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Abstract

Calcification in prosthetic vascular conduits is a major challenge in cardiac and vascular surgery
that compromises the long-term performance of these devices. Significant research efforts have
been made to understand the etiology of calcification in the cardiovascular system and to combat
calcification in various cardiovascular devices. Novel biomaterial design and tissue engineering
strategies have shown promise in preventing or delaying calcification in prosthetic vascular grafts.
In this review, we highlight recent advancements in the development of acellular prosthetic
vascular grafts with preclinical success in attenuating calcification through advanced biomaterial
design. We also discuss the mechanisms of action involved in the designs that will contribute to
the further understanding of cardiovascular calcification. Lastly, recent insights into the etiology
of vascular calcification will guide the design of future prosthetic vascular grafts with greater
potential for translational sucess.
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1. Introduction

Cardiovascular disease (CVD)-related mortalities have risen from 12.1 million in 1990 to
18.6 million in 2019 (Roth et al., 2020). The majority stems from narrowing or blockage

of vital blood vessels, resulting in end- organ and tissue ischemia due to interrupted blood
supply. To re-establish the blood supply, more than 300,000 coronary artery bypass surgeries
(Benjamin et al., 2019) and 375,000 lower extremity bypass surgeries (Goodney et al., 2009)
are performed in the United States each year. Autologous vein or artery remains the conduit
of choice for bypass surgeries; however, poor quality and limited availability have led to

the use of synthetic materials such as polytetrafluoroethylene (PTFE), polyurethane (PU)
and silicone (Park et al., 2001). The global vascular grafts market is currently dominated by
synthetic grafts (e.g., GoreTex and Dacron), with an estimated value of $2.01 billion USD

in 2018 (Gupta & Mandal, 2021). Unfortunately, current prosthetic vascular conduits have
unacceptably high failure rates: saphenous vein grafts used in coronary artery bypass fail
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at rates of ~40% in 10 years (Goldman et al., 2004). Grafts for peripheral artery bypass
experience failure rates of ~35% at just one year, and over 70% of lower extremity grafts
eventually require re-intervention (Conte et al., 2006). Thus, these devices often require
future hospital visits for graft replacement or endovascular manipulation to restore patency,
introducing further costs and risks to the patient.

Interstitial calcification is frequently found within synthetic vascular grafts and is associated
with vascular graft failure. In a 2011 report, Mehta et al. examined 40 clinically failed PTFE
bypass grafts and found 68% of the cases presented calcifications either within or adjacent
to the prosthetic conduits, some as early as 1 month after implantation. Calcification is
characterized by ectopic mineral formation in the form of calcium phosphate or other
calcium salts, which can cause clinical device failure due to mechanical dysfunction.
Additionally, calcification can also increase the risk of heart attack, stroke and amputation
for patients due to vascular obstruction and embolization of calcific deposits (Levy et al.,
1991). Therefore, there is a need to design novel vascular graft materials that are resistant to
developing calcification.

Calcification within prosthetic vascular conduits closely resembles vascular calcification

in atherosclerotic arteries, which is a highly prevalent feature of aging, chronic kidney
disease (CKD), and diabetes (Ho & Shanahan, 2016). Once considered a passive process
of mineral precipitation, it is now clear that vascular calcification is a consequence of a
tightly regulated process that resembles skeletal bone formation (Demer & Tintut, 2008).
During the process, vascular smooth muscle cells (VSMC) undergo osteo-chondrogenic
transdifferentiation, developing ectopic mineralization in the vascular walls (Johnson et al.,
2006). Although prevailing perspective on vascular calcification has evolved significantly in
the past two decades, the specific mechanism of its pathogenesis remains elusive. A variety
of factors have been linked to the pathogenesis of vascular calcification, including matrix
remodeling, endoplasmic reticulum stress (ERS), apoptosis, inflammation, and reactive
oxygen species (ROS), which have been previously reviewed by others (Figure 1) (Durham
et al., 2018; El-Abbadi & Giachelli, 2007; Ho & Shanahan, 2016; Leopold, 2015).

In this review, we highlight recent bioengineering advances from the past 30 years (with

a heavy emphasis on the past 10 years) in the design of acellular prosthetic vascular
conduits to combat device calcification. To the authors’ knowledge, there has been no
comprehensive update of calcification in cardiovascular implants since Levy et al. published
their review in 1991. This new summary includes efforts to specifically target biological
processes contributing to calcification, especially as the field’s understanding of calcification
etiology has improved greatly in the past three decades. Vascular grafts that demonstrated a
reduction in calcification with non-specific mechanisms of action are also discussed through
the lens of future opportunities to better understand calcification pathology and inhibition.
Cell-seeded vascular grafts and other graft performance outcomes (including neointimal
hyperplasia and thrombosis results) have been extensively reviewed elsewhere (Naegeli

et al., 2022; Pashneh-Tala et al., 2016; Saito et al., 2021) and are beyond the scope of

this review. Most efforts are still in early stages of development and have been evaluated
preclinically. The translational perspective of those materials are discussed. Additionally, we
propose a humber of bioengineering strategies for future vascular conduit design that utilize
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the current understanding of vascular calcification pathogenesis. Improvements in prosthetic
graft technology to combat calcification will have a far-reaching impact on many different
fields.

2. Bioengineering Strategies to Combat Vascular Graft Calcification

A number of bioengineering strategies have been explored to prevent and reduce
calcification in prosthetic vascular grafts, including the development of novel materials,
the incorporation of therapeutics, and the fabrication of vascular scaffolds with different
microstructures. Those vascular graft designs were evaluated in different preclinical

animal models for various periods of time for signs of calcification, along with other
parameters such as neointimal hyperplasia, inflammation, and endothelialization. Due to
the heterogenity of the study designs, it is difficult to compare vascular grafts made

from different materials and claim certain materials as anti-calcific. Instead, we aim to
summarize strategies that could be generally applicable to a number of materials for vascular
applications. The approaches with their mechanisms of action are highlighted in Figure 2
and summarized in Table 1. Structures of polymers used in anti-calcific grants are provided
in Figure 3.

