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Combined Effects of Scaffold Stiffening and Mechanical
Preconditioning Cycles on Construct Biomechanics,
Gene Expression, and Tendon Repair Biomechanics

Victor Sanjit Nirmalanandhan, Ph.D.,1 Natalia Juncosa-Melvin, Ph.D.,2 Jason T. Shearn, Ph.D.,3

Gregory P. Boivin, D.V.M.,4 Marc T. Galloway, M.D.,5 Cynthia Gooch, B.S.,3

Gino Bradica, Ph.D.,6 and David L. Butler, Ph.D.3

Our group has previously reported that in vitro mechanical stimulation of tissue-engineered tendon constructs
significantly increases both construct stiffness and the biomechanical properties of the repair tissue after surgery.
When optimized using response surface methodology, our results indicate that a mechanical stimulus with three
components (2.4% strain, 3000 cycles=day, and one cycle repetition) produced the highest in vitro linear stiffness.
Such positive correlations between construct and repair stiffness after surgery suggest that enhancing structural
stiffness before surgery could not only accelerate repair stiffness but also prevent premature failures in culture due
to poor mechanical integrity. In this study, we examined the combined effects of scaffold crosslinking and sub-
sequent mechanical stimulation on construct mechanics and biology. Autologous tissue-engineered constructs
were created by seeding mesenchymal stem cells (MSCs) from 15 New Zealand white rabbits on type I collagen
sponges that had undergone additional dehydrothermal crosslinking (termed ADHT in this manuscript). Both
constructs from each rabbit were mechanically stimulated for 8 h=day for 12 consecutive days with half receiving
100 cycles=day and the other half receiving 3000 cycles=day. These paired MSC–collagen autologous constructs
were then implanted in bilateral full-thickness, full-length defects in the central third of rabbit patellar tendons.
Increasing the number of in vitro cycles=day delivered to the ADHT constructs in culture produced no differences
in stiffness or gene expression and no changes in biomechanical properties or histology 12 weeks after surgery.
Compared to MSC-based repairs from a previous study that received no additional treatment in culture, ADHT
crosslinking of the scaffolds actually lowered the 12-week repair stiffness. Thus, while ADHT crosslinking may
initially stiffen a construct in culture, this specific treatment also appears to mask any benefits of stimulation
among repairs postsurgery. Our findings emphasize the importance of properly preconditioning a scaffold to
better control=modulate MSC differentiation in vitro and to further enhance repair outcome in vivo.

Introduction

I
n vitro mechanical stimulation of adult stem cells has
been shown to direct differentiation and promote extra-

cellular matrix (ECM) development.1,2 Altman et al. demon-
strated that in vitro mechanical stimulation of mesenchymal
stem cells (MSCs) embedded in collagen gel upregulates lig-
ament fibroblast markers, including expression of collagen
I and III genes as well as tenascin-C.1 In another study,2

mechanically stimulating bioartificial tendons composed of
avian flexor tendon cells seeded in type I collagen gels
(1 h=day to 1% elongation at 1 Hz for 8 days) resulted in
phenotypic expression profiles for the predominant collagens
found in tendon. Other investigators have also studied the
effect of mechanical stimulation on human tendon fibro-
blasts.3,4 One group found that applying cyclic biaxial me-
chanical strain to human patellar tendon fibroblasts cultured
on silicone dishes altered cellular proliferation depending on
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the duration of the mechanical stimulation.4 This stimula-
tion pattern increased secretion of growth factors (trans-
forming growth factor-b, platelet-derived growth factor, and
basic fibroblast growth factor).3 Mechanical stimulation has
also been shown to induce cell alignment1,5 and increase
collagen production.1

However, translating these in vitro stimulation benefits into
improved repair outcome has required new strategies like
in vitro–to–in vivo correlation. To date, stimulation has often
meant imposing a single mechanical treatment pattern to the
construct with a fixed set of mechanical signal components
(peak strain, frequency, duration, cycle number per day, cycle
repetition, and rise and fall times). Our group has extended
this strategy by developing in vitro correlates of in vivo out-
come.6,7 We first harvested bone marrow–derived MSCs from
adult female New Zealand white (NZW) rabbits and then
created four cell–collagen sponge constructs per animal. Two
constructs were mechanically stimulated (2.4% peak strain,
1 Hz, 100 cycles for 8 h=day for 14 days), while the other two
served as nonstimulated controls. One treated and one control
construct were mechanically failed in tension, while the other
pair were reimplanted as autologous constructs in contra-
lateral central patellar tendon defects in the rabbits. Not only
did mechanical stimulation significantly increase construct
stiffness, but also this increase was positively correlated with
stimulation-induced increases in patellar tendon repair stiff-
ness 12 weeks after implantation.6,7

