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It is estimated that almost one-third of the United States population will be affected by a vocal fold (VF) disorder
during their lifespan. Promising therapies to treat VF injury and scarring are mostly centered on VF tissue
engineering strategies such as the injection of engineered biomaterials and cell therapy. VF tissue engineering,
however, is a challenging field as the biomechanical properties, structure, and composition of the VF tissue change
upon exposure to mechanical stimulation. As a result, the development of long-term VF treatment strategies relies
on the characterization of engineered tissues under a controlled mechanical environment. In this review, we
highlight the importance of bioreactors as a powerful tool for VF tissue engineering with a focus on the current state
of the art of bioreactors designed to mimic phonation in vitro. We discuss the influence of the phonatory envi-
ronment on the development, function, injury, and healing of the VF tissue and its importance for the development
of efficient therapeutic strategies. A concise and comprehensive overview of bioreactor designs, principles, op-
erating parameters, and scalability are presented. An in-depth analysis of VF bioreactor data to date reveals that
mechanical stimulation significantly influences cell viability and the expression of proinflammatory and profibrotic
genes in vitro. Although the precision and accuracy of bioreactors contribute to generating reliable results, diverse
gene expression profiles across the literature suggest that future efforts should focus on the standardization of
bioreactor parameters to enable direct comparisons between studies.
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Impact Statement

We present a comprehensive review of bioreactors for vocal fold (VF) tissue engineering with a focus on the influence of the
phonatory environment on the development, function, injury, and healing of the VFs and the importance of mimicking
phonation on engineered VF tissues in vitro. Furthermore, we put forward a strong argument for the continued development
of bioreactors in this area with an emphasis on the standardization of bioreactor designs, principles, operating parameters,
and oscillatory regimes to enable comparisons between studies.

Introduction

THE HUMAN vOCAL FOLDS (VFs), also known as vocal
cords, are located in the larynx and have a unique
structure and multilayered composition that enable the
production of wavelike motion during sound production as
depicted in Figure 1. During phonation, the VFs can sustain
frequencies up to 8000 Hertz (Hz) and can oscillate at am-
plitudes of up to 1 mm."? Due to their anatomical location,
the VFs are susceptible to various internal and external
stimuli that can cause damage leading to irreversible chan-
ges in structure and ultimately in vibratory function. Voice

disorders represent a significant health care challenge that
affects millions of Americans each year. Currently, various
treatments for voice disorders, including voice therapy,
surgery, or biomaterial injections, have shown promise, but
none have fully satisfied the recovery of the VFs.> While
voice therapy may provide temporary relief, in some cases,
surgery physically disrupts the native microstructure of the
VFs causing scarring.’® Although biomaterial injections
tend to cause less scarring than surgery, hydrogel formula-
tions to date fail to emulate the complex interstitial micro-
structure of the VFs.> As a result, full restoration of the VF
microstructure has not yet been achieved at the cellular and
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Overview of the structure, composition, and forces acting on the vocal folds upon phonation. Schematic illus-

trating (A) frequency and displacement, (B) forces to which vocal folds undergo during phonation, as well as (C) cellular
and (D) extracellular components of the vocal folds. Color images are available online.

interstitial levels.” Promising tissue engineering efforts focus
on restoring the interstitial microenvironment of the VFs using
synthetic polymers or naturally-derived biomaterials to enable
stratified cellular proliferation with the aid of bioactive factors.”®
One challenge in developing treatments for voice disorders
is that their long-term outcomes are complicated by the
complex biomechanical stimulation, which occurs during
phonation.9 In this context, the use of animal models for
preclinical applications is very limited as differences in la-
ryngeal anatomy, phonatory capabilities, tissue structure, and
composition largely reduce the scope of studies in vivo.'®!!
Although dogs, ferrets, mice, rats, and rabbits have been used
in short-term studies, interspecies variability and the inability
to simulate the in vivo process of human phonation in these
animals preclude direct comparisons between studies. Ex-
cised larynges have also been used in short-term VF scarring
and replacement studies'* ™' however, simulating human
phonation in ex vivo models is challenging.'® Therefore, to
fully characterize optimized treatments for voice disorders, it
is important to develop and utilize bioreactors that reliably
simulate the mechanical and cellular environments of the VFs
during injury and healing. In this review, we provide a
thorough overview of bioreactor designs that mimic the
mechanical phonatory conditions of the VFs in vitro.

VF structure and composition

The VFs are composed of three distinct structures: strat-
ified squamous epithelium, lamina propria (LP), and thyr-
oarytenoid (or vocalis) muscle. A thin basement membrane
connects the epithelium and the LP.'®!” The epithelium
consists of approximately 5-10 layers of closely packed

epithelial cells and its role is to protect the deeper layers of
tissue by mitigating the impact of internal and external ir-
ritants or mechanical stresses that occur during phonation.
The layers of epithelial cells are divided into two regions:
basal layer, which is connected to the basement membrane,
and suprabasal (or luminal) layer. The basement membrane
is primarily composed of collagens; however, other proteins
such as fibronectin are also present.''®!

The LP is a complex trilayered structure subcategorized into
the superficial, intermediate, and deep lamina propria. It is
heavily involved in sound production and each layer has a dis-
tinct structure, molecular composition, and biomechanical
properties that determine the vibratory capability of the VFs.'®
The LP primarily consists of extracellular matrix (ECM) com-
ponents such as fibrous proteins (collagen types I, II, and III,
elastin), interstitial molecules (glycosaminoglycans: hyaluronic
acid [HA]; proteoglycans: decorin, fibromodulin, and versican;
glycoproteins: fibronectin and laminin), lipids, and carbohy-
drates."® A study by Mora-Navarro et al. detected ~ 2000 pro-
teins in a porcine-derived acellular vocal fold lamina proporia
extracellular matrix (VFLP-ECM) scaffold.? It is important to
note that the exact distribution of all ECM components is not
currently well understood. In addition, the distribution of various
ECM components (e.g., elastins) can vary with age and gender.>!

