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ABSTRACT

Objective: Recipients of lung transplants experience the lowest long-term survival
among all solid-organ transplant recipients. Airway complications contribute signif-
icantly to morbidity and mortality post-lung transplant and may be driven by airway
devascularization inherent to procurement and implantation of the lungs. We stud-
ied application of biodegradable, nanofiber-based thin films to devascularized auto-
transplanted airways to mitigate airway ischemia.

Methods:We used a rat tracheal autotransplantation model that replicates airway
ischemia. Rats were divided into an operated control group (n ¼ 18) and a treat-
ment group (n ¼ 12) receiving an electrospun film composed of randomly aligned
polydioxanone (PDO) nanofibers applied to the circumferential surface of the
transplanted trachea. Airway perfusion was assessed via laser speckle contrast anal-
ysis at 0, 3, and 10 days. Differences in perfusion units were calculated between the
nontransplanted and transplanted segments of the trachea. Multimodal analysis of
angiogenesis in tracheal autografts included immunoassay profiling for proangio-
genic cytokines, histologic injury grading, and speckle angiography.

Results: Qualitative and quantitative perfusion differences were demonstrated at
days 0, 3, and 10. Nanofiber-based, PDO thin films significantly improved perfusion
in the transplanted segment of trachea (P< .05). Histologic injury scoring was
significantly worse in the operated controls compared with the treatment group
(P< .01). Immunoassays demonstrated increased expression of vascular cell adhe-
sion molecule 1 in the treatment group (P< .05).

Conclusions: Application of a nanofiber-based, PDO thin film induced a local tissue
response that improved perfusion and histologic injury scoring of the transplanted
airway in an autotransplant model of airway devascularization. Immune multiplexing
suggests local inflammatory responses may drive angiogenesis. (JTCVS Open
2025;24:510-20)
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Autotransplantation of rodent tracheas helps study
angiogenesis in posttransplant airways.
u

CENTRAL MESSAGE

Airway ischemia compromises
outcomes after lung transplan-
tation, and novel local therapies
may promote therapeutic
angiogenesis.
PERSPECTIVE
Patients who undergo lung transplant face the
worst survival among conventional solid-organ
transplant recipients. Airway complications and
bronchiolitis obliterans syndrome, prompted by
airway ischemia, contribute to this issue. This
work suggests a model and therapeutic platform
to alleviate airway ischemia through application
of thin films to promote airway revascularization.
Despite major advancements in immunosuppression that
have improved outcomes after solid-organ transplantation,
lung transplantation has lagged far behind in long-term
survival.1,2 This may be partly driven by a host of complica-
tions to the airway anastomosis, composed of dehiscence,
stenosis, and bronchial infection, which occur in 1 of 3
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Abbreviations and Acronyms
CCL5 ¼ chemokine (C-C) ligand 5
ECM ¼ extracellular matrix
H&E ¼ hematoxylin-eosin
IL ¼ interleukin
LSCI ¼ laser speckle contrast imaging
PBS ¼ phosphate-buffered saline
PDO ¼ polydioxanone
SEM ¼ scanning electron microscopy
VCAM-1 ¼ vascular cell adhesion molecule 1
VEGF ¼ vascular endothelial growth factor
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lung transplant recipients and contribute significantly to
morbidity and mortality.3-9 Unlike other solid organs, lungs
are not completely revascularized during conventional
transplantation.9,10 The bronchial arteries are routinely sacri-
ficed during procurement of donor lungs, leaving the trans-
planted airways, which rely on this circulation, at risk for
ischemia.9 Thereafter, immune-mediated rejection perpetu-
ates the destruction of blood vessels in the allograft, ulti-
mately resulting in ischemia at the airway anastomosis,
potentially prompting airway complications.6

There are limited therapeutic options to address the sur-
gical devascularization that occurs in lung transplantation.
Although bronchial artery revascularization has been
described, it is not widely adopted, and there is a clear un-
met need for a universally applicable and feasible treatment
modality.10 Nanofiber-based materials have gained signifi-
cant traction as a tool to improve wound healing because
of their ability to effectively mimic the extracellular matrix
(ECM).11-13 In particular, electrospun thin films consisting
of ultrafine fibers with a high surface area-to-volume ratio
and interconnected porosity are ideal for facilitating essen-
tial cellular activities such as adhesion, proliferation, and
migration.11,14,15 Electrospun films have been reported
previously to promote angiogenesis and assist in wound
healing.11-13,16 We hypothesized that application of
nanofiber-based thin films will promote vascularization
and improve the perfusion of transplanted airways. Here,
we aim to validate a rat autotransplant model of airway
hypoxia seen in lung transplantation and studied the
application of nanofiber-based, polydioxanone (PDO) thin
films in promotion of perfusion to devascularized airways.

