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We are interested in the in vitro engineering of artificial vocal fold tissues via the strategic combination of
multipotent mesenchymal stem cells (MSCs), physiologically relevant mechanical stimulations, and biomimetic
artificial matrices. We have constructed a vocal fold bioreactor that is capable of imposing vibratory stimulations
on the cultured cells at human phonation frequencies. Separately, fibrous poly (e-caprolactone) (PCL) scaffolds
emulating the ligamentous structure of the vocal fold were prepared by electrospinning, were incorporated in
the vocal fold bioreactor, and were driven into a wave-like motion in an axisymmetrical fashion by the oscil-
lating air. MSC-laden PCL scaffolds were subjected to vibrations at 200 Hz with a normal center displacement
of *40 mm for a total of 7 days. A continuous (CT) or a 1 h-on-1 h-off (OF) regime with a total dynamic culture
time of 12 h per day was applied. The dynamic loading did not cause any physiological trauma to the cells.
Immunohistotochemical staining revealed the reinforcement of the actin filament and the enhancement of a5b1

integrin expression under selected dynamic culture conditions. Cellular expression of essential vocal fold ex-
tracellular matrix components, such as elastin, hyaluronic acid, and matrix metalloproteinase-1, was significantly
elevated as compared with the static controls, and the OF regime is more conducive to matrix production than
the CT vibration mode. Analyses of genes of typical fibroblast hallmarks (tenascin-C, collagen III, and pro-
collagen I) as well as markers for MSC differentiation into nonfibroblastic lineages confirmed MSCs’ adaptation
of fibroblastic behaviors. Overall, the high-frequency vibratory stimulation, when combined with a synthetic
fibrous scaffold, serves as a potent modulator of MSC functions. The novel bioreactor system presented here, as a
versatile, yet well-controlled model, offers an in vitro platform for understanding vibration-induced mechano-
transduction and for engineering of functional vocal fold tissues.

Introduction

Human vocal fold, composed of a stratified squamous
epithelium, the lamina propria (LP), and the vocalis

muscle, is a specialized soft tissue that converts aerodynamic
energy into acoustic waves for sound production.1 During
normal phonation, vocal folds oscillate regularly at strains
up to 30% in a broad range of frequencies (100–300 Hz).2

Histologically, adult LP is divided into superficial (SLP),
intermediate (ILP), and deep (DLP) layers. The epithelium
and the SLP combined constitute the mucosa layer, while the
ILP and DLP are referred to as the vocal ligament.3 The SLP
consists primarily of an amorphous matrix, sparsely deco-
rated with loose fibers, whereas the vocal ligament is rich in
collagen and elastin that entangle into a micro-fibrous net-
work to provide tensile strength to the tissue.4 Being the
major type of cells in the vocal fold LP, fibroblasts are re-
sponsible for maintaining the tissue homeostasis.3 Newborn

and mature vocal folds are distinctly different in terms of
their matrix composition, structural organization, and tissue
biomechanics. Although the mechanism governing vocal
fold maturation is not yet well understood, it has been pro-
posed that the vocalization-derived mechanical stimuli and
local hormone receptors may be the contributing factors.5–8

Numerous conditions, such as voice abuse, allergies, in-
tubation, or surgeries, can disrupt the vibratory structures of
the LP and compromise the tissue pliability, giving rise to
vocal fold dysfunction that affects an estimated 3%–9% of the
population.9 Current treatments for vocal fold disorders
usually involve voice therapy, repetitive therapeutic injec-
tions, or surgical procedures.10 These approaches may be
effective in improving voice quality temporarily. However,
long-term, functional tissue regeneration has not yet been
achieved. Mesenchymal stem cell (MSC)-based regenerative
strategy is emerging as a promising alternative treatment
option for the restoration of functional vocal folds owing to
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their multipotency, self-renewal capability, and clinical
availability.11 Moreover, studies have shown that primary
vocal fold fibroblasts (PVFFs) and MSCs share similar cell
surface markers, immunophenotypic characteristics, and
differentiation potential.12 Thus, MSCs are a suitable alter-
native to PVFFs for vocal fold tissue engineering. MSCs are
naturally sensitive to their environment, and each tissue
contains a unique stem cell niche that fosters the tissue-
specific stem cell differentiation and tissue development.13 In
addition to the biochemical environment, biomechanical
forces have been shown to be potent regulators of cell fate
and are necessary for tissue development, function, and
homeostasis.14,15 It has been demonstrated that physiologi-
cally relevant mechanical stimuli can guide stem cell differ-
entiation and accelerate tissue-specific matrix remodeling for
a variety of tissue engineering applications.16–19

Titze and coworkers developed a vocal fold bioreactor20

that integrates a static stretch with a high-frequency (20–
200 Hz) oscillation to stimulate cellular production of matrix
proteins. Employing this bioreactor design, Webb and co-
workers21 investigated the temporal patterns of gene ex-
pression and matrix deposition by human dermal fibroblasts
encapsulated in hyaluronic acid (HA)-based hydrogels and
exposed to 100 Hz vibrations for 10 days. Compared with the
static controls, dynamically cultivated cell/gel constructs ex-
hibited elevated levels of mRNA for HA synthase 2 (HAS2),
decorin, fibromodulin, and matrix metalloproteinase-1 (MMP1)
in a time-dependent fashion. Enhanced accumulation of sul-
fated glycosaminoglycans and decreased production of col-
lagen were also observed after 10 days of dynamic culture. A
similar device has been utilized to compare the responses of
PVFFs and MSCs, entrapped in microporous Tecoflex� elas-
tomer, with high-frequency vibration stimulations.22 Recently,
Farran et al.23 created a dynamic cell culture device using a
power amplifier, a function generator, an enclosed loud
speaker, and a circumferentially anchored silicon membrane.
The vibration signals were translated to the membrane aero-
dynamically by the oscillating air pressure underneath. Neo-
natal foreskin fibroblasts attached to the membrane were
subjected to a 1 h vibration at 60, 110, and 300 Hz, with the
displacement at the center of the membrane varying in
the range 1–30mm, followed by a 6 h rest. Quantitative poly-
merase chain reaction (qPCR) results showed that the ex-
pression of genes encoding some extracellular matrix (ECM)
proteins was moderately altered in response to changes in
vibratory frequency and amplitude.

Overall, successful engineering of vocal fold LP requires
the strategic combination of multipotent MSCs, biomimetic
matrices, and physiologically relevant biomechanical stimu-
lations.24 In the current study, we designed and constructed
a novel dynamic cell culture device that was capable of
generating phonation-mimicking vibrations without evoking
any physiological trauma to MSCs cultured in an electrospun
fibrous scaffold. Microfibrous poly(e-caprolactone) (PCL)
scaffolds were employed to recapitulate the structure of the
vocal fold ligament. MSC-populated PCL scaffolds were in-
corporated into the device and exposed to 200 Hz sinusoidal
vibrations for 7 days. Different vibration regimes, namely
continuously 12 h or 1 h-on-1 h-off for a total of 12 h daily,
were introduced and the dynamic effects were compared.
Cellular responses, in terms of cell proliferation, cell mor-
phology, and the expression of vocal fold-relevant ECM

genes and proteins, were investigated systematically. Over-
all, MSCs residing in fibrous PCL scaffolds responded to
the high-frequency vibratory stimulations via an integrin-
mediated process that resulted in a profound alteration of
their matrix production.

