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Abstract

Integrating three-dimensional printing with the creation of tissue-engineered vascular grafts could provide a readily
available, patient-specific, autologous tissue source that could significantly improve outcomes in newborns with
congenital heart disease. Here, we present the recent case of a candidate for our tissue-engineered vascular graft clinical
trial deemed ineligible due to complex anatomical requirements and consider the application of three-dimensional
printing technologies for a patient-specific graft. We 3D-printed a closed-disposable seeding device and validated that
it performed equivalently to the traditional open seeding technique using ovine bone marrow—derived mononuclear
cells. Next, our candidate’s preoperative imaging was reviewed to propose a patient-specific graft. A seeding apparatus
was then designed to accommodate the custom graft and 3D-printed on a commodity fused deposition modeler. This
exploratory feasibility study represents an important proof of concept advancing progress toward a rationally designed

patient-specific tissue-engineered vascular graft for clinical application.
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Background

Congenital cardiac anomalies are the leading cause of death
in the newborn period and approximately 25% of these
patients require cardiac surgery in the first years of life.!3
Patients with univentricular heart disease bear a large bur-
den of the morbidity and mortality associated with congeni-
tal heart disease and present unique and challenging
management decisions. These patients typically undergo
staged palliation procedures to ultimately connect the sys-
temic venous return passively to the pulmonary arteries and
utilize a single ventricle for systemic cardiac output. The
Fontan operation is the final palliative step at which time
the inferior vena cava is directly connected to the pulmo-
nary arteries. Lack of suitable autologous tissue for con-
struction of a large caliber blood vessel necessitates the use
of synthetic materials for the Fontan conduit, and the
current standard of care is to use Dacron® or GoreTex®
grafts. While use of synthetic materials for vascular graft-
ing carries a known risk of infection, rejection,
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calcification, aneurysm, thrombosis, and/or stenosis, the
Fontan physiology is particularly sensitive to graft geome-
try in that a suboptimal hemodynamic profile can limit pul-
monary blood flow and result in systemic venous congestion
with deleterious consequences, including the development
of chronic liver disease and protein losing enteropathy.*
Consequently, a common approach is to oversize the Fontan
conduit, thereby allowing a child to “grow into” their graft;
however, this technique can lead to non-laminar flow,
mural thrombus, and intimal hyperplasia, which can pro-
gress to critical stenosis.>® The long-term performance of
traditionally utilized synthetic grafts is understudied, yet
recent research has demonstrated that poor biocompatibil-
ity, lack of growth potential, and suboptimal graft geometry
contributes to the incidence of reoperation and/or endovas-
cular intervention. %11

Our group has pursued the development of a tissue-
engineered vascular graft (TEVG) for use in the Fontan
operation.'>!4 A completely autologous Fontan graft
would be a significant improvement to the current stand-
ard of care if optimized to mitigate the complications
associated with synthetic materials and provide the added
benefit of size matching and growth potential. We are
currently amidst the first Food and Drug Administration
(FDA)-approved clinical trial (FDA IDE 14127) evaluat-
ing the use of bone marrow mononuclear cell (BM-MNC)
seeded TEVGs in the pediatric population and four
patients have received TEVGs in the United States to
date. The most significant benefit of the TEVG is its bio-
degradability, which renders a completely autologous
vascular conduit that can grow and remodel with its host,
obviating the risk of serial reoperation to upsize the graft
due to somatic overgrowth.!>16 Currently used scaffolds
in our clinical trial comprise a knitted polyglycolic acid
(PGA) tube sealed with a 50:50 copolymer solution of
L-lactide-ge-caprolactone (PLCL) and are provided by
Gunze, Ltd. (Kyoto, Japan).!2 The biocompatibility and
in vivo degradation profiles of PGA and PLCL have been
extensively studied; these polyesters degrade via ester
hydrolysis into naturally occurring metabolites, and both
are FDA approved.'”!8 While promising, our approach is
limited by many of the same challenges facing synthetic
graft materials, primarily (1) the TEVG is not resistant to
stenosis and (2) only linear scaffolds of constant diameter
are currently available (13 cm long with inner diameters
ranging from 10 to 20mm in increments of 1mm).
Ultimately, cases of complex anatomy that could not be
sufficiently addressed with an isodiametric linear graft
can render a Fontan candidate ineligible to receive a
TEVG in our trial. A further limitation is that the time,
labor, and resource-intensive nature of TEVG prepara-
tion along with the complexities of maintaining a Good
Manufacturing Practice (GMP)-compliant clean room
limit the widespread adoption of the BM-MNC seeded
TEVG.

