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The anterior cruciate ligament (ACL) is critical for the structural stability of the knee and its injury often
requires surgical intervention. Because current reconstruction methods using autograft or allograft tissue suffer
from donor-site morbidity and limited supply, there has been emerging interest in the use of bioengineered
materials as a platform for ligament reconstruction. Here, we report the use of electrospun polycaprolactone
(PCL) scaffolds as a candidate platform for ACL reconstruction in an in vivo rodent model. Electrospun PCL
was fabricated and laser cut to facilitate induction of cells and collagen deposition and used to reconstruct the
rat ACL. Histological analysis at 2, 6, and 12 weeks postimplantation revealed biological integration, minimal
immune response, and the gradual infiltration of collagen in both the bone tunnel and intra-articular regions of
the scaffold. Biomechanical testing demonstrated that the PCL graft failure load and stiffness at 12 weeks
postimplantation (13.27+4.20N, 15.98£5.03 N/mm) increased compared to time zero testing (3.95+0.33N,
1.95+£0.35 N/mm). Taken together, these results suggest that electrospun PCL serves as a biocompatible graft

for ACL reconstruction with the capacity to facilitate collagen deposition.

Introduction

RUPTURE OF THE ANTERIOR cruciate ligament (ACL) is a
common orthopedic injury, with more than 200,000
cases presenting annually in the United States alone.' Due to
limited vascularization of ligament tissue and the hostile
environment of the intra-articular (IA) space, a ruptured
ACL has little capacity for endogenous healing. Conse-
quently, greater than 85% of ACL disruptions require sur-
gical reconstruction.! Current reconstruction strategies
employ autograft or allograft tendon or ligament tissues.
Although subjective success rates of greater than 90% can
be achieved with both autograft and allograft replacement,
serious complications are associated with these reconstruc-
tion options.” Procurement of autograft tissue is associated
with donor-site morbidity, including weakness, decreased
range-of-motion, and chronic knee pain. Conversely, the use
of allograft tissue increases the risk of pathogen transmis-
sion and adverse inflammatory response. Moreover, the
supply of allograft tissue is limited by a finite donor pool.’®
Synthetic nondegradable grafts were developed in the 1970s
and 1980s, but were hampered by premature graft rupture,
foreign body reactions, osteolysis, and synovitis.* Accord-
ingly, the development of alternative graft sources for ACL
reconstruction has been the focus of recent efforts in the
field of connective tissue engineering.

Polycaprolactone (PCL) is a biodegradable polymer that
is Food and Drug Administration (FDA) approved for a
number of medical applications, including adhesion barrier
and wound dressing.” In a semicrystalline polymer, its
crystallinity tends to decrease with increasing molecular
weight. The good solubility of PCL, its low melting point
(59-64°C), and exceptional blend compatibility has
prompted extensive research into its potential application in
tissue engineering.®’ PCL possesses superior rtheological and
viscoelastic properties over other resorbable polymers that
render it easy to manufacture and manipulate into a large
range of scaffolds.” "3 Furthermore, the fact that a number of
drug-delivery devices fabricated with PCL already have FDA
approval and the CE Mark registration enables regulatory ap-
proval.® PCL has been used in a wide variety of applications,
including vascular, bone, cartilage, nerve, skin, and esophageal
tissue engineering.>'*'"'*~! While it has been studied as a
braiding material for mixed polymer matrices, PCL has not
been fully evaluated as a standalone candidate biomaterial for
ligament engineering in vivo.”® However, recent work by Hu
et al. has demonstrated the potential feasibility of unblended
PCL as a polymer for reinforcing tendon repair.’

