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ABSTRACT

Hierarchical collagen fibers are the primary source of strength in tendons and ligaments; however, these
fibers largely do not regenerate after injury or with repair, resulting in limited treatment options. We pre-
viously developed a static culture system that guides ACL fibroblasts to produce native-sized fibers and
early fascicles by 6 weeks. These constructs are promising ligament replacements, but further maturation
is needed. Mechanical cues are critical for development in vivo and in engineered tissues; however, the
effect on larger fiber and fascicle formation is largely unknown. Our objective was to investigate whether
intermittent cyclic stretch, mimicking rapid muscle activity, drives further maturation in our system to
create stronger engineered replacements and to explore whether cyclic loading has differential effects on
cells at different degrees of collagen organization to better inform engineered tissue maturation proto-
cols. Constructs were loaded with an established intermittent cyclic loading regime at 5 or 10 % strain for
up to 6 weeks and compared to static controls. Cyclic loading drove cells to increase hierarchical collagen
organization, collagen crimp, and tissue tensile properties, ultimately producing constructs that matched
or exceeded immature ACL properties. Further, the effect of loading on cells varied depending on degree
of organization. Specifically, 10 % load drove early improvements in tensile properties and composition,
while 5 % load was more beneficial later in culture, suggesting a shift in mechanotransduction. This study
provides new insight into how cyclic loading affects cell-driven hierarchical fiber formation and matura-
tion, which will help to develop better rehabilitation protocols and engineer stronger replacements.

Statement of significance

Collagen fibers are the primary source of strength and function in tendons and ligaments throughout
the body. These fibers have limited regenerate after injury, with repair, and in engineered replacements,
reducing treatment options. Cyclic load has been shown to improve fibril level alignment, but its effect
at the larger fiber and fascicle length-scale is largely unknown. Here, we demonstrate intermittent cyclic
loading increases cell-driven hierarchical fiber formation and tissue mechanics, producing engineered re-
placements with similar organization and mechanics as immature ACLs. This study provides new insight
into how cyclic loading affects cell-driven fiber maturation. A better understanding of how mechanical
cues regulate fiber formation will help to develop better engineered replacements and rehabilitation pro-

tocols to drive repair after injury.
© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights are reserved, including those for text
and data mining, Al training, and similar technologies.

1. Introduction

and bone-to-bone, respectively. Tendons and ligaments are able to
transfer and withstand these loads primarily due to hierarchically

Tendons and ligaments are critical for movement and stabil-
ity, providing the strength for load transfer from muscle-to-bone
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organized and aligned collagen fibers that run the length of the
tissue [1-4]. Cells produce these hierarchical fibers by assembling
tropocollagen molecules into fibrils (10-300 nm diameter), fibers
(>10 pm diameter), and fascicles (100s pm to mm diameter) [5-7].
Each of these hierarchical levels reinforce the structure as a whole
[3,8-10]. This multiscale hierarchical structure, along with proteo-
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Fig. 1. Experimental setup with constructs either statically clamped or cyclically loaded at 5 or 10 % strain for up to 6 weeks. A) Static clamping culture device and B)
bioreactor setup for cyclically loaded constructs. C) Depiction of intermittent loading regime. Constructs were loaded with an established loading regime, 3 times a week
(MWEF) for 1 hour on, 1 hour off, 1 hour on at 1 Hz and 5 % or 10 % strain. D) Depiction of tissue sectioning performed at each timepoint. Clamped regions were discarded
and remaining tissue was allocated for biochemical composition (BC), lysyl oxidase activity (L), mechanical, and microscopy analysis.

glycans, collagen crosslinking and fiber crimp, provides tendons
and ligaments with strong, non-linear, mechanical properties that
are essential for long-term function [3,5,8-12]. The importance of
these fibers to function are well understood, but replicating this
hierarchical organization after injury or in engineered tissues re-
mains a challenge [13,14].

Injuries to tendons and ligaments disrupt the collagen orga-
nization resulting in loss of function, pain, and decreased mo-
bility [14,15]. Collagen fibers largely do not regenerate after in-
jury or with repair, often resulting in unorganized scar tissue with
reduced tissue function compared to healthy tissue [1,14]. There
are more than 32 million tendon and ligament injuries per year
in the United States [16] with limited repair options. In particu-
lar, the anterior cruciate ligament (ACL), which helps to stabilize
the knee, is one of the most commonly injured ligaments result-
ing in an estimated 150,000 reconstructions each year in the US
alone [17,18]. The current gold standards for ACL repair are au-
tograft or allograft replacement. In addition to limited availability
of donor tissue, these treatments have major drawbacks, includ-
ing risk of donor site morbidity for autografts, immune response
for allografts, and high risk of re-rupture [5,14-16,19-21]. More re-
cently, devices facilitating partial repair such as the Arthrex repair
kit or the Bridge-Enhanced ACL repair device have been approved
for use, but these are limited by compatibility with specific in-
jury patterns and have similar failure rates to traditional ACL re-
pair [22-24]. Engineered replacements are promising alternatives,
however, it remains a challenge to form the large hierarchically or-
ganized, crimped collagen fibers essential to long-term mechanical
success [14,15].

Recently, we developed a novel culture system that guides ACL
fibroblasts in unorganized high density collagen gels to develop hi-
erarchically organized collagen fibers over 6 weeks of static culture
[25,26]. Specifically, static boundary restraints (clamps) at the edge
of the construct (Fig. 1A) restrict cellular contraction and guide
cells to produce aligned fibrils by 2 weeks of culture, which ma-
ture into native-sized collagen fibers and larger collagen bundles
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or early fascicles by 4 and 6 weeks. These are some of the largest,
most organized fibers produced to date in vitro; however, further
maturation is needed for these constructs to serve as functional
replacements.

Mechanical cues, including cyclic muscle activity, are critical for
tissue development in vivo [1,5,27,28] and have been shown to
drive maturation in engineered tissues in vitro [20,29-37]. In par-
ticular, intermittent cyclic loading at or below 5 % strain, which
mirrors typical physiological strains for tendons and ligaments, is
well established to improve fibril organization in engineered ten-
dons and ligaments [1,20,28-36]; however the effect beyond the
fibril level and on hierarchical fiber formation is largely unknown
[1,13]. Further, the ACL, unlike tendons which typically experience
a maximum tensile strain of 2-5 % [38,39], has been reported to
experience up to 12 % strain [40] in each gait cycle, suggesting
strain magnitudes above 5 % may be beneficial for ACL fibrob-
lasts, particularly beyond the fibril level which is less understood
[1,40,41]. Additionally, there are large variations in optimal loading
conditions for engineered tissues, most likely due to differences
in scaffold material and design, which ultimately alter how the
applied load is translated to cells [38]. Our static culture system,
which transitions from unorganized collagen at 0 weeks to aligned
fibrils and fibers by 2 and 4 weeks, provides a means to explore
how cells differentially respond to cyclic loading with different de-
grees of collagen organization. A better understanding of how cells
respond to applied load at different levels of collagen organization
could help to produce more uniform loading protocols across en-
gineered systems and help to develop more optimal rehabilitation
protocols.