2.1. Surface Modification that Prevents Calcium Deposition

Calcification in the vascular system was once considered a passive process of mineral
deposition. Thus, early studies in the field mostly focused on surface modification of
prosthetic vascular grafts to prevent passive calcium deposition. One such strategy was
sulfonated poly(ethylene oxide) (PEO) coating to prevent calcium binding (Han et al.,
1993; Park et al., 1997). Han et al. (1993) used PEO coating on a porous PU graft

in a canine right ventricle-pulmonary artery shunt system in an attempt to improve
hemocompatibility, biostability, and anti-calcification properties. In addition to a reduction
in platelet adhesion, dissolved calcium from the coated portion of each graft was lower
than the control side of the graft as determined by inductively coupled plasma atomic
emission spectrometer. The group proposed that the reduction in calcium deposition was
due to the non-adhesive and mobile characteristics of PEO and the negative charge of

the sulfonate acid groups. However, limitations in this study include the short duration of
the animals’ survival (up to 39 days) and the small sample size (n=3). The authors noted
that the extent of calcium deposition increased over time even in PEO treated samples,
suggesting that the coating slows calcification rather than prevents it in the long-term.
Others have used heparin coating for its anti-thrombotic and anti-calcific activities. For
example, Chanda et al. (1999) used a heparin coupling technique to reduce the amount of
calcification in bioprosthetic vascular grafts made of glutaraldehyde-cross-linked segments
of arteries and veins. In a rat subcutaneous model, heparin-coupled bioprosthetic vascular
grafts significantly reduced calcium content compared to controls without heparin coating
at 5 months after implantation. However, as recent studies have indicated that vascular
calcification is an active process that resembles bone formation, prevention of passive
calcium deposition is expected to have limited effect on the long-term prevention of
calcification.
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2.2. Biomaterial Design that Favors Cell Recruitment and Matrix Remodeling

One of the major criteria to consider during prosthetic vascular graft design is the host
remodeling capability. Prompt remodeling of prosthetic vascular grafts from biomaterials

to neo-arteries is important to reduce the duration of host exposure to foreign materials,
thus reducing the chance of calcification due to chronic foreign body reaction. Rapid
degradation of synthetic materials and improvment of cell recruitment in the prosthetic
grafts to accelerate the process of extracellular matrix (ECM) remodeling has resulted in the
prevention of calcification as summarized below.

A variety of bioresorbable polymers have been developed for vascular tissue engineering
applications, such as poly(L-lactic-co-e-caprolactone) (PLCL), poly (L-lactic acid) (PLA)
and polyglycolic acid (PGA) (Toong et al., 2020). These polymers can be fabricated into
vascular scaffolds with various dimensions, pore size, and tunable degradation rate, resulting
in differences in material degradation, cell infiltration and matrix remodeling rate. From
several studies carried out by different research groups, vascular grafts with higher rates

of cellular infiltration consistently led to significant reduction in calcification development.
For example, Sugiura et al. (2017) demonstrated that vascular grafts made with a fast-
degrading PLA and PGA nanofiber outer layer exhibited significantly lower calcification
than those with a slow-degrading PLA nanofiber outer layer when evaluated in a murine
abdominal aorta model for 8 weeks. This was attributed to the fast cellular infiltration

within the fast-degrading material. Another study conducted by Fukunishi et al. (2021)

used fast-degrading engineered vascular grafts with high polydioxanone (PDO):PLCL ratio,
which showed formation of monolayer of endothelial cells, mechanical properties acting like
native arteries, well-organized ECM, and no calcification after one month of implantation in
the abdominal aorta of female rats. In contrast, slow degrading grafts with low PDO:PLCL
ratio exhibited more vascular stiffness, less collagen and elastin, and evidence of vascular
calcification. This study indicated that controlling degradation rate through polymer ratios
can influence the development of calcification through regulation of cell infiltration. Tara

et al. (2014) demonstrated that bioresorbable PLA-PLCL grafts fabricated with larger pore
size led to higher VSMC infiltration, lower macrophage density, and significantly less
calcification after 12 months of implantation compared to small pore PLA grafts. This
suggests that the pore size of the material is important in regulating the cell type involved
during tissue remodeling. All three of these studies together demonstrate that the related
effects of faster degradation rates, higher cell infiltration, and reduced foreign body presence
confer anti-calcific properties.

Polycaprolactone (PCL), a biodegrading polymer, has been frequently used in vascular
applications due to its excellent mechanical properties, slow degradation rate, and good
biocompatibility. To fabricate PCL into vascular grafts, electrospinning is often used to
produce polymeric micro and nano-fibers, forming porous scaffolds. However, calcification
is common in PCL-based vascular grafts, especially when evaluated in the long-term.

For example, de Valence et al. (2012) implanted electrospun PCL micro and nano-fiber
based vascular grafts in a rat abdominal aorta replacement model and found chondroid
metaplasia and calcification occurring in the intimal hyperplasia layers starting at 6 weeks
after implantation, which spread over time in both volume and extent. After 18 months,
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calcification in the form of compact bone with viable osteocytes can be found, with 86 +
5% of the graft length and 14.4 + 1.9% of the graft volume calcified. In another study, Zhao
et al. (2021) also used electrospinning technology to prepare tubular vascular grafts made
with PCL with and without fibrin. The incorporation of fibrin improved cell infiltration and
proliferation which led to higher microvessel density and less calcification when compared
to PCL control at 3 months after implantation in the rat abdominal aorta. The PCL/fibrin
graft also induced the regeneration of neo-arteries which stimulated faster endothelialization
and ECM deposition, with higher level of expression of smooth muscle contractile protein
at 9 months after implantation compared to PCL graft. This shows that inclusion of fibrin

to PCL vascular grafts can induce the host to perform functional reconstruction and vascular
regeneration, which may be attributed to the increased cell infiltration. In addition, Wu

et al. examined the long-term performance of a macro-porous PCL graft. Previously, the
group had shown that using fibers 5-6 microns in diameter with resulting pores of around
30 microns allowed for increased cell infiltration, increased ECM production, and the
modulation of macrophages to their immunomodulatory phenotype (Wang et al., 2014).

The PCL graft showed no calcification after 1 year of implantation in the rat abdominal
artery. Moreover, neo-vessels were reconstructed on the luminal surface of the graft forming
a complete layer of endothelial cells and some layers of smooth muscle cells (Wu et al.,
2018). This demonstrated that using macro-porous vascular grafts improved the regeneration
of the neo-vessel which mirror the structure and function of the native arteries. More
recently, Zhi et al. (2022) created PCL-based vascular grafts inspired by architectural
engineering. Specifically, modeled after architectural design of steel fiber reinforcement

of concrete for tunnel construction, PCL fiber skeletons were fabricated by melt-spinning
and heat treatment before subcutaneous embedding for the deposition of cells and ECM. The
biotubes were then implanted in a rat abdominal aorta replacement model (1 month), canine
peripheral bypass model (7 months), and a sheep arteriovenous graft model (3 months) and
demonstrated long-term patency without neointimal hyperplasia or calcification. Therefore,
modification of PCL-based vascular grafts with bioactive components or structure that favor
cell recruitment and matrix remodeling can reduce calcification.

