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Abstract
Tissue engineering aims to create implantable biomaterials for the repair and regeneration of
damaged tissues. In vitro tissue engineering is generally based on static culture, which limits access
to nutrients and lacks mechanical signaling. Using shear stress is controversial because in some
cases it can lead to cell death while in others it promotes tissue regeneration. To understand how
shear stress works and how it may be used to improve neotissue function, a series of studies were
performed. First, a tunable device was designed to determine optimal levels of shear stress for
neotissue formation. Then, computational fluid dynamics modeling showed the device applies
fluid-induced shear (FIS) stress spanning three orders of magnitude on tissue-engineered cartilage
(neocartilage). A beneficial window of FIS stress was subsequently identified, resulting in up to
3.6-fold improvements in mechanical properties of neocartilage in vitro. In vivo, neocartilage
matured as evidenced by the doubling of collagen content toward native values. Translation of FIS
stress to human derived neocartilage was then demonstrated, yielding analogous improvements in
mechanical properties, such as 168% increase in tensile modulus. To gain an understanding of the
beneficial roles of FIS stress, a mechanistic study was performed revealing a mechanically gated
complex on the primary cilia of chondrocytes that is activated by FIS stress. This series of studies
places FIS stress into the arena as a meaningful mechanical stimulation strategy for creating robust
and translatable neotissues, and demonstrates the ease of incorporating FIS stress in tissue culture.

1. Introduction

All tissues in the body require nutrient and waste
transport, as well as signal transmission via both sol-
uble and mechanical cues. For example, vasculature,
the most abundant source of transport and trans-
mission in the body, delivers both soluble factors
and mechanical signals via fluid-induced shear stress
(FIS). In vitro tissue engineering has not typically
incorporated vasculature and, instead, relies on static
culture, limiting the transfer of soluble factors and
removing fluid-induced mechanical signals. Static
cultures are widely used in part because high-levels

of shear have been associated with elevated levels
of apoptosis [1], tissue degradation [2], and secre-
tion of proinflammatory factors [3]. Specifically in
chondrocytes, shear stress has been linked to upregu-
lation of proinflammatory factors and pro-apoptosis,
and in cartilage tissue, shear stress has been linked to
matrix degradation [4, 5]. However, for some cells,
such as vascular endothelial cells and cardiomyocytes
[6], specific shear stress magnitudes have been identi-
fied as beneficial [2]. Motivated by the potential ease
of using shear stress in tissue culture, we embarked on
a comprehensive series of studies aimed to determ-
ine an optimal beneficial shear stress regimen, to
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investigate the translatability of this strategy, and to
explore how shear stressmechanistically improves tis-
sue engineering.

To study how fluid flow may be used to enhance
neotissue properties, we selected self-assembled
neocartilage as a model [7, 8]. Neocartilage is the
ideal model system for this series of studies because
native articular cartilage does not rely on vasculature
for survival. At the same time, cartilage, which is sub-
jected to shear forces due to interstitial fluid flow,
requires mechanical stimuli to maintain homeostasis
[9]. Cartilage injuries constitute some of the most
vexingmedical problems because of the tissue’s innate
inability to heal [10], making it a prime candidate for
tissue engineering [11]. To restore cartilage’s bio-
mechanical function, the use of tissue-engineered
neocartilage as a model system holds clinical prom-
ise and translational potential for the 240 million
people that suffer from articular cartilage degenera-
tion worldwide [2]. Establishing FIS stress as a potent
mechanical stimulation strategy in tissue engineer-
ing can contribute to the significant medical need for
producing replacement cartilage.

Although native articular cartilage experiences
shear stress, prior mechanical stimulation strategies
have focused on applying hydrostatic pressure, com-
pression, and recently, uniaxial tension, during tis-
sue culture [12]. Optimal loading windows and, in
some cases, cell-signaling pathways have been iden-
tified for these stimuli [13–15] but not for shear
stress. Despite tantalizing hints of the ability of shear
stress to improve tissue quality, such as collagen type
II deposition [16–18], a window of shear stress for
optimal tissue formation has yet to be identified. How
FIS stress is transduced also remains largely unex-
plored for chondrocytes. Motivated by how shear
stress loading maintains native articular cartilage, we
sought to identify a window of FIS stress magnitude
that produces neocartilage robust enough to thrive
in an in vivo environment. We also sought to elucid-
ate the players in mechanotransducing shear stress
toward enhanced neocartilage construct properties.
Toward translation and demonstration that the stim-
ulus functions across species, we also aimed to employ
FIS stress to produce human neocartilage.

In this series of studies, we designed and
developed a device that applies shear stress to neocar-
tilage by using an orbital shaker to create oscillatory
fluid motion. The neocartilage is held in fixed pos-
itions as fluid flows over it, creating shear stress on
the surface of the neocartilage constructs. We also
identified an optimized FIS stress loading regimen on
neocartilage and investigated a cell signaling pathway
involved in producing improved extracellular matrix
properties (figure 1). We used computational fluid
dynamics (CFD) models to quantify the magnitudes
of FIS stresses that were applied on neocartilage con-
structs with parameters including settings on the
orbital shaker and location in the device. Contrary to

the prevailing notion of avoiding shear stress in car-
tilage tissue culture [1, 19, 20], we hypothesized that
a window of shear stress could be identified that leads
to the enhancement of collagen content and mech-
anical properties of neocartilage. We then performed
an in vivo rat study to examine whether FIS stress-
induced improvements in neocartilage mechanical
properties could be maintained for 8 weeks; another
objective of the in vivo studywas to test the hypothesis
that implanted neocartilage extracellular matrix and
cellular organization would remodel toward mature
native tissue properties. Subsequently, we translated
the optimal FIS stress loading conditions to engin-
eer human neocartilage. We also examined how FIS
stress initiates mechanotransduction to improve neo-
cartilage properties. To elucidate how FIS stress con-
tributed to the observed results, we performed RNA
sequencing and scanning electron microscopy ima-
ging. The overall objective of this work was to estab-
lish FIS stress as ameaningfulmechanical stimulation
strategy for creating robust and translatable neocar-
tilage, as well as to demonstrate the ease and benefit
of incorporating FIS stress in tissue culture.

