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The Human Umbilical Vein with Wharton’s Jelly
as an Allogeneic, Acellular Construct

for Vocal Fold Restoration

Roger W. Chan,1 Maritza L. Rodriguez,2 and Peter S. McFetridge2

This study investigated the potential of the decellularized human umbilical vein (HUV) as an allogeneic, acellular
extracellular matrix (ECM) scaffold for engineering the vocal fold lamina propria in vitro. HUV specimens with
Wharton’s jelly on the abluminal surface were uniformly dissected from native umbilical cords using an auto-
mated procedure and subjected to a novel saline-based decellularization treatment for removal of potentially
antigenic epitopes. Human vocal fold fibroblasts from primary culture were seeded onto the resulting acellu-
lar constructs and cultured for 21 days. The structures of decellularized and fibroblast-repopulated HUV con-
structs and the attachment, proliferation, and infiltration of fibroblasts were examined with light microscopy
and scanning electron microscopy. Changes in the relative densities of collagen in the constructs associated with
decellularization and recellularization were quantified using digital image analysis. In addition, fibroblasts in-
filtrating the scaffolds were released by cell recovery and quantified by counting. Viscoelastic properties of the
scaffolds were measured using a linear, simple-shear rheometer at phonatory frequencies. Results showed that an
acellular ECM construct with an intact three-dimensional structure of Wharton’s jelly was fabricated. Vocal fold
fibroblasts readily attached on the abluminal surface of the construct with high viability, with significant cellular
infiltration up to approximately 600 mm deep into the construct. A significant increase in collagen expression was
observed with recellularization. The elastic modulus and dynamic viscosity of the fibroblast-repopulated scaffolds
were comparable to those of the human vocal fold lamina propria. These findings supported the potential of the
construct as a possible surgical allograft for vocal fold restoration and reconstruction.

Introduction

Despite significant advances in laryngeal surgery in
the past decade, laryngeal pathologies involving the

connective tissue layer or lamina propria of the human vocal
fold constitute one of the most significant challenges for clini-
cians and surgeons.1–3 For debilitating vocal fold disorders and
injuries requiring the removal and replacement of lesions and
deficiencies in the lamina propria, such as scarring, sulcus vo-
calis, and atrophy, it is essential to replace the defects with grafts
or biomaterials that do not induce or aggravate fibrosis and scar
tissue formation.2 It is also important for these implants to have
viscoelastic properties similar to those of the native vocal fold
lamina propria, such that they are conducive to vocal fold vi-
bration and phonation (voice production) through the transfer
of aerodynamic energy into acoustical energy.4,5

Some recent studies on the use of hyaluronic acid (HA)-
based and collagen-based hydrogels have demonstrated

their potential as tissue replacement for such pathologies, in
order that constructive extracellular matrix (ECM) remodel-
ing of the lamina propria and favorable viscoelastic proper-
ties of the resulting tissue constructs may be facilitated.6–9 An
equally promising alternative is the use of acellular biological
ECM scaffolds, derived from decellularization of native
connective tissues. Acellular ECM scaffolds have shown
considerable promise for tissue regeneration in various tissue
systems in the body, including heart valves, blood vessels,
peripheral nerves, urinary bladder, and musculoskeletal tis-
sues.10–15 In previous studies, we have developed an acel-
lular scaffold derived from the bovine vocal fold lamina
propria as a potential xenograft for the human vocal fold.16,17

A novel saline-based osmotic approach for decellularization
of the native bovine vocal fold was developed to fabricate
acellular scaffolds. This decellularization approach was be-
ing used in the current study to fabricate an allogeneic, acel-
lular construct from the human umbilical cord, specifically
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the human umbilical vein (HUV) with Wharton’s jelly on its
abluminal surface.

The human umbilical cord consists of two arteries, one
vein, and Wharton’s jelly, the connective tissue layer that is
primarily an ECM in the cord.18 The major advantage of the
use of the umbilical cord as a potential vocal fold scaffold is
that a properly dissected umbilical vein or artery presents a
layer of Wharton’s jelly on its abluminal surface. Wharton’s
jelly is an ECM rich in a variety of fibrous proteins, interstitial
proteins, and signaling molecules, including glycosamino-
glycans (GAGs), proteoglycans, and peptide growth factors,
all of which could facilitate cellular attachment, proliferation,
infiltration, and differentiation, leading to constructive ECM
remodeling and tissue reconstruction. In general, acellular
scaffolds are composed of key matrix proteins and signaling
molecules that are optimally distributed spatially for con-
structive tissue remodeling.10,19 Wharton’s jelly in the human
umbilical cord was targeted in the current study because it
is composed of a variety of peptide growth factors, including
insulin-like growth factor I (IGF-I), fibroblast growth factor
(FGF), transforming growth factor beta 1 (TGF-b1), platelet-
derived growth factor (PDGF) and epidermal growth factor
(EGF).20 These growth factors contribute to regulate the cel-
lular proliferation, differentiation, synthesis, and degradation
of many of the critical matrix proteins in the vocal fold ECM,
including collagen, elastin, GAGs, and proteoglycans.16,21,22

