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The unique vibrational properties inherent to the human vocal
fold have a significant detrimental impact on wound healing
and scar formation. Hydrogels have taken prominence as a
tissue engineered strategy to restore normal vocal structure
and function as cellularity is low. The frequent vibrational and
shear forces applied to, and present in this connective tissue
make mechanical properties of such hydrogels a priority in this
active area of research. Hyaluronic acid has been chemically
modified in a variety of ways to address cell function while
maintaining desirable tissue mechanical properties. These
various modifications have had mixed results when injected in
vivo typically resulting in better biomechanical function but
not necessarily with a concomitant decrease in tissue fibrosis.
Recent work has focused on seeding mesenchymal progenitor
cells within 3D architecture of crosslinked hydrogels. The
data from these studies demonstrate that this approach has a
positive effect on cells in both early and late wound healing,
but little work has been done regarding the biomechanical
effects of these treatments. This paper provides an overview
of the various hyaluronic acid derivatives, their crosslinking
agents, and their effect when implanted into the vocal folds of
various animal models.

Introduction

Vocal folds are two strips of tissue housed in the larynx, whose
vibration results in voice. Voice disorders secondary to injury
to these strips are the most common communication disorder
seen across the lifespan.! Further, conservative estimates suggest
that 3 to 9% of the general population has some type of voice
abnormality®® at any given moment in time, and that 29% of
the general population will have a voice disorder at least once
in their life.> Vocal fold scarring, a specific vocal fold injury is
accompanied by a marked decrease in voice quality and control*
secondary to pathophysiologic changes of the vocal fold lamina
propria extracellular matrix (ECM). These changes directly alter
vocal quality and create debilitating dysphonias due to loss of
normal vibratory function.® Fibrosis induced vis-3-vis vocal fold
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scarring significantly increases stiffness and viscosity of the lam-
ina propria, contributing to glottic incompetence.”” Treatment
outcomes for patients with vocal fold ECM injury, loss, or scar-
ring remain largely ineffective despite substantial remediative
efforts that have been taken to date. For more information on
these efforts, see refs 8 and 9.

The foremost reason for the inability to adequately treat vocal
fold scarring is that current surgical options disrupt ECM biome-
chanical tissue properties and injectable gels or implants do not
mimic the complex composition of the ECM. ECM composition
and organization is a central issue due to its crucial contribu-
tions to vocal fold biomechanical properties and resultant voice
quality. Collagen injections, fat injections, and microflaps have
all been tried in an effort to remediate scarring with diminu-
tive success.>® None of these interventions have been reported to
yield appropriate biomechanical properties or long-term success.
Human vocal fold lamina propria has an elastic shear modulus
ranging from 10 Pa to 1 kPa over a frequency range of 0.01 to
10 Hz."” Dynamic viscosity of the same tissue ranges from 1 to
0.1 kPa-s over the same frequency range.”’ Ideally, hydrogels for
injection should attempt to match these ranges, a goal which
inhibits the usefulness of some current materials. For example,
collagen has a dynamic viscosity that is an order of magnitude or
greater than normal vocal folds."! In addition, long-term colla-
gen injection results have been compromised due to foreign body
reaction and resorption. Most importantly, these materials have
been unable to regenerate lost ECM when scarred.

In recent years, tissue engineering strategies for repair of vocal
fold injury such as scarring have been introduced and center on
the use of injectable hydrogels and their use as delivery vehicles
for stem cells. Injectable biomaterials overcome a major limitation
of most scaffold materials used for tissue engineering, the need
for surgical implantation. For the vocal folds, injectable hydro-
gels are strongly preferred for three main reasons. First, an inject-
able material could be formed into any desired shape at the site
of injury upon injection. Second, crosslinkable polymer mixtures
would adhere to the tissue during gel formation and the result-
ing mechanical interlocking would strengthen the tissue-hydrogel
interface. Third, introduction of a crosslinkable hydrogel could be
accomplished by injection, thereby minimizing the invasiveness
and potential trauma of the procedure. The lamina propria of the
vocal folds is only 3 mm thick, so the possibility of creating vocal
scar and therefore impairing the mucosal wave is present with
every microlaryngeal procedure. An injectable treatment would
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GIcNAc designed to interact with cells must

have the necessary groups present.

