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Abstract: Collagen-based biomaterials are a viable option for

tendon reconstruction and repair. However, the weak me-

chanical strength of collagen constructs is a major limitation.

We have previously reported a novel methodology to form

highly oriented electrochemically aligned collagen (ELAC)

threads with mechanical properties converging on those of

the natural tendon. In this study, we assessed the in vivo

response of rabbit patellar tendon (PT) to braided ELAC bio-

scaffolds. Rabbit PTs were incised longitudinally and the

ELAC bioscaffold was inlaid in one limb along the length of

the tendon. The contralateral limb served as the sham-oper-

ated control. Rabbits were euthanized at 4 or 8 months post-

operatively. High-resolution radiographs revealed the

absence of ectopic bone formation around the bioscaffolds.

Four months post-implantation, the histological sections

showed that the ELAC bioscaffold underwent limited degra-

dation and was associated with a low-grade granulomatous

inflammation. Additionally, quantitative histology revealed

that the cross-sectional areas of PTs with the ELAC bioscaf-

fold were 29% larger compared with the controls. Further-

more, ELAC-treated PTs were significantly stiffer compared

with the controls. The volume fraction of the tendon fascicle

increased in the ELAC-treated PT compared with the controls.

By 8 months, the ELAC bioscaffold was mostly absorbed and

the enlargement in the area of tendons with implants sub-

sided along with the resolution of the granulomatous inflam-

mation. We conclude that ELAC is biocompatible and

biodegradable and has the potential to be used as a biomate-

rial for tendon tissue engineering applications. VC 2011 Wiley

Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 100B:

400–408, 2012.
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INTRODUCTION

Tendon injuries pose a significant economical burden to the
US each year.1 Suturing provides satisfactory fixation of soft
tissue in tendon and ligament reconstruction. However,
these techniques are often associated with difficulties in
placement, tissue reconstruction, cutting or pulling through
tissue and pull out from bone.2 Autografts and allografts
provide potential alternative strategies, but each of them is
associated with limitations such as donor site morbidity3

and risk of disease transmission from the donor to the re-
cipient, respectively. Therefore, Functional Tissue Engineer-
ing strategies have gained considerable interest among
researchers as a practical option to treat damaged tendons.4

Tissue engineering utilizes a combination of scaffolds
and cells to generate functional replacements for damaged
tissue. Selection of the biomaterial to be used to fabricate
scaffolds critically depends on the specific tissue of interest.
Various biomaterials, both natural and synthetic, have been

used to fabricate implantable bioscaffolds with the goal of
repairing damaged tendons and ligaments.5–13 Collagen type
I, a major component of the tendon extracellular matrix
(ECM), is the most widely studied biomaterial for tendon
tissue engineering applications.14–23 Collagen type I forms
70% of tendon’s dry weight.24,25 Law et al. were one of the
first groups to evaluate the in vivo response of a biomaterial
made entirely with type I collagen fibers.22 They crosslinked
the collagen fibers either with glutaraldehyde or by dehy-
dration followed by exposure to cyanamide and reported
that the collagen implant showed excellent biocompatibility.
Goldstein et al. demonstrated that collagenous tendon pros-
thesis promoted rapid formation of neo-tendon.18 Implanta-
tion of collagen bioscaffolds seeded with mesenchymal stem
cells (MSCs) into the rabbit patellar tendon (PT) has been
shown to significantly improve the biomechanical properties
of the repair tissue.15 However, a major concern related to
the application of MSCs to promote tendon healing is their
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tendency to induce ectopic bone formation14 possibly due
to high cell–cell contact and extensive contraction of the col-
lagen gels.26 Careful selection of cell–collagen ratios have
been recommended to prevent the formation of ectopic
bone and accelerate tendon healing.27