2. Materials &methods

2.1. Bovine chondrocyte harvest
Juvenile bovine (14–30 d) stifle joints were procured
from Research 87. Articular cartilage was harves-
ted from the distal femurs within 48 h of slaughter.
The harvested articular cartilage was digested in
0.2% collagenase type II (Worthington Biochemical
Corp) solution for 18 h to release the chondrocytes
from the tissue matrix. Next, the chondrocytes were
washed in a solution of Dulbecco’s Modified Eagle’s
Medium (DMEM) and 1% penicillin-streptomycin-
fungizone (PSF, Lonza BioWhittaker). For each study
in this investigation, eight juvenile bovine stifle joints
were used; chondrocytes from the eight animals were
pooled and counted using a hemocytometer, and
their viability was estimated using a trypan blue
exclusion assay. Cells were stored at −80 ◦C in freez-
ing medium containing 90% fetal bovine serum and
10% dimethyl-sulfoxide serum until use.

2.2. Human chondrocyte harvest and expansion
Human knee articular chondrocytes were harvested
from a Caucasian male donor, age 43, with no known
musculoskeletal pathology (Musculoskeletal Trans-
plant Foundation). The human chondrocytes were
passaged and chondrotuned as previously described
[15]. Briefly, the chondrocytes were expanded in a
chondrogenic culture medium with bioactive factors
TGF-β1 (1 ngml−1), bFGF (10 ngml−1), and PDGF-
bb (10 ng ml−1) (all from Peprotech) to passage 3.
Cells were then placed in a 3D aggregate culture for
a duration of 7 d [15]. The resulting aggregates were
digested using 0.2% collagenase to release the redif-
ferentiated chondrocytes for construct seeding [8].
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Figure 1. Overview of series of studies to elucidate the roles of fluid-induced shear (FIS) stress. (a) Computational fluid
dynamics models to determine shear stress magnitude imparted on neocartilage in the FIS stress device. (b) Tissue engineering
studies in vitro using bovine and human cells to test the hypothesis that FIS stress results in enhancements in neocartilage density
and mechanical characteristics. (c) In vivo studies in athymic mice to test the hypothesis that FIS stress-stimulated neocartilage
remodels toward native values after implantation. (d) RNA sequencing followed by pathway analysis to elucidate
mechanotransduction pathways activated by FIS stress.

2.3. The self-assembling process

Before seeding, 5 mm diameter, non-adherent, steril-
ized, agarose (2%weight/volume phosphate-buffered
saline (PBS)) wells were formed and pre-
saturated with chondrogenic medium (DMEM
with GlutaMAX (Gibco); nonessential amino acids
(0.1 mM) (Gibco); 1% insulin, human transfer-
rin, and selenous acid (ITS+; BD Biosciences);
1% PSF; dexamethasone (100 nM) (Sigma-
Aldrich); ascorbate-2-phosphate (50 µg ml−1)
(Sigma-Aldrich); sodium pyruvate (100 µg ml−1)
(Sigma-Aldrich) and L-proline (40 µg ml−1) (Sigma-
Aldrich). In the non-adherent, agarose wells 4
million chondrocytes were seeded to form self-
assembled, scaffold-free, neocartilage constructs;
the constructs were fed 0.5 ml of chondrogenic
medium daily. Once the neocartilage constructs

grew to the edge of the agarose wells (day 7), they
were transferred to the FIS stress stimulation device.
The neocartilage constructs have not been shown
to grow significantly in diameter or thickness dur-
ing culture under FIS. After FIS stress stimulation,
constructs were transferred to a 48-well tissue cul-
ture treated plate and maintained in static culture
with 1 ml of chondrogenic medium exchanged per
day for the remaining culture duration (total culture
time = 28 d). For experimental groups treated with
bioactive factors, TGF-β1 and LOXL2 were used.
TGF-β1 (10 ng ml−1) was applied continuously.
LOXL2 was applied on days 15–28 (0.15 µg ml−1)
(SignalChem) with copper sulfate (1.6 µg ml−1)
(Sigma-Aldrich) and hydroxylysine (0.146 µgml−1)
(Sigma-Aldrich). For human-derived neotissues,
C-ABC (Sigma-Aldrich)(2U ml−1) CHG was
applied for 4 h on day 7.
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2.4. FIS stress device fabrication
The FIS stress device was made by first fabricating
an acrylonitrile butadiene styrene (ABS) negative
mold using the additive manufacturing process of the
open source MakerBot. The ABS negative mold was
sterilized in an autoclave before every use. To create
the FIS stress device, 23 ml of sterilized agarose in
2% weight/volume phosphate-buffered saline (PBS)
was deposited into an 83 mm diameter petri dish.
The ABS negative mold was then placed on top
of the agarose. Once the agarose gelled (15 min),
the ABS negative mold was removed and the res-
ultant FIS stress device remained in the petri dish
(figures 2(a)–(d)). Agarose was used to create the
device because of its cost effectiveness, and in order
avoid rusting that results from using steel in a humid
culture environment. Additionally, agarose is non-
adherent to cells and not a barrier to nutrient dif-
fusion, as opposed to steel or acrylic. To induce FIS
stress, the device was first saturated with chondro-
genic medium through three exchanges of 20 ml of
the medium, then filled with 20 ml of the medium
and placed on an orbital shaker at 25, 50, or 100 RPM.
Because the petri dish is only 100mm in diameter and
a standard orbital shakers, 500× 500 mm, can hold a
single layer of about 20 petri dishes. The petri dishes
may also be stacked, meaning over 20 petri dishes can
be mounted on the shaker at the same time.

