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Abstract

Mechanical stimulation of cell cultures has been shown be an effective means of enhancing ECM
production. ECM produced from vocal fold fibroblast cultures has the potential for therapeutic use
for vocal fold repair. However, current bioreactor designs generally fail to produce physiological
relevant frequency and strain values. Here we present an approach for using commercial
oscillatory rheometers and an elastic ring bilayer system to produce physiologically relevant strain
values at frequencies in the range of 20 — 100HZ. We demonstrate the ability to target specific
strain and frequency values by manipulating system parameters, and also show that it is possible
to maintain high oscillatory strains for extended periods of time. Such a system could be used to
mechanically stimulate cell cultures contained within gel carrier systems and has the potential to
be extended to other applications requiring high strains at low frequencies.
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Introduction

Cell-derived extracellular matrix (ECM) has therapeutic potential for the treatment of vocal
fold injury. Collection of ECM may be accomplished by culturing cells in vitro. Ideally,
ECM would exhibit properties similar to native vocal fold tissue. Physiologically relevant
mechanical stimulation of cell cultures may provide a way to influence ECM properties to
more closely match those of native ECM, and has been shown to be an effective way of
enhancing ECM production (Chiquet et al., 2003). However, previous research using
bioreactors to mimic the mechanical properties of the vocal fold have used synthetic
scaffolding as a cell carrier (Gaston et al., 2012; Titze et al., 2004a; Wolchok et al., 2009).
Such materials may lack the ability to safely degrade in the body and may, even if they are
resorbable, cause an inflammatory reaction when implanted. Therefore, methods of
mechanically stimulating cultures using more natural materials, such as hyaluronic acid
(HA) gels, as cell carriers may offer greater therapeutic potential. Modifications made to
standard commercial rheometer setups may allow for the stimulation of such cultures.

While there are several methods which may be employed to measure the biomechanical
properties of the vocal fold (Miri, 2014), rheometry is the common method used to measure
frequency dependent viscoelastic properties. Oscillatory tissue deformation in a torsional
rheometer is facilitated by the elastic component of the tissue by providing a restoring force
to assist the motor in periodic acceleration and deceleration. A mechanical resonance
between motor-shaft inertia and material elasticity can also be exploited (Titze et al.,
2004b), in which large strains can be achieved in rheometers designed for only small strain
applications.

The elastic properties of most materials are sufficient for achieving high strains, even when
the amount of torque available is small (Klemuk et al., 2008). However, when investigating
more fluid or gel-like materials for vocal fold applications, previous results using
commercial rheometers have shown a limited ability to achieve large strains (above ~20%)
or high frequencies (above 20Hz) (Chan et al., 2001; Chan and Titze, 1998; Kutty and
Webb, 2009). This limitation currently presents an obstacle for stimulation of cells under
physiological conditions using rheometers.

Here we describe an adaptation to exploit resonance between a secondary material and the
inertia of the motor-shaft assembly such that large strains and high frequencies can be
achieved with primary materials whose lack of a restoring force would normally prevent
such operations. The application of this adaptation may provide a means to use standard
rheometer setups in a bioreactor role to mechanically stimulate cell cultures.

Calculation and Control of Resonance Frequency

Given that rheometer motor-shaft assemblies are usually designed to have negligible
stiffness between plates under no-load conditions, a mechanical resonance frequency occurs
only when the test material between the plates has stiffness. Since this material stiffness is
generally unknown (it is the object of measurement), the resonance frequency is not under
direct control. However, by adding an elastic material of known properties to create a
concentric bilayer system, a predictable resonance frequency can be created.
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Figure 1 shows a concentric bilayer system consisting of an inner material with shear
properties G1” and G;” surrounded by an elastic ring with shear properties Gy’ and G,”. If
both materials adhere to the plates, the torque (T) developed by the material at the top plate
boundary is