A key limitation of the existing collagen constructs for
tendon tissue engineering applications is their weak me-
chanical strength. For a scaffold to be functional in vivo, it
needs to be mechanically strong with sufficient compliance
to bear daily in vivo loads. We have previously developed
and reported a novel methodology to align collagen mole-
cules using the principles of isoelectric focusing and form
highly oriented and densely packed electrochemically
aligned collagen (ELAC) threads.28 Crosslinking the ELAC
thread with genipin resulted in a mechanically strong bio-
material with properties converging upon the native tendon.
Genipin is a naturally occurring crosslinking agent
(extracted from gardenia fruit), which has been reported to
be biocompatible and 10,000 times less cytotoxic compared
with glutaraldehyde.29 Although the in vitro degradation
and cellular response of ELAC have been investigated,30 the
in vivo response of this novel material is unknown. Addi-
tionally, little is known about the long-term in vivo response
to such densely packed collagen-based bioscaffolds. In the
current study, we hypothesize that the densely packed ELAC
bioscaffold is biocompatible and biodegradable. To test this

hypothesis, ELAC bioscaffolds were implanted into the PT of
rabbits and the long term in vivo response to the material
was investigated. Cross-sectional area of tendon, degrada-
tion of the scaffold, inflammatory response to the scaffold,
and matrix organization of the harvested tissue were exam-
ined by qualitative histology, quantitative histology, and
immunohistochemistry at 4 or 8 months post-implantation.

MATERIALS AND METHODS

Synthesis of ELAC threads and ELAC bioscaffolds
The ELAC threads were synthesized as previously
described.28 Briefly, acid soluble monomeric collagen solu-
tion from bovine hide (Nutragen 6.4 mg/mL; Advanced Bio-
matrix, Tucson, AZ) was dialyzed with distilled water for 3
days. The dialyzed collagen solution was loaded between
two stainless steel wires (electrodes) and an electric voltage
of 12 V was applied. In the presence of an electric field, the
collagen monomers align along the isoelectric point and
form a highly oriented densely packed collagen thread (Fig-
ure 1). This ELAC thread was incubated with 10X PBS over-
night at 37�C. The ELAC thread was recovered from the
electrochemical cells and crosslinked with 0.625% genipin
(in 70% ethanol) solution for 3 days at 37�C. Each ELAC
thread was about 4 cm in length, 400–500 lm in width and
200–300 lm in thickness.

FIGURE 1. A: Schematic explanation of ELAC synthesis. Dialyzed monomeric collagen solution is loaded between two electrodes. On application

of 12 V DC, a pH gradient develops between the anode and the cathode. The collagen molecules align along the isoelectric point (pI) to form

highly oriented electrochemically aligned collagen (ELAC) threads. B: Photograph of an ELAC triplet formed by braiding three individual ELAC

threads together. Three such ELAC triplets were further braided to form the ELAC bioscaffold consisting of nine individual ELAC threads. C)

High magnification confocal image of an ELAC triplet. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Three individual genipin crosslinked ELAC threads were
manually braided to form an ELAC triplet. Both ends of the
ELAC triplet were glued using medical grade adhesive (Loc-
tite 4851). Three individual ELAC triplets were braided
again in a similar manner to form the ELAC bioscaffold con-
sisting of nine ELAC threads. As the ELAC bioscaffold is
made out of pure collagen, standard medical device sterili-
zation techniques that include physical treatments (UV,
gamma radiation, etc.), chemical treatments (ethylene oxide,
etc.) and heat treatment (autoclave) were not employed to
completely ensure that the collagen structure is not cross-
linked or denatured unduly. Given that the genipin cross-
linking of the ELAC threads within the scaffold was carried
out by using 70% ethanol as the solvent, sterilization of the
bioscaffold post-crosslinking was also conducted in the
same solvent. After sterilization, the ELAC bioscaffold was
washed extensively with DI water to completely remove
traces of ethanol and incubated in culture medium (DMEM
þ 1% penicillin/streptomycin) overnight before surgically
implanting it into the PT defects in a rabbit model. At least
in this model, the 70% ethanol treatment step for steriliza-
tion was efficacious enough that we have not observed
infection in any of the rabbits included in the study.