METHODS
Preparation of Thin Films Using Electrospinning

Electrospinning solution was prepared by dissolving 12% w/v of PDO

(Sigma-Aldrich) with an inherent viscosity of 1.5 to 2.2 dL/g in hexafluor-

oisopropanol (Sigma-Aldrich) by shaking overnight at 37 �C. Electrospin-
ning was performed using a needle-based device equipped with controllers

for humidity and temperature. The solution was loaded in a syringe

(diameter ¼ 8.7 mm; BD) positioned horizontally. A high-voltage power
supply was used with the positive electrode connected to a 20-G blunt-

tip needle (0.9 mm diameter) and the ground electrode attached to the col-

lector. Fibers were collected on a flat target covered by nonstick aluminum

foil. The applied parameters were voltage tension ¼ 12 kV, tip-collector

distance ¼ 15 cm, flow rate ¼ 850 mL/h, deposition time ¼ 45 minutes,

humidity¼ 30%, and temperature¼ 22 �C. Films were sterilized by ultra-

violet light on each side for 15 minutes before evaluation. All films were

evaluated at n ¼ 3 for material and mechanical characterization.
Evaluation of Thin-Film Morphology and
Architecture

Scanning electron microscopy (SEM) imaging was conducted with the

JSM-IT700HR InTouchScope Field Emission SEM to investigate sample

morphology. All samples were sputter-coated with a 10-nm thin film of

Au/Pd (Desk II; Denton Vacuum). Fiber diameter, pore size, and direction-

ality were measured using ImageJ 1.52a (n ¼ 3 thin films; n ¼ 100 fibers).

Surface roughness of the electrospun PDO thin films was evaluated using

an Asylum MFP-3D-BIO atomic force microscopy instrument operating

under Tapping Mode using silicon cantilevers (RTESPA-300; Bruker

Nano) with a spring constant of �40 N/m, resonance frequency of 200 to

400 kHz, and an apex radius of curvature �8 nm.
Evaluation of Thin-Film Mechanical Properties
PDO films were cut to 3 cm long and 0.5 cm wide, clamped vertically,

and pulled until yield at a rate of 16 mm/min using a 5966 Dual Column

Tabletop Testing System (Instron) to determine elongation, breaking

strength, and modulus (n ¼ 3).

Animal Ethics Statement
All animal procedures were approved by Stanford University’s Admin-

istrative Panel on Laboratory Animal Care and Institutional Animal Care

and Use Committee (protocol #34143, January 29, 2022). Humane care

was provided to all animals in accordancewith institutional Laboratory An-

imal Care guidelines, and the “Guide for the Care of Laboratory Animals”

from the National Institutes of Health. Male Wistar rats (300-500 g)

(Charles River Laboratories) were used for these studies. Male rats were

chosen in accordance with observed sex-based differences in immune

response favoring greater innate immune responses in males which may

contribute to microvascular destruction in the airways.7,17

Anesthesia and Surgical Model
Rats (n ¼ 30) weighing on average 300 to 400 g were anesthetized via

intraperitoneal injection of xylazine (10 mg/kg), ketamine (70 mg/kg), and

atropine (0.5 mg/kg) (all NextGen Pharmaceuticals, to limit secre-

tions).18,19 The general operative steps are shown in Figure 1. After suffi-

ciently deep anesthesia was confirmed, a midline neck incision was

performed, and dissection carried down to the strap muscles. The strap

muscles were divided vertically, and the trachea exposed below. Next, a

cotton-tipped applicator was used to sweep off adventitial tissue. A 4- to

5-ring segment was then selected, and the trachea was excised. A cotton

tip applicator was then applied to the adventitia of the trachea to sweep

away small blood vessels. A dissector was then used to dissect the lateral

tracheal arteries off the trachea, which were subsequently ligated. A 4-

to 5-ring region of trachea was then excised and washed with

phosphate-buffered saline (PBS; Sigma Aldrich). This section of trachea

was then re-anastomosed in place with 8-0 PROLENE (Ethicon) suture.

