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Abstract:  

Vocal fold scarring is a clinical problem without reliable treatment. Tissue engineering of a vocal fold 

replacement is an exciting potential treatment for vocal fold scars that involve multiple layers of the vocal 

fold. Human adipose-derived stem cells (ASC) were previously used to produce a promising vocal fold cover 

layer replacement. However, relevant in vivo studies are needed before human application, and implanting 

the human cells in animal larynges would introduce significant risk and data confounding. We therefore report 

here the development of a construct based on rabbit ASC with the potential for use in pre-clinical 

implantation studies. Rabbit ASC were isolated and cultured in a three-dimensional fibrin matrix to create an 

implantable construct resembling the vocal fold mucosa. Key differences between the human cell and the 

rabbit cell models are highlighted.  
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Introduction:  

 Translating in vitro models into pre-clinical 

development is a significant hurdle in the advancement 

of tissue-engineered therapies. Potential therapies are 

typically developed in vitro, and then must be vetted in 

a relevant animal model before beginning human clinical 

trials. For tissue-engineered organ replacements, this 

means developing a species-specific implant. Construct 

design for preclinical animal trials may differ from both 

the initial in vitro product and the eventual human 

implant. 

For example, tissue engineering of a vocal fold 

replacement is an exciting potential treatment for vocal 

fold scars that impair vibration and cause voice 

disturbance. Few reliable options currently exist to 

improve the dysphonia1-4. This laboratory has developed 

a cell-populated three-dimensional tissue-engineered 

construct intended for vocal fold cover layer 

replacement5.  Human adipose-derived stem cells (ASC) 

embedded within a clotted cryoprecipitate scaffold 

differentiate into a bilayered construct intended for vocal 

fold cover replacement5. This model shows promising 

function in vitro as a replacement for the vibratory 

lamina propria and epithelial layers6. An advantage of 

the design is its composition from all potentially 

autologous sources. While this model is appealing for 

human use, it requires adaptation for pre-clinical studies 

in animals.  The vocal folds are exquisitely sensitive to 

scar formation, and the immune response expected from 

the xenograft implant of human cells or scaffold may 

significantly confound their wound healing. 

In this work, we set out to develop a tissue-

engineered construct suitable for implantation in rabbit 

vocal folds. Rabbits are a favorable animal model for 

study of the larynx due to adequate laryngeal size for 

implantation surgery, histologic similarities to human 

larynges, and economical animal husbandry relative to 

larger mammals7. They can undergo phonation both in 

vivo and in excised larynx preparations8,9. Furthermore, 

ASC are easily harvested from rabbits as well as 

humans. Here we report the production of a tissue-

engineered mucosa replacement from rabbit ASC that 

will allow for pre-clinical construct implantation studies. 

Key differences in the in vitro development between the 

human and rabbit cell models are highlighted. 

 

Material and Methods  

Adipose-Derived Stem Cell Harvest and Culture 

 Rabbit adipose-derived stem cells (rASC) were 

isolated from rabbit adipose tissue [10]. The adipose 

tissue was acquired post-mortem from animals sacrificed 

for unrelated studies, in accordance with UCLA Animal 

Research Guidelines. Inguinal fat pads were harvested in 

a sterile manner. Tissue was washed in sterile 

phosphate buffered saline (PBS), minced to increase 

surface area, and digested in 0.075% type I collagenase 

(Sigma-Aldrich, St. Louis, MO) in PBS at 37oC for a 

minimum of 60 minutes with agitation. The solution was 

then added to “Control Medium” consisting of Dulbeco’s 

Modified Eagle’s Medium (DMEM), 10% fetal bovine 

serum (FBS), 1% amphotericin B, and 1% penicillin/
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streptomycin in a 1:1 ratio to halt digestion and 

centrifuged at 1600rpm for 5 min. The resulting 

stromovascular fraction pellet was collected from 

beneath the fat-laden supernatant, and distributed for 

culture in control medium on standard tissue culture 

plates. The cultures were incubated at 37oC with 5% 

CO2 and medium was changed twice a week until 

confluent. Confluent cells were passaged or harvested 

for use on or before the third passage. 

Rabbit ASC Differentiation 

 Rabbit ASC in culture were harvested using 

trypsin-EDTA and re-seeded in 12-well culture plates. 

Once confluent, control medium was switched to induce 

differentiation. Osteogenic differentiation was induced 

with DMEM, 10% FBS, 0.01 uM 1,25-dihydroxyvitamin 

D3, 50 uM ascorbate-2-phosphate, 10 mM B-

glycerophosphate, and 1% penicillin/streptomycin. 