The objective of this study was to investigate whether inter-
mittent cyclic stretch, mimicking rapid muscle activity, could drive
further maturation in our culture system. Additionally, we were
interested in exploring whether 10 % strain drives improvements
over 5 % strain in ACL fibroblast seeded constructs and whether
cyclic loading had differential effects on cellular response when
applied at different degrees of collagen organization. We hypoth-
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esize that intermittent cyclic loading will improve hierarchical col-
lagen organization, composition, and tissue tensile strength in a
dose- and organizational-dependent manner, resulting in signifi-
cantly stronger, functional ligament replacements.

2. Methods and materials
2.1. Cell isolation

Ligament fibroblasts and native samples were isolated from
neonatal bovine as previously described [25,26,42]. Briefly, neona-
tal (1-3 day old) bovine legs were obtained from a slaughterhouse
within 48 h of culling. The bovine cranial cruciate ligament (CCL),
analogous to the human ACL and referred to as bovine ACL for
the remainder of the manuscript, was aseptically isolated, diced,
and digested for 15-18 h in 0.2 % collagenase. Cells were filtered,
washed, counted, and frozen at 3 million cells/mL. Two separate
isolations were performed, with each isolation having 3-4 donors
pooled together. Prior to making constructs, cells were seeded at
2800 cells/cm? and expanded 1 passage in Dulbecco’s Modified Ea-
gle Medium (DMEM) media with 10 % fetal bovine serum (FBS),
1 % antibiotic/antimycotic, 50 pg/ml ascorbic acid, and 0.8 mM I-
proline. Native samples used for image and composition analysis
were isolated and stored as described in Section 2.5 and 2.7 at
time of dissection.

2.2. Construct fabrication

High density, cell laden collagen gels were fabricated as previ-
ously described [25,26,42,43]. Briefly, type I collagen was extracted
from an equal number of male and female Sprague-Dawley rat tail
tendons (BIOIVT) and reconstituted at 30 mg/ml in a 0.1 % acetic
acid solution [25,44]. To generate constructs, 2 mL of 30 mg/mL
collagen was mixed with 0.5 mL of a working solution composed
of 0.2 mL of 1x phosphate buffer saline (PBS), 0.25 mL of 10x
PBS, and 0.05 mL of 1 N NaOH. This working solution raises the
pH to 7 to initiate collagen gelation and the osmolarity to 300
mOsm [43-45]. This solution was then immediately mixed with
0.5 mL of cells suspended in media at 30 million cells/mL, ensur-
ing cells were spread throughout the gel, cast into a 1.5 mm thick
sheet gel, and allowed to set for 1 hour at 37 °C. The resulting
3 mL sheet gels, at 20 mg/mL collagen and 5 x 10° cells/mL,
were cut into rectangles (8 x 30 mm) and divided between groups
for culture. A different collagen stock was used for each sheet
gel, with each sheet gel yielding 4-6 rectangular constructs. These
constructs were distributed across experimental groups and time
points. Thus, N refers to individual constructs produced from dif-
ferent collagen stocks and cell expansions.

2.3. Culture conditions and mechanical stimulation

One day after fabrication, static constructs were clamped into
our culture device (Fig. 1A) as previously described [25,26,43],
while loaded constructs were clamped into a modified CellScale
tensile bioreactor (Fig. 1B), with both static and loaded constructs
having a 20 mm gauge length between clamps. Static constructs
were cultured clamped to guide hierarchical fiber formation, with
no additional applied strain, as in previous studies [25,26,43].
Loaded constructs were stimulated with an intermittent cyclic
loading regime (Fig. 1C) established to generate matrix turnover
and anabolic cellular response in engineered tissues [42,45-48].
Specifically, constructs were loaded with either 5 % or 10 % strain
at 1 Hz for 1 hour on, 1 hour off, 1 hour on, 3x a week (Monday,
Wednesday, Friday) to evaluate the effect of cyclic loading magni-
tude (Fig. 1C). Further, 1 Hz is an established loading frequency for
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engineered ligaments [42,45,47,49] and mirrors physiological load-
ing [41,50,51]. Culture media was the same as that used for cell ex-
pansion. Conditional media changes were performed immediately
prior to loading by replacing half of the media during each media
change throughout culture every 2-3 days [42].

2.4. Post-culture analysis

Time points were taken at 0, 2, 4, and 6 weeks, with 0-week
constructs taken out of culture 24 h after 1 loading cycle. At each
time point, 6-10 constructs per group were removed from culture,
weighed, photographed, and sectioned for analysis of collagen hi-
erarchical organization, composition, and tissue tensile properties
as previously described (Fig. 1D) [27,31,45,52]. Due to significant
contraction later in culture, not all sections for analysis could be
obtained from a single loaded construct, thus a greater number of
constructs had to be produced for loaded groups (N = 10) com-
pared to control static constructs (N = 6). To track changes in
contraction, construct percent weight and percent area were de-
termined at each time point. Percent weight was calculated by
comparing whole construct wet weights to respective 0 week con-
structs. Percent area was determined by measuring construct sur-
face area between the clamps in photographs taken at each time
point using FIJI (NIH) and comparing to respective 0 week con-
structs, as previously described [26,42].

2.5. Hierarchical collagen organization analysis

Hierarchical collagen organization at the fibril (<1 pm), fiber
(1-100 pm), and fascicle (=100 um) length-scales were performed
via scanning electron microscopy (SEM), confocal reflectance, and
picrosirius red staining as previously reported [26,42,43]. Briefly,
length-long sections of constructs and neonatal bovine ACLs were
fixed in 10 % formalin and stored in 70 % ethanol. A total of 5-
7 constructs per time point and condition and 5 neonatal ACLs
were analyzed via confocal reflectance. Following confocal analysis,
a subset of 6 week constructs and neonatal ACLs were processed
for SEM (N = 3) and picrosirius red staining (N = 3).