2.5. Computation of shear stress in device
The unsteady, free-surface flow inside the device
was modeled by solving three-dimensional Navier–
Stokes equations using the commercial CFD software
ANSYS FLUENT 16.1. Three-dimensional cylindrical
renderings of the neocartilage constructs and the
device were generated using the preprocessor ANSYS
ICEM CFD 16.1. Certain CFD modeling paramet-
ers, including the dimensions of the neocartilage con-
structs, the dimensions of the device, and the orbital
diameter, were held constant as follows: The diameter
of the device was 83 mm with 16 cylindrical con-
structs, each supported and held in place by four
posts. Each neocartilage construct, modeled as a solid
cylinder with a radius of 2.5 mm and a thickness
of 0.7 mm, was supported by four posts that were
1.5 mm thick and 4.8 mm tall, in the positions shown
in figure 2(d). The orbital diameter was set to fit the
standard orbital shaker size of 19 mm. Theoretically,
changes in the parameters that were held constant
for the in vitro portion of this study; such as con-
struct and device size and geometry may alter the
shear stress generated in the device. However, previ-
ous studies have shown that to create a significant dif-
ference in the generated shear stress, the device would
have to double in diameter [21]. Finally, the inde-
pendent variables examined were orbital velocity at
orbital shaker settings of 25, 50, or 100 RPM and an
inner or outer position on the device. An unstruc-
tured mesh of 1 001 750 tetrahedral shaped cells was

applied to the volume. A higher mesh density was
applied to the constructs, versus the bulk region, for
proper resolution.

The volume of fluid (VOF) model was applied to
track the liquid-air interface present in the system.
In the model, both phases sharing the interface
employed a combined set of momentum equations
so that the volume fraction of each fluid in each cell
can be tracked throughout the grid. The two phases
were set with the default properties for air and water.
The initial resting liquid height was set as 4 mm. The
mesh’s orbital motion was specified by a user-defined
function. The three orbital RPMs yielded three separ-
ate cases of FIS stress magnitude; frequency was not
measured because the frequency and magnitude can-
not be controlled independently using this device. A
time step of 0.0001was determined to be necessary for
acceptable convergence. Techniques formodeling and
determining convergence criteria, grid optimization,
and time needed to reach steady state for the transient
solution have been previously described [22–24].

2.6. FIS stress stimulation
FIS stress stimulation was applied to neocartilage
constructs starting at day 7. Five ranges of FIS stress
magnitude were investigated by placing the device on
the orbital shaker at 25, 50, or 100RPM.The FIS stress
device induced a range of 0–0.01 Pa at 25 RPM, ranges
of 0.07–0.15 Pa and 0.05–0.21 Pa at 50 RPM, and
ranges of 0.37–0.70 Pa and 0.25–0.85 Pa at 100 RPM
(figures 3(a)–(c)). FIS stress stimulation durations of
6 d and 12 d were investigated.

2.7. Mechanical testing
A 2.5 mm diameter punch from the center of the
neocartilage constructs was used for creep indenta-
tion testing using an automated indentation appar-
atus [25, 26]. Briefly, a 0.9 mm diameter, flat, porous,
indenter tip was used to apply a 2 g (0.02 N) stepmass
onto the neocartilage construct to reach 10%–15%
strain. The indented neocartilagewas allowed to creep
to equilibrium as described previously [27, 28]. The
aggregate modulus and shear modulus were estim-
ated by analyzing the experimental data using a semi-
analytical, seminumerical, linear biphasic model in
combination with finite element modeling [27].

Tensile testing samples were taken in the shape
of a dog bone, following ASTM D3039 standards,
with a gauge length of 1 mm. Paper was glued to
the construct tabs outside the gauge and gripped by
a mechanical tester (TestResources, Inc.). The con-
struct was pulled apart at 1% of the gauge length
per second (0.01 mm s−1) until failure. Image-J was
used to measure the cross-sectional area, and a stress-
strain curve was generated to yield the tensile Young’s
modulus. The ultimate tensile strength (UTS) was
obtained by measuring the maximum stress on the
curve.
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Figure 2. The fabrication and use of the FIS stress device (a) A 3D-printed acrylic mold was used to form the FIS stress device.
(b) The FIS stress device was made of 2% agarose in a petri dish. A total of 16 constructs were held in place by four posts each.
(c) The constructs were placed in the FIS stress device for 6 or 12 d after 7 d of initial culture, and the device was filled with cell
media. Placing the device on an orbital shaker initiated FIS stress stimulation. (d) The neocartilage constructs sit in the device
surrounded by four agarose posts that hold it in place.

2.8. Biochemical analysis
Samples were weighed, lyophilized for 72 h, weighed
again, and digested in 125 µg ml−1 papain solution
(Sigma), 2 mM N-acetyl cysteine (Sigma), and
2 mM EDTA (Sigma)) in phosphate buffer (50 mM,
pH = 6.5) at 65 ◦C for 18 h. Total DNA was
quantified using PicoGreen dsDNA reagent (Invit-
rogen). Total GAG content was measured using a
Blyscan assay kit from Biocolor, and total collagen
content was quantified using a modified colorimetric
chloramine-T hydroxyproline assay [29]. For the col-
lagen assay, a Sircol collagen standard (Biocolor) was
used to create a standard curve.

2.9. Genomic analysis
mRNA was isolated immediately after FIS stress
stimulation ceased using an RNeasy Kit (Qiagen,
Inc.). mRNA from samples that were not stimu-
lated with FIS stress was also isolated at the same
time as samples stimulated with FIS stress. RNA-
Seq was performed by the UCI Genomics High-
Throughput Facility (GHTF). The RNA Sequencing
libraries used by the UCI GHTF were prepared with
the mRNA-Seq sample preparation kit from Illumina
and sequenced using the Illumina HiSeq 2000. In
total, eight constructs were sequenced (four stimu-
lated with the optimal FIS stress loading, and four
non-stimulated controls). After applying quality con-
trol filters, paired-end libraries were used to perform
differential expression analysis on a Linux platform
using the Hypergeometric Optimization of Motif
EnRichment (HOMER)modules tools suite [30]. The
NIH’s Database for Annotation, Visualization and
Integrated Discovery (DAVID) was used to trans-
late gene identification numbers to genes names, and
Cytoscape was used to perform pathway analysis and
cluster genes of similar function.

