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ABSTRACT

The leading cause of disability of all ages worldwide is severe lower back pain. To address this untreated epidemic, further investigation is
needed into the leading cause of back pain, intervertebral disc degeneration. In particular, microphysiological systems modeling critical
tissues in a degenerative disc, like the annulus fibrosus (AF), are needed to investigate the effects of complex multiaxial strains on AF cells.
By replicating these mechanobiological effects unique to the AF that are not yet understood, we can advance therapies for early-stage degen-
eration at the cellular level. To this end, we designed, fabricated, and collected proof-of-concept data for a novel microphysiological device
called the flexing annulus-on-a-chip (AoC). We used computational models and experimental measurements to characterize the device’s
ability to mimic complex physiologically relevant strains. As a result, these strains proved to be controllable, multi-directional, and uni-
formly distributed with magnitudes ranging from �10% to 12% in the axial, radial, and circumferential directions, which differ greatly from
applied strains possible in uniaxial devices. Furthermore, after withstanding accelerated life testing (66 K cycles of 10% strain) and main-
taining 2000 bovine AF cells without loading for more than three weeks the AoC proved capable of long-term cell culture. Additionally,
after strain (3.5% strain for 75 cycles at 0.5 Hz) was applied to a monolayer of AF cells in the AoC, a population remained adhered to the
channel with spread morphology. The AoC can also be tailored for other annular structures in the body such as cardiovascular vessels, lym-
phatic vessels, and the cervix.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0103141

I. INTRODUCTION

Severe lower back pain is the leading cause of disability world-
wide. In the United States, lower back pain affects 70%–80% of
Americans1–3 and costs $100 × 109 annually;4 yet, long-term treat-
ment for lower back pain has been limited.5 Of those patients with
chronic lower back pain, 40% have internal disc disruption (IDD)
or damage to the intervertebral disc as part of early disc degenera-
tion.6 Thus, to address the back pain epidemic, further investigation
is needed into IDD and related intervertebral disc degeneration.

IDD is marked by radial fissures in the annulus fibrosus
(AF), which is critical to spine health and function. The AF con-
strains the nucleus pulposus (NP), increasing intradiscal pressure,
which allows the disc to withstand large compressive loads. Tears
or fissures to the AF greatly increase internal strains. With addi-
tional loading, these tears are at risk of propagating further
through the AF and triggering degenerative tissue remodeling.6–14

Moderate and severe degeneration has been noted with a decrease
in disc height and water content and increased tissue fibrosis.15,16

These changes lead to even greater AF strains and annular fis-
sures, inducing the self-perpetuating degenerative cascade.12,17–23

The cause of IDD and the degenerative cascade is not well
understood due to its multifactorial etiology stemming from both
genetics and lifestyle. However, studies have recently pointed
to cell-mediated, mechanobiological signaling as a potential
initiator.24,25 Therefore, cell-based experiments that model the
complex strains specific to the disc are necessary to elucidate
the role of disc mechanobiology in the degenerative cascade,
thereby enabling drug development for lower back pain or tissue
regeneration.

To this end, multiple 2D and 3D cell-straining studies have
been conducted to characterize differences in cell signaling between
normal and degenerated AF cells.24–26 2D studies impart uniaxial
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tensile loads on monolayers of AF cells and monitor cellular
structure, adhesion, and inflammatory response.21,27–29 Efforts to
investigate the effects of compressive loads in 3D microenviron-
ments have focused on culturing AF cells in cell-laden gels, bioreac-
tors, or hydrostatic pressure chambers before analyzing activity due
to static or cyclic compression.26 For each of these 2D and 3D
studies, loading magnitude, type, and frequency are controlled,
but only applied uniaxially either in compression or in tension.
Microphysiological systems, or organ-chips, can model disease pro-
gression and repair. They can also apply more complex in situ
loading modalities as demonstrated with the strain gradient genera-
tor for hydrogels created by Hsieh et al.30 However, the miniaturi-
zation of AF complex strains in a microphysiological system has yet
to be engineered academically or commercially, despite its relevance
in disc degeneration.31–33

While conventional cell stretching studies offer the ability to
isolate cell response from applied strain, the applied strains have
limited physiological relevance given their over simplified configu-
ration (e.g., uniaxial loading). Tissue-, or organ-culture models
promise more physiologically relevant strains, but these approaches
are complex and linking the multiaxial loading conditions to corre-
sponding cell responses within a single tissue (e.g., AF within disc
organ culture) is challenging. Understanding the link between disc
mechanics and cell responses could allow for a more targeted
strategy to address in situ disease initiation and propagation at the
cellular level. Specifically, uncovering the distinctive cellular effects
between uniaxial and multiaxial loading types is important because

it separates the unique contributions from both loading modalities
to mechanobiological factors that potentially initiate the degenera-
tive cascade. Therefore, there is a need for a more complete system
that can isolate specific cell responses to loading conditions while
maintaining physiological relevance.

Therefore, the objective for this study is to present a micro-
physiological tool that can investigate the effects of physiologically
relevant stretching of AF cells in 2D and 3D cultures. To achieve
this goal, we designed, fabricated, and conducted initial testing of a
flexing organ-chip that can apply either uniaxial or multiaxial stretch-
ing to AF cells secured within a single chamber [Figs. 1(a)–1(c)]. We
developed our platform to mimic loading conditions applied to AF
cells in situ by recapitulating proportional strains in the axial, radial,
and circumferential directions [Fig. 1(d)]. In this proof-of-concept
study, we provide preliminary experimental and computational data
to demonstrate feasibility of our system, the flexing annulus-on-a-chip
(AoC).