1 T2
T=[1.dA -7+ [To.dA -7, (1)
0 T1

where 7y, is the shear stress on the top surface, dA is a differential ring area, r is the radius to
the differential ring area, and rq and ro are the radii of the inner and outer materials
respectively. For linear viscoelasticity under sinusoidal displacement dand a gap d between
the plates, the complex stress-strain relation is (Macosko, 1994)

10 . nr

?QZ:G 7+ZG d B (2)

and the differential area is

dA=2nrdr. (3)

Substituting these quantities into Equation 1 yields the complex torque
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After evaluating the integrals,
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where equivalent single-layer elastic and viscous shear moduli are defined as

’

G = [7'14Gl1 (r24—r14) G/Q] /r24 @

1"

G = [r14G/1/—|— <r24—r14> Gg} /r24. (8)

Note that if r{ = 0, the outer ring becomes a full disk with G’ = G,’ and G” = G,”. At the
other extreme, ifr{ =r,, G = Gy’ and G” = G,”.

The equation of motion for the rheometer system includes the inertia I,
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where To_is the torque applied by the motor, | is the moment of inertia of the motor-shaft-
plate combination, and o is the angular frequency of the plate. The frequency response of
the system is taken to be the ratio of the angular displacement, 6, to the applied torque,

1

0 T = 7 17 .
[To=1a o4 /2d—Iw?+inG ryt J2d

(10)

A resonance frequency occurs when the first two terms in the denominator cancel each
other, which leads to

2 ’
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All variables in this equation are known except G’. However, if (7’24—7’14) Gy > r*Ghin
Equation (7), then all variables are known and the resonance frequency becomes

4__p 4 !
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Theoretical Response Curves

For conditioning of cell systems for vocal fold repair, shear strains in the range of 0.1 — 0.5
are desirable (Titze et al., 2003). Given that strain varies radially in the material, a
convention has been established to choose the 75% value of the sample radius as a
representative strain for the test material (Macosko, 1994). Thus, if

_0.757‘1
R

(13)

the strain response from Equation (10) can be written as

1.57’1/G’ rot
1—(w/wo)*+i (G" /@)

v/To= (14)

where ay = 27 1.

Figure 2 shows theoretical response curves for strain y when d, rq, G/, and G,”/G,’ are
varied. The nominal parameter values selected were | = 3.5E-05kg-m?, r{ = 15mm, rp =
30mm, d = 1.5mm, G;’ = 1kPa, G;” = 1kPa, G,’ = 30kPa, and G,”/G,’ = 0.15. With these
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values, the predicted resonance frequency is 132Hz and the maximum achievable strain is
0.31 for 0.15N-m of torque.

Two results are noteworthy; namely that maximum strain is independent of gap size (Figure
2A), and that resonance frequency is independent of the loss tangent of the outer ring
material (Figure 2D). Thus, these two parameters can be used independently to set resonance
frequency and maximum achievable strain respectively. Changing r1 and G, affects both
maximum attainable strain and resonance frequency simultaneously and in opposite
directions.

Ring Fabrication

Validation

Elastic rings were created using medical grade polyurethane (PU) (Tecoflex SG-80A,
Lubrizol, Wickliffe, OH). A mixture of 10% w/v PU was made by dissolving PU pellets in
N’N’-dimethylacetamide (Sigma-Aldrich, St. Louis, MO) overnight at 60°C. Custom molds
(60mm radius, 1.5mm depth) were packed with table salt, filled with the PU solution, and
placed in a distilled water bath overnight, which both precipitated the PU solution and
dissolved the salt. The result is a highly porous and flexible PU disc. Discs were rinsed in
distilled water for 48 hours to remove any residual salt or solvent, frozen to —80°C, and
lyophilized.

