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Objective: Composite tracheal grafts (CTG) combining decellularized scaffolds with external biomaterial support have
been shown to support host-derived neotissue formation. In this study, we examine the biocompatibility, graft epithelialization,
vascularization, and patency of three prototype CTG using a mouse microsurgical model.

Study Design: Tracheal replacement, regenerative medicine, biocompatible airway splints, animal model.
Method: CTG electrospun splints made by combining partially decellularized tracheal grafts (PDTG) with polyglycolic acid

(PGA), poly(lactide-co-ε-caprolactone) (PLCL), or PLCL/PGA were orthotopically implanted in mice (N = 10/group). Tracheas
were explanted two weeks post-implantation. Micro-Computed Tomography was conducted to assess for graft patency, and
histological analysis was used to assess for epithelialization and neovascularization.

Result: Most animals (greater than 80%) survived until the planned endpoint and did not exhibit respiratory symptoms.
MicroCT confirmed the preservation of graft patency. Grossly, the PDTG component of CTG remained intact. Examining the
electrospun component of CTG, PGA degraded significantly, while PLCL+PDTG and PLCL/PGA + PDTG maintained their struc-
ture. Microvasculature was observed across the surface of CTG and infiltrating the pores. There were no signs of excessive cel-
lular infiltration or encapsulation. Graft microvasculature and epithelium appear similar in all groups, suggesting that CTG did
not hinder endothelialization and epithelialization.

Conclusion: We found that all electrospun nanofiber CTGs are biocompatible and did not affect graft patency,
endothelialization and epithelialization. Future directions will explore methods to accelerate graft regeneration of CTG.

Key Words: animal model, biocompatible splint, regenerative medicine, Tracheal replacement.
Level of Evidence: N/A
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INTRODUCTION
Long-segment tracheal disorders (defined as affecting

at least 30% of the pediatric airway) in children encompass
many different causative factors and pathophysiologies,
including tracheomalacia, complications from tracheal
malignancies, and tracheal stenosis, among many others.1

Long-segment defects are clinically significant because they
cannot be surgically repaired with primary closure.2 Recent

advancements in regenerative medicine have focused on
the use of biologically derived grafts for tracheal replace-
ment. We have previously demonstrated that partially dec-
ellularized tracheal grafts (PDTG) have the capacity to
support host-derived neotissue formation without any signs
of rejection in vivo.3–5

Clinical studies of tracheal replacements have
suggested that mechanical support in the form of stenting
or splinting may be needed for the first several months
post-implant.6 To provide mechanical support in PDTG,
we created composite tracheal grafts (CTG) by combining
synthetic biomaterials with PDTG construct. CTG can
possess the affinity for host-derived neotissue formation
while maintaining graft patency. Although splints made
of non-resorbable material have been shown to success-
fully maintain mechanical stability and support neotissue
formation (neovascularization and neoepithelialization)
in a mouse model, they pose a potential risk of infection,
tissue damage, and erosion.4,7

Conversely, the degradation of resorbable materials
imparts transient mechanical stability while resulting in
a graft that is fully composed of host-derived tissue.7

Electrospinning is a well-established technique for the
creation of tissue-engineered scaffolds. This method
involves the application of an electrical charge to a highly
pressurized liquid polymer, creating the ability to deposit
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fibers that resembles the morphology of the extracellular
matrix (ECM). Combining a biologically derived scaffold
with a biomaterial splint could create a tracheal graft
that possesses the affinity for rapid epithelial regenera-
tion while imparting predictable mechanical properties.

In this study, we hypothesized that resorbable bioma-
terials in composite tracheal grafts (CTG) will not attenu-
ate tracheal neotissue formation. Using our mouse
microsurgical model of tracheal replacement, we implanted
resorbable electrospun splints (polyglycolic acid (PGA), poly
(lactide-co-ε-caprolactone) (PLCL), and PGA/PLCL) over
PDTG and analyzed survival outcomes, graft patency, and
cellular composition of CTG after a two-week endpoint.

MATERIALS AND METHODS

Animal Care and Ethics Statement
The Institutional Animal Care and Use Committee of the

Abigail Wexner Research Institute at Nationwide Children’s
Hospital (Columbus, OH) reviewed and approved the protocol
(AR15-00090). All animals received humane care according to
the standards published by the Public Health Service, National
Institutes of Health (Bethesda, MD) in the Care and Use of Labo-
ratory Animals (2011), and US Department of Agriculture
(USDA) regulations outlined in the Animal Welfare Act.