The novelty of the AoC lies in the highly physiologically rele-
vant 3D strain made possible by bending an embedded chamber
of cells, which better matches observed in situ strains in the AF.33

This unique strain field integrated into a microfluidic platform sat-
isfies an unmet need in intervertebral disc research,34 which will
enable new avenues for studying disease progression and regenera-
tion. By combining the capabilities of a microphysiological system
with the mechanical stimulus of an animal model, the AoC
impacts intervertebral disc research by providing an improved
research tool to study therapies for disc degeneration, which cannot

FIG. 1. (a) The AoC bent by hand to demonstrate the process of applying strain through device deformation. Blue markings in the channel are for reference only. Scale
bar: 4 mm. (b) Schematic and dimensions of the AoC including the embedded channel. (c) Schematic showing the process of applying strain to cells in the channel by
bending while the channel is imaged from below with an inverted microscope. (d) Schematic of vertebra and disc with positive axial, radial, and circumferential (or hoop)
directions labeled. (e) When the posterior AF is under combined flexion, compression, and axial rotation, it assumes a state of strain where the axial and radial strains are
inversely proportional and the circumferential strains are minimal and variable in comparison. This strain condition was replicated in the AoC channel when the device is
flexed.
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be studied to the same extent in conventional cell stretching
devices. In this manuscript, we focus on highlighting the design
work, the impactful intervertebral disc application, and the prelimi-
nary biological study behind the novel contribution of the device—
complex loading that is physiologically relevant to the AF.

II. RESULTS AND DISCUSSION

A. AF physiological strain analysis to design the
annulus-on-a-chip

Strains applied to the intervertebral disc are translated to the
AF and NP.7 Degeneration reduces internal pressure from the NP,
increasing the magnitude of AF strains and the prevalence of
tears.35,36 When designing the AoC, we chose to replicate strains in
a degenerated posterior AF12 because of its susceptibility to tearing
and initiating IDD.6

Much of the literature on AF mechanics has focused on uniaxial
tissue stretching,35–37 which applies large tensile strains in one direc-
tion and unconstrained contractile strains in the transverse directions
due to the cell’s Poisson’s ratio. In contrast, in situ loading with addi-
tional boundary conditions results in more complex constraints that
may increase the risk of AF tissue failure.38,39 For example, under
combined flexion, compression, and axial rotation, the posterior AF
experiences inversely proportional tensile and contractile strains with
low and variable circumferential strains.32,36,38 By considering the
strains on an “engineering element” within the posterior AF we can
consider different strain ratios with respect to the orientation com-
monly used for the disc [e.g., axial:radial or circumferential:radial
strain ratios; Fig. 1(e)]. These strain ratios make it possible to trans-
late from whole disc loading of all types on one scale to strain on the
smaller scale in the AF.

To create a target for strain orientation and proportionality
for the AoC, we analyzed results from Amin et al.,32 which evalu-
ated axial, radial, and circumferential strains during the cyclic
application of combined flexion, compression, and axial rotation
on 12 degenerated discs (Pfirrmann grades II-III). We integrated
the contributions from each strain direction by calculating strain
ratios (axial:radial and circumferential:radial) across these discs at
20 000 cycles. The means and standard deviations were calculated
from ratios of averaged strains to provide a physiological relevant
strain window for the posterior AF. Circumferential:radial and
axial:radial ratios were 0:05+ 0:35 and �0:95+ 1:17, respectively.
The large standard deviations compared to the mean are due to the
variation in circumferential strain directionality and not from varia-
tion in axial or radial strains. Ultimately, the AoC strain ratios were
designed to fit within this physiologically relevant window by lever-
aging bending mechanics.

B. Device design and development

Several microfluidic devices have been developed which apply
complex strains to cells that are viewable under brightfield micro-
scopes.34,40 While these devices do not replicate the complex
strains needed for the AF, their designs were referenced in the
development of the AoC.

A device created by Hsieh et al. in 2014, for example, applies
complex strains to annular hydrogel structures using unconfined

compression.30 Concentric rings of hydrogel structures enable a
gradient of complex strains. Compression is applied statically for
simplicity. In 2019, Lee et al. also used unconfined compression on
hydrogel structures but added dynamic loading to the device.41

Arranged in an array, these hydrogel structures are cylindrical and
can receive various magnitudes of compressive strains. The same
year, another form of dynamic complex strain was developed on a
cartilage-on-a-chip device by Occhetta et al.42 This example uses
rectangular posts along a 300 μm wide culture chamber to apply
confined hyperphysiological compression. The culture chamber
enables uniformity of applied strain by minimizing gradients as
compared to the unconfined cylindrical structures.

Upon analysis of these existing microfluidic devices which
apply complex strain, overarching design requirements for the AoC
were established. The AoC needs a confined chamber like the
cartilage-on-a-chip but one subject to bending to accomplish
uniform physiological relevant strain. Like previous devices, the AoC
also needs to be observable at all times during loading under a bright
field microscope. Unlike previous devices, the AoC needs to be oper-
ational with or without a hydrogel to enable various types of model-
ing. Additionally, the AoC needs to be simple in both design and in
operation to allow for the easy adoption of existing protocols per-
formed on other microfluidic organ-chip platforms with small
amounts of tissue, such as running polymerase chain reaction-
enzyme-linked immunosorbent assays (PCR-ELISA),
microscale Western blotting, or immunofluorescence imaging neces-
sary for future biological work.

