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Abstract

BACKGROUND: Hepatocyte growth factor (HGF) has been shown to facilitate vocal fold (VF) wound healing. This study
was undertaken to determine whether the therapeutic efficacy of HGF could be enhanced by applying it in hyaluronic acid
and alginate (HA/ALG) composite hydrogels into VFs after injury in a rabbit model.

METHODS: HGF was loaded into HA/ALG composite hydrogel (HGF-HA/ALG) and its in vitro release profile was
evaluated. In addition, HGF-HA/ALG was injected into the VFs of rabbits immediately after direct injury and HGF or PBS
was injected in the same manner into control groups. Macroscopic features were observed by endoscopy at 3 months post-
injury. Functional analyses including mucosal waves of VFs and viscoelastic properties were performed by kymography
following high-speed digital imaging and rheometer. Histopathological and immunohistochemical evaluations were also
conducted on VFs.

RESULTS: HGF release from HGF-HA/ALG was sustained for up to 3 weeks. Rabbits treated with HGF-HA/ALG
showed improved mucosal vibrations and VF viscoelastic properties as compared with the PBS and HGF controls.
Histopathological staining revealed HGF-HA/ALG treated VFs showed less fibrosis than PBS and HGF controls, and
immunohistochemical analysis demonstrated amounts of type I collagen and fibronectin were lower in HGF-HA/ALG
treated animals than in PBS and HGF controls at 3 months post-injury.

CONCLUSION: HGEF containing HA/ALG hydrogel enhanced healing in our rabbit model of VF injury.
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1 Introduction

Vocal folds (VFs) are connective tissues composed of a

complex extracellular matrix (ECM). They have a unique
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Korea has abnormal laryngoscopic findings [3]. The
remodeling of ECM composition by enhancing the func-
tions of VF fibroblasts to produce ECM components has
been focused on alleviating scarring and regenerating the
VFs during the wound healing phase. Many studies based
on principles of tissue engineering have been conducted to
prevent and repair VF scar formation. These studies used
cells, bioactive factors, and scaffolds to modulate the
composition and distribution of ECM and redirect the
fibrotic wound healing process [4]. Recently, various
bioactive factors have been investigated for their ability to
accelerate VF wound healing. The administration of
growth factors in injured VF showed improved histological
and biomechanical findings in animal models. Growth
factors are believed to affect VF fibroblasts to promote
ECM synthesis during the wound healing process [5-7].
However, the detail roles of the growth factor involved in
the stage of VF wound healing have not been fully
elucidated.

Hepatocyte growth factor (HGF) reduces fibrosis and
has been suggested to be a relevant bioactive factor in the
context of VF regeneration [8]. HGF influences VF
fibroblasts by stimulating hyaluronic acid (HA) synthesis
and reducing collagen production for a few weeks after
injury, and thus, ameliorates VF scarring [9]. However,
The therapeutic use of HGF within VF scarred tissues is
limited by its short half lives (less than 5 min) and narrow
therapeutic window [10], and thus, a new strategy is nee-
ded to ensure HGF levels in injured VFs are maintained for
long enough to influence the organization of ECM mole-
cules during scar formation. Thus, the sustained delivery of
HGF coupled with the appropriate scaffold can be more
effective on VFs repair and regeneration than the admin-
istration of HGF or scaffold alone. In fact, various naturally
occurring and synthetic materials have been investigated
with the aim of maximizing the effects of HGF [1, 11-13].
Na et al. previously investigated the potential of
injectable hyaluronic acid and alginate (HA/ALG) com-
posite hydrogels as carriers for sustained drug release [14].
In the present study, using a rabbit model, we investigated
whether HGF released in vivo from HA/ALG composite
hydrogels improves the functions of injured VFs after
healing and whether these hydrogels are suitable HGF drug
carriers.

