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Functional Reconstruction of Tracheal Defects
by Protein-Loaded, Cell-Seeded, Fibrous
Constructs in Rabbits

Lindsey M. Ott, PhD,1 Cindy H. Vu, BS,2 Ashley L. Farris, BS,3 Katrina D. Fox, MS, DVM,4

Richard A. Galbraith, JD, MD, MBA,5 Mark L. Weiss, PhD,4 Robert A. Weatherly, MD,6

and Michael S. Detamore, PhD1,7

Tracheal stenosis is a life-threatening disease and current treatments include surgical reconstruction with auto-
logous rib cartilage and the highly complex slide tracheoplasty surgical technique. We propose using a sustainable
implant, composed of a tunable, fibrous scaffold with encapsulated chondrogenic growth factor (transforming
growth factor-beta3 [TGF-b3]) or seeded allogeneic rabbit bone marrow mesenchymal stromal cells (BMSCs).
In vivo functionality of these constructs was determined by implanting them in induced tracheal defects in rabbits
for 6 or 12 weeks. The scaffolds maintained functional airways in a majority of the cases, with the BMSC-seeded
group having an improved survival rate and the Scaffold-only group having a higher occurrence of more patent
airways as determined by microcomputed tomography. The BMSC group had a greater accumulation of in-
flammatory cells over the graft, while also exhibiting normal epithelium, subepithelium, and cartilage formation.
Overall, it was concluded that a simple, acellular scaffold is a viable option for tracheal tissue engineering, with the
intraoperative addition of cells being an optional variation to the scaffolds.

Introduction

Laryngotracheal disorders resulting in airway
obstruction, although rare, can cause significant mor-

bidity and can be life threatening. These disorders are the
result of congenital (laryngo/tracheomalacia, congenital
subglottic stenosis) or acquired (prolong intubation, traumatic
injury, tracheotomy, tumors) causes. The estimated incidence
of stenosis in postintubation or tracheotomy patients is 10–
20% with only 1–2% being symptomatic or having severe
stenosis (estimated 4.9 severe stenosis cases per million per
year in the general population).1,2 Due to the congenital oc-
currences and increased survival of premature infants re-
quiring prolonged intubation the pediatric population makes
up a significant portion of patients requiring treatment.

Treatment options include balloon dilation, laser surgery,
stenting, and surgical resection and reconstruction; with
reconstruction being the preferred alternative for severe ste-

nosis, though there are limitations to this treatment. Lar-
yngotracheal reconstruction involves augmenting the stenotic
region with autologous costal cartilage. A specialized surgical
technique and an invasive, multi-site surgery are required
for this procedure. Slide tracheoplasty is another surgical
treatment option; however, the procedure is highly complex
and requires special training. Thus, an off-the-shelf tissue-
engineered product is needed that would replace the need for
autologous tissue and eliminate the challenges for the surgeon
and patient.

Various tissue-engineered trachea replacements exist,3

including human trials with decellularized donor tissues
recellularized with autologous cells,4,5 nondegradable poly-
propylene scaffolds coated with natural materials,6 and a
synthetic (polyhedral oligomeric silsesquioxane [POSS] co-
valently bonded to poly-[carbonate-urea] urethane [PCU])
scaffold designed with the patient computed tomography
(CT) dimensions.7 Allogeneic tracheal tissue was implanted
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into the trachea, but this procedure required prolonged priming
in the forearm before implantation and immunosuppression.8

Approaches utilizing degradable synthetic materials are gain-
ing popularity due to the limited availability, specialized
preparation, and storage of donor tissues, and the limited
regenerative capacity of nondegradable materials.9

Our approach is unique in that we harness degradable
synthetic materials with a biomimetic architecture. We en-
deavor to use polymeric scaffolds for trachea repair, utiliz-
ing electrospun poly(D,L-lactide-co-glycolide) (PLGA) (on
outer surface) and polycaprolactone (PCL) (on inner sur-
face) graded scaffolds reinforced with PCL rings for tra-
cheal defect repair. Our hypothesis was that the scaffold
would provide an airtight, biocompatible prosthesis with
cartilage-like tissue replacement. Our preliminary pilot
studies in rabbits indicated that the scaffolds were functional
in patch-type tracheal defects (not published). Thus, a larger
in vivo study was warranted to establish statistically sig-
nificant efficacy.

Three groups were designed for this study: (1) a gradient
scaffold with reinforced rings, (2) a reinforced gradient
scaffold with transforming growth factor-beta3 (TGF-b3)
encapsulated in the PLGA, and (3) a reinforced gradient
scaffold with rabbit bone marrow mesenchymal stromal cells
(BMSCs) seeded intraoperatively (Fig. 1). The Scaffold-only
group was chosen to determine whether a simple, material-
based approach would be adequate as a tracheal construct.
The addition of ring supports is crucial for the scaffold in-
tegrity and this approach has been used by a few other re-
search groups.10,11 TGF-b3 was chosen to stimulate cellular
growth and healing. BMSCs were added as a common cel-
lular source with potential for chondrogenic differentiation.
The objective of this study was to supplement the preclinical
data available for tracheal tissue engineering.

Materials and Methods

Material fabrication

Using a custom-designed electrospinning apparatus, 2 mm
thick electrospun fiber sheets were fabricated following a
slightly modified protocol established in our previous work.12 A
7 wt% PCL (inherent viscosity 1.0–1.3 dL/g; LACTEL, Bir-
mingham, AL) solution in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP; Oakwood Chemical; Columbia, SC) and a 14 wt%
poly(D,L-lactide-co-glycolide) copolymer (PLGA, 50:50
lactic acid: glycolic acid, acid end group, MW 50,000 Da,
inherent viscosity 0.35 dL/g; Evonik Industries, Birmingham,
AL) solution in HFIP were prepared for electrospinning. The
solutions were placed in 20 mL syringes and fitted into pro-
grammable syringe pumps (PhD Ultra; Harvard Apparatus,
Holliston, MA) and set to extrude the solution at 5 mL/h. As
the solution was extruded through a charged 20 gauge needle
(+10 kV; Glassman High Voltage, High Bridge, NJ), and the
charged polymer was drawn from the needle tip to a nega-
tively charged (-6 kV) rotating cylindrical stainless steel
mandrel (6.35 mm diameter), with a needle-to-mandrel dis-
tance of 20 cm. Safety precautions, personal protective
equipment and a well ventilated working environment were
used when handling the HFIP solvent.