To satisfy these design requirements, the AoC became a
deformable, optically clear, mechanically actuated organ-chip device
that applies strains to cells through bending [Figs. 1(a)–1(c)]. The
device was made of elastomeric polydimethylsiloxane (PDMS) with a
300� 50 μm2 channel created using standard soft lithography
methods (further described in Sec. IV A).

The AF consists of alternating layers of fiber-reinforced
tissue called lamellae. The 300 μm channel width was chosen to
approximate the width of one lamellae (average lamellae
thickness¼ 420 μm+ 60 μm in adults 53–76 years old).43 The
channel height (50 μm) was selected to be several times greater than
the diameter of an AF cell (�20 μm). As a result, cells have access to
media and can be distributed along the channel length as they flow
unobstructed. Meanwhile, the ratio of channel width to height was
kept small (6:1) to limit the possibility of channel collapse during
manufacturing and testing. FE simulations later showed a 6%
decrease in mean channel height at the chip’s maximum flexion state
(Fig. S1A in the supplementary material), indicative of no channel
collapse (Fig. S1B in the supplementary material).

Lastly, the channel length was chosen to be the longest possi-
ble to accommodate the greatest number of cells, minimize differ-
ences in strain along its length and fall within known lengths for
nutrient diffusion in the AF. The AF relies on diffusion of nutrients
and waste primarily through the disc’s cartilaginous endplates
given limited peripheral vasculature reaching only the outermost
AF lamellae. Diffusion across the endplate alone results in a dis-
tance of at least 7–8 mm44 with greater diffusion lengths by the
time AF cells at the midheight of the AF are reached.15 A half
channel length of 8.5 mm, or 8.5 mm from the nearest port, falls
within this physiological length for diffusion.
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In total, the channel recapitulates a subunit of the AF at a
much smaller scale than the whole disc. To account for this smaller
scale, in situ whole disc loading, which includes a combination of
axial and rotational loads, was converted to the multiaxial strains of
different ratios (circumferential:radial and axial:radial) to be
applied on the channel.

The device applied scalable and uniform strains on the
channel when it was flexed over a rigid cylinder or barrel structure.
The design of the cylinder and device thickness were made
such that the axial, radial, and circumferential (or hoop) strains
[Fig. 1(d)] were scaled to match physiological levels for the outer
AF by repositioning the location of channel through the thickness
of the PDMS device. In this design, radial and axial strains corre-
spond to strains in the x- and y-directions, respectively [Fig. 1(e)].
For proof-of-concept testing, we kept the radius of curvature for
the barrel constant and adjusted the location of the channel in the
device to match strains observed in the posterior AF of degenerated
discs. In the future, manufacturing could be simplified such that
the channel location remains fixed while the extent of device
bending dictates the applied strain.

Device flexing was achieved by powering servo motors that
lifted the device’s edges while keeping the channel in the focal
plane of the microscope [Figs. 2(a) and 2(b)]. During device devel-
opment, the applied strain due to flexion was approximated using
beam theory. Tensile radial strain (ϵx) was approximated using the
device thickness (t), barrel radius of curvature (r), and the distance
between the channel and the neutral axis (yc), which was assumed
to be equivalent to the centroidal axis [Fig. 2(c)]. Thus, the applied
radial strain increased linearly by moving the channel further from
the neutral axis (along the negative y-direction) or by decreasing
the radius of curvature, ρ,

ϵx ¼ yc
ρ
¼ yc

r þ t
2

:

Lastly, long-term device durability against cyclic loading was
assessed. We applied 10% strain at 0.5 Hz for 66 K cycles to repre-
sent a week-long cell based study. Cycle count was selected based

on daily activity. Rohlmann et al. measured a daily median of 4400
spine movements (most often in flexion) or � 30 K movements
each week.45 To ensure that the AoC could withstand this week’s
worth of loading cycles, an accelerated life test was performed for
more than 2� the expected weekly loading cycles (66 K). Visual
inspection of the AoC following accelerated life testing showed that
the device was durable enough to withstand long-term cell-stretching
studies and showed no signs of wear or fracture. The packing tape
connecting the device to plastic cylinders connected to the servo
motors exhibited subtle wear, but no signs of fracture. Servo motors
and the apparatus to anchor each component remained intact.

C. Comparing measured device strains to in situ
physiological strains in the AF

To confirm that the AoC could recapitulate the complex
strains within the posterior AF, we compared measured device
strain ratios to those found in Amin et al.32 To this end, two sets of
five devices were fabricated using the first-order beam theory
approximation (see Sec. IV C ). While the device could be designed
for higher peak strains (15%–20%) as seen in other cell
studies,26–28,46 initial device characterization and stretching process
development was limited to 5%–10% strain based on the moderate
to high physiological loading within the AF.26 Measured applied
strains in the x-direction were 7:4+ 0:8% and 11:9+ 1:5%, respec-
tively. The relatively low standard deviation in the strains indicated
that the device fabrication and loading was repeatable and robust.

As expected, measured strains were consistently higher than
the first-order approximation. This suggested that a more compre-
hensive 3D computational model was needed to describe strain
fields within the device. Additionally, this model could be used to
determine axial and circumferential strains (see Sec. IV D), which
are difficult to measure experimentally.