Fabrication of Partially Decellularized Tracheal
Grafts (PDTG)

Tracheal grafts were harvested from 6- to 8-week-old
C57BL/6J female mice as previously described.8,9 Proximal tra-
cheas were dissected, and a 5 mm tracheal segment was
harvested and immersed in phosphate-buffered saline (PBS,
Gibco, Thermo Fisher Scientific, Waltham, WA) before implanta-
tion. Harvested tracheas were rinsed with 1X PBS with 1% peni-
cillin/streptomycin (P/S, Gibco, Thermo Fisher Scientific,
Waltham, MA), then treated with 0.01% (w/v) sodium dodecyl
sulfate solution (SDS, Sigma–Aldrich, MO) for 5 min. Tracheas
were washed with 0.9% sodium chloride (NaCl, Fisher Scientific,
Fair Lawn, NJ) solution for 5 min. Then, the tracheal segments
were treated with 0.01% (w/v) and 0.1% (w/v) SDS solutions for
3 h each, 0.2% and 0.1% SDS was used for 15 h of treatment
each. Nucleic acid content was removed using 1% Triton X-100
solution for 5 min. Grafts were immersed in 0.9% NaCl solution
for 15 min. All steps were performed on a shaking platform set to
48 rounds/minute at room temperature.

Splint Fabrication
Splints were designed in the same dimension as the previ-

ous study.4 The length of the splint was designed to span a 3 mm
defect, overlapping the native trachea at each end. A 3 � 4 scaf-
fold design was incorporated to allow the external splint to be
secured with sutures to both the graft and native trachea, provid-
ing radial traction to maintain graft patency. Wall thickness of
the external splint was set to 600 μm.

Splint sheets (600 μm) made from electrospun polyglycolic
acid (PGA), poly(l-lactide-co-ε-caprolactone) (PLCL), and co-
electrospun PGA with PLCL (1:1) were manufactured as previ-
ously described (Nanofiber Solutions, Dublin, OH).8 Then the
mesh structure of the splint sheets was laser cut to designed
dimensions (the 3 � 4 scaffold design). Scaffolds were then
plasma-treated, packaged, and sterilized by ultraviolet illumina-
tion at 35 J/cm2. Prior to implantation, the individual splint

sheets were wrapped on a 18 gauge needle to encircle 270 degrees
around the trachea, sparing the posterior wall. The splints were
kept on the needle overnight in clean hood for next day’s implan-
tation procedure.

Characterizing in vitro degradation with
scanning electron microscopy

PGA, PLCL, and PGA/PLCL were immersed in PBS at
37�C for 12 weeks. The mass of each material was weighed at
days 0, 1, 2, 4, and 12 weeks after air drying (N = 5 per group
per time point). The samples were sputter-coated with gold–
palladium and imaged using scanning electron microscopy (SEM,
SU4800, Hitachi, Japan).

Implantation of PDTG and CTG
PDTG were orthotopically implanted following previously

published methods.9,10 Briefly, a 4 mm tracheal segment was
resected from a C57/BL6 mouse and a PDTG was orthotopically
implanted to replace the resected segments. A splint was then
implanted to surround the PDTG, creating a composite tracheal
graft (CTG) as previously published.4 Animals were randomly
assigned to experimental groups (N = 10/group). The animals
were closely monitored for early (humane) euthanasia criteria
including respiratory distress (labored breathing, stridor) and/or
more than 20% weight loss compared with weight before surgery.
At day 14 (planned end time point) or humane endpoint, animals
were euthanized with a ketamine/xylazine cocktail overdose. Once
euthanasia was confirmed, the graft and flanking host tissue were
recovered and fixed in 10% neutral-buffered formalin (NBF).

Histology
PDTG and CTG were fixed in 10% NBF at room temperature

for 24 to 48 h. Paraffin-embedded samples were sectioned into 4 μm
thickness both axially and longitudinally. De-paraffinized and
rehydrated sections were stained with hematoxylin (Sigma–Aldrich,
MO) and counterstained with eosin to visualize decellularization.
Pre-implant tracheal grafts were evaluated for total collagen using
Masson’s Trichrome staining (Sigma–Aldrich). Epithelialization
was assessed with hematoxylin and eosin (H&E) stain of
postimplantation tracheal sections. Images of stained sections were
captured using bright field microscopy (Zeiss, Oberkochen,
Germany). Submucosal thickness was quantified using ImageJ soft-
ware and calculated by averaging 5 measurements on each graft
cartilage ring. Immunohistochemistry (IHC) was performed for
macrophage (pan) distribution (CD68) using methods described pre-
viously.11 Immunofluorescent (IF) staining for epithelial (ACT,
CCSP, K5/K14) and endothelial (CD31) biomarkers was completed
using previously described methods.3,4,8

Micro-computed tomography (microCT)
MicroCT was performed on live graft recipients prior to end

point as previously described.12 In vivo imaging was performed
with a μPET/CT system (U-PET6CTHR, MILabs, Utrecht, The
Netherlands): animals were positioned prone in the microCT
chamber under inhalational anesthesia (1%–3% isoflurane in
room air at 1–3 L/min). For terminal scans at planned end point
(28 days), mice were euthanized after imaging. The scan settings
were as follows: full 360� rotation, x-ray tube settings of 0.33 mA
and 55 kV, 0.750� degree per step, 1 projection per step, 1 � 1
binning, and 40 ms exposure time. All μCT images were
reconstructed using MILabs reconstruction software v12.0 with a
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40 μm voxel grid, Hann projection filter, and Gaussian volume fil-
ter (160 μm). The host and graft airway were evaluated in the
sagittal plane for gross evaluation of graft patency.