Electrospinning is a relatively inexpensive technique for
submicron and micron diameter fibers from polymer solu-
tions. Electrospinning is of great interest as the resulting fiber
diameters are in the size range (submicron to nanometer) of
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the extracellular matrix microstructures, particularly the
higher ordered collagen microfibrils.'* The flexibility of
the electrospun fibers, due to the very high aspect ratio
(length/diameter), is also beneficial, allowing seeded cells to
remodel their surrounding environment. Many research pa-
pers have focused on different natural and synthetic poly-
mers, but PCL is one of the most commonly used polymers
in the electrospinning literature.® Accordingly, electrospun
PCL has been proposed for the engineering of ligament and
tendon. In a recent in vitro rabbit model of Achilles’ tendon
repair, An et al. demonstrated that PCL microfibers were
able to support the proliferation of human dermal fibroblasts
over 7 days and that the microfibers were highly infiltrated
by tendon tissue as early as 1 month.*'

In light of the excellent biocompatibility, excellent me-
chanical strength, and appropriate degradation rate of PCL,
we chose to utilize an electrospun PCL scaffold for the
current experiment. We hypothesize that an electrospun
PCL graft would promote collagen deposition and elicit
minimal immunogenic response in an IA rodent model of
ACL reconstruction. Furthermore, we hypothesized that
maturation of the graft would result in improved bio-
mechanical properties over time.

Materials and Methods
Scaffold fabrication

Medical-grade ester-terminated PCL in granule form
(MW =110,000; Lactel Absorbable Polymers, Birmingham,
AL) was dissolved 10% w/w in 1,1,1,3,3,3-hexafluoro-2-
propanol (Sigma-Aldrich, St. Louis, MO). The solution was
electrospun around a lathe mandrel rotating at a speed of
3450 rpm, using a 20 kV voltage source and a constant infusion
rate of 2.5 mL/h for a total of 0.5 mL per scaffold. Scaffolds
were laser cut using a VersaLaser Cutter 2.3 (Scottsdale, AZ)
and their microstructure characterized using a Nova NanoSEM
230 scanning electron microscope (Nova, FEI Company,
Tokyo, Japan) operated at low-vacuum setting, 10.0keV
landing voltage, 6.4 mm working distance, and a probe di-
ameter of 3.0. Scaffolds were then plasma etched (Harrick
Plasma PDC-001 Plasma Cleaner, Ithaca, NY) to induce
hydrophilicity, bathed in 70% EtOH, and collagen coated
using a 8:1:2.5 sterile solution of Purecol (Advanced Bioma-
trix, San Diego, CA), 10X phosphate-buffered saline (PBS),
and 0.1 N NaOH diluted 1:9 in 1x PBS at 4°C. After a 24-h
incubation at 37°C and 24 h of drying, six scaffold layers were
then stacked and affixed to one another using 4-0 vicryl sutures.
For all experiments, PCL sheets with dimensions of 1.5 mm x
35mmx 150 um were fabricated by high-voltage electrospin-
ning and laser cut to yield a porous scaffold with 150 pm di-
ameter holes at 15% pore area. Scanning electron microscopy
was utilized to characterize the three-dimensional fibrous mesh
and the regular spacing of the laser cut pores (Fig. 1A—C). Laser
cut pores were employed because they have been shown
to promote vascularization and infiltration of cells vital to tissue
regeneration.'® The scaffold sheets were arranged into a stacked
conformation with six individual PCL sheets (Fig. 1D).

Animal model and operative reconstruction

An adaptation of a previously established rat ACL recon-
struction model**?* was performed utilizing 300 g, 75-day-old
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FIG. 1. Polycaprolactone (PCL) polymer design, fabrica-
tion, and three-dimensional rendering. PCL solution was
electrospun and laser cut to yield a porous scaffold. (A)
Low- and high-magnification scanning electron microscopy
images show both (B) aligned fiber and (C) hole regions
designed to facilitate cellular infiltration and collagen de-
position in the scaffold. (D) Schematic of scaffold with di-
mensions of 1.5mmx35mmx900um and the eventual
arrangement of the scaffolds into a stacked conformation.
Color images available online at www.liebertpub.com/tea