Many studies have focused on three important ECM
proteins: HA, collagens, and elastins.! HA is an example of
an important glycosaminoglycan that has gained traction in
recent studies as its function goes beyond its osmotic and
viscoelastic properties. In addition to its important role in
water retention and shock absorption, HA interacts with cell
surface receptors enabling cell signaling pathways to regu-
late its degradation, as well as mediate tissue remodeling
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and inflammation.”> Furthermore, as a biomaterial, its
structural versatility permits chemical functionalization into
tailored HA derivatives that undergo delayed degradation
after injectable delivery.? Collagens are fibrous proteins that
provide tensile strength, maintain LP organization during
vibration, and contribute to tissue remodeling during growth
and wound healing."® Elastins play an important role in VF
biomechanics by acting as stretch and recoil proteins during
vibration. In the LP, elastins can be found in three different
forms: oxytalan, elaunin, and elastic fibers. By intertwining
with inelastic collagens fibrils, elastins regulate stretching to
prevent damage during injury, while allowing for prolonged
cycles of stretching and recoiling without breaking down.>!

The main cell types found in the LP are fibroblasts, myo-
fibroblasts, and macrophages.'®*® Fibroblasts are the most
abundant cell type and are found in all layers of the LP. VF
fibroblasts are responsible for ECM synthesis and play a key
role during normal and diseased conditions. Following injury,
fibroblasts can activate and differentiate to myofibroblasts to
increase ECM synthesis to promote wound healing and tissue
regeneration. However, the prolonged presence of myofibro-
blasts can lead to abnormal overproduction of ECM compo-
nents, altering the tissue composition and function resulting in
scar formation.?®** In addition to fibroblasts, macrophages are
also heavily involved in orchestrating the complex events in-
volved in VF wound healing and fibrosis.* Typically, there is
a tendency for proinflammatory (or M1 like) macrophages to
appear first at the site of injury, followed by a gradual shift
toward prohealing (or M2-like) rnacrophages.25 However, the
phenotype and distribution of macrophages in the LP layers
have not been well characterized.”®

VF disorders and current therapies

Voice disorders are the most common communication
disorder in the United States. Approximately 28 million
Americans suffer from voice disorders and it is estimated
that 29% of the population will develop a voice disorder
during their lifespan.® In addition, the cost associated with
health care and lost wages approaches $13 billion dollars
and is comparable to conditions such as asthma.?”*® Some
examples of voice disorders include contact ulcers, polyps,
nodules, cysts, paralysis, cancerous lesions, fibrosis, and so
on. Various factors can contribute to voice disorders such as,
but not limited to, voice overuse or misuse, gastroesopha-
geal reflux, upper respiratory infections, smoking, radiation,
trauma as a result of intubation or surgery, and aging.**’

Many voice disorders, particularly VF fibrosis, represent
a challenging therapeutic scenario since they are associated
with significant changes in structure, composition, and me-
chanical properties of the ECM. The VF scar results in
overproduction and random deposition of procollagen, col-
lagen, and fibronectin.®® These changes alter the structure
and composition of the VFs, ultimately affecting their vi-
bratory function.

Voice therapy may be used to improve voice quality and
reduce vocal fatigue.*** Direct voice therapy is the re-
commended form of treatment for nontraumatic conditions,
such as idiopathic VF paralysis and presbylaryngis, in which
the VFs undergo changes in their microstructure resulting in
loss of bulk and tonicity.*'** Surgical approaches are being
used in the form of LP replacement; however, this approach
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can result in further complications due to high variability in
ECM content and biomechanical properties across individ-
uals.®?° As an alternative, naturally derived and/or synthetic
biomaterial injections [e.g., type I and/or type III collagen,
HA, poly(ethylene glycol) (PEG), and porcine urinary
bladder matrix] have been used to treat VF injury.>!”

Cell therapy is another promising therapeutic strategy fo-
cused on the use of mesenchymal stem cells (MSCs) to reduce
scar formation. MSCs have shown remarkable regenerative
properties in other tissues of the body and are therefore great
therapeutic candidates to aid in VF regeneration.**~’

The importance of bioreactors for VF tissue
engineering

Progress in cell therapy research, biomaterials, and tissue
engineering has driven major advances in the field of re-
generative medicine. Many of these advancements, how-
ever, have been accompanied by low therapeutic efficacy.*®
One way to increase therapeutic efficacy is to simulate the
properties of engineered tissues during preclinical trials
in vitro. However, recapitulating the structure, composition,
and metabolism of the VFs in vitro is particularly chal-
lenging as these factors are altered through mechanical
stimulation over time.

Many unanswered questions in the field of VF ontogeny
and regeneration would benefit from controlled mechanical
stimulation in a VF bioreactor. For instance, there is an on-
going debate in the literature on how different structures of
the VF develop throughout life. For example, while most
studies propose that the vocal ligament develops after birth
with the aid of phonation,®*! a study published in 2009**
suggests that the presence of the vocal ligament at birth may
be associated with an individual’s genetic profile.*> Although
there is consensus that the LP is present at birth as a uniform
nonstratified monolayer,>>*"**** it is not yet known how the
newborn is able to cry at near-maximum levels of pitch and
loudness without the presence of a fully formed LP.** One
interesting study aimed to initiate debate in this area, sug-
gesting that the abundance of HA in the newborn VF may
facilitate the production of fundamental frequencies ranging
from 400 to 600 Hz over extended periods of time without
resulting in inflammation or cellular lesions on the site.>”
Current trends in the literature suggest that the development
of the microstructure of the LP throughout life is heavily
dependent on maturity and the development of phonation and
speech.”*'* Studies have shown that the LP starts to dif-
ferentiate into a bilaminar structure at the age of 2 months
and begins to differentiate into a three-layered structure at 11
months, forming three distinct layers by age 7, which undergo
interstitial remodeling between ages 11 and 12, and consol-
idate into a mature, fully formed complex structure through
ages 13 and 17.*'* This process is not hormonally driven as
individuals who are nonphonated from birth or unphonated
later in life present hypoplastic VFs without defined VF lig-
aments and atrophied LP layers, and even the absence of
Reinke’s space at a mature age.*® This implies that VF fi-
broblasts require constant biomechanical stimulation to fully
develop the LP and maintain tissue homeostasis.'®