2.5.1. Confocal reflectance imaging and analysis

Confocal imaging for fiber level analysis was performed with
a Zeiss LSM 980 microscope and Plan-Apochromat 20x/1.2 objec-
tive as previously described [25,37,45,53]. Briefly, a 405 nm laser
was used to visualize collagen by capturing reflectance through a
27 pm pinhole at 400-465 nm, while simultaneously a 488 nm
laser was used to capture auto-fluorescence of cells at 509-
571 nm. Five to eight representative 2D images were taken across
the length of each construct and 3D images of 6 week constructs
were obtained via Z-stacks with less than 1 pm step size and 18
- 22 pm depth. Z-stacks were visualized with the FIJI 3D viewer
plugin.

Confocal 2D images of constructs and native ACLs were ana-
lyzed using a custom Fast Fourier transform (FFT) based MATLAB
code to determine degree of collagen alignment and fiber diam-
eter as previously described [53]. Collagen alignment was scored
using an alignment index, where 1 is unorganized and 4.5 is com-
pletely aligned, and average fiber diameter was the average fre-
quency pattern detected in each image by FFT measurements [53].
Accuracy of FFT measurements were confirmed by manual fiber
measurements made using FIJI. Five to eight representative images
taken across each construct were analyzed and averaged to de-
termine alignment and diameter for each construct. The reported
alignment and diameter values are the average and standard error
of construct values (N = 5-7 for constructs, N = 5 for neonatal
ACL).
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2.5.2. SEM imaging and analysis

SEM analysis of fibril level (<1 pm scale) organization was per-
formed on 6 week constructs and neonatal bovine ACL with a
Hitachi SU-70 FE-SEM as previously described [26,42,43]. Briefly,
samples were dried via critical point drying and coated with
0.025-0.035 kAngstroms Platinum. Samples were imaged at a
working distance of 10 mm, with 5 kV, at 10,000X and 50,000X
magnification, with at least 6 images taken per sample. Images at
50,000X were analyzed to determine alignment and fibril diame-
ter. Degree of alignment was measured by determining dispersion
using the FIJI directionality function as previously described [26].
Dispersion values were obtained for 6-8 images per sample and
averaged to determine average construct dispersion. The reported
dispersion values are the average of construct values (N = 3 for
constructs and native ACL). To determine fibril diameter a total
of 20 fibrils per image were measured using FIJI (total 120 fib-
rils per construct) and pooled to determine average fibril diame-
ter for each construct [43]. All fibril diameters from N = 3 samples
(n = 360) were pooled for violin plots to visualize spread of diam-
eters at 6 weeks. To validate manual measurements, the average
fibril diameter of images were confirmed via Diameter] Segment
and Diameter] 1-018 FIJI plugins, however manual measurements
are reported to retain insight in fibril diameter dispersion. For sta-
tistical analysis of fibril diameter, 120 fibril diameters per sample
were averaged to compare construct averages at 6 weeks (N = 3
for constructs and native ACL).

2.5.3. Polarized picrosirius red imaging

Histological analysis was performed to observe fascicle level
(> 100 pm scale) organization and crimp as previously described
[25,26,42,43]. Briefly, fixed constructs (N = 3) and neonatal bovine
ACL (N = 3) were embedded in paraffin, sectioned, and stained
with picrosirius red. Constructs were imaged with a Nikon Eclipse
Ts2R inverted microscope and Nikon Pan Fluor 10x/0.30 OFN25 Ph1
DLL objective in linear polarized light at 10, 20, and 30x magnifica-
tion. To evaluate crimp period length, 5 images per construct were
obtained at 20x magnification and FIJI Plot Profile analysis tool was
used to record brightness values across 3 random fibers per image,
ensuring the line covered 5-8 crimp formations per fibers (result-
ing in 16-20 crimp measurements per image). Crimp period length
was defined as the distance between peaks in brightness, similar to
previous studies [54-58]. Measurements were pooled across all im-
ages for each construct (n = 86-100) to determine average crimp
length per construct (N = 3 for engineered and native ACL). Static
controls were not analyzed due to inconsistent and limited crimp
formation.

2.6. Mechanical analysis

Tensile tests were performed as previously described [43,53].
Briefly, samples (N = 6-8) were collected along the length of each
construct, frozen for storage, thawed in PBS with EDTA-free pro-
tease inhibitor prior to testing, measured, and stretched to failure
with a BOSE ElectroForce 3200 System equipped with a 250 g load
cell. Samples were secured using serrated grips (TA electroforce
332368-0010) and loaded at a strain rate of 0.75 % strain/second
to failure, assuming quasi-static load and ensuring failure be-
tween the grips, similar to previous studies [25,26,37,42,43,45,53].
While sample dimensions decreased with time in culture as con-
structs contracted, samples maintained relatively similar dimen-
sions across conditions at each timepoint with a grip-to-grip
lengths of ~3-4 mm, a sample width of ~1-2 mm, sample thick-
ness of ~0.3-1 mm (see Supplemental Table 1 for average dimen-
sions across time points). Tensile properties were determined via
a previously developed linear regression-based MATLAB code [42].
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Briefly, the toe and elastic moduli were determined by individu-
ally fitting a linear regression to the stress-strain curve in each re-
gion, ensuring an r2 > 0.999, and the transition point was defined
as where these two linear regressions intersected. The maximum
point on the stress-strain curve was used to determine the ulti-
mate tensile strength (UTS) and strain at failure. The toe and elas-
tic moduli are more accurately the apparent tangent moduli of the
stress-strain curve, however, for simplicity they will be referred to
as the toe and elastic modulus throughout the manuscript.

2.7. Compositional analysis

Compositional analysis for DNA, glycosaminoglycan (GAG),
and collagen content were performed as previously described
[25,26,42,43]. Briefly, two sections per construct were taken for
compositional analysis (Fig. 1D) and the values were averaged to
determine composition for each construct. Construct sections and
neonatal bovine ACL samples were weighed wet (WW), frozen,
lyophilized, weighed dry (DW), and digested in 1.25 mg/ml pa-
pain solution at 60 °C for 15-16 h (N = 6-8). DNA, GAG, and
collagen were determined via a modified Quant-iT PicoGreen ds-
DNA assay kit (Invitrogen), 1,9-dimethylmethylene blue (DMMB)
assay at pH 1.5 [59], and a modified hydroxyproline (hypro) as-
say [60]. Constructs from each experimental group retained similar
percent wet weight throughout culture, so DNA, GAG, and hydrox-
yproline are reported normalized to sample wet weight. To eval-
uate whether composition was similar across constructs, samples
taken from each side of the construct were compared. Comparisons
are reported as the composition in the sample closest to the mov-
ing pull arm of the bioreactor to the composition of the sample
closest to the unmoving, static clamp of the bioreactor (Supple-
mental Fig 1A).