Sprague-Dawley rats (Harlan Laboratories, Hayward, CA).
The surgical procedure was performed on the lower left limb
of the rat after induction of general anesthesia and surgical
preparation. A midline incision was made over the knee and a
medial parapatellar arthrotomy performed to expose the ACL,
which was excised. The knee was flexed to ~60° and a 1.4-
mm Kirschner wire was used to drill the tibial and femoral
tunnels, with care taken to include the tibial and femoral ACL
footprints. Both sides of the grafts were affixed to a 1.2-mm
Keith needle used to pass the graft through the bone tunnels
(BT) across the joint space, replacing the native ACL. The
ends of the graft were manually tensioned and secured to
the periosteum and surrounding fascia of the distal part of the
femur and proximal part of the tibia with 4-0 vicryl sutures.
The wound site was closed in a layered manner. All animals
were maintained pre- and postoperatively according to on-site
protocol, and no complications related to surgery were noted.
At 2 and 6 weeks, animals (n=4) were sacrificed for
histological analysis of biocompatibility and collagen de-
position. At 12 weeks postimplantation, scaffolds underwent
histological analysis (n=4) and standardized mechanical
strength testing (n=6) (Fig. 2). Mechanical properties were
compared to the native ACL of the contralateral limb in
each animal (n=6). Furthermore, mechanical properties
were compared to scaffolds that were implanted in age-
matched (75-day) and weight-matched (300 g) controls and
immediately sacrificed to provide a time-zero comparison
(n=06). These time points were selected as they correspond
to previous in vivo studies evaluating graft incorporation and
were thought to provide longitudinal evaluation of the early
(2 weeks), intermediate (6 weeks), and late (12 weeks) in-
corporation of the PCL graft in the rodent knee.**
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FIG. 2. Schematic demonstrates in vivo experimental design. Scaffolds are prepared, stacked, and coated with collagen
before implantation into the left knee of model rodents. Replicates are designed such that four animals will be assessed for
biological function at weeks 2, 6, and 12 postimplantation, and an additional six will undergo biomechanical testing (BMT)

at week 12.

Histological analysis and immunohistochemistry

For immunohistological analysis, the left knee of each
animal was fixed in 10% formalin at 25°C for 72h. Fixed
knee harvests were submitted to a core laboratory for de-
calcification, sectioning, mounting, hematoxylin and eosin
(H&E) staining, and slide digitization. Immunofluorescent
staining was used to detect the presence of (1) cells of
macrophage lineage using a mouse anti-rat CD68 antibody
and (2) collagen using a rabbit anti-rat type 1 collagen an-
tibody (Millipore, Billerica, MA). Paraffin-embedded slides
were dewaxed with two xylene washes at 5 min each, fol-
lowed by 100%, 95%, and 75% ethanol baths at 2 min each.
Rehydration was complete with a 2-min rinse in dH,O,
followed by boiling for 20 min in 1x Citra AR Solution
(Sigma-Aldrich) for antigen retrieval. Sections were per-
meabilized in a 0.025% Triton X wash (Sigma-Aldrich) and
blocked at 25°C for 1 h in a TBS Tween-20X solution of 4%
normal goat serum and 0.4% bovine serum albumin. Sec-
tions were incubated overnight at 4°C with 1:100 dilution of
the primary antibody in a blocking solution, followed by a
30-min incubation at room temperature with 1:500 dilution
of fluorescent secondary antibody: (1) Alexa Fluor 488 goat
anti-mouse for CD68 and (2) Alexa Fluor 633 goat anti-
rabbit for type I collagen (Invitrogen, Grand Island, NY).
Slides were mounted with DAPI-Prolong Gold (Life Tech-
nologies, Eugene, OR) and imaged using a Nikon Instru-
ments Eclipse Ti Inverted Microscope System (Irvine, CA).

Analysis of collagen deposition

Visualization of fibrillar types I and III collagen was
performed using the Picrosirius Red Stain Kit (Polysciences,
Inc., Warrington, PA) after deparaffinization and imaged
under polarized light using a DMLB Leica Microscope
(McBain Systems, Chatsworth, CA). Images were taken at
40 x objective magnification to ensure that the field of view
included the scaffold, but no surrounding tissue. Images
were analyzed for area fraction of collagen by measuring
the number of birefringent pixels relative to total using
Image] software (n=5) (National Institutes of Health,
Bethesda, MD).