Poly(glycerol sebacate) (PGS) is another biodegradable polymer that has been studied
extensively for various biomedical applications. The degradation of PGS was found to

be based on surface erosion rather than bulk degradation, which reduces the formation

of fibrotic tissue (Wang et al., 2002; Wang et al., 2003). Due to its biodegradability, non-
thrombogenic properties and mechanical properties closely resembling native vessels, PGS
has been frequently selected for vascular graft design by different groups. Vascular grafts
made with PGS have demonstrated anti-calcific properties. For example, Wu et al., designed
a rapid degrading vascular graft made with heparin-coated porous PGS tube wrapped with
an electrospun PCL sheath. This cell-free biodegradable elastomeric graft degraded rapidly
to yield neoarteries nearly free of foreign materials 3 months after interposition grafting

in rat abdominal aorta without signs of calcification (Wu et al., 2012). This design helped
the neo-arteries to mirror the structure of the native arteries in terms of regular, strong,

and synchronous pulsation, layers of endothelium and contractile VSMCs expression of
elastin, collagen, and glycosaminoglycan with desirable mechanical properties. In another
study, Fukunishi et al. (2019) developed a braided PGA textile graft and coated with PGS.
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The PGA textile graft alone was insufficient to stop calcification when implanted in a rat
infrarenal abdominal aorta interposition model. However, with PGS coating, calcification
area of the media was reduced significantly at 1, 3, and 6 months. Additionally, Allen et

al. (2014) and Yang et al. (2019) both independently demonstrated the lack of calcification
in fast-degrading PGS-PCL grafts at 1 year in abdominal aorta interposition and carotid
artery bypass surgeries, respectively. These results suggest PGS is a promising anti-calcific
material for prosthetic vascular grafts, owing to its fast-degrading and matrix remodeling
properties.

In addition to the synthetic vascular grafts, others have demonstrated the incorporation of
bioactive molecules in ECM-based vascular grafts can also promote cell recruitment and
prevent calcification. For instance, fibronectin is an ECM protein known to promote cell
adhesion and recellularization of vascular implants. Stromal cell-derived factor 1 (SDF1)
is known to stimulate the migration of both smooth muscle progenitor cells (Psaltis

& Simari, 2015) and endothelial progenitor cells (Moore et al., 2001). Sugimura et al.
(2020) designed vascular conduits with decellularized rat aortas coated with SDF1a and
fibronectin on the lumen and adventitial sides, respectively. The engineered aortic grafts
were infrarenally implanted in rats and followed up for up to 8 weeks. Luminal coating
of SDF1a significantly reduced medial calcification throughout the graft in comparison
to aortic grafts with only adventitial fibronectin coating. The authors predict that cellular
recruitment from the bloodstream, overall cell infiltration, and immune regulation may all
play a role in the reduced calcification. This differential coating between sides of the graft
also represents a useful technique for future combinations of coating or molecule release.

2.3. Vascular Conduits with Immunomodulatory Capability

Inflammation and adverse foreign body reaction is another contributing factor for
pathological calcification in cardiovascular devices (Simionescu et al., 2011). Traditional
vascular grafts (e.g. PTFE and Dacron) were designed to be bio-inert so as to not

induce a strong immune response from the host. However, as more is understood about
foreign body responses towards implanted biomaterials, bioactive materials and molecules
have been incorporated into vascular conduit design to reduce inflammation and prevent
calcification. Specifically, efforts have been made to modulate the phenotypic switching

of macrophages, which have been categorized into non-activated (MO0), pro-inflammatory
(M1), or anti-inflammatory and anti-osteogenic (M2) phenotype (Martin & Garcia, 2021,
Zhang & King, 2022). A progression from M1 to M2 dominance in the environment
enables optimal remodeling and regeneration (Zhang & King, 2022). Vascular conduits that
can appropriately modulate macrophages into the anti-inflammatory and anti-osteogenic
M2 phenotype can therefore reduce inflammation-associated calcification formation. While
macrophages are not the only immune cells relevant to graft implantation and vascular
remodeling, regulation of their phenotype has been shown to be a promising approach to
improve graft outcomes. A variety of strategies have been used to induce the M2 phenotype
and attenuate inflammation, including the incorporation of stem cells, their secretomes, or
anti-inflammatory pharmacological agents.
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The immunomodulatory effects of mesenchymal stem cells (MSCs) have been well
documented for various applications (English, 2013). Importantly, /n7 vitroand in vivo
studies have revealed MSCs modulate inflammation with paracrine effects via secretion

of EVs containing immunomodulatory factors (Borger et al., 2017; Zhou et al., 2019).
Therefore, incorporation of MSC-derived EVs into vascular graft design can potentially
reduce calcification by attenuating inflammation. Wei et al. (2019) incorporated MSC-
derived small extracellular vesicles (SEVS) into a heparinized, electrospun PCL graft.

They demonstrated that MSC-derived SEVs were successful in inhibiting calcification in

a hyperlipidemia rat aortic replacement model. Specifically, at 3 months after the surgery,
MSC-derived sEVs prevented calcification by triggering the transition of macrophages from
M1 to M2 phenotype. This is attributed to the various bioactive molecules contained in

the MSC-derived sEVs, such as microRNAs (miRNAs) and cytokines, which play an
important role in immune modulation. The immunomodulatory effect of miRNAs could
also be harnessed directly to attenuate vascular graft calcification. Wen et al. (2020) created
a trilayered electrospun polymer graft (including poly(ethylene glycol)-b-poly(L-lactide-co-
ecaprolactone) (PELCL) and PCL) that releases both miR-145 and miR-126 with unique
release profiles to modulate VSMC and macrophage phenotype. When implanted in a rat
abdominal aorta interpositional model, grafts containing either one or both types of miRNAs
showed no calcification at 4 weeks. In contrast, the control graft without miRNA showed
high levels of calcification between the graft and neointimal layer. The authors propose

that these factors promote contractile VSMC phenotype and the anti-inflammatory M2
phenotype to contribute to beneficial tissue growth in the graft.