At the cellular level, it has been suggested that oscillatory
stresses can disrupt intracellular adhesions and cellular struc-
tures activating mechanotransduction signaling pathways in
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fibroblasts.*”*® In the context of VF engineering, phonatory
forces can stimulate proliferation and repair or, depending on
the intensity and duration, induce a cell-mediated inflammatory
response, which may lead to the formation of a VF lesion.'®

Several studies have shown that oscillatory regimes play a
major role in the fibrotic response of VF tissue constructs
in vitro by altering the secretion of cytokines, ECM protein
concentration, and stiffness.>”*”**-3 Significant changes in
matrix and matrix-related gene expression can also be seen
in engineered VF tissues upon exposure to oscillatory mo-
tion at different amplitudes and frequencies.®-*36-37:47-49-56
ECM remodeling cytokines and HA are also found in
greater concentration after phonation.*>"-58

Animal studies have shown that experimentally induced
phonation significantly upregulates messenger RNA (mRNA)
expression of the proinflammatory cytokines interleukin (IL)-
1B°7? and transforming growth factor (TGF)-B1,>” as well as
the enzymes cyclooxygenase (COX)-2" and matrix me-
talloproteinase (MMP)-1.%° In agreement with these results, a
human subject study showed a significant increase in the
secretion of proinflammatory cytokines IL-1f, tumor necrosis
factor (TNF)-o, and MMP-8 after 1h of continuous high-
amplitude phonation.®® Acute edemas and other non-
neoplastic lesions have also been linked to episodes of loud
phonation and attributed to vasodilation followed by capillary
rupture and blood plasma infiltration in a process accompa-
nied by inflammatory cytokine release.’®!

Conversely, it has been demonstrated that low impact
phonation at the ‘‘resonant voice’ frequency range has an
anti-inflammatory and pro-healing effect with significant
decrease in levels of the proinflammatory cytokines IL-1p,
IL-6, and MMP-8, followed by an increase in the anti-
inflammatory cytokine IL-10 after 24 h.* Resonant voice
frequencies are usually produced through prolonged pho-
nation of /m/, /n/, “ng”’, and /j/ focusing on the production
of anterior oral vibrations toward the frontal portion of the
larynx.®? In agreement with other studies, it has been
demonstrated that low magnitude cyclic tensile strain sup-
presses the upregulation of proinflammatory genes in a
magnitude-dependent manner, while promoting collagen
type I synthesis in the presence of IL-1B.%*

Given the significant effects of the oscillatory environ-
ment on the development and maintenance of VF tissues,
in vitro systems for VF engineering must be equipped to
produce accurate mechanical stimuli, while maintaining cell
viability. For this purpose, various bioreactors have been
developed. In this review, several bioreactors have been
categorized based on the source of vibration into
loudspeaker-based (Speaker and Actuator-Based Bior-
eactors section) (Table 1), actuator-based (Speaker and
Actuator-Based Bioreactors section) (Table 2), rheometer-
based (Rheometer-Based Bioreactors section) (Table 3), and
other (Airflow-Based Bioreactors and Vacuum-Based
Bioreactors sections) (Table 4) bioreactors for VF tissue
engineering.

Mimicking the Mechanical Environment of the VFs

VF biomechanics

In 1988, Titze® demonstrated that the self-sustained os-
cillation of the VFs was made possible through the propa-
gation of mucosal waves along the LP. More specifically,
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the interaction between the distinct biomechanical proper-
ties of each of the LP layers allows the freedom of motion
necessary for self-sustained oscillation.®* Therefore, the
protein composition of each LP layer serves a specific
purpose in the propagation of the mucosal wave; for in-
stance, fibrous proteins such as collagen and elastin are re-
sponsible for maintaining the shape of the VFs under stress
and strain during phonation, whereas interstitial proteins
control water content, viscosity, and tissue size, as well as
the size and density of the collagen fibers.®*

Although the biomechanical properties of the VFs are
largely determined by the ECM composition of the LP,
properties such as viscosity, elasticity, pliability, rigidity,
and stiffness can be altered upon changes in VF tension and
length during phonation.'® The anisotropic behavior of the
VFs has been verified through stress-strain experiments in
which VFs show a nonlinear response during phonation; this
nonlinear behavior can be attributed to the mix of collagen
and elastin fibers gradually engaging in motion in the
anteroposterior and transverse directions of the VFs in a
process that promotes changes in VF stiffness and tension.®

As a result, therapeutic agents for VF regeneration must
incorporate similar properties that sustain this anisotropic,
nonlinear behavior, while resisting the dynamic oscillatory
environment of the VFs.

Phonation

To date, the most widely accepted theory of phonation is
the myoelastic-aerodynamic theory proposed by van den
Berg® in 1958, in which he postulated that the VFs are ac-
tuated by a stream of air delivered by the lungs and trachea.

Physiologically, phonation is the result of highly spe-
cialized neuromuscular coordination between the respiratory
and laryngeal muscles®’ in a concerted effort to convert the
kinetic energy of the subglottic Bernoulli pressure®® into
self-sustained VF oscillation, thereby modulating glottal
airflow into acoustic resonance. As a result, the mechano-
environment of the VFs is subject to complex fluid-
structure-acoustic interactions between the VFs, the glottis,
laryngeal muscles, and air being expelled out of the lungs
into the upper airways and the vocal tract.> More specifi-
cally, the VFs are subject to four major mechanical stress-
ors: laryngeal shortening/lengthening, self-sustained
oscillation, lateral collision, and air pressure forces in the
form of subglottal pressure.