Surgical implantation and PT collection
ELAC bioscaffolds were surgically implanted into the PT of
female adult New Zealand white rabbits following an
approved protocol by Purdue Animal Care and Use Commit-
tee (PACUC). Rabbits were in the range of 2–3 years of age
and weighed 4.5 6 1.0 kg. Rabbits were induced with keta-
mine, xylazine, and butorphenol (35, 5, and 0.1 mg/kg IM,
respectively), intubated, and maintained on a mixture of iso-
flurane and oxygen. The PT was exposed and a longitudinal
incision through the thickness of the tendon was made over
the central axis from the patellar to the tibial enthesis, with-
out penetrating the parapatellar fat pad. A 1 mm wide bone
trough was burred on the patellar and tibial ends of the PT
to facilitate anchoring of the ELAC bioscaffold. On one ran-
domly assigned knee, the ELAC bioscaffold was sandwiched
between the medial and lateral strut of the PT and anchored
in the troughs using an absorbable tissue adhesive (Tis-
sueMed II, Veterinary Products Laboratory, Phoenix, AZ).
The longitudinal incision was closed with three or four
superficially placed simple interrupted sutures (4-0 PDS,
Ethicon). The contralateral knee served as the sham-oper-
ated control in which a 1 mm wide bone trough was burred
and a longitudinal PT incision was made but the ELAC bio-
scaffold was not implanted. The animals were euthanized
with pentobarbital (1.5 mL IV, Beuthanasia, Schering-Plough
Animal Health Corporation) at 4 (n ¼ 3) or 8 (n ¼ 3)
months. Following necropsy, the patella-PT-tibia units were
collected for analysis. Each collected unit was evaluated for
ectopic bone formation by radiography (Faxitron MX20, 35
kV, 0.3 mA, 300 s). The PT complex was then transected
midway between the patella and tibia; the proximal half
was used for mechanical testing, and the distal half was
fixed in 10% neutral buffered formalin for histology and
immunohistochemistry.

Qualitative and quantitative histology
The PT samples for histological evaluation were fixed in
10% neutral buffered formalin. After fixation, the tendon
was dehydrated, embedded in paraffin, and cut at 5 lm
thickness in transverse direction. Tissue sections were ana-
lyzed by qualitative and quantitative histology by staining
with hematoxylin and eosin or Masson’s trichrome. The
cross-sectional area of the entire tendon, the area of the
granulomatous inflammatory core (without the ELAC bio-
scaffold), and the area of the ELAC bioscaffold itself in the
experimental knee was measured using perimeter tracing
on the sections stained with Masson’s trichrome stain. The
Vv(fascicle), the volume fraction of the tendon occupied by
tendon fascicles, was determined using point counting tech-
niques by overlaying a transparent sheet consisting of an
array of points over a Masson trichrome-stained section.
The remaining fraction was considered interstitium. All ele-
ments of the quantitative analysis were done using an Opti-
phot-2 microscope (Nikon, Tokyo, Japan) fitted with a com-
puter controlled stage and camera (Optronics, Goleta, CA).
Measurements were made using semiautomated image anal-
ysis software (Stereo Investigator, MBF Bioscience, Williston,
VT).

Immunohistochemistry
Immunohistochemical staining was performed for Type I
and Type III collagen. The protocol followed was modified
from previously published literature.31,32 Briefly, the histo-
logical sections were deparaffinized with xylene, rehydrated
with a graded series of ethanol, and subjected to the follow-
ing enzymatic treatment for epitope recovery. At first, the
sections were incubated with 0.25% trypsin in tris-buffered
saline (TBS) with pH ¼ 7.6 at 37�C for 30 min. The tissue
sections were then washed with TBS and incubated with hy-
aluronidase type I-S (1.45 IU/mL) and chondroitinase ABC
(0.25 IU/mL) at 37�C for 1 h. After epitope recovery, the
sections were washed with TBS and treated with 3% hydro-
gen peroxide to block endogenous peroxidase activity. Fol-
lowing this, the sections were washed with TBS and incu-
bated with 5% goat serum (in TBS) for 30 min at room
temperature to prevent nonspecific binding of the primary
antibodies. Rabbit specific primary antibodies for Type I (I-
8H5, EMD Chemicals) and Type III (III-53, EMD Chemicals)
collagen were diluted in an antibody diluent (Dako, Carpin-
teria, CA) at a concentration of 10 lg/mL and 100 ng/mL,
respectively. The goat serum was drained and the sections
were incubated overnight with the primary antibody at
room temperature, washed with TBS, and then incubated
with a biotinylated anti-mouse secondary antibody (Jackson
ImmunoResearch, West Grove, PA) at a dilution of 1:500 (in
TBS) for 1 h. After washing with TBS, the sections were
incubated with streptavidin-HRP (Jackson ImmunoResearch,
West Grove, PA) at a concentration of 2 lg/mL for 30 min.
Finally, the sections were completely covered with 3,30-dia-
minobenzidine chromogen solution (Dako, Carpinteria, CA)
protected from light for 4 min. The sections were then
washed with DI water, counterstained with hematoxylin,
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and coverslipped. Sections treated similarly but without the
primary antibody served as the negative control.