Daniel et al. developed an automated procedure for dis-
section of the human umbilical cord, capable of producing
highly repeatable HUV specimens with precisely defined
geometry.23 The procedure involved freezing native umbili-
cal cord specimens on a stainless steel mandrel, with the
dissection performed using a high-speed steel cutting tool
with the tissue and mandrel secured on a modified lathe. It
was found that the dissected umbilical vein or artery speci-
mens were highly uniform, with a thickness of approxima-
tely 750mm. Mechanical testing revealed that they had
appropriate compliance, burst pressure, suture holding ca-
pacity, and biphasic stress–strain relationships for potential
use as small blood vessel grafts.23

Using a novel saline-induced osmotic treatment ap-
proach,16 the HUV with Wharton’s jelly was decellularized to
fabricate an acellular scaffold in the current study. The acel-
lular scaffold was then repopulated with human vocal fold

fibroblasts from primary culture. Structures of the decel-
lularized and recellularized constructs were examined histo-
logically. Repopulation of the acellular scaffolds with vocal
fold fibroblasts, including their attachment and infiltration,
was examined with light microscopy and scanning electron
microscopy (SEM). The expressions of collagen in the con-
structs were estimated using digital image analysis of tissue
sections stained with Masson’s trichrome. Fibroblasts infil-
trating the scaffolds were released and quantified by cell re-
covery and counting to assess their rate of proliferation.
Viscoelastic shear properties of the acellular and fibroblast-
repopulated scaffolds relevant to phonation were measured
using a simple-shear rheometer in the physiological frequency
range,24 to estimate their biomechanical, performance in the
context of functional vocal fold restoration.

Materials and Methods

Human umbilical cord tissues

Thirteen human umbilical cord specimens were harvested
from healthy newborns at a local hospital in Norman, Ok-
lahoma; stored in isotonic phosphate buffered saline (PBS)
solution with the antibiotics penicillin (100 U=mL) and strep-
tomycin (1 mg=mL) (Sigma, St. Louis, MO) at 48C overnight;
and frozen at �808C onto 6-mm steel mandrels for 2 days in
preparation for an automated dissection procedure. The in-
stitutional review board of the University of Oklahoma ap-
proved the tissue procurement and experimental protocols.
Following Daniel et al.,23 the automated dissection procedure
involved the use of a high-speed steel cutting tool with the
tissue-on-mandrel complex secured on a modified lathe, re-
sulting in a uniform tissue thickness of 750mm when frozen
and approximately twice of that (*1500–1650mm) after
thawing because of thermal expansion and hydration. In the
frozen tissue, the endothelium was found on the luminal
surface of the tubular-shaped umbilical vein specimen, fol-
lowed by the smooth muscle layer of the vein with a depth of
200 to 400mm. Wharton’s jelly made up the remaining thick-
ness of the specimen. After dissection, each HUV specimen
remained frozen at �208C for 4 days and was thawed by
immersion in double distilled water at 58C for 1 h. A 5.0-mm-
long section on each end of each dissected HUV specimen was
discarded to eliminate irregularities in boundary geometry.

Table 1. Experimental Design Indicating the Number of Sections for the Characterization of the Human

Umbilical Vein (HUV) Specimens, the Decellularized Constructs, and Their Repopulation by Vocal Fold

Fibroblasts at Different Time Points

Experimental characterization
Native umbilical
cord specimens

Acellular HUV
constructs

Fibroblast-repopulated scaffolds

Days in culture

0 1 3 6 9 12 15 18 21

SEM 3 3
Light microscopy with H&E

and Alcian blue
3 3 3

Light microscopy with trichrome
(for image analysis)

3 3 3

Cell recovery (cell proliferation) 3 3 3 3 3 3 3 3 3
Rheometric testing 6 3 3
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The HUV specimen was then cut longitudinally, opened, and
sliced into five rectangular tissue sections with dimensions of
approximately 10.0 mm�17.0 mm each.