In the treatment group (n¼ 12), a 2-cm3 2-cm PDO thin film was applied

externally and circumferentially to the auto-transplanted tracheal graft. The

strap muscles were then re-approximated and closed with a single

interrupted 5-0 polydioxanone suture II suture (Ethicon) and the skin

closed with 4-0 chromic suture (Ethicon).
JTCVS Open c Volume 24, Number C 511



FIGURE 1. Key steps in autotransplantation. Schematic overview of key procedural steps in the rat tracheal autotransplantation model: (A) incision, (B)

exposure of the vertical strap muscles, (C) exposure of the trachea after division of the strap muscles, (D) surgical devascularization with care taken to ligate

the tracheal vessels, (E) excision of the autograft, and (F) autotransplantation.
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Measurement of Perfusion
Laser speckle contrast imaging (LSCI) was obtained using the RFLSI-

ZW Laser Speckle Contrast Imaging System (RWD Systems). Speckle im-

aging measures blood flow and perfusion by analyzing scattered light

refracted from moving blood. This causes a degree of blurring which can

be resolved as blood flow. It does not rely on external contrast agents

and can resolve blood flow down to 10 mm.20,21 Perfusion was then quan-

tified as dimensionless perfusion units.

LSCI measurements were obtained on unoperated control rat tracheas,

and at three specified endpoints: immediately postoperative day 0 rat tra-

cheas, postoperative day 3 rat tracheas in operated control rats, and postop-

erative day 10 rat tracheas in both operated control and PDO treatment

tracheas. The day 3 end point was used to validate devascularization in

the autotransplant model, and thus was avoided in the treatment group.

Two-second clips measuring 81 to 101 frames were obtained with each
512 JTCVS Open c April 2025
capture, from which average perfusion units were measured in the native,

nonautotransplanted trachea, and the autotransplanted trachea in operated

rats. Percent perfusion loss was calculated using the following formula:

Native tracheal perfusion�Autotransplanted tracheal perfusion

Native tracheal perfusion
3100

Histologic Analysis
Unoperated tracheal control samples and day 10 tracheal samples were

preserved in optimal cutting temperature solution, snap frozen, and stored

at �80 �C. Subsequently, tissues were sectioned in 3- to 4-mm thick sec-

tions and stained with hematoxylin-eosin (H&E; Epredia). Histologic sec-

tions were qualitatively analyzed for evidence of loss on previously
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validated markers of airway injury including derangements to tracheal

epithelium, subepithelium and cartilage, and peritracheal region.22 Dam-

age to the epithelium included loss, derangement, or atrophy of ciliated

epithelium and goblet cells. Subepithelial changes of interest included

inflammation, edema, and loss of vasculature. Peritracheal and cartilagi-

nous changes included evidence of fibrosis, edema, and inflammation.22

Scores of 0 to 3 were assigned to each sample on the basis of derangements

in each of the 3 locations and compared. Scores of 0 suggest healthy tissue

with no apparent damage. Scores of 1 and 2 suggest concentrated regions of

injury in the airway, and a score of 3 corresponds to global damage consis-

tent with ischemic injury. Two cardiothoracic surgery residents indepen-

dently assigned scores to each sample with a senior cardiothoracic

surgeon designated to adjudicate discrepancies in assigned scores.

Immunoassay Protein Quantification
Luminex multiplex immunoassays were used to assess mean fold in-

crease in cytokines and inflammatorymarkers from tissue homogenates be-

tween operated control and PDO thin film-treated tracheas at day 10.

Protein was extracted from tissue samples after mechanical digestion on

ice in 300 mL of extraction buffer containing 20 mM Tris HCl (Invitrogen),

0.5% Tween-20 (Sigma-Aldrich), 150 mMNaCl (Invitrogen), and a COm-

plete Mini Protease inhibitor cocktail tablet (Roche Diagnostics). A Bio-

Gen PRO200 Homogenizer (PRO Scientific) was used for homogenization.