Anatomically, the VFs are located directly above the
cricoid cartilage and, within the larynx, are anteriorly at-
tached to the thyroid cartilage and posteriorly attached to the
anterolateral surface of the arytenoid cartilages.®> The la-
ryngeal muscles engaged in phonation interact with the
cricothyroid and cricoarytenoid joints, as well as with the
cricoid cartilage, changing the geometry, position, and me-
chanical properties of the VFs.®> More specifically, the
thyroarytenoid and the cricothyroid muscles regulate VF
tension by shortening or lengthening the VFs in a process
that alters their tension and stiffness.®® In this context, ten-
sion and stiffness are not to be confused as tension refers to
the state of physical elongation of the VFs, whereas stiffness
is a parameter derived from the VF’s biomechanical struc-
ture. Even though stiffness is often referred to as an intrinsic
property of the VFs, when under mechanical stress, the
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BIOREACTORS FOR VOCAL FOLD TISSUE ENGINEERING

nonlinear structure of the VF promotes changes to the VF’s
biomechanical structure,'® thereby changing its stiffness
through anisotropic and viscoelastic behaviors.®®

As the velocity of the subglottal air stream increases as it
passes through the glottis, pressure decreases in the vicinity
of the LPs, resulting in net energy transfer from the airflow
to the VFs.”” Self-sustained oscillation of the VFs is
achieved as they alternate between convergent and divergent
conformations in the absence of damping. Damping occurs
at the end of a vocal emission as the VFs abduct and cease
sound production.”’

Another important factor in phonation is VF size. VFs
vary in size depending on age and gender, typically mea-
suring between 11 and 15 mm lengthwise in adult women
and 17 and 21 mm in adult men.%®> As a result, the VFs can
be flexible enough to permit oscillatory movements ranging
from 50 to 8000Hz? at amplitudes of 0.1-1 mm>® for
varying periods of time. More commonly, however, the VFs
vibrate at frequencies ranging from 100 to 1000 Hz.”?

Bioreactors for VF Tissue Engineering

Bioreactors are designed to act as a controlled environ-
ment for cells and tissues to develop in vitro by providing
favorable conditions, such as optimal temperature, pressure,
substrate or scaffold support, regulatory biochemical sig-
nals, and physicochemical stimulation.” Reliable in vitro
models or bioreactors for VF tissue engineering must in-
corporate precise control of four main variables: frequency,
amplitude, programmable oscillatory regimes, as well as a
suitable environment for prolonged cell viability.’® In ad-
dition to being biocompatible, the materials used in these
systems must resist on-off stress regimes and frictional en-
ergy dissipation.™

In this review, we grouped bioreactors according to
working principles described by the original authors. Ta-
ble 1 lists bioreactors that were described as speaker-based
bioreactors, even though, in principle, these are equipped
with voice coil actuators to generate oscillatory motion.
Table 2 lists actuator-based bioreactors, as they were re-
ferred to in the original articles. Table 3 presents a compi-
lation of rheometer-based bioreactors that explore in-plane
and out-of-plane shear forces through mechanical and os-
cillatory stretching, as shown in Figure 2. Finally, Table 4
lists two very distinct principles that rely on air flow per-
fusion® and on vacuum generated cyclic tensile strain,>*
respectively. Figure 2 presents a schematic of the bioreactor
principles listed on Tables 1-4 with an emphasis on the
types of forces exerted on the scaffolds or substrates in each
bioreactor.

Commonly used biomaterials in VF bioreactors

Poly(e-caprolactone) (PCL) is a Food and Drug Admin-
istration (FDA)-approved polymer that has been widely used
in the biomedical field due to its biocompatibility, biode-
gradability, and superior mechanical properties. In the
context of VF tissue engineering, PCL has been used as a
porous/fibrous scaffold in bioreactors to recapitulate the
structure of the VF ligament, as well as an injectable ma-
terial in the form of microspheres in solution for in vivo
therapies. One limitation is that PCL is relatively hydro-
phobic and, as a result, a coating with collagen, fibronectin,
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fibrin, gelatin, or growth factors is often needed to promote
better cell adhesion and proliferation.>>%"#

Another commonly used substrate for VF bioreactors is
the commercially available BioFlex Culture Plate, a
flexible-bottom cell culture plate made of a clear, rubber-
like membrane. The plates can be further coated with ECM
proteins such as collagen, laminin, elastin, and fibronectin.””
Tecoflex SG-80A, a commercially available aliphatic
polyether-based thermoplastic polyurethane, is also used as
a scaffold for VF bioreactors.”® This nonbiodegradable,
medical grade polymer is biocompatible and has been for-
mulated for solution processing. As a polyurethane, Teco-
flex has a copolymer backbone comprising of hard and soft
segments, imparting elastomeric properties that typically
have high tensile and tear strengths with long elongation
capabilities.”” Tecoflex can be solvent casted into a film or
porous scaffold with similar properties to the VF ligament
and has been used in actuator and rheometer type bioreac-
tors.> 7470517778 Similar to PCL, Tecoflex is not amenable
to cell attachment; however, it is slightly hydrophobic al-
lowing for adsorption of proteins like fibronectin.”’

Fibronectin is one of the most popular and well-
characterized biomaterials used to coat scaffolds and sub-
strates in VF bioreactors. Fibronectin’s important role in
wound healing79 and ability to bind to other ECM proteins,
such as collagen, fibrin, and glycosaminoglycans such as
heparin sulfate and HA, makes it the ideal candidate for
experimentation in vitro.%° For further information, com-
prehensive reviews of biomaterials for VF tissue engineer-
ing can be found in Li e al.®> and Wrona et al."”

Speaker- and actuator-based bioreactors

The most popular type of VF bioreactor in the scientific
literature is the speaker- or actuator-based bioreactor.
Commonly used in cone and flat panel loudspeakers, actu-
ators convert electrical signals into mechanical motion.®' In
a speaker, an electronic circuit digitally controls the current
passing through a metallic coil that is connected to a vi-
brating membrane.®' The current passing through the me-
tallic coil (also known as a voice coil) generates a magnetic
field that interacts with a fixed magnet; the amount of cur-
rent passing through the coil determines the strength of the
magnetic field and its physical position relative to the
magnet following the principle of an electric motor and, as a
result, the membrane attached to the voice coil oscillates and
compresses the air generating sound waves that are pro-
portional to the electrical signal.®>