Such in vitro predictors of repair outcome are exciting and
can speed development time, but they do not necessarily
optimize the in vitro or in vivo outcome. To assess the relative
importance of the individual components of the mechanical
signal, our group has been using response surface method-
ology8 to optimize construct stiffness by varying levels of the
input peak strain, cycle number per day, and cycle repetition.
These studies have revealed that constructs subjected to a
single cycle repetition up to 2.4% peak strain (levels already
used in our laboratory6,7) as well as a higher cycle number per
day (3000 vs. 100 cycles=day) produced the highest tensile
stiffness in culture.9

Despite the improved biomechanical response, the con-
struct is still quite weak and compliant before surgery. Cur-
rent constructs possess a stiffness that is three orders of
magnitude lower than the repair stiffness 12 weeks after sur-
gery.6,7 This biological augmentation strategy is satisfactory
in the central patellar tendon wound site, a load-protected
environment where even small improvements in construct
stiffness can enhance repair stiffness after surgery. However,
stiffer tissue-engineered constructs will soon be needed to
function in more challenging loading environments.

Another way to improve construct and hopefully repair
stiffness might be to stiffen the scaffold by physical or che-
mical crosslinking.10 Under appropriate conditions, dehy-
drothermal (DHT) or ultraviolet light physical crosslinking
can significantly improve scaffold strength without intro-
ducing cytotoxic chemicals as occurs with glutaraldehyde
chemical crosslinking.11,12 For example, Wang et al. reported
that exposing reconstituted collagen fibers to 5 days of DHT
crosslinking at elevated temperatures increased tensile
strength and modulus values.13 Initial improvements in the
structural and material properties of collagen fibers (e.g., by
DHT crosslinking) will be critical to developing biodegrad-
able materials that promote healing of orthopedic soft tis-

sues.13 Applied to tendon tissue engineering, one might then
question what added benefits might accrue to repair stiffness
by additional DHT (i.e., ADHT) crosslinking the collagen
scaffold before mechanically stimulating the entire MSC–
scaffold construct in culture.

Therefore, the objectives of this study were to (1) deter-
mine how increasing the number of cycles delivered per day
to an MSC-ADHT–crosslinked scaffold construct in culture
affects repair outcome after surgical implantation into a
rabbit central patellar tendon defect site and (2) discover how
ADHT crosslinking of a mechanically stimulated construct
(2.4% peak strain for 100 cycles=day in culture) influences
repair biomechanics in the same rabbit tendon defect model.
We first hypothesized that increasing cycle number from 100
to 3000 cycles would (a) significantly improve repair bio-
mechanics and histological appearance, (b) better match
tangent stiffness compared to values found from a previous
study,6 and (c) upregulate collagen I and III gene expression.
We also hypothesized that ADHT crosslinking would in-
crease in vitro stiffness and improve in vivo repair biome-
chanics.

Experimental Design

Fifteen skeletally mature (5.7� 0.2 kg, mean� SEM) female
NZW rabbits (Myrtles Rabbitry, Thompson Station, TN) were
used in this study. MSCs, isolated from bone marrow and
expanded using previously published methods,14 were cho-
sen based on their ability to rapidly expand and our prior
success with them for tendon repair.6,7 Six cell–scaffold con-
structs from each cell line (i.e., cells from the same ani-
mal) were created by seeding the MSCs at one density
(0.14�106 cells=construct) onto the surface of type I collagen
sponge that was previously subjected to additional DHT
(ADHT) crosslinking (see details below). All constructs were
mechanically stimulated in culture (1-s pulse duration to 2.4%
peak strain for 8 h=day for 14 days). Group 1 constructs (n¼ 3
per rabbit) received only 100 cycles over the 8-h period (with a
287-s rest period between pulses), while group 2 constructs
(n¼ 3 per rabbit) received 3000 cycles over the same period
(with an 8.6-s rest period between pulses). The first two con-
structs from each treatment group were assigned for in vitro
biomechanical evaluation and gene expression analysis.
Using a random, left-versus-right assignment strategy, the
third constructs from the 100 and 3000 cycles=day groups
were surgically reimplanted into the same rabbit in contra-
lateral, full-length, central patellar tendon defects. Twelve of
these animals were assigned for biomechanical evaluation of
the repairs at 12 weeks postsurgery (see details below and
Refs.15,16), while the remaining three were assigned for histo-
logical appearance (organization, integration, and inflam-
mation) and relative amounts of ECM components (collagen
types I, III, and V, fibronectin, and decorin). Within- and
between-subject comparisons were made of the effects of the
mechanical stimulus (cycle number per day) on in vitro con-
struct biomechanical properties, gene expression, and the
biomechanical properties of repair tissue. Repair biomechan-
ical data from the current in vivo study were also compared to
(a) data from a previous study6 in which non-ADHT–cross-
linked constructs were exposed to 100 cycles=day of stimula-
tion before surgery and (b) values for normal patellar tendon
(PT) from another study.16
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Materials and Methods