Histological grading

Digitized section images were analyzed using a modified
histological grading scale previously reported in the litera-
ture.”**> Six parameters—cell morphology, inflammatory
response, matrix staining intensity, fibrocartilage formation,

new bone formation, and graft bonding to bone—were as-
signed categorical values (ranging 0-3, corresponding to
none to abundant) to assess the biological integration of the
grafts. Slides were graded by two, independent blinded
evaluators. Individual scores were summed to give a com-
posite score ranging from O to 6 per category per animal,
and Cohen’s kappa coefficient (k) was computed to indicate
inter-rater agreeability.®

Biomechanical testing

All soft tissues except the graft were removed from the
harvested knees with the aid of a dissecting microscope. The
femur and tibia were potted in polymethylmethacrylate with
the knee in 90° flexion to prevent femoral epiphyseal sep-
aration during testing. The graft was kept moist during
dissection and potting by regular and frequent spraying of
PBS solution. The femur—graft—tibia complex was mounted
onto an Instron tensile tester (Model 5564, Norwood, MA)
with a 1 kN load cell. The graft was pretensioned to 2N and
then tested to failure at a strain rate of 0.5 mm/s. The data
were used to generate a load—displacement curve, and the
peak and slope of the linear portion of the curve were used
to determine failure load and stiffness, respectively, for
three groups: (1) implanted grafts at 12 weeks postopera-
tively, (2) grafts immediately following implantation (time
0), and (3) native ACLs from age- and weight-matched rats
(n=06).

Statistical analysis

For Picrosirius red staining and CD68* cell counts, five
distinct images of the implanted scaffold were obtained in
both the BT and IA regions. The mean and standard error of
the mean were calculated, and a two-way ANOVA with
Bonferroni correction was used to assess differences be-
tween time points and graft regions. Differences between
time points were verified using unpaired t-tests. Significance
was set at p <0.05. For histological grading that used cate-
gorical variables, agreement between individual raters was
analyzed using Cohen’s kappa coefficient (k).

Results

Rodent ligament reconstruction model

The surgery was performed as previously described, and
the graft imaged in sifu (Fig. 3A). In all animals, the quality
and orientation of the grafts were evaluated using H&E
staining of tissue sections (Fig. 3B). Careful assessment of
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FIG. 3. Gross and histological images of PCL implant are shown (A) intra-operatively and postoperatively with (B)
hematoxylin and eosin (H&E) staining and (C) digital photomicroscopy. Tibial and femoral tunnels were drilled in the
native footprint of the anterior cruciate ligament (ACL). The graft is passed and fixed extra-articularly with sutures to the
periosteum. Images of PCL graft harvested at 12 weeks postimplantation and stained with (D) H&E and (E) Picrosirius red
reveal resorption of graft (*) and replacement with densely aligned collagen. BT, bone tunnel; IA, intra-articular; F, femur;
T, tibia. Color images available online at www.liebertpub.com/tea

stained sections identified two functionally distinct regions
of the graft: (1) BT regions where the graft was surrounded
by tibial and femoral bone, and (2) an IA region within the
knee joint that was comparable to the native ACL. In ani-
mals designated for mechanical testing, gross imaging using
digital microscopy was used to verify integrity of the graft
before testing (Fig. 3C). At 12 weeks following the recon-
struction, histological analysis of the sectioned knee dem-
onstrated that the scaffold matrix became largely infiltrated
by fibroblasts secreting eosinophilic collagen and native
immune cells (Fig. 3D). Picrosirius red staining demon-
strated highly aligned collagen filling the spaces produced
by the graft manufacturing procedure (Fig. 3E).

Biocompatibility of implanted PCL grafts and in vivo
collagen deposition

To assess biocompatibility as measured through the local
inflammatory response, histological analysis was performed
at 2, 6, and 12 weeks. There was evidence of a modest host
inflammatory response, largely seen as infiltrating macro-
phages and foreign body cells that peaked at week 6 and
subsided thereafter (Fig. 4). To corroborate this biocom-
patibility finding, sections were labeled using immunofluo-
rescence staining for expression of CD68 (or EDI1), a
glycoprotein specifically expressed on cells of the macro-
phage/monocyte lineage. Using fluorescence microscopy,
the number of CD68" cells were counted in several high-
power fields (HPF) (n=35) in both the BT and IA regions of
the implanted scaffold (Fig. 5A). This analysis demonstrated
an increase in CD68 ™" cells in both the IA region and BTs
from week 2 (IA=0.30+0.30 cells/HPF, BT=4.57£0.83
cells/HPF) to week 6 (IA=17.274+2.30 cells/HPF, BT =
16.60£3.19 cells/HPF) (p<0.01). There was a subsequent

decrease in the number of these inflammatory cells from
week 6 to 12 I1A=9.33£0.71 cells/HPF, BT=9.36+1.125
cells/HPF) (p<0.01) (Fig. 5B).

