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ABSTRACT OF THE THESIS

Biomaterial-Mediated Immunomodulation Via

The Implantation of Drug-Eluting Vascular Grafts

by

Tan Phat Vu
Master of Science in Bioengineering
University of California, Los Angeles, 2023

Professor Song Li, Chair

Graft rejection is an immunological response facilitated by the host T lymphocytes and this
process could engender tissue destruction and alloantibody production. Allograft recipients must
adhere to a rigorous immunosuppressant administration to avoid post-operative complications to
the graft. Herein, an acellular drug-eluting vascular graft platform was proposed to alleviate the
requirement for systemic drug administration via the targeted delivery of tacrolimus. The graft
inner layer and drug-carrying matrix were electrospun with  poly(L-lactide-co-
caprolactone)/poly(D,L-lactic-co-glycolic acid) as the inner layer and poly(carbonate-urethane) as
the outer layer. Mechanical characterization and degradation kinetics of the engineered graft were
performed and the optimal material composition was determined. In vitro cytocompatibility assays

utilizing endothelial cells, macrophages, and T-cells of primary sources were done and the optimal



drug loading concentration was identified. The anastomosis of the drug-eluting vascular graft into
the femoral artery of rats was performed to assess its in vivo tissue integration and therapeutic
capability. This experimental approach was devised as a proof-of-concept study prior to an
elaborate organ transplantation model. The graft maintained a high patency rate and a sustained
concentration of tacrolimus after a month of implantation, therefore proving the feasibility of a

novel biomaterial-mediated immunomodulation modality.
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Chapter 1  Introduction to Tissue-Engineered Vascular Grafts

1.1  Anatomy and Physiology of Blood Vessels

The circulatory system, particularly blood vessels, is physiologically integral to the human
body. Blood vessels transport oxygen, glucose, amino acids, hormones, and growth factors to
healthy tissues, while simultaneously discarding carbon dioxide and metabolic byproducts. Except
for capillaries, all blood vessels are composed of three main cellular layers: the tunica intima,

tunica media, and tunica adventitia (Figure 1) [1].
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Figure 1. Anatomical Features of the Blood Vessel [1]

For each layer of the artery and the vein, there exists a primary cell type; namely endothelial
cells for the intimal layer, vascular smooth muscle cells for the medial layer, and fibroblasts for
the adventitial layer. The endothelial cells (EC) line a single layer inside all blood vessels that
modulate physical and chemical cues between the bloodstream and neighboring tissues. For
instance, an abnormality in the endothelial lining could activate the coagulation cascade and local
inflammation at the injured site. EC also facilitates a smooth surface for the laminar flow of blood

and selective diffusion for bioactive molecule transport. The smooth muscle cells (SMC) maintain



vascular homeostasis through active contraction and relaxation. In diseases such as hypertension
and atherosclerosis, this function is inhibited concurrently with the changes in the mechanical
environment surrounding vascular smooth muscle cells [2]. Vascular SMC is the main regulator
of blood pressure through calcium-dependent contraction. Interspersed among the SMC layers is
a comprehensive array of extracellular matrix (ECM) containing elastin and collagen fibers. The
function of collagen is to provide mechanical support for the arteries, while that of elastin is to
supplement elasticity for vessel distensibility. Lastly, the adventitia consists of lymphatic vessels,
nerve fibers, and connective tissues. As fibroblasts are the principal cellular makeup of the
adventitia, they orchestrate a distinct response to injury, hypoxia, and pulmonary hypertension and
mediate vascular remodeling, repair, and extracellular matrix deposition [3]. The ECM
composition of these three layers is not similar from arteries to veins since the requirements for
conduit openings, blood transport, and vessel compliance might differ. For instance, the proteins
prevalently expressed in the extracellular matrix elastic arteries (5 - 30 mm) are elastin, fibronectin,

fibrillin, fibulin, collagen (type I, Il, I1I, IV, V, and VI), and proteoglycans [4].

