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Abstract

Introduction: Congenital diaphragmatic hernia (CDH) repair is an area of active research. Large
defects requiring patches have a hernia recurrence rate of up to 50%. We designed a biodegradable
polyurethane (PU)-based elastic patch that matches the mechanical properties of native diaphragm
muscle. We compared the PU patch to a non-biodegradable Gore-Tex™ (polytetrafluoroethylene)
patch.

Methods: The biodegradable polyurethane was synthesized from polycaprolactone,
hexadiisocyanate and putrescine, and then processed into fibrous PU patches by electrospinning.
Rats underwent 4mm diaphragmatic hernia (DH) creation via laparotomy followed by immediate
repair with Gore-Tex™" (n=6) or PU (n=6) patches. Six rats underwent sham laparotomy without
DH creation/repair. Diaphragm function was evaluated by fluoroscopy at 1 and 4 weeks.

At 4 weeks, animals underwent gross inspection for recurrence and histologic evaluation for
inflammatory reaction.

Results: There were no hernia recurrences in either cohort. Gore-Tex™ had limited diaphragm
rise compared to sham at 4 weeks (1.3mm vs 2.9mm, p=0.003), but no difference was found
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between PU and sham (1.7mm vs 2.9mm, p=0.09). There were no differences between PU

and Gore-Tex™ at any time point. Both patches formed an inflammatory capsule, with similar
thicknesses between cohorts on the abdominal (Gore-Tex " 0.07mm vs. PU 0.13mm, p=0.39) and
thoracic (Gore-Tex " 0.3 mm vs. PU 0.6 mm, p=0.09) sides.

Conclusion: The biodegradable PU patch allowed for greater diaphragmatic excursion compared
to Gore-Tex . There were similar inflammatory responses to both patches. Further work is needed
to evaluate long-term functional outcomes and further optimize the properties of the novel PU
patch in vitroand in vivo.

Keywords
congenital diaphragmatic hernia; bioengineering; hernia repair; patch repair

INTRODUCTION

Primary repair of congenital diaphragmatic hernia (CDH) is not possible in up to 50%

of cases [1,2], necessitating patch or muscular flap repair. Patch repair of CDH has been
associated with a high hernia recurrence rate of up to 50% [3,4], and in some studies

has been found to have a significantly higher recurrence rate than primary repair [5,6].
Additionally, a high rate of bowel obstructions due to adhesions has been seen with patch
repair [3,7-9]. Materials used for patch repair have included polytetrafluoroethylene (PTFE),
commonly known as Gore-Tex ", and biologic materials such as small intestinal submucosal
tissues, marketed as Surgisis, however, the optimal material for patch repair of CDH remains
unknown.

Factors contributing to recurrence following patch repair of CDH may include the inert
nature of synthetic materials such as Gore-Tex, inability to incorporate with native
diaphragm tissue, and an inability to grow as the child grows [10]. Surgisis, on the other
hand, may reabsorb quite early on after repair, ranging from 2—-8 weeks [10,11], thus placing
patients at risk of early recurrence. Tissue engineering may hold the key to the development
of an ideal diaphragm replacement material, which matches the tensile strength of the
muscle while promoting neovascularization of the patch to enable continued growth with the
child [2,12].

Biodegradable elastomeric polyurethane has been studied for use in vascular and muscle
tissue replacement due to its soft elastic nature, its high mechanical strength, and its ability
to integrate with bioactive materials [13]. In this pilot study, we tested a biodegradable
polyurethane (PU)-based elastic patch that matches the mechanical properties of native
diaphragm muscle as a patch material for diaphragmatic hernia (DH) repair in a rodent
model. We compared the PU patch to the commonly used and commercially available
Gore-Tex ™ patch and hypothesized that the patch would be durable, would allow for greater
diaphragmatic excursion than Gore-Tex™ due to its elastic nature, and would result in less
inflammatory response due to its biodegradable nature.