Table 1 shows the details of the experimental design in-
volving different treatment of the specimen sections, the
number of sections, and the experimental methods used to
characterize them. A total of 65 sections were obtained from
the 13 HUV specimens. Twelve of the 65 sections (from 6
cords) were not subjected to further treatment, because these
native HUV sections were subjected to histological exami-
nation using hematoxylin and eosin (H&E) staining, staining
with Masson’s trichrome, and rheometric measurements with
a linear, simple-shear rheometer (details in the following sec-
tions). Fifty-one of the other 53 sections (from 13 cords) were
mounted on plastic support frames at a uniform tension for
subsequent decellularization. Twelve of these 51 decellular-
ized sections were not subjected to further treatment, because
these acellular HUV sections were assessed by: (1) ultra-
structural examination with SEM, (2) H&E staining, (3) tri-
chrome staining, and (4) rheometric measurements of tissue
viscoelastic properties. The other 39 decellularized sections
were recellularized and cultured for up to 21 days, with 27
recellularized sections assigned for cell recovery experiments
(for measurement of cell proliferation) and 12 recellularized
sections assigned for the same methods of experimental as-
sessment as for the 12 acellular sections, as shown in Table 1.

Decellularization protocol

Fifty-one of the 65 auto-dissected HUV sections harvested
from 13 umbilical cords were mounted on plastic support
frames, washed in PBS solution with antibiotics, and decel-
lularized. The decellularization procedure was based on the
novel osmotic approach of Xu et al.,16 with the durations of
the various steps adjusted to maximize the extent of decel-
lularization while minimizing structural damage to the
three-dimensional (3-D) protein network, according to re-
sults of preliminary studies.25 The first step of the decel-
lularization involved soaking the sections in 3M sodium
chloride solution at 258C for 12 h, inducing osmotic stress on
native endothelial cells, fibroblasts, myofibroblasts, and
macrophages. Next, the sections were incubated in PBS so-
lution with RNAse (10 mg=mL) and DNAse (25mg=mL)
(Sigma) at 378C for 12 h to lyse the cells and degrade any
exposed nucleic acids. The third step was to dehydrate the
sections in 75% ethanol at room temperature for 6 h to ini-
tiate a new cycle of osmotic stress. Finally, the sections were
again incubated in PBS solution containing 10 mg=mL RNAse
and 25 mg=mL DNAse at 378C for another 12 h. Once these
steps were completed, the sections were washed in PBS so-
lution with antibiotics (100 U=mL penicillin and 1.0 mg=mL
streptomycin) at room temperature to remove any remaining
cellular debris along with previously added reagents. The
decellularized scaffolds were stored in this solution at 48C for
up to 3 days, ready for further experimentation. Just before
cell seeding, scaffolds were sterilized again in 70% ethanol
under ultraviolet light.

Human vocal fold fibroblasts

A hemilarynx was procured from a 60-year-old Hispanic
man who underwent total laryngectomy because of su-
praglottic cancer not involving the true vocal folds. The

subject was a non-smoker. A laryngologist and a pathologist
examined his vocal folds and judged them to be free of any
benign or malignant lesions. The Institutional Review Board
of the University of Texas Southwestern Medical Center
approved the tissue procurement and experimental proto-
cols. Primary cell culture of vocal fold fibroblasts was ob-
tained based on the primary explant technique, as detailed
before.16 Serial passaging of the vocal fold fibroblasts was
performed with trypsinization (0.25% trypsin and 0.02%
ethylenediaminetetraacetic acid (EDTA)). Fibroblasts of an
early passage (passage 4) were used for the current study,
with the primary cells at a growth stage before the onset of
replicative senescence or in vitro aging in culture.26

Fifty-one acellular HUV scaffold sections, each with di-
mensions of approximately 10 mm by 17 mm by 1650 mm,
were obtained from the decellularization as described above.
Thirty-nine of these acellular HUV scaffolds were seeded
with the primary-culture human vocal fold fibroblasts at a
density of 1 million cells per scaffold (106 cells resuspended
in 100mL of Dulbecco’s modified Eagle medium with 10%
fetal bovine serum).

Tissue culture

Of the 39 recellularized scaffolds, 12 (from 4 cords) were
cultured for 21 days at 378C, with medium changes every
other day. After 21 days of culture, the scaffolds were re-
moved from the plastic mounting frames and examined by
the same experimental assessment as for the 12 acellular
sections that were not recellularized: (1) SEM, (2) light mi-
croscopy with H&E staining, (3) trichrome staining, and (4)
rheometric measurements of viscoelastic shear properties
(Table 1). The other 27 recellularized scaffolds (from 9 cords)
were cultured in groups of three for nine different time pe-
riods, ranging from 1 h (0 days) to 21 days (Table 1). After-
wards, they were subjected to cell recovery experiments for
the assessment of proliferation of the cells as a function of
time in culture.