Materials and Methods

Scaffold fabrication and characterization

Fibrous PCL scaffolds were fabricated using a conven-
tional electrospinning setup.25 Briefly, a chloroform (Sigma
Aldrich) solution (16 wt%) of PCL (Sigma Aldrich; Mn *
80 kDa) was loaded into a 10 mL syringe that was capped
with a 21G blunt ended needle (Becton Dickinson). The sy-
ringe was locked onto a programmable syringe pump (New
Era Pump Systems), and the flow rate was set at 1 mL/h. The
voltage between the syringe needle and the ground alumi-
num foil placed 18 cm from the needle tip was maintained at
15 kV. Fibers were allowed to accumulate on the aluminum
collector to a thickness of *250–300 mm, and the resultant
scaffolds were stored in a vacuum desiccator for 1–2 days to
remove any residual solvent. PCL scaffolds were imaged
using a scanning electron microscope (SEM, JSM-7400F;
JEOL-USA) after being sputter coated with gold (Denton
Vacuum Desk). The fiber diameter was analyzed using Im-
age J (NIH, 99) software. To facilitate cell attachment, the
scaffolds were soaked in a fibronectin (FN; Sigma Aldrich)
solution (20mg/mL in PBS) at 37�C for 1 h. The FN-coated
scaffolds were stained with mouse-derived fibronectin anti-
body, followed by Alexa-488 conjugated rabbit anti-mouse
IgG before being imaged with an LSM 5 Live high-speed
confocal microscope (Zeiss). Scaffolds without the FN
coating and staining experiments without using FN anti-
body were included to confirm the specificity of the antibody
reaction.

Bioreactor design

The bioreactor consists of two aluminum alloy bars (1, Fig.
1A), each housing four parallel vibration chambers (2, Fig.
1A), a function generator (3, Fig. 1A), a power amplifier (4,
Fig. 1A), and a speaker selector (5, Fig. 1A). The vibration
chamber was created by sandwiching a custom-made sili-
cone disk (1, Fig. 1B) between a pair of acrylic blocks (2, and
3, Fig 1B) with a circular opening (Ø = 24 mm) in the middle.
The top (1.8 cm thick) and bottom (0.9 cm thick) acrylic
blocks were engraved with a matching ridge and groove to
hold the elastomeric disk in place. Four corner screws were
employed to connect the paired blocks, creating a water- and
air-tight vibration chamber that was 24 mm wide and 18 mm
deep. The silicone disk (Ø = 42 mm, thickness = 1.2 mm) was
prefabricated with an entrenched sleeve (Ø = 12 mm, thick-
ness =*250 mm) in the middle, through which a fibrous PCL
scaffold (4 in Fig. 1B, C) was conveniently inserted and se-
curely locked in (insert, Fig. 1A). The silicone disk also
served as the bottom of the cell culture chamber. A Sony
speaker (5, Fig. 1B, 8 O/11 W) was anchored directly un-
derneath the vibration chamber through another four corner
screws on the bottom acrylic block. The speakers were con-
trolled individually by a speaker selector (RadioShack) and
driven by a function generator (Agilent 33220A; Agilent)
through a power amplifier (Pyle Pro PT-2400). The oscillating
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air pressure, generated by the vibrating speaker cone, was
transmitted to the scaffold/disk assembly aerodynamically.
Four individual vibration chambers were affixed to each
stationary alloy bar (1 in Fig. 1A and 6 in Fig. 1B). The re-
sulting chamber array was duplicated so that a total of eight
vibration chambers were included in the system. The two
chamber arrays, speaker selector, and associated electronic
wires were encased in an anti-humidity acrylic box housed
inside a commercial incubator, while the function generator
and power amplifier were placed outside. The main cable
linking the power amplifier and speaker selector was fed
through the filter assembly at the back of the incubator. The
opening of the vibration chambers was covered with a ster-
ile, microporous adhesive film (Denville Scientific) to allow
for free exchange of O2/CO2 during cell culture.

Bioreactor characterization

A single-point Laser Doppler Vibrometer (LDV) was em-
ployed to quantify the vibration signals received by the sil-
icone disk and the PCL scaffold in the presence of water

(1.5 mL). Specifically, the laser was focused perpendicularly
at a predetermined point on the selected substrate, and the
reflected beam was received and processed by the vib-
rometer (PDV-100; Polytec). The signals were further ana-
lyzed by the VibSoft data acquisition software (Polytec) to
obtain information on the vibration frequency (f), normal
displacement (w), velocity (v), and acceleration (a). Single-
point analysis at different radial positions of the silicone disk
or the PCL scaffold allowed for the construction of a vibra-
tion profile across the substrate. A 3D colormap correlating
the vibratory profile, in terms of the normal displacement,
across the substrate was generated using the Origin 8.5
software (OriginLab Corp.).

Cell culture and dynamic treatments

Primary human bone marrow mesenchymal stem cells
(Lonza) were sub-cultured at a seeding density of 4000–5000
cells/cm2 on a T150 tissue culture flask (Corning) in MSC
maintenance media (Lonza). After reaching *80% confluence,
MSCs (passages 3–5) were trypsinized, centrifuged, and

FIG. 1. A custom-designed
vocal fold bioreactor. (A) A
digital picture showing the
major components of the
bioreactor. 1: Al platform; 2:
vibration chamber; 3: func-
tion generator; 4: power am-
plifier; 5: speaker selector.
The insert at the top-right
corner shows the top view of
a vibration chamber (2) with
a poly (e-caprolactone) (PCL)
scaffold held in place. (B) A
cross-sectional view of a vi-
bration chamber. 1: silicone
disk (cyan); 2 top acrylic
plate; 3: bottom acrylic plate;
4: PCL scaffold (red); 5: loud
speaker; 6: Al platform. Color
images available online at
www.liebertpub.com/tea
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re-suspended in fresh MSC media. Separately, the PCL
scaffolds were sterilized in 70% ethanol overnight, followed
by a 15-min exposure to a bactericidal UV lamp. The sterile
scaffolds were then coated with fibronectin and were sub-
sequently inserted into the silicone disk. The bioreactor was
assembled just before cell seeding. The cell suspension (4.5
million cells/mL, total of 40mL) was evenly pipetted onto the
scaffolds, and cells were allowed to attach for 1.5 h before the
MSC maintenance media (1.5 mL) were added. The cell-
laden scaffolds were precultured statically for 3 days before
the vibration was introduced. Initial cell viability and at-
tachment were confirmed by live/dead staining and F-actin/
vinculin co-staining, respectively, following the procedures
previously described.19 Sinusoidal vibrations at 200 Hz with
a normal displacement of *40mm at the center of the scaf-
fold (w0) were imposed on the constructs for 7 days either
continuously for 12 h per day (referred to as CT culture) or
discontinuously in a 1 h-on-1 h-off pattern for a total of 12 h
daily (referred to as OF culture). Identical acrylic chambers
housing the same cellular constructs and cultured in a sep-
arate incubator without vibration served as the static controls
(referred to as ST culture). Medium was refreshed every
other day. To simplify the discussion, the end of the initial 3
days of preculture is designated as day 0 for the following
dynamic culture. After 0, 3, and 7 days of vibrations, the
cellular constructs and cell culture supernatants were col-
lected separately for further biological evaluations.