Mesenchymal stem cells

MSCs were isolated from the iliac crest and processed.16,17

Briefly, each aspirate was centrifuged at 2000 rpm for 6 min
after mixing with 25 mL of MSC growth medium, advanced
Dulbecco’s modified Eagle’s media (ADV-DMEM; Gibco
BRL=Life Technologies, Gaithersburg, MD), supplemented
with 1% antibiotic=antimycotic (Gibco BRL=Life Technolo-
gies), and 5% fetal bovine serum of selected lots (Hyclone
Laboratories, Logan, UT).18 After aspirating the supernatant,
the precipitating cell pellet was suspended in 10 mL of MSC
growth media. Cells were counted, plated at 22�106 cells=
100 mm dish, placed in an incubator, and fed for 12–14 days.
MSCs proliferated to form colonies between 6 and 8 days in
primary culture. After cells reached confluency, they were
retrieved, counted, and subcultured again to passage 2.

Scaffold preparation

Type I collagen sponges (P1076; Kensey Nash, Exton, PA;
94% pore volume; 62 mm mean pore diameter) were addi-
tionally dehydrothermally crosslinked (ADHT crosslinked)
for 16 h at 1358C. Sponges were then cut to fit in the base of
each of four wells in a silicone dish containing two restraining
posts protruding from the base.15 Two 4-mm-diameter holes
were created, permitting the sponge to be positioned over the
posts.15 Before making the constructs, sponges were disin-
fected with 70% ethanol (Ethanol 95%; Cabisco Chemicals,
Burlington, NC) for 24 h, rinsed three times with phosphate-
buffered saline (Gibco BRL=Life Technologies), and placed in
the wells of the silicone dish.

Construct preparation

Constructs were created by seeding a cell suspension
aliquot (0.4 mL) containing 0.14�106 MSCs on top of the
type I collagen sponge that was subjected to ADHT cross-
linking. All constructs were placed in an incubator (378C, 5%
CO2, 95% RH) for 2 weeks and fed three times weekly with
ADV-DMEM supplemented with 5% ascorbic acid, 1%
antibiotic=antimycotic, and 5% fetal bovine serum. The final
dimensions (length, width, and thickness) of the constructs
are listed in Table 1.

Mechanical stimulation

After allowing the MSC–collagen sponge constructs to
equilibrate in the incubator for 2 days between the nonmov-
ing posts, the silicone dishes containing the constructs
were transferred to a custom five-station pneumatic me-
chanical stimulation system housed in an incubator.6,7,15

Constructs assigned for group 1 (100 cycles=day) and group 2
(3000 cycles=day) were stretched after 2 days of equilibration
as described above using previously published methods.6,7,15

After 12 days of stimulation, the dishes were removed from
the stimulator, the constructs assigned for surgery were im-
planted in vivo, and the constructs assigned for in vitro bio-
mechanical evaluation were placed in cryovials and stored in
a �808C freezer until mechanical testing. The constructs as-
signed for gene expression analysis were treated with RNA-
later (Qiagen, Valencia, CA) for 6 h, snap-frozen in liquid
nitrogen, and placed in a �808C freezer to prevent RNA
degradation.19

Biomechanical evaluation of the constructs

On the day of testing, constructs were slowly thawed to
room temperature over an hour and failed in tension using a
custom materials testing system (100R6; TestResources, Sha-
kopee, MN) by following previously published proce-
dures.6,20,21 Briefly, specimens were secured in grips covered
with fine grit sandpaper and then failed in tension at a rate of
10%=s. Linear stiffness and linear modulus were calculated
from the linear region of the force–elongation and stress–
strain curves generated by the testing system.20,21

Real-time quantitative RT-PCR

Using previously published methods, RNA from each
construct was extracted using an RNeasy mini kit (Qiagen).19

First-strand complementary deoxyribonucleic acid (cDNA)
was generated using a reverse transcriptase (RT) reaction.
Rabbit-specific primers22,23 were used for collagen type I,
collagen type III, decorin, fibronectin, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Conventional PCR was
performed according to the following protocol: denatur-
ation at 948C for 20 s; annealing at 608C for 30 s; and exten-
sion at 728C for 30 s, 35 cycles. Amplification products were
then verified using electrophoresis with Tris-Acetate-EDTA

Table 1. Increasing the Duty Cycle from 100 to 3000 Cycles=Day Did Not Alter the Dimensions or the

Load-Related Biomechanical Properties of the ADHT-Crosslinked Constructs in Culture (Mean� SEM)