Incorporation of anti-inflammatory pharmacological agents into vascular grafts could be
another strategy to attenuate inflammation-induced calcification. Rapamycin, a mechanistic
target of rapamycin kinase (mTOR) inhibitor (sold under the name Sirolimus), is

an immunosuppressant agent that could be taken orally or used to coat vascular

devices. Sirolimus-eluting stents reduce restenosis occurrence after percutaneous coronary
revascularization in comparison to bare metal stents (Moses et al., 2003). Chen et al. (2022)
demonstrated that rapamycin released from a PCL sheath around a PGS-PCL vascular graft
can polarize macrophages to the M2 phenotype. This graft was implanted interpositionally
in the rat abdominal aorta. Neoarteries formed from the rapamycin-loaded PGS-PCL grafts
showed reduced Alizarin red staining compared to control PGS-PCL grafts loaded only
with PBS, while those same grafts loaded with the autophagy inhibitor 3-methyladenine
showed extensive positive staining. Thus, the authors propose that activation of macrophage
autophagy and M2 phenotype plays a role in the anti-calcification effects of the graft.

2.4. Vascular Grafts with Antioxidant Activity

An equal balance between the levels of ROS and antioxidants is crucial for normal cellular
function (Senoner & Dichtl, 2019). A disruption in this balance can lead to the pathology
of arterial mineralization through oxidative stress, which triggers transdifferentiation of
the VSMCs to osteoblasts (Byon et al., 2008; Chao et al., 2019). This behavior has

also been seen in vascular grafts where oxidative stress induces graft calcification and
transdifferentiation of VSMCs into osteoblasts (Jiang et al., 2017). Although the exact
signaling pathways by which ROS stimulate the progression of calcification are not fully
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understood at this time, many antioxidant compounds capable of scavenging free radicals
and balancing intracellular ROS have been studied for the treatment of vascular calcification,
as summarized by Chao et al. in 2019. In this section we review vascular grafts designed
with antioxidant acitivies as a potential strategy to combat calcification.

A variety of citric-based elastomers have been designed by Ameer and Yang et al. with
antioxidant activities for vascular applications (Tran et al., 2015). For instance, poly(1,8-
octanediol-co-citrate-co-ascorbate) (POCA), a citric-acid based biodegradable elastomer
with native, intrinsic antioxidant properties was used to coat ePTFE vascular grafts (van
Lith et al., 2014). The POCA-coated ePTFE grafts reduced intimal hyperplasia with no

sign of calcification when implanted into an aortic interposition model in guinea pigs

for 4 weeks. Another study from the same group used poly(1, 8-octamethylene-citrate-co-
cysteine) (POCC) as an antioxidant polymer coating on decellularized rat ECM grafts with
and without heparin functionalization (Jiang et al., 2017). Those materials were implanted in
a rat abdominal aortic interposition and evaluated at 3 months. POCC-modified ECM grafts
exhibited elevated antioxidant activity compared to the control ECM grafts, resulting in a
significant reduction in calcification. In contrast, further modification of the ECM-POCC
with heparin lowered the material antioxidant activity due to inactivation of the thiol groups
from cysteine, resulting an increase in calcification compared to the ECM grafts. This is in
contradiction to the work by Chanda et al. (1999), where coating glutaraldehyde-fixed grafts
with a heparin coupling technique led to less calcification during subcutaneous implantation
of vascular grafts for five months. This contradiction may result from the differences in
animal models employed, as the more recent study by Jiang et al. (2017) used the material
in an rat interposition model where the material could contact the blood and experience
relevant fluid dynamics. Thus, heparin modification alone may be insufficient to prevent
calcification, while antioxidant activity has a dominant effect when the graft is implanted in
the vasculature.

Nitric oxide (NO) is a well-known gasotransmitter and antioxidant produced by the
endothelium that has important roles in cardiovascular hemostasis and vascular tissue
regeneration. Yang et al. (2021) aimed to improve the long-term success of artificial small
diameter vascular grafts by locally delivering NO from electrospun nitrate-functionalized
PCL scaffolds. PCL/NO demonstrated enhanced cellular infiltration and greater VSMC
organization compared to unmodified PCL grafts 3 months after implantation in the
abdominal aorta of rats. Delivery of NO inhibited the differentiation of vascular progenitor
cells into osteopontin-positive cells and reduced vascular calcification formation. This is
consistent with a previous study, where Kanno et al. (2008) showed that NO plays an
important role in regulating the osteoblastic transdifferentiation of VSMCs in vitro by
interfering with TGF- signaling. NO is therefore an antioxidant moelcule with multiple
mechanisms of action for the reduction of calcification in vascular grafts.

2.5. Novel Anti-Calcific Vascular Conduits with Mixed Mechanisms

In addition to the promising graft designs reviewed above, a number of vascular grafts
showed good anti-calcification properties with unclear/mixed mechanisms. Here we review
the design of the vascular grafts with properties to reduce or prevent calcification. Liu et
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al. (2020) used decellularized fish swim bladder to create small diameter vascular grafts

by rolling. The material is mainly composed of collagen I, glycosaminoglycan and elastin,
with good cytocompatibility, hemocompatibility, and enzymatic stability. When implanted as
a replacement for the rat abdominal aorta, the material showed a reduction in calcification
compared to acellular rat blood vessel control grafts, shown by von Kossa staining. The
swim bladder grafts also showed a reduction in cytotoxicity and CD68+ macrophages with
more cell ingrowth than acellular rat blood vessels /n vivo, which the authors predicted
was due to higher pore diameter. The use of decellularized rat vessels as a control was
useful to compare acellular grafts; going forward, comparison to harvested rat allograft
may also improve clinical relevancy. Although the material may not be a sustainable choice
for producing grafts on a market-level scale, this study shows promising results from the
combination of immunomodulatory and remodeling behavior.