Cell recovery

The procedure for the recovery of fibroblasts infiltrating
the HUV constructs and the subsequent counting of the cells
released was based on the method of Xu et al.16 Briefly, each
scaffold was incubated in 0.25% trypsin and EDTA solution
(Sigma) at 378C for 45 min, with mechanical agitation every
15 min to release the cells from the scaffold. The total number
of cells released from the scaffold was measured using a
hemocytometer under a light microscope. Twenty-seven re-
cellularized scaffolds at nine time points (1 h (0 days) and 1,
3, 6, 9, 12, 15, 18, and 21 days after cell seeding) were sub-
jected to cell recovery, with three scaffolds trypsinized at
each time point.

Scanning electron microscopy

The abluminal surface of the acellular HUV scaffolds and
the fibroblast-repopulated scaffolds were observed with SEM
to evaluate the 3-D morphological structure of the constructs
and the attachment of fibroblasts. First, specimens for SEM
examination were fixed in 2.5% glutaraldehyde solution with
0.1M cacodylate buffer. Next, the samples were washed in
the cacodylate buffer solution three times, each for 5 min,
followed by postfixation in buffered 1% osmium tetroxide
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solution for 1 h. Samples were then washed with the buffer
again three times, dehydrated with graded ethanol treatment
(50%, 70%, 95%, and 100% v=v for 10–30 min each), and
subjected to critical-point drying, mounting, and gold-sput-
tering. A JEOL JSM-840A scanning electron microscope
( JEOL Inc., Peabody, MA) was used for the examination and
image acquisition. SEM images were taken at magnifications
of 500� and 1000�.

Histological examination with H&E staining,
Alcian blue, and Masson’s trichrome

Native HUV sections, acellular HUV scaffolds, and fibro-
blast-repopulated scaffolds were examined histologically.
Specimens were fixed in 10% neutral buffered formalin, de-
hydrated with graded ethanol treatment, and embedded in
paraffin. They were cut into sections of 5.0 mm using a mi-
crotome and mounted on glass slides. H&E staining was
performed to examine the histological structure of the spec-
imens and the cellular attachment, proliferation, and infil-
tration, whereas the level of GAGs in the acellular construct
was examined with Alcian blue staining. The slides were
deparaffinized in xylene, rehydrated, and stained with H&E
and Alcian blue following standard protocol.27 Masson’s
trichrome was used to estimate the overall level of collagen
in the specimens, with an intense staining color of blue. The
slides were deparaffinized in xylene, rehydrated, and stained
with Bouin’s solution, Weigert’s iron hematoxylin solution,
Biebrich scarlet-fuchsin solution, and aniline blue solution
for trichrome staining according to standard protocol.27

Digital image analysis

The relative densities of collagen in the histological sec-
tions stained by Masson’s trichrome were estimated from the
staining intensities and relative areas of collagen using dig-
ital image analysis with Image J (National Institutes of
Health, Bethesda, MD). Masson’s trichrome did not differ-
entiate different types of collagen; hence, the staining inten-
sities reflected the total of all collagen types stained. The
image analysis process was based on that of Chan et al.28 and
Xu et al.29 Briefly, color images were first converted to 8-bit
grayscale images, with the grayscale values for each image
unit (or pixel) ranging from 0 (black) to 255 (white) (mini-
mum intensity to maximum intensity). A threshold intensity
value was selected for each image within this range of
grayscale values such that the pixels representing the areas of
collagen in the image matched with those in the corre-
sponding color image. Pixels with intensity values lower
than the threshold value (between 0 and the threshold) were
deemed representative of collagen in the image. The rela-
tive density of collagen was then calculated as the fraction of
the positively stained area to the total area of the section. The
reliability of this image analysis procedure was examined in
our previous study,29 showing that the intrarater and inter-
rater reliability were high, with mean percentage differences
in the measurements smaller than 4% in all cases.

Rheometric measurement of viscoelastic properties

A novel controlled-strain, linear simple-shear rheometer,
as reported in Chan and Rodriguez, was employed to
quantify the biomechanical properties of the various speci-

mens.24 This system applies a translational, linear oscillatory
shear deformation to determine the viscoelastic shear prop-
erties of tissue samples, including the elastic shear modulus
(G0) and the dynamic viscosity (Z0). The system has been
validated by identifying the frequency responses of key sys-
tem components, with results indicating that valid rheometric
measurements could be made in the phonatory frequency
range, up to 250 Hz.24 The principle of the simple-shear
rheometry is shown in Figure 1, where a tissue sample of
area A is sandwiched between two rigid parallel plates with
a gap size d, with a linear motor delivering a translational
shear of a specified amplitude (x) and frequency to the sample
through the upper plate. Through the lower plate, a piezo-
electric force transducer detects the shear force (F) resulting
from the viscoelastic response of the sample. All empirical
measurements of tissue viscoelastic shear properties were
conducted in an environmental chamber, which maintained a
temperature of 378C and close to 100% relative humidity to
prevent tissue dehydration.

