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ABSTRACT. Human mesenchymal stem cells (hMSCs) have been proposed as therapeutic cells 

for the treatment of vocal fold (VF) scarring. Although functional recovery was observed in animal 

models after stem cell injection, it is not clear how injected stem cells interact locally with the 

extracellular matrix (ECM) of the lamina propria (LP) and how such interactions affect stem cell 

behaviors to improve function. Herein, we developed an in vitro cell culture platform where 

hMSCs were encapsulated in a LP-mimetic matrix, derived from hyaluronic acid (HA), 

poly(ethylene glycol) (PEG) and collagen, and cultured dynamically in a custom-designed VF 

bioreactor. The cell culture system was characterized by oscillatory shear rheology, laser doppler 

vibrometry (LDV), and digital image correlation (DIC). A constitutive finite element analysis 

(FEA) model was further developed to predict vibratory responses of the hydrogel. LDV analysis 

demonstrated an average displacement of 47 µm in the center of the hydrogel construct at 200 Hz 

applied frequency without any harmonics. The predicted strains throughout the hydrogel ranged 

from 0 to 0.03, in good agreement with reported values for the VF. The 3D cellular construct was 

subjected to vibrational stimulations at 200 Hz for an optimized duration of 1 h, as confirmed by 

a maximal c-Fos upregulation at the transcript level. Vibrational culture over a 3-day period with 

a 1h-on/1h-off pattern did not compromise the overall cell viability, but resulted in a significant 

downregulation of fibrogenic markers and diminished staining for alpha smooth muscle actin 

(αSMA). Collectively, high frequency mechanical loading resulted in the loss of myofibrogenic 

potential and a shift away from a fibrotic phenotype.  
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Lay Abstract. This paper describes the construction and characterization of a cell culture system 

that recreates the condition and environment found in human vocal folds. The bench-top model 

system is advantageous because it overcomes difficulties associated with the usage of human 

subjects and excised human vocal fold tissues. This platform allows us to systematically 

investigate how stem cells introduced to the vocal fold respond to the chemical and mechanical 

environment of the tissue. We evaluated cell functions by analyzing gene expression and protein 

production. Our results show that, when maintained in a soft, tissue-mimicking matrix, and 

stimulated with mechanical signals generated during normal speech, stem cells do not adopt the 

behaviors of mature and specialized cells involved in wound contraction. Future works will focus 

on the identification of programs cells employ to respond to mechanical signals, as well as 

therapeutic drugs for the treatment of vocal fold scarring. 
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1. INTRODUCTION 

The human vocal folds (VFs) are a pair of opposing tissues spanning the larynx. During 

phonation, the VFs open and close in a wave-like motion modulated by the airflow through the 

windpipe. The VF consists of a loose connective tissue, the lamina propria (LP), overlying the 

vocalis muscle and covered by a stratified squamous epithelium. Based on the relative content of 

fibrous proteins, such as elastin and collagen, the LP is divided into three layers – the superficial 

(SLP), intermediate (ILP), and deep lamina propria (DLP). In direct contact with the epithelium, 

the SLP is the softest, and has the lowest concentration of fibrous proteins [1]. In all layers of the 

LP collagen fibers are organized in an anisotropic fashion, parallel to the length of the VF. The 

SLP contributes to the propagation of the mucosal wave and shields the lower layers from 

microstructural damage due to the large impact forces generated during phonation [2, 3]. The ILP 

has the highest elastin content, whereas collagen is most abundant in the DLP. Variation in fibrous 

protein concentration reflects a change in tissue stiffness with depth, with the DLP mechanically 

matched to the underlying muscle layer. Hyaluronic acid (HA), a non-sulfated glycosaminoglycan, 

is enriched in the ILP. Ex vivo characterization of excised tissues shows that the LP exhibits a 

shear elastic modulus of 10 Pa – 3,500 Pa, depending on the depth of the LP [3-5].  

Maintaining high tissue compliance is critical for proper sound production. Once phonation is 

initiated, the VFs sustain the oscillatory motion at a fundamental frequency (f0). During normal 

human speech, the VFs experience an average f0 of 100-300 Hz depending largely on age and 

gender [6]. The highly specialized tissue structure of the LP infers that changes to VF pliability 

can result in dysphonia, or loss of normal phonatory capability. The initiation of the wound healing 

process in VFs results in the release of cytokines that promote the infiltration of the wound site by 

cells of mesenchymal origin.[7, 2] After exposure to pro-fibrotic signals, such as transforming 
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growth factor β1 (TGFβ1) and connective tissue growth factor (CTGF), these cells deposit fibrous 

proteins, adopt a myofibroblastic phenotype, and facilitate wound contraction. A prolonged wound 

healing response in VF tissue, as a result of corrective surgery, trauma, overuse, or misuse, can 

lead to fibrosis − buildup of fibrotic tissue that results in scar formation. Scarred VF exhibits a 

higher elastic modulus than healthy tissue, causing an increase in the minimum pressure needed to 

drive VFs into oscillation [8]. 

 Preclinical animal studies have shown favorable treatment outcomes for vocal fold scarring 

using mesenchymal stem cells (MSC) harvested from bone marrow or adipose tissue [9-12]. 

Outcome measures generally include the gross tissue structure, the viscoelastic parameters and the 

phonatory functions of the tissue. Because the VFs are housed deep within the larynx and are 

vulnerable to surgical manipulations, mechanistic investigations on the fate of injected MSCs are 

challenging. Moreover, healing responses observed in animal models differ from human 

pathophysiology [13]. Therefore, there is a need for a physiologically relevant in vitro cell culture 

platform that allows straightforward interrogation of molecular and cellular mechanism 

contributing to the understanding of MSC-based regenerative therapy for the treatment of vocal 

fold scarring. 