Approach

In the past decade, patient-specific Fontan graft geome-
tries have been proposed born from strides in the computa-
tional modeling of univentricular hemodynamics.
Integration between clinicians and engineers has provided
patient-specific models to predict Fontan outcomes and
direct clinical decision-making.!?2% This multidisciplinary
approach has provided a critical first step in the surgical
planning,?! computational simulation,?? and optimization?
of Fontan conduits in the congenital heart population.
Furthermore, advances in additive manufacturing promise
the ability to generate patient-specific regenerative
implants for cardiovascular applications.?*2¢ Incorporating
patient-specific modeling and customized regenerative
implants to yield an optimized patient-specific TEVG is a
natural extension of significant progress in both fields.
However, the feasibility of this integration into a seamless,
safe, and efficacious clinical protocol is currently theoreti-
cal and the subject of ongoing investigation.

We recently established the feasibility of implanting
nonlinear cell-free TEVGs in a juvenile lamb model with
relative success.?’ In this study, a TEVG scaffold was co-
electrospun from PGA and PLCL onto a custom 3D-printed
mandrel. Grafts were implanted in an ovine model for
6 months and evaluated for patency and neotissue forma-
tion. No adverse events were encountered and the custom
electrospun TEVG performed comparably to traditional
linear scaffolds in the same large animal model.!> While
promising, this study examined too few animals over too
short a time course to advocate adoption of cell-free elec-
trospun grafts. In fact, in a murine model, the co-electro-
spun PGA/PLCL scaffold required autologous cell seeding
to maintain graft patency.?® This result is consistent with
both murine and ovine work from our group reporting that
BM-MNC seeding reduces the acute host inflammatory
responses that contribute to the development of intimal
hyperplasia and the progression of stenosis.?*-32 In fact, we
recently described a dose-responsive effect of BM-MNC
seeding, which indicated that an approximately fourfold
increase in the number of seeded cells could effectively
prevent the development of TEVG stenosis.?’ Thus, we
propose that the second-generation TEVG should be opti-
mized to the anatomical and physiological requirements of
each recipient and seeded with a high dose of BM-MNCs.

The current clinical protocol for manufacture of the
TEVG is an intricate and coordinated effort between a mul-
tidisciplinary team (Figure 1). Briefly, on the day of implan-
tation, SmL/kg of bone marrow is aspirated from the iliac
crests of the graft recipient. Bone marrow is delivered to an
ISO Class 7 Clean room where mononuclear cells are
enriched via density gradient centrifugation and two sequen-
tial washes of phosphate-buffered saline (PBS). During
BM-MNC enrichment, the surgeon begins the Fontan oper-
ation and determines the appropriate graft size, which is
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Figure 1. Flowchart of the current clinical TEVG fabrication protocol. Boxed items indicate process components, diamonds
highlight a critical process decision, and circles indicate release testing. Briefly, 5mL/kg whole bone marrow is aspirated from the
iliac crests of the Fontan patient prior to operation. After aspiration, the patient is prepped for Fontan completion and dissection
is begun. The bone marrow is delivered to an ISO Class 7 Clean room where mononuclear cells are enriched via density gradient
centrifugation. Samples for in-process testing are collected and include cell viability and CD45 flow cytometry. The seeding team
waits for a call from the operating room, which communicates the appropriate graft diameter based on intraoperative conduit
sizing. The graft is selected and seeded via an operator independent vacuum method. Samples are collected for release testing and
include Gram staining of a graft sample, dsDNA assay, and seeding efficiency. Sterility cultures are also collected for post-process
monitoring. If all tests pass the criteria, then the seeded TEVG scaffold is delivered to the operating room for implantation.