2 Material and methods

2.1 Preparation of HA/ALG hydrogels containing
HGF

HA solution (1 wt%) was prepared by dissolving HA in
phosphate-buffered saline (PBS). ALG (1.2 wt%) and
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CaCl, (0.13 wt%) were then added, respectively. HA-
embedded ALG (HA/ALG) hydrogel was obtained as
previously described [15]. HA chains are entrapped in the
ALG network homogeneously. CaCl, was used as a cross-
linker for ALG. HA/ALG hydrogel containing 200 ng
HGF/50 mL PBS was prepared for the in vivo experiment.
All procedures were conducted under aseptic conditions.

2.2 In vitro release profile of HGF from HA/ALG
hydrogels

HGF (PeproTech, Rocky Hill, NJ, USA)-loaded HA/ALG
hydrogels (200 ul HA/ALG and 200 ng HGF) were
pipetted into a 24-well culture plate containing 800 pL of
phosphate buffer saline (PBS) (0.1 M, pH = 7.2 at 37 °C
incubation). At indicated time points (1, 3, 7, 10, 14 and
21 days), the supernatant containing HGF was collected
and the concentration of HGF was measured by an HGF-
ELISA kit (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s protocol.

2.3 Animal experiments

The study protocol was approved beforehand by the Ani-
mal Ethics Committee of Inha University Hospital. Ani-
mals were cared for in accordance with established
institutional guidelines. Forty male New Zealand White
rabbits with body weights ranging from 3.1 to 3.8 kg were
used in the experiments. Animals were randomly divided
into four groups: (1) an uninjured, non-treated group (the
normal control group), (2) an injured and PBS-treated
group (the PBS control group), (3) an injured and HGF
treated group (the HGF group), or (4) an injured and HGF-
HA/ALG-injected group (the HGF-HA/ALG group). For
surgery, animals were subcutaneously premedicated with
0.05 mg/kg glycopyrrolate and 5 mg/kg xylazine and then
anesthetized intramuscularly with 15 mg/kg zolazepam. A
pediatric laryngoscope (Karl Storz, Tuttlingen, Germany)
and an otomicroscope (Carl Zeiss Ltd., Welwyn Garden
City, UK) were used to visualize larynges. Unilateral VF
injury was conducted with a 2-mm micro cup forceps and
microscissors as previously described [16]. The excision of
the VF epithelium and lamina propria was made and PBS
(50 ul), HA/ALG (50 pl), or HGF (500 ng)—HA/ALG
(50 pl) were injected into sites of VF injury immediately
after injury using a syringe equipped with a 25-gauge long
needle under direct vision of a pediatric laryngoscope and a
surgical operating microscope. Unilateral VF injury was
produced in five VFs per group for obtaining high-speed
camera images and evaluating histological changes. Con-
tralateral VFs were used as controls. Bilateral VF injuries
were made to five VFs per group and same materials were
injected into both vocal folds for rheological evaluations
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[17]. All animals survived during the procedure and
checked their status during 2 weeks (Fig. 1).

2.4 Macroscopic evaluations and high-speed camera
imaging

Endoscopic evaluations were performed on all groups, and
scar formations on VFs were assessed macroscopically at
3 months post-injury. Larynges were then excised for
mucosal wave visualization. High-speed camera imaging
of VF vibrations was performed as previously described
[18]. Mucosal wave oscillations were compared by calcu-
lating the pixels of amplitudes of a point in at the upper
border of VF mucosa in the mid-coronal glottal plane on
kymographs [1]. MetaMorph software (Molecular Devices
Corp., Sunnyvale, CA, USA) was used to transfer mucosal
wave oscillations to kymographs.

2.5 Functional rheometric evaluation

Dissected VFs were stored in normal saline at 37 °C for 1
to 2 h before viscoelastic measurements were taken.
Functional rheometric evaluations were performed as pre-
viously described [19]. Elastic modulus (G") and viscous
modulus (G”) were calculated, and all functional assess-
ments were performed in a blinded fashion.