Adipogenic differentiation was induced with DMEM, 10% 

FBS, 0.5 mM isobutyl-metylxanthine (IBMX), 1 µM 

dexamethasone, 10 µM insulin, 200 µM indomethacin, 

and 1% penicillin/streptomycin10. All reagents were 

purchased from Sigma-Aldrich. Both conditions were 

accompanied by a separate well with control medium as 

described in cell harvest and culture. Media were 

changed three times per week for 28 days and then 

fixed in 4% paraformaldehyde and stained as described 

in section 2.4. 

 

 

 

Fibrin-ASC Constructs 

 Human cryoprecipitate, rabbit fibrinogen, and 

bovine fibrinogen were investigated as fibrin sources. 

Rabbit fibrinogen (Innovative Research) was obtained as 

a frozen liquid at 5mg/ml in 0.02M Sodium Citrate-HCl at 

pH 7.4. Bovine fibrinogen (Sigma-Aldrich) was dissolved 

in 20 mM HEPES-buffered saline at 5 mg/ml. Human 

cryoprecipitate, pooled from 10 donors, was obtained 

from the UCLA blood bank in accordance with 

institutional research policy. All were kept frozen at -

80oC until use. Bovine thrombin (Sigma-Aldrich) was 

prepared at 2U/mL in 20mM HEPES-buffered saline with 

7.5mM CaCl2 just prior to its use. The fibrinogen source 

was mixed in a 4:1:1 ratio with cell suspension and with 

thrombin solution, in that order, to form fibrin-rASC gels. 

Initial cell density was 1x106cells/mL to approximate the 

cell density in true vocal fold lamina propria. The fibrin 

solution was mixed in a Transwell (Corning) insert for 12

-well culture plates, with a porous polycarbonate 

membrane (0.4µm pore size) at its base. Gelation was 

achieved within an hour of incubation at 37oC. After 

gelation was complete, an additional 500,000 rASC were 

pipetted directly on top of the gel surface to reproduce 

the cell density of a confluent epithelium. Resultant 

neotissue constructs were cylindrical, 12mm in diameter, 

and 1-2mm thick after 2 weeks of incubation at 37oC, 

95% humidity and 5% CO2. 1 mL of culture medium was 

added to the wells and changed 3 times a week until 

harvest at either 7, 14, or 21 days. 10 ng/mL of human 

recombinant epidermal growth factor (rhEGF, Promega 

Corp.) was added to the culture medium of the EGF 
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groups. The Transwell inserts permitted diffusion of the 

culture medium solely through the porous base 

membrane.  

Histologic Characterization 

 Tissue constructs were harvested with care to 

maintain their orientation. Tissue-Tek O.C.T. compound 

(Sakura Finetek) was used to embed the samples, and 

the blocks were flash-frozen in liquid nitrogen vapor. 

Sections were cut at 5 µm on a cryostat, and stored at -

20oC until use. For staining, sections were thawed at 

room temperature and fixed in 4% paraformaldehyde. 

Hematoxylin and eosin staining was performed on one 

slide from each construct.  

Rabbit larynges were collected within four hours 

of sacrifice for unrelated experiments, and were frozen 

at -80oc until use. After thawing, true vocal folds were 

dissected free from the surrounding cartilage for use as 

positive controls.  Vocal folds were embedded, frozen, 

cryosectioned, fixed, and stained using the same 

methods as tissue constructs. 

 Lipid deposits, indicating adipose differentiation, 

were identified with Oil Red O staining. Stock solution 

was prepared using 300 mg Oil Red O (Sigma Aldrich) in 

100 mL 99% isopropanol. Sections were rinsed in 

distilled water followed by 60% ethanol for five minutes 

each, then stained for five minutes with a working 

solution comprised of 15 mL Oil Red O stock solution 

mixed with 10 mL distilled water, incubated at room 

temperature for 10 minutes. Sections were washed with 

water and then counterstained with hematoxylin 

(Richard-Allan Scientific).  

 Von Kossa solution (5% AgNO3 in distilled 

water) was used to detect osteogenic differentiation by 

staining calcium phosphate or calcium carbonate. 

Sections were rinsed in distilled water for 5 minutes 

before applying Von Kossa solution and set beneath UV 

light for ten minutes. Sections were then rinsed in 

distilled water three times for 5 minutes each and 

counterstained with hematoxylin for one minute. 

All samples were viewed and imaged the same 

day as staining using light microscopy with an EVOS XL 

inverted microscope (Life-Technologies).   