The tissue lysate was then centrifuged at 14,000g for 10 minutes at 4 �C to

isolate the protein in the supernatant. Protein concentrations were deter-

mined using the Pierce Bicinchoninic Acid Protein Assay (ThermoFisher

Scientific), and all tissue samples were normalized to 1 mg/mL before

submission.

The Human ImmuneMonitoring Center at StanfordUniversity conduct-

ed the assays. Kits were sourced from EMD Millipore Corporation and

executed according to the manufacturer’s protocol. To summarize, samples

were diluted 1:1 with assay buffer, and 25 mL of the diluted sample was

mixed with antibody-linked magnetic beads in a 96-well plate. This

mixture was incubated overnight at 4 �C with shaking. Cold and room tem-

perature incubations were performed on an orbital shaker at 500 to

600 rpm. Plates were washed twice with wash buffer using a BioTek

ELx405 washer (BioTek Instruments). After a 1-hour incubation at room

temperature with biotinylated detection antibody, streptavidin-PE was

added for 30 minutes with shaking. Plates were washed again, and PBS

was added to the wells for reading in the Luminex FlexMap3D Instrument,

ensuring a lower bound of 50 beads per sample per cytokine. Each sample

was measured in duplicate. Custom Assay Chex control beads (Radix Bio-

Solutions) were added to all wells.

Statistical Analysis
Statistical tests are performed with the Student t test, with a prespecified

alpha level of 0.05, when comparing 2 characteristics, and unpaired one-

way analysis of variancewith Tukey when comparing more than 2 unpaired

characteristics. When comparing more than 2 characteristics in paired sam-

ples, a paired one-way analysis of variance was used. All statistical ana-

lyses were performed in Prism, Version 10.2.3 (GraphPad), Excel, and

OriginPro Version 1.52a (OriginLab Corporation). Film data are repre-

sented as mean � standard deviation.

RESULTS
Characterization of PDOThin-FilmMorphology and
Mechanical Properties

Chemistry, microscopic characteristics (eg, fiber diam-
eter and porosity), and macroscopic features (eg, fiber
orientation), can be rationally designed to modulate the
physicochemical properties of fiber-based devices and
the resulting biological response to implantation.23-25
This includes fiber composition, dimensions, orientation,
and overall thin-film architecture. We hypothesized that
degradable, nanofiber-based thin films may integrate with
tracheal tissue and provide a temporary support structure
to facilitate angiogenesis in the critical postoperative
period. We fabricated nanofiber-based thin films composed
of PDO, a highly biocompatible, biodegradable polymer
used in fiber production for sutures and other commercial
biomaterials.26 Figure 2, A, provides a representative,
high-magnification SEM image of the electrospun thin
film, revealing fabrication of a porous scaffold composed
of uniform, defect-free, randomly aligned fibers with a
mean diameter of 915.6 � 281 nm (Table 1). Fiber size
and arrangement within the construct are crucial for opti-
mizing function as an implantable film. Smaller fiber diam-
eters enhance surface area, which may improve integration
with surrounding tissues. Nanofiber-based PDO films had
an average pore size of 0.95 � 0.1 mm2, which is critical
for oxygen permeability and promotion of vascularization
at the implantation site.27 The controlled porosity and fiber
dimensions of the PDO film support adequate nutrient diffu-
sion and facilitate interactions between the film and sur-
rounding tissues, enhancing local perfusion and healthy
integration with host tissue.28 Atomic force microscopy
analysis (Figure 2, B) revealed uniform surface root-mean
square roughness of 1.30. Color-coded SEM images and de-
rivatives of fast Fourier transformations were used to eval-
uate fiber alignment, resulting in an average coherency of
0.14 � 0.09, indicating random orientation (Figure 2, C-
E). PDO films exhibited an average breaking strength of
1.41 � 0.26 N, tensile modulus of 0.06 � 0.01 N/tex, and
elongation at break of 242� 62.4% (Table 1). The balanced
mechanical properties of the nanofiber-based PDO thin
films enable sufficient elasticity and flexibility to confirm
to the shape and environment of the trachea while simulta-
neously providing sufficient strength for handleability and
placement.