Biomechanical evaluation of matrix modulus
Blocks of harvested tissue samples from the proximal half
of the PT were cut transversely to the longer axis of PT
(hereafter called as the transverse plane) for biomechanical
testing. Samples were wrapped in wet gauze, inserted into a
nylon bag, and stored at �20�C until analysis. Each trans-
verse block was about 2-mm-thick. In order to standardize
the sample size between the ELAC treated and control PTs,
each 2-mm-thick sample was sectioned in the transverse
direction with a surgical blade to obtain 1-mm-thick slices.
Disc samples were punched out from these slices using 3.5
mm diameter biopsy punches (Miltex, York, PA) using a
methodology adopted from Williams et al.33 In this fashion,
two to three cylindrical discs were obtained per transverse
slice, resulting in a sample size of N ¼ 10–12 in the ELAC-
treated group, and N ¼ 7–8 in the control group. Immedi-
ately after, digital images of the cylindrical discs were
obtained to calculate their cross-sectional areas. The cross-
sectional area was obtained by processing of digital images
of discs by ImageJ Software (Rasband, W.S., ImageJ, US
National Institutes of Health, Bethesda, MD). The compres-
sion device was custom-built using three translation stages
assembled to form an XYZ positioner (CR4500 Series,
Parker Automation, Rohnert Park, CA), and a miniature 5-lb
load cell (Omega, Stamford, CN). A loading head was
mounted to the translation stage. The portion of the loading
head contacting the disc sample was a 6 mm hemispherical
glass which could freely rotate in 3D (Edmund Optics, Bar-
rington, NJ). The tendon discs were placed in a polycarbon-
ate reservoir containing 1x PBS and the reservoir was
mounted on the load cell. Load readings over time were
obtained using Lab VIEW (National Instruments, Austin,
TX). Each sample was compressed to a displacement corre-
sponding to 50% of its thickness. The thickness was meas-
ured by the difference of the displacement at which the
loading head contacted the reservoir surface and the dis-
placement at which the loading head engaged the sample
(as determined by a reading of 0.1N). All samples were
compressed at a strain rate of 30% per second. Data were
processed in MATLAB (MathWorks, Natick, MA) to calculate
the modulus as the slope of the steepest increase of load
during initial compression.

Statistical analysis
The cross-sectional areas and the Vv fascicle data of the
ELAC treated and the control PTs (n ¼ 3/group) at 4 and 8
months were analyzed statistically by using a paired t-test.
The change in the area of the ELAC bioscaffold and the area
of the granulomatous inflammatory core between 4 and 8
months were assessed using a one-tailed two-sample t-test.
A sample size of n ¼ 3 at the observed difference in mean
of 0.13 and standard deviation of 0.03 provided a power of
99% for the change in area of the ELAC bioscaffold between
4 and 8 months. Similarly, a sample size of n ¼ 3 at the
observed difference in mean of 0.40 and standard deviation

of 0.18 provided a power of 72% for the change in the area
of the granulomatous inflammatory core between 4 and 8
months. The compressive Young’s modulus data was ana-
lyzed between different treatments (ELAC and Control) and
time points (4 and 8 months) using the General Linear
Model. If statistical differences were established, a nonpara-
metric Mann-Whitney U-test was performed between groups
that showed significant differences. Statistical significance
threshold was set at p � 0.05.