Immunohistochemistry 

 For fluorescent immunohistochemistry, 

constructs were fixed, embedded in paraffin, and 

sectioned. After de-paraffinization, Trypsin EDTA was 

added to each section and incubated for 20 minutes at 

37oC.  Triton X-100 at 0.5% in PBS was applied 3 times 

for 5 minutes each application. Nonspecific binding was 

blocked with 10% goat serum (Pierce Biotechnologies) 

for 60 min and then washed with PBS for 5 minutes. 

Mouse monoclonal primary antibodies were applied 

overnight at 4oC in a humidified chamber. Primary 

antibodies included vimentin (clone AMF17B, 

Developmental Studies Hybridoma Bank, University of 

Iowa) at a dilution of 1:100 and prediluted pan-

cytokeratin (Abcam ab961).  BSA 1% was applied to 

negative control slides. After washing with PBS 3 times 

for 5 minutes each, goat anti-mouse secondary antibody 
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tagged with rhodamine was applied for 30 minutes at 

room temperature at a dilution of 1:400 in PBS. Sections 

were washed again with 0.5% Triton to remove excess 

secondary antibody and cover-slipped with VectaShield 

mounting agent with diamidino-2-phenylindole (DAPI) 

nuclear stain (Vector Labs, Burlingame, CA). 

 Fluorescence was viewed and imaged the same 

day as staining, with an Olympus microscope. Rabbit 

vocal fold sections were used as positive controls to 

confirm expected antibody reactivity. 

3. Results 

Pluripotency of Rabbit Stromovascular Fraction Cells 

 Light microscopy demonstrated that cultures 

induced to differentiate into adipogenic and osteogenic 

cell types showed morphological changes after 2 weeks 

in culture (Fig. 1). After 28 days in culture, induced cells 

showed positive staining for lipid after adipogenic culture 

(Fig. 2A) and mineral deposits after osteogenic culture 

(Fig. 2B) while their respective negative controls showed 

no staining.  

Tissue-Engineered Construct Stability 

 Rabbit ASC embedded within fibrin gels attached 

and survived. Constructs formed with rabbit or bovine 

fibrinogen could withstand handling, manipulation, and 

placement of 5-0 sutures, irrespective of treatment 

group or culture period. Constructs formed with human 

cryoprecipitate degenerated rapidly, could not withstand 

manipulation past day four, and were not pursued 

further (Fig. 3).   Further investigation was performed 

with the rabbit fibrinogen constructs, for the most 

relevance for future rabbit implantation. 

For the constructs made with rabbit fibrinogen, 

hematoxylin and eosin microscopy showed a fibrin lattice 

with similar gross morphology to the vocal fold lamina 

propria and epithelium. Cell nuclei were identified 

throughout the construct (Fig. 4). There was no 

observable morphologic difference between constructs 

treated with EGF and those that were not.  

Differentiation of Rabbit ASC in Fibrin Gel Culture  

 Spontaneous differentiation to mesenchymal 

phenotypes did not occur. Histological staining using Oil 

Red O and Von Kossa on tissue-engineered constructs in 

cultured for 14 days, with and without EGF treatment, 

showed negative staining for lipid and mineral (Fig. 5).  

Figure 1.  Phase contrast microscopy of rabbit ASC cultured under adipogenic (A), osteogenic (B), and control (C) 
conditions for 14 days on 2-dimensional plastic culture plates. Both experimental conditions have lost the spindle 
shape and linear arrangement still present in the control. Magnification 20x; scale bar 200m. 
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Figure 3. Rabbit ASC constructs formed with human cryoprecipitate show progressive vacuolization and 
compaction on days 1(A), 4 (B), and 7 (C). Magnification 4x; scale bar 1 mm. 

Figure 2.  Histologic assessment of rASC differentiation after 28 days of culture on 2- dimensional plastic culture 
plates. Adipogenic culture (A), osteogenic culture (B), and control culture (C and D).  Left column shows Oil Red 
O staining lipid droplets red in (A) but not (C). Right column shows Von Kossa staining mineral deposits black in 
(B) but not in (D). Magnification 40x; scale bar 100 um; hematoxylin counterstain.  

Figure 3. Rabbit ASC constructs formed with human cryoprecipitate show progressive vacuolization and 
compaction on days 1(A), 4 (B), and 7 (C). Magnification 4x; scale bar 1 mm. 
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Figure 5. Histologic assessment of rASC differentiation in fibrin constructs after 14 days in culture without EGF (top 
row) and with EGF (bottom row).  Von Kossa (A and C) and Oil Red O (B and D) show no staining respectively for 
either mineral or lipid. Magnification 20x; scale bar 200 µm, counter-stain with hematoxylin in all. 