J Pediatr Surg. Author manuscript; available in PMC 2023 May 15.
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Approval to perform this animal study was obtained from the Institutional Animal Care and
Use Committee (IACUC Protocol #21833). All surgical procedures were done using sterile
technique. Animal care was performed as specified by the Guide for the Care and Use of
Laboratory Animals.

PU Patch Synthesis

Synthesis of biodegradable PU was completed according to previous publication [14].

The biodegradable PU was synthesized from polycaprolactone (PCL, average number
molecular weight Mn=2000, Sigma) and hexadiisocyanate (HDI, Sigma) with a chain
extender of putrescine (Sigma) (PCL:HDI:Purescine molar ratio=1:2:1). PU was dissolved
in 1,1,1,3,3,3-hexafluoro-2-propanol (Oakwood Products) to make the 8% w/v (weight/
volume) PU solution. The PU solution was loaded into a syringe with a needle. The distance
between the needle tip and the plate collector was 15 cm. The collection plate was located
on an x-y motor that jogged in a square for even dispersal of PU fibers on the collector plate.
The needle and plate were charged to +25 kV and -5kV, respectively. An infusion rate of
PU solution was set as 1 mL/hr. Electrospinning process continued for 4 hours and then the
sample was dried in a fume hood overnight.

PU and Gore-Tex" Patch Characterization

Morphological analysis of PU and Gore-Tex™ (W.L. Gore & Associates, Inc) patches was
carried out with a scanning electron microscope (SEM) (Hitachi S-4800 FE SEM) after
sputter coated with silver/platinum in a Hummer VI Sputtering System. Fiber diameter (fiber
#=120) was analyzed with ImageJ. A universal testing system (Test Resources) was used
to perform tensile mechanical testing. PU and Gore-Tex"" patches were cut into strips (30
mm length x 5 mm width) (n = 12). A 5.6-pound (Ib) load cell was used to measure cyclic
loading behavior (30% strain for 10 cycles) for both PU and Gore-Tex™ patches. Failure
testing used a 5.6 Ib and 250 Ib load cell for PU and Gore-Tex"" patches, respectively. A
ramping rate of 10 mm/minute was used for both cyclic loading and failure tests. Tensile
moduli were estimated by quantifying the slopes of the stress-strain curves at two strain
ranges of 0-10% and 25-50%.

Surgical Model

The animal model used in this study was adult Sprague-Dawley rats, as rat models have
been previously used to study CDH [12,15,16]. Three cohorts were utilized: DH creation
and repair with Gore-Tex™" (n = 6); DH creation and repair with the novel PU patch (n

= 6); and controls (n = 6). For the two DH cohorts, the rats were placed under general
anesthesia via endotracheal intubation. The chest and abdomen were shaved and prepped
with betadine. A midline laparotomy was made. The left hemidiaphragm was exposed. A
4-mm diaphragmatic defect was created using a 4-mm aortic punch in the central portion
of the diaphragm. The defect was repaired immediately using a 6-mm circular patch of
either Gore-Tex™ or the novel PU patch sutured to the surrounding diaphragm muscle with
running prolene suture of sizes 5-0 to 7-0. Any residual pneumothorax was evacuated using
a syringe and needle. The laparotomy incision was closed with running vicryl suture. The

J Pediatr Surg. Author manuscript; available in PMC 2023 May 15.
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animals were awakened from anesthesia and recovered and returned to the vivarium housing.
The control cohort underwent endotracheal intubation with general anesthesia, midline
laparotomy, followed by no manipulation of the diaphragm, with closure of the laparotomy
defect. The sham laparotomy was performed in the control animals to control for the effect
of post-operative recovery from a midline laparotomy incision among cohorts, which may
impact diaphragmatic movement due to post-operative pain. Animals were survived for 4
weeks and underwent functional testing as described below followed by euthanasia with
post-mortem laparotomy and evaluation also described below.

With regards to the relative size of the chosen patches, it is relevant to note the average sizes
of the rat diaphragm. The average anterior-posterior length of the diaphragms of the tested
rats was 27.3 mm, while the average medial-lateral length of the diaphragms was 37.2 mm.
Thus the 6 mm patch represents 22.0% of the anterior-posterior diaphragm and 16.1% of the
medial-lateral diaphragm size in this animal model.