A hydrogel scaffold designed for the
CHZ0H human vocal fold lamina propria must
1) take into account several unique con-
siderations. The viscoelastic properties
are especially crucial for the human
vocal fold, due to the high frequency
vibration required for voicing. When
the viscoelastic properties of implant-
able biomaterials are used to treat vocal
fold mucosa are greater than those of
the vocal fold tissues being replaced

CH3

then vocal fold oscillation and phona-
tion becomes more difficult.! This is

particularly true when the vocal fold

Figure 1. Hyaluronic acid chain showing repeating structure of D-glucuronic acid (GlcA) and N-acetyl-
D-glucuronic acid (GIcNAc). The B linkages between residues are marked as well.

mucosa is directly involved in repair

because the mucosa is the major vibra-

not increase the incidence of additional scarring and have greater
applicability. The use of hydrogels to promote cell growth, differ-
entiation, and organization is a common strategy in tissue engi-
neering. Hydrogels, defined as hydrated polymer materials,'* are
pliable, hydrophilic networks composed of synthetic or natural
materials.”® Due to their pliable nature, hydrogels are commonly
employed as a synthetic ECM for soft tissues, such as skin or car-
tilage.""" These characteristics also make them ideal for the vocal
fold. Several important physical and chemical properties must be
considered when designing or selecting appropriate materials for
the vocal folds. These properties include the biomechanical prop-
erties of the hydrogel, its interactions with cells and tissues, and its
ability to be easily injected through a small gauge needle.
Physical hydrogel properties are governed by repeating units
of the main polymer backbone, crosslinking conditions, and pro-

cessing environment.'®

The most important physical properties
are typically the mechanical properties of the material, includ-
ing elastic and viscous moduli. Hydrogels can also be used as
space filling scaffolds to fill defects and promote wound healing,"”
with an emphasis on matching native tissue mechanics. Hydrogel
mesh size, typically controlled by crosslinker concentration, can
also play a critical role in cell fate processes. Different cell types
may react to scaffold mesh size in different ways, which can affect
proliferation rates, protein synthesis, ECM deposition and myo-
fibroblast differentiation.”® Processing conditions, such as tem-
perature and pH, also play an important role in the degree of
crosslinking and gelation time. Chemical properties, governed
by the interaction of cell surface receptors of resident cells with
the chemical groups present on the hydrogel polymers, must also
be considered for any implantable biomaterials. Downstream
effects of the interaction between cell surface receptors and scaf-
fold can influence inflammation, cell attachment, and prolifera-
tion. Scaffolds designed to avoid or even mitigate inflammation
upon injection have met with some success in other parts of
the body."*** Attachment motifs, such as the RGD peptide, are
critical for adhesive cell survival and function. As such, scaffolds
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tory portion of the vocal fold, espe-

cially in small-amplitude oscillations
like phonation onset and offset. Viscoelastic shear property is one
of the most important factors in the choice for optimal biomate-
rial for mucosal repair.!’ Further, inflammation associated with
injection and foreign substances in this tissue can have severe
negative effects on wound healing and even life threatening air-
way edema. Finally, the resident cells within the lamina propria
must be taken into account. The lamina propria consists primar-
ily of vocal fold fibroblasts (VFF), which share many properties
with mesenchymal stem cells (MSC),? including differentiation
potential. As such, any injectable hydrogel scaffold should be able
to interact with VFF, and maintain them in their native, undif-
ferentiated state.

Hyaluronic Acid

Hyaluronic acid (HA), a linear nonsulfated glycosaminoglycan,
is a major component of the vocal fold ECM and is found in
most tissues in the human body.?* Structurally, HA is a long
chain composed of a disaccharide repeating unit containing
D-glucuronic acid and N-acetyl-D-glucuronic acid (Fig. 1). The
number of repeating units determines the molecular weight of
the HA molecule, which can range from 1x10° Da to 2x10°, as
well as cellular interaction.?® Short chain HA fragments, typically
in the 200-kDa range, elicit a response in inflammatory macro-
phages, causing expression in a number of inflammatory media-
tors.”* Long HA chains play an integral role in ECM organization
and mechanical properties.”” The considerable chain length
formed by the repeating structure allows HA to form an exten-
sive hydrogen bond network with water across its entire length,
resulting in a high viscosity solution.?® This not only restricts the
diffusion of small molecules within the matrix, but also has a
significant impact on the mechanical properties of tissue with
high HA content. In the human vocal fold lamina propria, HA
is the most prevalent glycosaminoglycan present, with roughly
6.4 g of HA for each mg of total protein.” This high concen-
tration contributes significantly to the observed biological and
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covalent attachment of the DTP crosslinker.