1.2 Design Requirements for Bioengineered Vascular Grafts

In 1954, Dr. DeBakey and his colleagues implanted the first prosthetic graft made of
polyethylene terephthalate into a patient for the augmentation of the weakened arteries. Ever since
this revolutionary invention, bioengineers, clinical scientists, and medical practitioners have
attained stupendous advances in the creation of vascular conduits in healthcare. A bioengineered
vascular graft should display the following attributes [1, 5-8]: being biologically compatible
(exhibiting non-immunogenicity, sustaining patency, withstanding degradation, supporting

vascularization, mitigating thrombogenesis, and promoting regeneration) and being mechanically



compatible (retaining suturability, precluding leakage, possessing compliance, and showcasing
durability).

As mentioned, the engineered graft needs to be non-cytotoxic to the neighboring cells and
non-immunogenic to the constituents of the immune system (e.g., complement proteins, resident
macrophages, circulating neutrophils, or other adaptive immunity effectors). The graft also needs
to maintain patent throughout its in situ integration with the native vessels. Moreover, recent
endeavors in designing a tissue-engineered vascular graft (TEVG) have focused on the ability of
a graft to be safely metabolized by the body, i.e., biodegradability. This is of inspiring essence as
it allows for pharmacological agents or growth factors to be embedded in the polymeric matrix,
therefore releasing the desired molecule in a precise spatial and temporal setting after a hydrolysis
reaction. As depicted in [6], transplantable grafts can be designed to accelerate vascular integration
and graft perfusion, which leads to the prevention of thrombotic events. Revascularization is
critical to the implantation of vascular grafts since coagulation factors such as the Willebrand
factor and tissue factor will accumulate as soon as an immature vasculature network is presented
on engineered constructs. Vascular graft failures are most commonly associated with unintended
thrombosis [7]. The luminal surface of the graft should simultaneously be taken into account, as
geometric and hemodynamic effects of the surface might trigger thrombogenesis. The TEVG
luminal surface must avoid negative inflammatory responses (e.g., protein deposition, platelet
activation, or leukocyte adhesion) and thrombogenesis immediately upon implantation and
promote endothelialization [8]. Finally, the TEVG should serve its main purpose: as a platform for
cellular proliferation, structural remodeling, and functional recapitulation in vivo. This objective
could be accomplished via an array of biofabrication processes, chemical modifications, and

physical alterations.



Additionally, the bioengineered graft, while in the design phase, must be ascertained of
structural integrity, such as the ability to withstand hemodynamic pressure or aneurysmal
deformation. It is expected that the replacement graft will be sutured to an area of weakened
vessels. Thus, the burst strength and mechanical modulus of the graft must be designed such that
the TEVG can withstand physiological conditions. The graft should possess suitable compliance
to prevent the formation of high stresses around the anastomosis and be of a geometry that does
not induce certain, undesirable, flow characteristics as both of these factors have been associated
with failures in current bypass solutions [7].

Aside from the engineering standpoints, the TEVG must prove befitting clinical standards,
such as the ability to be handled, manipulated, and sutured; and be able to be mass produced in a

range of lengths, quality controlled, stored, and shipped at an economically viable cost [7].

1.3  Engineered Scaffolds for Vascular Tissue Engineering

With certainty, autologous vascular tissues will always be the gold standard for
cardiovascular reconstitution since they can attenuate immunological complexity and structural
mismatch. Nevertheless, autologous grafts are of limited availability or adequacy. Moreover, their
harvest adds time, cost, and the potential for additional morbidity to the surgical procedure [9]. To
overcome the limitations associated with autologous and synthetic graft transplantation, the
concept of tissue engineering was proposed [10]. Tissue engineering is a scientific field that may
solve the problems that plague current grafts. Tissue engineering is defined as an interdisciplinary
field that combines engineering and biomedical principles to create materials that integrate with a
patient’s native tissue to restore or improve physiological function [11]. The classical paradigm of

tissue engineering includes:



(1) Cells (i.e., progenitor cells, stem cells);

(11) Scaffolds (i.e., synthetic, decellularized extracellular matrix);

(1) Signals (growth factors, chemotactic factors) [10, 11].