After modeling the 3D strain magnitude and orientation in
the AoC, we calculated strain ratios within the channel to compare
to the ratios in posterior AF tissue from degenerated human
lumbar bone-disc-bone motion segments under flexion in situ
(Table I). The standard deviations within the AoC’s ratios are due

FIG. 2. (a) Exploded view of the experimental setup in SOLIDWORKS (overall dimensions: 15� 15� 4:4 cm3). (b) Representative image of the experimental setup. The
AoC was held between a 3D printed barrel structure and a 1 mm thick glass slide placed on top of the microscope stage for imaging. Micropipet tips with equal volumes of
cell culture media were plugged into ports at either end of the channel. A polypropylene “packing” tape was used to connect the device to servo motor horns and apply
cyclic force on the device. As the servo horns rotated upward in tandem, the tape pulled tight, forcing the device to conform to the 3D printed barrel structure. Scale bar:
4 mm. (c) Cross section of the AoC with the relevant dimensions to compute the tensile strain, ϵx , in the channel.
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to the variation along the length of the device channel. We consid-
ered the AoC as physiologically relevant since the circumferential:
radial and the axial:radial ratios fit within the window of posterior
AF ratios. Strain ratios for a conventional PDMS uniaxial cell
stretcher were included to illustrate how physiological relevant
loads cannot be achieved with a traditional cell stretching method
that relies on the Poisson’s effect of PDMS.

D. Modeling device strains with finite element
simulation

While strains in the channel were measured optically in one
direction (radial), a finite element (FE) analysis was used to verify

strain uniformity along the channel and assess strains in the other
two directions. FE models were also used to assess strain heteroge-
neity, which can be used to alter the channel design for maximizing
channel size and cell count. We developed models of three device
configurations, with target strains of 0%, 5%, and 10% to validate
our uniaxial strain measurements and establish the relationship
between target strains throughout the bending cycle. We visualized
the models’ strain in the x-direction [Fig. 3(a)], which was consid-
ered to be the “radial strain” with respect to orientation in the AF
[Fig. 1(e)]. Strains in the y- and z-directions correspond to axial and
circumferential strains, respectively, and are labeled accordingly.

The FE results aligned well with our one-dimensional strain
measurements taken under brightfield microscopy [Fig. 3(b)].
We then selected the “high strain” model (10% target) and varied
the bending angle to achieve specific strain magnitudes within the
channel. We defined the bending angle as being the angle from
beneath the device to its outer edge with respect to the horizontal
plane [Fig. 3(c), inset]. For 5% and 10% target strain, the model
informed us to apply a bending angle of 9.8� and 19.2�, respectively
[Fig. 3(c)]. Moreover, due to the linear relationship between strain
and bending angle below 20�, we can apply controlled loading
sequences of varying strains without varying the channel position.
For example, we can alternate between 5% and 10% strain for each
consecutive cycle or provide a 5% strain for 100 cycles before

TABLE I. Comparison of strain ratios in the posterior AF within bone-disc-bone
segments under flexion, the AoC, and commercial uniaxial cell stretchers.

Circumferential:radial Axial:radial

Posterior AF 0.05 ± 0.3532 −0.95 ± 1.1732

Annulus-on-a-chip −0.0025 ± 0.07 −0.77 ± 0.06
Uniaxial cell stretchera n/a −0.55 to −0.447

aSTREX Cell (Strex Inc.).

FIG. 3. (a) Quarter symmetrical color map of strain in the x-direction (radial strain) under maximum flexion. (b) Experimentally measured strains (open symbols) are
plotted against the beam theory estimation (solid line) and the FE model (dashed line). Based on the model, the centroidal axis was offset from the neutral axis by 0.2 mm
(difference in the intersection at the x axis). (c) Components of 3D strains, including radial, circumferential (circ.), and axial strains, are plotted for the element at the mid-
point of the channel as the device is flexed from a flat starting position to a maximum angle based on the curvature of the barrel. Tensile and compressive strains were
positive and negative, respectively. Radial, axial, and circ. strains correspond to x, y, and z strains. (d) Strains plotted along the channel demonstrated uniformity in the
strain fields applied throughout the channel. Data are presented only for half of the channel due to symmetry. (e) Axial:radial and circumferential:radial strain ratios for the
AoC were plotted along the length of the channel.
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transitioning to applying a 10% strain for 100 cycles, and so on.
The applied strain began to taper at 20�, which was due to the
radius of curvature for the 3D printed barrel. For subsequent
loading sequences, we utilized results from the model to modify
the servo motor control sequence to ensure that the device applied
10% strain.

The model provided insights into strain uniformity along the
channel length. We observed a change in strain and strain ratios
toward the ends of the channel [Figs. 3(d) and 3(e)]. These changes
are likely due to the tendency of the device to bend into a hyper-
bolic paraboloid shape, imposing a unique strain distribution that
cannot be estimated with the pure beam bending assumption.
The curvature becomes more pronounced toward edges of the
device, resulting in strain deviations at � 2 mm away from the
center of the device. A more uniform strain distribution may be
obtained by redesigning the device with a shorter channel to
standardize applied strain along the full length of the channel.
Alternatively, the device may be widened and the channel length
maintained to create a uniform strain distribution while avoiding
a reduction in cell population within the channel. Using the
model, we can iterate on the AoC design and achieve target cell
populations and applied strain distributions without the need for
extensive lab time or fabrication.