Surgical Model
After a training phase, 30 rats underwent successful

tracheal autotransplantation, including 18 (60.0%) oper-
ated controls and 12 (40%) receiving PDO thin films. Eight
of the operated controls were sacrificed at day 0 postproce-
dure. Two additional rats were euthanized humanely at day
3 to validate short-term devascularization, and the remain-
ing 8 survived to 10 days.

Laser Speckle Contrast Imaging
LSCI at day 0 in 8 rats preoperatively (Figure 3, A), after

sweeping adventitia off and ligating the tracheal arteries
(Figure 3, B), and immediately postautotransplant
(Figure 3, C) demonstrated significant, progressive
decrease in perfusion with each measure of devasculariza-
tion (Figure 3, D) (P<.001). The mean percent perfusion
JTCVS Open c Volume 24, Number C 513
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FIGURE 2. PDO thin-film morphology and orientation. SEM and AFM-based characterization of PDO film morphology and orientation. A, Representa-

tive, high-magnification SEM image of electrospun PDO thin film revealing randomly oriented, defect-free fibers with an average diameter of

915.6� 281 nm (n¼ 100). The box-and-whisker plot spans the range of values, and the horizontal bar represents the mean. Each individual dot is an obser-

vation. B, AFM analysis revealed uniform surface roughness and topography (n¼ 3). Fiber orientation was assessed using (C) color-coded images and (D)

fast Fourier transform spectra, revealing (E) a broad distribution of intensities, indicating a lack of a predominant angle of orientation (n ¼ 3). PDO, Poly-

dioxanone; SEM, scanning electron microscopy; AFM, atomic force microscopy.
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loss pre-to postoperatively was 28.9 � 16%. At postoper-
ative day 3, 4 control rats were reopened and LSCI ob-
tained (Figure 4, A), demonstrating persisting perfusion
loss with a mean percent perfusion loss of 56.7 � 28%.
At postoperative day 10, operated control rats (n ¼ 8) un-
derwent LSCI revealing a significant perfusion defect in
the autotransplanted segment of trachea (Figure 4, B and
C). The mean percent perfusion loss was 28.4 � 12%
TABLE 1. Characterization of PDO film morphology and mechanical pro

Sample Fiber diameter, nm Pore size, mm2

Directionality

(coherency)

PDO 915.6 � 281 0.95 � 0.1 0.14 � 0.09

PDO, Polydioxanone.

514 JTCVS Open c April 2025
for an average 257 � 19.3 perfusion unit loss between
native and transplanted trachea (P<.01). Autotransplanted
rats in the PDO film treatment group (n ¼ 10) at day 10
demonstrated significantly less perfusion loss between
the native trachea and the transplanted trachea 72.8 � 15
perfusion units (P < .05). The mean percent loss was
also significantly lower than the operated control group
at 11.1 � 9.7% (P< .01), representing a 2.53 increase
perties (n ¼ 3, each)

Breaking strength, N Tensile modulus, N/tex Elongation, %

1.41 � 0.26 0.06 � 0.01 242 � 62
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high resolution visualization of blood vessels. B, Trachea after surgical ligation of the tracheal arteries, with demonstrably lower perfusion in the trachea,

with some likely collateralization from the thyroid. C, Tracheal autograft demonstrating severely diminished immediate postoperative perfusion. D, Graph

of perfusion percent loss at each stage relative to start of the procedure, with persistently decreased perfusion after eachmeasure of devascularization (n¼ 8).

Statistically significant lower perfusion at each point was observed with analysis of variance and Tukey’s test (***P<.001). Scalebar¼ 3 mm. LSCI, Laser

speckle contrast imaging.
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in perfusion in the PDO thin film treatment group
(Figure 4, D-F).

Histologic Analysis
H&E staining of unoperated control tracheas (n ¼ 5,

Figure 5,A) demonstrated healthy appearing ciliated epithe-
lium, with intact goblet cells. H&E analysis of post-
operative day 10 autotransplanted tracheas (n ¼ 5,
Figure 5, B) revealed dense proliferation in the subepithelial
space of the tracheas, lack of basophilia in the cartilaginous
rings and disruption of ring integrity, narrowing of the
airway, disruption of ciliated epithelium, and apparent
loss of goblet cells. The mean histologic injury score was
2.6 � 0.5. In the PDO thin film treatment group, H&E-
stained sections of tracheas at post-operative day 10 re-
vealed intact cartilaginous rings with normal basophilia,
preserved ciliated epithelium, albeit with present epithelial
inflammation (n ¼ 4, Figure 5, C). The mean histologic
injury score (1.2 � 0.5) was significantly lower than oper-
ated controls (P<.001). These histologic results correlate
with the noticeable difference in perfusion between oper-
ated control and treatment groups.