Figure 4. Hematoxylin and eosin staining of rabbit true vocal fold (A) and a fibrin-rASC construct (B). The 
construct after 14 days of culture with EGF demonstrates a bilayered structure with cells attached throughout the 
construct. Magnification 40x; scale bar 100 µm.  
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Epithelial differentiation was not induced by EGF 

and an air interface in this rabbit ASC culture, as 

indicated by immunohistochemistry.  

Immunohistochemistry at 14 days was negative for 

cytokeratin. Vimentin, a general mesenchymal cell 

marker, was preserved in all cells with and without EGF 

exposure (Fig. 6). 

 Discussion:  

Tissue engineering and regenerative medicine 

hold promise for diseases that are currently difficult to 

treat because of lack of suitable therapies or self-repair 

mechanisms. Vocal fold scarring is an excellent example. 

The specialized extracellular matrix of the vocal fold 

lamina propria and its attached epithelium are, thus far, 

irreplaceable after injury. Its geometry also makes the 

vocal fold mucosa a good candidate for tissue 

engineering in the laboratory. It is a small, thin structure 

with low metabolic activity due to sparse cellularity; 

these factors ensure adequate nutritional perfusion 

without need for neovascularization.  

Befitting the label “stem cells”, adipose-derived 

stem cells possess the capabilities of self-renewal and 

multiple differentiation potential11. ASC may be more 

clinically applicable than other stem cell types because 

they are quite easily harvested from adult liposuction 

material and are simple to maintain in culture12. As such, 

Figure 6. Immunohistochemistry in rabbit true vocal fold (left column), and a fibrin-rASC construct after 14 
days in culture with EGF (right column). Vimentin (top row) and cytokeratin (bottom row) appear red, DAPI-
labeled nuclei appear blue.  A. Vimentin is expressed throughout vocal fold lamina propria. B. Vimentin is ex-
pressed in all cells within the construct. C. Cytokeratin is expressed in all cells in the vocal fold epithelium. D. 
Cytokeratin is indistinguishable from negative control construct samples. Magnification 40x. 
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ASC have been proposed as a cell source for engineering 

and repair of nearly any conceivable tissue type13-14.  

They are currently being investigated in nearly one 

hundred active human clinical trials, primarily of cell 

injections alone without scaffolds15. Of particular interest 

are the immune modulating and wound healing 

properties of these cells16 Development of more complex 

three-dimensional tissue and organ replacement is still in 

the in vitro and pre-clinical animal implantation phases. 

We focused our attention here on rabbit ASC, 

since rabbits are an ideal small animal model for studies 

of the larynx. The larynx is accessible, adequately sized, 

able to phonate in an excised setting; and histologically 

and structurally similar to the human larynx. 

Furthermore, the inherently silent behavior of rabbits 

minimizes disruption to the healing implant.  Multi-

potent rabbit ASC are capable of differentiating into 

bone and fat-like lineages, as demonstrated here and in 

prior studies17.  Rabbit ASC have been shown to 

differentiate into an epithelial phenotype when exposed 

to an air liquid interface and a growth factor cocktail, 

consisting of all-trans retinoic acid, EGF, and further 

enhanced by hepatocyte growth factor and keratinocyte 

growth factor for 12 days18.  That study was not 

performed in a three-dimensional scaffold. 