Implantable three-dimensional (3D) scaffolds are used for the restoration and
reconstruction of different anatomical defects of complex organs and functional tissues. The
scaffolds provide a template for the reconstruction of defects while promoting cell attachment,
proliferation, extracellular matrix generation, and restoration of vessels, nerves, muscles, bones,
etc. Scaffolds are 3D porous, fibrous, or permeable biomaterials intended to permit fluid transport,
promote cell interaction, maintain cell viability, and ensure ECM deposition with the minimum
inflammation and toxicity while bio-degrading at a controlled rate [12]. The implementation of
biomaterial-based scaffolding constructs offers a myriad of advantages. Firstly, scaffolds obviate
the need for drug administration or cell therapy and therefore a tunable approach that has been
used for decades to suit the physician’s requirements and the patient’s needs. A scaffold, owing to
its mechanical or chemical cues, can direct cellular behavior and induce favorable reactions (e.g.,
angiogenesis and vasculogenesis). Secondly, scaffolds can be engineered to be a delivery platform
for drugs, biomacromolecules, or cells, as they release the active components at a desired release
rate with definitive spatial control and enable drug protection before bodily contact [13]. Over the
past years, the paradigm shift in scientific research has been placed on scaffolds for tissue
engineering and drug delivery. A quick search on the Scopus database as of March 2023 returned
95,050 papers with the combinatory keywords of “scaffolds”, “tissue engineering”, and “drug
delivery” [14]. Figure 2 was generated through the VOSviewer software [14], displaying the
multifarious applications and innovations of biomedical scaffold engineering in the first quarter of

2023.
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Figure 2. Bibliometric map of published works in 2023, obtained using VOSviewer software version 1.6.16,
using “Scaffolds” AND “Tissue Engineering” AND “Drug Delivery” as combined keywords, recorded
from the Scopus database (March 22nd, 2023), limited to the first 2000 publications and screening the

abstract, author and index keywords [14].

Prosthetic vascular grafts or tissue-engineered vascular grafts were of clinical prominence
because of the reproducibility and tunability of synthetic, bioinspired, or biohybrid materials. The
impending sections will outline the biomaterials apropos to the development and utilization of

engineered scaffolds for vascular tissue engineering.



1.3.1 Synthetic Polymers

Synthetic materials have been employed in vascular graft design for a variety of reasons,
mainly due to the ease and flexibility of tailoring their mechanical properties [9]. In the case of
poor autologous graft harvest or quality, prosthetic vascular grafts will be employed to salvage the
deteriorating functions, be it for surgical revascularization [15] or hemodialysis access [16]. These
clinical applications were based on the ability of a synthetic material to exact patient specificity,
in geometrical size and physiological distinctiveness. The tunability of synthetic materials has
proven beneficial for drug delivery and tissue engineering applications, and the functionalization
or coating of the materials can be done to reduce acute thrombogenesis, increase antimicrobial
resistance, or prolong luminal patency. For instance, heparin functionalization could bolster the
performance of TEVGs in vivo, as the enhancement in hydrophilicity and water absorption of the
surface-functionalized nanostructures favored the adhesion and proliferation of human adipose-
derived stem cells [17]. In addition, multiple TEVGs have been approved by the Food and Drug
Administration (FDA) for clinical and therapeutic usage. Synthetic grafts, nonetheless, are also
capable of initiating an inflammatory response, due to their pH-lowering degradation effects [18,

19] or lacking peptide domains for cell adhesion and proliferation [20, 21].

1.3.1.1 Bioinert Polymers

“Bioinert” (or nondegradable) polymers, such as expanded polytetrafluoroethylene
(ePTFE), polyethylene terephthalate (trade name: Dacron®), and polyurethane have been widely
studied and used since the early days of vascular engineering to create vascular substitutes [22,

23].



ePTFE is a porous polymer with an electronegative luminal surface that is not degradable,
and the polymer was manufactured via extrusion. However, only 45% of standard ePTFE grafts
are patent as femoropopliteal bypass grafts at 5 years, while autologous vein grafts display a 60—
80% patency [9, 24, 25]. ePTFE is rarely used for grafts of small diameters (<6 mm), for its innate
hydrophobicity that activates the coagulation cascade [20, 26], low permeability that obstructs
nutrient diffusion [23, 27], and absence of binding motifs for cell adhesion [28]. ePTFE could still
be employed for engineered grafts, with modifications to ensure a more biocompatible interaction
with the native tissue. The authors in [26] developed a solution to circumvent ePTFE
hydrophobicity by coating the surface of the scaffold with ECM proteins and CD34 monoclonal
antibodies. The modified ePTFE decreased the hemolysis and platelet adhesion rate, while
significantly increasing the adhesion of endothelial cells on the grafts [26]. The authors in [28]
modified ePTFE by grafting the endothelial cell’s specific peptide arginine-glutamic acid-aspartic
acid-valine (REDV) using bifunctional polyethylene glycol (PEG)-spacer (known to increase
hydrophilicity and reduce platelet and nonspecific protein adhesion) and retrieved favorable
results. PEG-mediated peptide immobilization was concluded to have rendered PTFE an excellent
substrate for cellular growth while simultaneously endowing the material with antifouling
properties [28].