To determine LOX activity in constructs, separate sections taken
from alternating sides of the constructs (Fig. 1D, N = 5-6) were
placed in a 6 M Urea 10 mM Tris-HCI solution at pH 7.4 with 1 %
protease inhibitor at each time point and frozen at —80 °C. A flu-
orometric LOX activity assay (Abcam, ab112139) was used to de-
termine arbitrary units (A.U.) of LOX activity. The assay was run
according to manufacturer protocol with recombinant LOXL2 (R&D
Systems) used as a positive control and results normalized to sam-
ple DNA determined via the Quant-iT Picogreen dsDNA assay, as
the LOX enzyme is produced and released from cells.

2.8. Acellular constructs

To determine if load alone, rather than cellular response to
load, drives collagen organization, acellular constructs were cul-
tured in the same manner as cell-seeded constructs. Acellular con-
structs were produced as described above, however, instead of cell-
seeded media being added to the collagen mixture, media alone
was mixed into the collagen solution to produce 20 mg/ml con-
structs. Acellular constructs were cultured statically clamped, or
with 5 % or 10 % intermittent cyclic loading for up to 6 weeks as
described above. At 0 and 6 weeks, constructs were removed from
culture (N = 4-6) and sectioned the same as cell-seeded constructs
for analysis of collagen organization, tissue tensile strength, and
composition (Fig. 1D). Specifically, collagen organization was as-
sessed by confocal reflectance, tensile properties were assessed via
tensile tests to failure (see Supplemental Table 2 for test sample
dimensions), and collagen concentration was assessed as a mea-
sure of composition, all done according to methods above for cell-
seeded constructs.

2.9. Statistics

For image and compositional analysis, where multiple measure-
ments per construct were taken, measurements were pooled and
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Fig. 2. Loading appeared to increase construct contraction, but construct wet weight remained similar to controls. A) Photographs of representative constructs at each time
point, B) percent area and C) percentage wet weight throughout culture compared to respective 0 week constructs. Scale bar = 5 mm, Data shown as mean + S.E.M.,,

Significance compared to *0 week or +bracket group (p < 0.05).

averaged to determine an overall value for the construct and statis-
tical analysis was performed using construct averages. For all data,
Shapiro-Wilk tests were used to confirm normality within each
group. Following confirmation of normality, data were analyzed via
2-way ANOVA and Tukey’s post-hoc analysis with p < 0.05 as sig-
nificant (SigmaPlot 14). The two effects investigated were culture
condition and time in culture. Since fibril dispersion, fibril diame-
ter, and crimp length data were only collected at 6 weeks, this data
was analyzed via 1- way ANOVA. All data are expressed as mean
=+ standard error (S.E.M.).

3. Results

3.1. Gross morphology

Gross inspection revealed all constructs contracted with time
in culture, with both 5 and 10 % load constructs appearing to
have accelerated and increased contraction compared to static con-
structs by 4 weeks (Fig. 2A). Percent area measurements con-
firmed this observation, with loaded constructs having a signifi-
cantly lower percent area compared to static controls starting by
2 weeks (Fig. 2B). However, interestingly, percent weight measure-
ments, based on the wet weight of constructs, revealed all con-
structs contracted similarly with time in culture to 30-40 % their
original weight (Fig. 2C). Loading did not significantly affect per-
cent weight compared to static constructs, suggesting that while
there were differences in surface area reduction, loaded and static
samples retained similar mass.
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3.2. Hierarchical collagen organization

Confocal reflectance analysis revealed all groups guided cells in
unorganized collagen at 0 weeks to produce aligned collagen fib-
rils by 2 weeks and larger fibers by 4 and 6 weeks, similar to pre-
vious studies (Fig. 3A) [25,26,43]. Loading accelerated fiber devel-
opment, with collagen fibers in both 5 and 10 % load constructs
appearing larger and more organized by 4 and 6 weeks, similar to
neonatal bovine ACL. In addition to organization, loaded constructs
appeared to have developed early crimp by 2 weeks, which ap-
peared more uniform and regularly spaced by 6 weeks (Fig. 3A,
arrows). Three-dimensional reconstructions of 6 week constructs
further confirmed loaded constructs developed more clearly de-
fined collagen fibers and increased crimp compared to static con-
structs, with 10 % load constructs appearing to have larger, more
organized collagen bundles or early fascicle formations compared
to 5 % (Fig. 3A, Z-stacks).

Analysis of confocal images revealed that all groups had signif-
icantly improved alignment by 2 weeks, matching neonatal bovine
ACL alignment (Fig. 3B). Loading further significantly improved col-
lagen alignment over static controls and native tissue by 4 and
6 weeks, however there were no significant differences in align-
ment between 5 % and 10 % load constructs. Average collagen fiber
diameter also significantly improved for all groups with time in
culture, with loading further improving fiber diameter in a dose-
dependent manner. Both 5 and 10 % load produced significantly in-
creased fiber diameters compared to static constructs by 4 weeks,
which were no longer significantly different from neonatal diame-
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Fig. 3. Loading increased fiber development in a dose-dependent fashion. A) Confocal reflectance revealed constructs develop aligned fibrils at 2 weeks, and larger fibers
by 4 weeks (brackets), with loading producing increased fiber and fascicle formation (larger brackets) and crimp formation (arrows). Grey = collagen, green = cellular auto-
fluorescence. scale bar = 50 pm. B) Degree of collagen alignment (reported via alignment index where 1 is unorganized, 4.5 is perfectly aligned) and average collagen fiber
diameter determined via a FFT based image analysis. 5-8 images per construct were averaged to determine construct values, with 5-7 constructs analyzed per time point
and 5 native tissues analyzed. Data shown as mean + S.E.M,, Significant difference compared to *0 week, ~native, or +bracket group (p < 0.05).

ters. By 6 weeks, 10 % load constructs had significantly larger fibers
compared to 5 % load and static constructs, reaching an average di-
ameter of 38.9 + 2.8 um (Fig. 3B).