RT-PCR was performed on the genes of interest:
IHH, PKD1, and PKD2, which encode for PC1
and PC2, respectively. RT-PCR was performed on
both human and bovine derived neocartilage. Total
RNA was reverse-transcribed using random primers
(Integrated DNA technologies), with GAPDH
primers used to control for cDNA concentration
in separate RT-PCRs for all samples. Primers for
bovine GAPDH, IHH, PKD1, and PKD2, and human
B2 M, IHH, PKD1, and PKD2 were designed using
the Integrated DNA technologies PrimerQuest tool;
they are shown in supplementary table 5 (available
online at stacks.iop.org/BF/12/045010/mmedia). The
specificity of all primers was verified to be 100% with
the NIH’s National Library of Medicine online Nuc-
leotide Blast tool. PerfeCTa SYBR Green SuperMix
fromQuanta Bio was added to each RT-PCR reaction
(plated in triplicate) for a total reaction volume of
25 ul. Ct values were normalized to GAPDH expres-
sion levels to obtain the relative expression of the gene
of interest in comparison to GAPDH in both control
and FIS-stimulated constructs.

2.10. In vivo study
The Institutional Animal Care and Use Commit-
tee (IACUC) of UC Davis approved the use of
12 6–8 week old athymic mice for this study. All
neocartilage constructs were created using the self-
assembling process for 4 weeks, as described above.
After the initial 4 weeks of culture, 24 constructs were
implanted in vivo for an additional 4 weeks, while
six constructs were tested immediately after the initial
4 weeks of in vitro culture. In parallel, six constructs
were left to culture in vitro for an additional 4 weeks
to compare the effects of in vitro incubation vs in vivo
implantation. A 1.5 cm incision was formed on the
dorsal side of the mice under general anesthesia. Two
bilateral punches were created on either side of the
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Figure 3. Computational fluid dynamics (CFD) was used to predict the magnitude of shear stress created in the FIS stress device.
(a) Snapshots of waveforms of the fluid flow created in the FIS stress device at 25 RPM (left) and 100 RPM (right) on the orbital
shaker as predicted by CFD models. (b) CFD modeling of the shear stress distribution in the FIS stress device during stimulation.
At 50 and 100 RPM, constructs placed in the inner circle of the FIS stress device experience a slightly different shear stress
magnitude range than constructs placed in the outer circle. (c) FIS stress experienced by a construct at varying time points of one
orbital shaker cycle.

mice, and a neocartilage construct was placed in each
pouch with no mouse receiving two constructs from
the same group (−FIS Stress/−TL,+FIS Stress/−TL,
+FIS/ + TCL). The investigators were not blinded
to which constructs each mouse received. Following
4 weeks of implantation, mice were sacrificed, and
the constructs were removed for mechanical and bio-
chemical assessment as specified above.

2.11. Statistical analysis
Analysis of variance and Tukey’s post hoc tests were
used to compare biochemical and mechanical data
for multiple group comparisons. Data are presented
as mean + standard deviation. Six constructs were
used per group to determine the optimal FIS stress
stimulation regimen (0.05–0.21 Pa for 12 d). All six

constructs were used for biochemical analysis and
mechanical testing. Five constructs per group were
used in the human neocartilage study to determine
mechanical properties, and four constructs were used
to determine biochemical properties. For RNA-Seq
analysis and RT-PCR verification, four constructs per
groupwere used. Four constructs per groupwere used
in the in vivo animal study.

3. Results

3.1. A FIS stress device generated shear stress
ranging from 0–0.85 Pa on self-assembled
neocartilage
A device capable of inducing FIS stress stimula-
tion on 5 mm diameter, self-assembled neocartilage

6
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constructs was designed (figure 2). CFD model-
ing was employed to relate fluid flow to ranges
of FIS stress magnitudes (figures 3(a)–(c)). The
CFD models predicted that the FIS stress device
could induce a shear stress range of 0–0.01 Pa at
25 RPM, 0.07–0.15 Pa and 0.05–0.21 Pa at 50 RPM,
and 0.37–0.70 Pa and 0.25–0.85 Pa at 100 RPM at
different locations (figure 3(b)). Figure 3(c) shows a
detailed account of the shear stress experienced by
the constructs through time. Each plot represents
the time it takes for one full rotation of the orbital
shaker. The constructs placed in the inner circle of the
FIS stress device experienced slightly different shear
stress magnitude ranges than constructs placed in the
outer circle. By using an orbital shaker to apply FIS
stress, magnitude and frequency of FIS stress load-
ing cannot be studied independently; the frequency of
FIS stress loading increases with increasing FIS stress
magnitude. It was found that the FIS stress device is
capable of imparting shear stress at multiple orders
of magnitude on tissue-engineered constructs. Thus,
we designed, developed, and implemented a device
that successfully applies multiple ranges of FIS stress
to neotissues.

3.2. An optimal range of FIS stress, 0.05-0.21 Pa,
improved the compressive modulus of neocartilage
derived from bovine articular cartilage
chondrocytes by 450%
Of the five ranges of FIS stress magnitude that were
considered in this study, 0.05–0.21 Pa was found
to result in significantly improved construct char-
acteristics. In spite of previous studies indicating
that shear stress might lead to degraded neocartil-
age [1, 19, 20, 31], the aggregate modulus of con-
structs stimulated by 0.05–0.21 Pa of FIS stress
(379 ± 76 kPa) improved to the level of native tis-
sue [32]. Specifically, constructs that were stimu-
lated with FIS stress for 6 d improved by 450%
(p < 0.05) (figure 3(a), supplementary table 1) com-
pared to the aggregate modulus of statically cultured
controls (98± 25 kPa). This makes FIS stress a prom-
ising mechanical loading strategy to produce robust
articular cartilage. Interestingly, other ranges of FIS
stress decreased construct aggregate modulus values;
samples stimulated with 0–0.01 Pa or 0.25–0.85 Pa
yielded aggregate modulus values of 44± 21 kPa and
95± 36 kPa, respectively (figure 4(a), supplementary
table 1). These findings suggest that although some
ranges of shear stress can be harmful to neocartil-
age, self-assembled neocartilage compressive proper-
ties can be improved using a FIS stress magnitude
between 0.05–0.21 Pa (figure 4(a), supplementary
table 1).