Polyethylene terephthalate (PET) grafts are often crimped longitudinally to increase
flexibility, elasticity, and kink resistance. However, these properties are lost soon after
implantation, as a consequence of tissue ingrowth [9]. It was reported that platelet deposition and
complement activation are lower on ePTFE than on PET grafts [29-31]. As stated by a meta-
analysis study on 91 publications [32], primary patency was similar between ePTFE and PET

prostheses, secondary patencies were better with PET at 10 years. Notwithstanding antiplatelet



and anticoagulation therapies in these trials, it can be concluded that Dacron prosthetic grafts are
superior to PTFE grafts in arterial bypass procedures [32].

Polyurethane is a copolymer that consists of three different monomer types: a diisocyanate
hard domain, a chain extender, and a diol soft domain. At physiological temperatures, the soft
domains provide flexibility, while the hard domains impart strength. The most common medical-
grade polyurethanes are based on soft domains made from polyester, polyether, or polycarbonate
[9, 33]. A polyurethane derivative with poly(carbonate) soft segments (PCU) was shown to exhibit
similar compliance properties to human arteries post-implantation [33]. It was stated that the
compliance of the PCU graft did not change after the perivascular penetration and remodeling in
vivo, which was a rather common reaction for other conventional prosthetic grafts. In a clinical
study on 17 humans in 2011 [34], electrospun PCU grafts were implanted in patients for early
hemodialysis access. Not only did the grafts not evoke any systemic or local complications, but
post-implantation vascular access needs were also met entirely by the graft in every instance. PCU
grafts also prevented the need for venous catheters. The electrospun polycarbonate-urethane graft
was thus considered safe in humans, with the equivalent patency continuing up to 12 months [34].
PCU can also be synthesized with degradable moieties, which can promote rapid complete
endothelialization, increased transmural cellular ingrowth, sustained proliferation of cells, and

non-inflammatory microvessel formation [35].



Figure 3. Architecture of the integrated degradable polycarbonate urethane (dPCU) graft in direct
comparison to the native abdominal aorta. The natural vessel's structure (A) consists of the intima (arrow),
media (m), and adventitia (a). After implantation of the dPCU graft, the architecture was soon restored and
the layers were discernible (B). The graft was incorporated between neointima and neomedia (12 months
of implantation, n = 7). Stainings from left to right: hematoxylin eosin, smooth muscle actin, elastica, anilin

blue, von Willebrand factor [35].

The in vivo implantation of degradable PCU grafts into rodents was proven successful, as
Figure 3 depicts the sustained patency of these grafts, without the signs of plaque, thrombus, or

calcification.

1.3.1.2 Biodegradable Polymers
Biodegradable polymers are considered “biocompatible” since they can be safely

metabolized during biochemical cycles of the human body. Bioengineers could exploit this concept

10



to design a polymeric reservoir “loaded” with bioactive compounds, and concurrent with the
degradation of the bulk matrix, these biofactors could be released to the local environment in a
controlled manner. A successful scaffold should balance mechanical function with biofactor
delivery, providing a sequential transition during which the regenerative signals are accumulated
or the inflammatory effectors are negated as the scaffold degrades. This balance often presents a
tradeoff between a denser scaffold (providing better function) and a more porous scaffold
(providing better biofactor delivery) [36]. The advantage of a biodegradable approach includes
continuous remodeling of graft until an endogenous neovessel has formed. Prerequisites for
degradable materials are adequate biomechanical stability until tissue formation has occurred to
avoid vessel leakage, conduit rupture, and aneurysm formation [37], in conjunction with the
several design requirements noted in section 1.2.