Figure 2. Hyaluronic acid backbone with attached DTP crosslinker. The 2-carboxylic acid group on D-glucuronic acid (GlcA) serves as the site for

mechanical properties and its subsequent effect on vibration.?
In particular, the large, loosely coiled molecular structure of HA
allows it to function as a shock absorber, resisting tissue compres-
sion and cellular trauma. In this capacity, HA acts as a tissue
damper that may protect the vocal fold edges from the oscillatory
trauma experienced during phonation. Moreover, the osmotic,
viscoelastic and space-filling properties of HA are important in
voice because they directly affect the thickness and viscosity of
the vocal fold.?** Maintenance of HA distribution, and ECM
organization by local VFF is therefore important in voice produc-
tion and wound healing. HA interacts with cells through various
cell surface receptors, including CD44, which is present in both
VFF and MSC.?* The major pathway for HA degradation in
the vocal fold is through local metabolism by the hyaluronidase
family of enzymes.?? As a result, HA injected into the vocal fold
is typically rapidly degraded in as little as 3—5 d.* The rapid deg-
radation of HA injections makes its natural form unsuitable for
tissue engineering, and necessitates chemical modifications. The
most common modification is covalent bonding to the carboxyl-
ate or hydroxyl residues. The inherent properties of HA make it
a promising candidate as a hydrogel platform for the delivery of
progenitor cells, as well as providing a matrix for cell growth.

HA Hydrogels for Vocal Fold Augmentation

Several engineered HA hydrogels, ranging in complexity and
purpose, have been investigated as potential scaffolds for pro-
genitor cell delivery specifically for the vocal fold. One of the
simplest hydrogels, the divinyl sulfone crosslinked HA derivative
Hylan-B, has been shown to be non-antigenic, non-toxic, and
non-inflammatory in animal models.*®> Further modifications
can be performed to add photo-polymerizable groups to Hylan-B,
thereby creating a simple method to adjust the swelling ratio and
degradation rate.”® To date, Hylan-B and its derivatives have only
been used as a space filling hydrogel injection, not as delivery
vehicles for progenitor cells to the vocal fold. Human use with
Hylan B, or Hylaform (Allergan, Inc.), in the vocal fold lamina
propria has not been reported in the literature and is no longer
being marketed in the United State for clinical use. Recently, a
new process utilizing a latent crosslinking agent has produced
thiol-modified HA with considerable advantages, including tun-
ability. Under appropriate conditions, HA can be reacted with
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thiol cross-linker 3,3'-dithiobis (DTP), to produce HA-DTPH
(Fig. 2).>* The DTP crosslinker, a non-cytotoxic agent, allows
for hydrogel formation through the formation of disulfide bonds
at room temperature and reduced pH. Due to the disulfide bond
nature of the cross-linked network, a simple reducing agent such
as dithiothreitol can be used to dissolve the gels. The addition
use of this crosslinking agent, as well as the mild conditions
necessary for reaction to occur makes HA-DTPH capable of
cell encapsulation. Indeed, murine fibroblasts seeded within the
cross-linked gel not only showed 95% viability after 96 h of cul-
ture, but proliferated as well.** The clinical use of HA-DTPH for
cell encapsulation is limited however, with gels taking up to 120
min to form. This period of time is not ideal for clinicians or dur-
ing a surgical operation, curbing its clinical usefulness. The use
of disulfide bonds as crosslinkers readily lends itself to adding in
functional groups capable of significantly altering hydrogel prop-
erties, such as gelation time. The ability to rapidly and easily alter
hydrogel properties allows researchers, and eventually clinicians,
to tailor HA hydrogels to specific applications as they are needed.

