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Abstract

The anterior cruciate ligament (ACL) is the major intraarticular ligamentous structure of the knee, which functions as a joint

stabilizer. It is the most commonly injured ligament of the knee, with over 150,000 ACL surgeries performed annually in the United

States. Due to limitations associated with current grafts for ACL reconstruction, there is a significant demand for alternative graft

systems. We report here the development of a biodegradable, tissue-engineered ACL graft. Several design parameters including

construct architecture, porosity, degradability, and cell source were examined. This graft system is based on polymeric fibers of

polylactide-co-glycolide 10:90, and it was fabricated using a novel, three-dimensional braiding technology. The resultant micro-

porous scaffold exhibited optimal pore diameters (175–233 mm) for ligament tissue ingrowth, and initial mechanical properties of the

construct approximate those of the native ligament.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The anterior cruciate ligament (ACL) is a commonly
injured ligament of the knee, with over 250,000 patients
each year diagnosed with a torn ACL, and approxi-
mately 150,000 ACL surgeries performed annually [1,2].
The ACL is an intraarticular ligament that controls
normal motion and acts as a joint stabilizer. It connects
the femur to the tibia and is completely enveloped by
synovium. Due to the ACL’s intrinsically poor healing
potential and limited vascularization, ACL ruptures do
not heal and surgical intervention is usually required.
Current treatment modalities utilizing autogenous grafts
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such as bone–patellar tendon–bone and hamstring
tendon have demonstrated clinically functional outcomes
[3–9]. However, autogenous grafts are limited by donor
site-related problems such as harvest site infection, nerve
injury, and patellar fracture. Allografts are restricted in
use due to the potential for infectious disease transfer
and unreliable graft incorporation [10]. There are several
commercially available synthetic ACL grafts, including
the Gore Tex prosthesis, the Stryker–Dacron ligament,
and the Kennedy ligament augmentation device (LAD)
[5,11–13]. Although these synthetic grafts exhibit ex-
cellent short-term results, the long-term clinical outcome
is poor due to mechanical mismatch, poor abrasion
resistance, high incidence of fatigue failures, and limited
integration between the graft and host tissue [14–17].
Clearly, alternative ACL replacement and reconstruction
methods would be advantageous.
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There is a growing interest in tissue-engineered
solutions to musculoskeletal injuries. Tissue engineering
may be defined as the application of biological,
chemical, and engineering principles toward the repair,
restoration, or regeneration of living tissues using
biomaterials, cells, and factors alone or in combination
[18]. The ideal ACL replacement scaffold should be
biodegradable, porous, biocompatible, exhibit sufficient
mechanical strength, and able to promote the formation
of ligamentous tissue. Several groups have reported on
potential ACL scaffolds using collagen, silk, biodegrad-
able polymers, and composite materials [1,5,19–23]. Our
approach to the design of functional ACL replacement
grafts focuses on several parameters: architecture,
porosity, degradability, and cell source. A strong
emphasis is placed on understanding the effects of
varying these three design parameters on the overall
mechanical properties and cellular response to the
tissue-engineered scaffold.

The architecture of the tissue-engineered scaffold is an
important design consideration that can modulate
biological response and long-term clinical success of
the scaffold. It has been reported that calcified tissue
ingrowth can occur at a minimum pore size of 100 mm
[24]. In addition, a minimum pore diameter of 150 mm is
suggested for bone and 200–250 mm for soft tissue
ingrowth [11,25,26]. Scaffolds developed within these
pore size ranges will encourage tissue ingrowth, capillary
supply, and improve the quality of anchorage in bone
tunnels. Overall scaffold porosity can modulate the
functionality and gross cellular response to the implant.
The presence of pore interconnectivity extending
through an implant increases the overall surface area
for cell attachment, which in turn can enhance the
regenerative properties of the implant by allowing tissue
ingrowth into the interior of the matrix.

The FDA has approved the use of the poly-a-
hydroxyesters [polylactic acid (PLA), polyglycolic acid
(PGA) and copolymers, polylactide-co-glycolide (PLA-
GA)] for a variety of clinical applications, and they have
been investigated for use in tissue engineering [1,18,
27–29]. The growing emphasis on the use of biodegrad-
able materials is due to the fact that these materials do not
elicit a permanent foreign body reaction, as they are
gradually reabsorbed and replaced by natural tissue. In
the long term, fatigue properties of the material may be
less of a concern as the scaffold is eventually replaced by
natural tissue. Therefore, PLAGA fibers, due to their
well-documented biocompatibility, biodegradability, and
extended clinical use as sutures and fixations devices, were
chosen for study as part of a tissue-engineered scaffold.