Similar to fiber level organization, SEM analysis revealed in-
creased organization at the fibril level (<1 pm length-scale) in
loaded constructs by 6 weeks (Fig. 4). Both 5 and 10 % load ap-
peared to drive increased alignment of fibrils compared to static
controls, as well as compaction of fibrils into larger bundles sim-
ilar to neonatal tissue (Fig. 4A). Fibril banding was observed in
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engineered constructs at 6 weeks, but was less pronounced than
that observed in native tissue, similar to previous studies [25]. Im-
age analysis confirmed that by 6 weeks, 5 % and 10 % load con-
structs had significantly decreased degrees of dispersion (ie. in-
creased alignment) compared to static controls (Fig. 4B). Further,
measurements of fibril diameter revealed loaded constructs had
significantly larger fibril diameters than static controls at 6 weeks,
with 10 % load constructs reaching average neonatal ACL diame-
ters (~58 nm) and having significantly larger fibrils compared to
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20 fibrils per image were measured (total 120 fibrils per construct) and pooled to determine average fibril diameter for each construct. All fibril diameters from N = 3
constructs were pooled (n = 360) to visualize spread of fibril diameters at 6 weeks. Data shown as mean + S.E.M., Significance compared to “native tissue or +bracket
group (p < 0.05). C) Fascicle length-scale organization at 6 weeks evaluated by picrosirius red staining imaged with polarized light (N = 3, scale bar = 100 pm). Loading
contributed to enhanced fascicle formation and crimp formation (arrows).

302



L.D. Troop and J.L. Puetzer

Table 1
Average crimp period length.

Crimp Period (pm)

6 weeks
5 % Cyclic Load 19.7 £ 1.7 2
10 % Cyclic Load 285+ 217"
Neonatal ACL 36.7 £ 2.8

Values are Mean + S.E.M. Crimp period was determined by
averaging 85-100 crimp periods per construct (16-20 crimp
periods per image, 5 polarized picrosirius red images per
construct), with N = 3 constructs and native samples ana-
lyzed.

2 Significance compared to neonatal bovine ACL group
(p < 0.05).

b Significance compared to 5 % load group (p < 0.05).

5 % load constructs. Further, both loaded groups became more het-
erogeneous with a wide range of fibril sizes, more similar to native
tissue.

Polarized picrosirius red analysis of the fascicle length-scale
(>100 pm length-scale) further confirmed loading drove improve-
ments in hierarchical collagen organization (Fig. 4C). Low magnifi-
cation imaging (10x images) demonstrated loaded constructs had
larger, more compact collagen bundles, indicative of early fascicle
formation, compared to static controls. Higher level magnification
(30x images) revealed 5 % and 10 % load constructs qualitatively
had increased crimp formation compared to static controls, with
10 % load constructs appearing to have more pronounced, regularly
spaced crimps than that of 5 %. Image analysis of crimp length
confirmed 10 % load constructs had increased crimp period com-
pared to 5 % load constructs, ultimately having an average crimp
period which was not significantly different from neonatal ACL
(Table 1). Collectively, intermittent cyclic loading drove accelerated
and increased hierarchical fiber formation, with 10 % load produc-
ing regular crimps as well as increased fibril and fiber diameters
that matched or exceeded neonatal bovine ACL.

3.3. Tissue mechanical properties

Mirroring improvements in organization, all constructs had sig-
nificant improvements in tensile properties with time in culture
(Fig. 5). Interestingly, despite 10 % load constructs having improved
hierarchical fiber formation, only 5 % load constructs had improved
elastic tensile properties over static controls by 6 weeks, with a
significant increase in elastic modulus over static and 10 % load
groups at 6 weeks (Fig. 5A). Ultimately 5 % load constructs had an
elastic modulus of 3.5 &+ 0.72 MPa at 6 weeks, surpassing reported
immature 1 week old bovine ACL values (1-3 MPa [61]). Similarly,
all constructs had improved UTS by 6 weeks. While 10 % load con-
structs had continual improvement in tensile properties with time
in culture and significantly higher elastic modulus and UTS at 4
weeks compared to 5 % constructs, they had no significant differ-
ences in elastic modulus compared to static controls throughout
culture, and a significantly lower UTS compared static controls by
6 weeks (Fig 5A). Both 5 % and 10 % groups had decreased strain
at failure compared to static samples by 6 weeks, suggesting in-
creased maturation and alignment of collagen fibers.

Despite 5 % load only producing significant increases in elastic
properties over static controls, both 5 % and 10 % load constructs
had significant improvements in toe region properties (Fig. 5B),
with 5 % and 10 % groups having a 2.5- and 3.5-fold improvement
in toe modulus over static constructs, respectively. Further, 10 %
load constructs had accelerated improvements, with significant in-
creases in toe modulus and transition stress by 4 weeks compared
to static and 5 % load constructs, with no significant changes in
transition strain.
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3.4. Matrix composition and LOX activity

With time in culture, all constructs had a significant increase in
DNA, GAG, and collagen concentration (normalized to wet weight
and dry weight), with the effect of loading on composition varying
with time in culture and degree of collagen organization (Fig. 6,
Supplemental Fig. 2 for dry weight normalizations). Despite all
groups having similar decreases in percent wet weight (Fig. 2C),
loading appeared to increase cell proliferation resulting in signifi-
cant increases in DNA normalized to wet weight at 2 and 4 weeks
for both 5 and 10 % load compared to controls, but this effect was
lost by 6 weeks when all groups reached neonatal bovine ACL con-
centrations (Fig. 6). Interestingly, both load groups had a signifi-
cant increase in GAG concentration at 0 weeks after just one load-
ing cyclic, compared to static samples, and 10 % load constructs
had a further significant increase in GAG accumulation at 2 and 4
weeks (Fig. 6). However, by 6 weeks, all treatment groups had sim-
ilar levels of GAGs, with both load groups leveling off at neonatal
ACL concentrations. Collagen content represented by hydroxypro-
line, decreased in 10 % load samples compared to static controls
after one loading cycle and decreased in 5 % load samples at 2
weeks compared to static controls, indicating that the cells may
have initially been breaking down collagen in response to load. By
4 weeks, this trend was reversed, with both load groups increasing
collagen concentration to static control levels, with 5 % cyclic load
constructs accumulating 2-fold more collagen than 10 % load con-
structs. By 6 weeks, 5 % load constructs reached neonatal bovine
ACL collagen concentrations and had a significant 2-fold increase
over static and 10 % load groups (Fig 6, Supplemental Fig 2C).
No significant differences were found when comparing the DNA,
GAG, and collagen concentrations obtained on each side of the
constructs at 0 and 6 weeks, suggesting similar cellular response
across the length of the construct (Supplemental Fig 1C). LOX ac-
tivity was significantly increased by both 5 and 10 % load by 6
weeks (Fig. 6). Interestingly, LOX activity only increased for 10 %
load constructs at 0 weeks after one loading cycle in unorganized
collagen gels, and after 6 weeks of culture once aligned fibers had
formed. Further, while 5 % load significantly increased LOX activity
at 4 and 6 weeks, 10 % load constructs had a 2-fold increase over
5 % load constructs by 6 weeks.