In order to promote faster gelation times, polyethylene glycol
diacrylate (PEGDA) was incorporated into HA-DTPH hydro-
gels. By varying the ratio of PEGDA to HA-DTPH, gelation
time can be decreased to as low as five minutes.”> As the ratio
of HA-DTPH to PEGDA was increased, crosslinking density
decreased and swelling ratio increased, with the 1:1 ratio hav-
ing the highest crosslink density and the lowest swelling ratio.”
Thus, the mesh size, gelling time, and swelling ratio can all eas-
ily be altered simply by varying the ratio, offering a significant
degree of control over the resultant hydrogel. Crosslinked gels
can be naturally degraded by hyaluronidases in a manner con-
sistent with non-crosslinked HA. This is a significant finding, as
it allows cells to interact with and remodel the crosslinked HA
using normal pathways and molecules. Like HA-DTPH, it is
possible to encapsulate cells in the hydrogel by adding them to
the solution before adding the crosslinker, in this case PEGDA.
Using this method, human tracheal scar fibroblasts were shown
to be viable for 28 d in vitro, increasing their number by nearly
10-fold. Similarly, cell-seeded hydrogels implanted subcutane-
ously in nude mice were shown to not induce necrosis or dam-
age surrounding tissue, as well as maintain cellular phenotype.”
Recently, HA-DTPH has been slightly modified*® to include
additional carboxylate groups on the HA backbone, effectively
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Table 1. HA hydrogel injections and their mechanical and fibrotic effects

Biomechanical properties,

HA derivative Typ.e of Animal model .al.‘ld Seeded cell T e Fibrotic efff:cts compared with
crosslinking vocal fold condition type e saline controls
HA-DTPH- PEGDA Injured rabbit? None -No change in G’ -Moderate fibrosis, no difference
PEGDA -Lower G” -No difference for Col
-No difference for HA
Carbylan-S°® PEGDA Injured rabbit? None -Lower G -Mild fibrosis, significant -difference
-Lower G” -No difference for Col
-No difference for HA
Extracel® Thiolated gelatin Scarred rabbit** None -Lower G -Increased Col
(Gtn-DTPH) -Lower G” -Increased FN
-Increased Procollagen
Extracel® Thiolated gelatin Scarred rabbit** Autologous -Lower G -Increased Col
(Gtn-DTPH) VFF -Lower G -Increased FN
Extracel® Thiolated gelatin Scarred rat*® Mouse bone -No data available -Increased Col-llI
(Gtn-DTPH) marrow MSC -Increased FN
-Increased TGF-B1
Collagen-HA Physical Injured rabbit3® Rabbit -No data available -Increased Col for 3 mo, then normal
cogel entanglement adipose MSC -Increased HA for 3 mo, then normal

G/, elastic modulus; G”, viscous modulus; Col, collagen; FN, fibronectin; MSC, mesenchymal stem cell; VFF, vocal fold fibroblasts.

altering the viscosity and reducing the rate of degradation.”” This
new HA derivative has been named CMHA-S or Carbylan-S,
and will be referred to as CMHA-S from this point forward. The
extra carboxylate groups on the HA backbone also allow further
ease of chemical modification and crosslinking possibilities.?®
For example, the crosslinking of CMHA-S to thiolated gela-
tin (Gtn-DTPH), resulting in a material designated Extracel®
(a.k.a., HyStem-C®) allows for cell interaction through natural
attachment motifs present on the denatured collagen present in
the gelatin.®

Mechanical Effects of HA Gel Injection

Injection of HA gels, as well as their crosslinked derivatives,
has shown to be a successful method for restoring normal vocal
fold mechanical properties in vivo (Table 1). In vivo vocal fold
studies with gel injection have been performed primarily in rab-
bits, due to their similarity of vocal fold tissue to human vocal
fold and ease of access to the larynx intraorally.®’ Early studies
with Hylan-B show that injections into rabbit vocal fold lamina
propria have mechanical results similar to normal vocal fold.
Normal vocal folds from animals sacrificed 6 mo after injection
have a dynamic viscosity lower than other injectable biomaterials
such as collagen or Teflon? and similar to non-injected vocal fold
tissue, demonstrating efficacy.*