RESULTS

No ectopic bone formation was observed in the tendon
proper in both the ELAC treated PT and the sham-operated
control (Figure 2).

Quantitative measurements performed on the Masson
trichrome stained sections showed that the cross-sectional
areas of the PTs treated with ELAC were about 29% larger
(p ¼ 0.05) compared to the controls 4 months post-implan-
tation [Figure 3(A)]. The inflammatory core and the implant
together accounted for less than 5% of the total tendon
area [Figure 3(B)]. By 8 months, the cross-sectional areas of
the PTs between the ELAC treated and the control groups
were comparable [Figure 3(A)].

At 4 months postoperatively, Vv(fascicle), the percentage
of the tendon cross section occupied by tendon fascicles,
was higher (p ¼ 0.10) in the ELAC group compared the con-
trol group (Figure 4).

The ELAC bioscaffold underwent limited degradation
between zero and 4 months [Figure 5(A)]. However,
between 4 and 8 months, the area of the ELAC bioscaffold
decreased significantly (p ¼ 0.016) from 0.2 mm2 at 4
months to less than 0.1 mm2 by 8 months [Figure 5(A,C,D)].
The granulomatous inflammation area was also observed to

FIGURE 2. Typical radiographic images of ELAC treated and sham-

operated control PTs. Ectopic bone calcification was not evident in

the tendon proper in both groups at 4 or 8 months post-implantation

(P – Patella, T – Tibia, PT – Patellar Tendon).
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significantly decrease (p ¼ 0.05) with time from 0.5 mm2 at
4 months to around 0.1 mm2 at 8 months (Figure 5(B–D).

Histologically, the inflammation around the ELAC was a
low-grade one, comparable with that encountered around
the sutures [Figure 5(C)]. This inflammatory core was pre-
dominantly populated by macrophages with very few lym-
phocytes, neutrophils or eosinophils. No foreign body giant
cells were found within the inflammatory core. The pres-
ence of de novo collagenous fibrous connective tissue was
evident within the granulomatous inflammatory core 4
months post-implantation [Figure 5(C)]. Immunohistochem-
istry revealed that this neo tissue formed within the inflam-
matory core was positive for Type III collagen [Figure 5(E)]
and negative for Type I collagen [Figure 5(F)].

The compressive Young’s modulus of ELAC treated PTs
was significantly greater than (p ¼ 0.009) that of control
PTs 4 months post-implantation (Figure 6). However, at the
8 months time point the compressive moduli were compara-
ble between the two groups.

DISCUSSION

The current study examined the in vivo response of the
rabbit PT to a densely packed genipin crosslinked ELAC bio-
scaffold. The key findings of this study are: (1) The ELAC
bioscaffold does not promote ectopic bone calcification at
both 4 and 8 months post-implantation. (2) The ELAC bio-
scaffold degraded with time and was mostly absorbed by 8
months. (3) A low-grade benign granulomatous inflamma-
tion predominantly populated by macrophages was evident
at 4 months. The area of the granulomatous inflammatory
core decreased between 4 and 8 months. (4) The PTs
implanted with the ELAC were 29% larger compared to the
sham-operated controls 4 months post-implantation. At 8
months, the cross-sectional areas of the PT implanted with
the ELAC bioscaffold and the sham-operated control was
comparable. (5) The percentage of the tendon cross-section

occupied by tendon fascicles, Vv(fascicle), was higher in the
ELAC group compared to the control group 4 months post-
operatively. No such difference was evident 8 months post
transplantation. (6) De novo collagenous fibrous tissue posi-
tive for Type III collagen was present within the inflamma-
tory niche after 4 months. At 8 months, the granulomatous
inflammatory core was mostly resolved. (7) The compres-
sive modulus of ELAC treated PTs at 4 months was stiffer
when compared with control tendons. At 8 months, the
compressive modulus was comparable between the ELAC
treated and sham-operated control PTs.