100 Cycles=day
ADHT crosslinked

3000 Cycles=day
ADHT crosslinked

100 Cycles=day
non-ADHT crosslinked6

Dimensions
Length (mm) 22.1� 0.2 22.2� 0.3 21.2� 0.7
Width (mm) 8.5� 0.2 8.3� 0.2 5.0� 0.5a

Thickness (mm) 2.6� 0.1 2.4� 0.1 2.1� 0.1
Structural and mechanical properties
Linear stiffness (N=mm) 0.068� 0.007 0.074� 0.01 0.05� 0.007a

Maximum force (N) 0.34� 0.009 0.35� 0.051 0.11� 0.011a

Linear modulus (MPa) 0.038� 0.004 0.046� 0.01 0.02� 0.004a

Maximum stress (MPa) 0.015� 0.001 0.017� 0.003 0.005� 0.001a

However, the load-related biomechanical properties of the ADHT-crosslinked repairs cycled 100 times=day were significantly greater than
corresponding properties of non-ADHT–crosslinked constructs cycled 100 times=day.6

aSignificantly different from 100 cycles=day, ADHT-crosslinked group ( p< 0.05).
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2% agarose gel and SYBR safe DNA gel stain (Invitrogen–
Molecular probes, Eugene, OR).

To quantify mRNA levels of the genes, real-time quanti-
tative RT-PCR was performed with a continuous fluorescence
detector (DNA Engine Opticon 2 System; MJ Research, Wal-
tham, MA) by monitoring SYBR Green fluorescent dye (SYBR
Green PCR master mix; Applied Biosystems, Foster City, CA)
incorporated in double-strand DNA. The 50 mL reaction in-
cluded 25mL 2�SYBR Green PCR master mix, 6 mL of primer
mix, 14 mL RNAase-free water, and 5mL cDNA template.
Real-time PCR was run according to the following protocol:
508C for 2 min, 958C for 10 min, 40 cycles of 958C for 15 s, and
608C for 1 min. All samples were run in duplicates. Standard
curves were created for each target gene following procedures
described previously.19 Gene expression was normalized by
calculating the ratio between each target gene and GAPDH
for each sample.

Surgical implantation

Following a protocol approved by the Institutional Animal
Care and Use Committee at the University of Cincinnati, each
rabbit was anesthetized, and the knees were aseptically
prepped by using previously published methods.6,15 Full-
length and full-thickness defects measuring approximately
3 mm in width were created in the central third of each pa-
tellar tendon. Defects were extended into each bone (5 mm
long, 1 mm deep, and 2 mm wide) using a pneumatic sagittal
saw blade (MicroAire Surgical Instruments, Charlottesville,
VA). Constructs exposed to 100 and 3000 cycles=day were
placed into contralateral defects and anchored to the re-
maining medial and lateral struts of the native PT using
polypropylene sutures (Prolene 4-0; Ethicon, Somerville, NJ).
The skin was closed with a simple interrupted suture pattern.
After recovery, animals were fed ad libitum and allowed un-
restricted cage activity in individual 5-foot square cages.
Twelve weeks postsurgery, animals were sacrificed and
tendon–bone units were harvested for histological and bio-
mechanical evaluations.

Histological evaluation

Tissues were processed as previously described.6,15 Briefly,
tissues were fixed in 10% neutral-buffered formalin. The bone
ends (patella and tibia) were separated from the soft connec-
tive tissue and decalcified for 12–48 h using Calrite decalcifi-
cation solution. All tissues were then processed through a
gradient of alcohols and embedded in paraffin blocks. Ten
(10) serial longitudinal sections (each 5mm thick) were cut in
the coronal plane at 400-mm intervals to a total depth of 2 mm
from the anterior surface. Each section was stained with hema-
toxylin and eosin.6 Selected serial sections were subjected
to immunohistochemical staining for collagen types I, III,
and V (Accurate Chemical, Westbury, NY), fibronectin, and
decorin (Oncogene Research Products–Calbiochem, San Die-
go, CA). Repair organization, integration, foreign body
(sponge) reaction, metaplasia, and inflammation were sub-
jectively evaluated.

Biomechanical evaluation of the repair

Patella-patellar tendon–tibia specimens were dissected,
and dimensions (length and width) of the whole tendon were

measured using vernier calipers accurate to 0.1 mm. Normal
tissue on either side of the repair region was removed using
the sutures at the edge of the defect as guides. The respective
length, thickness, and width of the repair region were then
remeasured using vernier calipers and a light force (<0.15 N)
digital indicator accurate to 0.01 mm (IDC-type Mitutoyo
Digimatic Indicator; MTI, Aurora, IL). Cross-sectional area
was computed by multiplying tissue width by tissue thick-
ness at proximal, middle, and distal locations and averaging
these three local areas.6,16,24 The patellar and tibial bone
blocks at each end of the repair were fixed into special grips
using polymethylmethacrylate cement. Each specimen was
preconditioned in tension at a strain rate of 3%=s for 50 cycles
and then failed in tension at a constant strain rate of 20%=s in a
chamber of phosphate-buffered saline (pH 7.4) mounted on
the testing system (100R6; Testresources). A recommended
higher strain rate of 20%=s (compared to 10%=s for the con-
structs) has been used in this testing to avoid the failure
through bone.25,26 The force–displacement and stress–strain
curves were plotted to determine structural and material
properties, including stiffness, maximum force, modulus, and
maximum stress as previously described.6,15,16