To create the graded group, 8.33 mL of PCL was first
electrospun (0.34 mm layer thickness). PCL rings were then
created by mixing 15 w/v% PCL in 1:1 DCM:DMF solution,

and pouring the solution into a flat plate and allowing the
solvent to evaporate, thus forming a polymer sheet. The
PCL strips were cut to 1–2 mm width and had a 1.5 mm
thickness. These PCL rings were then affixed with liquid
PCL solution to the electrospun PCL and arranged 3–4 mm
apart along the length of the cylindrical mandrel. Another
0.34 mm layer of PCL was electrospun over the rings, thus
encapsulating the rings between layers. 6.67 mL of PLGA
and PCL (total of 13.33 mL total polymer) was then si-
multaneously electrospun from separate syringes over the
PCL layer (0.67 mm layer thickness), followed by 8.33 mL
of PLGA electrospun over the PLGA/PCL layer (0.67 mm
layer thickness).

To create the protein-loaded PLGA solutions, TGF-b3
(Peprotech, Rocky Hill, NJ) was reconstituted to 1 mg/mL
with 10 mM citric acid (251275; Sigma, Milwaukee, WI)
and further diluted to 0.8 mg/mL with 0.1% bovine serum
albumin (BP9706; Fisher Scientific; Waltham, MA) in
sterile phosphate-buffered saline (PBS, P5368; Sigma). The
reconstituted protein solutions were individually mixed with
the PLGA solutions to reach a final loading ratio of 30 ng of
TGF-b3 per 1.0 mg of PLGA (*126mg of TGF-b3 per
scaffold). The final mixtures were then sonicated over ice

FIG. 1. Overview of the study design. Three groups were
tested: Scaffold-only, transforming growth factor-beta3
(TGF-b3), and bone marrow stromal cell (BMSC) seeded
(*The actual sample size was reduced due to adverse events
[AE] that occurred during the experiment.). Color images
available online at www.liebertpub.com/tea
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(50% amplitude, 20 s). The solutions were electrospun im-
mediately after preparation.

Once the 2 mm wall thickness was achieved, the elec-
trospun tubes were removed from the collecting rod, ly-
ophilized for 24 h, sterilized using ethylene oxide, and aired
in a fume hood for 24 h.

Cell source

Bone marrow was harvested from the femurs and tibias of
6- to 8-week-old male New Zealand White rabbits (n = 3)
under approval from the Institutional Animal Care and Use
Committee of the University of Kansas (protocol #175-08).
BMSCs were isolated by density gradient centrifugation
(Histopaque, 10771; Sigma) and cultured in alpha-MEM
(12571; Gibco, Carlsbad, CA), 10% fetal bovine serum
(12662; Gibco), and 1% penicillin/streptomycin (15140;
Gibco). Cells were passaged to P4 (frozen at P2) before
implantation.

Surgical procedure

Animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of
Kansas Medical Center (protocol #2012–2099). Before the
procedure, the rabbit was provided with a warmed saline
bolus (60 mL, subcutaneous [SQ]) to ensure proper hydra-
tion and to maintain blood pressure. Following the induction
of stable general anesthesia (ketamine-100 mg/mL, 30 mg/
kg, intramuscular [IM]; xylazine-100 mg/mL, 3 mg/kg, IM;
and glycopyrrolate-0.2 mg/mL, 0.01 mg/kg, SQ) and anal-
gesic delivery (buprenorphine-1 mg/mL, 0.1 mg/kg, SQ),
hair was shaved from the area around the neck/trachea re-
gion of male New Zealand White rabbits (7–8 lbs) (n = 5
rabbits/group/end point, 30 rabbits total). Each rabbit was
intubated to deliver isoflurane, with the defect being created
above the end of the endotracheal tube so that the isoflurane
could be reliably delivered. Intubation was assisted with a
bronchoscope (10020ATA, Hopkins Telescope, 0�, 2.9 mm,
30 cm; Karl Storz Endoskope; Tuttlingen, Germany) and a
video processor coupled to a light source (20045020, Tele-
packX; Karl Storz Endoskope). Inhaled isoflurane was used
to maintain anesthesia. The surgical area was disinfected with
alternating scrubs of surgical scrub (povidone scrub or
chlorhexidine scrub) and 70% ethanol, and then draped.

A ventral midline cervical incision was made over the
trachea, including identification and division of the strap
muscles, to access the cervical trachea. Lidocaine (2%)/
bupivacaine (0.5%) (up to 3.5 and 4 mg/kg, respectively)
was delivered directly to the tracheal defect site or subcu-
taneously before surgery to alleviate discomfort associated
with defect creation. An elliptical defect was marked on the
wall of the trachea with an approximate size of 0.5 · 1.5 cm
(with the long axis oriented along the length of the trachea).
The defect was centered *2 cm below the cricoid cartilage.
The marked area of tracheal wall was removed with sharp
dissection using a scalpel, and the resulting defect was
patched with a biomaterial scaffold patch (1 · 2.5 cm)
slightly larger than the defect itself to create an airtight seal
with *5 mm of overlap around the periphery. The scaffold
was cut with surgical scissor in the operating room. Ab-
sorbable polydioxanone suture (size 4-0) was used to suture
the scaffold to the trachea in all groups. A negative control

(unpatched defect) was not possible, as that would have
resulted in certain fatality.

In the cell-seeded group, *25 million cells per scaffold
were prepared with 7–10% of cells labeled with near-
infrared fluorescent quantum dots (Q25071MP; Life Tech-
nologies, Carlsbad, CA) for in vivo cell imaging and stored
in 37�C medium (same composition as for cell culture) in
polypropylene tubes until needed for surgery. Cells were
collected into polypropylene tubes a few hours before sur-
gery. Before seeding, the cell medium was removed through
centrifugation and cells were resuspended in 200mL of
sterile-filtered PBS in the operating room. Once one side of
the scaffold was sutured in place, the 200mL cell slurry was
carefully pipetted directly over the entirety of the exterior
surface of the scaffold. Cells were allowed to soak for 5 min
and then the remainder of the scaffold was sutured in place.
Preliminary Trypan blue staining determined that cells re-
mained viable after thawing, transport, and preparation for
seeding.