We have previously developed a vocal fold bioreactor capable of generating vibratory 

stimulations at human phonation frequencies [14, 15]. Vibration was generated 

electromagnetically and translated to the cell culture chamber by oscillatory air pressure. In our 

early studies, human MSCs (hMSCs) were cultured on fibronectin-coated, electrospun poly(ε-

caprolactone) (PCL) mats and were subjected to vibratory stimulations at 200 Hz with a 1h-on 1h-

off pattern for a total of 7 days. The vibratory stimulation significantly up-regulated genes 

encoding VF-relevant ECM proteins, but down-regulated alternative hMSC differentiation marker 
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expression. In these studies, hMSCs were cultured on 2D in direct contact with synthetic fibers 

that are several orders of a magnitude stiffer than the LP. Thus, cellular responses may not be 

physiologically relevant.   

Herein, hMSCs were cultured in 3D in semi-synthetic hydrogel that more closely recapitulates 

the composition and mechanical properties of the native ECM of the LP. The hydrogel is composed 

of a covalent HA/poly(ethylene glycol) (PEG) network entrapping assembled collagen fibrils. 

Based on the composition, these materials are referred to as HPC gels. Our previous work showed 

that hMSCs cultured statically in HPC gels were phenotypically reminiscent of cells involved in 

the wound healing process [16]. To understand the effects of phonation on hMSC differentiation, 

cell-laden HPC gels containing 2 mg/ml collagen (HPC2 gels) were cultured in the vibrational 

bioreactor. Experimental and computational methods were applied to characterize hydrogel 

displacement within the bioreactor. Our results show that high-frequency mechanical stimulation 

suppressed the development of a myofibroblastic phenotype from hMSCs. 

 

2. MATERIALS AND METHODS 

2.1. Hydrogel Synthesis. The HPC gels were created as previously described [16]. Briefly, 

thiolated HA (HA-SH, 20 mg/ml), collagen type I (4 mg/ml) at pH 8.2, and polyethylene glycol 

diacrylate (PEG-DA, 8 mg/ml) were combined at a volumetric ratio of 1:2:1. All gel components 

were kept ice-cold before mixing to ensure no collagen fibrillization occurred until the gelation 

process began. For cell encapsulation, hMSCs were pelleted and resuspended in the HA-SH 

component before addition of collagen and PEG-DA.  
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2.2. Bioreactor Assembly. The vibrational bioreactor was fabricated according to previously 

published specifications [17, 14]. The device was comprised of two aluminum bars, each holding 

four 3-inch extended range mini-woofers wired in pairs, all within an anti-humidity enclosure. 

Two polycarbonate blocks containing a sandwiched poly(dimethyl siloxane) (PDMS) disk were 

mounted above each mini-woofer. A 24-mm wide hole was drilled through each polycarbonate 

block to allow for transmission of air pressure oscillations from the speaker surface to the PDMS 

disk, and to permit facile media refreshment during dynamic cell culture. The PDMS disk with an 

entrenched circular envelope in the center (diameter: 12 mm) was prepared using Dragon Skin 

20® platinum cure silicone rubber (Smooth-On Inc., Macungie, PA). The envelope held a 100-μL 

hydrogel directly above the speaker, preventing gel delamination from the PDMS membrane 

during vibrational culture, and allowing for greater transmission of vibratory stimulation through 

the thinner underlying layer. The paired polycarbonate blocks, the PDMS disk and the individual 

speaker combined are referred to as a vibration subassembly (Figure 1A). To eliminate external 

disturbance and to ensure consistency, PDMS disks were secured using a torque wrench to evenly 

tighten all screws on the polycarbonate blocks. External application of vibration during culture 

was minimized by surrounding polycarbonate blocks with silicone isolators. In order to maintain 

an aseptic environment while allowing for CO2 and O2 gas exchange, the vibration modules were 

covered with breathable AeraSeal film (MilliporeSigma, St. Louis, MO). 

 

2.3. Laser Doppler Vibrometry (LDV). For surface measurements, an aluminum reflector (2 

mm × 2 mm square) was secured to the center of the PDMS membrane using a double-sided tape. 

After the vibration chamber was filled with phosphate buffered saline (PBS, 1.5 ml), sinusoidal 

signal with a peak-to-peak voltage (Vpp) of 1 was introduced to the mini-woofer via a waveform 
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generator, and the membrane was driven into oscillation at 200 Hz. A Polytec (Irvine, CA) 100-V 

LDV unit was positioned at a 50 cm above the vibration subassembly, and the laser was focused 

on the reflector target. The oscillatory amplitude as a function of frequency was analyzed using 

VibSoft data acquisition software (Polytec). Resultant amplitude values were divided by a factor 

of 1.33 to account for the refractive index of PBS [18]. For in-gel measurements, 100 μL of the 

HPC gel solution was pipetted into the circular envelope within the PDMS disk, and the square 

aluminum reflector was suspended in the gelling liquid approximately 200 μm from the bottom. 

In-gel LDV studies included a control gel without collagen (HPC0). Thirty minutes after the gel 

components were mixed, PBS (1.5 mL) was added to the vibration chamber to mimic cell culture 

conditions. The LDV laser beam was focused onto the reflector surface and its oscillatory 

amplitude at 200 Hz was determined. 

 

2.4. Digital Image Correlation (DIC). To perform DIC analysis, a randomized speckle 

pattern was created on the PDMS membrane by adding white silicone pigment (Silc Pig, Smooth-

On) and black polyester particles (American Crafts) to the PDMS mixture during the membrane 

molding process. To ensure accurate DIC processing, images of the membranes taken while 

secured inside the vibrational subassembly were analyzed for gray value in Fiji image processing 

software to confirm normal distribution. High framerate video (4 k fps, 1280×1024 resolution) of 

the membranes under 200 Hz vibration was obtained using a high-speed camera (IDT MotionPro® 

Y4S) in order to resolve membrane movement at high frequencies. Resultant image sets were 

processed via VIC2D DIC software (Correlated Solutions) using a reference image of the 

membrane at rest for calibration. A polygonal region of interest (ROI) was defined to include the 

membrane envelope, and analysis was performed using a subset size of 50 pixels2 and a step size 
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of 7 pixels. Strain was determined via correlation between the reference image and subsequent 

deformed images.  