Optimization of the duration of an appliedmech-
anical stimulus is necessary for mechanical stimula-
tion studies. We also investigated the duration of FIS
stress stimulation for 12 d at 50 and 100 RPM. A FIS
stress stimulation lasting 12 d at 50 RPM was found

to yield increased tensile properties, with a tensile
Young’s modulus of 1.87 ± 0.59 MPa (p < 0.05, over
unstimulated controls) and ultimate tensile strength
(UTS) of 0.60 ± 0.15 MPa (p < 0.05, over unstim-
ulated controls) (figures 4(b) and (c), supplement-
ary table 1). Thus, we discovered the optimal FIS
stress stimulation regimen to be within the range of
0.05–0.21 Pa implemented for 12 d.

In terms of biochemical properties, glycosa-
minoglycan, collagen, and DNA content were quan-
tified and normalized to dry weight. Glycosa-
minoglycan content was not shown to increase or
decrease in response to FIS stress stimulation for any
of the ranges or durations of shear stress that were
tested. (Supplementary tables 1(a)–(d)) Collagen
content was also not affected by the implementa-
tion of FIS stress stimulation. (Supplementary tables
1(a)–(d)) This suggests that the improvements seen
inmechanical properties are likely due to crosslinking
of fibers. To determine if improvement in mechanical
properties was due to an increase in cell quantities,
cell growth was measured indirectly using a DNA
quantification assay. The DNA/%DW of neocartilage
constructs was not affected by FIS stress stimulation.
(supplementary tables 1(a)–(d))

3.3. FIS stress led to recapitulation of native tissue
fiber density
To verify, visualize, and assess the improvements
in extracellular matrix-level fiber organization stem-
ming from FIS stress stimulation, we employed scan-
ning electron microscopy to look at the surface of
the neocartilage constructs. Fiber density on the con-
structs stimulated with the optimal FIS stress regimen
was significantly higher than in statically cultured
control constructs (figures 5(a) and (b)). Specifically,
the fiber density of FIS stress-stimulated constructs
improved to 88 ± 3% from 61 ± 3% of unstim-
ulated constructs (p < 0.05). FIS stress stimulation
served to increase extracellularmatrix properties and,
ultimately, led to the enhancement of mechanical
properties.

To ensure that the fiber density observed on the
surface of the neocartilage constructs was uniform
throughout the inside of the construct, histological
staining of top-to-bottom cross-sections was per-
formed. Safranin O staining was more pronounced
in neocartilage constructs stimulated with FIS stress,
suggesting an increase in proteoglycan content. Fur-
thermore, the stain was uniform throughout FIS
stress stimulated constructs, which suggests that the
beneficial effects of FIS stress are not localized to the
surface of the neocartilage (figure 5(c)).

3.4. A combination of FIS stress and bioactive
factors generated additive enhancements in
mechanical properties, yielding 1.9- to 3.6-fold
improvements over unstimulated controls
Once the optimal FIS stress loading regimen was
identified, we investigated the effects of FIS stress
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Figure 4. An optimized regimen of FIS stress was found to yield superior mechanical properties of neocartilage. The mechanical
properties, (a) aggregate modulus, (b) Young’s modulus, and (c) ultimate tensile strength, of unstimulated neocartilage or
stimulated with three different ranges of FIS stress. (a)–(c) The position of constructs on the FIS stress device was also
investigated (in vs. out), as well as duration of FIS stress stimulation (6 vs. 12 d) One-way analysis of variance (p < 0.05) was
performed across all groups and letters placed on top of bar graphs indicate statistical significance amongst groups.

stimulation in combination with growth factor
TGF-β1, and matrix cross-linking agent, lysyl oxi-
dase like 2 (LOXL2) [33–35]. These bioactive factors,
alone or in combination, have previously been shown
to enhance tensile and compressive properties in both
scaffold-based and scaffold-free neocartilages [33].
Thus, it was of interest to determine if FIS stress stim-
ulation worked in tandem with bioactive factors to
further enhance neocartilage properties.

When the bioactive factors were used in com-
bination with FIS stress stimulation (0.05–0.21 Pa
for 12 d), both mechanical and biochemical proper-
ties of the neocartilage exhibited additive improve-
ments (supplementary table 2(a). In particular, col-
lagen content of neocartilage stimulated with both
FIS stress and bioactive factors was improved to
24± 2%/DW compared to FIS stress only constructs,
14 ± 2%/DW (p < 0.001), and to bioactive factors
only constructs, 20 ± 3%/DW (p < 0.006). Further-
more, FIS stress in combination with growth factors
resulted in a 35% increase in aggregate modulus
(p < 0.002) and a 56% increase in GAG content over

bioactive factors alone (p < 0.001). Overall, FIS stress
stimulation, combined with bioactive agents, yiel-
ded significant improvements in neocartilage prop-
erties over non-stimulated controls and significant
increases over either form of stimulation alone.

We also assessed the stability of neocartilage prop-
erties in vitro for 8 weeks. We tissue-engineered
constructs using the self-assembling process and
after 7 d of initial culture, applied either FIS stress
(0.05–0.21 Pa for 12 d), FIS stress+ bioactive factors,
or no stimulation. In particular, the mechan-
ical properties of constructs stimulated with FIS
stress+ bioactive factors were improved after 8 weeks
in vitro with a 197% increase in aggregate modu-
lus (p < 0.001), 194% increase in Young’s modu-
lus (p < 0.001), and a 361% improvement in UTS
(p < 0.002) over unstimulated controls (supple-
mentary table 2(b)). The consistent trends of elev-
ated compressive and tensile properties in both
4- and 8-week models were encouraging for the
application of FIS stress+ bioactive factors in in vivo
studies.
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Figure 5. Neocartilage stimulated with FIS stress becomes more fibrous. (a) Scanning electron microscopy images of neocartilage
cultured with or without FIS stress showed an increase in the fiber density of the extracellular matrix of stimulated constructs. (b)
The fiber density of neocartilage as observed via scanning electron microscopy was quantified by processing scanning electron
microscopy images through imagej software. (c) Staining of proteoglycans in neocartilage constructs with a Safranin O stain.