The upcoming sections will delineate the most prevalent biodegradable polyesters used in
biomedical engineering research and clinical trials, namely poly(D/L-lactic acid) (PLA),
poly(glycolic acid) (PGA), poly(e-caprolactone) (PCL), the copolymer poly(D,L-lactic-co-
glycolic acid) (PLGA), and the copolymer poly(L-lactide-co-caprolactone) (PLCL). Some of these
polymers have been approved for human usage by the FDA. It should be noted that the list is not
exhaustive, as there are other classes of biodegradable polymers such as polyanhydrides,
polyamides, polyalcohols, or polyhydroxyalkanoates.

PLA is a hydrophobic (contact angle ~ 80° [38]) and aliphatic polyester. Two types of PLA
are used in biomedical research: poly-L-lactic acid (PLLA) and poly-D-lactic acid (PDLA). PLLA
has a melting point of 173-178°C (semi-crystalline polymer), glass transition temperature of 60—
65°C, modulus of 2.7 GPa, elongation of 5-10%, and degradation time of >24 months [39]. PDLA

does not have a melting point (amorphous polymer), glass transition temperature of 55-60°C,

11



modulus of 1.9 GPa, elongation of 3-10%, and degradation time of >12-16 months [39]. During
non-enzymatic hydrolysis in biological tissues, the polymer degrades into monomers of lactic acid,
which is a naturally occurring byproduct of biochemical processes [40]. Apart from its
biocompatibility, adjustable biodegradability, and suitable mechanical properties, PLA has good
processability by additive manufacturing (AM) techniques (ISO/ASTM 52900:2015), allowing for
the development of patient-specific constructs [41]. PLA has been approved by the FDA for
various clinical products: absorbable sutures, cell carriers, implantable scaffolds, and other
biomedical devices. As drug delivery systems, PLA electrospun fibers have been programmed to
circumscribe lumen stenosis [42] and tumor progression [43] in recent studies. On the other hand,
PLA scaffolds also have been associated with major demerits, such as undesirable inflammation
due to acidic changes in the microenvironment pH, unimprovable surface characteristics due to
the deficiency of reactive side groups, and the unfavorable biomaterial-tissue interaction due to
PLA’s inherent hydrophobicity.

PGA is the most widely used biodegradable polymer, for its high flexibility [44], low
immunogenicity [45], and sustained graft patency [46]. It is the first biodegradable polymer to be
used as sutures [13]. PGA has a melting point of 225-230°C (semi-crystalline polymer), glass
transition temperature of 35-40°C, modulus of 7.0 GPa, elongation of 15-20%, and degradation
time of 6-12 months [39]. PGA hydrolyzes into glycolic acid monomers. PGA is more hydrophilic
than PLA or PCL (contact angle ~ 65° [47]), so it degrades at a more rapid rate. While this
characteristic provides an advantage in tissue remodeling, PGA alone degrades too fast and loses
its mechanical strength before the remodeled tissue obtains sufficient durability, resulting in graft
fracture or aneurysmal formation [20]. PGA loses its strength in vivo within four weeks and is

completely absorbed by six months [10]. To repress this unwanted performance of the polymer,

12



engineers added other polymers such as PCL, PLCL, or PLGA to slow the in vivo degradation
rate, introducing satisfactory remodeling observed for up to six months [44, 48, 49]. Its
degradation, signified by the hydrolysis of the ester bond, could therefore be regulated with the
copolymerization with other (more hydrophobic) polymers. PGA is also authorized by the FDA
for clinical and commercial applications.

PCL serves as the most commonly used polymer in vascular scaffolds due to its excellent
biocompatibility, suitable in vivo degradation kinetics, low cost, mature fabrication techniques,
and off-the-shelf properties [44]. It also has high printability and blend-ability [13], which are
useful in bioprinting or biofabrication of structures. PCL has a melting point of 58-63°C (semi-
crystalline polymer), glass transition temperature of —65°C, modulus of 0.4 GPa, elongation of
300-500%, and degradation time of >24 months [39]. PCL has a slower degradation rate than PLA
and PGA. Its hydrolyzed degradation is based on the bulk erosion of the entire molecular structure.
At the latest stages of in vivo degradation, after the fragmentation of the PCL chain into low-
molecular-weight fragments, intracellular degradation can take place by phagocytosis [50, 51].
PCL has a contact angle of ~140° [52]. As a vascular graft, PCL underwent structural compliance
of 70% and endothelial coverage of 70% at nine months post-implantation into rodents [53].