This level of digital control allows researchers to accu-
rately program oscillatory routines through hardware-
software integration for defined periods of time. In addition,
actuator-based bioreactors can be engineered to accommo-
date modular experimental setups onto which customized
cell culture plates can be fitted for multiple replicates. As
depicted in Figure 2, most bioreactors described to date use
electromagnetic voice coil actuators to mechanically drive
oscillation through oscillating air pressure in the form of
sound waves (Fig. 2A) or through hard contact (Fig. 2D).>
Speaker-based bioreactors shown on Table 1 are trending in
the literature as these are commercially available, modular,
and oftentimes waterproof, and can be run in parallel. Most
importantly, they offer programmable routines featuring a
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FIG. 2. Schematic of the working principle and forces acting in each type of bioreactor. (A) Speaker-based bioreactor principle
in which tensile forces are transmitted to the substrate or scaffold by sound waves travelling through the air (Table 1). (B)
Rheometer-based bioreactor principle in which in-plane stress and strain are applied through rotation around the axis of a piston,
which also applies out-of-plane oscillatory forces (Table 3). (C) Vacuum-based or cyclical tensile strain bioreactor principle
(adapted from Branski er al.>* and www.flexcellint.com/product/transwell-holder) in which a flexible substrate is stretched in all
directions with the aid of a vacuum applied beneath the flexible substrate (T.4.B in Table 4). (D) Actuator-based bioreactor
principle in which the tensile forces are transmitted directly onto the substrate or scaffold through direct contact (Table 2). (E)
Aerodynamic perfusion bioreactor principle (adapted from Latifi ez al. 2016) in which the pressurized airflow displaces the
substrate or scaffold in the direction of the airflow following the same principle of the myoelastic-aerodynamic theory in which the
VFs are actuated by the subglottal airflow (T.4.A in Table 4). VFs, vocal folds. Color images are available online.

wide range of frequencies and amplitudes that can be re-
motely controlled by Bluetooth or other forms of electronic
communication. The main limitation of using speaker-based
bioreactors lies in the fact that, depending on the bioreactor
design, there may be energy losses in the form of sound
waves to the environment. In this regard, actuator-based
bioreactors offer an advantage through hard contact with the
bioreactor scaffold or substrate. Overall, these two types of
bioreactor offer a versatile and easy-to-use option for VF
tissue engineering.

Rheometer-based bioreactors

Rheometer-based bioreactors capable of applying lateral
sheer and out-of-plane oscillatory forces (Fig. 2B) are also
featured in the literature; however, these are less common.
Table 3 lists two relatively recent studies that use
rheometer-based bioreactors78’83; however, these cover a
narrower frequency range (<150Hz) when compared to
speaker- and actuator-based bioreactors (<300Hz). Rhe-
ometer platforms tend to be more complex than other types

of bioreactors as they rely on heavy instrumentation to
guarantee instrumental precision during rotation. This im-
poses limitations in terms of modularity and size when
compared to speaker- and actuator-based bioreactors.

Airflow-based bioreactors

One of the most complex bioreactors incorporating aero-
dynamic perfusion was proposed by Latifi ef al. in 2014%* and
more extensively characterized in 2016.° This unique study,
listed on T.4.A in Table 4, shows that it is possible to in-
corporate airflow into cell culture to simulate the subglottic
pressure and sustain self-oscillation of VF replicas (Fig. 2E).
The verisimilitude of this bioreactor with the anatomy of the
larynx is highly attractive as a larger number of variables can
be incorporated into this design. Such a sophisticated biore-
actor design has theoretical advantages over other bioreactor
types in terms of types of forces applied to the VF replicas;
however, the complexity of its design, fabrication, operation,
and maintenance may result in high variability across ex-
perimental units.
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Vacuum-based bioreactors

Vacuum-based bioreactors are another option for VF
engineering as they offer a stretchable and bendable mem-
brane that can be precisely controlled (Fig. 2C). As listed on
T.4.B in Table 4, vacuum-based bioreactor studies are rare
and tend to operate at lower frequencies (<1 Hz). Although
these bioreactors may be available commercially, their op-
eration relies on metered vacuum for precision, which may
translate into higher cost and size when compared with other
bioreactors.

Parameter considerations

Figure 2 outlines how different forces are exerted on the
substrate or scaffold through each method. In effect, the
different principles illustrated in Figure 2 can produce
very different overall force propagation on the substrate or
scaffold as they act through different propagation media
and vectors. This has significant implications on the bio-
mechanics of the cells and engineered tissues tested in
each bioreactor as the anisotropic behavior of the VF
tissue is highly dependent on the magnitude and direction
of forces applied to the cells and the ECM. It can be ar-
gued that none of the described bioreactors are able to
fully recreate all the forces observed in vivo as the oscil-
latory motion of the LP is the result of a multifactorial set
of variables that include the nature and direction of the
applied forces, propagation media, structure, anatomy,
size, thickness, and stretch of the VFs. As a result, bio-
reactors that incorporate a maximum number of controlled
variables are the most promising to study VF disease,
healing, and injury in vitro.

However, depending on the parameter being investigated,
it is possible that certain types of bioreactors may suffice to
provide clues on how cells and synthetic biomaterials be-
have under different regimes of vibration. In this sense, VF
bioreactors provide a valuable approximation of the VF
mechano-environment, permitting the evaluation of a series
of biomaterials, and the viability of cellular cultures and co-
cultures. At the very least, the structural integrity of novel
biomaterials must be tested to survive the vibratory envi-
ronment of the VFs before clinical translation. The very
nature of the VFs calls for dynamic VF tissue engineering
methods, regardless of their ability to simulate all forces
exerted on the VFs in vivo. In addition, the ability to test
many experimental units in parallel in a bioreactor is vastly
advantageous to evaluate multiple variables at the same
time.