Immunoassay Profiling
Results of the Luminex multiplex immunoassay are

shown in Figure 6, demonstrating mean fold increase
relative to reference beads. Immunoassays were performed
to assess interleukin (IL) 1 alpha and beta, chemokine (C-C)
ligand 5 (CCL5), monocyte chemoattractive protein 3, IL-
17, intracellular adhesion molecule 1, vascular cell adhe-
sion molecule 1 (VCAM-1), and vascular endothelial
growth factor (VEGF) expression. When compared with
the operated control group (n ¼ 3 per assay, 2 replicates
each), the PDO thin-film implantation group (n ¼ 7 per
assay, 2 replicates each) demonstrated significantly greater
expression of VCAM-1 (P<.05). There was no significant
difference in expression of the other proteins assayed.

DISCUSSION
In this study, we demonstrated with speckle perfusion im-

aging that surgical devascularization produces a persistent
perfusion defect in transplanted rat airways even in the
setting of syngeneic immunology. We then fabricated and
tested the application of a biodegradable, nanofiber-based
thin-film, which demonstrated significantly improved graft
perfusion compared to operated controls at 10 days postop-
eratively. Hypoxia resulting from compromised circulation
contributes to poor long-term survival after lung transplan-
tation, particularly in its contribution to airway complica-
tions.6 These complications contribute to the 5.8-year
median survival after lung transplantation, the lowest
among all conventional solid organ transplants.29 Airway
JTCVS Open c Volume 24, Number C 515



FIGURE 4. Tracheal perfusion after PDO thin-film application. Representative perfusion maps of the autotransplanted trachea at (A) day 3 (n¼ 2) and (B)

at day 10 (n¼ 8). Both autografts demonstrate poor perfusion indicated by the cool blue hue in the autograft. C, Representative surgical image of the trachea

at day 10, with notable blue hue to the autograft, which is a gross sign of ischemia. D, Representative perfusion map of an autotransplanted trachea receiving

a PDO thin film at day 10 (n ¼ 8) and (E) corresponding surgical image, revealing degradation of the film at 10 days. F, Autotransplanted tracheas treated

with a nanofiber-based thin film demonstrated significantly reduced perfusion loss in comparison to operated control tracheas (**P<.01). Each dot rep-

resents the individual values, with the bar demonstrating the mean value. The whisker represents the standard error values. PDO, Polydioxanone.
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complications can affect a third of lung transplant recipients
and also contribute to the development of bronchiolitis ob-
literans syndrome the primary cause of long-term mortality
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after lung transplantation.9,30 Surgical models of hypoxia
after lung transplantation have characterized the immune-
mediated vascular destruction contributing to persisting
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FIGURE 6. Immunoassay profiling for proangiogenic proteins. Quantification of a set of inflammatory cytokines and cell adhesion molecules in operated

control and treated rats demonstrates a significantly greater mean fold increase in expression of VCAM-1 in the PDO thin-film implantation group

(*P<.05). There were no significant differences in the mean fold increase of IL-1a (P¼ .12), IL-1b (P¼ .83), CCL-5 (P¼ 1.0), monocyte chemoattractive

protein 3/CCL-7 (P¼ .83), IL-17 (P¼ .38), or VEGF (P¼ .67). Each dot represents the individual values, with the bar demonstrating the mean value. The

whisker represents the standard error values. VCAM-1, Vascular cell adhesion molecule 1; PDO, polydioxanone; IL, interleukin; CCL, chemokine (C-C)

ligand; VEGF, vascular endothelial growth factor.
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hypoxia after lung transplantation. They typically do not
address the surgical devascularization that is inherent to
procurement and transplantation of lungs, given the routine
sacrifice of the bronchial arteries.7,9,10