Statistical analysis

In vitro constructs. A paired Student’s t-test was per-
formed to determine if increasing the duty cycle from 100 to
3000 cycles=day affected biomechanical properties and the
expressions of collagen type I, collagen type III, decorin, and
fibronectin genes. Treating animals as a random effect, bio-
mechanical properties of the 100 cycle=day constructs were
also compared with those of 100 cycle=day, non-ADHT
crosslinked scaffold constructs from a previous study.6

In vivo repairs. Using a Student’s t-test,8 biomechanical
properties of 100 and 3000 cycles=day groups were directly
contrasted for specific structural biomechanical properties
(stiffness, maximum force, maximum elongation, and strain
energy) and material properties (modulus, maximum stress,
maximum strain, and strain energy density).14,16 Using one-
way analysis of variance, biomechanical data from 100 and
3000 cycles=day repairs were also compared to the biome-
chanical data of 100 cycles=day, non-ADHT–crosslinked re-
pair tissues from a previous study,6 and those of normal
patellar tendon from another study16 that used NZW rabbits
of equivalent age and gender. Post hoc, least square means
comparisons were performed to test for significance, and
Bonferroni adjustments were made to account for multiple
comparisons among the contrasts.8 The residuals were
tested for normality and homoscedasticity and found to sat-
isfy these criteria at a 5% level of significance. All conclusions
regarding the biomechanical significance of increasing the
duty cycle from 100 to 3000 cycles=day as well as impos-
ing additional DHT crosslinking were made at the a¼ 0.05
experiment-wise level.

Results

In vitro

Increasing the cycle number from 100 to 3000 cycles=
day did not alter the dimensions of the ADHT-crosslinked
constructs (Table 1). No difference was found for in vitro
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biomechanical properties between constructs exposed to 100
versus 3000 cycles=day (Table 1). Similarly, no differences
were detected in collagen type I, collagen type III, decorin,
and fibronectin gene expression relative to GAPDH between
the two treatment groups (Table 2). The 100 cycle=day,
ADHT-crosslinked constructs exhibited significantly higher
in vitro structural and material properties than 100 cycle=day,
non-ADHT–crosslinked constructs from a previous study6

(Table 1) ( p< 0.05).

In vivo

Only 10 of the 15 rabbits assigned to the study provided
tissues for histological (n¼ 2 rabbit) and biomechanical eval-
uation (n¼ 8). Two other rabbits died during the 12-week
healing period after surgery. In the remaining three rabbits,
one or both of the tendons were observed during dissection to
have ruptured or luxated in a medial–lateral direction to
spread the repair. These tendons were not included in the
analysis.

Increasing cycle number from 100 to 3000 cycles=day did
not alter the length, width, or thickness of either the
engineered construct (Table 1) or the corresponding repair
(Table 3). However, the length, width, and thickness of
repair tissue containing the 100 and 3000 cycle=day, ADHT-
crosslinked constructs were significantly greater than corre-
sponding dimensions for the normal tendons from a previous
study16 ( p< 0.05).

Increasing the duty cycle of mechanical stimulation applied
to ADHT constructs produced different effects on repair
biomechanics than did the application of ADHT crosslinking.
Increasing the cycle number from 100 to 3000 cycles=day did
not significantly affect any of the repair biomechanical re-
sponse measures (Table 4 and Fig. 1; p> 0.05). However,
ADHT crosslinking of the 100 cycle=day–stimulated con-
structs actually reduced both the structural biomechanical
and material properties of the 12-week repairs. Whereas
noncrosslinked scaffold repairs matched normal PT force–
displacement response up to 32% of failure force,6,16 ADHT
crosslinking significantly reduced the load-related parame-
ters extracted from the force–elongation curve to failure
(Fig. 1). Specifically, ADHT crosslinking reduced repair linear
stiffness and maximum force as well as repair linear modulus,
maximum stress, strain energy density, and maximum strain
(Table 4; p< 0.05).

Repair histology was unaffected by increasing the cycle
number of stimulation delivered to the constructs in culture.

Increasing cycle number from 100 to 3000 cycles=day pro-
duced no subjective differences in immunohistochemical
staining, tenocyte density, or cellular alignment (Fig. 2). Al-
though tenocytes showed a preferred axis, large areas of the
repairs showed tenocytes not oriented parallel to the long axis
of force transmission. Repair sites also showed areas of severe
mixed neutrophil and lymphocyte infiltration.