The use of fibrotic conduits as vascular grafts has been one way to create naturally produced
ECM structures. They are created by implanting mandrels into an animal and allowing the
host body to form a fibrotic capsule around the implant. This capsule can be harvested,
decellularized, and implanted as a graft in the first animal (autograft) or a different animal
(allograft). Cells interact both to initially form the material and to react to it in the animal

in which it is implanted. Qiu et al. (2021) investigated how macrophages play a role in
remodeling these conduits and demonstrated that their polarization varies depending on

if the graft used is an autograft or allograft. When implanted into a carotid interposition
model, autografts showed no sign of calcification for up to 180 days and recruited more anti-
inflammatory macrophages (while allografts recruited more T cells and pro-inflammatory
macrophages). Allografts would be more applicable for understanding options for human
patients, as using a fibrotic conduit autograft would be prohibitively invasive (two additional
surgeries in comparison to one for a vein or artery autograft). This work re-emphasizes how
macrophage phenotype regulation plays a role in successfully remodeling vascular grafts.

3. Future Strategies for Engineering Prosthetic Vascular Conduits

With rapidly evolving mechanistic understanding on the pathogenesis of calcification in the
cardiovascular system, efforts have been made to develop therapeutic treatments that could
attenuate ectopic cardiovascular calcification. Many of the approaches could be incorporated
into future vascular conduit design. We highlight a number of innovative strategies with
potential for translational success. The approaches with their mechanisms of action are
highlighted in Figure 4.

3.1 Preventing HA Crystallization

The formation and growth of HA crystals within arterial or vascular graft walls is the
hallmark of vascular calcification. Moreover, HA was also found to accelerate vascular
calcification via lysosome impairment and autophagy dysfunction in VSMCs, thus setting up
a vicious cycle that exacerbates vascular calcification (Liu et al., 2022). Therefore, strategies
to inhibit HA crystallization in vascular grafts can potentially prevent calcification. Ethylene
diamine tetraacetic acid (EDTA), a chelating agent, can resorbe HA crystal formation

by chelating and removing Ca2*. Lei et al. (2014) demonstrated EDTA-loaded albumin
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nanoparticles designed to target calcified elastic lamina can regress arterial calcification
without causing systemic side effects when administrated by intravenous injection. This
targeted EDTA chelation therapy was also later demonstrated to successfully reverse medial
arterial calcification in an adenine-induced rat model of CKD (Karamched et al., 2019).
Therefore, incorporation of ion chelators such as EDTA into prosthetic vascular grafts or the
use of targeted EDTA chelation therapy could potentially prevent or reverse calcification in
vascular devices.

Interestingly, several metal ions such as iron (Fe3*) and magnesium (Mg2*) have also
demonstrated anti-calcific activities in several studies by preventing the formation and
growth of HA crystals. For example, Singh and Wang explored metal ions as an anti-
calcification agent in PU implants in /in vitro study using metal ion-loaded nanofiber
matrices to inhibit calcification. The inclusion of either Fe3* or Mg2* ions in the PU mesh
significantly inhibited calcification depositions after calcium solution incubation for 60 days
compared to the unloaded PU mesh control sample (Singh & Wang, 2017). Iron citrate is
another compound that can protect against calcification. Ciceri et al. (2016) showed that iron
citrate treatment can protect VSMCs from high-phosphate-induced calcification /in vitro. In
a second study by the same group, aortic rings treated with high phosphate and iron citrate
showed reduced elastin degradation, lower matrix vesicle production, and even partially
reverted fibrosis in comparison to groups only treated with high levels of phosphate (Ciceri
et al., 2019). In addition to the anti-calcific effect of Fe3*, citrate is also a known chelator

of Ca2*. Therefore, iron citrate may exhibit dual effect on HA crystallization to prevent
calcification.

3.2. Transcriptional Regulation

The osteogenic trandifferentiation of VSMCs is a tightly regulated biological process

that is regulated by multiple transcptional pathways. Interventions that interfere with

a single or multiple transcriptional pathways invovled in osteogenesis can potentially
prevent calcification formation by preventing the osteogenic transdifferentiation of VSMCs.
Incorporation of therapeutics to regulate transcription into future vascular graft designs

can potentially provide anti-calcific effect locally without causing systemic effects.

For example, bromodomain and extraterminal (BET) proteins cooperate with several
transcription factors to promote VSMC transdifferentiation and calcification. Apabetalone, a
BET inhibitor, has been demonstrated to prevent calcification of VSMCs by an epigenetic
mechanism involving specific transcription factors, such as RUNX2 (Gilham et al.,

2019). Incorporation of apabetalone into prospthetic vascular grafts can potentially reduce
calcification by preventing VSMC transdifferentiation through inhibition of BET. Another
example is sirtuin-1 (SIRT1), an NAD-dependent deacetylase, which has been found

to prevent hyperphosphatemia-induced arterial calcification via inhibition of osteogenic
transdifferentiation (Takemura et al., 2011). Downregulation of SIRT1 by miR-34a promoted
VSMC calcification both /in vitroand in vivo (Badi et al., 2018). Therefore, strategies to
promote SIRT1 expression or activation can potentially prevent calcification and can be
incorporated to future vascular graft design. Transcription factor specificity protein 1 (Sp1)
can target and bind part of the bone morphogenetic protein 2 (BMP2) promoter to induce

its expression and increase calcification. In a Vitamin D3/nicotine-induced calcification rat
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model, Sp1 was knocked down by the administration of an adenovirus containing DNA

for its knockdown gene (Ad-Sp1l). Zhang et al. (2018) showed that calcification in the
thoracic aortas was reduced in rats that had received Ad-Spl. Sp1 was upregulated in

both human and rat calcified tissue, and Sp1 silencing was correlated with less VSMC
transdifferentiation (as shown by western blot analysis of BMP2, RUNX2, a-smooth muscle
actin, and calponin) (Zhang et al., 2018). Sp1 inhibitors such as plicamycin (also known

as mithramycin or trade name Mithracin (Choi et al., 2014; Sleiman et al., 2011)) and
miR-375-3p (Xu et al., 2019) can be incorporated into future vascular graft designs to inhibit
Sp1 promoted calcification.