The wound was then closed in layers using running
polyglactin 910 suture (3-0 Vicryl; Ethicon, Sommerville,
NJ) in the strap muscle layer and the skin closure layer.
After each procedure was finished and the rabbit recovered
from anesthesia, they were administered meloxicam (5 mg/
mL, 0.2 mg/kg, SQ) and returned to their cage once they
remained sternal.

Bronchoscopy

A video-endoscopy system consisting of a bronchoscope
and video processor, used earlier to assist intubation during
the surgical procedure, was used for bronchoscopic evalu-
ation. The degree of re-epithelialization over the scaffold
region and appearance of stenotic regions of the trachea
were evaluated with a bronchoscope at 3, 6, 9, and 12 weeks
after implantation. Procedures were done under anesthesia
(ketamine-100 mg/mL, 30 mg/kg, IM; xylazine-100 mg/mL,
3 mg/kg, IM; and glycopyrrolate-0.2 mg/mL, 0.01 mg/kg,
SQ) and analgesics (meloxicam-5 mg/mL, 0.2 mg/kg, SQ)
were given postprocedure.

Bronchoscopic images were visually assessed and as-
signed a semi-quantitative score by the following criteria:
severity of lumen narrowing (none, slight, moderate, se-
vere), progression of lumen narrowing (none, slight, mod-
erate, severe), direction and type of narrowing (side-to-side,
graft collapse, swelling), and re-epithelialization of the graft
(none, slight, moderate, complete).

In vivo imaging

A preclinical in vivo fluorescence imaging system (IVIS
Spectrum; PerkinElmer, Waltham, MA) was used to detect
the quantum dot-labeled cells. In vivo cell tracking was
planned at 3, 6, 9, and 12 weeks postoperation. Briefly, the
subjects were anesthetized (as described for bronchoscopy)
and positioned in the imaging system to visualize the neck
region. The system was set to sweep at excitations of 400,
450, and 550 nm and emission collection at 480 and 820 nm.
Fluorescence could not be detected through the animal’s
skin and muscle (data not shown). Further cell tracking was
not pursued during this study and no postexplant imag-
ing was explored because fluorescent emission would likely
be quenched by 6 weeks. Future cell tracking should be
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conducted with other imaging techniques, such as magnetic
resonance imaging.

microCT acquisition

At 6 and 12 week end points, tracheas were excised and
fixed in 10% neutral buffered formalin. To aid in soft tissue
visualization in the microCT analysis, the fixed tracheas
were soaked in 40% Hexabrix (Mallinckrodt, St. Louis,
MO)/60% PBS for 10 h.13 All tracheas were secured in a
vertical position during scanning. To prevent dehydration
during scanning, the tracheas were placed in a sealed tube.
All scans were performed using a 3D X-ray imaging system
(Xradia MicroXCT-400, Pleasanton, CA) at 40 kV, 8 W, 2–
4 s exposure time, and 0.5 · objective magnification. For
high quality images, 1600 projections were collected with
multi reference images selected at 10 images every 400
frames for a total acquisition time of 2.5–5 h. After acqui-
sition, the images were manually reconstructed using the
Xradia software where several files were generated includ-
ing an AmiraMesh file. The center shift and beam hardening
were determined.

microCT analysis

Following microCT reconstruction, the AmiraMesh files
were processed in the Avizo Fire software (FEI Company,
Hillsboro, OR) to quantify luminal volume. Within the
Avizo Fire software, a modified pore quantification proce-
dure was used to quantify the lumen volume. Briefly, the
AmiraMesh file was trimmed to only contain the length of
trachea containing the scaffold. This was determined by
manually viewing the transverse CT slices and visualizing
the proximal and distal edge of the scaffold. To obtain the
void space, interactive thresholding was applied to define
the void space in the CT image and a binary image file was
created. The quantification command ‘‘I_Analyze’’ was
used to obtain quantitative data (volume, area, length) for
each void space. The image was then filtered based on
volume, resulting in the isolation of the lumen void space
from other void space in the image. Once the lumen space
was isolated, the volume and length of the 3D image and
max/min area of the 2D slices were recorded for statistical
analysis. To account for variation in trachea length mea-
sured in the software (mean length = 2.51 – 0.15 cm), the
length was divided by the lumen volume creating an ‘‘av-
erage cross-sectional area’’ in cross-sectional area units. To
obtain a ‘‘native trachea’’ average cross-sectional area
measurement, the healthy, unaltered regions of the tracheas
were quantified.

Histological analysis

Following microCT analysis, the tracheas were soaked in
PBS for 24 h to remove contrast agent and then placed in
formalin. The samples were dehydrated in graded ethanol
and paraffin embedded. Transverse sections were taken on a
Microm HM 355S microtome (Thermo Scientific, Waltham,
MA) using a low-profile disposable blade (3052835; Ther-
mo Scientific) with a sample thickness of 5 mm. Sections
were placed on positively charged slides, heated to 60�C for
1 min, and allowed to dry at room temperature overnight.
Before staining, the slides were heated to 60�C for 45 min.

After drying, the paraffin was removed from the slides and
the tissue was rehydrated using CitriSolv (22143975; Fisher
Scientific) and a graded series of ethanols.

Hematoxylin and Eosin (H&E) staining for cell nuclei
and general tissue visualization was performed using the
following protocol. Slides were stained with Harris Hema-
toxylin (SH30-4D; Fisher Scientific) for 3 min, rinsed with
water, dipped in acid ethanol, rinsed in water, and stained
with Eosin Y (119830-25g; Sigma-Aldrich, St. Louis, MO)
for 30 s. Safranin-O/Fast Green staining for glycosamino-
glycans (GAGs) was performed using the following protocol.
Slides were stained with Harris Hematoxylin (SH30-4D;
Fisher Scientific) for 3 min, rinsed with water, dipped in acid
ethanol, rinsed with water, stained in Fast Green (F7258;
Sigma-Aldrich) for 3 min, dipped in 1% acetic acid (537020;
Sigma-Aldrich), stained in 0.1% Safranin-O (S8884; Sigma-
Aldrich) for 10 min, and rinsed with water. Alcian Blue
staining for GAGs was performed using the following pro-
tocol. Slides were stained with Alcian Blue solution (A3157;
Sigma-Aldrich) for 30 min, rinsed in water, stained with
Nuclear Fast Red solution (IW-3021; IHC World, Wood-
stock, MD), and rinsed with water. Verhoeff-Van Gieson
staining for collagen and elastin was performed using the
following protocol. Slides were stained with Verhoeff’s so-
lution (hematoxylin-ferric chloride-iodine solution) (H9627,
157740, 207772, 221945; Sigma-Aldrich) for 1 h, rinsed with
water, dipped in 2% ferric chloride (157740; Sigma-Aldrich)
for 2 min, rinsed with water, dipped in 5% sodium thiosulfate
(S7026; Sigma-Aldrich) for 1 min, rinsed in water, and
stained in Van Gieson’s solution (1% aqueous acid fuschin in
picric acid) (F8129, Sigma-Aldrich; 80456, Fluka, Buchs,
Switzerland) for 5 min. Sudan Black B for residual polymer
was performed according to manufacturer’s instructions (IW-
3021; IHC World).