3.5. Implanted neocartilage treated with a
combination of FIS stress and bioactive factors
remodeled in vivo, yielding a 122% increase in
collagen content and 168% increase in Young’s
modulus
We assessed the stability of neocartilage proper-
ties in vivo by performing subcutaneous implanta-
tion of constructs stimulated (1) without FIS stress,
(2) with FIS stress, or (3) with FIS stress + bio-
active factors in athymic mice. The neocartilage
was implanted for 4 weeks after initial in vitro
culture duration of 4 weeks. Compared to those
maintained in vitro, in vivo neocartilage exhibited
significant histological, biochemical, and mechanical
differences (figures 6(a)–(d), supplementary table 3).
Biochemical assays revealed the in vivo remodel-
ing of extracellular matrix toward native tissue val-
ues across all construct groups, but particularly in

neocartilage stimulated with FIS stress + bioactive
factors. For example, constructs stimulated with FIS
stress + bioactive factors exhibited a 122% increase
in collagen content (p < 0.001) and a 30% decrease in
GAG content (p < 0.001) compared to in vitro coun-
terparts. Because the self-assembling process initially
leads to higher GAG content and lower collagen con-
tent than native tissue, increased levels of collagen
content and decreased levels of GAG content after
implantation suggest that the neocartilage is remod-
eling and maturing (figure 6(d)) [8, 36].

The mechanical characteristics of stimulated and
unstimulated implanted tissues improved, suggesting
that neocartilage undergoes in vivo maturation. This
observation is in accordance with previous studies on
implanting neocartilage [7, 34, 37]. In our study, the
tensile Young’s modulus of unstimulated constructs
improved by 168% after implantation (p < 0.002) but
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Figure 6. Neocartilage stimulated with FIS stress and implanted in vivo remodels and matures. Neocartilage was cultured in vitro
for an initial 4 weeks and then either implanted for an additional 4 weeks or kept in vitro for an additional 4 weeks. Mechanical
testing of neocartilage showed that both tensile and compressive characteristics either improved or remained the same after in
vivo implantation. (a) Aggregate modulus, (b) Young’s modulus, (c) ultimate tensile strength (UTS). The biochemical properties
of neocartilage showed that it remodels and matures in vivo. (d) Collagen content, (e) glycosaminoglycan (GAG) content. (a)–(e)
Lower-case letters placed on top of bar graphs indicate statistical significance amongst in vivo groups (one-way analysis of
variance). Capital letters placed on top of bar graphs indicate statistical significance amongst in vitro groups (one-way analysis of
variance). Line on top of bars denotes differences between in vivo and in vitro constructs (student’s t-test; p < 0.05). (f)
Histological staining for collagen and GAG organization showed that after implantation, a more uniform distribution of collagen
content was present, GAG density appeared more similar to native tissue, and chondrocytes were organized in a columnar
fashion. All of these characteristics are reminiscent of native tissue.

did not surpass the Young’s modulus of implanted,
treated groups. The UTS of control neocartilage and
neocartilage stimulated with FIS stress improved after
implantation, while the neocartilage stimulated with
both FIS and bioactive factors did not significantly
change after implantation. The histology showed that
the in vivo environment induced cellular organiza-
tion andmorphology changes in all construct groups;
after implantation, chondrocytes oriented themselves
in a columnar fashion and exhibited pronounced
lacunae (figure 6(f)). Collectively, these data show
that the subcutaneous implantation of neocartilage
constructs not onlymaintains and enhances the prop-
erties of neocartilage stimulated with FIS stress and
FIS stress + bioactive factors toward those of native
articular cartilage, but also results in neocartilage

constructs that are morphologically reminiscent of
native articular cartilage.

3.6. Human neocartilage, stimulated with FIS
stress, increased mechanical properties by
72%–201% over unstimulated controls

The ultimate goal of tissue engineering is to create
tissues for use in human implantation, but improve-
ments seen with bovine cells do not necessarily
translate to passaged human chondrocytes. Further-
more, there are few studies, if any, where shear
stress has been used to engineer human articular
cartilage. When creating human neocartilage, bio-
active factors, TGF-β1, LOXL2, and C-ABC, were
used successfully during tissue culture [15]. It was,
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Figure 7. The mechanical properties of human neocartilage constructs stimulated with the optimized FIS stress regimen were
improved over controls. The following properties of neocartilage constructs were tested and compared (student’s t-test, p < 0.05):
(a) Aggregate modulus, (b) shear modulus, (c) Young’s modulus, and (d) ultimate tensile strength (UTS).

thus, of interest to determine if FIS stress stimula-
tion would synergize with these bioactive factors to
produce human neocartilage. Articular chondrocytes
were harvested, expanded up to passage three, redif-
ferentiated with aggregate culture, and both groups
were placed into self-assembly with the addition of
bioactive factors [15]. Neocartilage constructs were
then separated into two groups, with or without FIS
stress stimulation.

As in our bovine studies, the human neocartil-
age treated with FIS stress improved in mechanical
functionality. In terms of compressive properties, the
addition of FIS stress during tissue engineering yiel-
ded an aggregate modulus 72% larger (p < 0.008)
and a shear modulus 66% larger (p < 0.05) than con-
trols (figures 7(a) and (b), supplementary table 4).
FIS stress improved the tensile Young’s modulus by
201% (p < 0.02) and the UTS by 122% (p < 0.008)
over controls (figures 7(c) and (d), supplement-
ary table 4). Although bovine neocartilage display
much higher compressive properties than those of
human neocartilage, these data are consistent with
previous mechanical stimulation strategies applied to
human neocartilage [13], and illustrate the potential
of using FIS stress in engineering human neocartil-
age. Optimization of a FIS stress regimen is an effect-
ive method to drive human neocartilage toward nat-
ive characteristics.