E. AF cell selection and culturing

Bovine AF cells were chosen for the AoC proof-of-concept
testing due to accessibility and similarities with the human
AF cells.15,48–52 Static cell culture media was chosen instead of con-
tinuous flow to mimic AF tissue, which relies more on diffusion of
nutrients than convection given its lack of vasculature.44 To
increase the reserve of nutrients without relying on convection, two
pipet tips filled with 150 μL of media were placed in each port hole
and replaced every third day inside a cell culture hood like other
microphysiological system designs.53

Prior to strain experiments, we confirmed using live/dead
imaging that AF cells could sustain long-duration static culture
[3-weeks; Fig. 4(a)] three times longer than required for a typical
study. The highest resolution live/dead fluorescent image was cap-
tured only on the last day of culture to limit the stress on the cells
while the sample was transferred to a microscope in a separate
facility. Cells within the channel were found to be clustered near
the ports, as expected, but also covered the remainder of the
channel floor in a sparse monolayer. The number of living cells
neared 2000 without any dead cells. However, it is possible that
dead cells were washed from the channel when the live/dead solu-
tion was added. Only a few cells were positioned just above
the sparse monolayer by adhering to corner surfaces between the
channel floor and sidewalls. Seventy percent of manufactured
devices were used in the study; the other 30% of manufactured
devices were removed from testing primarily because of manufac-
turing defects, which included delamination of PDMS layers.
Bubbles in the channel, a low cell population (�300 cells), and
channel occlusion due to cell clumping were other, less frequent
reasons to remove devices from testing. Future work will focus on
reducing these losses.

The effects of a protein coating on cell adhesion in the channel
were considered during chip development. In the channel, fibronec-
tin coated PDMS at various concentrations (0, 0.03, 0.06, 0.125, 0.25,
and 0.5mg/ml) was compared to the plasma treated PDMS. Cell
adhesion for each treatment was determined by observing the
number of cells that adhered in the channel before spreading one
hour, one day, three days, and seven days after. As far as cell
adhesion and spreading, fibronectin performed similarly to
plasma treated PDMS in the channel (Fig. S2B in the supplementary
material). While fibronectin may play an important role in cell adhe-
sion in the presence of excessive loading, it was eliminated from the
protocol for simplicity at this stage.

We did not design the surface of the PDMS channel to
include select areas for cell attachment; thus, cells were able to mul-
tiply during the culture period. The cell population was observed

FIG. 4. (a) Live/dead staining of an AF cell population (nearly 2000 cells/channel) after three weeks of culture. Cell density varied throughout the channel with the greatest
number near the media port (black circle). The other half of the channel had a similar distribution of cells so only one half of the channel was shown. Scale bar
¼ 100 μm. (b) Cells with sufficient contrast were segmented with polygon selections to compare before and during strain. Scale bar ¼ 100 μm. (c) A brightfield image was
taken after strain was applied to confirm that cells remained attached to the channel for at least an hour after loading. Polygon selections are included to distinguish each
cell. Scale bar ¼ 100 μ¼ 100 μ
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multiplying over multiple days using brightfield images until a high
confluency was reached and maintained (Fig. S2A in the
supplementary material).

While the cell population of the current design is too low for
sufficient RNA yield for gene expression analysis, the device
dimensions can be scaled to increase cell population while main-
taining similar strain profiles. The devices can also be pooled to
accumulate the required number of cells for the analysis.

F. Applying cyclic load to AF cells in the device

To establish the feasibility of the AoC as a platform for study-
ing cell mechanobiology within load-bearing tissues, we seeded the
device’s microchannel with a sparse population of bovine AF cells
(hundreds of cells) to limit any effects of population size on cellular
strain. While a greater cell density could be used, such that more
cell–cell interactions occur, a consistent cell density should be used
between treatment groups. We allowed the cells to proliferate for 3
days before applying cyclic loading. A strain of 3.5% at 0.5 Hz for
75 cycles was chosen to represent low physiological loading.54

We took brightfield images of the channel before loading, with
applied strain, and after the cyclic loading. By processing the
brightfield images with ImageJ, we observed cell deformity and
strains in parallel (radial) and perpendicular (circumferential)
directions relative to the channel. Despite the lower resolution
(10� objective lens), consistent differences can be seen in anno-
tated brightfield images of the cells between the strained and
unstrained channel [Fig. 4(b)]. However, with our initial study
looking at cells during chip deformation, we did not observe signif-
icant cell migration and the image resolution was not sufficient to
track cell deformations. However, we think that such a system can
be used with better imaging facilities to study cell behaviors with
loading. An additional brightfield image was taken after strain was
applied to confirm that cells remained adhered to the channel for
at least an hour after loading [Fig. 4(c)]. Meanwhile, static devices
were used as controls to identify changes to cell viability, migration,
and morphology due to the cell microenvironment within the chip.
Cell migration was observed without mechanical loading (Fig. S3 in
the supplementary material), which will need to be considered
when measuring cell changes under mechanical load.

G. Limitations

The AoC has been proven to be durable and effective at apply-
ing physiological strains within 0%–10%. However, in situ strains
in the AF can be hyperphysiological (15%–20% and
greater).26–28,32,46 Strains in the 15%–20% range are achievable on
the AoC by either decreasing the radius of curvature, ρ or the dis-
tance, yc [Fig. 2(c)]. However, additional long-term cyclic testing is
needed to evaluate device durability given these higher strains.

Furthermore, to measure strains more accurately than with
brightfield images, a reference and a deformed image can be acquired
using fluorescent protein tags or live cell dyes (e.g., live/dead or
f-actin). Digital image correlation can then convert these images to
strain maps. While we detected morphological differences in strained
vs unstrained bovine AF cells, measuring these differences and con-
verting them to strains maps using digital image correlation remains
challenging due to low-contrast images. Ongoing work is focused on

establishing high-contrast images, which would enable digital image
correlation as well as automatic, live-cell segmentation.