Biological evaluations

Metabolic activity, viability, and proliferation. Cellular
metabolic activity was monitored by Alamar blue cell via-
bility assay (Invitrogen). To this end, cells were cultured
dynamically in the presence of Alamar blue for 2.5 h before
medium refreshment every other day. Subsequently, the
medium (100 mL) was aliquoted into a 96-well plate, and the
fluorescence intensity was detected (Ex/Em: 550/590 nm)
using a microplate reader (Perkin-Elmer). In addition, cell
viability after 7 days of dynamic culture was confirmed by
live/dead staining followed by confocal fluorescence imag-
ing. Specifically, the cellular constructs were rinsed with cold
Dulbecco’s phosphate-buffered saline (DPBS; Gibco), stained
with propidium iodide (1:2000 in DPBS; Invitrogen) and
Syto-13 (1:1000 in DPBS; Invitrogen) for 5 min, and imaged
with a multiphoton confocal microscope (Zeiss 510 NLO).
Finally, DNA content per scaffold was quantified by Pi-
cogreen DNA assay (Invitrogen) after scaffold digestion
following a previously reported procedure.19 Briefly, the
constructs were snap frozen on dry ice and digested with
0.2 mg/mL papain (Sigma Aldrich) in 0.2 M sodium
phosphate buffer (pH 6.4) at 65�C for 2–3 h.19 After re-
moving the insoluble scaffold debris by centrifugation,
digestion aliquots (100 mL) and DNA standards were
used for DNA quantification following the manufacturer’s
instruction.

F-actin and Integrin a5b1 immuno-staining. The cellular
constructs were rinsed with cold DPBS and then fixed with
4% paraformaldehyde (Electron Microscopy Science) in
DPBS for 15 min on ice. The constructs were then permea-
bilized with 0.1% Triton X-100 solution in DPBS for 5 min on
ice, washed twice with DPBS, and blocked with 3% bovine

serum albumin (BSA; Jackson Immuno Research) for 40 min
at ambient temperature. Afterward, samples were incubated
with integrin a5b1 primary antibody (mouse-derived mono-
clonal; Abcam) at a 1:200 dilution in 1% BSA overnight at
4�C. After repetitive washing (three times) with DPBS con-
taining 0.05% Tween-20 (Fisher), the constructs were incu-
bated with Alexa-488 goat anti–mouse IgG (1:200 dilution
with 1% BSA; Invitrogen) and TRITC-conjugated Phalloidin
(Millipore; 1:400 in 1% BSA) for 1 h in the dark. Finally, the
scaffolds were counterstained with DAPI (1:1000 in DPBS;
Millipore) for 10 min, and imaged with the confocal micro-
scope. To semi-quantitatively assess the F-actin and integrin
expression, Z-stacked images (within 50mm thickness of
scanning) were analyzed by Volocity 3D-4D imaging anal-
ysis software (Perkin Elmer).

Gene expression analysis. Immediately after the com-
pletion of the dynamic culture, the constructs were briefly
rinsed with cold DPBS, snap frozen on dry ice, and crushed
using a tissue pestle (Fisher) in the presence of 1 mL Trizol
reagent (Invitrogen). After complete dissociation, chloroform
(0.2 mL) was added to the homogenized digestion, and the
mixture was agitated for 10 min, followed by centrifugation
at 14,000 rpm for 15 min at 4�C. Subsequently, the total RNA
and proteins were extracted from different layers of the
phase-separated digestion mixture, following the procedure
described elsewhere.19 The quality and quantity of the pu-
rified RNA samples were verified using a Nanodrop ND-
2000 Spectrophotometer (NanoDrop Products). The isolated
RNA from each sample was reverse transcribed into cDNA
using a QuantiTect reverse transcription kit (Qiagen). qPCR
was performed on an ABI 7300 real-time sequence detection
system using SYBR green PCR master mix (Applied Bio-
systems), using the thermal cycling program previously re-
ported.19 Specifically, the qPCR was carried out with a
reaction volume of 25mL containing 5 ng cDNA, 12.5 mL
SYBR Green PCR master mix (2 · ), and 1 mL primer mix.
Sequences of the reverse and forward primers for the genes
involved in this study are listed in Table 1. All primers were
synthesized by Integrated DNA technologies. To ensure the
robustness of qPCR data analysis, multiple reference genes
(YWHAZ, TBP, and PPIA, refer to Table 1) were employed as
the internal controls, and the variation of specific primer
efficiencies was taken into account.26–28 Relative expression
(fold change) of the genes of interest from the vibrated
samples was calibrated by the geometric mean of the three
reference genes, and further normalized against that of the
respective static controls at corresponding time points.29 This
data analysis process was performed using the qbasePLUS
software (Biogazelle).30

Biochemical analysis. The production of HA, tenascin-C
(TNC), MMP-1, and elastin (ELN) at the protein level was
quantified by biochemical assays. Aliquots (200 mL) of the
cell culture supernatants collected every other day after the
vibrations were pooled together until day 7 (800 mL total per
sample). These samples were aliquoted and diluted accord-
ingly for different enzyme-linked immunosorbent assays
(ELISA). Specifically, the HA secreted into the medium was
quantified using a competitive HA ELISA kit (Echelon
Biosciences). Soluble tenascin-C (high-molecular-weight
variant) production was assayed with a solid phase
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sandwich ELISA kit (Immuno-Biological Laboratories). Total
MMP1 secretion was evaluated using an MMP1 DuoSet
ELISA Development kit (R&D systems). The production of
cross-linked elastin and soluble elastin precursor (tropoe-
lastin) was examined separately. To quantify the insoluble
elastin, the total protein extraction obtained from Trizol/
chloroform digestion (detailed above) was boiled with
0.25 M oxalic acid (Sigma Aldrich), following the previous
procedure.19 Afterward, the solubilized elastin extracts were
assayed using a Fastin elastin assay kit (Biocolor). Tropoe-
lastin was quantified via a previously established ELISA
protocol with minor modifications.31 Specifically, a high-
binding EIA/RIA plate (Corning) was incubated with 100mL
of media samples (diluted by a factor of 10 with 50 mM pH
9.6 bicarbonate coating buffer containing 0.02% NaN3; Sig-
ma) and a-elastin standards (Biocolor, 5, 4, 3, 2, 1, and 0 mg/
mL in coating buffer) at 4�C overnight. The plate was wa-
shed thrice with DPBS, and blocked with 3% BSA for 2 h at
room temperature. The bound elastin antigen was detected
with BA4 mouse anti-elastin primary antibody (Sigma Al-
drich; 1:1000 dilution with 1% BSA in DPBS) for 2 h at room
temperature. After thorough rinsing with wash buffer (DPBS
containing 0.05% Tween-20), the plate was incubated with
1:5000 (in 1% BSA) polyclonal rabbit anti-mouse IgG conju-
gated with horseradish peroxidase (HRP; Abcam) for 1 h.
Subsequently, the color was developed by reacting HRP with
a substrate reagent pack (R&D Systems) containing equal
volumes of 3,3¢,5,5¢-tetramethylbenzidine and H2O2 for
20 min. Finally, the color development was quenched by
adding 50 mL 2 N H2SO4 (Fisher), and its absorbance was

detected using a PerkinElmer microplate reader at 450 nm
with the background correction at 570 nm.