 

2.5. Computational Modeling. A computational model was used to estimate the time-

dependent deformation and stresses within the vibration subassembly blocks. All simulations were 

performed using a commercial ANSYS software (ANSYS Mechanical, Ansys Inc., Canonsburg, 

PA). The model was based upon the geometry, material, and mechanical properties of the vibration 

subassembly. Two polycarbonate blocks were used to support a circular PDMS membrane 

(diameter: 42 mm, height: 1.2 mm). The hydrogel component was situated within the membrane 

envelope (diameter: 12 mm, height: 1 mm). External oscillatory amplitude of the vibrational 

subassembly was measured experimentally by LDV. This amplitude of vibration (Table S1) was 

applied to the polycarbonate blocks, which drove the hydrogel into oscillation similar to that 

observed under experimental conditions. 

 

2.6. Cell Maintenance. Bone marrow-derived hMSCs (Lonza, Walkersville, MD) were 

purchased at passage 2 and expanded for use at passage 4. Cells were cultured and passaged 

according to manufacturer’s protocol. Cell suspensions containing 1 million cells/ml were frozen 

in cryovials in LN2 for further use. Cryovials were then thawed and hMSCs were seeded onto 182 

cm2 tissue culture-treated plastic at 5,000 cells/cm2. Maintenance media (MSCGM, Lonza) was 

added and hMSCs were propagated at 37 °C, 5% CO2, and 85% humidity for 7 days or until ~90% 

confluence, with media changes every 3 days.  
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2.7. 3D Vibratory Culture. Upon reaching confluence, hMSCs were lifted by adding 3 ml 

accutase cell dissociation reagent (Thermo Fisher Scientific, Waltham, MA) and transferring the 

resulting cell suspension to centrifuge tubes to be pelleted at 450 g for 5 minutes. These cell pellets 

were resuspended into a pH-adjusted HA-SH solution and collagen/PEG-DA were added to initiate 

gelation. Once encapsulated, maintenance media was changed on cell/gel constructs every 2 days. 

After hMSC encapsulation in HPC2 hydrogels, 1.5 ml maintenance media was added, and gels 

were precultured for 7 days. Following this preculture period, vibrational stimulation at 200 Hz 

and 1 Vpp speaker voltage for 5, 15, 30, 60, and 120 minutes was initiated. Immediately following 

the vibratory culture, constructs were immersed in ice-cold PBS then removed from the PDMS 

membranes and processed for RNA isolation and subsequent qPCR analysis. Long-term vibratory 

cell culture was executed similarly, vibrating constructs on a 1h-on/1h-off cycle for a total of 12 h 

per day for 3 days before collection for downstream processing. Static samples were cultured in 

identical vibration subassemblies to avoid differences in temperature and gas exchange. 

 

2.8. Cell Viability. A commercially available cell viability staining kit was used to assay cell 

viability according to manufacturer’s protocol (LIVE/DEAD, Thermo Fisher Scientific). A 

mixture containing 4 μM of both calcein AM and ethidium homodimer was prepared in PBS (1 

×). Cell/gel constructs were washed once with PBS, 1 ml of the LIVE/DEAD solution was added, 

and cells were incubated at 37 °C for 15 minutes. Finally, the dye solution was aspirated, hydrogels 

were washed twice with PBS, and images were taken of cell/gel constructs maintained under static 

and vibratory conditions using a confocal laser scanning microscope (Zeiss CLSM 710).Viable 

and dead cells were labeled and counted manually using the Cell Counter plugin in the Fiji image 

processing program. 
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2.9. Quantitative Real-Time Polymerase Chain Reaction (qPCR). Gene expression 

experiments were carried out using qPCR as described previously [16]. Cell/gel constructs were 

collected immediately following vibration and frozen in a dry ice/isopropanol slurry for storage at 

-80 °C until further use. To isolate RNA, pestles were used to pulverize the frozen samples into a 

fine powder, then 1 mL TriZol reagent and 200 μL chloroform were added. Samples were 

centrifuged at 15,000 g then the aqueous layer was aspirated and added to 500 μl of isopropanol 

before centrifugation at 12,000 g to pellet RNA. Pellets were washed in triplicate with 70% ethanol 

before resuspension in DEPC H2O to determine RNA concentration and purity via 

spectrophotometry (Nanodrop-2000). Template cDNA was reverse-transcribed by the QuantiTect 

kit (Qiagen) according to manufacturer’s protocol. Amplification of template cDNA (4 ng) with 

specific primers (400 nM) for each gene target in the presence of Power SYBR Green master mix 

(Invitrogen, Carlsbad, CA) was performed in an ABI 7300 real-time sequence detection system. 

Detailed information on primers used in qPCR analysis, along with abbreviations for tested genes, 

is summarized in Table 1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was utilized as 

a reference target. Resulting qPCR data were normalized and processed using commercially 

available qbase+ software. 

 

2.10. Immunohistochemistry. Following vibrational stimulation, hydrogels were 

immediately rinsed with ice-cold PBS, then incubated in 4% PFA solution for 20 minutes. Once 

fixed, cell/gel constructs were washed twice with PBS containing 0.05% Tween-20 (PBST) then 

blocked in 3% bovine serum albumin (BSA) in PBS overnight at 4°C. After the blocking step, 

FITC-conjugated monoclonal α-smooth muscle actin (αSMA, Sigma) antibody (diluted 1:100) and 
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Alexa Fluor 568-conjugated phalloidin (Thermo Fisher, diluted 1:400) in 3% BSA were added and 

allowed to incubate for 2 h at room temperature. Next, samples were washed in triplicate with 

PBST, and DAPI (Millipore, 1:500 dilution) was added for 10 minutes at room temperature. 

