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Introduction

Despite advances in airway surgery, the optimal manage-
ment of long-segment tracheal defects remains undiscov-
ered.1–3 The lack of cure stems from the need for replacement 
tissue but no suitable autologous, biologic, or synthetic 
source for the trachea has been identified.4 Regenerative 
medicine and tissue engineering have the potential to create 
biocompatible grafts for tracheal reconstruction by creating 
organ replacements that are identical to native tissue. 
Within regenerative medicine, decellularization represents 
the first successful clinical translation within the field. 
Decellularized allografts can provide native biophysical 
and biochemical cues that promote regeneration and are 
non-immunogenic.5,6 Unfortunately, when applied to 
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tracheal grafts, conventional decellularization can result in 
significant collapse due to loss of mechanical properties, 
extracellular matrix, and glycosaminoglycans.7–11 In recent 
years, the concept of partial decellularization has been 
adopted for the trachea, leveraging the morphologically 
distinct regions of immunogenicity of the trachea. Partial 
decellularization removes the highly immunogenic epithe-
lium and lamina propria while preserving immune-privi-
leged cartilage.12,13 Consequently, a partially decellularized 
tracheal allograft permits transplantation in the absence of 
immunosuppression while providing a scaffold capable of 
rapid host-derived regeneration.

We demonstrated that partially decellularized tracheal 
grafts (PDTG) can sustain host-derived epithelialization and 
endothelialization while supporting graft chondrocyte  
viability.7,12,14–16 Despite rapid neotissue formation, one of 
the predominant complications of any airway reconstruction 
surgery is stenosis or collapse of the surgically corrected air-
way.8,11,17,18 We assessed the performance of composite tra-
cheal grafting, creating a hybrid graft composed of PDTG 
combined with external splinting. We assess the perfor-
mance of Composite Tracheal Grafts (CTG) in a mouse 
model of orthotopic tracheal replacement.

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 Laboratory Animals 
(2011), and US Department of Agriculture (USDA) regu-
lations outlined in the Animal Welfare Act.

Fabrication of syngeneic, partially decellularized 
and conventionally decellularized tracheal 
grafts (STG, PDTG, and CDTG)

Tracheal grafts were harvested from 6 to 8-week-old 
C57BL/6J female mice as previously described.19,20 
Proximal tracheas were dissected, and a 5 mm tracheal 
segment was harvested and immersed in phosphate-buff-
ered saline (PBS, Gibco, Thermo Fisher Scientific, 
Waltham, WA) before implantation. STG were implanted 
following harvest without additional processing.

PDTG were prepared as previously published.7 Briefly, 
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 three 
times for progressive 10-, 15-, and 20-min sessions. Then, 
the tracheal segments were treated with 0.01% (w/v) and 
0.1% (w/v) SDS solutions for 24 h each, 0.2% and 0.1% 
SDS was used for 3 h of treatment each. Nucleic acid con-
tent was removed using 1% Triton X-100 solution for 
30 min. Grafts were immersed in 0.9% NaCl solution over-
night at 4°C. All steps were performed on a shaking plat-
form set to 48 rounds/min.

As a control, conventionally decellularized tracheal 
grafts (CDTG) were created following published decellu-
larization protocols.21 Harvested tracheas were immersed in 
an incubation solution containing 10 mM Tris buffer (pH 
8.0), 0.1% ethylenediaminetetraacetic acid (EDTA; 
Calbiochem®, Sigma-Aldrich, St. Louis, MO) and 10 kIU/
mL aprotinin (Sigma-Aldrich) for 1 h. Tracheas were then 
decellularized with 0.1% SDS in hypotonic 10 mM Tris 
buffer with 0.1% Ethylenediaminetetraacetic acid (EDTA) 
and 10 kIU aprotinin at room temperature on a shaking plat-
form (150 rounds/min). Solutions were replenished every 
12 h for 2 days. After decellularization, tracheas were 
washed six times in PBS for 10 min each time, then trans-
ferred into a solution of 20 mg/mL RNase A (Sigma-Aldrich) 
and 0.2 mg/mL DNase (Sigma-Aldrich) in 4.2 mM magne-
sium sulfate (Sigma-Aldrich), 5 mM Ca2+ (Sigma-Aldrich), 
and Tris-HCl buffer (pH 7.2). Agitation continued for an 
additional 2 days with the solution changed every 12 h. 
Finally, decellularized tracheas were washed with six 
10-min rinses of PBS. Grafts were stored in PBS at −20°C.