2.6 Histopathological and immunohistochemical
examinations

Histological analysis of injured larynges was performed at
3 months post-injury. Specimens were embedded in
paraffin blocks and sectioned at four jim using a microtome
along the coronal axis of the larynx and then stained with
hematoxylin and eosin (H&E) and Masson’s trichrome (for
collagen) using standard pathology department protocols.
Immunohistochemical examinations were also conducted
using primary antibodies against collagen type I (1:100
dilution; Abbiotec, San Diego, CA, USA), fibronectin (1:50

Fig. 1 Experimental flow
chart of in vivo study design

New Zealand
‘White rabbits

O

dilution; Abcam, Cambridge, UK), secondary Alexa fluor
488-conjugated anti-rabbit immunoglobulin G (IgG) and
secondary Alexa fluor 488-conjugated anti-mouse IgG
antibodies (dilutions 1:500; Invitrogen, Carlsbad, CA,
USA). Sections were then stained with DAPI (4,6-di-
amidino-2-phenylindole) (Invitrogen) for 3—5 min to stain
cell nuclei. Slides were observed under a confocal laser-
scanning microscope.

2.7 Statistics

All analyses were conducted using the GraphPad Prism 5
package (GraphPad Software Inc., La Jolla, CA, USA).
Kruskal-Wallis test with Dunns’ post hoc test was used for
group comparisons, and a two-way analysis of variance
with Bonferroni’s post hoc test was used to analyze rheo-
logical data. Statistical significance was accepted for
p values of < 0.05.

3 Results

3.1 Sustained release of HGF from HGF-loaded
HA/ALG hydrogels

The release of HGF from HGF-HA/ALG over 21 days was
evaluated. The cumulative amount of HGF increased
consistently over this period showing release occurred in a
sustained manner (Fig. 2).

3.2 Macroscopic evaluation

Endoscopic examination of VFs at 3 months post-injury
revealed prominent fibrotic scars in the PBS group, but less
scar formation in the HGF and HGF-HA/ALG groups. No
implant-or procedure-related complication was observed
(Fig. 3).

High-speed Histologic
camera images Evaluation
(n=5 per group) (n=5 per group)

1

Vocal folds Local injection
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Harvest
(12 weeks)

Rheological
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1) Uninjured, non-treated group (n=10)

2) Injured and PBS-treated group (n=10)

3) Injured and HGF treated group (n=10)

4) Injured and HGF-HA/ALG injected group (n=10)

@ Springer



654

Tissue Eng Regen Med (2020) 17(5):651-658

Fig. 2 Profile of hepatocyte
growth factor (HGF) release
from HA/ALG hydrogel. The
amount of HGF released
increased consistently over
21 days
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Fig. 3 Endoscopic examination of VFs at 3 months post-injury.
Endoscopic examination of VFs at 3 months post-injury revealed
prominent fibrotic scars in the PBS group, but reduced scar formation

3.3 Micromorphological evaluation

Changes in ECM were assessed 3 months post-injury
(Fig. 4). H&E and Masson’s trichrome staining showed
that HGF had favorable effects on injured VFs. Masson’s
trichrome staining revealed considerably more fibrosis in
the PBS group than in normal controls, but obviously less
fibrosis in HGF and HGF-HA/ALG groups than in the PBS
group. In addition, collagen levels were lower in the HGF-
HA/ALG group than in the HGF group. Immunohisto-
chemical analysis of ECM components showed more sig-
nificant collagen type I and fibronectin depositions in the
PBS group than in normal controls (Fig. 4), less collagen
type I and fibronectin filing the HGF group than in the PBS
group, and less collagen type I and fibronectin deposition
the HGF-HA/ALG group than in the HGF group.
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HGF only

HGF + HA/ALG

in the HGF and HGF-HA/ALG groups (the PBS group; injured and
PBS treated, the HGF group; injured and HGF treated, HGF-HA/
ALG group; injured and HGF-HA/ALG treated)

3.4 Evaluation of kymographs and mucosal waves

Mucosal waves of excised larynges were recorded using a
high-speed digital camera (Fig. 5). The ratio of VF oscil-
lation of treated to control VFs in the PBS group decreased
3 months post-injury. Mucosal waves were improved in the
HGF and HGF-HA/ALG groups as compared with the PBS
group, and the mucosal oscillation ratio in the HGF-HA/
ALG group was significantly higher than in the PBS group.
Furthermore, mucosal waves were much improved in the
HGF-HA/ALG group as compared with the HGF group.