All sections were then dehydrated in graded ethanol and
then cleared in Citrisolv and mounted, with the exception
of Sudan Black, where the sections remained hydrated and
were mounted with aqueous mounting medium (E01-15;
IHC World). Photomicrographs were taken of representative
sections.

Histological scoring

The histological sections were scored blind by a pathologist
(R.A.G.). The scoring system was developed to evaluate in-
flammation, vascularization, epithelialization, cartilage for-
mation, and residual polymer. The location of inflammation
was determined by the spatial organization of inflammatory
cells/tissue (i.e., diffuse or on outer surface of scaffold) and
severity of inflammation was determined by the thickness of
the ‘‘cap’’ like tissue on the exterior surface of the scaffold.
Inflammatory cell types were differentiated and quantified into
multi-nucleated giant cells (MNG cells), mononuclear cells
(e.g., macrophages, lymphocytes, plasma cells), heterophils
(i.e., rabbit analog of neutrophils),14 and eosinophils. To de-
termine vasculature, four representative fields of inflamed
tissue were examined at 40 · (Axio Imager A1 Microscope;
Carl Zeiss Microscopy, Thornwood, NY) and vessel cross
sections containing erythrocytes were counted.

Epithelialization was analyzed by simply categorizing it
into two groups—presence or absence of epithelium (yes or
no). The epithelial character was further described and
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categorized into pseudostratified columnar, simple cuboidal,
stratified cuboidal, simple columnar, squamous, and ulcer
formation. Subepithelial character was described as fibrous,
vascular, inflamed, or a combination. Cartilage formation
was assessed by detecting new or immature cartilage and
by assessing collagen staining (Verhoeff-Van Gieson) and
collagen location. The presence of fibroblasts and their lo-
cations were also noted. The amount of polymer present
from the Sudan Black staining was ranked from no polymer
(0), 25% (1), 50% (2), 75% (3), and 100% of polymer
present (4).

Statistical analysis

Using one-way ANOVA and Tukey’s post hoc analysis,
the bronchoscopy rating, lumen average cross-sectional
area, and histological scoring were determined to be sig-
nificant if p < 0.05 (IBM SPSS, Armonk, NY).

Results

Mortality

The implantation of the scaffolds was straightforward,
with the scaffolds being easily cut into the desired elliptical
shape in the operating room and sutured into the induced
defect (Fig. 2). Throughout the 6 or 12 weeks of study, a
majority of the rabbits (22 subjects) did not display any
signs of distress. In the event of an adverse reaction (e.g.,
labored breathing, coughing, weight loss, stridor), the rabbit
underwent bronchoscopic evaluation, vital sign monitoring,
and more frequent monitoring. If the animal’s condition was
rapidly declining and no intervention methods were avail-

able, euthanasia was determined to be the most appropriate
course of action. Adverse events occurred in eight of the 30
subjects (27%), with a breakdown of three subjects in the
scaffold-only group (one subject from the 6 week group and
two subjects from 12 week group), four subjects in the TGF-
b3 group (two subjects from the 6 week group and two
subjects from the 12 week group), and one subject in the
BMSC group (from the 6 week group) (Fig. 3).

Bronchoscopy

The purpose of the bronchoscopic analysis was to reveal
the real-time morphology of the airway through the course
of the study (Fig. 4). Severity of stenosis was rated on a
scale of no stenosis (0), slight (1), moderate (2), to severe
(3). In the overall population, 34% of subjects exhibited no
to slight stenosis and 66% exhibited moderate to severe
stenosis. In the survival cases (no adverse events), 34% of
subjects exhibited no to slight stenosis and 45% exhibited
moderate to severe stenosis (remaining 21% were adverse
events). The adverse events all exhibited the most severe
level of stenosis, although no statistical analysis could be
done due to do the small number of adverse events (Fig.
5). Of the cases exhibiting slight to severe stenosis, the
progression of the stenosis over time was evaluated on a
scale from no change (0), slight (1), moderate (2), to se-
vere (3). Similar to the stenosis severity rating, we ob-
served that the 12 week subjects exhibited a severe
progression of stenosis as compared to the 6 week subjects
(not statistically significant).

Re-epithelialization was assessed on a scale from none
(0), slight (1), to moderate (2). All of the subjects exhibited

FIG. 2. Surgical schematic of
defect creation and scaffold im-
plantation (a). Photographs of
the surgical procedure showing
induced tracheal defect and
placement of scaffold (b) and
intraoperative cell seeding (c).
Color images available online at
www.liebertpub.com/tea
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some degree of epithelialization over the implant area with
no statistically significant trends observed. Trends of note
include, the degree of epithelialization declined by 50% over
time in the TGF-b3 subjects, where a moderate degree of ep-
ithelialization was observed at week 6 and a slight degree of
epithelialization was observed at week 12 (not statistically
significant). The Scaffold-only and BMSC groups did not ex-
hibit the same decreasing trend from 6 to 12 weeks, as the TGF-
b3 group. At 6 weeks, the TGF-b3 and BMSC subjects had a
33% higher degree of epithelialization than the Scaffold-only
subjects (not statistically significant). The fatal cases appeared
to have a lesser degree of epithelialization, all scoring at slight
epithelialization (not statistically significant).