The native ACL consists of a large number of fiber
bundles arranged into three areas: anteromedial, poster-
olateral, and intermedial, accommodating low levels of
friction tension during a wide range of motion [30,31].
By mimicking the collagen fiber matrix of the natural
ACL, our approach was to engineer functional ACL
scaffolds based on three-dimensional (3-D) fibrous
hierarchical designs, utilizing novel braiding techniques
which permit controlled fabrication of substrates with a
desired pore diameter, porosity, mechanical properties,
and geometry. The objective was to design a scaffold
that would provide the newly regenerating tissue a
temporary site for cell attachment, proliferation, and
mechanical stability.

In addition to scaffold architecture and degradability,
cell source and cellular response are also important
consideration in ACL tissue engineering. Primary ACL
fibroblasts derived from either explant or digestive
cultures have a lower doubling rate compared to cells
from other soft tissues. For in vitro culturing, rapid cell
growth and maturation is desired in order to lower the
wait time between cell harvesting and graft incorpora-
tion, which may be particularly important from a
therapeutic standpoint. Therefore, other cell sources
have been considered for ACL tissue engineering [32]. In
this study, we performed an in vitro assessment of
scaffold biocompatibility, where cell attachment,
growth, and long-term matrix elaboration by primary
ACL cells were compared to those of a murine fibroblast
line. The primary criteria for cell selection were based on
whether the alternative cell source can reproduce or
mimic the response of native ACL cells when exposed to
the designed replacement scaffold.
2. Materials and methods

2.1. Scaffold fabrication

The 3-D fibrous scaffolds were fabricated using
customized, 3-D circular and rectangular braiding ma-
chines [33–35]. PLAGA 10:90 (Ethicon, NJ) fibers (52
deniers) were laced to produce yarns with a yarn density
of 18 yarns per yarn bundle. The PLAGA yarns were then
placed in a custom built circular braiding loom with a
3� 16 carrier arrangement. The circular braiding machine
uses the sequential motion of the carriers (alternating
tracks) to form 48-yarn, 3-D circular braids with braiding
angles that ranged from 26� to 31�. The scaffolds
measured 2 cm in length for the porosity studies. For
comparison in architecture and as an alternative design,
the scaffolds were also fabricated using a 3-D rectangular
braiding system in which PLAGA fibers were laced to
produce yarns with yarn densities of 9, 30, and 60 yarns
per bundle to investigate effects on mechanical and
porosity parameters due to fiber number.

2.2. Scaffold characterization

The as-made scaffolds were characterized in terms of
architecture (pore diameter, porosity, surface area), and
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mechanical properties (tensile modulus, maximum
tensile load) under tensile testing. These properties were
correlated to fabrication parameters such as braiding
angle and yarn density. The scaffold porosity needed for
tissue ingrowth was measured for each braiding angle
(n ¼ 3) using a Micromeritics Autopore III porosimeter
(Micromeritics, Norcross, GA). Changes in porosity,
mode pore size, median pore size, and pore surface area
were determined as a function of braiding angle for the
3-D scaffold. In addition, operator-dependent effects on
scaffold porosity and pore diameter were examined
using the 3-D rectangular braids. The mechanical
properties of the braided 3-D PLAGA scaffolds
(n ¼ 6) under tension were evaluated using the Instron
Testing System 1331 (Instron, MA) with a 2000 lb load
cell. The gauge length was set at 1.03 cm and the sample
tested at a speed of 0.020 cm/s (2%/s). The tensile
modulus, ultimate tensile strength, and maximum tensile
load were determined as a function of braiding angle.

2.3. Cells and cell culture

Primary ACL fibroblasts were isolated from 1 kg New
Zealand White rabbits via enzymatic digestion following
the methods of Amiel et al. [36]. Briefly, the ACL was
excised from the rabbit knee under aseptic conditions,
and the tissue was cut into small pieces and serial
digested in a 0.1% collagenase solution (Sigma, St.
Louis, MO). BALB/C CL7 mouse fibroblasts were
purchased from American Type Culture Collection
(ATCC, VA) and expanded in culture. Both cell types
were cultured in a-MEM supplemented with 10%
fetal bovine serum (FBS, Mediatech, Herndon, VA),
l-glutamine and 1% antibiotics (Life Technologies,
Invitrogen, CA), and maintained at 37�C and at 5%
CO2.