Discussion

This study examined the individual and combined effects
of daily cycles of mechanical stimulation and scaffold pre-
treatment with ADHT crosslinking to MSC–collagen sponge
constructs in culture. We sought to judge the effects of
both treatments by monitoring changes in construct stiffness
in vitro and in biomechanical properties of the repairs 12
weeks after surgery. Our results showed no improvement in
either in vitro or in vivo response measures after mechanically
stimulating the MSC-ADHT–crosslinked scaffold constructs.
Even though ADHT crosslinking of the scaffolds did im-
prove in vitro biomechanical properties compared to no
crosslinking, no corresponding in vivo benefits were observed.
In fact, we observed an adverse effect of this crosslinking
treatment postsurgery.

Findings from this study are inconsistent with those from
previous studies that have used collagen sponges without
ADHT crosslinking. We previously reported that the in vitro
stiffness of non-ADHT–crosslinked constructs could be im-
proved up to 50% by increasing the duty cycle from 100 to
3000 cycles=day (from 0.045� 0.007 to 0.068� 0.009 N=mm).9

Although ADHT crosslinking did increase average in vitro
stiffness compared to constructs receiving no additional
crosslinking,6,9 the corresponding repairs were not signifi-
cantly enhanced. In fact, the biomechanical and material
properties of the repairs containing the mechanically stimu-
lated and ADHT-crosslinked scaffold constructs were inferior
to corresponding 12-week repairs that received stimulation
but no additional crosslinking.6 While such crosslinking may
stiffen the construct so as to avoid premature failure before
surgery, we conclude that it also produces the observed ad-
verse effect on repair biomechanical properties because it was

Table 2. Increasing Cycle Number Produced No

Significant Differences in Gene Expression

(Mean� SEM) for Collagen I and III, Decorin, or

Fibronectin Relative to GAPDH (i.e., the Ratio

Between Each Target Gene and GAPDH for Each

Sample) of ADHT Constructs

100 Cycles=day,
ADHT crosslinked

3000 Cycles=day,
ADHT crosslinked

Collagen type I 0.136� 0.069 0.054� 0.012
Collagen type III 0.029� 0.019 0.024� 0.016
Decorin 0.012� 0.005 0.010� 0.003
Fibronectin 0.056� 0.038 0.093� 0.054

Table 3. Increasing Cycle Number Had No Effect on

the Dimensions (Mean� SEM) of ADHT-Crosslinked

Repairs at 12 Weeks Postsurgery

100 Cycles=day,
ADHT

crosslinked

3000 Cycles=day,
ADHT

crosslinked
Normal

PT16

Entire tissue
Length (mm) 29.1� 1.6 28.7� 0.8 24.6� 0.5a

Width (mm) 17.4� 0.8 17.0� 0.9 8.5� 0.9a

Thickness (mm) 3.6� 0.3 3.4� 0.3 1.7� 0.2a

Central third region
Length (mm) 28.5� 1.1 27.8� 0.9 24.1� 0.8a

Width (mm) 6.3� 0.5 6.4� 0.5 3.1� 0.3a

Thickness (mm) 3.0� 0.3 2.8� 0.3 1.5� 0.3a

However, all three dimensions (length, width, and thickness) for
both repairs were significantly greater than those for normal patellar
tendon.16

aStatistically different than values for 100 and 3000 cycles=day,
ADHT-crosslinked repairs ( p< 0.05).
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the only factor changed in this part of the study to avoid
premature failure of constructs in culture before delivering
mechanical stimulation.

Our additional crosslinking treatment may have contrib-
uted not only to the lack of effect of stimulation on in vitro or
in vivo biomechanical properties, but also to a lack of effect on
gene expression (collagen type I, collagen type III, decorin,
and fibronectin). ADHT crosslinking could have stiffened the
collagen sponge to such an extent that cells did not sense the
imposed mechanical stimuli and synthesize new ECM to en-
hance stiffness. These cells may have become stress shielded

from the mechanical signals, adversely affecting both gene
and protein expression in culture and possibly even changing
cell phenotype during repair. For example, we previously
found that when MSCs were suspended in collagen gel,
contracted around stiff sutures, and then placed in rabbit PT
wound sites, approximately 28% of the 12-week repairs ex-
hibited ectopic bone formation.16 Alkaline phosphatase, an
early bone marker, was upregulated in the 3D cell–gel–suture
constructs in culture but not when the cells were expanded in
monolayer.27 Ectopic bone formation was eliminated when
we reduced cell density and eliminated the suture. Reducing

Table 4. Increasing Cycle Number Produced No Significant Differences in Any Biomechanical Property