Samples were stored in PBS for imaging via confocal laser scanning microscopy (Zeiss LSM 880 

with Airyscan).  

 

2.11. Statistical Analysis. All quantitative analyses were conducted on data sets in which n 

=3 or 4. A student’s T-test or one-way analysis of variance (ANOVA) with Tukey-Kramer post-

hoc analysis (p < 0.05 considered significant) was utilized to test for significance unless where 

indicated. Results are presented as mean ± standard error. When multiple groups were compared, 

groups labeled with different letters indicate significance.  

 

3. RESULTS 

 3.1. Bioreactor Characterization.  

 The vocal fold bioreactor (Figure 1A) was composed of two metal bars, each housing four 

parallel vibration subassemblies. The individual subassembly was directly mounted on top of a 

speaker controlled by a speaker selector. A watertight vibration chamber was created by 

sandwiching a PDMS disk between a pair of hollow polycarbonate blocks. The vibrational signals 

were translated to the chamber by the oscillating air pressure underneath. The vibration units and 

speaker selector were enclosed in an anti-humidity chamber. The assembly, containing 1-4 (Figure 

1A), was housed in the cell culture incubator, while the power amplifier and the function generator 

were placed outside [14, 15, 17]. 
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 LDV measures the magnitude of a Doppler frequency shift of a light source caused by a 

dynamically oscillating surface. First, measurements at the center of the PDMS membrane were 

taken while increasing the peak-to-peak voltage (Vpp) supplied to the speaker. The amplitude of 

displacement at discrete frequencies was determined by performing a fast Fourier transform (FFT) 

on the output signal across a bandwidth from 0-500 Hz at 1.2 kHz sampling frequency. The average 

mid-membrane displacement amplitude (distance traveled during oscillation) at 200 Hz was 56 ± 

2 μm at 0.5 Vpp, reaching a maximum of 74 ± 2 μm at 1 Vpp (Figure 1B). Above 1 Vpp, PBS within 

the vibration subassembly became turbulent and was ejected from the cell culture well. Thus, 

speaker voltage was maintained at 1 Vpp for cell culture studies. Analysis of the full frequency 

range of LDV measurements showed a peak amplitude of 74 µm at 200 Hz, and below 5 μm at all 

other frequencies (Figure 1C). This result demonstrates that there is minimal resonance occurring 

at harmonic frequencies (100 Hz, 400 Hz). To measure the in-gel oscillation, reflector targets were 

embedded within the HPC2 gel construct. This resulted in a reduction of the measured amplitude 

to 47 ± 3.6 μm. Removing the collagen component from the HPC gels led to a significantly lower 

measured amplitude (61 ± 0.6 μm, Figure 1D), confirming the damping effect of the added 

collagen fibrils. 

 DIC coupled with high-speed imaging allowed for characterization of equivalent strain across 

PDMS membranes when driven into oscillation at high frequencies. The equivalent strain is the 

net magnitude of strain at each point within the area of interest. DIC uses correlations between 

grayscale patterned images to determine deformation over time. The majority (84%) of strains over 

the surface of the membrane were lower than 0.01, with maximum strains of 0.03 occurring around 

the central envelope periphery (Figure 2A). The distribution of resultant equivalent strains across 

the central envelope of the PDMS membrane was plotted (Figure 2B). Strain distribution had a 
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rightward skew, meaning values were biased towards lower strains (<0.005). The average strain 

was 0.0051, with a standard error of ± 5.8 × 10-5. 

 The bioreactor was further characterized by Finite Element Analysis (FEA). Maximum 

displacement amplitudes of the surface of the upper polycarbonate block at various frequencies 

were recorded during LDV analyses when the subassembly was driven into vibration at 200 Hz. 

These data were then applied as boundary conditions at the outer surfaces of the frames. The input 

displacement amplitudes are reported in Table S1. The predicted equivalent strains directly on the 

PDMS surface were then plotted in a histogram for comparison with DIC data (Figure 2C). 

Dimensions for vibration subassembly components were measured and applied to the model 

geometry (Figure 3A). The blocks, silicone membrane, and the gel matrix were set to be bonded 

at their contact surfaces. The domain geometry consisted of 102,200 second-order hexahedral 

elements (197,064 nodes). These elements allowed for high resolution of material deformations 

and strains. To reproduce the boundary conditions of the vibration subassembly, the stiffness of 

the blocks was matched to that for polycarbonate. Isotropic material properties were determined 

for the PDMS membrane via rheometric analysis. These material properties are summarized in 

Table S2.   

 A third order Ogden hyperelastic model was used to describe the stress-strain response of the 

hydrogel. A fit to the rheometric shear strain sweep tests was performed to find material parameters 

(αp and μp, Table S3). using the ANSYS curve fitting tool (Engineering Data, Ansys Inc., 

Canonsburg, PA). The resultant material parameters were used in the strain energy density 

calculation (Equation 1)[19]; 

 

𝜓𝜓 = ∑𝑛𝑛=1
𝑁𝑁 �μ𝑝𝑝

α𝑝𝑝
� [𝜆𝜆1

α𝑝𝑝 + 𝜆𝜆2
α𝑝𝑝 + 𝜆𝜆3

α𝑝𝑝 − 3],    Equation 1 
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where 𝜓𝜓 is the strain energy density and λi are the principal stretches.  