3.7. FIS stress stimulation upregulated genes
encoding a mechanosensitive complex of primary
cilia
Toward elucidating the mechanism behind the
improved properties of neocartilage stimulated with
FIS stress, we performed RNA-Seq to capture genes
that may be responsible. We hypothesized that FIS
stress-induced improvements might not only be a
result of increased nutrient perfusion and transport of
waste, but also the result of complex cellular signaling
events and matrix remodeling initiated by mechan-
otransduction. RNA-Seq and subsequent differential
expression analysis revealed the upregulation of 694
genes and the downregulation of 613 genes in FIS
stress-stimulated neocartilage compared to unstimu-
lated controls (figure 8(a)). Using the NIH’s DAVID
and Cytoscape to analyze the data obtained from
RNA-Seq, we determined the major gene categor-
ies that appeared modified in response to FIS stress
stimulation. These include mechano-regulated ion
channels and complexes found on the primary cilia
of cells, growth factors, extracellular matrix organ-
ization proteins, and extracellular matrix assembly
proteins (supplementary figure 1).

From the genes that were shown to be altered
by FIS stress using RNA-Seq, of particular interest
was the upregulation of polycystin 1 (PC1) and
2 (PC2), which are encoded by PKD1 and PKD2
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Figure 8. The modes of action of FIS stress. (a) A volcano plot generated from RNA-Seq and differential expression analysis is
shown. Genes that were found to be upregulated in FIS stress-stimulated constructs are in red, and downregulated genes are in
blue. Only genes that were found to have higher than a 2-fold change difference and a p-value < 0.05 are shown. (b) The relative
expressions of genes of interest IHH, PKD1, and PKD2 to the housekeeping gene are shown for control and FIS stress-stimulated
constructs (Student’s t-test, p < 0.05, ∗ shows significance for bovine, ∧ shows significance for human). (c) A schematic showing
how FIS stress leads to robust neocartilage. When FIS stress is applied to the construct, the primary cilia of chondrocytes are
perturbed and the PC1/2 complex is opened, allowing the influx of Ca2+ ions and an increase in IHH signaling. This leads to a
cascade of signaling events that initiate extracellular matrix synthesis and remodeling which result in mechanically robust
neocartilage constructs.

respectively, to form an ion-gated complex. RNA-Seq
data were confirmed by RT-PCR for both bovine-
derived and human-derived neocartilage constructs.
We found that PKD1 and PKD2 were significantly
upregulated in both bovine and human neocartil-
age stimulated with FIS stress (figure 8(b)). This
suggests that FIS stress induces the formation of
more PC1/2 complexes on primary cilia, leading to
increased sensitivity to fluid flow. Primary cilia are
known to be necessary modulators of Indian Hedge-
hog (IHH) signaling in chondrocytes and other cell
types [38, 39]. In chondrocytes, IHH is salient in
regulating developmental features such as prolifera-
tion and maturation [40]. Therefore, we also invest-
igated and verified the upregulation of IHH expres-
sion in the bovine-derived neocartilage constructs via

RT-PCR (figure 8(b)). The activation of the PC1/2
complexes by fluid flow perturbation would result
in a greater influx of Ca2+ ions, than unstimulated
chondrocytes [41, 42], initiating a cascade of upregu-
lated extracellular matrix producing and remodeling
genes and proteins in chondrocytes [43–45], leading
to the formation of mechanically robust neocartilage
(figure 8(c)).

4. Discussion

In this series of six studies, we investigated the use
of FIS stress to enhance the formation of tissue-
engineered cartilage using the self-assembling pro-
cess. In the first study, we designed a FIS stress
device and performed CFD to predict the ranges
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of FIS stress produced in the device. We determ-
ined that the FIS stress device could impart sep-
arate ranges of shear stress on the neocartilage
constructs, spanning multiple orders of magnitude:
0–0.01 Pa, 0.07–0.15 Pa, 0.05–0.21 Pa, 0.37–0.70 Pa,
and 0.25–0.85 Pa. For our second study, we found
that neocartilage benefits from an optimal FIS stress
of 0.05–0.21 Pa, improving mechanical and bio-
chemical properties over control groups as well as
other shear stress experimental groups. In the third
study, we carried on the use of the optimal FIS
stress loading conditions and combined with bio-
active agents to yield additive improvements on the
biochemical and mechanical properties of neocartil-
age. In the fourth study, we implanted the neocartil-
age constructs in athymic mice and found that they
remodeled andmatured in vivo toward native charac-
teristics. In the fifth study, we successfully translated
the optimal FIS stress stimulation loading condi-
tions to human cartilage tissue culture. Finally, in the
sixth study, we elucidated a complex on the primary
cilia of both human and bovine chondrocytes that
is sensitive to fluid flow and may be responsible for
the observed improvements. This work is signific-
ant because it presents a comprehensive examination
of how FIS stress improves neocartilage formation
based on mechanotransduction through the primary
cilia. Importantly, we showed that the magnitude of
the applied FIS stress can be tuned to elicit large
improvements in mechanical, structural, and bio-
chemical properties of tissue-engineered constructs.

There is a lack of clarity on the effects of FIS
stress on tissues. On one hand, fluid flow is known
to increase nutrient perfusion and waste transport
which is conducive to cellular health [46]. However,
with fluid flow comes FIS stress, which at high mag-
nitudes may lead to pathologic tissue states in some
cell types. For example in human chondrocytes, high-
shear environments have been shown to cause apop-
tosis and increases in proinflammatory factors [5, 47].
Juxtaposed against these results, cartilage tissue cul-
ture that includes a shear stress regimen has been
shown to lower coefficient of friction [17, 18]. Our
work here shows that, during cartilage tissue culture,
shear stress can be harmful at high shear stress levels
(>0.21 Pa), and beneficial for mechanical and bio-
chemical properties within the range of 0.05–0.21 Pa.
This is in accordance with other tissue types such as
vascular tissue, where shear stress less than 0.5 Pa is
conducive to angiogenesis [46], but at 20 Pa, it leads
to atherosclerosis [48]. This supports the hypothesis
that the shear stress magnitude implemented during
tissue culture can be optimized to provide improve-
ments in neotissue properties.