Statistical analysis

Unless otherwise noted, all quantitative data were re-
ported as the mean – standard error of the mean (SEM) from
at least three parallel repeats. Student’s two-tailed t test was
used to determine the significant differences between
groups, where p < 0.05 was considered statistically different.

Results

In the current study, we have constructed a novel dynamic
cell culture device that is capable of mimicking the me-
chanical environment of human vocal folds during normal
phonation. It has been successfully characterized using a
single-point LDV in a noncontact and nondestructive fash-
ion. Fibrous PCL scaffolds were fabricated and validated to
support the attachment and growth of MSCs. The PCL
scaffolds containing attached MSCs were driven into oscil-
lation in an axisymmetrical fashion. Cells were subjected to
static (ST), continuous (CT), or on-and-off (OF) treatment for
7 days, and cellular responses were evaluated at the tran-
scriptional and translational levels by qPCR analyses and
biochemical assays, respectively.

Characterization of PCL scaffolds

The electrospun PCL scaffolds displayed a random fiber
orientation and a homogeneous fiber entanglement (Fig. 2A).

FIG. 2. Characterization of
PCL scaffolds in terms of
the microstructure (A, B) and
fibronectin adsorption (C).
(A, B) SEM images of PCL
scaffold at different magnifi-
cations. (C) Immunostaining
confirming the fibronectin
(green) retention on the
PCL fibers after the scaffold
was immersed in a fibro-
nectin solution for 1 h. Color
images available online at
www.liebertpub.com/tea
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The average fiber diameter was 4.7 – 0.5 mm, and the inter-
stitial pores are micron sized, comparable to the dimension
of MSCs. Inspection of the higher magnification image of the
PCL scaffolds (Fig. 2B) revealed that the fiber surface was not
smooth, but displayed nanoscale topography (grooves and
pores). Scaffolds with a thickness *250mm were utilized for
cell culture studies. Immersing the scaffolds in a fibronectin
solution for 1 h resulted in a significant fibronectin retention
on/in the fibers (Fig. 2C). Live/dead staining results indicate
that the cells evenly populated the scaffold during the initial
3-day preculture (Fig. 3A). Three days post seeding, cells
readily spread out, developed well-defined stress fibers (red
stain in Fig. 3B), and adopted an elongated morphology on
the fibers. Intense vinculin staining (green dots) was detected
at the tail region of the F-actin, suggesting the formation of
focal adhesion complex between the cells and the fibrous
substrate.31 On completion of the 3-day preculture, the cell-
laden scaffolds were subjected to selected dynamic culture
conditions (CT or OF) for approximately 7 days (see below).
Throughout the entire culture period, under both static and
dynamic conditions, the cell-laden scaffolds maintained their
overall shape and size. In addition, MSCs subjected to 7-day
CT culture conditions penetrated *100 mm into the scaffolds
(data not shown).

Bioreactor characterization

The bioreactor contains 8 vibration chambers that were
individually driven by an underlying loud speaker. A sinu-
soidal wave, with desired frequency (f) and peak-to-peak
voltage (Vpp), was introduced to the speakers via the speaker
selector (5, Fig.1A). The oscillating air flow created between
the paper cone of the speaker and the bottom of the silicone
disk was delivered to the cellular scaffold (insert, Fig.1A)
secured in the vibration chamber. Laser Doppler Vibrometry
(LDV) was used to monitor the vibration characteristics of
the silicone disk under the conditions employed for dynamic
cell culture studies, taking into consideration the refractive

index of water (1.33).32 Figure 4 shows the normal dis-
placement at the center of the disk (w0) as a function of the
driving frequency and voltage. The driving frequency was
fixed at 100, 200, and 300 Hz, corresponding to the funda-
mental speaking frequencies of adult men, adult women, and
children, respectively.33 Overall, w0 is a linear function of
Vpp in the range of 0–1.0 V at all three frequencies tested. At
any given output voltage, as f increased from 100 Hz to
300 Hz, the w0 value decreased accordingly.

The vibration at 200 Hz with a Vpp of 0.8 V was selected
for further characterization and subsequent dynamic cell
culture. The velocity profile as a function of time (Supple-
mentary Fig. S1A; Supplementary Data are available online

FIG. 3. Characterization of PCL scaffolds in terms of their capability to support mesenchymal stem cells (MSCs) attachment
and growth. (A) Representative live/dead staining of MSCs after 3 days of preculture on/in the PCL scaffolds. Live (green)
and dead cells (red) were stained with Syto13 and propidium iodine, respectively. (B) Representative F-actin/vinculin co-
staining of MSCs after 3 days of preculture. F-actin (red) was stained by TRITC-phalloidin, focal adhesion sites (green) were
stained by anti-vinculin, and FITC-conjugated secondary antibody, and nuclei (blue) were counterstained by Draq5. Color
images available online at www.liebertpub.com/tea

FIG. 4. The normal displacement at the center of the sili-
cone disk (w0) as a function of the applied frequency (100,
200 and 300 Hz) and the driving voltage (Vpp = 0–1 V).
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at www.liebertpub.com/tea) shows that the input sinusoidal
signal was captured by the silicone disk with high fidelity.
The center of the disk oscillates longitudinally at a peak
velocity of 52.1 mm/s (Supplementary Fig. S1B), a peak ac-
celeration of 65.5 m/s2 (6.7g, Supplementary Fig. S1C), and a
normal displacement of 41 mm (Supplementary Fig. S1D). In
addition to the fundamental peak at 200 Hz, harmonic sig-
nals at 100, 300, 400, and 500 Hz (Supplementary Fig. S1B–D)
were also present, but their amplitudes were at least one
order of magnitude lower than those at the fundamental
frequencies. The vibration pattern across the disk was con-
structed by measuring the normal displacement from a total
of 73 representative points on the radial directions of the disk
(Fig. 5A). The 3D colormap image (Fig. 5B) illustrates that the
vibration detected at the disk is axisymmetric with regard to
the center of the disk as well as its resting position. The
detected z-displacement decreased monotonically from the
center to the edge. This vibration pattern was further con-
firmed by the profile view of the z-displacement across two
pairs of parallel lines in orthogonal directions (Fig. 5C) on the
disk. For the dynamic culture studies, a vibration frequency
of 200 Hz was selected to represent the average fundamental
speaking frequency of male and female adults. A Vpp of 0.8 V
was chosen to obtain the highest normal displacement with

the least interference from the harmonic signals and liquid
perturbation that could complicate our data interpretation.

Dynamic culture of MSCs in fibrous scaffolds

In this study, MSCs were employed in place of PVFFs for
in vitro engineering of vocal fold tissues, owing to MSCs’ self-
renewal capability, multi-potency, and superior availability
to PVFFs.11 The dynamic culture device, combined with the
microfibrous scaffold, established a vocal fold-like microen-
vironment that guides MSCs to produce vocal fold-like ECM.