3.3 Targeting Oxidative Stress and Mitochondrial Dysfunction

Given the important role of oxidative stress in vascular calcification development,
incorporation of antioxidant compounds into vascular grafts has been used as a strategy
by many groups to prevent calcification, including gallic acid (Das et al., 2021),
proanthocyanidins (Chen et al., 2020), chitosan and carrageenan (Campelo et al., 2016).
For example, proanthocyanidins are a class of polyphenols with antioxidant and anti-
calcification activities (Castellan et al., 2010; Han et al., 2003; Zhai et al., 2009; Zhai

et al., 2014). These properties were used to design a novel material scaffold by Chen et
al. (2020) Proanthocyanidins, collagen, and konjac glucomannan chains were combined
and self-assembled into fibril scaffolds. The incorporation of proanthocyanidins prevented
calcification /n vitro after incubation with simulated body fluid for 30 days. When
subcutaneously implanted in rats, these scaffolds showed minimal signs of calcification
at 20 weeks. Additionally, the proanthocyanidin-incorporated scaffolds exhibited radical
scavenging ability and improved endothelial cell proliferation, supporting their potential
vascular applications. However, without /7 vivo studies with relevant animal models,

it is difficult to predict how long the antioxidant activities will last in the vascular

grafts to successfully prevent calcification in the long-term. Another possible route of
antioxidant delivery is through dietary supplementation, which has long been suggested
to have cardiovascular protective effects. However, concrete clinical evidence supporting
their beneficial effects on preventing calcification is still lacking, most likely due to the
non-specific distribution and inadequate accumulation to the target cell and tissues.

Mitochondria, the organelles responsible for energy production, are the major source

of ROS production in mammalian cells. Moreover, ROS also induces modifications to
mitochondrial components, including mtDNA, proteins, and lipids, which further exacerbate
ROS production and set-up a vicious cycle that contributes to vascular calcification
(Wang et al., 2020). Therefore, mitochondria represent an important therapeutic target
for calcification in the cardiovascular system. Several strategies aimed at therapeutically
restoring mitochondrial function are emerging, with potential applications in preventing
calcification in arteries and prosthetic vascular grafts. For example, the mitochondria-
targeted antioxidant, mitoquinone (MitoQ), has been shown to reduce mitochondrial
oxidative stress and prevent calcification both /n7 vitro and in vivo. Specifically, Cui

et al. (2020) demonstrated that MitoQ inhibits oxidative stress and apoptosis through
Keap1/Nrf2 pathway, thereby reducing vascular calcification in an adenine-induced aortic
calcification rat model and in a Pi-induced VSMC calcification model. Mitochondria-
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targeted antioxidants such as MitoQ can cross the mitochondrial phospholipid bilayer

and eliminate mitochondrial ROS, thus improving mitochondrial function and preventing
VSMC apoptosis and calcification. Another strategy to target mitochondrial dysfunction is
by preventing mitochondrial fission. Dynamin-Related Protein 1 (DRP1), a key regulator of
mitochondrial fission, was found enriched in calcified regions of human carotid arteries and
in VSMCs under osteogenic differentiation by Rogers et al. (2017). Moreover, inhibition of
DRP1 by a small molecule inhibitor Mitochondrial Division Inhibitor 1 (mdivi-1) or SiRNA
attenuated calcification in VSMCs and primary human valve interstitial cells. Therefore,
incorporation of mitochondrial therapeutics such as MitoQ and mdivi-1 into future vascular
graft designs can potentially inhibit calcification.

3.4 ERS Mitigation

Previous studies suggested that ERS induced-apoptosis promoted vascular calcification,
especially in the cases of CKD and diabetes. Therefore, therapeutics that target ERS

can potentially reduce calcification in vascular grafts used those patients. Pioglitazone, a
peroxisome proliferator-activated receptor (PPAR)-y agonist and anti-diabetic drug, reduces
ERS in multiple cell types (Hong et al., 2018; Yoon et al., 2019; Zou et al., 2019). In a

small animal streptozotocin model of diabetes, diet administration of pioglitazone resulted
in significantly less vascular calcification at 12 weeks than the control group alone, which
experienced extensive crystal formation in the medial layer (Katahira et al., 2021). The drug-
treated group also showed reduced expression of RUNX2 and osteopontin, both markers

of osteogenic transdifferentiation. Pioglitazone could thus be investigated as a possible
prescription to be given after graft implantation or as a molecule to be released from an
engineered vascular graft for anti-ERS and anti-calcific activities. Erythropoietin (EPO), an
endogenous glycoprotein, exerts multiple tissue protective effects by inhibiting ERS and
apoptosis. Chang et al. (2020) demonstrated that EPO treatment both reduced calcification
and restored VSMC markers (smoothelin and calponin) in VSMC cultures and CKD rats.
The authors proposed that EPO effects were caused by interacting with its receptor to inhibit
ERS-mediated apoptosis. However, the effect of EPO on vascular calcification seems to be
dose-dependent, as another study showed that EPO can increase vascular calcification in
VSMC cultures and CKD rats when used at higher concentrations (He et al., 2019). Thus,
further studies with EPO are warranted, including studies with modified EPOs.

3.5 Promoting Innervation

Sympathetic innervation of arteries play an important role in arterial development and
maturation (Eichmann & Brunet, 2014). Therefore, lack of innervation to the prosthetic
vascular grafts could play a role in pathological remodeling such as calcification. Yang et
al. (2019) demonstrated the establishment of innervation of a biodegradable elastomeric
graft made of PGS-PCL when implanted in an interpositional rat carotid artery model,

with no calcification in comparison to the vein graft at 12 months. Allen et al. (2014)

also showed non-specific nerve regeneration around PGS-PCL graft neoarteries at the same
time point in a rat abdominal aortic interposition model. Their vessel showed no evidence
of calcification and responded to vasomotor agents in a similar manner to native tissue.
Additionally, a small diameter TEVG by Li et al. (2022) was designed to release netrin-1
(a molecule that stimulates vascular sympathetic innervation during development (Brunet et
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al., 2014)) from a thin hydrogel graft coating upon interaction with the ROS environment
commonly found in diabetic vasculature. After 30 days of implantation to replace the carotid
artery in a diabetic rat model, they showed that nerve fibers had grown into the graft,
which then remained patent with no sign of neointimal hyperplasia or VSMC pathological
phenotype at 90 days (Li et al., 2022). These studies suggest that innervated vascular grafts
are less likely to develop calcification. However, since most studies do not assess either
histological presence of sympathetic nerves or functional performance of grafts in response
to neurotransmitters, it is difficult to conclude the extent to which sympathetic innervation
contributes to the mitigation of calcification development. Therefore, future work in the
area should consider innervation as a potential metric of function. Strategies used in neuro-
regeneration can also be adapted to promote reinnervation of vascular grafts to potentially
prevent calcification.

4. Challenges and Translational Perspective

At this time, there is still no clinically-approved prosthetic vascular conduit that can
successfully prevent calcification in the long-term. This is largely due to the lack of
fundamental knowledge to pinpoint the specific causes of calcification in the cardiovascular
system. Although prevailing perspective on vascular calcification has evolved significantly
in the past two decades, the specific mechanisms of its pathogenesis remain elusive.