In vitro rheology results on CMHA-S and HA-DTPH-
PEGDA detailing the elastic shear viscous moduli of both materi-
als indicated that the CMHA-S is the stiffer of the two materials,
yet still within normal range to that of human vocal fold lamina
propria. Excised tissue from injured rabbit vocal fold injected with
CMHA-S had a lower elastic shear modulus than both the injured
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tissue treated with saline controls and injured tissue injected with
HA-DTPH-PEGDA.? A significant difference was also observed
in the viscous modulus; both CMHA-S and HA-DTPH-PEGDA
were significantly less viscous than the saline-treated samples.
Overall, both gels were biomechanically compatible to human
vocal fold mucosa, with the possibility of CMHA-S providing
a better environment for subsequent biomechanical outcomes as
determined by histological outcomes, as discussed below.?” Similar
results were reported at six months in a rabbit model injected with
Extracel®’! A lower elastic shear modulus and lower viscous mod-
ulus compared with saline controls was reported, a feature indica-
tive of a decrease in overall fibrosis in the injected tissue.* This in
vivo data indicates that these injected HA hydrogels have positive
effect on the mechanical properties of the vocal fold following
vocal fold injury. It has been well documented that HA hydrogels
can be formulated to have viscoelastic properties that match the
vocal fold lamina propria in vitro. It is also well documented that
in vitro viscoelastic properties of HA gels correlates well observed
in vivo viscoelastic properties upon injection in animal models.*

Fibrotic Effects of HA Gel on VFF and MSC

Injection of HA hydrogels without cells has been shown to have a
positive effect on resident VFF response to wound healing. One of
the earliest such methods employed CMHA-S and a HA-DTPH-
PEGDA hydrogel, effectively comparing the effects of each on

.57

cell survival in an in vivo environment.?”” Trichrome staining per-

formed on sections of the excised larynges showed that the average
fibrosis levels for animals injected with the HA-DTPH-PEGDA
were moderate and not significantly different from saline-treated
controls (Fig. 3). Average fibrosis levels for the CMHA-S treated
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group displayed only mild fibrosis, with a significant difference
compared with controls, indicating less tissue fibrosis. It should
also be noted that an ELISA assay determined that HA levels in
the hydrogel treated vocal fold samples were the same as those in
the saline controls, indicating that the injected gels had degraded.
In an in vitro investigation to study the effects of various engi-
neered HA hydrogels on progenitor cell fate, MSCs isolated from
abdominal fat were encapsulated in several hydrogels, includ-
ing Restylane® (crosslinked HA), and a cogel of Restylane® and
fibrin.”! Cell morphology and proliferation in these gels showed
increased elongation and DNA content in the fibrin-HA cogel,
compared with the HA gel. An increase in elastin expression was
also observed in the cogel samples, but decorin levels remained
similar in both gel types. Finally, CD44 significantly decreased
in the cogel sample, indicating a potential deregulation of support
for the stem cell maintenance of the undifferentiated state. This
is supported by lower expression levels of CD105, a cell surface
marker highly expressed in undifferentiated MSCs. These results
indicate that fibrin-HA cogels may be useful as an MSC delivery
system while also increasing cell proliferation and elastogenesis.
The lower expression levels for CD44 and CD105 may indicate
that it is possible to affect MSC differentiation within the cogel
as well.

Fibrotic Effects of Cell-Seeded HA Gel Injection

The first method to employ both a hyaluronic acid hydrogel and
progenitor cells in vivo showed the potential of a cell-seeded scaf-
fold to alter tissue viscoelastic properties to a comparable degree as
hydrogel alone. Scarred rabbit vocal fold tissue was injected with
one of four groups: saline, autologous VFF, Extracel®, or Extracel®
with autologous VFF.** Extracel® injected vocal fold tissue dem-
onstrated increased collagen and fibronectin deposition com-
pared with saline controls, but no increase in procollagen staining
was observed. The tissue injected with seeded Extracel® had
decreased elastic shear modulus and viscous modulus compared
with untreated vocal folds, but lacked any significant difference
when compared with any of the other treatment groups. Both vis-
cous and elastic shear moduli for the autologous VFF group was
significantly decreased compared with the moduli measured in
saline controls and the other treatment groups. Decreased moduli
are typically related to an improved mucosal wave and decrease
in tissue fibrosis. Overall, the results indicate that injection of
autologous VFF alone represents the best option for improved
viscoelastic properties of vocal fold scar. The results demonstrat-
ing that VFF seeded Extracel® injections improve biomechanical
properties are important, as wound healing strategies employing
cell-matrix injections are viable without a loss of viscoelasticity.
The benefit of cell seeded Extracel® matrices, with respect to
wound healing, has also been demonstrated in a rat model. In a
fashion similar to the 2008 study, Johnson et al. seeded bone mar-
row derived mouse MSCs in an Extracel® matrix and injected it in
a scarred rat animal model.** This effect of the seeded Extracel®
was compared with injections containing saline, stem cells alone,
or Extracel® alone, with respect to gene expression and apopto-
sis. The cell-seeded matrix showed a significantly higher level of
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Figure 3. Representative 40x coronal sections of the vocal fold treated
with a trichrome stain. Statistical significance established by blinded
pathologist qualitatively categorizing the fibrosis level for each section.
(A) CMHA-S treated vocal folds showing mild fibrosis. Visual inspec-
tion indicates a significant decrease in fibrosis between the CMHA-S
treatment group and saline-treated controls (p = 0.0158). (B) HA-DTPH-
PEGDA treated vocal folds showing moderate fibrosis. No statistical
difference between fibrosis levels seen in saline-treated controls (p =
0.1645). (C) Saline treated controls showing moderate fibrosis.