Fibrin was chosen as the biological scaffold for 

this study due to its importance in normal wound 

healing, its biodegradable nature, and its potential for 

autologous sourcing from plasma.  As the principal 

proteinaceous component of blood clots, fibrin is formed 

when the enzyme thrombin cleaves end-terminal 

peptides from circulating fibrinogen protein. Exposing 

the fibrinogen terminals allows rapid self-polymerization, 

and long fibrin chains result. Initial attempts at 

embedding the rabbit ASC used human cryoprecipitate 

as fibrinogen source, as was previously used for human 

ASC5. However, unlike human ASC, the rabbit ASC 

rapidly degraded and compacted the cryoprecitate-based 

fibrin; constructs were largely degenerated within seven 

days. Thus a commercial purified fibrinogen isolated 

from rabbit plasma was utilized, and this created durable 

constructs that were handled beyond 21 days without 

difficulty or breakdown. Potential explanations for this 

difference are hypothesized. Cryoprecipitate is an 

unpurified source of clotting factors from plasma, which 

does include other bound proteins such as matrix 

metalloproteinases that could degrade the scaffold. It is 

also possible that human antigens from the 

cryoprecipitate activated the rabbit ASC to secrete 

degradatory enzymes. With either hypothesis, the net 

balance of proteinases to inhibitors likely differed 

between the human and rabbit cell cultures.  Also, 

fibrinogen concentration within the cryoprecipitate was 

unknown and likely differed from that used in the pure 

form. Finally, some of the volume loss appeared due to 

greater cell-mediated contraction in the cryoprecipitate 

case, either due to stronger cell adhesion or a more 

contractile state. Regardless of the cause, the excess 

scaffold loss with human cryoprecipitate highlights the 

importance of designing each component of an implant 

for the intended species and target tissue. The less 

contractile case with rabbit fibrinogen is better suited to 

http://www.openaccesspub.org/
http://openaccesspub.org/
http://openaccesspub.org/journals/index.php?jid=64
http://dx.doi.org/10.14302/issn.2379-8572.joa-14-611


 

 

Freely Available  Online 

www.openaccesspub.org  |  JOA    CC-license    DOI : 10.14302/issn.2379-8572.joa-14-611               Vol-1 Issue 1 Pg. no.-  36  

implant in the vocal fold where preventing repeat scar 

formation is paramount. Also, avoiding human antigens 

in the rabbit implant will reduce the risk of immune 

rejection.  Similarly, rabbit fibrinogen was preferred over 

the more readily available bovine fibrinogen, to avoid 

undue antigen exposure during ultimate implantation in 

rabbit vocal folds.  

For eventual human implantation, a fibrin 

scaffold could be produced from either autologous 

cryoprecipitate or pooled human donor cryoprecipitate. 

The risk of viral transmission or inflammatory reaction 

from allogeneic human cryoprecipitate implantation in 

the solid form is not well delineated, but is likely to be 

low since human pooled fibrin and thrombin-based 

products have been safely used for surgical hemostasis 

for many years19. Interestingly, even the use of bovine 

aprotinin components only very rarely leads to a clinical 

immunologic response in humans20. Regardless, a clear 

advantage of fibrin as a scaffold is that it can be 

prepared from human plasma for autologous re-

implantation without risk. This would be feasible in 

rabbit implant studies as well, but would significantly 

increase the complexity of an experimental series by 

requiring pre-implantation plasma collection and animal-

specific culture.  

We did investigate epithelial differentiation in 

this system, but found that all cells primarily maintained 

a mesenchymal phenotype. Unwanted mesenchymal 

differentiation to produce lipid or mineral deposits did 

not occur. Li et al demonstrated differentiation of rabbit 

ASC to epithelial-like cells in a monolayer air liquid 

interface system, with nearly 70% epithelial-like 

differentiation17. They used a thin collagen type IV 

coated membrane with a variety of growth factors to 

induce high levels of cytokeratin 19 (an early epithelial 

marker) staining and low levels of cytokeratin 13 (a 

mucosal epithelial marker). In our system using EGF 

treatment in a fibrin gel, as was previously used with 

human ASC, clear expression of the epithelial marker 

CK19 was not evident after two weeks in culture. This 

difference between human and rabbit cell behavior again 

highlights the importance of species-specific 

investigation.  

The construct developed here, even without 

significant epithelial differentiation, is suitable for 

implantation as a vocal fold mucosa graft in rabbits. The 

in vivo microenvironment may direct differentiation of 

the superficial layer of cells to an epithelial phenotype. 

ASC or bone marrow derived stem cell injections into 

animal vocal folds in vivo decrease scaring and dense 

collagen deposition; improve viscoelasticity and mobility; 

and increase elastin production, vocal fold smoothness 

and collagen organization9, 21-24. Furthermore, adding a 

micronized acellular dermal matrix or hydrogel scaffold 

to the injection decreased scarring9, 25. The wound 

healing properties of ASC may be adequate to prevent 

scar formation after implantation, while the fibrin 

scaffold may further support ASC survival and 

differentiation. These aspects will be tested in a rabbit 

implantation trial.  
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Conclusion:  

Rabbit adipose-derived stem cells were used to create a 

three-dimensional tissue-engineered construct suitable 

for vocal fold cover replacement. The construct 

resembled the vocal fold lamina propria and epithelium 

in microstructure although not in cell phenotype. The 

construct was able to withstand handling and suturing 

similar to a native rabbit vocal fold cover layer. Notable 

differences were found in cell differentiation and scaffold 

degradation between human and rabbit ASC. This 

construct will be used for future in vivo implantation 

studies in rabbits.   
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