It should also be noted that cell access to nutrients depends
on position along the length of the channel, which may play a role
in viability as well as response to loads. For this reason, cell posi-
tion will be taken into account as a possible variable in the future.

Additionally, the throughput in terms of cells and test replicates
are limited. For a higher throughput of cells per device, all dimen-
sions can be scaled to increase the volume and surface area of the
channel while still creating a similar strain environment. For a higher
throughput of tests, multiple devices with the existing dimensions
could be placed in an array and actuated simultaneously.

Also, while culturing cells in the current design, pipet tips
acting as media reservoirs are open to the air, which increases the
possibility of contamination. To mitigate the risk of contamination,
filtered or barrier pipet tips can be used instead of traditional pipet
tips so as to close off the external environment while still allowing
for any changes in pressure.

Lastly, while bovine AF cells were cultured in the AoC channel
in a monolayer for proof of concept, 3D cultures and therefore 3D
loading conditions have yet to be explored with bovine cells or
human cells. Upcoming challenges include introducing and adhering
cell–gel constructs within the channel to the PDMS surface, and
visualizing 3D strains under microscopy. A gel adds complexity as it
limits the diffusion of nutrients, waste, and gas; but this effect can be
mitigated by perfusion channels. Tools and techniques exist for
addressing each of these concerns as the AoC matures in complexity
and capability. Functionalization of the PDMS surface55,56 can
facilitate the cell–substrate adhesion and ensure proper force
transfer from the surface to the construct. Visualizing fluorescent-
tagged actin within the cells using confocal microscopy can allow
for 3D strain measurements on the cells. Computational modeling
can predict the effects of perfusion channel dimensions and
spacing on diffusion and loading before upgrades are made to the
existing proof of concept. This ongoing work is founded upon the
present proof-of-concept study to validate the physiological rele-
vance of the AoC.

III. CONCLUSION

We designed, modeled, and fabricated a flexing organ-chip,
referred to as the flexing annulus-on-a-chip, or AoC. Our chip was
designed to replicate complex loading observed in the intervertebral
disc to study AF mechanobiology. We also conducted preliminary cell-
based experiments to show that a population of cells could be main-
tained within a confined PDMS channel with limited nutrient flow.

Biological treatments to delay or prevent early onset of degen-
eration have been limited.57,58 A platform or microphysiological
system, which can replicate conditions of early to moderate disc
degeneration could enable rapid testing of cellular therapies, drugs,
or biomaterial-based treatments. The AoC’s design provides a
mechanism to study cell responses to loading such as orientation,
gene expression, and response to drugs added to the culture media.
Furthermore, the AoC could be used to model most load bearing
annular structures, such as cardiovascular vessels, lymphatic
vessels, and the cervix. The device design and loading mechanism
provides a platform for tailoring applied dynamic strains.
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From the computational modeling perspective, we seek to quan-
tify the strains at localized regions within the cell monolayer encased
in the channel using image processing. This high-resolution strain
data would enable us to correlate the strain distribution across the
microchannel with cell behavior such re-orientation, spreading, pro-
liferation, or apoptosis. Moreover, it would allow us to create descrip-
tive computational models to investigate cell biomechanics, including
the potential to estimate cell elasticity and identify loading modalities
that lead to cell softening and stiffening.59 Taken together, these
experimental and computational approaches would inform our
understanding of AF cell mechanobiology and potentially identify
the initiation and development of disc degeneration. Future work
will investigate the response of human AF cells within the device as
well as 3D cell-laden constructs.

IV. METHODS

A. Device fabrication

Each AoC device consisted of a 17 mm-long, straight rectan-
gular channel (300 × 50 μm2) with circular ports on either end
[0.5 mm diameter; Fig. 1(b)]. A mylar photomask printed at 10 K
dpi was created after designing the channel in AutoCAD
(AUTODESK, San Rafael; Fig. S4 in the supplementary material).
Standard single-step photolithography was used to create the
master mold with a channel comprised of SU-8 (3050) spin coated
onto a 4-in. silicon wafer at a thickness of 50 μm (first 500 rpm for
10 s with 300 rpm/s, then 3300 rpm for 30 s with 300 rpm/s,
Kayaku Advanced Materials, Westborough, MA). The SU-8 was
baked for 14 min at 95 �C before being exposed to 160 mJ/cm2 of
UV (Karl Suss MA6) and baking for 4.5 min at 95 �C. A SU-8
developer was used for 5.5 min to develop the partially cured SU-8
on a lab shaker. The SU-8 was then hard baked at 200 �C for
30 min. By replica molding polydimethylsiloxane (PDMS; Sylgard
184 kit, Dow Chemical, Midland, MI) at a 10:1 ratio of base-to-
crosslinker, a slab of PDMS was created with a channel featured on
one side.

To achieve a desired thickness, PDMS was poured by weight
onto the silicon wafers surrounded by aluminum foil and placed
atop a large, leveled hotplate. The thicknesses of both slabs were
controlled (+0:05 mm) to dictate the position of the channel. The
PDMS layer thicknesses ranged from 0.5 to 3.5 mm with a constant
stacked thickness of 4 mm depending on the desired strain magni-
tude. PDMS was cured at 60 �C overnight on the hotplate before
being removed with a razor blade and covered with plastic wrap
until further processing. After punching 0.5 mm diameter ports at
either end of the channel, the molded PDMS slab was bonded to a
second flat PDMS slab using oxygen plasma. Within seconds of the
oxygen plasma treatment (using 70 SCCM oxygen with 21W at
0.6 Torr pressure for 30 s), the PDMS slabs were pressed lightly
together by hand and kept at room temperature. Cells suspended in
media, as described below, were added to the channel within
20 min of bonding.