The types of stenosis (of the stenotic cases) were cate-
gorized into side-to-side narrowing, in-folding of one of the
tracheal walls, and scaffold displacement into the airway. It
is important to note that no granulation tissue (obvious
protrusion of granular tissue) was observed on the lumen

surface of any of the implants, indicating that inflammatory
tissue overgrowth occluding the airway was not the type of
stenosis observed. A large majority of the stenosis subjects
exhibited a side-to-side narrowing (84% of total subjects
with stenosis), with fewer subjects exhibiting one-wall in-
folding (8% of total subjects with stenosis) and scaffold
obstructing airway (8% of total subjects with stenosis). The
two cases of scaffold obstruction occurred in the Scaffold-
only group and the two cases of one-wall in-folding oc-
curred in the Scaffold-only and BMSC group.

In summary, bronchoscopy data indicated 66% of all
subjects exhibited moderate to severe stenosis, fatality was
linked to stenosis, epithelium was present in all groups, and
side-to-side in-folding of tracheal walls was the dominate
type of stenosis.

MicroCT and average cross-sectional
area quantification

Visual inspection of the microCT scans revealed that all
of the groups had some degree of stenosis as compared to a
native, unaltered trachea. Analysis with specialized imag-
ing software provided quantitative lumen average cross-
sectional area data (Fig. 6).

Average cross-sectional area quantification indicated that
the Scaffold-only and TGF-b3 groups maintained an aver-
age cross-sectional area similar to the healthy portions of
implanted trachea or the ‘‘native trachea’’ at both 6 and 12
weeks (i.e., no statistically significant differences). In con-
trast, the adverse events (fatalities) in the Scaffold-only and
TGF-b3 groups had a 33–35% reduced average cross-
sectional area compared with the native tracheas ( p < 0.05).
The BMSC group at weeks 6 and 12 had a 27–28% smaller
average cross-sectional area ( p < 0.05) than the native tra-
cheas (Fig. 7).

Within the Scaffold-only group, the surviving week 12
subjects had a lumen average cross-sectional area that was

FIG. 3. Chart mapping the survival rate of subjects over
the course of 12 weeks.

FIG. 4. Representative
bronchoscopic images from
each experimental group at
the four bronchoscopy time
points (3, 6, 9, and 12
weeks). The most common
type of stenosis observed was
side-to-side narrowing that
occurred in 84% of total
subjects with stenosis. Note
that the photograph orienta-
tion is such that the scaffold
is at the top of the photo-
graph in each panel.
*Bronchoscopy in the Scaf-
fold only group was per-
formed at week 7 and 10,
instead of week 6 and 9.
Color images available
online at www
.liebertpub.com/tea
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29% larger than the adverse events ( p < 0.05). For the Scaf-
fold-only group, the average cross-sectional area corre-
sponding to fatality was 0.19 – 0.02 cm2. Among groups, the
only statistically significant difference was that the Scaffold-
only subjects had a 24% larger average cross-sectional area
than the BMSC subjects at week 12 ( p < 0.05).

In addition, the 2D microCT slice data were analyzed
(data not shown) and the location (cranial, middle, caudal)

of the narrowest region of the trachea were summarized.
The point of greatest stenosis occurred exclusively at the
midpoint of the implants (data not shown). Future work
could include an in-depth analysis of the 2D data along the
trachea length. Kiesler et al.15 mapped the area data in a line
graph to convey the length and degree of stenosis.

In summary, CT quantification data indicated that the
BMSC group and adverse events in all groups had significantly

FIG. 5. Bronchoscopy im-
age scoring based on stenosis
severity, stenosis progres-
sion, type of stenosis, and re-
epithelialization (no statisti-
cally significant differences).

FIG. 6. Illustration of the lumen quantification process in Avizo Fire. The computed tomography data were rendered into
a 3D volume (trachea in yellow) (a). The lumen space was thresholded and reconstructed into a 3D volume and quantified
(lumen in blue) (b–d). Color images available online at www.liebertpub.com/tea
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smaller airways than the native tracheas, while the Scaffold-
only and TGF-b3 subjects had average cross-sectional areas
similar to the native tracheas. Adverse event subjects had
smaller lumen average cross-sectional areas, indicating there
could be a stenosis threshold associated with fatality. The
Scaffold-only group had larger tracheal average cross-
sectional areas, and thus less stenosis, than the BMSC group.
And finally, the narrowest region of the tracheas occurred ex-
clusively at the midpoint of the scaffold length.

Histology

A representative overview of histological sections stained
with H&E, Alcian Blue, Safranin O, Verhoeff-Van Gieson,
and Sudan Black is provided in Fig. 8. Regions of immature
cartilage formation were observed at defect edges and over
the defect (in two cases) (Fig. 9). Generally speaking, im-
mature cartilage has a higher density of cells, and the matrix is
bluer with H&E than in mature cartilage, which is a reflection
of the lower collagen fiber density compared to mature car-
tilage. Scaffold-only subjects had three cases of immature
cartilage formation, with two cases at 6 weeks and one case at
12 weeks. TGF-b3 subjects also had three cases, with two
occurring at 12 weeks and one occurring in an adverse event
case. The cell-seeded group had six instances of new cartilage
formation, occurring mainly at 12 weeks (four cases).

Fibroblasts were observed in all subjects, usually oriented
in a layer around the scaffold, between scaffold layers, and in
the subepithelium. Unique fibrous, connective tissue was ob-
served inside the scaffold in the 6 week BMSC cases located
inside the scaffold (Fig. 9). Collagen was moderately present,
with no particular differences among groups, and was located
in regions similar to the fibroblasts (Figs. 9 and 10).

Though no statistically significant differences were ob-
served from residual polymer assessment, there was a de-
creasing amount of polymer remaining over time and the
BMSC group had less polymer present compared with the
other groups (Fig. 10).

Macroscopic assessment of inflammatory cells involved
evaluating thickness (i.e., linked to severity) and location
of the inflammatory cell-containing region (Figs. 8 and 9).
Inflammatory cells were mainly located on the outer layer of
the scaffold (i.e., opposite the luminal side), forming a
‘‘cap’’ over the scaffold. Diffuse distribution of inflamma-
tory cells was only observed in two subjects (i.e., adverse
events with Scaffold-only and TGF-b3). BMSC-seeded
scaffolds at week 12 had more severe inflammation (i.e., a
thicker layer of inflammatory tissue) than the Scaffold-only
group at week 6 ( p < 0.05) (Fig. 11). Overall there was a
trend of increasing severity over time and in the adverse
events (Fig. 9).