3.5 Evaluation of the biomechanical properties
of VFs

Functional viscoelastic properties [elastic moduli (G’) and
viscous moduli (G”)] were calculated and plotted on a log—
log scale as a function of frequency for all groups (Fig. 6).
The PBS group had significantly higher G’ and G” values
than normal controls and the HGF and HGF-HA/ALG
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Fig. 4 Micromorphological and immunohistochemical evaluations of
ECM remodeling by HGF released from HGF-HA/ALG at 3 months
post-injury. Scale bars represent 30 pm. Masson’s trichrome (blue-
stained collagen), collagen type I and fibronectin densities were
quantified by summing numbers of pixels in positively stained areas
using a software program. Results are presented as mean areas
(%) £ SDs as determined by the Kruskal-Wallis test with Dunns’

groups had significantly lower G’ and G” values than the
PBS group and the HGF-HA/ALG group lower values than
the HGF group. Relationships between viscoelastic prop-
erties and frequency modeled using G’ or G” = aX®, where
‘a’ was the magnitude and ‘b’ was a slope on a log—log
scale. Curve fitting results are shown in Table 1.

4 Discussions

Many studies have been carried out to minimize VF
fibrosis and restore ECM components and biomechanics in
injured VFs using bioactive molecules or scaffolds. In the
present study, we investigated whether HGF loaded HA/
ALG hydrogels (HGF-HA/ALG) could promote VF
wound healing and improve VF functions after injury.
Recently, injectable hydrogel systems have attracted
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post hoc test. *versus normal uninjured/non-treated controls, #versus
injured/PBS treated animals, Syersus injured/HGF treated animals,
#p < 0.05, ***p < 0.001, #*p < 0.001, 3p < 0.05 and **p < 0.01.
(n = 5 rabbits per group) (the normal control group; non-injured and
non-treated, the PBS group; injured and PBS treated, the HGF group;
injured and HGF treated, HGF-HA/ALG group; injured and HGF-
HA/ALG treated)

research attention as potential drug delivery vehicles
[20-22]. The gel systems investigated have contained
various therapeutic agents including bioactive factors and
growth factors. HA is widely used as a delivery carrier and
is a major ECM component and abundant in normal VFs.
HA plays critical regulatory roles in cell growth and
renewal and has been shown to accelerate wound healing
[23]. In addition, it has been reported to promote fibrob-
lastic differentiation and to be effective at improving the
VF function [24]. On the other hand, ALG is a natural
polymer that is widely used as a carrier for the delivery of
growth factors and has excellent biocompatibility and is
relatively cheap [25, 26]. In the present study, the HA/ALG
composite hydrogel was easily prepared for injection by
simply mixing it with HGF. Our in vitro results showed
HA/ALG hydrogel facilitated HGF retention and viability
by providing sustained HGF release for up to 3 weeks.
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HGF +HA/ALG

Fig. 5 Evaluation of mucosal wave oscillations after vocal fold
injury. The amplitudes of mucosal waves (MWs) of VFs were
evaluated by measuring the pixels of amplitudes of a mid-point of
upper lips on high-speed digital images using image analysis software
at 3 months post-injury. The amplitude ratios of MWs of treated VFs
versus normal controls were calculated using Metamorph software.
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Fig. 6 Rheometric evaluations of viscoelasticity changes after vocal
fold injury. Viscoelastic properties of regenerated VFs were measured
at 3 months post-injury. Mean elastic moduli (G’) and viscous moduli
(G”) are plotted on a log-log scale as a function of frequency.
Rheological data were analyzed at all frequencies by two-way