communicated to the clean room team. Per the intraopera-
tive sizing, a scaffold is selected and affixed to a fenestrated
mandrel. The mandrel and scaffold are then placed in a
graduated cylinder and PBS is added to submerge the scaf-
fold. Negative pressure is applied (—5 to —10mmHg) and
the scaffold is “pre-wet” with the PBS. Next, the enriched
BM-MNCs are added and vacuumed through the scaffold’s
wall, embedding BM-MNCs within its pores. The seeded
graft is removed from the mandrel and sampled to evaluate
seeding efficiency and sterility (among other criteria) prior
to release to the operating room for implantation.

More recently, we have replaced this labor-intensive,
complex process with a closed disposable filtration/elution
system. We have previously characterized and determined
the biological equivalency of a closed disposable filtra-
tion/elution system for BM-MNC enrichment.>335 Not
only does this method accomplish BM-MNC enrichment
in less than 1h, use of multiple filters in parallel would
permit the processing of greater bone marrow volumes
which could be used to increase the seeded cell dose by
providing a greater number of BM-MNC:s in the preseed-
ing solution. What has been unexplored to date, however,
is the seeding of a scaffold with nonlinear geometry and
nonconstant diameter. Additive manufacturing has recently
become the gold standard for rapid fabrication of custom
implant grade medical devices,?*3¢-3% and we sought to
examine its potential within the context of TEVG seeding.
We utilized computer-aided drafting (CAD) to recapitulate
a previously proposed closed seeding apparatus that
attaches to the Luer Lock of the filtration/elution system
(Figure 2).33 This apparatus was then 3D-printed from pol-
ylactic acid (PLA) filament using a fused deposition

modeler (Ultimaker 2) and sterilized with ethylene oxide
gas. We used the previously described closed filtration/
elution system (HemaTrate™ System, Cook Regentec,
Indianapolis, IN) to enrich BM-MNCs from an aspirate of
juvenile lamb bone marrow (60mL whole bone mar-
row).3*33 A current clinical scaffold (14 mm inner diame-
ter) was then vacuum seeded with the eluted BM-MNCs
using our 3D-printed apparatus. As previously described,
seeding is accomplished without the use of bioreactor cul-
ture and relies upon the applied vacuum pressure
and porosity of the scaffold to embed cells within its
walls.323439 The seeded scaffold was sampled for determi-
nation of seeding efficiency (hematology analysis of pre-
and postseeding solutions) and cell density (PicoGreen
dsDNA assay) and passed current release criteria
(25,983+£6195  cells/fmm3>1000  cells/mm3,  and
40.48%>10% seeding efficiency). BM-MNC cell nuclei
were identified within the pores of a frozen section of a
mid-graft sample, confirming DNA assay findings (Figure
2). The 3D-printed seeding apparatus performed equiva-
lently to that of the traditional open seeding setup.
Encouraged by these preliminary data, we sought to apply
the novel approach to a relevant clinical scenario in which
a currently available scaffold and the traditional seeding
technique would be inadequate.

Application

A 10-year-old male was diagnosed with heterotaxy syn-
drome with asplenia, dextrocardia, right dominant atrio-
ventricular canal defect with a severely hypoplastic left
ventricle, double outlet right ventricle with malposed great
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Figure 2. (a) Rendering of 3D-printed closed, disposable seeding system for preparation of currently utilized TEVG scaffolds. (b)
Photographs of 3D-printed prototype utilized in this report. (c) 20% photomicrograph of seeded scaffold section stained with DAPI
visualized with polarized transmitted (top) and fluorescent reflected light (middle) to identify birefringent scaffold polymer and
seeded cell nuclei, respectively. The merged image (bottom) reveals seeded BM-MNCs embedded within the porous scaffold wall

and confirms dsDNA assay results.

arteries with subpulmonary stenosis, and supracardiac total
anomalous pulmonary venous return (TAPVR) to the supe-
rior vena cava. The patient had undergone TAPVR repair
and received a bidirectional Glenn shunt in preparation for
the Fontan completion. Cardiac magnetic resonance imag-
ing (CMR) was obtained and his case proposed by the car-
diology team at Nationwide Children’s Hospital (Columbus,
OH) for enrollment in the clinical trial to receive a Fontan
TEVG (Figure 3). Unfortunately, the patient was deemed
ineligible for enrollment due to overly complex anatomy
and the need for a nonlinear TEVG conduit. This case rep-
resents a situation in which the ideal Fontan conduit would
not be the currently utilized scaffold, and offered a unique
opportunity to explore the feasibility of a patient-specific
TEVG and 3D-printed seeding apparatus.