In all bioreactors, frequency and displacement were
controlled remotely either through an electric switch or
computer software. The great majority of bioreactors were
characterized using a Laser Doppler vibrometer to evaluate
the accuracy of the frequency and displacement being
transmitted from the bioreactor core to the scaffold or
flexible substrate. Other characterization techniques in-
volved stroboscopic photography, fluorescent particle
tracking using a high-speed camera and built-in instrument
software. Most articles characterized and described the
physical forces acting on the scaffold or flexible substrates
as tensile, compressive, aerodynamic, impact, inertial, or
shear; mechanical forces exerted on single cells were not
reported.
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When engineering a bioreactor, one of the most important
aspects to consider is the biocompatibility of the materials
used. In addition, it is important to establish whether the
bioreactor will incorporate fluid flow, gas exchange, and a
sterile platform for three-dimensional (3D) or two-
dimensional (2D) cell culture. Although 2D and 3D studies
seem to be equally prevalent in the literature, 3D cell culture
models were the most popular models used in actuator- and
speaker-based bioreactors (Tables 1 and 2). The most pop-
ular cell types investigated in all types of bioreactors were
the human bone marrow-derived mesenchymal stem cells
(hBM-MSCs) and a variety of fibroblasts. Among all choi-
ces of biocompatible substrates for 3D cell culture,
fibronectin-coated Tecoflex was the preferred choice fea-
turing in almost all types of bioreactors, followed by the
biodegradable polymers PCL and HPC gels (HA, PEG, and
collagen) as flexible scaffolds. The most popular choices of
substrate for 2D cell culture were the commercially avail-
able Bioflex and Bioflex II flexible culture plates.

2D and 3D cell cultures were exposed to varying oscil-
latory regimes in all types of bioreactors. Exposure regimes
ranged from as little as a total of 5min a day to as much as
12h a day. The reported length of the studies varied from 1
to 21 days. Most studies evaluated cell viability of oscilla-
tory versus static cultures at the phenotypic and genotypic
levels. More specifically, many studies focused on measur-
ing the gene expression of ECM-related genes to evaluate
the effects of oscillatory regimes on ECM-related protein
production and remodeling.

Figure 3 shows that most studies overlap with regard to
frequency and displacement as it is advantageous to repro-
duce previously cited parameters for comparison and vali-
dation. However, only three studies (T.2.F—H)47’50’51
portrayed in Figure 3 utilize parameters that are congruent
with the common frequency and amplitude range of human
phonation (blue region in the graph). Interestingly, although
the majority of the studies fall within the most common
frequency range of human phonation (100-1000 Hz),”? most
of the listed bioreactors operate at amplitudes or out-of-
plane displacements below 60 um (T.1.A, C, F and T.2.B,
(), #49-52:3335 wyith the exception of three studies that report
displacements around 1000 pm (T.2.F—H).47’50’5 "It is im-
portant to highlight that most bioreactors described in the
literature to date do not reproduce VF tissue stiffness or
anysotropy,®> nor do they incorporate more specialized
features capable of simulating the bilateral collision®"*> of
the VFs during phonation, with the exception of attempts by
Latifi ef al. (T.4.A in Table 4).°

Bioreactor scalability

Bioreactor capacity is a function of sample size and the
total number of experimental units. To maximize experi-
mental reproducibility and reduce cost, experimental bio-
reactors are usually equipped to process small sample sizes
and a limited number of experimental units. Depending on
the types of cells and biomaterials involved, it is many times
cost prohibitive to run large samples during the early phases
of research and development.

In the case of the VF bioreactors reported in the literature,
we note that most bioreactors use less than two million cells
per experimental unit, with an average number of 10
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experimental units per bioreactor as shown in Figure 4. One
study by Klemuk et al. is an exception to this rule with 16
million cells per experimental unit; however, the authors do
not report the total number of units in their bioreactor
(T.3.B).”® Conversely, studies that report the use of very low
numbers of cells per experimental unit tend to accommodate
a statistically significant number of experimental units in
their bioreactors.
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The choice of sample size may be important depending on
the application of the bioreactor. Larger sample sizes may en-
able the development of implantable scaffolds or substrates for
clinical translation, whereas smaller sample sizes may enable
rapid multifactorial screening for the development of new drugs
and therapeutics in samples that can be tailored for patient use.

Scalability is an important factor to consider when engi-
neering multiunit VF bioreactors as experimental units may
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FIG. 4. Bioreactor scalability. (A) XYZ scatter plot of two-dimensional bioreactors (X, number of units/bioreactor; Y,
seeding area [mmz]; and Z, total number of cells/unit). (B) XYZ scatter plot of three-dimensional bioreactors (X, number of
units/bioreactor; Y, seeding volume [mm3 ]; and Z, total number of cells/unit). (Graph only includes studies that reported
values for all parameters on the XYZ scatter plot.) Color images are available online.
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be designed to simultaneously oscillate at precise frequen-
cies and amplitudes. This has important implications for the
choice of bioreactor material, design, and engineering, as
well as for experimental reproducibility and validity.

Influence on Cellular Behavior

It is a well-known fact that the upregulation of proin-
flammatory markers correlates with subogtimal healing
outcomes at the tissue and organ levels.***® Some of the
proinflammatory markers known to interfere with the heal-
ing process include cytokines such as IL-183, TNF-a, pros-
taglandin E2 (PGE2), and MMPs.3° In addition to
inflammation, the upregulation of profibrotic markers such
as collagen type I, o smooth muscle actin, and biglycan also
hinders optimal healing outcomes.”!

Figure 5 shows the expression profiles of proin-
flammatory and profibrotic genes upon exposure to different
oscillatory regimes and forces in VF bioreactors. Proin-
flammatory genes reported in the VF bioreactor literature
included COX2, MMP-1, and MMP-2.