HGF plays an essential role in wound healing by
enhancing cellular proliferation, migration, and angiogen-
esis [27]. It has been demonstrated to be a useful anti-
fibrotic agent in scarred VFs [1, 12], and shown to stimu-
late HA production and inhibit disorganized collagen
deposition in scarred VFs, and thereby, facilitate VF
regeneration [9, 28]. However, HGF has a narrow thera-
peutic window and short half-life in vivo, and thus, we
developed a biodegradable HA/ALG hydrogel that pro-
vides sustained HGF release and tested its ability to pro-
mote wound repair in a rabbit model of VF injury. The
resulting HGF loaded hydrogel provided a sustained
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ANOVA with Bonferroni’s post hoc test (both p <0.01) (n=5
rabbits per group) (the normal control group; non-injured and non-
treated, the PBS group; injured and PBS treated, the HGF group;
injured and HGF treated, HGF-HA/ALG group; injured and HGF-
HA/ALG treated)

release for up to 21 days in vitro. We believe that the
loaded HGF will have a positive effect on the fibroblasts in
the vocal cords continuously during fibroblast growth
proliferation phase (about 21 days) [29]. However, further
study is required to know exact concentration of HGF for
regeneration of vocal folds. Also, confirming the bioac-
tivity of released HGF from HA/ALG hydrogel will be
necessary as a further research.

Excessive collagen and fibronectin deposition adversely
affect VF viscoelasticity. In VFs, type I collagen provides
tensile strength and contributes to stiffness. Fibronectin is
also an essential component of ECM and influences VF
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Table 1 Results of curve fitting using the power law of plots between
mean elastic modulus (G") or mean viscous modulus (G”) and applied
frequency in the four study groups

a (Pas) b R?

G = aX®

Normal 173 £ 72 0.098 0.647

PBS 332 + 89 0.114 0.871

HGF 283 + 53 0.138 0.866

HGF + HA/ALG 233 + 156 0.133 0.843
G" = aX"

Normal 63 £+ 27 0.143 0.487

PBS 175 + 55 0.121 0.877

HGF 102 + 32 0.08 0.507

HGF + HA/ALG 103 + 25 0.195 0.851

The normal control group; non-injured and non-treated, the PBS
group; injured and PBS treated, the HGF group; injured and HGF
treated, HGF-HA/ALG group; injured and HGF-HA/ALG treated

viscosity, and the presence of excessive fibronectin in
lamina propria of scarred VFs probably importantly
determines scarred VF stiffness because of its biological
associations with binding, adhesion, and strength [30]. In
the present study, we observed HGF-HA/ALG attenuated
fibrosis, improved collagen alignment, and reduced fibro-
nectin expression versus the PBS group in scarred VFs.
Furthermore, HGF-HA/ALG reduced the expressions of
collagen and fibronectin more than HGF. These observa-
tions suggest HGF-HA/ALG enhances VF healing by
controlling ECM components and improving biomechan-
ics, and that the lower levels of type I collagen and fibro-
nectin observed in the HGF-HA/ALG group increased the
tissue viscoelasticity and pliability of VF mucosa.

We also found that HGF-HA/ALG better restored the
functional biomechanical properties of injured VFs than
PBS or HGF alone. Functional improvements in Vvis-
coelastic properties and mucosal wave oscillations elicited
by HGF-HA/ALG appeared to be associated with ECM
redistribution in injured VFs. Rheological characteristics in
the HA/ALG group were similar to those of the normal
control group, showing HA/ALG hydrogel had little effect
on stiffness or resistance to mucosal flow as previous study
[31]. Caton et al. suggested biomaterials with viscoelastic
properties similar to human VF mucosa appear to be
appropriate for superficial injection into the VFs [32]. In
this regard, HA/ALG hydrogel seems to be a suitable in-
jection material for VFs. However, HA/ALG hydrogel
injected group was not included and it is a limitation in our
study.

In the present study, we developed a biodegradable HA/
ALG hydrogel that retained and sustainably released HGF
during VF wound healing. HGF-HA/ALG treatment was

found to consistently provide greater functional VF
remodeling post-injury than HGF alone. Our results sug-
gest that the devised injectable HA/ALG hydrogel acts as a
useful drug carrier that overcomes the limitations of HGF
alone for the treatment of VF repair.
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