As such, no effective pharmacotherapies exist to prevent, reverse, or slow calcification
formation in arteries or vascular devices. Current state-of-the-art research in the field of
vascular bioengineering to develop functional vascular replacement has been focused on
advances in biomaterial design, tissue fabrication and stem cell engineering to reconstruct
the autologous vessels with the vascular cell types. Despite encouraging results in preclinical
studies, only a handful of bioengineered vascular grafts have been tested in patients. Gupta
and Mandal (2021) summarized the clinical trials as of 2021 involving biodegradable
prosthetic vascular grafts. One major challenge is that many clinical trials do not explicitly
evaluate calcification as one of the primary or secondary endpoints, though it may be
captured in general adverse events evaluation in a secondary endpoint. Since calcification
can be detrimental to the long-term performance of a vascular graft, it is important to include
calcification as another endpoint for their clinical evaluation.

Additionally, the different patient population and their clinical conditions pose distinct
challenges and opportunities when translating the technological advancements into clincial
use. For example, many patients at risk of developing calcification in the cardiovascular
system have comorbidities such as diabetes and CKD. Patients with CKD are more likely
to have high levels of circulating phosphates, thus strategies that disrupt crystal propagation
and passive calcification are likely more effective for these patients. Patients with diabetes
and CKD are also prone to develop ERS, thus therapeutics that target ERS can potentially
prevent calcification with higher efficacy in those patients. However, very few preclinical
studies evaluated prosthetic vascular devices in an animal model with these relevant clinical
conditions. With increasing demand for personalized medicine, the design of vascular
grafts by “one-size-fits-all” approach will likely become outdated. Future vascular device
devleopment needs be tailored in their design and evaluation to take into consideration the
clinical conditions of the target patient population, such as age, comorbidities and life styles.

Biotechnol Bioeng. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 14

Although most current strategies utilize a single approach to prevent calcification,
convergence of diverse approaches to achieve multifunctional effects are likely needed for
more effective treatment. For example, therapeutics incorporated into vascular grafts for
localized delivery may only temorarily prevent calcification until the prosthetic vascular
conduits are remodeled into native tissues. If taken orally as medication or dietary
supplementation, patient compliance and targeted therapeutic delivery may become an issue.
An integrated approach with bioengineered vascular graft design in conjunction with oral
medications/dietary supplements can potentially provide long-term benefit for the patients.

5. Conclusion

In this review, we provide the state-of-the-art in the design of prosthetic vascular conduits
to combat device calcification. Effective strategies discovered in preclinical animal studies
include surface modification to reduce calcium deposition, high graft remodeling capacity
for favorable ECM composition and cellular infiltration, regulation of immune response
from highly inflammatory states toward remodeling states, and improvement of antioxidant
activity to reduce oxidative stress. With increased fundamental understanding of the
pathogenesis of vascular calcification, more advanced designs are expected to be developed
to target single or multiple cellular pathways to prevent the active process of osteogenesis.
The long-term performance of future vascular grafts will need to be carefully evaluated in
clinically-relevant animal models to provide valuable lessons on the promises and challenges
of bioengineered designs.
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Figure 1.

Vascular calcification in native vessels and vascular grafts is a multifactorial disease with
complex etiology (Durham et al., 2018; El-Abbadi & Giachelli, 2007; Ho & Shanahan,
2016; Leopold, 2015). Here, differences in healthy (left) and calcified (right) vessels are
outlined, and pins represent sections of the article discussing current (blue) and future (red)
targets of anti-calcific grafts. In disease development, calcium deposition onto a biomaterial
surface or elastic lamina occurs as calcium (Ca?*) and phosphate (Pi) ions combine to

form hydroxyapatite (HA) crystals (Back & Michel, 2021). VSMCs transdifferentiate

into osteogenic cells via transcription factors such as runt-related transcription factor 2
(RUNX2) (Chen et al., 2021; Hortells et al., 2018). These cells secrete extracellular vesicles
(EV) that can bind calcium directly or stimulate further osteogenic transdifferentiation
(Schurgers et al., 2018). Phenotype changes are also driven by high levels of ROS (Byon

et al., 2008) (in part from dysfunctional mitochondria (Phadwal et al., 2021)) and growth
factor sequestration and stiffness of the extracellular matrix (ECM) (Ngai et al., 2018).
Endoplasmic reticulum (ER) stress (ERS) in vascular cells mediates apoptosis (Duan et al.,
2009). Persistent inflammation of the vessel involves cytokine release and upregulation of
inflammatory (M1) versus anti-inflammatory (M2) macrophages (Zhang & King, 2022).
Additional mechanisms may contribute both to pathology and unexplained graft successes
in the field, such as vascular innervation. Some cellular components were imported images
from Servier Medical Art by Servier (licensed under Creative Commons Attribution 3.0
Unported License (https://creativecommons.org/licenses/by/3.0/)).
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Figure 2.

Current strategies to combat calcification in vascular grafts when evaluated in preclinical
animal models.
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Figure 3.
Polymers employed in the designs of novel vascular grafts, arranged alphabetically.

For additional R groups, the reader is directed to the original publications. PCL:
polycaprolactone, PDO: polydioxanone, PELCL.: poly(ethylene glycol)-b-poly(L-lactide-co-
ecaprolactone) (Wen et al., 2020), PEO: poly(ethylene oxide) [also referenced as PEG:
poly(ethylene glycol)], PGA: polyglycolic acid, PGS: poly(glycerol sebacate) (Wang et al.,
2002), PLA: poly (L-lactic acid), PLCL.: poly(L-lactic-co-e-caprolactone), POCA: poly(1,8-
octanediol-co-citrate-co-ascorbate) (Tran et al., 2015), POCC: poly(1, 8-octamethylene-
citrate-co-cysteine) (Yang et al., 2009), PU: polyurethane.
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Future strategies to combat vascular graft calcification based on the current understanding

on the etiology of vascular calcification.
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Currently Existing Vascular Graft Technologies for Anti-Calcification
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M echanism of Base Material M odifications M odels for Primary Results Reference
Action Evaluation
Calcium Deposition PU Coated with PU- Canine RV-PA Calcium deposition was reduced (Hanetal.,
Prevention PEO-SO3 shunt model on PU-PEO-SO3 coated grafts in 1993)
comparison to untreated PU grafts
after 39-day transplantation
Porcine or rabbit ~ Heparin coupling Rat subcutaneous Reduced calcium content at 5 (Chanda et
vessel implantation months in heparin-coupled grafts but al., 1999)
poor host cell interactions, showed
calcification occurs along elastin
fibers of bioprosthetic grafts.
Cell Recruitment & 50:50 PLCL PLA nanofiber Mouse infrarenal No evidence of calcification was (Sugiura et
Matrix Remodeling copolymer outer layer (slow  aortic interposition present in fast degrading grafts al., 2017)