2.4. Scaffold in vitro evaluation

The response of ACL fibroblasts and a murine
fibroblast cell line were examined on the braided 3-D
scaffolds. Prior to cell seeding, the ACL scaffolds were
exposed to UV light for 15min on each side in an effort
to minimize contamination [37]. The cells were seed on
the scaffolds at a density of 400,000 cells/scaffold
(B2900 cells/cm2), and grown in supplemented a-
MEM at 37�C and 5% CO2. The cultures were
maintained for up to 8 days. Cell growth and
morphology were examined at 1 and 8 days using
scanning electron microscopy (SEM). Prior to SEM
analysis, the cells were fixed in glutaraldehyde, and
dehydrated through a series of ethanol dilutions. The
samples were sputter-coated with gold (Denton Desk-1
Sputter Coater, NJ). Cell growth and morphology were
examined using an SEM system (Amray 3000, MA), at
an accelerating voltage of 20 keV.
3. Results

3.1. Design of scaffold for ACL reconstruction

Our approach to the design of functional ACL
replacement grafts focused on several parameters:
architecture, porosity, degradability, and cell source.
Specifically, the novel scaffold was based on a 3-D
fibrous hierarchical design, utilizing novel braiding
techniques which permitted controlled fabrication of
substrates with a desired pore diameter, porosity,
mechanical properties, and geometry. The objective
was to design a scaffold that provides the newly
regenerating tissue with a temporary site for cell
attachment, proliferation, and mechanical stability. As
shown in Fig. 1, the 3-D braided scaffold was comprised
of three regions: femoral tunnel attachment site,
ligament region, and tibial tunnel attachment site. The
attachment sites had high angle fiber orientation at the
bony attachment ends and lower angle fiber orientation
in the intraarticular zone. This pre-designed hetero-
geneity in the grafts was aimed to promote the eventual
integration of the graft with bone tissue. The scaffold
was composed of PLAGA fiber with diameter similar to
that of type I collagen fiber.

3.2. Scaffold porosity characterization

Results from the porosimetry analyses of the PLAGA
circular and rectangular braided scaffolds are summar-
ized in Table 1. The effects of braiding geometry on the
linear density, mode pore diameter, median pore
diameter, surface area, braiding angle, and porosity of
the scaffolds can be derived from Table 1. All of the
circular braids had the same number of yarns. Whereas
the rectangular braids were tested with a different
number of yarns per yarn bundle to observe changes
in porosity of yarns with two different assistants
combing the yarns to evaluate the consistency of the
system. The mode pore diameter in Table 1 represents
the average of the most frequent pore size of the pore
size distribution of the scaffolds. The median pore
diameter represents the pore size at which 50% of
the pores are larger and 50% of the pores are smaller in
the pore size distribution of the scaffolds. The surface
area represents the total pore surface area within the
scaffold and porosity represents a measure of the open
spaces in the scaffold. The braiding angle represents the
acute angle (as measured with SEM photomicrographs
of the structure) that the yarn made with the vertical
braid axis of the scaffold. Based on data shown in Table
1, it is evident that as the braiding angle increased from
26� to 31� for the circular braids that both the porosity
and mode pore diameter significantly decreased,
whereas the pore surface area significantly increased.
The increase in total surface pore area with increasing
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Table 1

Summary of porosity data for 3-D circular and rectangular braids

Sample name Sample number Linear

density

(denier)

Mode pore

diameter

(mm)

Median

pore

diameter

(mm)

Surface

area (cm2)

Braiding

angle (deg)

Porosity

(%)

Three-dimensional circular braid

PLAGA (10:90) 3� 16 (18 yarns)

46 cm 4 52 233719 136716 13575 2673 6372

36 cm 3 52 193728 9578 16379 3372 5873

26 cm 3 52 175735 7974 16575 3171 5471

Three-dimensional rectangular braid

PLAGA (10:90) 5� 12 (30 yarn) 52 195735 8476 71735 2776 5575

PLAGA (10:90) 5� 12 (60 yarn) 3 52 260710 10879 223711 3273 6771

PLAGA (10:90) 4� 12 Student 1 (9

yarns)

6 52 167735 128711 6874 2572 6175

PLAGA (10:90) 4� 12 Student 2 (9

yarns)