Statistical analysis
Normally distributed data were compared using Welch’s t-test

for data with non-equal variances and unpaired t-test for data with
equal variances. Nonparametric tests (Mann–Whitney) were used for
data that were not distributed normally. Statistical tests were per-
formed using the GraphPad Prism 8 software (GraphPad Software
Inc., CA). Statistical difference was defined as p < 0.05. Experimental
data were expressed asmean � standard deviation (SD).

RESULTS

Splint Fabrication and In Vitro Degradation
The CTG were successfully created by combining

splints with PDTG (Fig. 1).
Our in vitro degradation profiles (Fig. 2) of the differ-

ent biomaterials used to create our CTG showed that
PGA degraded most rapidly, with 100% of mass lost by
12 weeks and increased fiber segmentation at 4 weeks
seen in our SEM imaging. PLCL showed almost no degra-
dation over 12 weeks which corresponds to the lack of
fiber segmentation seen in SEM imaging. The hybrid
graft of PGA/PLCL lost about 1/3 of its mass over
12 weeks and maintains fiber integrity on SEM imaging.

Implantation, Survival, and In Vivo Graft
Characterization

Animals across all groups demonstrated 90% sur-
vival with no respiratory distress (90% for PDTG, 80% for

PGA, 100% for PLCL, 90% for PGA/PLCL). On gross
inspection at end point, degradation of CTG (Figure 3A)
was similar to in vitro degradation profiles with PGA
showing more degradation at 2 weeks than PLCL with
the hybrid PGA/PLCL CTG exhibiting an intermediate
extent of degradation. Microvasculature could be seen
through the pores of the splint.

MicroCT imaging of the airway revealed that all
grafts maintain airway patency at 2 weeks (Fig. 3B).

Histology
Longitudinal sections stained with Masson’s

Trichrome are displayed in Figure 4. All CTG, regardless
of splint material, remained patent across all groups and
did not demonstrate stenosis, submucosal thickening,
signs of chronic inflammation, encapsulation, or erosion
of the neo-trachea. Collagen content in graft cartilage
appeared similar across all CTG groups. Degradation rate
of CTG mirrored in vitro degradation analysis with PGA
splints showing near complete degradation whereas
PLCL maintained splint architecture at 2 weeks.

Macrophage Infiltration
Macrophages (CD68+) were seen in the submucosa

of all graft types. The addition of an external biomaterial
splint in CTG did not increase macrophage infiltration
within the grafts (Fig. 5A,B).

Epithelial Regeneration
Ciliated epithelial cells (ACT, FOXJ1) were found in

all grafts. The coverage of cilia and number of ciliated

Fig. 1. CTG creation procedure. (A) Creation of biomaterial splint. (B) PDTG and splint implantation to create CTG. [Color figure can be viewed
in the online issue, which is available at www.laryngoscope.com.]
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Fig. 2. Material in vitro degradation test. (A) Percent mass lost in each biomaterial splint composition based on in vitro degradation. (B) SEM
imaging of in vitro degradation.

Fig. 3. (A) Gross images at CTG implantation and explantation. (B) Representative MicroCT images of sagittal view at day 14. [Color figure can
be viewed in the online issue, which is available at www.laryngoscope.com.]

Fig. 4. Masson’s Trichrome staining of overall collagen in PDTG (A), PDTG+PGA (B), PDTG+PLCL (C), and PDTG+PGA/PLCL (D). * denotes the
splint at day 14; ↕ denotes the patent lumen. [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]
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epithelial cells on the graft in all CTG groups were simi-
lar to PDTG (Fig. 6). Basal cells (K5+) are the tissue-
specific stem cells of the airway and become activated
(K5 + K14+) during injury and repair. After PDTG
implantation, basal cells and activated basal cells were
present on the basement membrane (Fig. 7A,B). All of the
basal cells present across groups were also shown to be
activated (Fig. 7C). Overall basal cell numbers and acti-
vated basal cell amount were consistent between PDTG
and all CTG. Thus, CTG did not attenuate epithelial and
basal cell populations as well as their activation.