COX2 expression was ué)regulated in studies involving
MSCs (T.1.A, E* and **)*** in different culture formats;
however, no change in expression was observed in rabbit VF
fibroblasts in 2D culture (T.4.B).54

MMP-1 expression was predominantly upregulated in
MSCs; however, this gene displayed contradictory expression
in studies involving fibroblasts showing downregulation
(T.1.F)>® and upregulation (T.2.H)*° and remaining unchanged
(T.1.B; T2B*, C, F; T.4B).>'*% MMP-2 expression re-
mained unchanged in MSCs in 3D culture (T.l.A).49
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The expression of the profibrotic gene o smooth muscle
actin gene, aSMA/ACTA2, was distinct in fibroblasts and
MSCs, showing upregulation in human macula flava stellate
cells (hMFSCs) (T.2.B**)°* in 2D culture and down-
regulation in hBM-MSCs in 3D culture (T.1.A).* aSMA/
ACTA? is one of the key genes involved in fibrosis and its
expression remained unchanged in human vocal fold fibro-
blasts (hVFFs) in 2D culture (T.1.B; T.2.B"<),52’56 and in
hBM-MSCs in 3D culture (T.1.E* and *%).3

Lysyl oxidase (LOX) gene expression showed a mixture of
upregulation and downregulation in MSCs at different oscil-
latory regimes, with downregulation seen in oscillatory re-
gimes at 200 Hz and an out-of-plane amplitude of 47 pm that
involved 1h on/1h off cycles over a 3-day period (T.1.A).*
Interestingly, LOX was upregulated in a 3D MSC culture on a
similar oscillatory regime consisting of 1h on/1h off cycles,
also at 200 Hz and an out-of-plane amplitude of 40 um, over a
period of 7 days, 12h a day (T.1.E**).>® Therefore, it appears
that the forces applied to the cell culture, as well as the extent
and periodicity of exposure to the oscillatory regime play a key
role in the LOX gene expression. LOX upregulation was seen
in human laryngeal fibroblasts (hLFs) in 3D culture at inter-
mittent oscillatory regimes at 100 Hz (T.2.G).47

The expression of collagen type I alpha-1 chain (COLIAT)
was shown to be very distinct under different oscillatory re-
gimes. COLIAI expression appears to be inextricably linked
to oscillatory regimes and cell culture conditions, as this gene
showed downregulation (T.1.A, F; T.2.H)**%% and upre-
gulation (T.1.B, C; T.2.G; T.4.A),9’34’47’56 and remained un-
changed in studies involving fibroblasts (T.2.E, F)’"! and
MSCs (T.LE* and **, T.2.E).**"

COL1A1
FN
COL3A1
TGFb1
aSMA/ ACTA2
ELN
HAS1
HAS2
DCN
COL1A2
HAS3
LOX
TIMP1
HYAL1
CTGF
FMOD
HYAL2

FIG. 5. Gene expression
profiles of profibrotic and
proinflammatory genes in-
volved in vocal fold tissue
engineering. Heat map
showing the most commonly
measured genes categorized
into profibrotic or proin-
flammatory. Studies have
been categorized according
to cell type (fibroblasts or
mesenchymal stem cells) and
cell culture format (2D or
3D). (*Kim et al. 2018,
hVFF; **Kim ef al. 2018,
hMFSCs; *Tong et al.
2013,% continuous oscilla-
tory regime; **Tong et al.
2013,3 intermittent oscilla-
tory regime). 2D, two di-
mensional; hMFSCs, human
macula flava stellate cells;
hVFF, human vocal fold fi-
broblast. Color images are
available online.
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Collagen type I alpha-2 chain (COLIA2) expression
showed upregulation (T.1.B)’® in hVEFs in 2D culture. One
noteworthy study (T.2.B* and **)>* that compared 2D
cultures under the same oscillatory regime showed that
COLIA?2 expression was downregulated in hVFFs, however,
remained unchanged in hMFSCs. Collagen type III alpha-1
chain (COL3AI) was mostly evaluated in 3D cultures in-
volving MSCs and in only two studies involving 2D
(T.1.B)*® and 3D (T.4.A)° fibroblast cultures. COL3A! ex-
pression was mostly upregulated (T.1.C, D, E##)33685 jp
MSCs in 3D culture, except for two studies with very sim-
ilar oscillatory regimes in which it was downregulated
(T.1.A)* on an intermittent 1h on/I h off regime at 200 Hz
with an amplitude of 47 + 3.6 um over a period of 3 days and
remained unchanged (T.l.E*)36 on both continuous and
intermittent 12-h regimes at 200 Hz with an amplitude of
40 pm over a period of 7 days. Once again, it appears that
the periodicity and overall length of exposure seem to play a
strong role on gene expression.

The expression of the connective tissue growth factor
(CTGF) gene that encodes the production of CTGF was
upregulated (T.2.G)47 in hLFs in 3D culture; however, it
remained unchanged (T.1.A)* in MSCs in 3D culture. The
gene responsible for the production of the proteoglycan
decorin, DCN, was upregulated in hVFFs (T.2.H)50 and in
hBM-MSCs (T.1.C)** in 3D culture. In one study (T.1.E*
and >"*),36 DCN expression in hBM-MSCs was down-
regulated and remained unchanged upon exposure to con-
tinuous and intermittent oscillatory regimes, respectively,
suggesting that the periodicity of the oscillatory regimes
plays a major role on DCN expression.

Responsible for regulating the production of the protein
elastin, ELN expression was ugre%ulated in all 3D cultures
involving MSCs (T.1.C-E),***®> a5 well as in a 3D cul-
ture of hLFs (T.2.H),”® while remaining unchanged in a 3D
culture of hDFs (T.Z.F).5 ! Another important modulator of
fibrosis regulating the production of the protein fi-
bromodulin, the FMOD gene was upregulated in 3D cul-
tures involving hLFs (T.2.H),50 however, showed no
change in expression in 3D cultures with hDFs (T.2.F).”!
Fibronectin (FN) expression regulates the production of the
high molecular weight glycoprotein fibronectin, a key
component of the ECM that binds cells to the ECM through
integrin receptors. FN expression in fibroblasts (2D)
showed a mixed response of downregulation (T.2.B*),52
upregulation (T.1.B; T.2.B** H),>>>*® and unchanged
(T.1.F; T.2.C)™ expression. Kim et al. 2018 (T.2.B* and **)>>
subjected both hVFFs and hMFSCs in 2D culture to the
same experimental conditions and observed down-
regulation and upregulation of the FN gene in these two
cell types, respectively. Furthermore, the authors observed
that vibrational conditions reduced the stem cell-like
properties of hMFSCs, promoting a fibroblast-like phe-
notype on these cells, concluding that hMFSCs were
overall more sensitive to vibration. Tong et al. observed
that the periodicity of their oscillatory regime resulted in
unchanged and upregulated FN expression on the same
cell types (T.1.E* and *#).%¢