Microscopic assessment of inflammatory cell types showed
that MNG cells were severely present in all groups, except for
a few adverse event cases (Figs. 9 and 11). Mononuclear cells
were also moderately to severely present in all groups. Het-
erophils were moderately present. Eosinophils were not
present except for a single case in the Scaffold-only group
and a single case in the BMSC group (Fig. 9).

The quantification of blood vessels showed that the TGF-
b3 group at week 6 had a significantly higher quantity of
vasculature than any other group including adverse events
( p < 0.05) (Fig. 11). It appeared that the TGF-b3 treatment
increased vasculature at the early time point but the vas-
culature declined, but did not diminish completely by the
later time point ( p £ 0.05). Adverse events in the Scaffold-
only and TGF-b3 groups had more vasculature than in
nonfatal cases in the Scaffold-only and TGF-b3 groups,
respectively ( p < 0.05).

Epithelium assessment revealed that all scaffolds had
epithelium present, except for five adverse event cases.
Different types of epithelium were present. Epithelium
was ciliated to some degree in subjects with epithelium.
Pseudostratified columnar epithelium was the most common
epithelium, with 21 subjects exhibiting this morphology.
Of the 21 cases, most subjects exclusively exhibited pseu-
dostratified columnar epithelium while six subjects had a
combination of other types of epithelium—cuboidal, simple
cuboidal, stratified cuboidal, and simple columnar. A ma-
jority of the pure pseudostratified columnar cases were from
the BMSC group (seven cases) or the week 12 cases in all
groups (nine cases). The simpler epithelium (i.e., simple
columnar, cuboidal, and squamous types) was observed in
five cases, all of them at the 6 week end point, and those
cases were spread across all three treatment groups. Ulcers
were observed in the adverse events subjects (three cases),
indicating that granulation tissue was present in the air-
way, which could not be determined with bronchoscopy.
Interestingly, subjects with no or poor quality epithelium

FIG. 7. The average cross-sectional area statistics from the
Avizo Fire quantification. The volume was normalized to the
trachea length (volume divided by length). The sample sizes
in each group and time point were the following: Scaffold-
only 6 week (n = 3), Scaffold-only 12 week (n = 4), Scaffold-
only AE (n = 2); TGF-b3 6 week (n = 3), TGF-b3 12 week
(n = 3), TGF-b3 AE (n = 3); BMSC 6 week (n = 4), BMSC 12
week (n = 5), BMSC AE (n = 1). The BMSC group was the
only group to have significantly smaller average cross-sec-
tional area than the native tracheas, aside from the AE (#
significantly larger average cross-sectional area when com-
pared to the AE in the same group [p < 0.05], @ significantly
larger average cross-sectional area when compared to the
BMSC-group at week 12 [p < 0.05], * significantly smaller
average cross-sectional area when compared to the native
tracheas [p < 0.05]).
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(ulcerous) were all adverse event cases, making up over half
of the adverse events (five of eight cases). Distribution of
these cases were relatively even across the treatment groups
(two Scaffold-only subjects, two TGF-b3 subjects, and one
BMSC group).

The subepithelium was assessed for its vascular and fi-
brous nature. Inflammation was also noted. A large majority
of subjects had a fibrous character (10 purely fibrous and
16 in combination with vascular and/or inflamed tissue).
BMSC-seeded scaffolds made up the majority of fibrovas-
cular subepithelium (six of nine cases). Subepithelial vas-
culature was observed in 13 cases and inflammation was
observed in seven cases. The Scaffold-only subjects did not
have any occurrence of inflamed subepithelium, while ad-
verse event cases usually had inflamed subepithelium (six of
eight cases).

In summary, the outer surface of the scaffold was covered
by a layer of inflammatory cells, with a thicker layer of these
cells occurring in the BMSC group than in the Scaffold-only
group. The inflammatory cells present, as determined with
H&E staining, were MNG cells, mononuclear cells, and
heterophils. The degree of vascularization was higher in the
TGF-b3 group when compared to the other groups, but the
vasculature diminished by 12 weeks. Normal epithelium
(i.e., pseudostratified columnar) presented more often in the

BMSC groups and at later time points. Fibrovascular sub-
epithelium occurred more often in the BMSC groups, while
the Scaffold-only group had no incidences of inflamed
subepithelium. Immature cartilage was observed across all
groups, but with a higher occurrence in the BMSC group.
Fibroblasts and collagen were present in all subjects, mainly
organizing around the scaffolds and within the scaffold.
Normal connective fibroblastic tissue was observed inside
the BMSC group scaffolds.

Discussion

This was the first study to evaluate an off-the-shelf fibrous
scaffold for patch-type tracheal defects, which are clinically
relevant for a larger patient population than entire segmental
defect replacements. We also considered the benefits of
adding a GF or cells to the tracheal scaffolds. There are two
primary requirements for a successful tracheal implant, first,
mechanical integrity to maintain airway patency, and second,
epithelium coverage over the luminal surface.16 Without
epithelium, constructs can be susceptible to bacterial inva-
sion, granulation tissue formation, and restenosis.17

We observed that severe stenosis from scored bronchos-
copy images did not consistently result in fatality. Of the
bronchoscopy images scored as severe, approximately half

FIG. 8. An overview of histological images in all three groups at the two time points. Hematoxylin and Eosin (H&E),
Alcian Blue, Safranin O, Verhoeff-Van Gieson, and Sudan Black staining was performed. Normal epithelium (i.e., pseu-
dostratified columnar) was present more often in the BMSC groups and at later time points. Immature cartilage was
observed across all groups, but with a higher occurrence in the BMSC group. Fibroblasts and collagen were present in all
subjects, mainly organizing around the scaffolds and within the scaffold. Normal connective fibroblastic tissue was observed
inside the BMSC group scaffolds. Transverse sections are oriented with the scaffolded region at the top of the image and
remaining native trachea rings at the bottom of the section (entire circumference of trachea section omitted due to space
constraints). Scale bar represents 2 mm. Color images available online at www.liebertpub.com/tea
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were fatal. Severe stenosis appears to be necessary for fa-
tality, but does not necessarily lead to fatality. We observed
that the predominant type of stenosis was tracheal wall
deformation and migration of the native trachea wall into
the laryngofissure, not graft dislodgement occluding the
airway. This wall deformation could be due to (1) the
scaffold weakness and inability for construct to adequately
support the surrounding tissue, (2) inflammatory response,
or (3) the innate fragility of the rabbit trachea wall that is
compounded by the defect creation.