DNA quantification

Up to four grafts from each method were processed for 
DNA quantification (DNeasy Blood & Tissue Kit, 
QIAGEN, MI) to evaluate decellularization efficiency. 
Native tracheal grafts and PDTG were weighed prior to 
assay. The DNA extraction process followed the manufac-
turer’s specifications.22 DNA concentration was measured 
using the Nanodrop™ 2000c spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA).

Mechanical testing of mouse tracheal grafts

There is no commercially available material testing system 
that can measure the compressive force of mouse trachea. 
We created a method of quantifying the stiffness of mouse 
trachea with the use of static compression in conjunction 
with image processing. Tracheal grafts were placed on 
glass slides with the trachealis muscle oriented on the 
slide. The lumen was visualized to permit visualization of 
uniaxial compression with a high-definition camera while 
passive weights were placed on the anterior trachea. 
Images of the tracheal lumen were captured after applica-
tion of the weights, and the resultant displacement was 
quantified using ImageJ software (ImageJ, NIH, Bethesda, 
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Maryland). Stiffness was calculated by dividing displace-
ment by the weight of compression. Four replicates of 
native and PDTG groups were tested.

Splint fabrication

MicroCT images of a dissected mouse trachea were utilized 
to create a 3D model of the tracheal anatomy. Based on this 
3D model, external airway splints were designed in 
Solidworks (Solidworks 2021, Dassault Systems, France) to 
encircle 270° around the trachea, sparing the posterior wall.23 
The length of the splint was designed to span a 3 mm defect, 
with additional length to overlap the native trachea at each 
end. A 3 × 3 scaffold design was incorporated to allow the 
external splint to be secured with sutures to both the graft and 
native trachea, providing radial traction to maintain graft 
patency. Wall thickness of the external splint was set to 
250 µm.

Splints were then manufactured via stereolithography 
(SLA) 3D Printing (Form3B, FormLabs, Somerville, MA) 
in a biocompatible resin polymer (BioMed Amber). Splints 
were post-processed in standard fashion, and autoclave 
sterilized for implantation according to the protocol set 
forth for the material used. Mechanical properties of the 
splint could not be quantified with our methods (Section 
2.4) given that the stiffness of the splint exceeded the pas-
sive compressive force of the system.

Implantation of 3D printed tracheal splints

STG were implanted into C57BL/6J mice as previously 
described.20 Briefly, the airway was dissected free from 
adjacent structures. A 3–4 mm segment was resected and 
orthotopically implanted. The 3D-printed splints (Section 
2.5) were implanted on the intact trachea and STG. Briefly, 
9–0 sterile nylon sutures were first passed around the rings 
of the implanted graft, securing the splint to the midpoint 
of the graft. The ends of the splint were then secured to the 
proximal and distal native airway. Grafts were explanted at 
3 months to evaluate for local tissue response as well as 
chronic inflammation (N = 5/group).

Implantation of PDTG and CTG

PDTG were implanted following previously published 
methods.20,24 A 3D-printed tracheal splint was then 
implanted on PDTG, creating a composite tracheal graft 
(CTG) as described in Section 2.6. Radiopaque markers 
were secured at the distal and proximal anastomoses to 
identify the boundaries of the graft during micro-computed 
tomography (microCT). Mice were randomly assigned to 
experimental groups (N = 8 for STG, N = 28 for PDTG, 
N = 16 for CTG). Animals were closely monitored for early 
(humane) euthanasia criteria including respiratory distress 
(labored breathing, stridor) and/or more than 20% weight 

loss compared to weight before surgery. At planned (d28 
post-op) or humane endpoint, animals were euthanized 
with a ketamine/xylazine cocktail overdose. Once eutha-
nasia was confirmed, the graft and flanking host tissue was 
recovered and fixed in 10% neutral-buffered formalin 
(NBF).