(Mean� SEM) for ADHT-Crosslinked Repair Tissues at 12 Weeks Postsurgery

100 Cycles=day,
ADHT crosslinked

3000 Cycles=day,
ADHT crosslinked Normal PT16

100 Cycles=day,
non-ADHT crosslinked6

Structural properties
Linear stiffness (N=mm) 58.5� 11.3 59.8� 10.3 159.8� 10.5a 141.6� 11.3a

Maximum force (N) 166.4� 23.2 217.9� 35.4 470.7� 67.2a 339.3� 11.4a

Strain energy (N-mm) 360.1� 65.3 579.3� 112.5a 875.7� 104.1a 561.1� 22.2
Maximum displacement (mm) 4.7� 0.9 5.5� 0.9 4.0� 0.3a 5.4� 1.2
Material properties
Linear modulus (MPa) 47.0� 7.6 51.4� 12.1 861.4� 105.9a 441.2� 26.3a

Maximum stress (MPa) 9.7� 1.9 13.8� 3.8 100.7� 16.0a 72.1� 11.1a

SED (N-mm=mm3) 1.6� 0.5 2.6� 0.9 8.2� 1.7a 6.9� 1.3a

Maximum strain (%) 30.2� 5.0 36.5� 4.0 16.0� 1.5a 19.3� 1.2a

However, biomechanical properties of these repairs were significantly lower than those of both 100 cycles=day, non-ADHT–crosslinked
repairs6 and normal tendon.16

aStatistically different than values for 100 and 3000 cycles=day, ADHT-crosslinked repairs from this study ( p< 0.05).

FIG. 1. The force–displacement curves for repairs containing constructs that were ADHT crosslinked and cycled 100 versus
3000 times=day are significantly inferior to both repairs that were non-ADHT crosslinked and cycled 100 times=day6 as well
as normal tendon16 ( p< 0.05). Note that the ADHT-crosslinked repair tissues were tested at room temperature, and the
remainder was tested at 378C. Color images available online at www.liebertonline.com=ten.
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scaffold stiffness by controlling the degree of ADHT cross-
linking might induce similar benefits (although the actual
change in scaffold stiffness and cellular activity produced by
ADHT crosslinking must still be quantified). Alternatively,
ADHT crosslinking may have altered the scaffold pore
size28,29 or cell attachment efficiency. Any reductions in pore
size could have reduced the number of cells able to migrate
into the scaffold of the implant used for surgery. Any surface
changes induced by crosslinking may have also limited initial
cellular attachment or decreased cell viability due to inade-
quate nutrient supply and waste removal. The lack of cellular
infiltration may have thus produced a more natural host-
induced rather than cell-assisted repair, resulting in a more
inferior repair outcome. Studies to examine these possibilities
are in process in our laboratory.

Although DHT crosslinking has been reported to improve
scaffold strength more than other crosslinking techniques, the
chemical changes produced by DHT may also adversely affect
the cells embedded in the scaffold.10–13,30–32 If not applied
appropriately, DHT crosslinking is well known to change the
chemical composition of collagen-based membranes.10 DHT
crosslinking–induced changes in chemical composition could
alter the cytocompatibility of the scaffold to accept MSCs and
thus compromise the cellular attachment.12,13,30 Any cyto-
toxicity of strongly crosslinked, collagen-based materials
could modify cell shape and significantly reduce cell
growth.31 DHT crosslinking has also been postulated to sig-
nificantly decrease the rate of cell migration by masking the
integrin binding sites that promote cellular attachment.11,32

One or more of these crosslinking-induced phenomena could
have adversely affected repair tissue, while at the same time
improved the construct’s in vitro properties compared to non-
ADHT–crosslinked constructs.

The results from this study both contradict and support
important findings previously reported by our group and
others. (1) Recently, we showed that the in vitro stiffness of
MSC–collagen sponge constructs without additional cross-
linking correlated with repair stiffness 12 weeks after sur-
gery.6,7 We were surprised to find in the current study,
however, that despite improvements in in vitro stiffness due to
ADHT crosslinking, no such improvements occurred in repair

stiffness 12 weeks after surgery. This lack of in vitro–to–in vivo
correlation might be explained by the mechanisms of DHT
crosslinking. DHT crosslinking causes dehydration of the fi-
bers and in turn draws the collagen molecules closer together.
While this action increases temperature stability, the act of
crosslinking remains a delicate balance between removing
intrafibrillar water content and maintaining thermal stability
of collagen fibers, which can be exceeded at 548C. Therefore,
thermal damage (denaturation) to collagen fiber subunits
could have occurred with our ADHT technique, thereby al-
tering the potential of collagen to effectively bear load in this
repair application. Future studies will need to be conducted to
study not only the ability of in vitro measures to predict in vivo
repair outcome, but also the role that crosslinking and other
factors might have on such predictions. (2) Now that the cel-
lular response to mechanical stimulation has been shown to
be scaffold dependent, investigators will likely need to opti-
mize these mechanical stimulation effects every time a new
scaffold is identified.21 While optimizing the mechanical
stimulus can significantly alter the stiffness of constructs
containing collagen sponges with no additional crosslinking,9