The expression of the hyaluronan synthase genes HAS,
HAS?2, and HAS3 was also evaluated. HAS! expression was
found to be consistently upregulated in all 3D cultures
involving MSCs (T.1.A, C, D, E* and >*‘>“)34’36’49’85 and

GRACIOSO MARTINS ET AL.

remained unchanged in 2D cultures of hVFFs (T.1.B).>®
HAS?2 expression studies were limited to 2D and 3D fi-
broblast cultures with very distinct results. Downregulation
of HAS2 was only seen in one instance (T.2.C)"* involving
hVFFs in 2D culture, with upregulation (T.1.B, T.2.B**,
T.2.H)50’52’56 and no change (T.2.B*, T.2.F)52’53 seen in
the remaining studies. HAS3 expression followed an in-
teresting trend in a study by Tong et al. in which hBM-
MSCs were exposed to the same frequency and amplitude,
however, over different oscillatory regimes, resulting in
upregulation upon continuous exposure, versus no change
during intermittent exposure (T.1.E* and **).>° No change
was seen in HAS3 expression in 2D cultures of primary
human neonatal foreskin fibroblasts (hNFFs) (T.l.F)5 5 and
hVFFs (T.1.B).>®

The HYALI and HYAL2 genes that regulate the produc-
tion of the ECM remodeling enzyme hyaluronidase were
also monitored in 2D and 3D fibroblast cultures, with the
expression of both genes remaining unchanged in hVFFs
(T.1.B).>® HYALI was upregulated in hNFFs (T.1.F)** in 2D
culture and in hBM-MSCs (T.I.D)85 in 3D culture, and
downregulated in hLFs (T.2.H).”°

An important modulator of fibrosis, the gene that regu-
lates the production of the profibrotic cytokine, TGF-f1,
was evaluated in all modalities of cell culture. TGF-f1 ex-
pression remained unchanged (T.1.A; T.2.E)*"*° in all MSC
cell cultures, however, appeared to be either unchanged
(T.2.B* and **, E)*">? or upregulated (T.1.B; T.2.G)*"® in
fibroblast cultures. Gaston et al. (T.2.E)*’ compared TGF-
p1 expression in hVFFs and hBM-MSCs under the same
conditions and both remained unchanged.

Finally, the expression of the TIMPI gene, which regu-
lates the production of the tissue inhibitor of metallopepti-
dase 1 glycoprotein, was investigated in fibroblasts in 2D
and 3D culture. In the same study (T.2.B** and *),%> TIMP1
expression was both upregulated (hMFSCs) and unchanged
(hVFFs) under the same experimental conditions. TIMPI
was downregulated in hNFFs (T.I.F)55 in 2D culture and
upregulated in hLFs (T.2.G)*” in 3D culture.

The data shown in Figure 5 suggest that gene expression
does not follow a particular trend for any of the genes
under the conditions evaluated. Instead, the data suggest
that gene expression is the product of multiple variables,
including cell type, cell culture format (2D or 3D), and
bioreactor size, as well as frequency, amplitude, periodic-
ity, and overall duration of the oscillatory regime. Even
though genes such as ELN and HASI showed upregulation
in most studies involving MSCs, more investigation is
needed. As Tong et al. (T.1 .E)*® demonstrated, a particular
cell type responds differently to different oscillatory re-
gimes. Kim et al. (T.2.B),52 on the other hand, demon-
strated that different cell types respond differently to the
same oscillatory regime.

While there are no reported ideal gene expression values
for VF regeneration in vitro, information on Table 5 may
serve as a guide to predict profibrotic or pro-healing out-
comes for each gene in the context of VF tissue engineering.
Since the VF microenvironment is highly responsive to
physicochemical changes, the measurement of gene ex-
pression may be a valuable tool to evaluate cell-ECM in-
teractions under static and dynamic conditions and compare
tissue response in vitro and in vivo.
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Conclusions and Future Directions

Bioreactors are essential to replicate the phonatory con-
ditions of the VFs in vitro. Efforts to date have largely
focused on the development of actuator- and loudspeaker-
based bioreactors, with a small number of rheometer-based
and aerodynamic-based bioreactors. Studies have mostly
focused on the application of tensile forces to cell culture
through a variety of oscillatory regimes involving frequen-
cies ranging from 50 to 300 Hz and out-of-plane displace-
ments of 0.1-1.0mm. Very few bioreactors have explored
shear, inertial, aerodynamic, or compressive forces. Most
bioreactors utilize between 2 and 16 million cells per ex-
perimental condition and incorporate a modular design
featuring 3—15 experimental units. Cell types, biomaterials,
and substrates vary in the literature, with fibroblasts or MSCs
in 3D culture being the most popular choice on porous
scaffolds. Cell viability and gene expression on static versus
dynamic cultures are commonly measured parameters. Even
though the native VFs are composed of multiple cell types
such as fibroblasts, myofibroblasts, macrophages, epithelial
cells, and muscle cells, all bioreactors presented in this re-
view were capable of incorporating monocultures only. Fu-
ture studies should focus on incorporating multiple cell types
simultaneously to better recapitulate the cellular composition
of the native VFs, enabling drug response studies, disease
modeling, and the preconditioning of implantable scaffolds or
engineered tissues before transplantation.

Although there seem to be trends in the literature, the di-
versity of oscillatory regimes, cell types, biomaterials, and cell
culture formats preclude direct comparisons between similar
studies. Future investigations should aim to standardize bio-
reactor test parameters such as cell type, 2D or 3D culture
conditions, frequency, and amplitude, as well as the periodicity
and length of the oscillatory regimes to yield comparable data.
Experiments should focus on using precision tools to map the
forces acting on the system and quantify in-plane and out-of-
plane displacement, stress, strain, and shear, as well measure
cellular responses through proteomics and gene expression.

Another promising approach to optimize VF engineering
in the future is to introduce biomaterials that contain anti-
inflammatory cytokines and/or growth factors to stimulate a
prohealing phenotype.’*°! In the case of VF tissue engi-
neering, this strategy can be used synergistically with os-
cillatory stimulation to upregulate anti-inflammatory and
antifibrotic genes in 2D or 3D culture formats.”’
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