3.5. Acellular constructs

Acellular constructs were also cultured for up to 6 weeks to
determine if stretching of collagen gels alone, rather than cellu-
lar response to load, drives construct maturation. All acellular con-
structs had no contraction and no change in percent weight by 6
weeks (Fig. 7A). Likewise, static controls and loaded acellular con-
structs had no fibril alignment or larger fiber organization by 6
weeks (Fig. 7B). Constructs remained unorganized throughout cul-
ture. Further, there was no accumulation or significant loss of col-
lagen in any treatment group (Fig. 7C) and no improvements in
tissue tensile properties (Fig. 7D and Supplemental Figure 3). Col-
lectively, this data suggests that any improvements in organization
and tissue tensile properties were due to cellular response to load
and not induced organization from stretching of the collagen gels
alone.

4. Discussion

Collectively, this study demonstrates intermittent cyclic load-
ing increases hierarchical collagen organization, crimp formation,
and tissue tensile properties. Both 5 and 10 % load accelerated
and increased hierarchical collagen fiber formation in a dose-
dependent fashion, producing fibrils and fibers that matched
neonatal bovine diameters by 6 weeks. Further, both magnitudes
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Fig. 5. Loading increased mechanical properties in a dose-dependent fashion. A) 5 % load constructs significantly improved elastic properties (Elastic modulus, ultimate
tensile strength (UTS), and strain at failure) by 6 weeks compared to 10 % load and static samples. B) 5 % and 10 % load constructs significantly improved toe-region
properties (Toe modulus, transition stress, and transition strain) by 6 weeks, suggesting increased fiber alignment and development of functional crimp. N = 6-8. Data
shown as mean + S.E.M,, Significance compared to *0 week and +bracket group (p < 0.05).

of load drove increased collagen crimp formation and increased
toe-region strength, suggesting the development of crimp is lead-
ing to more functional properties. By comparing to acellular gels,
we demonstrated these improvements in collagen organization and
tensile properties are cell driven, with the effect of cyclic load on
cells varying depending on the degree of organization and mag-
nitude of strain. Collectively, with respect to collagen production,
cyclic load produced a more catabolic response early in culture
while cells were in unorganized gels, and a more anabolic ef-
fect once cells were anchored on aligned fibrils, suggesting a shift
in mechanotransduction with increased collagen organization. Fur-
ther, while 10 % load drove further improvements in fiber orga-
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nization, only 5 % cyclic strain produced increased elastic tensile
properties and collagen accumulation, ultimately matching neona-
tal ACL properties, suggesting a mechanical threshold in cellular
response.

Intermittent cyclic loading at or below 5 % strain is well es-
tablished to improve fibril alignment, fibril diameter, and collagen
production in engineered tendons and ligaments [1,5,20,27-37,62];
however the effect at the fiber and fascicle length-scale is largely
unknown [1,25,29,39,63]. In this study we found that intermittent
cyclic loading accelerates and improves hierarchical collagen orga-
nization at the fibril, fiber, and fascicle length-scale (Figs. 3 and 4).
At the fibril level, similar to previous studies [62], 5 and 10 % cyclic
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load led to increased fibril alignment and fibril diameter, with both
matching neonatal ACL alignment and 10 % load constructs de-
veloping fibril diameters that reach average native diameters by 6
weeks (Fig. 4B). Additionally, fibril diameters in both 5 % and 10 %
load constructs became more heterogeneous by 6 weeks, similar
to the shift observed in native fibril diameters during development
[64]. Across species, ACL fibrils are reported to have an increase
in diameter with age, with increasing distribution of diameters, ul-
timately resulting in a bimodal distribution of fibril diameters by
maturity [65-72]. In particular, immature (4-5 month old) bovine
ACL have been reported to have a spread of fibril diameters from
30 to 200 nm, without a bimodal distribution [67], similar to our
neonatal bovine results. Thus, engineered constructs are following
a similar path of development, and further maturation is needed
to obtain larger fibrils, with a bimodal distribution and more pro-
nounced fibril banding. At the fiber level, loading increased fiber
alignment and diameter, with loaded constructs matching and ex-
ceeding neonatal ACL alignment by 2 weeks and fiber diameters by
4 weeks. At the fascicle length-scale, loaded constructs appeared to
have improved early fascicle formation with qualitatively increased
crimp formation by 6 weeks. Collectively, intermittent cyclic load-
ing drove significant improvements at each hierarchical level over
static controls, producing some of the largest and most hierarchi-
cally organized collagen fibers to date in vitro.

Further, we found that 10 % cyclic loading stimulated cells to
produce larger and more organized hierarchical collagen fibers in
comparison to 5 % load, with 10 % constructs having increased
alignment and diameters at the fibril and fiber level (Figs. 3B &
4B). Traditionally strains at 5 % or below are reported to be opti-
mal for tendon and ligament engineering [20,32-36], as most na-
tive tendons and ligaments experience strains under 5 % [73]. How-
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ever, interestingly, here we found that 10 % cyclic strain led to im-
provements in fibril, fiber, and fascicle level organization compared
to both static and 5 % load constructs. This may be due to the ACL
receiving larger strain in vivo (up to 10-12 %) [40].

In addition to driving increased hierarchical organization, inter-
mittent cyclic loading drove cells to produce collagen crimp start-
ing at 2 weeks, with crimp appearing to increase in number and
frequency by 6 weeks (Figs. 3 and 4). Crimps are wavy, planar zig
zag structures in collagen fibers that serve a protective role in liga-
ments by taking on initial loads when strained [5,25,74,75]. Crimp
formation is not well understood [7,76,77], but previous work has
typically generated crimp structures by either manufacturing crimp
into the scaffold prior to cell seeding [74,78-83], or by releasing
restrained constructs post-seeding to allow for scaffold contrac-
tion [77]. Here, loading stimulated cellular development of crimp,
evident by the fact that acellular constructs had no development
of crimp even after 6 weeks of loading. In vivo, crimp develops
postnatally as cells gather fibers into larger bundles [84]. Specifi-
cally, it has been reported crimp increases with increasing strain
and maturation in vivo [76,77,85,86]. Similarly, in this study we
observed increased crimp formation with applied dynamic cyclic
strain and increasing hierarchical fiber maturation. It has been re-
ported that collagen crimp in rat tail and Achilles tendons are fully
extended at 4 % strain in vivo [75,87]. Previously, studies apply-
ing strains <5 % in scaffolds have not reported development of
crimp [30,32,33], thus a strain greater than the natural crimp ex-
tension length of 4 % may be needed to stimulate cells to pro-
duce crimp. While both 5 % and 10 % load constructs appeared to
formed crimp, 10 % load constructs appeared to form larger, more
regularly spaced crimp. Ultimately, 10 % load constructs had crimp
periods that were not significantly different from neonatal bovine,
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Fig. 7. Loading had little-to-no effect on acellular constructs, demonstrating changes in cell-seeded constructs in response to load are cell-driven. Acellular constructs had no
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shown as mean + S.E.M,, Significance compared to *0 week and +bracket group (p < 0.05).

and reached crimp lengths previously reported for mature human
and ovine ACLs [55-58]. This suggests that there may be a dose-
dependent response to load in the formation of crimp. Crimp is
important to proper ligament function, however it is still unknown
how it is formed. Our system could be a promising means to fur-
ther explore what regulates cellular production of crimp.