B. Loading mechanism and device actuation

Readily available components such as Power HD 3001HB
servo motors, an Arduino UNO microcontroller, and an external

3 A, 5 V power supply were chosen for the loading mechanism.
These components were secured with fasteners to a base cut from
aluminum with a waterjet cutter.

The AoC device was designed to conform to a 3D printed
barrel structure fastened to the base, which was anchored to the
microscope table. Critical dimensions for the 3D printed barrel
structure including its viewing port for microscopy can be found in
Fig. S5 in the supplementary material. A polypropylene “packing”
tape (Fig. S6 in the supplementary material) cradles the device and
connects it to servo motor horns with pin joints to flex the AoC
against the barrel structure [Figs. 2(a) and 2(b)]. These pin joints
can be made with simple bolts inside plastic cylinders. As the servo
horns rotate upward, the tape forces the device to conform to the
barrel structure with a radius of 10 mm (designed in
SOLIDWORKS and printed with Polylatic acid on a Creality Ender
3 Pro). When the servo horns rotate downward, the device relaxes
into a flat configuration. Throughout actuation, the device is fixed
between the 3D printed barrel and a standard 1 mm glass slide.
Thus, the channel is kept at a constant focal length from the objec-
tive lens. Frequency can be controlled between 0.5 and 2 Hz.

A FlexiForce load sensor (Tekscan, Boston, MA) was placed
between the glass slide and the device without blocking the viewing
port to ensure that the applied pressure was consistent and repeat-
able during installation and operation. Additionally, reference
marks on the 3D printed barrel structure were used to reliably align
the device during installation within several microns of the channel
center. All loading was applied at room temperature (22 �C).

C. Strain measurement of the device channel

Experimentally, radial strain was measured by imaging the
channel before and after bending with a 10� objective lens on an
Olympus CKX31 microscope. Images were acquired before and
after applied strain and the channel width was measured in the ref-
erence and deformed image using an automated script (MATLAB,
MathWorks Inc.). Based on beam bending theory, we fabricated
five “moderate” and five “high” strain configurations to represent
the physiological range of radial strains reported. Therefore, the
moderate and high strain groups were set to 5% and 10%, respec-
tively. We optically tracked the motion of the channel walls under
brightfield microscopy and used image processing to measure the
applied strain across the channel width (i.e., radial strains). Radial
strains were calculated as engineering strain by dividing the change
in channel width during loading by the initial channel width
measured in the reference configuration. To assess experimental
repeatability, 30 sequential measurements were acquired to assess
changes in loading over an extended period of time. This loading
sequence was considered to be a single set, which was repeated
three times (total of 90 data points) per device to assess repeatabil-
ity of measurements acquired after uninstalling and reinstalling
the AoC.

To confirm that devices could physically withstand extended
loading, an accelerated life test was conducted by cyclically loading
devices (n ¼ 3) for 66 K cycles. The devices and the loading mech-
anism were visually inspected by eye before and after accelerated
life testing for signs of wear or crack propagation.
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D. Finite element modeling and simulation of devices

We used a neo-Hookean constitutive model to describe the
PDMS device because of its non-linear hyperelastic stress–strain
behavior. The strain–energy function was defined as

W ¼ μ

2
(I1 � 3)� μ ln Jþ λ

2
( ln J)2,

where I1 is the first invariant of the right Cauchy–Green deforma-
tion tensor, μ is the bulk modulus for small deformations, λ is the
shear modulus for small deformations, and J is the determinant of
the deformation gradient tensor.60 Material property calibration
was conducted in FEBio Studio 1.361 by modeling a specimen
under tension using ASTM D412 standards and data in the litera-
ture.62 The PDMS was calibrated to have an elastic modulus of 1.7
MPa and a Poisson’s ratio of 0.49 (Fig. S7 in the supplementary
material). The constitutive model deviated from the experimental
results by 0.2% and 3.4% relative error at the target channel strains
of 5% and 10%, respectively.

Models for the AoC were created in SOLIDWORKS (Dassault
Systemes) with the channel positioned for three target strain con-
figurations, including 0%, 5%, and 10% radial strain based on beam
theory estimations. For these configurations, the channel was
placed at 0.00, 0.63, and 1.26 mm below the neutral axis [assumed
to be identical to the centroidal axis; Fig. 2(c)], respectively. Each of
the three models were imported into FEBio Studio and meshed
with 266 K first-order tetrahedral elements (Fig. S8 in the
supplementary material).

For the boundary conditions, we enforced zero-displacement
in the direction normal to each symmetry plane of the chip, fixed
the rigid barrel and microscope slide in place (Fig. S9 in the
supplementary material), and defined sliding contacts between the
rigid surfaces and the chip. A y-displacement of 7 mm was applied
to the end of the device using a rigid deflector, replicating the func-
tion of the tape in a computationally stable manner. This condition
forced the device’s curvature during the test cycle, starting from
when the device begins to bend until it reaches its maximum curva-
ture. Model-predicted device curvature was verified with the experi-
mental setup by overlaying images of the device in the deformed
condition with the model output (Fig. S10 in the supplementary
material). Strains (ϵ) in the x-, y-, and z-directions corresponding
to radial, axial, and circumferential strains, respectively, were evalu-
ated along the length of the channel. Lab-based strain measure-
ments were limited to a 1.5 mm distance from the channel center
therefore model results were compared at the same location only. A
mesh convergence analysis was then conducted for the 10% strain
configuration to confirm stability of the model results within the
1.5 mm window (Fig. S11 in the supplementary material). The
percent error between the model’s prediction and empirical mea-
surements was calculated. 3D strain levels were compared to native
AF tissue strains to confirm physiological relevance.