Fast degrading
PDO/PLCL (9:1)

Large-pore PLA

Electrospun PCL/
fibrin

Macro-porous
electrospun PCL

Melt-spun/heat
treated PCL fiber
skeleton

Heparin-coated
porous PGS tube
with mesh
electrospun PCL
sheath

Braided PGA

Microporous PGS
tube reinforced

degrading) or
PLA/PGA

nanofiber outer
layer (fast
degrading)

N/A

PLCL coating

N/A

N/A

Autologous
fibrotic biotube
(formed by
subcutaneous
implantation)

N/A

PGS coating

N/A

Rat abdominal
aortic interposition

Mouse infrarenal
aortic interposition

Rat abdominal
aorta interposition

Rat abdominal
aorta interposition

Canine peripheral
arterial
replacement
Sheep
arteriovenous graft

Rat abdominal
aorta interposition

Rat infrarenal
abdominal aorta
interposition

Rat abdominal
aorta interposition

8 weeks after implantation, while
7/12 slow degradation grafts showed
calcification by von Kossa staining.
Fast degrading grafts showed more

cellular infiltration in outer graft layer
compared to slow degrading grafts.

Fast degrading grafts showed no
calcification at 1 month in contrast
to slow degrading grafts (lower PDO/
PLCL ratio) that showed calcification
in von Kossa staining and polarized
light microscopy.

Large-pore PLA-PLCL grafts showed
significantly less calcification than
small-pore PLA grafts after 12
months of implantation by Alizarin
red staining. PLA-PLCL grafts
showed more VSMC infiltration
(expressing both osteoblast and
osteoclast factors) and less
macrophage infiltration.

The PCL/fibrin grafts showed
higher level of expression of
SMC contractile protein, higher
microvessel density, and significantly
less calcification (by von Kossa
staining) than PCL controls at 1, 3,
and 9 months.

No evidence of calcification was
shown by von Kossa staining 1 year
after implantation.

Grafts stained negative for
calcification with von Kossa stain
(along with ePTFE controls) after 7
months in canine study and 3 months
in sheep.

Neoarteries demonstrate rapid
remodeling and minimal foreign
materials at 3 months without signs
of calcification while resembling
function, mechanical properties, and
ECM organization of native arteries

PGS coating significantly decreased
the calcification area in the graft
compared to the PGA graft alone at
1, 3, and 6 months after implantation
quantified from von Kossa staining.

Patent vessels at 1 year after
implantation showed no evidence
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M echanism of Base Material M odifications M odels for Primary Results Reference
Action Evaluation
with PCL of calcification by von Kossa
nanofibers staining and some recovered
physiological function. Innervation
was demonstrated in the adventitial
space with similar morphology to
native arteries.
PGS tube N/A Rat carotid artery PGS/PCL grafts showed no evidence (Yang etal.,
reinforced with interposition of calcification at 1 year compared 2019)
PCL nanofibers to vein grafts which showed sparse
mineralization. PGS/PCL grafts
also demonstrated innervation and
improved contraction function.
Decellularized rat Fibronectin Rat infrarenal SDF1la-coated grafts improved (Sugimura et

Immunomodulation

Antioxidant
Activity

Mixed Mechanisms

aorta

Electrospun PCL

PELCL and
PELCL-REDV in
inner layer,
PELCL in
middle, and PCL
in outer

PGS core with
PCL/collagen
nanofibrous
sheath

Decellularized
artery

Electrospun
nitrate-modified
PCL

Decellularized
swim bladder

Decellularized
fibrotic conduits
(autologous)

(adventitia) and
SDFla (intima)
coating

Heparin coating,
MSC seV
loading

miR-145
incorporated in
middle layer and

miR-126
incorporated in

inner layer

Rapamycin
loading in PCL
sheath

POCC coating

N/A

GA crosslinking

Heparin
chemical
conjugation

implantation

Rat abdominal
aorta interposition
(hyperlipidemia
model)

Rat abdominal
aorta interposition

Rat abdominal
aorta interposition

Rat abdominal
aorta interposition

Rat abdominal
aorta interposition

Rat abdominal
aorta interposition

Rat common
carotid artery
interposition

intimal recellularization at 2 weeks
and reduced medial calcification and
neointimal hyperplasia at 8 weeks
compared to grafts coated with only
fibronectin.

Loading with sEV prevented
calcification due to heparinization in
the PCL graft for 3 months, shown by
von Kossa staining and micro-CT.

Grafts with miRNA showed no
calcification in von Kossa staining
at 4 weeks while PELCL/PCL
grafts showed extensive calcification.
Trilayer grafts with miRNA showed
higher M2 and lower M1 expression
than PELCL/PCL grafts alone.

Rapamycin-loaded grafts showed
higher myogenic differentiation of
vascular progenitor cells and a
reduction in calcification by Alizarin
red staining at 6 months in
comparison to PBS-treated control
or autophagy inhibitor-loaded grafts
which demonstrate calcification
colocalized with residual PCL.

Polymer-ECM grafts showed highest
levels of antioxidant activity and
lowest levels of calcification by von
Kossa and Alizarin red staining (3
months) compared to polymer-ECM-
heparin grafts or ECM grafts which
showed lower antioxidant activity.

PCL/NO grafts improved cell
infiltration and reduced calcification
area in von Kossa staining for 3
months compared to PCL.

Swim bladder grafts showed no
calcification (by von Kossa staining)
after 4 weeks of implantation, and /n
vitro and subcutaneous implantation

studies showed lower calcification
than bovine pericardium.

Autograft fibrotic conduits showed
more M2 macrophages than
allografts and no calcification
by von Kossa staining at 3
or 6 months after implantation.
Both autograft and allograft
fibrotic conduits demonstrated better
cellular infiltration than decellularized
arteries.
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