Histology

PDTG, CDTG, and CTG were fixed in 10% NBF at room 
temperature for 24–48 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 glycosaminoglycan content (GAG) 
using Alcian blue staining and total collagen using Masson’s 
Trichrome staining (Sigma-Aldrich). Epithelialization was 
assessed with hematoxylin and eosin (H&E) stain of post-
implantation tracheal sections. Images of stained sections 
were captured using bright field microscopy (Zeiss, 
Oberkochen, Germany). Submucosal thickness was quanti-
fied using ImageJ software and calculated by averaging 5 
measurements on each graft cartilage ring. Previous work 
has demonstrated host-derived myeloid cells as the major 
population infiltrating the lamina propria and mediating the 
chronic inflammatory response in tracheal grafts resulting in 
stenosis.19,20,25–30 Immunohistochemistry (IHC) was per-
formed to examine macrophage (pan, M1, and M2) distribu-
tion (CD68, CD206, iNOS respectively) using methods 
described previously as this is one of the most prevalent 
myeloid cell type seen in implanted tracheal grafts.31,32 
Immunofluorescent (IF) staining for epithelial (ACT, CCSP, 
K5/K14) and endothelial (CD31) biomarkers was completed 
using previously described methods.7,19

Micro-computed tomography (microCT)

MicroCT was performed on postoperative days 0, 3, and 7 
as previously described (N = 4 for STG, N = 14 for PDTG, 
N = 8 for CTG).33 In vivo imaging was performed with the 
Trifoil eXplore Locus RS 80: animals were positioned 
prone in the microCT chamber under inhalational anesthe-
sia (1%–3% isoflurane in room air at 1–3 L/min). For ter-
minal scans at planned end time point (28 days) and early 
humane euthanasia (EE) time points, mice were euthanized 
before imaging. All scans had full resolution reconstruc-
tion, producing 45 µm sections for living animal scan and 
20 µm sections following euthanasia. The host and graft 
airway were evaluated in the sagittal plane. The minimal 
luminal diameter of the graft and native airway was 
obtained using image processing software. MicroCT scans 
were then reconstructed and segmented to assess with com-
putational fluid dynamics (CFD) using Amira software 
(Thermo Fisher Scientific). A commercial grid generator 
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ICEM CFD was applied to generate a computational mesh, 
separating the inlet and outlet of the 3D trachea. Inspiratory 
turbulent airflow was stimulated by applying a target flow 
rate based on mouse weight and tidal volume. Normalized 
average velocity, peak wall shear stress (WSS), and resist-
ance were recorded for selected subjects (N = 3/group) at 
critical time points.

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. Non-parametric tests (Mann-
Whitney) were used for data that were not distributed nor-
mally. Statistical tests were performed using the GraphPad 
Prism 8 software (GraphPad Software Inc., CA). Statistical 
difference was defined as p < 0.05. Experimental data were 
expressed as mean ± standard deviation (SD). CFD quanti-
fication was expressed as mean ± standard error of the mean 
(SEM).

Results

Partial decellularization removes epithelial cells 
while preserving graft cartilage and patency

PDTG retained gross graft patency when compared to 
CDTG, which demonstrated a complete loss of native 

tracheal structure and shape (Figures 1(a), (e), and (i)). 
There was a depletion of epithelial and submucosal cells 
in both PDTG and CDTG on H&E with a reduction of 
hematoxylin staining in the cartilage extracellular matrix 
(ECM) of CDTG indicating a loss of the territorial matrix 
(Figures 1(a), (f), and (j)). Collagen (Masson’s Trichrome) 
was preserved in PDTG compared to disruptions seen in 
the lamina propria of CDTG (red *, Figures 1(a), (g), and 
(k)). Glycosaminoglycans (Alcian Blue) were dramati-
cally depleted in CDTG compared to their relative pres-
ervation in PDTG (Figures 1(a), (h), and (l)). PDTG and 
CDTG resulted in DNA depletion and CDTG showed a 
greater degree of decellularization than PDTG (Figure 
1(b)). PDTG was less stiff than native trachea (*, Figure 
1(c)). CDTG stiffness was not able to be measured due to 
complete collapse before compression. The metrics 
assessed in PDTG and CDTG are summarized in Figure 
1(d).