Functional Testing

Diaphragmatic excursion was evaluated by performing fluoroscopy of animals during
spontaneous breathing. Animals were physically restrained without anesthesia. The
fluoroscopic images were taken using a Inveon MM CT scanner. This was performed at

1 week and 4 weeks post-surgery. The fluoroscopic images were examined for frames

that demonstrated the largest diaphragm excursion during inhalation and exhalation. In the
frames with largest diaphragm excursion, the vertical displacement of the diaphragm was
obtained by measuring the difference in the vertical position at the same point on the left
diaphragm between inhalation and exhalation using ImageJ [17]. Functional testing was
performed both at 1 and 4 weeks post-surgery to allow for full post-operative recovery, as
pain in the early post-operative period may limit diaphragmatic excursion.

Post-Mortem Gross Analysis

At 4 weeks, animals were again placed under general anesthesia via nose cone and a midline
laparotomy was performed. The left hemidiaphragm was inspected for recurrence (present or
absent), and for adhesions between the liver and the diaphragm, graded at full adhesions, in
which the liver was completely adherent to the patch; mild adhesions in which less than 50%
of the patch was covered by liver, or no adhesions. The animals were then euthanized by
exsanguination by aortic transection. Following euthanasia, the animals were perfused and
the diaphragm was excised. Adhesions on the thoracic side of the diaphragm between the
lung and the patch were graded in the same manner as previously described.

Histologic Evaluation

The diaphragms were stored in 10% buffered formalin. They were then dehydrated in 30%
sucrose solution and cryopreserved in Optimal Cutting Temperature (OCT) compound. The
diaphragms were serially sectioned into 9 pm sections and were stained with hematoxylin
and eosin (H&) and coverslipped. The resulting H&E slides were digitally scanned at 10x
magnification on the ImageXpress Pico Cell Imaging System (Molecular Devices, LLC)
scanner The thickness of the inflammatory capsule that formed on both the abdominal and
thoracic sides of the patch was measured.

J Pediatr Surg. Author manuscript; available in PMC 2023 May 15.
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Data Analysis

RESULTS

The following outcomes were compared between cohorts: distance of diaphragmatic
excursion at 1 and 4 weeks; presence of recurrent DH at 4 weeks; degree of adhesions to the
patch at 4 weeks; and thickness of the inflammatory capsule on the thoracic and abdominal
sides at 4 weeks. Categorical data were compared by Fischer’s exact test. Continuous data
are presented as median and interquartile range (IQR) and were compared using Kruskal
Wallis test between all three cohorts or Mann Whitney U test between the two surgical
cohorts. Results were considered statistically significant at p < 0.05. All data analysis was
performed in Prism (GraphPad Software, Inc.).

Characterization of Gore-Tex" and PU patches

Gore-Tex"" and PU patches are white in color and appear similar, but they exhibited
different microstructures (Figure 1). Under SEM imaging, Gore-Tex " patch contained solid
fragments with fine fibers, while PU patch was composed of a vast nanofibrous network.
Fiber diameters of PU patches were 638 + 238nm. There were no notable large pores within
the PU patches.

Gore-Tex" and PU patches showed obvious differences in stress-strain behavior (Figure
2A). Gore-Tex'" had a failure stress of 10.8 + 0.9 MPa, whereas the failure stress of

PU patches was 2.1 + 0.9 MPa. Initial tensile modulus (0-10% strain) for Gore-Tex ™

and PU patches were 1.2 + 0.3 MPa and 0.8 + 0.3 MPa, respectively (p=0.067, Figure

2B). At 25-50% strain, the tensile modulus of the Gore-Tex™ patch (17.4 + 1.3 MPa)

was approximately 13 times more than that of PU patch (1.3 £ 0.4 MPa), indicating a
significant difference (p<0.0001). Over the course of 10 cycles of cyclic loading, very
notable differences in material responses occurred between Gore-Tex™ and PU patch. Gore-
Tex™ appeared inelastic and underwent large plastic deformation after the first cycle (Figure
2C). Later cycles exhibited no readings of stress between 0-20% strain and exhibited
resistance to loading in strain range larger than 21%. Cyclic stretching of PU patches
showed repetitive loading and loading curves, reflecting the elastic nature of PU materials
(Figure 2D).