Statistical analysis

For the cell recovery results, the nonparametric Kruskal-
Wallis test was conducted to determine whether the number
of cells released from the recellularized HUV scaffolds in-
creased significantly over time. For the results of the quan-
titative digital image analysis, the Friedman test was used to
determine whether the relative staining intensities of colla-
gen in the native HUV specimens, the decellularized HUV
constructs, and the fibroblast-repopulated scaffolds were
significantly different from one another. Nonparametric
statistical tests were used because of a lack of evidence on the
validity of the assumptions of normality of distributions and
homogeneity of variances required for parametric tests. The
level of significance (alpha) was set at 0.05.

Results and Discussion

Histology of native HUV specimens, acellular
constructs, and recellularized scaffolds

Figure 2 shows the scanning electron micrographs of the
abluminal surface of a decellularized HUV construct. It can
be seen that the 3-D morphological structure of the ECM was

FIG. 1. The principle of simple-shear rheometry for the
measurements of viscoelastic shear properties. Shear stress is
given by the ratio of the shear force F to the sample area A,
whereas shear strain is defined as the ratio of the displace-
ment x to the gap size d. According to the theory of linear
viscoelasticity, the elastic shear modulus (G’) and dynamic
viscosity (Z’) of the sample can then be quantified as a
function of frequency, up to 250 Hz.
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largely intact after the decellularization process, with the
porous nature of Wharton’s jelly visible at a higher magni-
fication (Fig. 2B). No evidence of native cellular structures
from the umbilical vein can be observed in the SEM micro-
graphs. Figure 3 shows the histological sections of the native
HUV specimens (Fig. 3A, B), the acellular HUV scaffolds
(Fig. 3C–F), and the fibroblast-repopulated scaffolds (Fig. 3G,
H). All sections were stained with H&E, except for Figure 3F,
which was stained with Alcian blue at pH 2.5. For each
photomicrograph, the abluminal surface (Wharton’s jelly)
faces toward the left, and the luminal surface (endothelium)
is on the right. Based on these figures, it was evident that
decellularization had removed native cells found in the HUV
specimens (Fig. 3A, B) throughout the entire acellular HUV
construct (Fig. 3C–F). Alcian blue staining also demonstrated
a widespread distribution of GAGs in the acellular construct
(Fig. 3F). Significant attachment, proliferation, and infiltra-
tion of primary-culture human vocal fold fibroblasts can be
observed in the recellularized scaffolds (Fig. 3G, H). Speci-
fically, there were up to several layers of fibroblasts attaching
to the abluminal surface of the scaffolds, and cellular infil-
tration could be seen up to a considerable depth of the

construct (*600mm), essentially the entire thickness of
Wharton’s jelly. This level of cellular infiltration was signif-
icantly higher than that observed previously for vascular
scaffolds such as the porcine carotid artery,14 and better than
the infiltration shown for a bovine acellular scaffold fabricated
in our laboratory using a similar saline-based decellularization
approach.16 SEM micrographs of the recellularized scaffolds
show some primary-culture fibroblasts attaching to the ab-
luminal surface (Fig. 4), where the cells were characterized by
a lighter shade of gray, a 3-D appearance, an elongated
morphology, and cytoplasmic processes. These morphological
features suggested that the proliferating cells attached to the
HUV scaffolds were viable.

Proliferation of vocal fold fibroblasts

The results of cell recovery are shown in Figure 5, illus-
trating the proliferation of primary-culture human vocal
fold fibroblasts after being seeded in the decellularized
HUV constructs. The number of cells released from the re-
cellularized scaffold sections and recovered by trypsinization
was quantified as a function of time in culture and normal-
ized by the area of the scaffold sections. The data indicated a
roughly exponential increase in cellular proliferation with
time, with approximately 600 cells counted from each mm2 of
the scaffold 6 days after cell seeding, with the cumulative
growth increasing to almost 10,000 cells per mm2 in 21 days.
Results of the nonparametric Kruskal-Wallis test confirmed
that the number of cells increased significantly with time
(H¼ 9.97, p< 0.05).