As mentioned previously, crimp serves a protective role in liga-
ments by taking on initial loads when strains are applied [5,75,88],
thus collagen crimp contributes largely to the toe region of the
stress-strain curve. Here, toe region properties improved 2.5-3.5
fold for loaded constructs over static controls (Fig. 5B), suggesting
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the development of crimp may be playing a functional role [13].
When comparing mature collagen fibers with and without crimp,
it would be expected that the presence of crimp would decrease
toe modulus and increased transition strain, which we did not find.
However, our engineered tissues are maturing as developing crimp,
which makes it difficult to distinguish the effect of crimp from oth-
ers changes in the tissue such as increased fibril alignment, diame-
ter, or crosslinking. Interestingly, similar results have been found in
the developing mouse Achilles tendon, where transition stress and
toe modulus were found to increases from postnatal day 4 to 28,
while transition strain decreased [65]. Further, crimp is reported
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to start developing in mouse tendons as early as 14 days, demon-
strating toe region properties do increase as crimp and collagen
fibers develop [89,90], similar to our engineered constructs. Un-
fortunately, we were unable to mechanical test immature bovine
ACL for full comparison of toe region data, however, increases in
tensile strength and stiffness, as well as decreases in strain prop-
erties (transition, yield, and ultimate strain) are needed to better
match mature human ACL (elastic moduli ~100-200 MPa and fail-
ure strains ~0.3-0.5 [91,92]), demonstrating the need for further
maturation. Another limitation to this study is preconditioning was
not performed prior to mechanical tests which could affected the
reported toe region properties. Tests without preconditioning are
common in engineered tissues since preconditioning can induce
fibril organization which can bias mechanical data [25,26,43,45,53].
However, future studies should use preconditioning for a better
understanding of toe region properties.

Interestingly, despite both 5 and 10 % load producing increased
toe region properties and increased hierarchical organization, only
5 % load produced a significant increase in elastic region tensile
properties over static controls (Fig. 5A). As hierarchical collagen
organization increases throughout development so too does ten-
sile strength [14,93,94]. Similarly, in this study, as hierarchical or-
ganization improved in all constructs with time in culture, so too
did tensile strength. By 6 weeks, the elastic modulus of all groups
reached the reported range of immature 1 week old bovine ACL
(1-3 MPa) [61], however 5 % load constructs exceeded this range
(Fig. 5A) despite being less organized than 10 % load constructs.
The size and organization of collagen fibers is not the sole deter-
mining factor for tissue tensile strength. It has been reported that
tissue strength is reliant on collagen fiber orientation, density, di-
ameter, and degree of crosslinking [6,95-98]. Cyclic loading, partic-
ularly 5 % load significantly increased collagen content by 6 weeks
of culture, with 5 % load constructs reaching neonatal bovine ACL
collagen concentrations (Fig 6). This increase in collagen content
in 5 % load constructs may explain the improved elastic modulus.
However, while 10 % load did not increase collagen accumulation
over static controls, it did stimulate increased LOX activity at 0 and
6 weeks.

LOX is an enzyme produced by cells which naturally crosslinks
collagen. LOX crosslinks are another critical element in providing
mechanical strength and transferring load between fibrils [5,6,95-
98]. It is not well understood how mature LOX crosslinks form
[99,100], but it is thought to be due to a cellular response to load
[96,101,102]. In this study loading significantly increased LOX ac-
tivity temporally throughout culture, with 10 % load inducing a
2-fold higher activity at 0 and 6 weeks in comparison to 5 %
load (Fig. 6). It has been previously reported that cyclic loading
of mature tendons stimulates or activates the cellular mechanical
stretch ion channel PIEZO1 and it has been suggested this activa-
tion of PIEZO1 stimulates LOX synthesis, producing stronger ten-
dons [102]. Further, it has been reported PIEZO1 is strain depen-
dent in chondrocytes, with only strains higher than 8 % trigger-
ing the channel [101,103-105]. While strain dependency of PIEZO1
has not been studied in the ACL, these ion channels are likely also
strain-dependent in ligament fibroblasts. Thus, this may explain
why 10 % cyclic load resulted in a 2-fold increase in LOX activity
over 5 % load.

Surprisingly, even though LOX activity was increased with 10 %
cyclic loading, there was no corresponding increase in tensile
strength. This lack of increase in tensile strength may be because
LOX initially forms immature divalent crosslinks which do not have
a significant effect on tissue strength [106,107]. With time these
crosslinks can condense into mature trivalent crosslinks, which
are believed to be a primary source of strength in collagen fibers
[98,100,108,109]. These mature trivalent crosslinks take weeks-
to-months to form in vivo and in vitro [43,99,100,107]. There-
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fore, the 10 % load constructs may need more time in culture to
form trivalent crosslinks, which may then increase tissue tensile
strength. One limitation of this study was we did not measure LOX
crosslinks directly. Future studies should evaluate divalent, triva-
lent, and longer culture durations to evaluate whether increases in
LOX activity led to improved functional biochemical and mechani-
cal properties.

Interestingly, 10 % cyclic loading only significantly increased
LOX activity at 0 and 6 weeks (Fig 6). This temporal LOX activ-
ity reflects a previous study from our lab which found a similar
release pattern of LOX activity in the media of static clamped con-
structs [43], and this pattern closely mirrors previously reported
results in developing chick calcaneal tendons, where LOX activ-
ity increased temporally throughout development, with more dra-
matic increases at later stages of development [108,109]. Another
explanation for this temporal LOX activity may be a change in
mechanotransduction with time in culture. We hypothesize that as
our constructs mature from unorganized collagen to aligned fibrils,
the cells within our constructs experience the loads differently and
receive higher loads [110], ultimately altering their response to the
load.