Diaphragmatic Hernia Recurrence

There were no diaphragmatic hernia recurrences in either surgical cohort at 4 weeks on gross
examination.

Diaphragmatic Excursion

At 1 week post DH creation and repair, there was no significant difference in diaphragmatic
excursion between cohorts (compared to sham median 2.1 mm [IQR 1.5-2.8]: Gore-Tex™
median 1.2 mm [IQR 0.8-2.0], p = 0.05; PU median 2.0 mm [IQR 1.0-2.5], p = 0.52;
Gore-Tex™ vs. PU, p = 0.19). At four weeks, Gore-Tex™ displayed limited diaphragmatic
excursion compared to sham (Gore-Tex™ median 1.3 mm [IQR 0.7-1.6] vs. sham 2.9 mm
[IQR 1.9-3.7], p = 0.003), but no difference was found between PU and sham (PU 1.7mm

J Pediatr Surg. Author manuscript; available in PMC 2023 May 15.
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[IQR 1.0-2.8] vs. sham 2.9 mm [IQR 1.9-3.7], p = 0.09). PU and Gore-Tex"" had no
significant difference at 4 weeks (PU 1.7 mm vs. Gore-Tex" 1.3 mm, p = 0.20).

All animals in the Gore-Tex™ group had full adhesions between the liver and the patch

and mild adhesions between the lung and the patch. All animals in the PU group had full
adhesions between the liver and the patch and 5/6 had mild adhesions on the thoracic side
while one animal had full adhesions between the lung and the patch. In the sham group one
animal had mild adhesions to the liver and no other adhesions were seen in any animal.

Inflammatory Capsule

An inflammatory capsule formed surrounding both patch materials. There was no significant
difference in the thickness of the inflammatory capsule on either the abdominal side (PU
median 0.13 mm [IQR 0.06-0.62] vs. Gore-Tex"" 0.07mm [IQR 0.05-0.27], p = 0.39) or the
thoracic side (PU 0.56 mm [IQR 0.41-0.92] vs. Gore-Tex™ 0.32 [IQR 0.22-0.51] mm, p =
0.09).

DISCUSSION

In this pilot study, we assessed the feasibility and effectiveness of a polyurethane-based
biodegradable patch for the repair of diaphragmatic hernias. Our 4-week animal study
demonstrated that the PU patch is durable during this period of time, allowing for greater
diaphragmatic excursion than the commercially available Gore-Tex™ patch. We found that
the diaphragmatic excursion of the PU patches at 4 weeks was comparable to the native
diaphragm muscle and PU patches resulted in a similar degree of inflammatory capsule
formation when compared to Gore-Tex . These preliminary results are supportive of further
optimization and evaluation of the PU based patch in animal studies of diaphragmatic
hernia.

Hernia recurrence is a primary consideration in CDH repair. Larger defects are more likely
to require patch repair, and defect size has been correlated with survival [1]. However, there
is conflicting data on recurrence rates following patch CDH repair compared to primary
repair in the literature. A systematic review of 20 studies found that patch repair was
associated with a 2.83-times higher odds of recurrence than primary repair [6]. However, a
single institution study out of Children’s Hospital of Philadelphia found very low recurrence
rates following both patch (5.4%) and primary repair (4.0%), which the authors attributed
not to patch material but to technical factors of patch repair, including fashioning the patch
into a dome configuration [18]. Another single institution study also found an overall low
rate of recurrence (10%), and on multivariable analysis, patch repair was not an independent
predictor of recurrence [19]. With regards to the choice of patch material to reduce the risk
of recurrence, several studies have found no significant difference between Gore-Tex™ and
Surgisis [10,20], while an American Pediatric Surgical Association Outcomes and Evidence
Based Practice Committee found that Gore-Tex " was the most durable patch material,
concluding that Level 4 evidence supported the use of oversized or dome-shaped Gore-Tex "
patches to reduce recurrence rates [8]. In this pilot study, we found that the short-term