Image analysis of collagen expression

The relative densities of collagen expressed in the histo-
logical sections stained using Masson’s trichrome were esti-
mated from the staining intensities using a digital image
analysis approach with Image J (National Institutes of
Health). Results showed that the relative level of collagen
decreased with the process of decellularization (Fig. 6),
which may be related to some collagen fibrils being washed
out from the constructs during the cycles of osmotic me-
chanical stresses. However, collagen density increased
sharply upon recellularization, likely because of the syn-
thesis of new collagen by the vocal fold fibroblasts in the
recellularized HUV scaffolds. The Friedman test was con-
ducted to examine whether the levels of collagen changed
significantly with the processes of decellularization and re-
cellularization. Results indicated that the relative densities of
collagen expressed in the native HUV specimens, the decel-
lularized HUV constructs, and the recellularized scaffolds
were significantly different from one another (chi-square¼ 6,
degrees of freedom¼ 2, p< 0.05).

Measurement of rheometric properties

The viscoelastic shear properties of the native HUV
specimens, the acellular HUV constructs, and the fibroblast-
repopulated scaffolds were quantified using a controlled-
strain, linear simple-shear rheometer in the physiological
frequency range of phonation (up to 250 Hz) to estimate their
functional biomechanical performance. Figure 7 shows the
elastic shear modulus (G0) of the specimens as a function of
frequency, in comparison with data of the human vocal
fold lamina propria previously reported.24 At phonatory

FIG. 2. Scanning electron micrographs showing the ab-
luminal surface of the acellular human umbilical vein (HUV)
construct, at a total magnification of (A) 500�, and (B) 1000�.
Scale bars¼ 50 mm (for A), 20mm (for B).
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FIG. 3. Transverse sections of native HUV (A) at 40� and (B) at 100�; acellular HUV construct (C) at 40�, (D) at 100�
(abluminal surface), (E) at 100� (luminal surface), and (F) at 100�; fibroblast-repopulated HUV scaffold 21 days after cell
seeding (G) at 40�, and (H) at 100�. All sections were stained with H&E, except for (F), which was stained with Alcian blue at
pH 2.5. In all figures, the luminal surface of the construct is oriented toward the right, and the abluminal surface is facing the
left. Cross-sectional transition of the tissue layers from the lumen of the construct to the albumen can be clearly seen in (A),
(C), and (G), from the endothelium to the smooth muscle layer to the extracellular Wharton’s jelly (right to left). Native
cellular structures observed in the auto-dissected HUV specimens (A, B) have been removed in the decellularized HUV
construct (C–F), whereas significant attachment, proliferation, and infiltration of the primary human vocal fold fibroblasts can
be readily seen in the recellularized scaffold (G, H).
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frequencies (>100 Hz), a higher G0 was observed for the
acellular HUV constructs than for the native HUV speci-
mens, whereas a lower G0 was evident for the recellularized
scaffolds after being populated by primary-culture human
vocal fold fibroblasts. The values of G0 are indicative of tissue
stiffness under shear deformation typically encountered
during vocal fold vibration.4 The acellular HUV constructs
exhibited a tissue stiffness level close to that of the human
vocal fold cover, whereas the native HUV specimens and the
recellularized scaffolds showed a somewhat lower stiffness
than that of the human vocal fold cover (Fig. 7).

The dynamic viscosity (Z0) for the different HUV specimens
is a decreasing function of frequency (Fig. 8), demonstrating
the phenomenon of shear-thinning, as shown previously with
a bovine acellular scaffold and with human vocal fold tis-
sues.16,24 Similar to the trends observed for the elastic mod-
ulus, the acellular HUV constructs showed a higher dynamic
viscosity than that of the native HUV specimens, and tissue

FIG. 4. Scanning electron micrographs showing the ab-
luminal surface of the fibroblast-repopulated HUV scaffold,
at (A) 500�and (B) 1000�. Scale bars¼ 50 mm (A), 20mm (B).

FIG. 5. Results of cell recovery showing the number of
proliferating vocal fold fibroblasts released from the re-
cellularized HUV scaffold as a function of time (cumulative
data normalized by the scaffold unit area; means� standard
deviations; n¼ 3).

FIG. 6. Relative densities (staining intensities) of collagen
fibers in native HUV specimens, acellular HUV constructs,
and recellularized HUV scaffolds as estimated by digital im-
age analysis of trichrome tissue sections (meansþ standard
deviations; n¼ 3).

FIG. 7. Elastic shear modulus (G’) of native human
umbilical veins, acellular HUV constructs, and fibroblast-
repopulated HUV scaffolds as a function of frequency (1–
250 Hz). Data on the human vocal fold lamina propria
(cover)24 are also shown for comparison.
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viscosity decreased significantly upon recellularization with
human vocal fold fibroblasts. The data values of Z’ observed
for the native HUV specimens and the recellularized scaffolds
at phonatory frequencies were in the same range as those
reported for the human vocal fold cover (Fig. 8).