In addition to differences in LOX activity with time in culture,
cells differentially regulated collagen, DNA, and GAG. In this study,
cells differentially regulated collagen production depending on de-
gree of organization and magnitude of load, with cyclic load first
producing a catabolic response early in culture when cells were in
unorganized gels, which later shifted to an anabolic response once
cells were anchored on aligned fibrils and fibers (Fig. 6). We have
previously found in our system that the most collagen turnover oc-
curs in the first 2 weeks as cells produce aligned fibrils [25,45,53].
Here, we found similar results, with loading increasing collagen
turnover in the first 2 weeks resulting in reduced collagen concen-
trations at 2 weeks. However, once aligned fibrils were formed at 2
weeks, loading significantly increased collagen accumulation with
5 % load constructs accumulating significantly more collagen than
10 % load and static constructs. Previous work has reported cells
produce more collagen on aligned surfaces [30], in the presence of
crimp [13], and with mechanical load [13], which we also found to
be the case with our cultures. Further, it has been reported that
cells sense load more intensely when attached to aligned fibers,
which may lead to shifts in mechanotransduction [110]. Therefore,
as cells produce aligned fibrils and fibers in our system, they may
be sensing more load, which in the case of 5 % cyclic load re-
sults in increased collagen production and in the case of 10 % load
produced larger fibril and fiber diameters. However, there may be
a threshold in cellular response. Higher loads may lead to a re-
duced anabolic response or a higher catabolic response [29,74],
possibly accounting for the limited increase in collagen concentra-
tion for 10 % load constructs later in culture. Further, while cel-
lular responses appear to correlate with changes in organization,
they could be due to other changes, such as changes in mechanical
properties or time in culture, thus a better evaluation of these dif-
ferences as well as local response of cells across the construct with
changes in organization are interesting points for future studies.

Further, loading differentially stimulated DNA and GAG accumu-
lation throughout culture as well, but in an opposite manner as
collagen accumulation. Intermittent cyclic loading increased DNA
and GAG accumulation early in culture while cells were in unor-
ganized collagen, but leveled off at native DNA and GAG concen-
tration later in culture once cells were anchored on aligned fib-
rils and fibers, further suggesting a change in mechanotransduc-
tion. Cyclic stimulation is reported to increase cell proliferation in
a dose-dependent manner with higher strains producing increased
proliferation [111,112]. Here we found cyclic loading increased DNA
concentrations in the first 4 weeks, suggesting increased prolifera-
tion, however we did not find a difference between 5 and 10 %
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load (Fig. 6). In contrast, we did find a dose-dependent response
with GAG accumulation, with 10 % load significantly increasing
GAG at 2 and 4 weeks over 5 % and static constructs. Typically,
levels above 5 % strain are not used for tendon and ligament en-
gineering because they are thought to be pathological, one sign
of which is increased GAGs [113,114]. In particular, GAGs such as
aggrecan and larger proteoglycans are not generally found in lig-
aments unless overloaded [113,114]. However, in this study, even
though 10 % loading produced increases in GAGs early in culture,
these constructs leveled off once reaching native GAG levels, re-
ducing the likelihood that loading induced a pathological response.
Instead, this may suggest higher magnitude cyclic strains have a
great effect on cell production of small leucine rich proteoglycans
(SLRPs), a subset of GAGs, which have been shown to play a role
in controlling fiber size and organization, and are established to
increase with development and maturation [13,115]. Future studies
should evaluate the type of GAGs and collagen produced to gain a
better understanding of cellular regulation of SLRPs and hierarchi-
cal collagen fiber formation.

Here, we significantly accelerated and increased hierarchical
collagen fiber formation, induced early crimp formation, and in-
creased tissue tensile strength to match or exceed that of imma-
ture ACL. Further, we have developed a system which provides an
opportunity to explore how cellular mechanotransduction changes
with increasing hierarchical collagen organization. However, this
work is not without limitations. While these are some of the
most organized ligament replacements to date, further maturation
is needed to reach mature organization, composition, and tensile
strength. This study was an initial foray in evaluating the effect
of cyclic load on cell driven hierarchical organization and thus,
we focused on the high and low ends of the spectrum of strain
measured in native ACL (up to 5-12 %) [40]. Potentially, higher
strains, longer cultures, or a combination of different loading cues
are needed for further maturation. Further, the intermittent load-
ing regime used in this study (1 Hz, 1 hour on, 1 hour off, 1
hour on, 3x per week) is specifically tailored for optimal matrix
turnover in unorganized gels resulting in increased matrix accu-
mulation [42,45-48], but changing any aspect such as magnitude,
frequency, duration, or rest period at any point in culture could
change outcomes. In particular, here we found cellular response
to load varied with organization, with 10 % cyclic load improving
properties early in culture when cells are in unorganized gels, and
5 % load driving improvements later in culture, once cells are an-
chored on aligned fibrils. This suggests that a load control regime
or adaptive loading regimes which changes magnitude, duration, or
frequency as the tissue develops may be needed to drive further
maturation. However, despite these limitations, this study provides
new insight into how intermittent cyclic loading affects cell-driven
hierarchical fiber formation and how cells respond to these loads
differentially depending on degree of maturation. A better under-
standing of how mechanical cues regulate fiber formation beyond
the fibril level will help to develop better rehabilitation protocols
to drive repair in vivo and improve loading protocols to drive col-
lagen fiber maturation in engineered tissues.

5. Conclusions

Collectively, this study demonstrates intermittent cyclic loading
at strains that reflect the native ACL environment accelerate and
improve hierarchical collagen organization, crimp formation, and
tissue tensile strength, producing constructs that match or exceed
the properties of immature ACL. Further, we demonstrated these
improvements in collagen organization and mechanical properties
were cell driven, with the effect of cyclic load on cells varying de-
pending on the degree of organization and magnitude of strain. We
found 10 % cyclic load drove early improvements in tensile prop-
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erties and composition when cells were in unorganized gels, while
5 % load was more beneficial later in culture once cells were an-
chored on aligned fibers, suggesting a shift in mechanotransduc-
tion or a cellular threshold to response. Currently, it is not well
understood how cells regulate hierarchical collagen fiber formation
and little is known about cellular response to load beyond the fib-
ril level [1,14,41]. This study provides new insight into how cyclic
loading affects cell-driven hierarchical fiber formation. A better un-
derstanding of how mechanical cues regulate fiber formation will
help to better engineer replacements and develop better rehabili-
tation protocols to drive repair after injury.
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