruciate ligament fibroblasts 
(ACLF). The BMSC were noted to have increased proliferation 
and GAG production compared to the ACL fibroblasts after 
seeding onto the silk scaffold construct. The transcript level of 
type I collagen, type III collagen and tenascin-C in the ACLF 
remained fairly constant throughout the culture period and was 
significantly higher than that for BMSC at seven days. How-
ever, the rate of production increased after a week in the bone 
marrow cells. Histologic evaluation revealed that BMSC seeded 
constructs had a higher cell density and produced a continuous 
ECM with an increased concentration of type I collagen, type 
III collagen and tenascin–C when compared to the ACLF after 
two weeks of culture. Implantation of the cell-seeded constructs 
revealed that both cell types survived for the four weeks of the 
experiment, but BMSC demonstrated higher in vivo cell viabil-
ity when the cells were transfected with Green Fluorescent Pro-
tein (GFP)[58]. Because the BMSC showed greater proliferation 
in vitro, it cannot be determined whether this is due to increased 
survivability in vivo or related to the increased proliferation. 
	 The acquisition of BMSCs is a fairly invasive and 
painful procedure. Therefore, the search for an easily accessible 
source has further led to the investigation of human adipose-de-
rived stem cells. One study examined the potential of adipocytes 
from liposuction and found treatment with multiple growth fac-
tors that are known to stimulate ligament gene expression did 
not prove to be promising. Treatment with IGF-1, TGFB1, EGF, 
and bFGF did not significantly effect gene expression[53]. There-
fore, further investigation is needed to reveal an appropriate ad-
ipose-derived cell source.

Summary
	 The human anterior cruciate ligament is a major sta-
bilizer of the knee joint. It is also the most commonly injured 
ligament of the knee. Due to its anatomic location, the ACL is 
incapable of self-repair and requires surgical management in 
most instances of rupture. Multiple options for reconstruction 
are available, the most common being allograft or autograft. Re-
gardless of the graft source chosen, it is difficult to recreate the 
kinematic function of the ACL tissue engineering aims to pre-
vent many of the disadvantages seen with other reconstruction 
options. By mimicking the function of hematoma formation, the 
cell seeded scaffold aims to guide the self-repair of the ligament. 
In order to be successful, the scaffold must be biocompatible, 
strong, a suitable environment for tissue ingrowth, and have a 
degradation rate that mirrors the infiltration rate of neoligament 
formation.
	 Studies have explored the possibility of using collagen 
and various synthetic polymers to develop an appropriate scaf-
fold. Early results have demonstrated that synthetic polymers 
have a more desirable strength profile, whereas collagen is bet-
ter suited for cellular infiltration and proliferation. Studies have 
also been performed on scaffolds created from a combination 
of synthetic polymer and collagen. It has been observed that 
this results in a matrix with strength and tissue ingrowth that 
is comparable to the native ACL. Silk, a natural polymer with 
more strength than collagen has also shown promising results 
as a possible scaffold material. Finally, cell source is another 
important factor to consider when developing a construct. ACL 
fibroblasts, although theoretically an ideal source, are difficult to 
harvest and have slower growth rates than BMSC and fibroblasts 

derived from other sources. However, whether other cell sources 
can mimic native ACL cells in form and function is still unclear. 

Future directions
	 The investigation into the possibility of a tissue engi-
neered ACL graft is still in its early stages. The search for an 
ideal scaffold construct and cell source continues to be a chal-
lenge. However, early studies show promise and future investi-
gations are sure to bring us closer to in vivo implementation and 
utilization of an appropriate tissue engineered ACL graft with 
the structural integrity required to compare to the native ACL. 
To address the issues with currently available options, our lab-
oratory is undergoing investigations to identify a potential cell 
source for utilization in the development of a tissue engineered 
patch that could be implemented in the repair of a partially torn 
ACL. A novel protocol has been developed for the expansion 
of cells derived from patients undergoing ACL reconstruction. 
To isolate the cells, minced hACL tissue obtained during ACL 
reconstruction was digested in a collagenase solution. Early re-
sults show spindle- or elongated-shaped human ACL derived 
cells will grow on the surface of Tissue Culture Polystyrene 
(TCPS) plates after 3 days of culture and 7 days post-isolation 
(Figure 1). Additionally, the hACL derived cells adhere, grow 
and retain morphology on the surface of tissue engineered poly 
lactic-co-glycolic acid scaffolds (Figure 2). This technique is 
promising for applications in partial ACL regeneration and re-
construction. In addition, to address the concerns of mechanical 
strength of the ACL, a novel braiding technique has been devel-
oped in our lab, which addresses previous concerns associated 
with ligaments based on polyesters (Figure 3 and 4). The entire 
process is summarized in a comprehensive schematic of the tis-
sue engineered ACL, with promising preliminary results (Figure 
5). Finally, this process has been culminated by the development 
of non-degradable ACL technology based on hydrogel technol-
ogy that creates a ligament that resembles a bone tendon bone 
interface that can be used in a revision ACL scenario (Figure 6).

Figure 1: Human ACL cell growth/ days post- isolation from adult ACL 
tissue observed under a light microscope at (A) 10X and B 20X mag-
nification.
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Fiugre 2: Confocal imaging (10X magnification and 3.1 zoom) of hu-
man ACL cells grown in culture on (A) PLAGA disks and on (B) TCPS 
disks at three days post seeding.  SEM imaging (100X magnifications) 
of human ACL  cells grown in culture on (C) PLAGA disks and (D) 
TCPS disks at three days post seeding.

Figure 3: SEM imaging of a tissue engineered ACL scaffold at 25X 
magnification showed (A) the 2 turns/ inch scaffold construct with an 
average pore size of 696 µm, (B) the 4 turns/inch scaffolds with an av-
erage pore size of 232.25 µm, and (C) the 6 turns/inch scaffolds with an 
average pore size measured at 25 µm.

Figure 4: Confocal imaging (10X magnification and 3.1 zoom) of hu-
man ACL cells grown on the (A) 4-braid PLAGA constructs, and the 
(B) 6-braid PLAGA tissue engineered ACL construct at 3 days post 
seeding.

Figure 5: Comprehensive Schematic of tissue engineered ACL, show-
ing the complete process of ACL extraction to degradation, after iso-
lation from hACL cells. Steps involved in the surgical retrieval, tissue 
digestion and isolation of cells from injured Anterior Cruciate Ligament 
(ACL) for Tissue engineering applications. During the ACL reconstruc-
tion surgery, the remaining (surgical waste) ACL stump is collected 
and stored in saline. The collected ACL stump is minced into 1--2mm3 
pieces and washed with saline. The minced ACL is digested with 0.4% 
Collagenase solution in DMEM/F--12 medium. The cells are then cen-
trifuged, resuspended and cultured in DMEM/F--12 medium at 370C. 
Once grown, ACL cells are implanted to form the new tissue engineered 
ligament.

Figure 6: Tissue Engineered ACL – ACL knee model reflecting a de-
ficient ACL replaced by an implanted ACL engineered from synthetic 
hydrogel based ACL reconstruction.

Conclusion
The investigation into the possibility of a tissue engineered ACL 
graft is still in its early stages. The search for an ideal scaffold 
construct and cell source continues to be a challenge. However, 
early studies show promise and future investigations are sure 
to bring us closer to in vivo implementation and utilization of 
an appropriate tissue engineered ACL graft with the structural 
integrity required to compare to the native ACL.
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