When culturing neotissues and cells under
physiologically relevant mechanical cues, it should
be noted that native cells experience different mag-
nitudes of mechanical stress compared to the sur-
rounding tissue matrix. For native articular cartilage

of the knee, biphasic models incorporating finite ele-
ment analysis of interstitial fluid flux around chon-
drocytes show that the extracellular matrix exper-
iences peak shear stresses of 55 kPa due to tissue
deformation under physiological conditions. How-
ever, the chondrocytes dwelling in the tissue, which
are protected by the pericellular and extracellular
matrices, experience FIS stress at around 0.065 Pa
[49]. The shear stress experienced by native articular
chondrocytes of the knee is comparable to the range
of FIS stress foundhere to produce themost improved
neocartilage constructs (0.05–0.21 Pa), thus provid-
ing indirect validation of the computational model
[49]. The self-assembled neocartilage constructs used
in the studies presented are dense with chondrocytes
in comparison to native articular cartilage and are
not as well shielded by a collagenous matrix from FIS
stress. Therefore, we believe that the chondrocytes
residing in the self-assembled neocartilage are exper-
iencing similar shear stress magnitudes as they would
in a native environment.

Histological staining showed that the fiber density
of the neocartilage stimulated with FIS stress is uni-
form throughout. Because only the chondrocytes on
the surface of the neocartilage constructs are exposed
to the FIS stress imparted by the device, it is pos-
sible that the chondrocytes within the neocartilage are
experiencing paracrine effects. Further experiments
need to be performed under well-controlled shear
regiments to fully understand the effects of parac-
rine signaling and to differentiate them frommechan-
otransduction. Additionally, it is possible that the
improvements in neocartilage constructs stimulated
with FIS stress may be partly attributed to increased
nutrient diffusion and oxygen distribution. Previous
studies have explored the use of spinner flasks and
have found that neocartilage that remained in fluid
flow for 6 weeks was inferior in terms of glycosa-
minoglycan content and collagen content when com-
pared to neocartilage that experienced fluid flow for
2weeks of culture [50]. A separate study showed that a
continuous fluid flow applied on neocartilage for 3 d
increased collagen type II deposition [18]. Interest-
ingly, the shear stress applied in the previous study,
0.1 Pa, is on the same order of magnitude as the
optimal FIS stress found here, 0.05–0.21 Pa. These
studies further support the hypothesis that an optimal
shear stress magnitude is important for the successful
application of FIS stress on neotissues.

For other forms of mechanical stimulation on
chondrocytes, mechanotransduction pathways, such
as TRPV4 activation in tension, have been implic-
ated [13]. To this list we now add the activation of
the mechanically gated complex PC1/2 via FIS stress.
In osteoblasts and osteocytes, this mechanically gated
complex allows for fluid flow-induced influx of Ca2+

ions [51]. For chondrocytes, it has been shown that
the PC1/2 complex is involved in mechanotransdu-
cing compressive forces [14]. Because chondrocyte
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cilia have been previously observed [14, 51], and
because genomic data suggest that the PC1/2 com-
plex exists on chondrocyte primary cilia [39, 42, 51],
our findings add to this body of work in implicat-
ing the PC1/2 complex in mechanotransducing FIS
stress in chondrocytes as well. Although further study,
such as antagonizing primary cilia to show loss or gain
of function, is necessary to fully confirm FIS stress
modes of action on chondrocytes, this series of studies
showed that shear stress stimulation acts via mechan-
otransduction to increase extracellular matrix con-
tent and to enhance mechanical properties.

In vivo, FIS stress-stimulated constructs were
shown to outperform statically cultured constructs.
There is a dearth of studies examining in vivo func-
tionality of constructs stimulated with either dir-
ect shear stress or FIS stress [12]. In vitro studies
show that direct shear stress enhances in vitro integ-
ration [52], as well as reduced friction coefficients
[53]. Our work using FIS stress showed its super-
ior ability in cartilage to effect remodeling and mat-
uration that carry over to the in vivo environment.
These effects were manifested in increases in collagen
content, chondrocyte organization, and pronounced
lacunae of FIS stress-stimulated constructs. Although
orthotopic in vivo implantation studies are neces-
sary as a next step to validate functional superiority,
this series of studies yielded promising results for the
translational potential of neocartilage stimulatedwith
FIS stress.

Here, we reported the design and use of a shear-
loading device that successfully applies fluid flow-
induced shear stress to tissue-engineer cartilage with
enhanced compressive, shear, tensile, structural, and
biochemical properties. The device, capable of indu-
cing FIS stresses spanning 0–0.85 Pa, is potentially
suitable for both scaffold-based and scaffold-free
culture of neotissues, including tissue engineered
bone, muscle, tendon, ligament, and fibrocartilage.
For articular cartilage tissue engineering, we identi-
fied a FIS stress range, 0.05–0.21 Pa, that improves
mechanical properties by 1.9- to 3.6-fold via a
primary cilia-based mechanosensitive complex. To
implement this strategy for other tissue types in the
future, one must identify optimal loading paramet-
ers for specific tissue culture conditions, including
the use of scaffolds. In self-assembled neocartilage,
this series of studies showed that the optimized
regimen of FIS stress alone yields large enhance-
ments in neocartilage properties. When a cocktail
of bioactive agents was combined with FIS stress,
further additive improvements in both mechanical
and biochemical characteristics of neocartilage were
noted. Toward translating these findings to human
neocartilage, human articular chondrocytes exposed
to FIS stress responded in a robust manner res-
ulting in the formation of appropriately stiff and
strong tissue-engineered cartilage, increasing mech-
anical properties by 0.7- to 2-fold. Together, these

data demonstrated the beneficial contribution of FIS
stress to neocartilage tissue culture.
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