Discs were sectioned into rings using a rigid template. Each ring was 1.5mm thick with an
inner radius of 43mm and an outer radius of 60mm. For testing, each ring was placed
between sand paper adhered to the bottom plate and a custom fabricated Delrin 60mm upper
plate containing through-holes for sample loading (Figure 3).

of Predicted Response Curves

For mathematical modeling, values of G,” and G,” as a function of frequency were first
obtained from full discs from 1 to 200Hz (data not shown). PU rings were then tested using
various input parameters (Table 1) and compared to modeling predictions. The following
values remained static across all experiments: ry = 43mm; r, = 60mm; G’ = OPa; G1” = OPa;
and | = 1.752E-05kg-m2.

Measured response curves generally followed modeled curves (Figure 4), although
experimental curves tended to have higher area under the curve values (greater resonance
bandwidth). No experimental curves were statistically different than modeled curves when
compared using a two-sample K-S test (p<0.05) with the exception of the 0.5mm gap curve.
Percent differences in resonance frequency, peak strain, and area under the curve for each
experiment are listed in Table 2.

Bilayer System using HA Gel

To validate the ability of PU rings to function as an elastic restoring force in a bilayer
system, HA (Glycosil®, ESI BIO, Alameda, CA) was placed inside PU rings and the system
tested using a 0.5mm gap and 500Pa of applied shear stress. Mathematical predictions of the
response curve were made using G,” and G,” values previously obtained and G;” and G,”
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values obtained from testing of HA using a 20mm parallel plate in the linear region and
extracting values out to 200Hz. Differences between measured and predicted resonance
frequency were considerably larger (-=15.9%) than those observed with just the ring, while
the difference in predicted peak strain was still quite low (1.6%) (Figure 5A). As with the
empty rings, differences in area under the curve were also quite large (40.3%), leading to a
significant difference between the measured and predicted curve (p<0.05).

The ability of the system to maintain peak strain values over moderate periods of time was
also investigated. Using results previously obtained from experiments using HA/ring
systems, PU rings loaded with HA were tested at the resonance frequency (65Hz) for 10min.
Bilayer systems maintained strain values which never deviated more than 5% from the mean
(mean deviation of 1.1%) over the testing period (Figure 5B).

Discussion

We have proposed here a method for achieving strains on the order of 100% at frequencies
between 20 — 100 Hz using a bilayer ring system. Mathematical modeling demonstrated the
flexibility of targeting desired frequencies and strains by varying the gap between plates and
the properties of the polyurethane ring. Importantly, we have demonstrated the ability of our
system to maintain physiologically relevant strain and frequency values. In the context of
mechanical stimulation of cell cultures, this data demonstrates the potential for the use of a
modified rheometer system. Although we have focused here on applications related to vocal
folds, the methodology we have described may be adapted for use in a variety of systems. It
should be noted that while stress is constant between the lower and upper plates in our
system, strain in the depth direction is applied in a linear gradient. While this
nonhomogeneous application of strain is likely to produce differences in ECM composition
through the thickness of a cell culture, this may prove beneficial for in vivo applications
where strain is not homogenously applied across the tissue, such as in the vocal folds.

To validate mathematical modeling, data were collected from empty discs using varying
parameters and compared to predicted response curves, with the exception of response
curves as a function of loss tangent. Loss tangent response curves were not able to be
independently tested due to the fact that alternative materials which had varying loss
tangents also had varying elastic moduli, making the contribution of loss tangent differences
in the results difficult to isolate. For all other response curves, generated resonance
frequencies and maximum strain values were in line with predicted values and tended to
follow predicted response curve shapes. Measured response curves did have more gradual
increases in stain values (greater resonance bandwidth) compared with predicted curves as
the resonance frequency was approached, but this may be due to the fact that viscoelastic
properties fail to maintain their linear nature as high strains are approached, something not
currently accounted for in our modeling.

To validate modeling of a bilayer system, HA was placed within rings and tested. While
measured peak strain values matched well with predicted values, the location of the
resonance frequency was considerably lower than predicted. This is likely due to changing
G’ and G” values of the HA due to shear thinning as frequency is increased. To predict G’
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and G” values, a regression line was fit to HA viscoelastic data collected at lower
frequencies and extracted out to 200Hz. However, as previously mentioned, viscoelastic
properties tend to lose linearity as strain values increase. This prevents an accurate
prediction of inner material elastic and viscous moduli at higher frequencies.