6 52 196735 133713 6978 2572 6776

Fig. 1. General configuration of ligament scaffold design for 3-D rectangular braid.
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braiding angle was most likely due to the presence of
higher numbers of pores with smaller pore size as
evidenced by the decrease in mode pore diameter. An
increase in total surface area was also found in the 3-D
rectangular braids as yarns per bundle were increased
from 30 to 60. In addition, the mode pore diameter, the
median pore diameter, the braiding angle and porosity
also increased with increased yarn bundle size. This was
most likely due to the greater spaces created between the
intertwined larger yarn bundles. When two different
assistants combed the 3-D rectangular braids with the
same number of yarns and the same braiding angle there
was no change in any of the porosity data indicators.
3.3. Scaffold mechanical characterization

The mechanical properties (the maximum and ulti-
mate tensile strength) of the scaffolds as a function of
scaffold geometry, fiber number, and yarn density are
summarized in Table 2. In addition, the effect of strain
rate on the mechanical properties of the rectangular
braid is shown in the same table. Fig. 2 demonstrates
how braids composed of the same number and type of
yarns differ in strength due to differences in strain rate
and geometry. The initial maximum tensile loads were
also investigated for 3-D circular braid. The scaffolds
under tension exhibited a very short elastic region,
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followed by a prolonged plastic deformation region. The
scaffolds measured ultimate tensile strengths in the
range of 100–400MPa. The stress–strain profile was
found to be similar to that of natural ligament tissue
[30]. An example of the load–deformation curves of the
4� 12, 3-D rectangular braids tested at a strain rate of
2%/s is shown in Fig. 3. In the same figure, a
photograph of the ligament construct shows that failure
occurred in the intraarticular zone of the scaffold.

3.4. Scaffold in vitro evaluation

The attachment morphology of BALB/C fibroblasts
and primary rabbit ACL cells after 24 h of culture are
shown in Figs. 4 and 5, respectively. Differences in cell
adhesion and spreading on the braided scaffold were
observed between both cell types after 1 day of culture.
The BALB/C fibroblasts spread readily on the substrate
and formed extended cell processes spanning individual
fibers of the scaffold. The extension of cell processes was
Table 2

Tensile properties of poly-(a-hydroxyester) yarns and scaffolds

Sample (n ¼ 6) M

Single multi-filament yarn

PLAGA (10:90) 52 denier 2.

10-yarn bundle (30 filaments/yarn)

PLAGA (10:90) 52 denier 2

PLAGA (10:90) 4� 12 rectangular braid (9)

2%/s 60

50%/s 52

100%/s 54

PLAGA (10:90) 3� 16 Circular Braid (18) 2%/s 90

PLAGA (10:90) 4� 12 Rectangular Braid (18) 2%/s 70

Note: ( ), the number of yarns per yarn bundle and %/s, strain rate.
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(statistically significant at po0:05; n ¼ 6).
perpendicular to the longitudinal axis of the fibers. The
SEM micrographs in Fig. 5 show primary rabbit ACL
cells attached unidirectional to the longitudinal axis of
the fibers. These cells were largely spherical and
exhibited much slower cellular spreading as compared
to the BALB/C mouse fibroblast.

Additional differences between the cell types were
observed in the longer-term cultures. Cell morphology
after 8 days in culture is presented in Figs. 6 (BALB/C)
and 7 (rabbit). For both cell types examined, prolifer-
ated over the 1-week culturing period. As shown in Fig.
6, extensive cellular growth and the formation of large
cellular networks which bridge the fibers were observed
for the BALB/C fibroblasts cultured. The growth
orientations of these cell sheets were found to be
random and the BALB/C mouse fibroblasts response
did not correspond to the underlying geometry of the
three-dimensional circular braids. In contrast, the
primary ACL cells clustered and grew in small groups
on the 3-D scaffold. At lower magnification (Fig. 7),
aximum load (N) Ultimate tensile strength (MPa)

47.02 5.371.8

573 8.871.1

6745 393729

5728 340718

8748 439784

77132 212725

5736 217711

A 4x12
ngular (9)

 %/sec

PLAGA 3x16
Circular (18)

2 %/sec

PLAGA 4x12
Rectangular (18)

2 %/sec

ntheses are the numbers of yarns for particular braid) and strain rate
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Fig. 4. Electron micrographs of BALB/C mouse fibroblast after 1 day in culture shows cellular spreading across the fiber (left magnification—800� ,

10mm bar and right magnification—1500� , 10 mm bar).

Fig. 5. Electron micrographs of rabbit ACL cells after 1 day in culture shows cell migration and attachment along the fibers (left and right

magnification—250� and 100mm bar).

Fig. 3. Load–deformation curve and photomicrograph of mechanical failure of the 4� 12 PLAGA 3-D rectangular braids at a strain rate of 2%/s.