E. AF cell sourcing

Primary bovine AF cells were obtained by harvesting four
discs from a single fresh oxtail (18–24 months old) obtained from
the local abattoir. The outer AF was separated from the inner AF

and removed from the disc with a scalpel.63 Outer AF cells, which
are made up of only a single cell type were isolated through an
11-h digestion with collagenase type IV (Worthington Biochem) in
serum media supplemented with buffers to maintain pH. Isolated
cells were expanded in T75 flasks with DMEM supplemented with
10% FBS and 1% penicillin/streptomycin (PS/AM; GIBCO, Texas).
At 90% confluency, cells were passaged using 0.05% Trypsin
(CORNING, New York). Cells were transferred to the AoC devices
between passages 3 and 8.

F. AF cell culturing in the device channel

After bonding the PDMS slabs to create the enclosed channel,
the channel was rinsed with 70% ethanol then flushed and kept
filled with de-ionized water. Then, 2.5 μl of the suspended cell solu-
tion was pipetted into the channel at an approximate concentration
of either 2 × 106 or 10 × 106 cells/ml. DMEM media supplemented
with 20% FBS were used for AoC cultures to enhance cell prolifera-
tion.64 The higher concentration of cells was used to evaluated the
highest cell population achievable, while the lower cell concentra-
tion (2 × 106 cells/ml) was used for cell segmentation with
brightfield imaging. Being careful not to introduce air bubbles, a
droplet of media was added on top of each port hole to limit evap-
oration in the channel. The device with cells was then incubated in
static conditions until AF cells adhered and showed signs of spread
morphology (75 min).

An additional 300 μl of cell culture media was split between
two pipet tips and inserted on either end of the channel to act as
reservoirs (VWR 20uL LTS compatible 76323-944). Right before
the pipet tips were inserted into the portholes, several microliters of
media were pushed to the end of the tip to form a droplet that
could form a fluidic connection with the channel without introduc-
ing bubbles. Given equal volumes of media in each reservoir, fluid
in the channel remained static, which left only diffusion for nutri-
ent and waste transport. All devices were housed in optically clear
containers within the incubator, which was kept at 37 �C and 5%
CO2. Fresh media was added every third day by replacing the pipet
tips with new ones and refilling them with new media. Convection
of cell media occurs if the device is tilted for an extended period of
time due to a differential in media height between pipet tips. For
this reason, the devices were held and stored flat.

Prior to applying cyclic loading, devices that presented the fol-
lowing were removed from the study: bubbles within the channel,
channels with fewer than � 300 cells, clumps of cell occluding the
channel, delamination of PDMS layers, or contamination. Just prior
to loading, the chip itself and loading device surfaces in contact with
the chip were wiped with 70% ethanol.

G. AF cell cyclic loading

For initial testing with the AoC, mechanical loading was per-
formed outside of an incubator at room temperature (22 �C).
Devices were loaded for a total of 75 cycles with 3.5% engineering
strain at 0.5 Hz as a physiologically relevant proof of concept. For
initial studies, we chose a low level of physiological strain to ensure
cell damage or detachment did not occur. We also chose a low
cycle count to limit any adverse effects on cell health due to
loading at room temperature (loading time , 5 min, based on the
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average time for changing media). Further tests are needed to
better understand the impact of longer duration testing at room
temperature (i.e., . 5 min). However, the loading platform is small
(15� 15� 4:4 cm3) enough that the entire device could be placed
in the incubator for longer duration testing. Alternatively, the
loading platform could be redesigned to work with a hot plate.
Pipet tips with reservoirs of media were left plugged in during
loading. Brightfield images of the cells in the channel were acquired
before, during, and immediately following loading. These images
where then processed using ImageJ.

H. Image processing and preliminary analysis

Using the lower concentration of 2 × 106 cells/ml, cells were
cultured within the channel for cell segmentation. Brightfield
images of nine cells before strain and after strain within the
channel were imported into ImageJ. Using custom polygons, we
traced cells in images acquired before, after, and during stretching
to demonstrate our ability to segment cells without fluorescent
markers.

I. Long-term in vitro cell viability

Cell viability was evaluated at three weeks for the long-term
cell culture study using the Live/Dead Viability/Cytotoxicity kit for
mammalian cells using the manufacturer’s instructions (Live/Dead
Life Technologies Corporation, Eugene, OR). Rather than flush the
channel, the live/dead solution was fed into the channel with
gravity to minimize shear forces using a 10 μl pipet tip with 5 μl of
live/dead solution. After a 30-min incubation, the first pipet tip was
removed and a second larger (20 μl) pipet tip filled with phosphate
buffered saline (PBS) was inserted. PBS remained in the channel
throughout imaging.

SUPPLEMENTARY MATERIAL

See the supplementary material for the results from computer
models, images of cells at various time points within the device,
computer aided design (CAD) images with dimensions for critical
parts of the annulus-on-a-chip, the mask design used for photoli-
thography, PDMS material properties, and convergence data for
the computer models.
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