 Rayleigh damping was included in the model to account for energy dissipation within the 

PDMS and hydrogel components under dynamic loading (Table S4). A fit to frequency sweep data 

from rheometric measurements was used to calculate α and β parameters. The α and β parameters 

were used as correction factors in mass and stiffness matrices respectively (Equation 2)[20];  

 

[C] = α[M] + β[K],       Equation 2 

 

where [C] is the damping matrix, [M] the mass matrix and [K] is the stiffness matrix. The effective 

damping ratio, ξi, for a natural circular frequency of mode I, ωi, can be calculated by (Equation 

3)[20];   

 

ξi = α/2ωi + βωi/2.       Equation 3 

 

 The finite element model was solved using a 0.1 ms time step for 0.2 seconds. Verification 

studies were then performed to ensure the accuracy of the results with respect to mesh size and 

time steps. The predicted values of in-gel amplitude in the center of the membrane at a height of 

0.5 mm into the gel were matched to their corresponding experimental values, as determined by 

LDV (Figure 3B-C). Both the simulation and experimentally generated displacements were 

highest at 200 Hz, with negligible amplitudes at harmonic frequencies. The mean in-gel amplitude 

measured by LDV was 47.0 ± 3.6 μm compared to a predicted value of 31 μm. The slight decrease 

in predicted amplitude is likely due to the usage of rheological data obtained at 0.1-10 Hz used to 
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fit the Rayleigh damping parameters. The FEA model was then used to predict strain within the 

hydrogel component. Equivalent strains ranged from 0-0.03 within the hydrogel, with higher strain 

found in the center of the gel and around the periphery (Figure 3D, Movie S1, S2). The FEA results 

confirmed the overall trend seen experimentally by LDV and DIC.  

 

 3.2. Vibratory Culture.  

 hMSCs were encapsulated in HPC2 gels and were maintained statically for 7 days in the 

bioreactor before the vibratory stimulation was introduced. Constructs were vibrated for 3 days at 

a frequency of 200 Hz, with a 1h-on/1h-off pattern for a total of 12 h per day. hMSCs maintained 

a high viability and adopted a spindle shaped morphology when the experiment was terminated at 

day 10 (Figure 4A-B). To confirm there was no significant difference in cell viability, cells 

LIVE/DEAD cell viability dye in representative images from vibrated and static samples were 

counted using the Cell Counter plugin in the Fiji biological image processing software. As a 

control, static samples from day 7 (before vibration) were also counted. Our results show that 77.0 

± 5.7% of cells were viable by the end of the 7-day preculture. After three days of vibration, 78.0 

± 2.4% and 81.0 ± 2.1% of cells were viable in static and vibrated samples, respectively (Figure 

4C). Based upon the quantified viability percentages, there was no statistically significant 

difference in cell viability due to the 3-day vibratory stimulation.  

 A time course study was undertaken to determine the optimal application of vibrational 

stimulations to promote cellular mechanotransduction (Figure 5A). c-Fos was chosen as the marker 

gene for activation due to its immediate and transient response [21-24]. c-Fos expression remained 

relatively constant for the first 15 min of vibration, increasing only slightly to 1.25 ± 0.27-fold and 

1.12 ± 0.09-fold over static controls for 5- and 15-min treatments, respectively. At 30 min, 
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expression increased significantly to 2.82 ± 0.38-fold. After 60 min of vibration, the highest 

significant upregulation was observed, reaching 6.30 ± 0.9-fold compared to static controls 

(p<0.05). Extending the vibration to 120 min resulted in a moderate decrease in c-Fos expression, 

but compared static controls, the expression remained high (3.13 ± 0.52-fold, Figure 5B). c-Fos 

upregulation coincided with a downregulation of CTGF at 30 and 60 min (0.24 ± 0.10 and 0.29 ± 

0.07-fold respectively, Figure 5C), however expression for MMP1 and MMP2 were not 

significantly affected. At 120 min, there was a concurrent upregulation of other immediate early 

genes EGR1 (1.71 ± 0.16-fold) and c-Jun (0.65 ± 0.10-fold), but the 60-min treatment resulted in 

significantly more upregulation of EGR1 at 2.26 ± 0.16-fold compared to static control (Figure 

5D, p<0.05).  

 Next, qPCR studies were performed to study the transcriptional response of hMSCs to 

vibratory stimulation at a longer timescale. Cell/gel constructs were vibrated at 200 Hz on a 1-h 

on/1-h off pattern for 12 h per day for three days. Based on an in-gel amplitude of 47 μm, this 

constitutes a total distance traveled of 609 m by hMSCs over the three-day dynamic culture. On 

day 10 following vibration, the expression of p53 (Figure 6B), a regulator of cell apoptosis, was 

unchanged relative to static controls at the same time point (0.78 ± 0.14-fold vs 1.01 ± 0.16-fold, 

respectively). Dynamic oscillation resulted in significant downregulation of genes commonly 

associated with fibrogenesis. A significant downregulation (p<0.05) was observed for fibronectin 

(FN, 0.68 ± 0.10-fold), collagen type I α1 (COL1α1, 0.26 ± 0.11-fold), collagen type III α1 

(COL3α1, 0.26 ± 0.30-fold), α-smooth muscle actin (αSMA, 0.10 ± 0.68-fold), and lysyl oxidase 

(LOX, 0.51 ± 0.35-fold). In addition, vascular cell adhesion molecule was downregulated (VCAM, 

0.13 ± 0.04-fold) compared to static controls. Meanwhile, a significant upregulation was observed 

in mRNA targets encoding early growth response 1 (EGR1, 4.42 ± 0.40-fold), c-Fos (2.39 ± 0.19-
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fold), hyaluronic acid synthase 1 (HAS1, 2.52 ± 0.22-fold), melanoma cell adhesion molecule 

(MCAM, 2.11 ± 0.19-fold), and cyclooxygenase 2 (COX2, 67.9 ± 0.71-fold). Gene targets which 

showed no significant change were the EDA-domain of FN (FNEDA, 0.76 ± 0.04-fold), matrix 

metalloproteinases (MMP1 and MMP2, 1.61 ± 0.28 and 0.96 ± 0.10-fold, respectively), 

transforming growth factor β1, (TGFβ1, 1.37 ± 0.31-fold), integrin β1 subunit (ITGβ1, 0.94 ± 

0.08-fold), and connective tissue growth factor (CTGF, 0.57 ± 0.10-fold).  