CAD and the reconstructed CMR imaging were used to
design a custom TEVG scaffold. Notable features of the
first patient-specific TEVG were its nonconstant diameter
(ranging from 18 to 24 mm), overall length greater than
13cm (14.5cm), and the presence of a doubly meandering
compound curve. We first designed the seeding mandrel to
accommodate the theoretical graft using a double-helixed
lattice terminating with the cap of the seeding chamber.
There was remarkable similarity between the custom
designed scaffold and mandrel and the shape adopted by
the traditional Gore-Tex conduit used in this patient for his
Fontan completion (Figure 4). The seeding chamber was
designed to hold the volume of scaffold, mandrel, and
120 mL of enriched BM-MNCs from our filtration/elution
system, which would correspond to a 20 mL/kg aspiration
from a 10-kg child (a fourfold higher dose than our current
clinical protocol). The inlet and outlet (preseeding and
postseeding solutions, respectively) are connected to the

either the filtration/elution system’s transfusion tubing
(inlet) or vacuum tubing from the specimen traps (outlet)
via Luer Lock and barbed ports. A final air inlet was fitted
with a 40-pm sterile air filter (Figure 5). The assembly of
the graft, mandrel, and seeding chamber would be per-
formed in a sterile field during the operation at the bedside
and sterile connections made to the closed disposable fil-
tration/elution system. The CMR reconstruction/analysis,
design of the custom graft and seeding apparatus, and
3D-printing the seeding device required a total of 36 h.

Future directions

The design criteria for the graft discussed in this report
were purely anatomic in nature, but future iterations of this
approach would incorporate fluid dynamic computational
modeling, among other predictive in silico techniques to
model the optimal graft geometry on macro, micro, and
nanoscales.!92122.2340 A well-powered large animal study
evaluating the long-term performance of custom BM-MNC
seeded TEVGs would be required before advocating trans-
lation to the clinic. A challenge to overcome will be the
difficulty in recapitulating the complex anatomies required
in the pediatric congenital heart population in the native
juvenile lamb model. In addition, it will be critically impor-
tant to redefine the current clinical protocol to include pre-
operative TEVG planning, scaffold design, seeding
apparatus manufacturing, and BM-MNC enrichment/scaf-
fold seeding. The proposed pipeline to rapidly fabricate and
seed an optimized patient-specific TEVG (Figure 6) begins
with the preoperative imaging studies. Reconstructed CMR
images would be used to determine the anatomical require-
ments of the patient receiving the Fontan conduit, then fluid
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Figure 3. Preoperative CMR reconstructions of a candidate
Fontan TEVG patient in the (a) coronal plane viewed from the
(a) anterior-posterior and (b) posterior—anterior perspectives.
The patient presented with heterotaxy syndrome, asplenia,
associated dextrocardia, right dominant atrioventricular canal
defect with a severely hypoplastic left ventricle, double outlet
right ventricle with malposed great arteries with subpulmonary
stenosis, and total anomalous pulmonary venous return
(TAPVR) to the superior vena cava status post TAPVR repair
and bidirectional Glenn shunting. CAD was used to propose

a patient-specific TEVG conduit, which was superimposed on
the CMR reconstructions. The proposed Fontan conduit is
highlighted in green and viewed in the coronal plane from the
(c) anterior—posterior and (d) posterior—anterior perspectives.