Cellular viability, metabolic activity, and prolifera-
tion. Figure 6A shows the metabolic activity of MSCs cul-
tured statically or dynamically at various times normalized
to the initial day 0 level. Although the cellular metabolism
was moderately ( p < 0.05) decreased for MSCs cultured un-
der OF conditions as compared with the static controls at day
4, Alarmar blue assay did not reveal any significant differ-
ence for cells under ST, CT, and OF conditions at day 6.
Overall, cellular metabolic activity for all the experimental
groups was significantly ( p < 0.05) enhanced compared with
day 0. Similarly, the DNA content per construct (Fig. 6B) did
not vary significantly among different experimental groups.

FIG. 5. 3D mapping of the vibration profile of the silicone disk at a frequency of 200 Hz and a driving voltage of 0.8 V. (A)
Selected locations of the silicone disk marked for single-point Laser Doppler Vibrometer (LDV) measurements. (B) 3D
colormap constructed by surface gridding using the normal displacement data collected from all locations marked on the
disk. (C) Profile image of the colormap showing the symmetry of the vibration in representative orthogonal directions.
Grayscale displays the variation of the normal displacement on the disk, with the brightest region representing the maximum
displacement in the middle of the disk. Color images available online at www.liebertpub.com/tea
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MSCs proliferated by *2.5-fold ( p < 0.01) at day 7 relative to
day 0 for all respective cultures. Live/dead cell viability
staining (Fig. 6C) revealed a similar density of viable cells in
all the scaffolds after 7 days of vibrations, further confirming
the cytocompatible nature of the fibrous scaffold and the
nondestructive nature of the dynamic culture conditions
employed.

Actin filament reinforcement and integrin a5b1 expres-
sion. Integrin and actin cytoskeleton play an indispensable
role in cell-matrix interaction and mechanotransduction.34

Our F-actin staining results (Fig. 7A) show that cells adopted
an elongated, spindle shape and maintained fibroblast-like
morphology. After 7 days of dynamic culture, the F-actin
filaments reorganized and clustered into dense bundles in
the dynamically cultivated cells, in sharp contrast to the in-

dividual, well-separated filaments with a relatively weak
staining seen in the static controls. The immunostaining of
integrin a5b1 revealed a more intense staining for CT samples
than for OF samples or ST controls. Semi-quantitative image
analyses (Fig. 7B) confirm the reinforcement of F-actin fila-
ments for dynamic cultures. Compared with the static con-
trols, F-actin staining for CT and OF cultures was 1.46 – 0.09
( p < 0.001) and 1.40 – 0.21 ( p < 0.02) folds stronger, respec-
tively. Integrin a5b1 expressed by cells exposed to the 7-day
CT conditions was significantly higher ( p < 0.001) than static
controls (1.31 – 0.09-fold). Cells subjected to OF conditions
did not exhibit a significant enhancement in integrin ex-
pression relative to the static cultures.

Cellular response at the mRNA level. Cellular responses
to vibratory stimulations were examined at the mRNA level

FIG. 6. Effects of vibratory
stimulations on MSCs in
terms of the metabolic activ-
ity and cell proliferation. (A)
Cellular metabolic activity
examined by alamar Blue as-
say, the respective fluores-
cence signals were
normalized to the initial
baseline level after the 3 day
preculture before the initia-
tion of the dynamic culture
(day 0). (B) Cell proliferation,
as revealed by picogreen
DNA assay, during 7 days of
dynamic culture. (C) Cell vi-
ability (visualized by live/
dead staining) under differ-
ent culture conditions at day
7. Scale bar: 200mm. **sig-
nificant difference ( p < 0.05)
between ST and OF vibration
conditions; #significantly ele-
vated ( p < 0.05) relative to the
initial day 0 level. Color
images available online at
www.liebertpub.com/tea
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by qPCR. First, the dynamic effects on the expression of
genes encoding essential vocal fold ECM components, such
as fibronectin (FN), elastin (ELN), decorin (DCN), collagen
III aI (Col3A1), and procollagen I (ProCol I), were analyzed
(Fig. 8A). Compared with static controls, the 3-day CT
treatment significantly ( p < 0.001) attenuated the expression
of FN and DCN. On the other hand, the 3-day OF treatment
did not induce any significant changes in FN and DCN ex-
pression relative to the static baseline. For both genes, their
relative expression was statistically higher ( p = 0.01) at day 7

for CT cultures than at day 3. Such a temporal effect was not
observed under the OF conditions. It should be noted that a
7-day OF culture regime resulted in a significant increase in
FN expression, with a 1.14 – 0.04-fold increase relative to the
static controls ( p = 0.03) and a 1.16 – 0.03-fold increase
( p = 0.02) relative to the 7-day CT cultures.

The relative expression of ELN was found to be strikingly
up-regulated after 7 days of dynamic culture, with a
1.58 – 0.12 and 2.34 – 0.38-fold increase relative to the static
controls for CT and OF cultures, respectively. The up-

FIG. 7. Effects of vibratory stimulations on MSCs in terms of the expression of F-actin filament and integrin a5b1 (A). F-actin
(red), integrin (green), and nuclei (blue) were stained by Alexa-568 phalloidin, Alexa-488 conjugated antibody, and DAPI,
respectively. Scale bar: 50mm. Images were obtained by merging z-stack slices over 50mm scanning depth. Semi-quantitative
image analysis (B) was performed by normalizing the mean intensity (green or red channel) of the unit image area to that of the
static controls. Data were acquired from representative images from 3–4 independent trials (7–12 images each trial). #signifi-
cantly ( p < 0.05) enhanced relative to the static controls (baseline). Color images available online at www.liebertpub.com/tea
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regulation of ELN expression occurred earlier for the OF
cultures (day 3) than the CT cultures. ELN expression by
cells cultured under CT conditions was significantly
( p = 0.004) elevated from day 3 to day 7. Cells vibrated in-
termittently in an OF fashion expressed a significantly higher
( p < 0.001) level of Col3A1 than those exposed to a CT vi-
bration for 3 days. However, such a difference was attenu-
ated when cells were vibrated for 7 days. Compared with the
static controls, the dynamic 3-day CT treatment led to a
significant decrease ( p = 0.015) in the expression of ProCol I.
ProCol I expression was elevated, on average, by 1.4 fold for
both CT and OF cultures at day 7, with the CT samples
exhibiting a significant ( p = 0.003) enhancement at day 7
compared with day 3.

Next, four crucial ECM remodeling enzymes, HA syn-
thase 1 (HAS1), HA synthase 3 (HAS3), lysyl oxidase (LOX),
and MMP1, were examined by qPCR (Fig. 8B). Both the OF
and the CT treatments significantly up-regulated the HAS1
expression, with a 2.09 – 0.11 and 1.68 – 0.21-fold increase

compared with the static controls at day 7, respectively.
Under both conditions, the stimulatory effect was more
pronounced when the treatment was prolonged beyond day
3. Overall, the CT mode was more efficacious ( p < 0.001) than
the OF regime in promoting HAS1 expression at day 3. Si-
milarly, relative HAS3 expression at day 7 under CT condi-
tions (1.33 – 0.08-fold, p = 0.01) was remarkably elevated
( p < 0.001) compared with the day 3 level (0.82 – 0.08-fold).
However, the mRNA level of HAS3 was not statistically al-
tered after 7 days of OF culture. When compared with the
respective static controls, the mRNA level of LOX in OF
samples was distinctly increased at day 3 (1.21 – 0.04-fold,
p = 0.01) and day 7 (1.23 – 0.06-fold, p = 0.002). Moreover, at
day 3, LOX expression under OF conditions was significantly
higher ( p = 0.02) than that of the CT cultures. The mRNA
level MMP1 was remarkably up-regulated on CT (12 – 2.5-
fold, p = 0.0001) and OF treatments (16.3 – 4.6-fold, p = 0.001)
at day 7. The dynamic CT treatment induced an earlier re-
sponse at day 3, with a fold change relative to the corre-
sponding static controls of 2.11 – 0.41 ( p = 0.03). Furthermore,
the inductive effect of the high-frequency vibration on
MMP1 gene expression was significantly ( p < 0.02) enhanced
from day 3 to day 7, under both vibration modes.