Tracheal Autotransplantation Produces a Persistent
Perfusion Defect

Although autotransplantation of the trachea in rodents
has been described in the literature, questions remain about
how persistently devascularized the grafts remain and
whether functional perfusion can be measured.22 In this
study, we used an autotransplant model but incorporated
specific measures to ensure successful devascularization.
Namely, we ligated the lateral tracheal arteries, and inten-
tionally swept off any adventitia and associated microperfu-
sion vessels surrounding the trachea, before completing
circumferential dissection, and excision of an autograft.
The autograft was washed in PBS and reanastomosed to
ensure that any connection in vasculature is entirely sev-
ered. We confirmed immediate drops in perfusion at each
critical step from native trachea, to ligation of the arteries,
and immediately postoperatively using LSCI, a method of
dynamic perfusion measurement. Perfusion in the autograft
was signfiicantly lower than in native trachea preopera-
tively. Devascularization was evident at day 3 and at day
10 postoperatively, with significant reductions in perfusion
units between the untransplanted native trachea and the
autograft within the same animal.
The finding of persistent perfusion defects 10 days post-

operatively is novel in the setting of syngeneic immu-
nology.7 In a study by Jiang and colleagues7 on airway
anastomotic revascularization in an allotransplant model
of rodent tracheal transplantation, use of immunosuppres-
sion resulted in regeneration of microvessls demonstrated
by histologic analysis. Microvascular depletion was
deemed to be partly related to complement mediated
destruction, and immunosuppression rescued those vessels
that otherwise would be destroyed. However, it was unclear
how significantly these microvessels contributed to perfu-
sion of the graft. Using LSCI, we show that even in the
setting of microvessel regeneration, as there would be in
syngeneic physiology without an alloimmune response,
there is no significant improvement in perfusion compared
to baseline measurements.
JTCVS Open c Volume 24, Number C 517
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Application of a Nanofiber-Based PDO Thin Film
Improves Airway Perfusion

It is known that implant composition and topography
influence cell adhesion, proliferation and behavior in
patients; however, implant characteristics have not been
rigorously evaluated for angiogenesis induction in vivo,
which is critical for tissue engineering and transplant
applications.25,31-38 Nanofiber-based thin films are particu-
larly attractive due to their biocompatibility, biomimetic ar-
chitecture, porosity, and high surface area-to-volume ratio,
thereby enhancing endothelial cell adhesion and
proliferation, and providing a template ECM to support
ingrowth of a structured vascular network.39 We fabricated
biodegradable nanofiber-based thin films with uniform
surface roughness and random orientation. Films were
successfully applied to the anastomosis site and integrated
with the trachea, as shown in gross images and histology.
When applied circumferentially to the surface of the trachea
during the autotransplant procedure, PDO thin films
attenuated the hypoperfusion seen in operated controls at
postoperative day 10. This was demonstrated with speckle
angiography, which showed significant improvements in
the perfusion loss between the native and the auto-
transplanted trachea. In addition, there was reconstitution
of the horizontal tracheal arteries suggesting improved
microvascular and macrovascular circulation.

The improvements in perfusion seen on speckle angiog-
raphy appear to be validated in the preservation of the
structural integrity of the tracheal cartilaginous rings,
which appeared necrotic, cracked, and weak in the oper-
ated control group. Furthermore, whereas the operated
control group showed loss of goblet cells and blunting of
ciliated epithelium, treatment group tracheas at postopera-
tive day 10 had intact goblet cells and preserved ciliated
epithelial architecture. These differences between oper-
ated control and treatment groups were reflected in histo-
logic injury scores. We observed similar changes
described by Hyytinen and colleagues22 and used their
scoring method for grading injury in the transplanted tra-
cheas. Ischemic changes in their study included loss of
structural integrity of the cartilaginous rings, disruption
of the ciliated epithelium, and dense subepithelial inflam-
mation. In the treatment group, inflammation likely re-
sulted from similar ischemic injury.