Mathematical modeling suggests that the bilayer system proposed here could be used to
extract the viscoelastic properties of inner materials, whose properties are not known and are
otherwise unattainable using standard rheometry. However, we were not able to accurately
extract the viscoelastic properties of the inner material, likely due to the properties of the
ring used in our system. Mathematical equations dictate that to extract properties of the inner
material, the outer ring must have a viscous modulus much less than that of the inner
material. However, the polyurethane used in our rings had a viscous modulus about an order
of magnitude larger than the HA. Therefore, future work using a more purely elastic

material for the ring should be conducted to test the hypothesis that properties of an inner
material can be extracted from a bilayer system.
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Schematic of concentric bilayer system. Subscipt 1 denotes the inner material of unknown

properties, while subscript 2 denotes the elastic material of known properties.
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Figure 2.
Theoretical response curves evaluated at varying gap distances (A), inner ring radiuses (B),

ring elastic moduli (C), and ring loss tangents (D), holding all other parameters constant.
Theoretical results indicate the resonance frequency can be independently modified by
changing the gap distance between plates, while strain magnitude can be independently
modified by changing the ring loss tangent. Modification of ring elastic modulus or inner
ring radius affects both the resonance frequency and the maximum attainable strain.
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Figure 3.
Image of testing apparatus and PU rings. A) View of the bottom of the Delrin 60mm

parrallel plate used in these experiments (top). Through holes were incorporated into the
plate to reduce inertia and provide a means of sample loading. PU discs were cut into rings
(bottom) for testing. B) Image of test set up with the PU ring compressed between the Delrin
upper plate and sandpaper which has been adhered to the bottom plate. Sample loading can
be accomplished through a needle and syringe.
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Figure 4.
Measured and predicted response curves using PU rings. A) Response curves as a function

of gap size between the top and bottom plates. The location of the resonance frequency and
amplitude of the peak strian values were all within 5% of predicted values. However, a
broader curve in the measured data compared with predicted data led to large differences in
area under the curve and a statistically significant difference between the measured and
predicted data for the 0.5mm gap size curve. B) Response curves as a function of applied
shear stress. Resonance frequency locations were within 5% of predicted values for the 300
and 500Pa groups, and within 10% for the 100Pa group. Peak strain values were all within
2% of predicted values. Similar to gap size respsponse curves, measured curves were
broader than predicted curves, leading to large differences in area under the curve, although
no curves were significantly different than predicted curves. Observed resonance frequency
shifts to lower frequencies at higher strains are due to decreasing G,’ values as strain
increases.
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Response Curves for HA Gel/PU Ring System
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Figure 5.

A) Measured and predicted response curves for HA/ring bilayer system. Modeling failed to
accurately predict the resonance frequency for this more complex system, although peak
strain predictions were still very accurate (within 2%). The shift in measured resonance
frequency to the left of the predicted frequency is likely due to shear thinning, and
subsequent decreases in stiffness, of the HA which was not accounted for in our modeling.
B) Peak strain values can be maintained for long periods of time with very little deviation
from the average.
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Table 1

Parameters used in each experiment.

Experiment Number | Gap Size (mm) | Applied Shear Stress (Pa)
1 0.5 500
2 1.0 500
3 15 500
4 1.0 100
5 1.0 300
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Differences in experimental verse modeled response parameters. Differences in resonance frequency, peak

strain, and area under the curve are reported as percent deviation from predicted values.

Deviation from Predicted Parameters

Experiment Number | Resonance Frequency | Peak Strain | Area Under the Curve (1-200 Hz)
1 4.1% 4.6% 36.7%
2 -4.5% 1.7% 38.8%
3 1.0% -0.3% 24.9%
4 9.6% -0.3% 26.2%
5 1.0% -1.9% 31.2%
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