J Pediatr Surg. Author manuscript; available in PMC 2023 May 15.
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durability of the novel PU patch was confirmed at 4 weeks, with no defect recurrences
identified. Further studies are needed on the long-term durability of the PU patch. CDH
recurrences often are cited as occurring at a median time of 12 months post-repair, with 76%
of recurrences happening before two years [5].

The optimal patch material is elastic and allows for appropriate diaphragmatic excursion
during inspiration and expiration. A patch which is too stiff will not allow for adequate
diaphragmatic motion, potentially resulting in respiratory compromise. The PU patch

shows great elasticity and is less stiff than the Gore-Tex " in the strain range of 25%

to 50%. Those mechanical characteristics may result in diaphragmatic motion that is

more physiological, allowing appropriate diaphragmatic excursion and improved respiratory
function. As we know, decreased diaphragmatic excursion has been associated with
prolonged hospitalizations, longer time on the ventilator, and higher rate of supplemental
oxygen requirement at discharge [21]. We measured diaphragmatic excursion at 1 week and
4 weeks post repair. While there was no significant difference in diaphragmatic excursion at
1 week, at 4 weeks, Gore-Tex™ had limited excursion compared to sham, while diaphragms
repaired with the novel PU patch had similar excursion compared to sham. Gore-Tex "

and PU were similar when compared to each other, thus indicating that the PU patch

had similar motility compared to the commonly used Gore-Tex™ patch. Inherent to the
function of the diaphragm and any replacement tissue is the tensile strength of the tissue.

In autopsy studies of diaphragm composition, age-related changes have been identified, with
increased extracellular matrix components in neonates and infants, while older children have
higher tensile strength [22]. The mechanical behavior of the native diaphragm is thought

to be determined by the native tissue tensile strength and the and the ability to modify

its shape with changes in lung volume during respiration [23,24]. Diaphragmatic rupture,

or in the case of CDH, re-herniation, may occur when the pressures the diaphragm is
subjected to overcome the tissue tensile strength, especially of the muscular portion; thus, a
diaphragmatic replacement with high tensile strength is desirable.

The biologic reaction to patch materials used in CDH repair may have downstream
consequences. Gore-Tex™, an inert material which does not cause as robust an inflammatory
response, has been found to have lower rates of subsequent adhesive bowel obstructions than
biologic patch materials such as Surgisis [9]. However, a meta-analysis found no difference
in bowel obstructions by type of patch material [10]. In our study, extensive adhesions

were found between both Gore-Tex™ and PU patches to the liver on the abdominal side,
with mild adhesions between both patches and the lung on the thoracic side. There were

no adhesions to bowel identified. Additionally, the inflammatory capsule that formed in
response to the patches were of similar thicknesses. Thus, the PU patch appears to invoke a
similar inflammatory response to the Gore-Tex'" patches. What is unknown is the degree to
which the PU patch integrates with the adjacent native diaphragm tissue. Further studies are
planned to include histochemical analyses of the degree of ingrowth of native diaphragm
muscle, connective tissue, and neovascularization, as these are critical components to
designing a patch which can adapt and grow with the child. One potential advantage of

the PU patch is the biodegradation rate can be altered, and by performing serial studies over
a variety of timepoints, we hope to match the degradation rate to the rate of tissue ingrowth
with the goal of complete replacement over time with native diaphragm.