To evaluate for in vivo collagen deposition on the PCL
graft, sections were immunofluorescently labeled for ex-
pression of type I collagen (Fig. 6). The collagen signal
appears brightest at week 12 for both BT and IA graft
regions.

To quantify collagen deposition, sections were stained
with Picrosirius red and imaged under polarized light to
visualize both type I and type III collagen fibers (Fig. 7A).
Using Imagel] to analyze pixel intensity, the percentage of
total area covered by collagen was quantified in the re-
constructed ligament (Fig. 7B). After 12 weeks, collagen
encompassed 71% of the BT graft area and 23% of the 1A
graft area, compared to 98% in the native ACL (p<0.01).

Finally, categorical histological grading was performed
on these histological sections by two, independent blinded
reviewers (Table 1). Inter-rater agreement ranged from fair
to excellent according to the Landis and Koch guidelines of
kappa-type statistics.”’ All histological scores, except in-
flammatory responses, increase between samples analyzed
at weeks 2, 6, and 12, suggesting improved biological in-
tegration of the scaffold. Over time, the number of flattened
fibroblasts and their eosinophilic matrix secretion increased.
The reconstructed knee also showed evidence of fi-
brocartilage and new bone formation in the BT region.

Biomechanical analysis of PCL graft

To assess the mechanical function of the PCL graft,
tensile testing was performed on native ACLs harvested
from rats, as well as PCL scaffolds immediately following
implantation (time 0) and 12 weeks after implantation. All
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FIG. 4. Histology panel of
PCL grafts stained with H&E
at weeks 2, 6, and 12 post-
implantation. Evidence of a
modest host inflammatory
response is visible beginning
at week 2 in the BT and week
6 in the TA graft region.
Aligned collagen and fibro-
blasts are present in the TA
graft tissue beginning at
week 6. BT, bone tunnel; IA,
intra-articular regions, Fb,
fibroblast; FBG, foreign body
giant cell; M, macrophage.
Color images available on-
line at www.liebertpub.com/
tea

samples failed at the midsubstance during biomechanical
testing. Using load—displacement curves generated from
tensile testing, failure load and stiffness were computed for
each substrate (Table 2). The mechanical properties of the
graft following implantation (failure load=3.95+0.33N,
stiffness = 1.95+0.35 N/mm) increased significantly (p <0.01)
after 12 weeks in vivo (failure load=13.27 £4.20, stiffness=
15.98+5.03 N/mm).

FIG. 5.
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Week 12

Discussion

Previous studies of tissue-engineered ligament recon-
struction have implanted braided or extruded grafts made of
a variety of materials, including silk, PLLA, and polyure-
thane.?*?%? Although these materials resulted in successful
integration of the graft, none was able to recapitulate the
strength of the native ACL.>****73° While many polymers,
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Immunological staining and analysis of CD68 (ED1) macrophage lineage marker. (A) Graft sections were stained

for expression of CD68 with representative images shown and (B) the number of CD68* cells were counted in each high-
power field (n=5) (HPF, 40X objective magnification) at 2, 6, and 12 weeks postimplantation, demonstrating that in-
flammatory responses peaked at 6 weeks postimplantation and decreased thereafter. *A p value of <0.01 between all time
points. Color images available online at www.liebertpub.com/tea
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Week 2 Week 6

including polymer blends that incorporate PCL, have been
proposed for use in ligament reconstruction, this study in-
vestigated standalone PCL as it is biologically inert, non-
toxic, degrades slowly in vivo, and is easily synthesized and
manufactured into a desired conformation.>’ PCL is also
mechanically robust and shows little plastic deformation
under mechanical stress.*® Its use has been established in the
bone tissue engineering literature as a reliable reservoir for
mineralization and type I collagen deposition due to its
aligned nanofiber structure when electrospun.®® Further-
more, its standalone use has more recently been proposed
for extra-articular tendon repair and replacement.” In the
current study, we hypothesize that an electrospun PCL graft
would promote collagen deposition and elicit minimal im-
munogenic response in an IA rodent model of ACL recon-
struction and that maturation of the graft would result in
improved biomechanical properties over time.