For anterior cruciate ligament reconstruction, it is stand-
ard practice to harvest the central third of the PT and
implant these autografts onto the injury site.34 However, do-
nor site morbidity resulting in suboptimal biomechanical
and structural properties is a significant limitation of this
approach35–39 and therefore calls for strategies to restore
the harvest site. In an attempt to address this issue, previ-
ous studies have employed surgical models in which the

FIGURE 3. Quantification and comparison of the tendon cross-sectional areas between the ELAC treated and sham-operated control PTs. A: The

cross-sectional area of the ELAC treated PT was up to 29% greater than the sham-operated control 4 months post-implantation. The lines con-

necting individual groups indicate statistical significance (p � 0.05). B: The ELAC bioscaffold and the granulomatous inflammatory core together

account for less than 5% of the entire tendon area at the 4-month time point.

FIGURE 4. Percentage of tendon cross section occupied by fascicles -

Vv(fascicle) - 4 months postimplantation. The Vv(fascicle) was higher

in the ELAC treated PTs compared to the sham-operated controls.

404 KISHORE ET AL. IN VIVO RESPONSE TO ELAC



central third of the PT is removed and efforts are made to
restore the injury site using natural9 or synthetic materi-
als14,19 with or without cells. Healing in such surgical mod-
els require significant regeneration of the lost tissue to
regain full functionality. In contrast, the surgical model
employed in the current study is less invasive. Although a

longitudinal incision was made along the length of the PT,
no part of the tissue was harvested during surgery. Healing
involved closure of the wound, body’s response to the for-
eign material and the integration/degradation of the scaffold
within the tendon proper. This surgical model was chosen
for the current study to solely evaluate the in vivo response

FIGURE 5. Histological and immunohistochemical characterization of the ELAC treated PTs. Quantitative histology indicated that (A) the area of

the ELAC bioscaffold decreases significantly after 4 months and is mostly absorbed by the end of 8 months and (B) the area of the granuloma-

tous inflammatory core also reduces significantly with time and is largely resolved by 8 months. The lines connecting individual groups indicate

statistical significance (p � 0.05). C, D: High magnification images of the granulomatous inflammatory core (C) at 4 months and (D) at 8 months

post-implantation. The ‘arrow heads’ point to the ELAC bioscaffold and the dotted ellipse surrounds the sutures. Scale bar: 0.5 mm. E, F: Immu-

nohistochemical images of the ELAC treated PTs 4 months post-implantation stained with (E) Type III collagen and (F) Type I collagen. The de

novo collagenous fibrous tissue formed within the granulomatous inflammatory niche was positive for Type III collagen and negative for Type I

collagen. The ‘arrow heads’ point to the ELAC bioscaffold and ‘*’ indicates the de novo collagenous fibrous tissue formed within the granuloma-

tous inflammatory niche. Scale bar: 0.5 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of the tendon proper to the novel biomaterial. Otherwise,
reconstructing the tendon proper was not an immediate
aim of the current study.

Autografts and allografts have been used in PT recon-
structive surgery.40,41 Patella-quadriceps tendon has been
used as an autograft to reconstruct damaged PT.41 However,
application of autografts for tendon repair is limited due to
problems such as donor site morbidity and the need for
multiple surgeries.3 In the context of allografts, successful
application of allograft patellar ligament for PT reconstruc-
tion has been demonstrated.40 Nonetheless, concerns still
exist about the biological traces of DNA left in the allograft
which can be a cause of disease transmission and immuno-
genic response.42 Therefore, tissue engineering is a viable
strategy for tendon reconstruction and repair.