collagen II1, fibronectin, and TGF-B1 over any of the other treat-
ment groups. The increased expression of collagen and fibronectin,
both fibrous proteins with extensive cell adhesion motifs, indicate
the early establishment of a lattice for wound healing events. The
concomitant upregulation of TGF-B1 further supports the estab-
lishment of an early lattice, as TGF-B1 plays a significant role as
a promoter of ECM protein expression.** Importantly, injection
of the cell seeded scaffolds did not cause a rise in myofibroblasts
within the lamina propria, as was evidenced by a lack of increase
in smooth muscle actin expression and staining over saline con-
trols. Increased myofibroblast levels and persistence of these lev-
els can lead to the onset of hypertrophic scar formation.” These
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investigations suggests that cell-seeded Extracel® promotes early
wound healing by increasing the production ECM proteins neces-
sary for early wound healing while simultaneously decreasing the
likelihood of scar formation.

Most recently, adipose-derived MSCs (AdMSC) were injected
into injured rabbit vocal folds with a collagen-hyaluronic acid
composite hydrogel, with histological effects being investigated
after 15 d, 40 d, 3 mo, 6 mo and 1 y after injection.* This study
differs from the other cell-seeded gel studies in several important
ways, including gel crosslinking and time points. The collagen-
hyaluronic acid gel utilized in this investigation was not chemi-
cally crosslinked in any way, but simply consists of collagen and
hyaluronic acid gels mixed together. Further, gels seeded with
AdMSC were cultured in vitro for one week with an air-liquid
interface, indicative of promoting epithelial cell differentiation
and stratification. Results demonstrated that collagen content in
the vocal folds injected with cell seeded scaffolds increased until
the 3 mo time point, where it peaked. At 12 mo, collagen content
and distribution were close to that of normal controls. Hyaluronic
acid content following injection followed a similar trend, with
levels peaking at day 40, then declining and finally stabilizing at
12 mo. After injection of the cell-seeded HA-collagen composite,
the fibronectin content was highest at 40 d, and then decreased
until stabilizing around 12 mo. Hematoxylin and eosin staining
also revealed physiologic differences between AdMSC-seeded
HA-collagen, adipose-derived MSC implantation, and untreated
(but still injured) vocal fold tissue. At 15 d, inflammatory cell
migration and infiltration were present in all treatment groups.
At 6 mo, untreated controls had large amounts of fibrosis and dis-
organized lamina propria ECM was observed. Tissue implanted
with adispose-derived MSC showed a gradual decrease in fibrous
tissue starting at 6 mo to nearly normal levels at 12 mo, with some
irregular distribution. Finally, the cell-seeded HA-collagen com-
posite gel showed the most improvement, with normal levels of
fibrous tissue at 6 mo and normal organization at 12 mo. This
study lends further proof of concept to the theory that progenitor-
seeded HA supports in early wound healing, while not inducing
fibrosis and scar formation. Despite the results demonstrated in
this study, little was done to characterize the gel utilized itself.
No data was reported on the hydrogel residence time in vivo nor
the rheological properties of the gel in vitro or in vivo. Further an
uncrosslinked gel is likely to be degraded quickly. Given the posi-
tive histological results reported, further investigation into this
material is warranted.

Extracel®, Inflammation and Macrophage
Phenotypes

Taking a step back to better understand why cell seeded Extracel
is beneficial in vivo, a recent in vitro study has also shown this
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