Biocompatibility of implanted PCL grafts

The data from this study suggest that the PCL graft elicited a
modest, transient immune response in the rodent knee. Mac-
rophage infiltration was observed 2 weeks after implantation in
the BT region only, peaked at 6 weeks in both graft regions, and
began to subside after 12 weeks. The quantity of macrophages
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Week 12

FIG. 6. Immunoflourescent
staining of type 1 collagen
was performed on graft
samples harvested at weeks
2, 6, and 12 postimplantation
demonstrated increased col-
lagen deposition in the graft
over time. Color images
available online at www
Jiebertpub.com/tea

found in this study is similar to that reported by Kawamura
et al. after reconstruction of a rat ACL using an autologous
tendon graft, the current gold standard for ACL reconstruc-
tion.”* In addition, Kawamura er al. found that macrophages
are crucial in the healing of the graft-bone interface.”” Thus,
the persistent macrophage infiltration present at 12 weeks in the
implanted electrospun PCL graft and BT may reflect ongoing
IA graft maturation and healing within the BT.

In vivo collagen deposition on implanted PCL grafts

Grafts were relatively devoid of collagen after 2 weeks
postimplantation, as demonstrated by both type I collagen
and Picrosirius red staining. After 2 weeks, the implanted
graft demonstrated histological characteristics consistent
with the inflammatory phase of neoligamentization, while
robust cellular proliferation was less evident. H&E staining
indicated that by 6 weeks, cellular proliferation of infil-
trated cells was well established. At 6 weeks, these cells also
began elaborating a collagen matrix that continued to ma-
ture and increase in the fractional area through week 12.

The extent of collagen deposition was different between
IA and bone tunnel regions of the graft. Cells in the bone
tunnel region began elaborating a collagen earlier than those
in the IA region, as evidenced by a higher area fraction of

A Week 2 Week 6 Week 12 B i R i
/ 100 4 -
— 80 1
@ c
>
£ 60 9 mWeek 2
Native ACL S OWeek 6
3 40 BWeek 12
3 B Native ACL
< 20
” 0 + -
100 pm e BT 1A

FIG. 7. Quantitative assessment of in vivo collagen deposition. (A) Representative images of Picrosirius red staining are
depicted for IA and BT regions at weeks 2, 6, and 12 and show gradual increases in fibrillar collagen type I and type III
deposition. (B) Image] was used to analyze the percentage of field of view containing birefringent pixels for each HPF
analyzed (n=5). *A p value of <0.01 between all groups. Color images available online at www.liebertpub.com/tea
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TABLE 1. HISTOLOGY GRADING SCORES FOR INTRA-ARTICULAR AND BONE TUNNEL REGIONS OF GRAFT (N=4)

Grade® (points)

Cell Inflammatory Matrix staining Fibrocartilage New bone Graft bonding

morphology response intensity Sformation Sformation to bone
BT
2 weeks 3,4,4,4 0,3,2,2 2,1, 1,2 0,0,0,0 1,2,2,2 2,4,2,2
6 weeks 4,4, 4,3 4,3,2,2 4,3,4,3 2,2,4,4 4,2,4,5 4,4, 4,4
12 weeks 4,4,2,3 2,2,3,2 4,4,4,3 4,4,3,3 4,3,5,5 4,4,5,4
1A
2 weeks 1,0,0, 1 0,2,2,0 0,2,0,0 N/A N/A N/A
6 weeks 1,2,2,2 3,4,2,3 2,4,2,2 N/A N/A N/A
12 weeks 4,6,4,2 2,2,4,4 4,5,6,2 N/A N/A N/A
Kappa 0.56 0.63 0.63 0.75 0.35 0.81

Histological grading of hematoxylin and eosin-stained slides to qualitatively assess scaffold integration into host tissue (n=4).