J.A. Cooper et al. / Biomaterials 26 (2005) 1523–15321528
particularly at the intersection between two bundles of
the yarn, these cells responded to the underlying
geometry and formed confluent areas on the 3-D
braided scaffold.
4. Discussion

The primary objective of this study was to develop
a novel ACL scaffold for ligament reconstruction,
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Fig. 6. Electron micrographs of BALB/C mouse fibroblast after 8 days in culture shows large cellular networks with cells proliferating with and

without the underlying scaffold (left magnification—250� , 100mm bar and right magnification—500� , 10 mm bar).

Fig. 7. Electron micrographs of rabbit ACL cells after 8 days in culture shows cell response to 3-D circular braid, the cells did not cover the whole

scaffold but did continue to follow the underlying fibrous geometry (left magnification—505� , 10 mm bar and right magnification—1000� , 10 mm
bar).

J.A. Cooper et al. / Biomaterials 26 (2005) 1523–1532 1529
focusing on scaffold architecture, porosity, degradabil-
ity, and cell source. Specifically, the novel scaffold
was based on a 3-D fibrous hierarchical design, utilizing
custom braiding techniques which permits controlled
fabrication of substrates with a desired pore diameter,
porosity, mechanical properties, and geometry. Such a
scaffold would provide the newly regenerating tissue
with a temporary site for cell attachment, proliferation,
and mechanical stability. As shown in Fig. 1, the 3-D,
braided PLAGA fiber scaffold developed was comprised
of three regions: femoral bone tunnel attachment
site, ligament region, and tibial tunnel attachment site.
The attachment sites for the bone tunnels had a lower
porosity and smaller pore diameter compared to the
ligament region. This pre-designed heterogeneity in
the grafts was aimed to promote integration of the
graft with bone tissue and resist the abrasive forces
within the bone tunnels. The advantages of this system
as compared to other systems are controlled porosity
and pore diameter to encourage tissue infiltration
throughout the scaffold, which are lacking in most
ACL artificial implants. The 3-D braiding system
allowed for custom production of scaffolds with
mechanical properties similar to those of natural
ACL tissue in order to overcome issues of stress
shielding during tissue ingrowth. In addition, the
intertwining of the fibers within the 3-D braid prevents
total catastrophic failure of the scaffold due to a small
rupture.

Three-dimensional braiding is defined as a system
where three or more braiding yarns are used to form
an integral braided structure, with a network of
continuous filament and yarn bundles with fibrous
architecture oriented in various directions. Three-
dimensional braiding systems can produce thin and
thick structures in a wide variety of shapes through
the selection of yarn bundle size [33,34,38,39]. The
results of this study demonstrate that processing
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parameters such as braiding angle can be manipulated
in order to increase or decrease porosity and mode
pore diameter. This is critical to the development of
tissue-engineered ligaments because there is an optimal
pore size that must be created to promote tissue
ingrowth. There has been evidence that calcified tissue
ingrowth can occur at a lower limit pore size of 100 mm
[24,25]. A minimum pore size of 150 mm has been
suggested in the literature for bone and 200–250 mm
for soft tissue [11,24–26]. Samples that are fabricated
with an increasing braiding angle for the same number
of carrier yarns, linear density, and scaffold size
display increasing total surface area and have smaller
pore interconnecting networks or spacing within the
scaffold. Therefore, scaffolds with higher braiding
angles have decreased porosity and increased total pore
surface area due to more material filling the same
amount of space when compared to low braiding angle
scaffolds of the same size. Based on this rationale, the
optimal porosity for the ligament scaffolds should
be above 50% to create the optimal pore diameters of
100–300 mm needed for in vivo tissue ingrowth. Conse-
quently, 3-D circular and 3-D rectangular braided
scaffolds were fabricated in the optimal pore size range
for ligament and bone tissue ingrowth as expressed in
the literature [11,24,26].

Previous ligament prostheses have been made of
flexible composites consisting of fibers that have been
woven or braided into structures [11,14]. These scaffolds
performed well for a short period after implantation,
while the long-term results have been poor [11,14]. These
composite structures were limited by poor tissue
integration, poor abrasion resistance, and fatigue failure
[11,14]. The 3-D braided structures designed in this
study can overcome some of these problems through the
development of an interconnected network of porous
structures that will help the transportation of oxygen
and nutrients throughout the implant site. The flexible,
porous 3-D braids allow the regeneration of new tissue
between the pores and serve as scaffolds for cell
proliferation.