These trends of differences in G0 and Z0 observed between
the different HUV specimens (Fig. 7 and 8) could be at-
tributed to the purported biomechanical effects of tissue
structural changes associated with decellularization and re-
cellularization. The observations of higher tissue stiffness
and higher dynamic viscosity in the acellular HUV con-
structs may be related to the formation of a denser, more-
compact network of matrix proteins upon decellularization
(Fig. 3B, D), which has also been observed in the bovine
acellular scaffold developed in our laboratory.16 Further-
more, the increase in tissue viscosity could be linked to
possible changes in tissue hydration following the cycles of
osmotic stresses during decellularization. Hydration has
been shown to play a key role in dictating the viscoelastic
properties of vocal fold tissues,30 and it was feasible that the
cycles of osmotic stresses could lead to a lower level of tissue
hydration, resulting in higher tissue viscosity (and perhaps
stiffness). On the other hand, the significant decreases in
tissue stiffness and viscosity observed upon recellularization
were likely associated with the synthesis of new matrix
proteins and their incorporation into the scaffold protein
network. Lower G0 and Z0 were observed despite a higher
collagen level in the recellularized scaffolds (Fig. 6). This
finding was consistent with the reported absence of a sig-
nificant correlation between collagen level and vocal fold
tensile stiffness,28 and could be related to the dominance of
the effects of other matrix proteins over those of collagen in
the construct, particularly GAGs (Fig. 3F). Overall, these
patterns of changes in viscoelastic properties were quite sim-
ilar to those reported previously for our bovine acellular
scaffold.16 Such viscoelastic properties being close to those of
the human vocal fold lamina propria suggested that, func-
tionally, the tissue construct should favor the initiation and
sustaining of vocal fold vibration for phonation.5

General Discussion

The promise of the acellular tissue engineering construct
developed in the current study was believed to be the layer
of Wharton’s jelly found on its abluminal surface, which is an
ECM of a variety of proteins, including collagen (types I, II,
III, IV, V, VI, and VII), laminin, peptide growth factors,
GAGs, and proteoglycans.20,31–34 The distribution of ECM
proteins in Wharton’s jelly has been examined using im-
munofluorescent imaging, demonstrating that collagen types
I, II, and VI are homogeneously distributed throughout the
entire layer of Wharton’s jelly, enmeshed with fibrils of col-
lagen type III and type IV, as well as laminin and heparan
sulfate proteoglycans.32 Collagen has been found to be the
major matrix protein in Wharton’s jelly, with the total con-
tent of collagen reported to be approximately 550 mg=g, or
approximately 50% of the dry weight of defatted Wharton’s
jelly.33 With differential salt precipitation techniques, four
collagen types have been identified using sodium dodecyl
sulfate polyacrylamide gel electrophoresis as types I, III, V,
and VII, with type I being the most abundant (*50% of all
types). The dominance of type I collagen in the acellular HUV
construct, together with the rich collection of different colla-
gen types, were quite similar to other acellular ECM scaffolds
already in use, such as the porcine small intestinal submucosa
and urinary bladder submucosa, which have been shown to
degrade readily once implanted in vivo while promoting a
constructive matrix remodeling response in the host.10,11 The
small intestinal submucosa and urinary bladder submucosa
have been used as xenografts in a variety of tissue engineering
applications, such as the reconstruction of musculoskeletal,
cardiovascular, urinary, dural, and dermal tissues.

Of the GAGs in Wharton’s jelly, HA was found to con-
stitute approximately 70% of the total content of GAGs.33

Because HA is multifunctional, being responsible for the
maintenance of tissue hydration, tissue viscoelasticity, cel-
lular proliferation, migration, cell surface receptor interac-
tions, and collagen fibril size and density, amongst others,35

its abundance in the acellular HUV construct is demon-
strated with Alcian blue staining (Fig. 3F) and is consistent
with the significant proliferation and infiltration of vocal fold
fibroblasts observed (Figs. 3G, H), as well as the optimal
viscoelastic properties of recellularized scaffolds shown in
Figures 7 and 8. Significant amounts of sulfated GAGs have
also been found in Wharton’s jelly, forming predominantly
chondroitin sulfate and dermatan sulfate proteoglycans, in-
cluding decorin, biglycan, and versican.31,34 These proteo-
glycans affect the matrix network organization of collagen
fibrils and contribute to cell–cell and cell–ECM interactions.
For example, decorin and biglycan co-regulate the diameter
and organization of collagen fibrils, whereas versican can
assist with the growth and proliferation of cells, destabilizing
their adhesion to the ECM.31,34 These proteoglycans also
form a reservoir for binding a variety of growth factors, such
as FGF, TGF-b1, PDGF, and EGF, to regulate cellular pro-
liferation, differentiation, and homeostasis of other ECM
proteins in the vocal fold lamina propria.16,20 Together with
HA, these proteoglycans likely contributed to the observed
optimal viscoelastic properties of the acellular HUV con-
struct and the recellularized scaffold as well. On the other
hand, although Alcian blue staining demonstrated a wide-
spread distribution of GAGs in the acellular HUV construct