In addition, putative mechano-responsive genes, such as
tenascin-C (TNC), COX2, integrin a5 (ITGA5), and p53, were
evaluated by qPCR (Fig. 9A). Except for the 3-day CT
treatment, all other dynamic conditions (3-day-OF, 7-day-
CT, 7-day-OF) up-regulated the expression of TNC compared
with the static counterparts. A 7-day vibratory stimulation
gave rise to a significant ( p < 0.0001) increase in the TNC
expression relative to the static controls (1.26 – 0.06 for CT
treatment and 1.41 – 0.05 for OF treatment). For COX2, 3-day
treatment did not result in any significant alteration in its
expression. However, prolonging the OF treatment to 7 days
led to a profound increase of COX2 expression (2.09 – 0.25-
fold, ( p = 0.0001) relative to the static controls. The 7-day CT
regime also led to an up-regulation of COX2 (1.36 – 0.15-fold,
p = 0.0001), although this change was distinctly lower
( p = 0.007) than that induced by the 7-day OF treatment. Our
qPCR results revealed that ITGA5 is highly sensitive to high-
frequency vibratory stimulations. A 7-day CT treatment gave
rise to a fold increase of 2.47 – 0.23 compared with the static
controls, whereas a 7-day OF vibration resulted in a
2.26 – 0.32-fold enhancement, both of which were signifi-
cantly higher than the corresponding 3-day regimes. Of note,
the dynamic vibration conditions applied did not cause any
significant change in the expression of p53.

Finally, genes encoding classic MSC differentiation
markers (Fig. 9B), including a-smooth muscle actin (aSMA),
fibroblast specific protein-1 (FSP1), aggrecan (ACAN), alka-
line phosphate (ALP), and adipocyte Protein 2 (aP2), were
systematically characterized. No significant difference was
observed for aSMA expression between the static and the 7-
day CT cultures. However, the expression of aSMA was
significantly elevated (1.95 – 0.25-fold, p = 0.005) after 3 day
OF treatment. This fold increase was drastically attenuated
( p = 0.002) and leveled off by day 7. With regard to FSP1, its
relative expression was stable around the baseline level from
day 3 to day 7 under both vibration modes, and a moderate
suppression (0.82 – 0.05-fold, p = 0.02) was detected after 3
days of OF culture. Dynamic culture only slightly modulated
the expression of a chondrogenesis marker, ACAN, above the

FIG. 8. Effects of vibratory stimulations on MSCs in terms
of the expression of extracellular matrix (ECM)-related genes.
(A) Quantitative polymerase chain reaction (qPCR) analyses
of genes encoding essential vocal fold ECMs: FN, ELN, DCN,
Col3A1, and ProCol I. (B) qPCR analyses of genes encoding
typical ECM remodeling enzymes: HAS1, HAS3, LOX, and
MMP1. The relative gene expression (fold change) was nor-
malized to the respective static controls at day 3 and day 7
(baseline). **significant difference ( p < 0.05) between CT and
OF vibrations, #significantly changed ( p < 0.05) relative to the
respective static controls, + significantly different ( p < 0.05)
between day 3 and day 7 under corresponding vibration mode.
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baseline level, and the OF treatment was found to be more
inductive at day 3. The OF treatment was also more induc-
tive toward osteogenesis, as evidenced by the up-
regulation of ALP expression relative to the CT cultures at
day 3 and day 7. However, the overall mRNA level of
ACAN, ALP, and aP2 (undetectable by qPCR, data not
shown) was not altered significantly between the static and
the dynamic cultures at day 7.

Cellular response at the protein level. In addition to
qPCR evaluations at the transcriptional level, important
ECM proteins were further quantified biochemically at the
protein level (Fig. 10). First, elastin production was charac-
terized by separately analyzing the soluble elastin precursors
and the insoluble mature elastin. The deposition of insoluble
elastin on the PCL scaffolds under both vibration modes was
slightly enhanced relative to the static controls (Fig. 10A).
When normalized to the static controls, insoluble elastin
production at day 7 of CT (8.54 – 1.28 mg/mg dry scaffold)
and OF (7.49 – 1.0 mg/mg) vibrations was increased by a fold
of 1.33 – 0.11 and 1.26 – 0.06 (Supplementary Fig. S2A), re-

spectively. The amount of newly synthesized soluble elastin
reached 3.72 – 0.10 mg/mg and 4.2 – 0.1 mg/mg after 7 days of
CT and OF cultures, respectively, both of which were sig-
nificantly higher ( p < 0.03) than the static control (42.72 –
0.21mg/mg) (Fig. 10B). The secretion of soluble elastin pre-
cursors under vibrations was significantly ( p = 0.02) promoted
relative to the static controls. Specifically, a fold increase of
1.32 – 0.08 for the CT treatment and 1.53 – 0.05 for the OF
treatment was detected (Supplementary Fig. S2B).

Cells exposed to 7-day CT treatment produced an average
of 4.29 – 0.39 mg/mg (Fig. 10C) HA, 1.63 – 0.02 (Supplemen-
tary Fig. S2C) times higher than those cultured in the absence
of vibratory stimulations. Interestingly ( p = 0.02), HA pro-
duction after 7-day OF culture (5.95 – 0.44 mg/mg, Fig. 10C)
was 2.16 – 0.13 (Supplementary Fig. S2C) times higher than
the static controls. High-frequency vibratory stimulations
significantly enhanced the ability of MSCs to synthesize TNC
(Fig. 10D). The TNC production after 7 days of dynamic
culture reached an average of 87.12 – 15.31 ng/mg and
131.36 – 7.68 ng/mg for CT and OF cultures, respectively,
and both of them were markedly higher ( p < 0.01) than the
static control (15.73 – 1.76 ng/mg). Compared with the static
controls, it was elevated by 8.98 – 0.61 fold within 7 days of
OF vibrations, which was significantly higher ( p = 0.006)
than that of the CT vibrations (5.06 – 0.51-fold, Supplemen-
tary Fig. S2D). The MMP1 synthesis was also dramatically
enhanced on vibration (Fig. 10E and Supplementary Fig.
S2E). Seven-day CT and OF treatment gave rise to a signif-
icant ( p < 0.05) increase in MMP1 secretion relative to the
static controls, with a fold increase of 2.42 – 0.60 and
4.66 – 0.71, respectively. Cumulatively, the amount of MMP1
produced in OF cultures (175.94 – 42.62 pg/mg) was higher
than in CT cultures (132.62 – 24.84 pg/mg, Fig. 10E).