The microCT lumen quantification data suggested that the
TGF-b3 group and the Scaffold-only group had significant
lumen average cross-sectional areas, both similar to the
native tracheas. In addition, the Scaffold-only group had a
greater lumen average cross-sectional area as compared to
the BMSC-seeded group. The native trachea-like perfor-
mance of the Scaffold-only group and TGF-b3 group sup-
ports an acellular approach as a viable option for trachea
defect repair.

An assessment of the cellular response to the constructs
revealed that acute inflammatory cells (e.g., heterophils) and

chronic inflammatory cells (e.g., mononuclear, MNG cells)
were present in all cases. Since tissue was collected 6 and 12
weeks postimplantation, the later stages of the inflammation
response were captured with histology, in which a smaller
population of heterophils and larger population of mono-
nuclear and MNG cells were present.18 In the fatality cases,
the inverse was observed with higher populations of neu-
trophils and lower populations of MNG cells. The inverse
cell profile in fatal and nonfatal cases indicates that fatal
cases had an acute inflammatory reaction, which could be a
result of (1) the histology capturing early inflammation due
to the adverse events occurring soon after implantation or
(2) the host cells could not transition to chronic inflamma-
tion with potential for healing. No clear trend in cell types
was observed among groups, except that the inflammation
severity (thickness of inflammatory cell layer) was higher in
the BMSC group than other groups. Although inflammatory
response severity occurred in the BMSC group, survival was
the highest in this group. Thickness of accumulated inflam-
matory cells over the implant may not be linked to survival,
although this indicates a heightened inflammatory response.

FIG. 9. Magnified histological im-
ages representing scoring criteria.
Representative images demonstrate
the appearance of mononuclear cells,
heterophils, eosinophils, multi-nucle-
ated giant cells (MNGs), and vascu-
lature. Regions of immature cartilage
and collagen are shown. The unique
immature connective tissue is shown
in three stains and is surrounded by the
scaffold (S). Color images available
online at www.liebertpub.com/tea

FUNCTIONAL RECONSTRUCTION OF TRACHEAL DEFECTS 2399



It is unlikely that the acellular implants generated a re-
sponse analogous to acute allograft rejection, although it is
possible that the MNG cells observed in the BMSC group
may have indicated an immune response to the cells similar
to rejection in addition to the foreign body reaction. Such a
‘‘rejection’’ response would be primarily T lymphocytes,
which would fall under the mononuclear group that was
assessed, and the target of such lymphocytes would be the
transplanted BMSCs. For this reason, we emphasize that an

analogous cellular approach in the clinic would be best
served by a patient’s autologous BMSCs rather than risk
immunogenicity from a BMSC donor.

Immature cartilage was observed in all groups, but more
often in the BMSC group. This could indicate that the car-
tilage is either an artifact of the histology section or the
BMSCs contributed to cartilage formation.19 Less residual
polymer was present in the BMSC group, indicating that the
addition of cells could accelerate degradation, which could

FIG. 11. Histology scoring
of inflammatory component
of tissue sections. Severity of
inflammation across entire
section was determined, and
scoring of specific inflam-
matory cell types, including
heterophils, mononuclear
cells, and MNGs.

FIG. 10. Histological scor-
ing of vasculature, collagen,
and residual polymer. To
determine vasculature, four
representative fields of in-
flamed tissue were examined
at 40· and vessel cross sec-
tions containing erythrocytes
were counted. Collagen was
scored by assessing if no
collagen was present (1), few
collagen fibrils present (2),
and many collagen fibrils
present (3). The amount of
polymer present was ranked
from no polymer (0), 25%
(1), 50% (2), 75% (3), and
100% of polymer present (4)
(@ significantly higher
quantity of vasculature than
other groups [and AE] within
the TGF-b3 group [p < 0.05],
# and $ significantly higher
quantity of vasculature than
nonfatal cases within their
respective groups [p < 0.05]).
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be potentially related to increase phagocytosis of polymer
material by inflammatory cells.

The bronchoscopy rating of epithelial coverage indicated
that all subjects had some degree of epithelium. However,
histology is more informative for epithelium quantification.
Lack of epithelium was linked to adverse event cases. The
reason why epithelium may not have formed on the scaffold
could be (1) variable response from subject to subject or (2)
that the scaffold was not implanted in such a way to ensure
an adequate interface with native tracheas for epithelial
migration. Additionally, the later time point subjects had a
higher occurrence of normal epithelium indicating that more
complex epithelium takes time to migrate and develop on
the scaffold lumen.17 In future studies, immunohistochem-
ical analyses may facilitate in discerning tissue neogenesis
versus adjacent mucosa ingrowth.

Histology was also used to assess the degree of vascu-
larity and an increase in vasculature in the TGF-b3 group
was observed. Vasculature was observed in all subjects, and
the TGF-b3 treatment increased vasculature at early time
points but the vasculature declined at later time points,
which was expected as TGF-B3 has been known to induce
angiogenesis.20 Angiogenesis occurs in granulation tissue
and the normal healing process.

Seeded cells have been shown to have an indirect role in
graft development through modulation of the host cell be-
havior. Harrington et al.21 provided one such example,
where they found that seeded macrophages migrated away
from a tissue-engineered vascular graft soon after implan-
tation. The same scenario could be true for the tissue-
engineered trachea, in which case the BMSCs seeded onto
our scaffolds may have promoted a host cell response. Thus,
the cells observed in histology are most likely host cells.