 Immunofluorescence was utilized to confirm αSMA downregulation. Under static conditions, 

αSMA was incorporated into F-actin stress fibers running parallel along the cell body (Figure 7, 

white arrowheads), indicative of myofibroblastic phenotype.[7, 25] Comparison of 

immunofluorescence images for vibrated samples against the static controls revealed that, 

following vibration, the expression of αSMA and the development of F-actin stress fibers was 

significantly diminished. Thus, vibrational signals suppressed hMSCs commitment to 

myofibroblasts. 

 

4. DISCUSSION 

 Due to their histocompatibility, self-renewal, and regenerative capabilities, hMSCs has been 

suggested as therapeutic cells for the treatment of VF scarring. Previous animal studies showed 

that injection of MSCs to scarred VF resulted in reduced production of collagen type I and recovery 

of tissue functionality, despite an overall low survival rate for injected cells [9-11]. Using an 

HA/PEG/collagen composite hydrogel and a vibrational bioreactor, this work aims to understand 

how the unique biochemical and biomechanical environment of the VF affects the phenotype and 

function of injected hMSCs. Prior to 3D dynamic culture, the bioreactor was characterized 

collectively by LDV, DIC and FEA. LDV analysis showed that all eight vibration subassemblies 
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exhibited a consistent mid-membrane displacement amplitude of 74 ± 2 μm at 200 Hz and 1 Vpp, 

with no harmonics present. Thus, the desired input frequency from the waveform generator was 

isolated, and the observed cellular responses were frequency specific. Further dynamic analysis by 

DIC showed a distribution of strains across the membrane surface from 0 to 0.03. Within the bulk 

of the HPC2 gel, the measured amplitude decreased due to the ability of entrapped collagen fibrils 

to dissipate energy.  

 A FEA model was developed to estimate strain distribution throughout the hydrogel network 

under dynamic oscillation. Rheological data of the cell-free HPC gels were utilized for curve-

fitting analysis as previous studies have shown that the encapsulated cells do not contribute 

significantly to bulk viscoelastic properties [26-29]. The predicted strains varied from 0-0.03 

within the gel, and the distribution of strains predicted along the surface of the PDMS membrane 

followed similar trends compared to DIC measurements (Figure 2C). Areas of high strain were 

found 1.5 and 6 mm from the gel edge and 0.5 mm above the PDMS membrane. Using uniaxial 

tensile testing and a constitutive model, researchers determined that the strain experienced within 

the VF SLP ranges from 0-0.0443 [30], in good agreement with the predicted vibrational strains 

introduced in our bioreactor. Separately, LDV analysis showed that, relative to the static state with 

no airflow, the vocal fold surface oscillates from 64 to 188 μm during phonation. Of note, the 

epithelial layer typically undergoes larger deformations than the underlying SLP [31]. Our in-gel 

LDV measurement showed a slightly lower displacement of 47 ± 4 μm.  

 Maintaining high cell viability is a prerequisite for developing a physiologically relevant tissue 

model. hMSCs cultured in the bioreactor remained highly viable throughout the duration of culture 

and the percent viable cells was not affected by vibrational stimulation. The insensitivity of the 

expression of p53, a regulator of cell apoptosis, to vibration further confirmed the 
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cytocompatibility of the bioreactor. These observations are in good agreement with results from 

our previous studies where hMSCs were cultured on fibrous PCL scaffolds and subjected to a 

similar vibration stimulation [15, 17]. Webb and coworkers studied the effects of vibrational 

stimulation on 3D encapsulated fibroblasts and found that vibration significantly decreased cell 

viability over time [32]. In this study, fibroblasts were maintained in a HA hydrogel containing 

immobilized RGD and vibration was generated mechanically, rather than acoustically, using a 

voice coil actuator [33]. The higher oscillatory strain introduced to the cell/gel constructs may have 

compromised the overall cell viability [34]. 

 The mitogen-activated protein kinase (MAPK) pathway is involved when an external 

mechanical signal is transmitted to the cell nucleus to elicit transcriptional changes. This pathway 

is initiated by engagement and subsequent mechanical stimulation of integrin receptors, and results 

in the phosphorylation of several downstream effectors, including extracellular signal-regulated 

kinase 1/2 (ERK1/2). Activation of this kinase leads to induction of the AP-1 complex, specifically 

through proto-oncogene c-Fos [23].  In this study, a 7-day preculture period was chosen to allow 

for the establishment of integrin-mediated matrix engagement [16]. c-Fos was chosen as an 

immediate-early gene because it is typically upregulated rapidly in response to a wide variety of 

external stimuli [23]. One-hour vibration at 200 Hz was sufficient to cause a significant 

upregulation of the c-Fos gene. The expression of a co-transcriptional factor, c-Jun, and an 

additional regulator of ERK1/2 mechanotransduction, EGR-1, were similarly upregulated 

compared to static controls, providing additional evidence for cell activation at the 1-h time point. 

By 2 h, immediate-early genes were still upregulated, although at a lower expression level. These 

results indicate that early cell transcriptional response to vibration at 200 Hz was triggered after a 

30-min treatment and further treatment beyond 1 h led to a decline in cell response. Thus, for 



21 
 

subsequent long-term culture studies, cells were stimulated with a 1h-on/1h-off cycle to ensure 

activation of mechanotransduction signaling cascades. 