A 3D-printed tracheal splint can be implanted 
with segmental tracheal replacement and 
does not cause airway erosion or chronic 
inflammation

3D-printed tracheal splints were designed to match the 
dimensions of the mouse trachea. Splints were printed 
with surgical guide resin, a non-resorbable, inert 

Figure 1.  The impact of decellularization on graft composition, histology, and biomechanics. (A) Gross axial images of grafts (a, 
e, and i), H&E (b, f, and j), Masson’s Trichrome (collagen), and Alcian blue (GAG) of native trachea (control) (a–d), PDTG (e–h), 
and CDTG (i–l). (B) DNA amount (ng/mg) in native trachea, PDTG, and CDTG; * represent significant decrease of DNA amount 
(p = 0.0296 for native vs PDTG, p < 0.0001 for native vs CDTG, p = 0.0202 for PDTG vs CDTG). (C) tracheal stiffness (mN/mm) of 
native trachea and PDTG. * denote lower stiffness of PDTG than native trachea (p = 0.0266, testing was not feasible for the CDTG 
group due to complete collapse). (D) Metrics assessed in PDTG and CDTG.
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polymer to deliver consistent mechanical support 
throughout the duration of the experimental period 
(3 months). Twelve prototypes were examined for 
implant potential. Prototype design included variations 
in diameter (1.3, 1.5, 1.7 mm), length (2, 4 mm), and 
suture site placement (gross images, Supplemental 
Figure S1). Different prototypes were placed onto the 
mouse trachea in vivo and evaluated for fit over both the 
native trachea and tracheal grafts. The ideal dimensions 
for the mouse model were identified as a splint with a 
1.3 mm inner diameter and 3.5 mm length, and with 
square suture placement sites that could externally span 
tracheal grafts (Figure 2(a)).

The long-term effects of the splint were assessed in 
vivo. Splints were implanted on native trachea and in con-
junction with orthotopic tracheal replacement with synge-
neic tracheal grafts. No early mortality was observed, and 
grafts were explanted at 3 months. There was no evidence 
of vascular erosion, airway injury, or anastomotic disrup-
tion. In addition, there were no signs of encapsulation and 
eosinophilic infiltration indicative of chronic inflamma-
tion (Figure 2(b)). CTG were then implanted to access in 
vivo performance for 1 month (Figure 2(a)–(d)) and were 

found to retain native tracheal dimensions (Figures 2(c) 
and (f)).

Implantation and survival

Of the four CDTG grafts, none were viable for implanta-
tion due to loss of native tracheal structure and shape, 
therefore they were excluded from in vivo analysis. Eight 
mice were included in the STG group, with one requiring 
early euthanasia. Of the 28 mice in the PDTG group, 17 
required EE, and 11 survived to the 28-day endpoint. 
Finally, 16 mice were included in the CTG group with 8 
requiring EE and 8 surviving to the 28-day endpoint. CTG 
exhibited identical macrophage phenotype distribution as 
native trachea, STG, and PDTG.

Understanding that synthetic materials may not only 
influence the quantity of infiltrating cells but the pheno-
type as well, we performed immunohistochemistry to 
characterize macrophage phenotype, since this was the 
most prevalent inflammatory cell in the implanted tracheal 
grafts. We found that the number of infiltrating mac-
rophages (CD68+), and macrophage phenotype ratio (M1/
M2, iNOS+/CD206+) did not differ between native, STG 

Figure 2.  Splint, PDTG, and CTG implantation. (A) Rendering of splint design in front (a) and side view (b), 3D view (c), and 
approximation of mouse trachea (d). (B) Representative H&E images of splint implantation for 3 months to demonstrate a lack 
of chronic inflammation on the native trachea (a) and STG (b). Arrowheads denote the splint. (C) PDTG and CTG implantation 
procedure (a–d), and the axial (e) and sagittal (f) view of CTG following explanation at day 0.
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(28d), PDTG (28d), and CTG (28d) (Figure 3). This find-
ing confirmed that the splint is biocompatible and inert. 
Beyond its effects on graft biomechanics, the splint has 
minimal impact on the cellular microenvironment.

CTG and PDTG demonstrate equivalent graft 
epithelialization and endothelialization

We then assessed the host-derived regeneration of CTG 
and PDTG (Figure 4). Compared to PDTG (28d), CTG 
(28d) showed identical basal cell (Figure 4(a)), ciliated 
cell (Figure 4(b)), club cell (Figure 4(c)), and endothelial 
cell counts (Figure 4(d)). Overall basal cell quantity was 
similar between native, PDTG (28d), and CTG (28d). As 
expected, basal cell activation (K14+) was found to be 
higher in PDTG (28d) and CTG (28d) compared to native 
(Figure 4(a)). PDTG (28d) exhibited lower ciliated epithe-
lial cell coverage (ACT+) compared to native (Figure 
4(b)), but CTG (28d) was similar to native. Club cells 
(CCSP+) were lower in PDTG (28d) and CTG (28d) com-
pared to native trachea (Figure 4(c)). Vascular endothelial 
(CD31+) cells were higher in PDTG (28d) and CTG (28d) 
compared to native (Figure 4(d)).