J Pediatr Surg. Author manuscript; available in PMC 2023 May 15.
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Our mechanical testing of the PU patches in comparison to the Gore-Tex'" patches revealed
key differences. Grossly, the PU patch appears as a non-woven nanofibrous network,

while the Gore-Tex™ patch contains flakes and fibers. The nanofibrous scaffold has

several potential advantages. In addition to structural integrity, homogeneity, and structural
similarity to that of native collagenous matrix, they can be populated with cells such as
myoblasts or mesenchymal stromal stem cells, which may aid in diaphragmatic regeneration
[25,26]. Additionally, the modulus for Gore-Tex™ at higher strains was much higher than
that of PU (13-times), indicating that the PU patch behaves more like soft connective

tissue than the stiffer Gore-Tex™ patch. Cyclic loading-unloading testing showed that the
Gore-Tex patches underwent large plastic deformation while the PU patch exhibited elastic
behavior. This elastic behavior feature makes PU an attractive patch material for CDH,

as the diaphragm is subject to cyclic large ranges of deformation over the course of an
individual’s lifetime. Although the failure stress of Gore-Tex™ patch is much higher than
the PU patch, the failure stress of PU at 2.1 £ 0.9 MPa makes PU patch comparable to

other soft connective tissue such as heart valves, which primarily consist of collagen fibers,
elastic fibers, and glycosaminoglycans [27], and which work under a demanding mechanical
loading condition [27].

This pilot study has several limitations. First, the small sample size in each cohort limits

our ability to detect small differences between cohorts. The defect size is relatively small,
and future animal studies are planned with larger diaphragmatic defects. The model is one
of diaphragmatic defect in an adult animal and is surgically created, rather than a true
model of congenital diaphragmatic hernia. This is due to the small size of fetal rats and

the difficulty in performing diaphragmatic hernia repair on such a small scale /n utero.
Additionally, a surgical model was chosen to allow for identical defect creation with regards
to size and location, to reduce confounding factors when comparing the repair modalities.
Lastly, animals were survived for only 4 weeks to assess the short-term durability of this PU
patch; however, most recurrences occur within the first 1-2 years following repair in human
patients and longer-term survival studies are needed to evaluate long-term durability.

Future Directions

As one advantage of our PU system, many structural and mechanical features of the PU
patch are modifiable, including fiber modulus, fiber density, fiber orientation/alignment,
and fiber tortuosity, and future fine-tuning has the potential to fabricate patches more
closely mimicking the features of native diaphragm tissue. Future studies will be required
to evaluate the utility of the PU patch in the repair of larger diaphragmatic defects to

more closely mimic the large CDH defects that require patch repair in human patients. We
will also assess the evolution of the PU patch mechanical properties after implantation by
performing biomechanical characterizations on the explants obtained at various post-repair
time points. Additionally, longer-term outcomes will be evaluated as these repairs would
ideally last the lifetime of the patient. Further histochemical analyses are planned to assess
neovascularization into the patch and to evaluate for muscle fiber and collagen formation as
the patch integrates with surrounding diaphragm muscle over time.

J Pediatr Surg. Author manuscript; available in PMC 2023 May 15.
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CONCLUSION

In this preliminary study, the PU patch was durable over a 4-week period and allowed

for diaphragmatic excursion similar to control animals. There were similar inflammatory
responses to both patches within 4-week implantation. Further work is needed to evaluate
long-term functional outcomes and optimize the properties of the PU patch /n vitroand in
Vivo.
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Gore-Tex™

Figure 1:
Macroscopic and SEM images of Gore-Tex™ and PU patches.
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Figure 2:

(A) Stress-Strain curves of Gore-Tex™ and PU patches. (B) Summary table of failure
stress, failure strain, and moduli at different strain ranges. Cyclic stretching graphs of (C)
Gore-Tex'" and (D) PU patches to 30% strain over 10 cycles.
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Figure 3:
Fluoroscopic evaluation of diaphragmatic excursion at 1 week and 4 weeks after surgery.

*denotes significance at p < 0.05.
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Figure 4
Histologic images of the PU and Gore-Tex™ patches showing the inflammatory capsule

which formed on the abdominal and thoracic sides of the patches. The black bars indicate
the measured inflammatory capsules.
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