 Following 3-day vibrational culture, hMSCs encapsulated in HPC2 hydrogels decreased 

expression of fibrous proteins COL1α1 and COL3α1, as well as αSMA. Downregulation of αSMA 

was further confirmed by immunofluorescence. A decrease in expression of these three markers 

of myofibroblastic differentiation indicates that hMSCs shifted away from a profibrotic, 

myofibroblastic phenotype. In addition, the expression of HAS1 increased with vibration. HAS1 

has been shown to promote dermal tissue regeneration by lowering the inflammatory response and 

inducing production of a more organized collagen fibrillar structure [35, 36]. Decreased 

fibrogenesis coupled with increases in HA expression can be indicators of scarless wound healing 

[37, 38]. This observation is supported by studies involving application of vibratory stimulation 

by shockwave therapy and ultrasound that can augment healing effects of native cell types [39-

41]. In a similar speaker-driven vibratory study conducted on 2D vocal fold fibroblast cultures, 

Kirsch et al. found an increase in fibrogenesis and HAS1 expression but no change in αSMA [42]. 

Interestingly, cells in 2D culture on stiff PDMS upregulated collagen I and III expression following 

vibration while our 3D soft hydrogel culture system caused downregulation, highlighting the 

necessity for a dimensionally and mechanically relevant model of VF connective tissue to more 

accurately predict physiological response. VCAM and MCAM, two cell adhesion molecules, 

exhibited conflicting changes in expression under mechanical loading. The upregulation of 

MCAM is associated with hMSC stemness and indicates that cells are moving back towards a 

more progenitor-like state [43, 44]. VCAM is a well-known regulator of hMSC motility through 

its interactions with integrins as well as the actin cytoskeleton [45, 46]. 
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 Transcriptional analysis of the inflammatory marker COX2 revealed significant upregulation 

following the 3-day vibratory period. COX2 typically becomes upregulated in response to cellular 

strain and other stressors [47]. Petkova et al. performed a study on COX2 signaling in lung fibrosis 

and found that a lack of functional COX2 expression resulted in increased proliferation and 

collagen production through decreased prostaglandin E2 (PGE2) activation [48]. A similar study 

agreed with these results in a mouse model of intestinal fibrosis following treatment with the 

COX2 inhibitor celecoxib [49]. Branksi et al. studied cyclic tensile strain (CTS, 0.5 Hz, up to 18% 

strain) and observed downregulated COX2 expression in VFFs in addition to increased COL1 

expression, which would indicate fibrogenesis [50]. Overall, this study presents a mechanical 

method of inhibiting the fibrotic response of hMSCs in a 3D hydrogel culture without affecting 

cell viability.  

 Under our 3D culture conditions, vibratory stimulations did not result in significant changes in 

the expression of MMP1 and 2 at the mRNA level. It is possible that hMSCs cultured in HPC2 

gels were not as catabolically active as tissue-resident stem cells involved in tissue repair during 

wound healing [51]. Alternatively, MMP expression may be transient and time-dependent and our 

short-term (5 min to 120 min) and 3-day (1 h on/1 h off) vibration regimen may not capture the 

moment when MMP expression is significantly upregulated. Finally, post-transcriptional 

regulatory processes [52] may lead to changes in MMPs that cannot be detected by qPCR. 

 In this study, we investigated how vibratory stimulations affect phenotype of hMSCs cultured 

in a soft HPC2 matrix. Our previous work on dynamic culture of hMSCs on a stiff, fibrous PCL 

scaffold showed a different gene expression pattern in response to similar vibration conditions.[15] 

Thus, matrix stiffness may dictate cellular response to vibration. The bioreactor described here is 

not intended to completely replicate the complex biomechanical environment of the native tissue. 
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The engineered, VF-mimetic environment enabled us to identify how a specific, physiologically 

relevant and individually controlled mechanical perturbation affects the phenotype and function 

of hMSCs. We are currently developing a hydrogel-based cellular model of scarred vocal folds 

and evaluating how hMSCs respond to a more complex mechanical stimulation that combines low 

frequency, high strain tensile stretch with high frequency, low strain oscillation. 

 

CONCLUSION:  

 hMSCs were cultured in an engineered, VF-mimetic matrix in the presence of vibratory 

stimulations at human phonatory frequencies. The mechanical signals generated in the bioreactor 

was measured by LDV and DIC, and a constitutive FEA model was developed to predict strains 

generated in the hydrogel matrix. A 1-h vibration at 200 Hz resulted in the upregulation of an 

immediate-early response gene, c-Fos. Application of a 1-h on/1-h off cycle to the cell-laden 

construct over a 3-day period resulted in the down regulation of genes encoding FN, Col1α1, 

Col3α1, LOX, αSMA, and VCAM, but an upregulation of genes encoding EGR1, c-Fox, HAS1, 

MCAM and COX2. Immunofluorescent analysis revealed a decrease in αSMA following the 3-

day vibratory culture. Our results indicate that vibrational stimulations resulted in a decrease in 

myofibroblast transition while increasing scar turnover. Overall, this study confirms a specific 

mechanical regimen capable of reversing fibrogenic phenotype to direct potential therapeutic 

treatments following VF scarring. 
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Table 1. Oligonucleotide primer sequences, accession numbers, efficiencies, and product sizes. 
Gene abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; FN, fibronectin; 
MMP1, matrix metalloproteinase 1; MMP2, matrix metalloproteinase 2; COL3α1, collagen type 
III alpha-1 chain; COL1α1, collagen type I alpha-1 chain; HAS1, hyaluronic acid synthase 1; 
CTGF, connective tissue growth factor; αSMA, alpha-smooth muscle actin; FNEDA, fibronectin 
extra domain-A; MCAM, melanoma cell adhesion molecule; VCAM, vascular cell adhesion 
molecule; p53, tumor protein p53; COX2, cyclooxygenase 2; c-Jun, jun proto-oncogene; c-Fos, 
fos proto-oncogene; EGR-1, early growth response 1; LOX, lysyl oxidase. 