Discussion

Mature vocal fold LP is compositionally, structurally, and
mechanically different from the new-born tissues.5 We hy-
pothesize that functional vocal fold tissues can be recreated
in vitro, via a well-defined tissue engineering strategy, if the
vocal fold-like microenvironment is recapitulated. Electro-
spun PCL meshes were employed to recapitulate the struc-
ture of the vocal fold ligament. The micron-sized PCL fibers
entangle to form a mesh-like network with inter-fiber spac-
ing that is comparable to the size of individual MSCs. The
nanoscale surface texture on individual fibers (created by the
condensed droplets of atmospheric water during electro-
spinning35) is likely to provide additional contact guidance,
facilitating the initial cell attachment during the 3-day pre-
culture. MSCs formed direct contact with the FN-coated fi-
bers and penetrated into the scaffolds. The establishment of a
defined focal adhesion complex ensures the direct coupling
of intracellular machinery with the extracellular milieu.31

It is generally recognized that the structure and function of
tissues and organs reflect the acting physical forces, with
profound interactive effects.36 While the PCL scaffold pro-
vided a ligament-like structural support, the vocal fold bio-
reactor imposed physiologically relevant mechanical signals
to the cultured MSCs. The bioreactor employed in this study
creates the vibration electromagnetically and transfers the
energy aerodynamically to the cultured MSCs, mimicking
the natural phonation process in which the vocal folds are

FIG. 9. Effects of vibratory stimulations on MSCs in terms
of the expression of mechanosensitive genes and marker
genes. (A) Genes encoding putative mechanosensitive mol-
ecules: TNC, COX2, ITGA5, and p53. (B) Genes encoding
classic MSCs differentiation markers: aSMA, FSP1, ACAN,
and ALP. The relative gene expression (fold change) was
normalized to the respective static controls at day 3 and day
7 (baseline). **significant difference ( p < 0.05) between CT
and OF vibrations, #significantly changed ( p < 0.05) versus
the respective static controls, +significantly different ( p < 0.05)
between day 3 and day 7 under corresponding vibration mode.
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driven into motion by the air from the lung. Compared with
our previous bioreactor design,23 the current system employs
individually fitted vibration chambers, allowing for a sig-
nificantly larger displacement and a higher acceleration to be
achieved, at the same time, minimizing system variations
and mechanical perturbation across different vibration units.
To accommodate the cellular constructs for 3D dynamic
cultures, a centrally positioned, narrow groove was created
in the silicone disk so that the scaffolds can be peripherally
anchored and tightly secured in the vibration chamber. The
geometry of the groove is adjustable; thus, the shape of
the construct can be tuned accordingly to better represent
the dimension of native vocal folds.20 Our LDV results con-
firmed that the sinusoidal signals generated by the function
generator were captured by the PCL scaffold or the silicone
disk with high fidelity, both oscillating longitudinally in an
axisymmetrical manner. Of note, the vibration patterns de-
tected on the disk and the scaffold essentially overlap with
each other, confirming that the cellular constructs are not
being dislodged during the dynamic study. During normal
phonation, a greater subglottal pressure results in higher
amplitudes of lateral vocal fold displacement,2 whereas a
higher phonation frequency gives rise to a smaller displace-
ment.2,20 These characteristics have been recaptured in our
vocal fold bioreactor, with w0 dependent on both f and Vpp.

Overall, the current vibration device is modular and user
friendly, allowing dynamic cell culture studies to be con-
ducted in a high throughput and reproducible fashion.
Nevertheless, we acknowledge that the relatively small vi-
bration amplitude attainable is the major limitation of this
device. Furthermore, our bioreactor does not recapitulate all
mechanical aspects of human phonation. For example, the
bioreactor does not simulate the bilateral collision of vocal
folds during normal phonation. We are currently designing
our third generation of vocal fold bioreactor that will likely
overcome these limitations.

MSCs cultivated on/in the PCL scaffolds were subjected
to CT or OF vibration regimes for approximately 7 days. In
the CT treatment, cells were exposed to a continuous 12 h
vibration daily; whereas in the OF treatment, cells received a
net total of 6 h vibration daily. The OF vibrations over a
period of several hours per day were selected to reproduce
the normal speaking conditions.37 The CT mode was selected
to simulate the extreme phonation conditions of heavy voice
users such as teachers and professional singers.20 The vi-
bration conditions employed here neither compromised cell
metabolism, viability, or proliferative potentials, nor induced
apoptotic responses from the cells, as evidenced by the qPCR
results for p53.38 Therefore, unlike previously reported vocal
fold bioreactors that induced a significant reduction in cell

FIG. 10. Biochemical quantification of ELN (A: insoluble; B: soluble), HA (C), TNC (D) and MMP1 (E) produced by MSCs
cultured on/in the PCL scaffolds under static (ST), CT and OF vibration conditions. Total amount of protein per dry scaffold
weight was represented as mean – SEM, n = 4 from the representative trial. **p < 0.05: significant difference between the static
and dynamic culture.
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viability,20,39 ours does not introduce any physiological trauma
to the cells.

The bioreactor, combined with the fibrous scaffold, was
further explored for the creation of vocal fold-like niches to
modulate MSC functions. Our initial investigations were
directed toward the identification of transmembrane proteins
that are central for cellular responses to vibratory signals. It
is well known that integrins serve not only as a matrix
binding receptor but also as a bi-directional (inside-out sig-
naling and outside-in signaling) mechanosensor that coor-
dinates mechanical-biochemical couplings in and out of the
cells.40–42 The significant augmentation of ITGA5 at the
transcriptional level after 7 days of CT and OF vibrations
implies that the vibration-induced MSCs response was in-
tegrin mediated. This was further confirmed by the im-
munostaining results for a5b1 integrin. Particularly, 7-day CT
vibrations led to an increased expression of integrin a5b1. The
inductive effect on integrin a5b1 was less pronounced in OF
groups, possibly due to the periodic relaxation during the
1 h-off phase that weakened the vibrational stress. The ob-
served reinforcement of actin filaments by MSCs cultured
under both CT and OF conditions suggests that cells adapt to
the vibrational forces through actin polymerization and re-
arrangement.41 Since the cytoskeleton actin filaments are
mainly linked to the cytoplasmic tail of b1 integrin receptors
via the focal adhesion complex,43 the F-actin staining results
reinforced the notion that MSCs perceive the high-frequency
vibratory signals through integrins. Overall, our results
suggest that MSCs dynamically cultivated in the fibrous
scaffolds respond to the vibratory stimulations via integrin-
mediated signaling pathways. The specific molecular mecha-
nism, however, is out of the scope of the current investigation.