One of the most critical parameters of tissue engineering
is that the rate of degradation of the implant needs to corre-
late closely with the formation of the de novo tissue.43 Auto-
logous MSC-collagen composites have been reported to sig-
nificantly improve the biomechanical properties of the
repair tissue.14 However, ectopic bone formation was
observed in 28% of MSC-collagen grafted tendons. To cir-
cumvent bone formation, excessive construct contraction
was reduced by using low cell densities.19 In the current
study, a pure collagen based scaffold devoid of any cells was
implanted into a PT defect and no ectopic bone formation
was observed at the repair site up to 8 months post-implan-
tation (Figure 2). In the context of macroscopic collagen
fiber-based bioscaffolds, Law et al. crosslinked collagen
fibers either via dehydrothermal/cyanamide (DHT/C) or by
exposing them to glutaraldehyde vapor.22 They reported
that collagen fibers crosslinked by DHT/C degraded rapidly
and by 6 weeks very little of the implant was remaining.
Since typical healing times for tendon injuries post surgery
range from 3–6 months, rapid degradation of collagen fibers
via DHT/C crosslinking might not be optimal for tendon
repair. On the other hand, glutaraldehyde crosslinked colla-
gen fibers absorbed much slower and remained for up to 6
months post-implantation. The cytotoxic nature of glutaral-

dehyde crosslinking might make the implant vulnerable to
several complications post-implantation.29 Goldstein et al.
investigated in vivo response of rabbit Achilles tendon to
type I collagen fiber implants crosslinked either with glutar-
aldehyde or with dehydrothermal treatment followed by
carbodiimide.18 Although the glutaraldehyde crosslinked
implants appeared to degrade minimally by 20 weeks, the
carbodiimide crosslinked implants were mostly absorbed by
10 weeks. Additionally, the carbodiimide crosslinked
implants were reported to promote rapid formation of neo-
tendon. In the current study, remnants of genipin cross-
linked ELAC bioscaffold were present 8 months post-im-
plantation. The slow degradation rate of the ELAC implant
compared to the carbodiimide crosslinked and cynamide
crosslinked implants used in the aforementioned studies
might be due to genipin introduced inter-microfibrillar
crosslinks between adjacent collagen microfibrils.44 The rate
of degradation of the ELAC bioscaffold can be controlled by
optimizing the degree of crosslinking45 by varying different
parameters like the concentration of genipin used, duration
of crosslinking, and the solvent used (ethanol vs. PBS).

The cross-sectional areas of the PTs implanted with the
ELAC bioscaffold were significantly larger compared with
the sham-operated controls 4 months post-implantation
[Figure 3(A)]. As the ELAC bioscaffold and the granuloma-
tous inflammatory core contribute to less than 5% of the
total tendon area [Figure 3(B)], the increase in tendon area
was due to the enlargement of the existing tendon. This
increase in tendon area was accompanied with an increase
in the volume fraction of fascicles (Figure 4). Given that the
implant itself lacked bioinductive factors, a plausible expla-
nation for the observed anabolism of the tendon could be
associated with the factors released locally by the granulom-
atous inflammation. In support of this postulation, the
cross-sectional areas of the ELAC treated and the sham-
operated controls became comparable as the granulomatous
area declined [Figure 3(B)]. It is difficult to determine the
mechanism of enlargement of the ELAC treated PTs at 4
months due to the absence of earlier time points. The
reduction is tendon area between 4 and 8 months after sur-
gery suggests that the healing process was in its remodeling
phase. Further studies which include earlier time points
that include the reparative phase of the tendon healing pro-
cess are needed to conclusively understand the mechanisms
involved behind the observed enlargement in the cross-sec-
tional area of the ELAC treated PT. While the results imply
that the anabolic effect is linked to the low-grade prolonged
granulomatous inflammation, blockage of the granulomatous
response will definitively demonstrate whether a cause–
effect relation exists between the inflammatory core and the
anabolic response in tendon.