In this study, we compared the structural properties
(porosity, elastic modulus, and tensile strength) of two
types of braided ligament scaffolds (rectangular and
circular), in order to select an optimal braiding geometry
for a tissue-engineered ACL scaffold. The results
demonstrated that processing parameters such as yarn
density, size, and geometry of the scaffold could be
optimized with 3-D braiding technology to match initial
mechanical properties of living tissue. The designed
scaffolds under tension exhibited a very short elastic
region with prolonged plastic deformations as strain
rates decreased. The ultimate tensile strengths ranged
from B100 to 400MPa. The maximum load data for the
4� 12 rectangular braid showed a significant change
with increasing strain rate. The stress–strain profiles
looked similar to what would be expected of natural
ligament tissue. When the same number of yarns was
used for the rectangular and circular braids the circular
braid geometry showed a significant increase in max-
imum tensile load. The 3-D circular fibrous scaffold was
able to withstand tensile loads of 907N (SD7132N),
which was greater than the level for normal human
physical activity that is estimated to range between 67
and 700N [40–42].

In addition to the porosity of the prosthesis, crimp
geometry could also be included in the design of the
scaffold to mimic the stiffness of natural ligament. The
porosity data displayed in Table 1 for both the 3-D
circular and rectangular braids show that there must
be a significant change in braiding angle to effect
change in the total surface area, mode pore diameter,
median pore diameter, and porosity. In addition, the
data show that yarn bundle size can have a major
effect on porosity parameters. The porosity data in
Table 1 also demonstrate the capability of a 3-D
braiding system to fabricate and control the formation
of pore diameters within the 3-D braided scaffold that
ranged between 167 and 260 mm, which is conducive for
tissue ingrowth. The cellular studies were conducted
on the 3-D braided scaffolds with mode pore diameters
of 233 mm.

In addition to scaffold architecture and degradability,
cell source and cellular response are also important
consideration in ACL tissue engineering. In this study,
the primary criteria for cell selection was based on
whether the alternative cell source could reproduce or
mimic the response of native ACL cells when exposed to
the designed replacement scaffold.

The results of this study confirm the biocompatibility
of the scaffold, as both cell types attached and
proliferated on the scaffold. The primary rabbit ACL
cells and BALB/C mouse fibroblasts grew on the 3-D
biodegradable rectangular braided scaffold. The pri-
mary rabbit ACL cells seemed to proliferate and spread
at a slower rate compared to the BALB/C fibroblast as
observed by the SEM photomicrographs. The 3-D
circular braided scaffold design promoted the adhesion
and growth of rabbit ACL cells along the longitudinal
axis of the fibers. Although the BALB/C mouse
fibroblasts created large branched cellular networks on
the 3-D circular braids, the cellular organization did not
directly respond to scaffold geometry. As a result,
BALB/C mouse fibroblasts will not be used in future
scaffold studies to measure cell proliferation and
viability capacity of the scaffold. In addition, the
primary rabbit ACL cells may need to be seeded at a
higher density for this scaffold geometry. The addition
of biological factors such as growth factors and
adhesion proteins to the polymer surface can also
enhance the cellular proliferation capabilities of the
3-D braided scaffold.
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5. Conclusions

ACL tissue engineering is need because of past
failures in ligament reconstruction using prostheses.
There has been a rise in the number of ACL
reconstructions over the years due to an active popula-
tion but past replacements have failed because they have
not been able to reproduce the biomechanics and
function of the normal ACL. In this study, we identified
some of the different parameters that must be addressed
to produce a biocompatible tissue-engineered ligament
replacement. We have devised a method for fabricating
a fibrous, biodegradable ligament replacement using
3-D braiding technology. This method produces hetero-
geneous scaffolds that are able to adapt to the
intraarticular region of the ligament, withstand the
rigors of surgical fixation within the bone tunnels, and
promote guided healing. This study has shown our
ability to fabricate a tissue-engineered ligament scaffold
that has the mechanical properties of the normal ACL
and the porosity for tissue ingrowth. During cell culture,
the attachment, spreading, and growth of primary ACL
cells and BALB/C mouse fibroblasts demonstrate the
biocompatibility of the scaffold. In addition, the
oriented growth of the primary rabbit ACL cells
suggests the need to use primary cells in ligament tissue
engineering.

Future studies will focus on the scaffold’s initial
mechanical properties as compared to a rabbit model
and in vitro characterization of the cellular response and
interaction with the braided tissue-engineered ligament
scaffold.
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