CTG does not increase submucosal thickness as 
observed in PDTG

Overall, tracheal graft implantation was found to increase 
submucosal thickness: STG, PDTG, and CTG submucosae 
were all found to be higher than native (p = 0.0265, 0.0004, 
0.0195, respectively) (Figure 5). When compared to control 

(STG), the submucosal thickness of PDTG was found to be 
higher (p = 0.0010) which was not seen with CTG.

CTG eliminates graft cartilaginous collapse; 
airflow through grafts can also be attenuated 
by cellular infiltration and stenosis

Graft architecture was assessed with histological staining 
methods. Cartilaginous collapse was observed in 14.3% of 
PDTG (4/28). In contrast, no cartilaginous collapse was 
observed in CTG (0/8). Despite a lack of cartilaginous col-
lapse, stenosis manifesting as cellular infiltration of the 
lamina propria was observed in 17.9% PDTG and 31.3% 
CTG (5/28 PDTG, 5/16 CTG, p = 0.1730 Figure 6(a)).

Animals were scanned by microCT at days 0, 3, 7, and 
28 after implantation (Figure 6). Graft diameter was found 
to remain stable in STG and CTG animals that survived to 
endpoint. However, a loss of graft diameter was seen in 
PDTG. Animals that survived to endpoint (STG (28d), 
PDTG (28d), and CTG (28d)) maintained graft patency, 
while animals requiring early euthanasia (EE) exhibited a 
loss of graft patency (*) that typically presented as respira-
tory distress (Figure 6(b)). Assessing graft function with 
computational fluid dynamics, resistance was higher in 
animals manifesting respiratory symptoms requiring early 
euthanasia.

Discussion

Partially decellularized tracheal grafts (PDTG) have dem-
onstrated the capacity to support host-derived regeneration 

Figure 3.  Macrophage infiltration and phenotype. (A) Infiltration of CD68+ macrophage (a–c), iNOS+ macrophage (d–f) and 
CD206+ macrophage (g–i) in STG (28d), PDTG (28d), and CTG (28d). Arrowheads denote CD68+, iNOS+, and CD206+ 
macrophages; arrows denote representative regions of submucosa where the cell number was quantified. (B) Quantification of 
macrophage (CD68+) infiltration in submucosa (a) and macrophage phenotype ratio (b).
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of an epithelium and microvasculature7–9,34–37 while sup-
porting chondrocyte viability.7 When compared to conven-
tional decellularization approaches that target the complete 
removal of all cell types, partial decellularization is more 

effective in preserving graft ECM and associated mechani-
cal properties (Figure 1). Successful partial decellulariza-
tion requires (1) the preservation of native basement 
membrane and cartilaginous ECM, (2) removal of all cells 

Figure 4.  Epithelialization and endothelialization. (A) Representative images (a–i) and quantification (j and k) of basal cells 
(K5+K14+) in native trachea, PDTG, and CTG. * denotes a higher ratio of K5+K14+ basal cells over K5+ basal cells in DTS 
(28d) than native (p = 0.0001) and in CTG (28d) than native (p = 0.0010). (B) Representative ACT+ ciliated basal cell images (a–c) 
and quantification (d) of native trachea, PDTG (28d), and CTG (28d); * denotes lower ciliated basal cell coverage in PDTG (28d) 
than native trachea (p = 0.0035). (C) Representative club cell (CCSP+) images (a–c) and quantification (d) of native trachea, PDTG 
(28d) and CTG (28d); * denotes lower club cell coverage in PDTG (28d) and CTG (28d) than native trachea (p = 0.0051 and 
0.0085). (D) Representative endothelial cell (CD31+) images (a–c) and quantification (d) of native trachea, PDTG (28d) and CTG 
(28d); * denotes lower higher endothelial cell regeneration in PDTG (28d) and CTG (28d) than native trachea (p = 0.0012 and 
0.0126).
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in the epithelium and epithelial submucosa including glan-
dular, vascular, immune, and neural cell types, and (3) pres-
ervation of chondrocytes. Beyond its effect on graft 
mechanical properties, we found that complete decellulari-
zation of tracheal cartilage results in collateral damage to 
the basement membrane, potentially attenuating the affinity 
of the scaffold for epithelialization and neovascularization. 
For these reasons, we opted for an approach that is carti-
lage-sparing.14,34,35,38–41 We confirmed that the creation of 
PDTG is feasible with the removal of highly immunogenic 
cell types, namely of the epithelium and endothelium, with 
preservation of chondrocytes.7,42–44 These novel character-
istics of PDTG improve the mechanical and biochemical 
properties when compared to completely decellularized 
constructs.