Histological analysis of the harvested tissue 4 months
post-implantation revealed the presence of a low-grade
granulomatous inflammation46 around the perimeter of the
ELAC bioscaffold [Figure 5(C)]. This granulomatous core
was mainly comprised of macrophages and fewer lympho-
cytes, neutrophils and eosinophils but was devoid of foreign
body giant cells. This is contrary to a previous study that

FIGURE 6. Compressive Young’s Modulus of the ELAC treated and

control PTs 4 months post-implantation. The lines connecting individ-

ual groups indicate statistical significance (p � 0.05). The Young’s

modulus of the ELAC treated PTs was significantly greater than that

of the sham-operated controls.
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reported the presence of foreign body giant cells actively
involved in the phagocytosis of the collagen implant from as
early as 10 days up to 6 months post-implantation.22 This
might be due to the differences in the size of the implant
and the crosslinking agents used between studies. The gran-
ulomatous inflammation observed in the present study was
similar to that reported for injectable collagen implants
used as facial fillers to correct for scarring and wrinkles.47–50

The scarcity of neutrophils and eosinophils within the
inflammatory core suggests that the sterilization procedure
adopted prior to the surgical implantation of the ELAC bio-
scaffold was adequate and that degradation byproducts were
not eliciting acute inflammation. The granulomatous inflam-
matory core was negative for collagen type I and rich in col-
lagen type III at 4 months indicating the replacement of
inflammation with scar tissue [Figure 5(E,F)]. This is in
agreement with previous studies using MSC-collagen compo-
sites that report strong staining of collagen types III and V
twelve weeks post-implantation.19 The decrease in the area
of the granulomatous inflammatory core by 8 months was
coupled with a reduction in tendon area indicating an
ongoing remodeling of the scar tissue.

There are two limitations to the current study. First, as
the aim of the current study was to solely evaluate the in
vivo response to a novel collagen-based bioscaffold within
the tendon proper, the changes in the construct attachment
site were not investigated. Although the implant was anch-
ored into the bone at both the patella and tibial ends using
a tissue adhesive, it was merely done to hold the implant
within the tendon proper. Future studies will focus on the
development of the ELAC bioscaffold with a goal to effi-
ciently anchor the construct into the bone insertion sites.
The efficacy of the construct attachment and the changes in
the attachment site will be investigated via biomechanical
testing and histological analysis.

The second limitation of the current study is that biome-
chanical evaluation of the whole PTs with the construct was
not performed due to limited sample size. However, com-
pression biomechanical testing on disc shaped slices of ten-
don was performed to evaluate the effects of the ELAC bio-
scaffold on the neighboring tendon stiffness (Figure 6).
Therefore, albeit not physiologically relevant, the method
used here allowed assessing the effects of the implant.
Others have also utilized compression to observe compres-
sive stiffness of the bursal and articular sides of the supra-
spinatus tendon.51 Williams et al. studied the anisotropic
compressive mechanical properties of the rabbit PT in the
transverse and longitudinal direction of tendon fibers.33

They found the compressive modulus at strain rates of 10%
per second in the longitudinal direction as 3.26 (63.49)
kPa. This value is smaller than the longitudinal compressive
modulus of our control group at 4 months: 20.46 (614.67)
kPa. However, it is known that in viscoelastic solids such as
tendons the stress increases as the applied strain rate
increases. The strain rate used in the current study is about
three times higher than that used by Williams et al. which
might explain the difference in modulus. Additionally, Wil-
liams et al. computed compressive moduli in small strain

regions of the monotonic loading curves where as in the
current study the compressive moduli of the time-depend-
ent stress curves were calculated in the region of the steep-
est slope. The increased moduli in the tendon from PTs
implanted with ELAC are likely due to changes in the matrix
composition as seen in the increased fascicle volume frac-
tion in ELAC-treated PTs at 4 months (Figure 4). Secretion
of collagen and various proteoglycans from the resident ten-
don cells may have resulted in a stiffer matrix which
remains to be confirmed by analyzing the expression of
ECM molecules by real-time PCR as well as biochemical
analysis of the ECM.

In conclusion, this study demonstrates that the ELAC
bioscaffold when implanted in a rabbit PT model: (a)
degrades over a time scale of months, (b) does not promote
ectopic bone formation, (c) does not induce severe inflam-
matory reaction, and (d) increases the volume fraction of
the fascicles within the tendon proper. Therefore, ELAC has
the potential to be translated to the clinical environment for
the regeneration of atrophied musculoskeletal tissues.
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