Clinical translation of these films would include wrap-
ping the bronchial anastomosis with the nanofiber thin
film to support anastomotic health at the time of lung trans-
plantation. We hypothesize that they would promote local
angiogenesis and help mitigate airway complications in
lung transplant recipients, pending further preclinical
testing in allograft models, and larger animals.
518 JTCVS Open c April 2025
Immune Pathways May Modulate Airway Perfusion
Multiplex immunoassays assessed a host of pro-

inflammatory and cell adhesion markers. Innate immune
mediators were studied with the IL-1a/b, CCL5, and CCL7
chemokine assays, and adaptive immunemediators were pri-
marily targetted with IL-17 and intracellular adhesion mole-
cule 1. Finally VEGF and VCAM-1 were included to study
angiogenic chemokines. The assays revealed that VCAM-1
expression was greater in the treatment group compared
with operated controls. This may be related to an increased
number of viable endothelial cells in the treatment group
compared with operated control. VCAM-1 is an inducible
protein found in endothelial cells and a known inflammatory
cytokine implicated in tumor angiogenesis and retinal
hypoxia-induced neovascularization.40,41 Kaur and col-
leagues40 demonstrated that VCAM-1 regulates IL-8 pro-
moter activity and further showed that intravitreal injection
of VCAM-1 led to increased IL-8 and vascular sprouting
and neovascularization in a murine model of hypoxic retinal
disease. Despite the increased expression of VCAM-1,
VEGF levels were not significantly different between the
operated control and treatment groups. Given that the angio-
genic properties of VCAM-1 are potentially attributed to IL-
8 upregulation, which itself promotes VEGF expression,
there may be separate pathways that participate in the poten-
tial angiogenesis observed in this experiment.42 Inflamma-
tion appears to be a key mediator of this effect. Despite the
role of VCAM-1 in promotion of inflammatory cell migra-
tion, increased expresssion of IL-1 was not seen in our treat-
ment group.43 IL-1 upregulation is associated with chronic
lung allograft disease, lung fibrosis, and rejection in lung
transplantation.44-46 The PDO thin film may provide ECM-
like structural support for repair of existing microvasculature
in the autograft. This may rely on IL-1 na€ıve inflammatory
pathways that lead to increased endothelial cell viability. Fa-
voring pathways that promote angiogenesis without acti-
vating pathways that prompt allograft dysfunction is an
important characteristic of a potential therapeutic interven-
tion for lung transplant airway devascularization.

Limitations and Future Directions
The primary limitation of this study is the use of only syn-

geneic physiology. Autotransplantation is a useful model as
it removes rejection as a factor in airway hypoxia and iso-
lates the effects of surgical devascularization specifically
in the absence of the immune system. Ultimately, this is
not a complete representation of lung transplantation, as
despite the use of immunosuppression, rejection continues
to be a major issue in the development of bronchiolitis ob-
literans syndrome. Future studies will replicate these condi-
tions in an allotransplant model, but this preliminary
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investigation into the potential therapeutic effects of a
nanofiber-based thin film uncovered specific insights as
they relate purely to surgical devascularization.

Multiplex immunoassays were limited in this early
exploration of the mechanisms behind angiogenesis in
tracheal autografts. Cytokine selection was determined on
the availability of validated protocols for Luminex multi-
plex immunoassay. The isolated finding of significantly
increased VCAM-1 expression in the treatment group
does not entirely explain the angiogenic effects demon-
strated from the thin-film. Future studies will focus on the
expression of cytokines such as IL-8, IL-10, and angiogenin
to investigate downstream mediators of angiogenesis and
elucidate mechanisms by which nanofiber-based films pro-
mote angiogenesis.47,48 In addition, models that use knock-
outs of angiogenic peptides may help elucidate which
angiogeneic pathways contribute to revascularization after
application of nanofiber thin films.
CONCLUSIONS
Our study found that rat tracheal autotransplantation

adequately models persistent surgical devascularization of
airways, a phenomena that occurs in clinical lung transplan-
tation. Application of a degradable, nanofiber-based thin
film significantly improved perfusion to transplanted air-
ways, which was validated by speckle angiography and his-
tologic injury scoring. Multiplex immunoassay results
demonstrated that inflammatory cytokines may play a role
in promoting angiogenesis in the tracheal autotransplants,
without upregulating traditionally deleterious chemokines.
There are limited therapeutic approaches to addressing
post-transplant airway hypoxia; however, degradable,
nanofiber-based thin films may provide a convenient new
modality to attenuate hypoxia after lung transplantation.
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