Understanding that repair and remodeling of a purely 
biologic graft can result in a transient change in graft 
mechanics, we explored the feasibility of Composite 
Tracheal Grafts (CTG): a graft composed of a biologic scaf-
fold that has a high affinity for host-derived regeneration 
while imparting the consistent mechanical properties of a 
synthetic biomaterial. The blended nature of the composite 
graft would address the comparative loss of graft stiffness 
observed with the partial decellularization process.

We developed a 3D-printed tracheal splint that met gen-
erally accepted qualitative requirements: the splint (1) pro-
vided radial compressive mechanical support to keep the 
trachea open and patent, (2) allowed PDTG remodeling 
and development, (3) allowed growth and expansion of the 
airway, (4) did not interfere with the mucociliary architec-
ture of the tracheal lumen, (5) was easily implantable, and 

(6) did not cause adverse tissue reaction or remodeling.45–47 
In this preliminary study, we selected surgical guide resin 
due to its biocompatibility and its ability to deliver consist-
ent mechanical properties throughout the test period.48,49 
The splint did not increase macrophage infiltration, change 
macrophage phenotype, or attenuate graft epithelialization 
and endothelialization, resulting in similar submucosal 
thickening to syngeneic controls.19,25 The effect of our 
splint on submucosal thickness could be attributed to 
changes in the micromechanical environment, limiting cell 
infiltration.24,50,51 Further study of inflammatory cell types 
and populations in the lamina propria and their roles in 
submucosal thickening will be characterized based on 
ongoing work using single-cell RNA sequencing. In addi-
tion, future studies are devoted to the creation of a biode-
gradable splint that provides transient biomechanical 
support as intrinsic graft mechanics are restored through 
PDTG regeneration.

Several factors contributed to respiratory distress that 
required early euthanasia. First, the mouse model of ortho-
topic tracheal replacement has inherent challenges and is 
associated with perioperative morbidity7,19,25,33 Additionally, 
a reduction in graft diameter leads to airway obstruction 
and respiratory symptoms. However, the specific histologic 
factors identified in the early euthanasia group were 
diverse, including both cartilaginous collapse and intralu-
minal stenosis. We found that CTG was able to attenuate 
cartilaginous collapse and did not result in an increase in 
submucosal thickness as seen in PDTG. The effect of CTG 
on cartilaginous collapse illustrated the potential benefit of 
composite grafts.

Figure 5.  Histological analysis of submucosa thickness. (A) Representative H&E images of the submucosa region over one cartilage 
ring. (a) Preimplanted PDTG, (b) STG at day 28, (c) PDTG at day 28, (d) CTG at day 28. Arrows denote 5 measured submucosa 
thicknesses over one cartilage ring. (B) Quantification of submucosa thickness. * denotes higher submucosa thickness compared 
to native (p = 0.0265 for STG (28d), 0.0004 for PDTG (28d), 0.0195 for CTG (28d)), and significant higher submucosa thickness in 
PDTG than STG (p = 0.0010).
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There were several limitations to this study. First, a 
mouse model of orthotopic tracheal transplant did not 
allow for a complete assessment of all clinical manifesta-
tions that may be observed in a large animal or human trial 
as the small scale of the surgical model amplifies the mor-
bidity of any airway narrowing. Second, the mechanisms 
of the loss of stiffness in PDTG and the development of 
stenosis in some grafts and not others remain unclear.

Conclusion

We created a composite tracheal graft (CTG) that inte-
grated external support of partially decellularized tracheal 
grafts with 3D-printed splints to confer consistent mechan-
ical properties during tracheal repair and renewal. We 
found that evaluating CTG performance in a mouse model 
of orthotopic transplant is highly feasible, which will ben-
efit the in vivo assessment of other biomaterials for airway 
reconstruction. Composite Tracheal Grafts exhibited sus-
tained regeneration and preserve mechanically-stable graft 
cartilage, creating a potential solution for long-segment 
tracheal replacement.
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