dynamic and mechanobiologic computational modeling
employed to determine the optimal scaffold design in sil-
ico. The scaffold would then be electrospun on a 3D-printed
mandrel corresponding to the patient-specific design as
previously described.?” In parallel, the custom seeding
mandrel and chamber would be designed and 3D-printed as
described in this report. Scaffold and seeding apparatus
would be sterilized via ethylene oxide gas or y-irradiation,
delivered to the surgical team during bone marrow aspira-
tion, and connected to the closed disposable filtration/

elution system in a sterile fashion. BM-MNCs would be
enriched via the closed filter, eluted to the seeding chamber
containing mandrel and scaffold, and a vacuum applied to
complete seeding as previously described. This workflow,
although speculative, would allow for a readily available
patient-specific TEVG for point-of-care treatment of con-
genital heart disease and is the focus of our ongoing trans-
lational efforts.

Methods

Animal care and ethics statement

The Institutional Animal Care and Use Committee of the
Research Institute at Nationwide Children’s Hospital
(Columbus, OH) reviewed and approved the protocol
(AR13-00079). Representatives of the Animal Care staff
monitored the animal utilized in this study both intraopera-
tively and during recovery. The experimental procedure
and animal care was within the humane guidelines pub-
lished by the Public Health Service, National Institutes of
Health (Bethesda, MD) in the Care and Use of Laboratory
Animals (2011), as well as USDA regulations set forth in
the Animal Welfare Act.

Bone marrow harvest

One juvenile sheep (Ovis aries, 25kg) underwent bone mar-
row harvest for scaffold seeding. The sheep was induced using
a cocktail of ketamine (10mg/kg) and diazepam (0.5 mg/kg)
and the anesthetic plane was maintained with isoflurane (1%—
4% in 100% O,). The animal was placed in lateral recumbent
position and the area overlying the iliac crest was prepped and
draped in standard sterile fashion. A 2-mm incision was made
over the bony prominence and the iliac crest was cannulated
with an Illinois aspiration needle (15G, CareFusion; Vernon
Hills, IL). Heparinized syringes (100 U/mL in normal saline)
were used to aspirate 60 mL of bone marrow, which was trans-
ported to a biosafety cabinet for mononuclear cell enrichment
and scaffold seeding using the 3D-printed closed-disposable
system as previously described.33-3539

DNA assay

Immediately following graft seeding, the scaffold
(13cmx1.4cm) was sectioned into 5x5mm? samples
from the top, middle, or bottom (n=5 sections/region) for
determination of seeded cell density. An aliquot of the pre-
seeding BM-MNC solution was used to generate a stand-
ard curve of known cell concentration via serial dilution.
The samples and standards were incubated in dH,O at
—80°C in a 96-well plate to induce cell lysis. The double-
stranded DNA concentration of a 50 uL aliquot of each
sample was determined via fluorometric Quant-iT™
PicoGreen™ dsDNA assay, following the manufacturer’s
protocol (ThermoFisher Scientific).
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Figure 4. (a) Design of patient-specific TEVG conduit demonstrating a compound curve and lumen diameter changing 3.0mm from
the proximal to distal anastomoses. (b) 3D renderings of (a). (c) A custom fenestrated seeding mandrel was reverse-engineered
from the proposed scaffold. (d) Intraoperative photograph from the proposed TEVG candidate after implantation of a standard-
of-care Gore-Tex conduit. Note that the linear conduit adopted a nonlinear shape in response to patient anatomy, which closely
resembles the geometry of the proposed patient-specific TEVG scaffold.

Figure 5. A custom patient-specific seeding apparatus was designed to accommodate the custom seeding mandrel. (a) Rendering
of 3D-printed patient-specific closed-disposable seeding system. (b) Photograph of 3D-printed apparatus fabricated as a proof of

concept.