Compositionally and structurally, mature vocal fold LP
differs significantly from that of newborns. The newborn
vocal fold LP is homogenous and mainly constituted of
ground substance, glycoproteins, and limited fibrous pro-
teins. By contrast, the adult vocal fold LP is a stratified or-
ganization that is abundant in various contents of fibrous
proteins (collagen, elastin), structural glycoproteins, proteo-
glycans, and GAGs in different LP layers.3,8 Our study con-
firmed the regulatory roles that high-frequency vibrations
exert on the cultured MSCs. The stimulatory effects on cel-
lular expression of FN, one of the major proteoglycans found
in vocal fold LP, is time- and vibration pattern dependent,
with the 7-day routine and OF mode being more conducive
than other stimulatory conditions. Elastin is one of the major
structural proteins found in vocal fold LP, providing the
tissue with extensibility and elasticity that are indispensable
for voice production.44 In our study, the OF vibrations in-
duced a > 2-fold increase in elastin expression at the mRNA
level and a > 1.5-fold enhancement at the protein level for
soluble elastin precursors at day 7. Compared with the CT
treatment, the OF vibrations are more inductive toward
elastogenesis. Cyclic stretch-induced elastin production by
smooth muscle cells has been previously reported.14 How-
ever, to our knowledge, this is the first reported case show-
ing a significant enhancement in elastin expression by MSCs
induced by high frequency vibrations.

Collagens, predominately collagen I and III, make up
43.4% – 2.6% of human LP total proteins.45 Collagen III, the
major component of reticular fibers,46 and collagen I, in
the form of microscopic, bundled fibers, together provide the

structural maintenance and viscoelasticity of the vibrating
vocal fold tissues.3,45 Our qPCR analyses revealed similar
gene expression patterns for Col3A1 and ProCol I, both of
which are significantly attenuated (relative to the static
controls) after 3 days of CT vibrations and both of which
respond more positively to the OF treatments. This similarity
agrees with previous findings showing that collagen type I
and III were in close association.47 Moreover, the gene ex-
pression of LOX, a key extracellular enzyme responsible for
collagen and elastin crosslinking,48 was also significantly up-
regulated under OF conditions. Therefore, vibration-induced
promotion of ECM biosynthesis occurred not only at the
transcriptional level, but also at the post-translational level.
Of note, immunohistochemical analyses (data not shown) for
collagen I and collagen III did not reveal any significant vi-
bration-induced alterations at the protein level. The short
duration of our dynamic treatments may not be sufficient to
elicit cumulative changes of collagen deposition. Alter-
natively, the rapid degradation of newly synthesized colla-
gens by MMPs may have offset their net accumulations. The
latter hypothesis is highly likely, considering the fact that
MMP1 is the most differentially regulated ECM enzyme: A
> 16-fold increase at the mRNA level and a > 4-fold increase
at the protein level were detected after 7 days of OF treat-
ments. MMP1 is primarily involved in matrix turnover and
tissue remodeling.49 Our results are in agreement with pre-
vious results on vibration-induced up-regulation of MMP1
expression by cells entrapped in an HA matrix.39 Therefore,
cells may respond universally to the vibrational stresses by
promoting their catabolic activities and accelerating the ECM
turnover, regardless of the surrounding scaffolds and cell
types.

Tenascin-C is an important mechanoresponsive glyco-
protein that is rich in stress-bearing tissues.50 Our results
show that the TNC expression after 7 days of vibrations was
dramatically increased, at both the gene and protein levels,
with the OF vibrations being more conducive than the CT
conditions. This finding is consistent with previous studies
with regard to the 3D dynamic culture of MSCs in the
presence of cyclic tensile strains.14,18 It is speculated that
when exposed to external mechanical strains, the cells tend
to elevate TNC secretion to establish a sliding mechanism
and to loosen their contact with their surrounding matri-
ces.50,51 Another mechanosensitive gene, COX2, is generally
accepted as a pro-inflammatory indicator. Yang et al. found
that the low-frequency cyclic stretch on tendon fibroblasts
acted synergistically with IL-1b to induce COX2 gene ex-
pression, and this effect was stretch magnitude dependent.52

Our qPCR results revealed that the expression of COX2 was
significantly up-regulated after 7 days of vibrations, most
dramatically under the OF regime. COX2’s close association
with MMP1 in wound healing and other pathological pro-
cesses53,54 explains its similar sensitivity to vibratory cues as
MMP1.

HA and DCN are crucial interstitial ECM components that
exist predominately in vocal fold SLP. They play critical roles
in vocal fold wound healing by maintaining a proper tissue
viscoelasticity, assisting collagen assembly, and inhibiting
fibrosis or preventing scar formation.9,55 We discovered that
HA and DCN biosynthesis is sensitive to vibrations. Both
HAS1 and HAS3 expression were elevated after 7 days of
vibrations, and this was confirmed by the HA ELISA results
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showing an increased HA production for the dynamic cul-
tures, with the OF mode being more effective. Therefore,
high-frequency vibrations, especially with OF mode, may
offer an efficacious strategy for enhancing the cellular pro-
duction of HA in vitro. On the other hand, 7 days of CT
culture suppressed the DCN expression significantly. This
reduction may result in an attenuation of collagen fibril as-
sembly, which is important for inhibiting scar formation.55

Finally, we assessed the differentiation potentials of MSCs
that were cultured dynamically in 3D fibrous scaffolds. It is
widely acknowledged that the manipulation of stem cell
niches, particularly the mechanical microenvironment, is an
effective approach to guide stem cell fate selection.56 Much
effort has been focused on applying physiologically relevant
mechanical stimulations on MSCs to induce their tissue-
specific lineage commitment.14 Most attempts so far were
targeted at tendon/ligament, cartilage, or bone tissues, using
cyclic stretch, compression, hydrostatic pressure, or fluid
shear.14 There are relatively fewer studies focusing on high-
frequency dynamic culture of stem cells for vocal fold tissue
engineering purposes.22 One of our goals was to coax MSCs
to adapt PVFF-like behaviors. Our qPCR analyses for typical
markers (alkaline phosphatase, aggrecan, aP2, and aSMA) of
alternative MSCs differentiation pathways confirm that the
potential of the classic osteoblastic, chondrogenic, adipo-
genic,11,57 and myofibroblastic differentiation19 was not eli-
cited significantly after 7 days of dynamic culture.
Considering procollagen I, collagen III, fibronectin, tenascin-
C, and MMP1 as the broad fibroblastic hallmarks,58 it is clear
that the high-frequency vibratory stimulations applied in this
study, especially the OF mode, promote the fibroblastic
commitment of MSCs. Unfortunately, no exclusive marker
for vocal fold fibroblasts or vocal fold-specific ECM has been
identified so far.12,58 Future efforts that identify the specific
matrix or cellular markers of human vocal folds are certainly
needed to improve the outcome of vocal fold regeneration
using stem cell and tissue engineering strategies.

Conclusion

Physiologically relevant high-frequency vibrations, com-
bined with a 3D cell culture system, were employed to simulate
the microenvironment of vibrating human vocal folds. The fi-
brous scaffolds containing adhering MSCs were subjected to
sinusoidal vibrations continuously or intermittently in a 1-h-on-
1-h-off pattern at 200 Hz with a normal displacement (at the
center of the constructs) of 40mm for up to 7 days. The vibration
regimens applied did not induce any significant physiological
trauma to the cultured MSCs. Cells were actively engaged in
the production and remodeling of vocal fold-like ECM. Overall,
the OF mode is more efficient in eliciting the desired cellular
responses, and the integrin-mediated mechanotransduction
mechanism may contribute to the vibration-induced responses.
Overall, the vibratory stimulations promoted MSCs to adopt
the behaviors of vocal fold fibroblasts. Our findings underscore
the significance of physiologically relevant mechanical loadings
in modulating stem cell behaviors for the in vitro engineering of
functional vocal fold tissues.
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