“Each section was graded by two independent observers from 0 to 3 to denote none, slight, moderate, or abundant. Sums of these two
scores for each implanted animal were recorded (0-6) along with intraobserver agreement values (Cohen’s Kappa coefficient) for each
item, indicating fair (0.21-0.40), moderate (0.41-0.60), good (0.61-0.80), and excellent (0.81-1) agreement for all categories. Note that

fibrocartilage formation, new bone formation, and graft bonding to bone are not applicable measures for IA graft regions.

BT, bone tunnel; IA, intra-articular.

collagen in the BT at the 2-week time point. This disparity
in matrix deposition is likely due to the different vascularity
in the BTs and in the joint space. Bone is well-vascularized,
while the joint space is bathed in synovial fluid and contains
limited vasculature, particularly in the region of the native
ACL.? Matrix staining intensity and cellularity decreased
gradually as a function of distance from the BT entrance
site. The difference between BT and IA regions, however,
became less apparent over time, suggesting that ligamenti-
zation may begin in the BT and progress toward the 1A
space. After 12 weeks in vivo, the implanted graft began to
exhibit signs of matrix remodeling and aligned collagen
deposition. Anisotropic collagen fibers were visible in Pi-
crosirius red staining of both IA and bone tunnel regions of
the graft at 12 weeks. These aligned collagen fibers are
visually similar to the native ACL and suggest that the graft
is progressing toward the appearance of native ligament.
However, the collagen deposition and organization at 12
weeks still remain less than that demonstrated in the native
rat ACL, indicating that further remodeling may be seen if
the experiment was taken out to more extended time points.

Biomechanical analysis of the implanted PCL graft

Mechanical testing revealed that the mechanical proper-
ties of the implanted graft improved from time zero to the

TABLE 2. BIOMECHANICAL PROFILE
OF POLYCAPROLACTONE ENGINEERED GRAFT
AND NATIVE LIGAMENTS (N=06)

12-week time point. Both load to failure and stiffness of the
implanted graft increased over 12 weeks. The values of load
to failure and stiffness obtained for the tissue-engineered
graft were higher than the polymer scaffold tested imme-
diately following implantation, but lower than the native
ligament. This indicates that ligament regeneration has
progressed over 12 weeks, but is insufficient to completely
recapitulate the strength of the native ACL at that time.
Again, further experiments with longer time points are
necessary to determine whether the graft can further mature
and remodel with mechanical properties similar to the native
rat ACL.

Limitations of the study design

The current study has some weaknesses that warrant at-
tention. While standalone PCL was tested in this current
experiment, in the future, it may be useful to evaluate PCL
copolymer blends, which may couple better initial me-
chanical properties with limited inflammatory response and
satisfactory long-term matrix deposition. Moreover, this
current experiment did not compare the polymeric graft to
an autograft control tendon or ligament. Autograft collagen
would likely have a less profound immunogenic response
and would clearly have a more similar histologic appearance
to the native ACL. Indeed, we contend that the native
ACL is the ultimate control and we have compared our
biomechanical findings to this standard.

Conclusions

This study employed an acellular electrospun PCL graft

lgng;rNe) ?v][\lgzzlifj to reconstruct the rodent ACL and demonstrated the ela-

boration of collagen throughout the graft with a concurrent

Time zero implantation 3.95+0.33 1.95+0.35 improvement of mechanical properties of the graft over
12 weeks postimplantation 13.27+4.20 15.98£5.03 time. In addition, we found that PCL elicits a minimal in-
Native anterior 3545%3.33  51.56%£9.70  flammatory response in the rodent model. Due to the bio-

cruciate ligament

Biomechanical profiles of polycaprolactone construct immedi-
ately following implantation (time zero), 12 weeks following
implantation, and native anterior cruciate ligament.

compatibility and successful deposition of an aligned
collagen matrix, future studies of electrospun PCL for lig-
ament engineering models are warranted. In addition, the
incorporation of growth factors and supporting cell types
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could be used to enhance host integration and graft func-
tioning, as well as the use of other copolymer blends.
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