  

Gene Forward Primer 
(5'-3')

Reverse Primer 
(5'-3')

GeneBank
Number

Efficiency Product Size 
(bp)

GAPDH
GAAATCCCATCACC

ATCTTCCAGG
GAGCCCCAGCCTTC

TCCATG NM_001289746 2.08 120

FN
ACCTACGGATGACT

CGTGCTTTGA
CAAAGCCTAAGCAC

TGGCACAACA NM_001306132 2.10 116

MMP1
GGGAGATCATCGG

GACAACTC
GGGCCTGGTTGAAA

AGCAT NM_001145938 2.03 72

MMP2
GCCAATGGAGACT

GTCTCAAGA
TTCTAAGGCAGCCA

GCAGTGAA NM_001302510 1.87 122

COL3α1
TGGTGCCCCTGGT

CCTTGCT
TACGGGGCAAAACC

GCCAGC NM_000090 2.03 87

COL1α1
AATGGTGCTCCTG

GTATTGCTGGT
ACCAGTGTCTCCTT

TGCTGCCA XM_005257058 2.10 141

HAS1
GTGAGTGGCTGTA

CAACGCG
AGAGGGACGTAGTT

AGCGGC NM_001523 1.91 355

CTGF
AGGAGTGGGTGTG

TGACGA
CCAGGCAGTTGGCT

CTAATC NM_001901 1.90 117

αSMA
CCAAGCACTGTCA

GGAAT
GGCAGTGCTGTCCT

CTT NM_001613 1.99 60

FNEDA
CCCTAAAGGACTG

GCATTCA
CATCCTCAGGGCTC

GAGTAG XM_017003692 1.99 113

MCAM
GGGTACCCCATTCC

TCAAGT
CAGTCTGGGACGAC

TGAATG NM_006500 1.88 91

VCAM
AGTTGAAGGATGC

GGGAGTAT
GGATGCAAAATAGA

GCACGAG NM_001078 1.99 143

p53
TGCGTGTGGAGTAT

TTGGATG
GTGTGATGATGGTG

AGGATGG NM_000546 2.05 168

COX2
GCCCAGCACTTCA

CGCATCAG
AGACCAGGCACCAG

ACCAAAGACC NM_000963 1.92 290

C-Jun
TTTTCTCTCCGTCG

CAACTT
TAACAGTGGGTGCC

AACTCA NM_002228.3 1.88 87

C-Fos
CTACCACTCACCC

GCAGACT
AGGTCCGTGCAGAA

GTCCT NM_005252 1.97 72

EGR-1
GAGCACCTGACCG

CAGAGT
CCAGCACCTTCTCG

TTGTTC NM_001964 1.96 58

LOX
GCGCTGTGACATTC

GCTACA
GCTTTGCCTTCTAAT

ACGGTGAA NM_002317 2.00 77
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Figure 1. Vibrational amplitude characterization by LDV. (A) Schematic of bioreactor assembly 
(top view) and individual vibration subassembly (isometric view). (1) Upper block, (2) lower 
block, (3) speaker, and (4) silicone vibrational isolators. (B) Quantification of PDMS membrane 
vibrational centerpoint amplitude at 200 Hz while varying peak-to-peak voltage (Vpp). (C) Fast 
Fourier transform (FFT) distribution of PDMS membrane surface vibrational center point 
amplitude at 200 Hz driving frequency. (D) FFT distribution of vibrational centerpoint amplitude 
within HPC2 and HPC0 hydrogel formulations. Different letters indicate significant difference 
compared to HPC0 controls (p<0.05). 
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Figure 2. Bioreactor characterization by DIC. (A) Representative contour plot of equivalent strain 
(εxy) across the PDMS membrane central envelope as determined by DIC at the moment of highest 
oscillatory amplitude. (B) Histogram of equivalent strain across the PDMS membrane surface (red 
circle) as determined by 2D DIC. (C) Histogram of predicted equivalent strain across the PDMS 
surface as determined by FEA.  
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Figure 3. Development, validation, and implementation of FEA model of in-gel strain. (A) 
Visualization of vibrational assembly geometry and computational model domains shown as an 
isometric view. (B) Visualization of predicted hydrogel displacement over the hydrogel surface 
and within a cross-sectional area of the hydrogel component. (C) Comparison between predicted 
in-gel vibrational amplitude and LDV experimental values. The experimental and the simulation 
results overlap for 300 and 500 Hz. (D) Visualization of predicted strain distribution across the 
hydrogel surface and within a cross-sectional area of the hydrogel component. 
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Figure 4. Cell viability in HPC2 Hydrogels following vibration. (A-B) LIVE/DEAD staining on 
gels at day 10 in (A) static controls or (B) gels vibrated for 3 days. Live cells were stained green 
and dead cells were stained red by calcein AM and ethidium homodimer, respectively. 
Magnification: 10 ×. Scale bar: 200 μm. (C) Quantified percent viable cells compared to day 7 
samples before vibration. 
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Figure 5. Time-dependent gene expression of hMSCs cultured in HPC gels in the presence of 
vibrational stimulation. (A) Experimental design for the time course study. (B) c-Fos expression 
as a function of vibration durations. (C) Time-dependent expression of CTGF, MMP1 and MMP2. 
(D) Time-dependent expression of additional immediate-early genes. Different letters indicate 
significant difference compared to static controls (p<0.05). 
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Figure 6. Changes in gene expression following 3-day vibratory period. (A) Timecourse of 
vibrational culture. (B) Gene expression in HPC2 cell/gel constructs after 3-day vibration at 200 
Hz on a 1h-on 1h-off cycle. Different letters indicate significant difference compared to static 
controls (p<0.05). 
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Figure 7. Immunofluorescence imaging of αSMA expression in HPC2 hydrogels following 3-day 
vibration. White arrows indicate the presence of αSMA overlapping F-actin stress fibers. White 
dashed box indicates area of magnification in following image αSMA image. Samples were stained 
with DAPI (blue), anti-αSMA (green), and phalloidin (red). Magnification: 25×. Scale: 50 μm. 
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