Endothelialization (CD31)
Presence of endothelial cells in the submucosa of dif-

ferent CTG groups is displayed in Figure 8. Endothelial
cells were well visualized in the tracheal submucosa of all
CTG groups and PDTG, forming vessels with red blood

cells present (Fig. 8A). The degree of graft
endothelialization was shown to be uniform across all
groups (Fig. 8B).

DISCUSSION
Biologically derived scaffolds from allograft and

xenograft sources have demonstrated the capacity to sup-
port tracheal regeneration in vivo. We previously devel-
oped a tracheal graft using tissue engineering approaches
that support host-derived epithelialization in vivo. Our
tracheal graft uses donor tissue which is processed with
decellularization techniques that maintain the donor
graft cartilage but removes all immunogenic cell
populations.11 However, tracheal grafts can exhibit tran-
sient changes in mechanical properties during regenera-
tion and remodeling which establishes a need for internal
or external support with stenting or splinting.13 In past

Fig. 5. Macrophage characterization. (A) Representative images of CD68 staining of submucosal macrophage infiltration in different CTG
groups. Scale bar = 100 μm. (B) CD68+ macrophage quantification in cell number/mm2 in submucosa. [Color figure can be viewed in the
online issue, which is available at www.laryngoscope.com.]
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studies, we established the feasibility of composite tra-
cheal grafts by combining PDTG with a non-resorbable
splint as a potential solution.4 This current study
explored the impact of resorbable biomaterial splints on
tracheal neotissue formation.

We selected polyglycolic acid (PGA) and poly(l-
lactide-co-ε-caprolactone) (PLCL) as candidates for CTG
for several reasons. First, PGA and PLCL are both FDA-
approved biomaterials and their role in tissue engineer-
ing and regenerative medicine is well established.14–17

Degradation products of PGA and PLCL are readily
metabolized and safely excreted via urine.18,19 PGA is
known to degrade rapidly in in vivo constructs whereas
PLCL is known to degrade more slowly.20,21 Rapid
degradation of PGA creates early porosity to permit cel-
lular ingrowth, whereas slow degradation of PLCL
maintains consistent long-term mechanical properties.
Co-electrospinning of PGA and PLCL created a hybrid
biomaterial that possesses an element of rapid and slow
degradation.

The addition of resorbable biomaterials in CTG will
allow for the transient mechanical support of tracheal

scaffolds in vivo. Moreover, polymer-based scaffolds can
be tuned to accommodate the dynamic mechanical needs
of the airway during regeneration. We found that the
resorbable biomaterials in CTG did not attenuate tra-
cheal neotissue formation. PGA and PLCL have been
used as a vehicle for cell therapy or bioactive factors to
promote repair.22–25 For example, to improve vasculariza-
tion or treat stenosis that occurred in previous studies,
VEGF and Mitomycin C can be added to the polymers.26–29

We demonstrated that these materials can be easily
implanted and demonstrate early revascularization, facets
which are imperative in future use as therapeutic solu-
tions being in close proximity to areas of wound repair and
regeneration.8,30

Our study has several limitations. First, our initial
focus was to establish short-term degradation profiles for
these materials both in vitro and in vivo and thus more
investigation is needed into long-term in vivo profiles of
CTG. Second, the mouse model of tracheal replacement
does not fully recapitulate the dynamic changes of the
airway seen in the clinic. More work is needed to charac-
terize the impact of splint implantation on tracheal graft

Fig. 6. Ciliated epithelial cell characterization. (A) ACT stain for ciliated epithelium and FOXJ1 stain for nuclear marker of functional epithelium
in different CTG groups. (B) Percentage of ACT coverage on graft epithelium in different CTG groups. (C) Number of FOXJ1+ cells present in
graft epithelium in different CTG groups. [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]
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mechanics before scaling up to preclinical studies. Third,
the mouse model of orthotopic tracheal replacement does
not typically present with stenosis. Future studies

using large animal preclinical models such as rabbit or
sheep will be employed to study potential biomaterial-
induced stenosis of the reconstructed trachea.31–33

Fig. 7. Basal cell characterization. (A) K5K14 stained basal cells demonstrating activation. (B) Number of K5+ basal cells per mm of graft epi-
thelium in different CTG groups. (C) K5 + K14+ basal cells to K5+ basal cells in different CTG groups. [Color figure can be viewed in the
online issue, which is available at www.laryngoscope.com.]

Fig. 8. CD31+ endothelial cell characterization in submucosa. (A) Representative images of CD31 stained endothelial cells in different CTG
groups. (B) Number of CD31+ cells per high powered field in different CTG groups. [Color figure can be viewed in the online issue, which is
available at www.laryngoscope.com.]
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CONCLUSION
Resorbable biomaterials of composite tracheal grafts

are easily implantable and did not attenuate neotissue
formation.
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