FIG. 8. Dynamic viscosity (Z’) of native human umbilical
veins, acellular HUV constructs, and fibroblast-repopulated
HUV scaffolds as a function of frequency (1–250 Hz). Data on
the human vocal fold lamina propria (cover)24 are also
shown for comparison.
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(Fig. 3F), the potential detrimental effect of the cycles of os-
motic stresses during the decellularization process on the
various growth factors in the Wharton’s jelly of the construct
should be carefully addressed in future studies.

Clinically, the HUV has mostly been used as an allograft
for cardiovascular reconstruction, such as peripheral vascu-
lar bypass surgery.36,37 To our knowledge, Daniel et al.23

performed the first study reporting the acellular HUV con-
struct as a tissue engineering scaffold for developing small-
diameter blood vessels for coronary and peripheral bypass.
However, unlike the present study, the focus of that study
was not primarily on the potential of the layer of Wharton’s
jelly on the acellular HUV construct for constructive matrix
remodeling and extracellular tissue reconstruction, which is
a distinct advantage of biological ECM scaffolds.11,19

One limitation of the current study was that the vocal fold
fibroblasts were cultured statically in the acellular HUV
construct. For functional vocal fold tissue engineering, in
future studies, it will be necessary to apply physiologically
relevant vibratory mechanical stimuli to the cultured cells,
through bioreactors specially designed for delivering vibra-
tory strain at phonatory frequencies, on the order of
100 Hz.38,39 It has been well documented that mechanical
signaling significantly influences the regulation of matrix
protein–related messenger RNA expressions and protein
expressions, and is critical to the development of functional
tissue constructs with optimal biomechanical properties.40

Another potential limitation of the current approach was
that, ironically, endolaryngeal and phonomicrosurgical pro-
cedures that are designed to resect scar tissues, repair mu-
cosal defects, and restore the mucosal wave could induce or
aggravate vocal fold scarring, because the vocal fold layered
structure is highly susceptible to scar tissue formation.2,3

Current surgical approaches for vocal fold implantation have
to be refined, and novel approaches addressing this dilemma
have to be developed so that tissue engineering scaffolds can
be delivered into the vocal fold lamina propria effectively.

Conclusions

This study reported the engineering of a decellularized
ECM scaffold derived from the HUV with Wharton’s jelly on
its abluminal surface, with studies of its in vitro biocompat-
ibility and biomechanical properties to examine the potential
of the tissue construct for vocal fold regeneration. An acel-
lular HUV construct with an intact ECM structure was fab-
ricated through an optimized novel decellularization
protocol previously developed in our laboratory, whereby
cellular materials were removed using cycles of osmotic
shock and nucleic acid digestion.16 Primary-culture human
vocal fold fibroblasts were seeded onto the acellular con-
struct and their attachment, proliferation, and infiltration
were examined with light microscopy, SEM, and cell recov-
ery. The relative densities of newly synthesized collagen in
the recellularized scaffolds were quantified with digital im-
age analysis, and their viscoelastic properties were measured
using a linear, simple-shear rheometer at frequencies of
phonation. Results showed that primary vocal fold fibro-
blasts readily attached on the acellular HUV constructs,
proliferated, and infiltrated the constructs, with significant
cellular migration up to approximately 600mm deep into the
constructs. This extent of cellular infiltration was signifi-

cantly higher than those reported previously.14,16 A signifi-
cant increase in the relative densities of collagen was
observed in the recellularized scaffolds, indicative of active
protein synthesis by the fibroblasts. The elastic shear mod-
ulus and the dynamic viscosity of the fibroblast-repopulated
scaffolds at phonatory frequencies (100–250 Hz) were in the
same range as those of the human vocal fold cover. These
data suggested that the acellular HUV construct could be
used as an allograft for the surgical repair of vocal fold
lamina propria pathologies and tissue deficiencies, such as
vocal fold scarring. Nevertheless, these findings should be
regarded as preliminary in vitro data, with the need for
further studies examining the in vivo host response in the
vocal fold induced by the acellular construct.29 Future
studies should also address any inflammatory reaction and
potentially adverse immune reaction that could be triggered
by nonautologous allogeneic scaffolds such as the acellular
HUV construct.
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