Dark field imaging of seeded scaffold

A mid-graft sample of the seeded TEVG was embedded in
O.C.T. Compound (Tissue-Tek, Sakura) and snap frozen
on dry ice. Sections (10um thick) were prepared via
microtome (Leica CM 1950) and mounted on positively
charged slides (Superfrost™ Plus, Fisher Scientific).
Slides were air-dried at room temperature for 30 min and
then sections fixed with 10% neutral buffered formalin
(Fisher Scientific) for 10min. After two consecutive
washes with 1x PBS 0.05% Tween-20 (5min per wash),
slides were stained with 4',6-diamidino-2-phenylindole
(DAPI, SlowFade™ Gold Antifade Reagent with DAPI,
ThermoFisher Scientific) and coverslipped. Dark field

photomicrographs were obtained with a Zeiss Axio
Observer Z1 inverted microscope using an 89 North
PhotoFluor LM-75 light source and the appropriate fluo-
rescent filter at 20x magnification. Scaffold polymers
were visualized by polarized light. Images were processed
and merged using ImageJ (NIH).

CMR acquisition, reconstruction, and custom
graft design
A CMR study was performed on a 1.5T GE Signa Excite

magnetic (General Electric Healthcare; Milwaukee, WI).
Contrast-enhanced magnetic resonance angiography
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Figure 6. Incorporation of fluid dynamic and mechanobiologic computational modeling with additive manufacturing would permit
a revised clinical protocol for design and preparation of the Fontan TEVG. Boxed items indicate process components, diamonds
highlight a critical process decision, and circles indicate “go/no go” testing. Briefly, preoperative CMR would inform computational
models to predict the optimal scaffold design. This design would be used to create a custom scaffold and 3D-printed seeding
device. Bone marrow would be aspirated prior to start of the Fontan operation and a closed, disposable system for bone marrow
mononuclear cell enrichment would be connected to the closed custom seeding apparatus. Vacuum seeding would be completed
and samples collected for release testing prior to being implanted as a patient-specific Fontan conduit.

(MRA) of the chest was obtained after infusion of
Gadofosveset trisodium (Ablavar® Lantheus Medical
Imaging, Billerica, MA), an intravascular contrast agent
to enhance both the cardiac and extra-cardiac structures.
The acquired 3D dataset was then imported into a separate
workstation for 3D processing using a specialized 3D ren-
dering program (Vitrea Enterprise Suite Software 6.7.0,
Vital, A Toshiba Medical Systems Company). After 3D
reconstruction was performed by the Advance Processing
Laboratory technician (A.T. and K.H.), the relevant anat-
omy including the inferior vena cava, pulmonary arteries,
and pulmonary veins were identified. A custom-designed
virtual graft was created that connected the inferior vena
cava to the right pulmonary artery just proximal to the
first upper lobe branch. The goal of the custom-designed
virtual graft was to find the best pathway that avoided
compression of the graft or other cardiac structures (pul-
monary vein) as shown in Figure 3. This custom graft
design was then used as a model for the CAD design and
subsequent 3D-printing of the closed seeding apparatus.

CAD and 3D-printing

The cross-sectional area and centerline curve of the patient-
specific conduit was imported into Rhino 3D for Mac
(Seattle, WA). A scaffold wall thickness of 1mm was
assumed and a solid volume was created that represented
the patient-specific TEVG. From this model a seeding
mandrel was reverse-engineered with the following design
features: >6 mm clearance between the scaffold and interior
of the seeding chamber, a 3 x 20 mm thick base to stabilize
the seeding chamber, a beveled cap creating an airtight seal
once the scaffold and mandrel are in place, airtight Luer
Lock fasteners for the BM-MNC input, 40 um air filter, and
suction tubing. After CAD modeling was complete, each
individual component was exported in .stl format and
opened in a .gcode slicing format (Cura 3.0.3 Geldermalsen,

The Netherlands and Preform, Cambridge, MA). The seed-
ing chamber was printed on an Ultimaker2 +Extended 3D
printer (Geldermalsen, The Netherlands) with the follow-
ing configuration: translucent PLA monofilament, 0.4-mm
nozzle, 0.1-mm layer thickness 20% infill density, 90 mm/s
print speed. The patient-specific mandrel and seeding cap
was printed on a Form 2 3D printer (Cambridge, MA) with
the following configuration: durable v1 resin, 0.1-mm print
layer, support density of 1.00, and support point size of
0.70 mm. The seeding chamber and mandrel cap assembly
were printed in parallel: the seeding chamber required 17h
to print and clean and the mandrel required 12 h.
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