the same mechanical stimulus produced no such effect in the
presence of ADHT crosslinking. These findings emphasize the
importance of identifying appropriate modification techni-
ques so as to engineer the scaffold with sufficient mechanical
integrity, and biologic activity to better modulate MSC differ-
entiation in vitro before attempting to optimize constructs to
create functionally efficacious tendon repairs. (3) Our in vivo
results would also support recommendations by Weadock
et al. that DHT treatment be avoided in load-bearing, collagen-
based implant applications so as to minimize the denaturation
effect of the treatment.29 These consistencies and incon-
sistencies between our results and those from other studies
suggest that the specific ADHT crosslinking (16 h at 1358C)
that we used in this study be avoided in future optimization
studies or at least that the scaffold be minimally altered by the
technique=process that we used. It is possible that the dura-
tion and the temperature we chose for ADHT crosslinking in
this study were severe enough to adversely affect the collagen
sponges. Therefore, future studies should identify the opti-
mum ADHT crosslink conditions.

FIG. 2. No differences in immunohistochemical staining, tenocyte density, or cellular alignment were detected between (a)
100 cycles=day and (b) 3000 cycles=day ADHT-crosslinked repair tissues (original magnification,�2). Color images available
online at www.liebertonline.com=ten.
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Our study is not without limitations. (1) We observed a
relatively high incidence of tendon ruptures at the wound site
during the healing period after surgery. Considering the load-
protected nature of the central tendon wound site, these
ruptures suggest insufficient construct stiffness at the time of
implantation to withstand the forces acting at the repair site.
We are currently examining stiffer scaffold materials to im-
prove in vitro construct stiffness without stress shielding the
cells and compromising the potential benefits of the me-
chanical stimulus. (2) We did not monitor cell viability in the
constructs before surgery because insufficient cells were
available at passage 2 to make additional constructs. In future
studies, we plan to either try and increase seeding density at
early passages or move beyond passage 2 for additional cells
that would permit testing for both cell viability and cross-
linking-related effects on cellular activity. (3) We did not de-
termine what fraction of cells was participating in the repair
after surgery. In the past, our group has added a DiI label
(CM-DiI, CellTracker�; Molecular Probes, Eugene, OR) to the
MSCs when creating the constructs, permitting us to sort host
from introduced cells up to 12 weeks after surgery.15,16 Our
future studies will again utilize this technique to better un-
derstand the effects of crosslinking on cell migration and
binding. (4) Animal-to-animal variability as well as inter-
study comparisons of treatment effect could have influenced
our conclusions. Therefore, future studies will separately ex-
amine intra-animal effects of crosslinking-induced scaffold
stiffening and increasing cycle number using well-controlled
experimental designs. (5) The testing conditions that we used
were also not identical in these two studies. Repair tissues
from the current study were tested at room temperature,
whereas the repair tissues from the previous studies were
tested in 378C.6,16 Tendons are known to exhibit lower stiff-
ness at body temperature than at room temperature.33 The
detrimental effects we observed at room temperature when
testing both 100 and 3000 cycle=day, ADHT-crosslinked re-
pairs might have been even more profound had we tested
these repair tissues at 378C. Thus, additional DHT cross-
linking may even more adversely affect repair stiffness than
what is reported in the current study. (6) We did not fully
examine the causes of the histologic changes that occurred in
the repair sites due to the treatment. The presence of mixed
neutrophils and lymphocyte infiltration suggest a foreign
body response to the sponge. This response would have
greatly inhibited any tendon remodeling that would occur.
Future studies will more closely examine the underlying
causes of these histologic changes.

This study was designed to examine whether optimizing
the mechanical stimulus in culture to improve in vitro bio-
mechanical properties would improve repair biomechanical
properties. Our results indicate that the level of ADHT
crosslinking of the scaffold that we used in this study actually
reduced the biomechanical properties of the repair tissue. Our
results also demonstrate that altering cycling conditions with
ADHT crosslinking had no significant impact on in vivo re-
pairs. Results from this study and the previous study6 col-
lectively suggest that only the improvements in the in vitro
stiffness achieved through cellular activities (for example
mechanical stimulation) would improve the repair outcome.
However, this needs to be verified in future studies. These
findings emphasize the importance of screening and appro-
priately altering scaffold mechanics so as to facilitate cell mi-

gration, proliferation, and differentiation in culture before
performing more costly and time-consuming in vivo repair
studies.
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