Maintaining the bioactivity of the encapsulated TGF-b3 is
crucial, as fabrication and solvents may denature proteins.
As noted above, the TGF-b3 containing scaffolds had a
statistically significant increase in vasculature compared to
growth factor-free scaffolds at week 6, indicating a distinct
response to TGF-b3 incorporation. Protein release quanti-
fication and bioactivity testing should be conducted as a
follow-on study, but previous studies in our group22 and
other groups23,24 have indicated that proteins maintained
some activity and induced a cellular response after release
from scaffolds, though various techniques such as coaxial
electrospinning, salt complexation, hydrophilic additives,
and pH-maintaining basic salt additives can be used to im-
prove protein stability.24,25

Factors to account for in the data interpretation include
the difference between the bronchoscopy rating and the CT
lumen quantification could occur because (1) of the sub-
jective nature of the bronchoscopy rating, (2) the lumen
quantification’s ability to account for the length of stenosis,
which can be difficult to determine from the 2D fixed view
of the bronchoscopic images, and (3) tissue distortion oc-
curring during the excision and fixation processes. Fur-
thermore, the airway is dynamic, so the lumen can change
shape and size based on inspiration and expiration. These
static testing methods, such as microCT, only evaluate the
trachea dimensions at one morphology. If live CT methods
are employed in the future, four-dimensional dynamic vol-
ume multidetector computed tomography (4D-CT) could be
used to account for variation in airway diameter.

Given our unpublished pilot studies, where 100% survival
was observed with eight rabbits at end points up to 6–7 weeks,
and which gave us confidence to proceed with this study, we
did not anticipate the fatalities observed in the current study.
Therefore, we closely considered experimental variations
between the pilot studies and the current large-scale study.
The variations between the pilot and large experiments were
(1) change in electrospinning solvent from dichloromethane
(DCM) to HFIP, (2) variable electrospinning parameters that
affected scaffold thickness and morphology, (3) animal size
changed from 8 to 9 lb in pilot study to 7–8 lb animals in large
study, and (4) possible variation in surgical technique. The
solvent change is unlikely, as any residual solvent should be
removed as the scaffolds are lyophilized and aired in a fume
hood for 2 days. Changes in any scaffold parameters seem
unlikely, given that the majority of fatalities had nothing to do
with the scaffold itself. We believe surgical procedures were
consistent, and even more refined, so we believe that was not
the problem. Although neither we nor the literature provides
quantitative differences between trachea mechanical prop-
erties for rabbits at these ages, our team did note during the
surgeries that the tracheas of the younger rabbits from this
study felt more fragile during implantation than the older
rabbits in our pilot studies, and thus for future studies for our
group and others with trachea regeneration, we recommend
using older (9 + lbs) rabbits, if not larger animal models.

It is suspected that the organic solvents used in electro-
spinning, if retained, could be cytotoxic in vitro or in vivo. In
vitro, HFIP is toxic to chondrocytes at 500 ppm or higher.26

Biopolymers (e.g., gelatin) have been shown to retain HFIP
more than synthetic polymers (e.g., PCL), but the solvent
content was significantly reduced (98%) by lyophilization
and/or heating in a 50:50 gelatin/PCL blend scaffold.26 Even
though residual solvent can be reduced significantly, large
scaffolds could contain a total solvent load that is toxic. Thus,
researchers should consider evaluating residual solvent con-
tent with techniques like electrospray mass spectrometry,
especially for larger animal studies or clinical use. For more
efficient solvent removal, new techniques could be developed
such as using higher vacuum, liquid-liquid extraction, or
steam stripping, although these techniques would need to be
customized to polymer and solvent properties.

The animal model for this study, the rabbit, was chosen
because the trachea is similar in size to a pediatric trachea.
After seeing this variable response to stenosis and delicate
nature of the rabbit trachea, this leads us to reassess our an-
imal model. There is no agreed upon animal model for tra-
cheal research, and the animals have ranged from nude mice
to pigs.27 Recently, it was determined that the rabbit trachea
has a reduced capacity to resist compressive or tensile forces
compared with a sheep or human trachea.28 While species
selection is crucial, gender consideration should also be ad-
dressed by including male and female animals in future study
designs. Per an NIH announcement, accounting for gender
differences strengthens preclinical studies.29 The male rabbit
was an adequate model for small animal work, but future
in vivo work should be gender inclusive and have a more
mechanically robust trachea (e.g., sheep or pig).

Future directions and improvements for this work include
measuring the stenosis during bronchoscopy (e.g., with a bal-
loon or other method) to enable calculation of a percent re-
duction in area of a finite segment of the tracheal cylinder
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encompassing the stenosis site. Additionally, evaluation of the
added airway resistance of stenosis compared to the normal
resistance would provide further data on scaffold performance.
Further histological and immunohistological staining to clarify
the specific immune cells types, for example, determining the
type of macrophages (e.g., M1 vs. M2 polarization), which
could illuminate the direction of healing.30 In addition, a dif-
ferent surgical technique could be used to induce defects (e.g.,
laser or brush stenosis), to implant scaffolds (e.g., in line with
trachea rather than overlap), and to revascularize (i.e., pedicle
flap over implant). Most importantly, the scaffold could be
redesigned to anchor the tracheal walls and prevent any wall
migration into the airway. Success has been seen in extra-
tracheal splints.31 And finally, an autologous cell source should
be used to cell-seeded group to ensure no adverse inflamma-
tory response to allogenic cell sources.

In summary, we have illustrated that our scaffolds main-
tained functional airways in a majority of cases. Though the
reasons that precipitated fatality are not readily apparent,
evaluation of this scaffold in a larger animal model may ensure
better outcomes given a more robust native trachea and the lack
of failure noted with the scaffolds themselves. Other contin-
gency plans for the larger animal model include improved
implantation methods, redesign of a more mechanically robust
scaffold, and potentially even epithelial cell seeding may en-
sure better outcomes. While the cell-seeded group had an im-
proved survival rate, the Scaffold-only group had a higher
occurrence of more patent airways and the BMSC group had
reduced average cross-sectional areas. The BMSC group had a
more severe accumulation of inflammatory cells over the graft,
while also exhibiting more normal epithelium, subepithelium,
and cartilage formation. This leads us to conclude that a simple,
acellular scaffold is a viable option for tracheal tissue engi-
neering, with the intraoperative addition of cells being an op-
tional variation to the scaffolds. In conjunction with work to
investigate reasons for tracheal obstruction disease pathology
and development preventative treatment, our approach could
treat patients who have already developed narrowing.

This was the first demonstration of an off-the-shelf fibrous
gradient scaffold for patch-type tracheal defects with investi-
gation of adding a growth factor or cells to the tracheal scaffolds.
Our fibrous gradient scaffolds provide a potentially clinically
relevant, off-the-shelf approach to tracheal defect repair.
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