PLGA is a readily available commercial biodegradable polymer (also FDA-approved),
owing to its desirable physicochemical and biocompatible characteristics in vivo [54, 55]. As a
copolymer of PLA and PGA, PLGA could be tailored to fit the desired degradation rate by
choosing the ratio of lactide and glycolide constituents. At the ratio of lactide:glycolide of 50:50,
PLGA has no melting point (amorphous polymer), glass transition temperature of 45-50°C,
modulus of 2.0 GPa, elongation of 3-10%, and degradation time of 1-2 months [39]. As the ratio

of PLA increases in the random copolymer chain, the degradation rate increases up to 5-6 months
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at a lactide:glycolide ratio of 85:15 [39]. The contact angle of PLGA is approximately ~75° [55].
It was demonstrated that a year after the implantation of PLLA/PGA TEVGs, the scaffolds
maintained their patency with the regeneration of endothelial cells (representative of the tunica
intima), smooth muscle cells (representative of the tunica media), and elastin/collagen fibers
(representative of the tunica adventitia) in a canine carotid artery [56] and porcine aortic
interposition models [57]. PLGA is implemented in drug delivery systems (e.g., microspheres),

surgical sutures, polymeric scaffolds, and plasmonic nanocomposites [58].
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Figure 4. Macroscopic appearance of TEVGs 2 (A), 4 (B), 6 (C), and 12 (D) months after implantation and
the ePTFE graft 12 months after implantation (E). The scale bar represents 10 mm. The figure was extracted

from [56].

PLCL is a copolymer that can be synthesized via block or random polymerization of L-
lactide and e-caprolactone. The association of PLLA with PCL in the main structure has been
reported to compensate for both the brittle behavior of PLA (hard) and the low stiffness of PCL
(soft) [59]. Because of this, PLCL is expected to have a modulus between that of PLLA (upper
limit) and PCL (lower limit). PLCL has been proven to be suitable for soft tissue engineering
materials [59], and more importantly, small-diameter vascular grafts [60-62]. PLCL has low
immunogenicity and high endothelization. Per the results reported by [59], PLCL-braided
scaffolds witnessed no particular inflammation or degradation four weeks after implantation. The
authors of [60] reported an 80% patency rate after ten weeks of implanting electrospun PLCL
grafts in rabbits as a carotid artery bypass. It was also depicted that the markers of endothelial
cells, smooth muscle cells, and extracellular proteins were discovered in the TEVG at six months,
resembling those of the natural compositions of the native artery. Moreover, PLCL has adequate
mechano-elasticity properties, resulting in its identification as one of the applicable candidates for

vascular tissue engineering.

1.3.2 Natural Polymers

The incorporation of natural biopolymers in vascular scaffolds could provide numerous
advantages, attributable to the enhanced biocompatibility, bioactivity, and biomimicry. Natural
polymers typically have cell-binding protein motifs that bolster the recruitment, expansion, and
colonization of intrinsic cells [63-66]. These polymers also have minimal immunological and
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inflammatory responses because they are derived or extracted from the native protein/peptide
blocks of the human body (biogenicity). In addition, the degradation products of the hydrolysis or
proteolysis reactions are biologically tolerant. Biofunctional groups such as amide, carboxylic
acid, sulfide, and alcohol are amenable to chemical conjugations and conversions. Howbeit,
natural (bio)polymers have weak mechanical properties, unpredictable degradation rates,
inconsistent batch-to-batch homogeneity, and undefined/abstruse biological interactions. Because
of these drawbacks, natural polymers are often employed as hybrid TEVGs with the addition of
synthetic polymers. The following paragraphs will introduce the most prominent natural polymers
in each class, namely collagen and elastin for polypeptides and chitosan and alginate for
polysaccharides. It should be noted that there are other classes of natural polymers used in
biomedical applications, such as polynucleotides and proteoglycans.

Collagen is the most used natural polymer in vascular tissue engineering [21, 44]. Collagen
chemical structure consists of ~33% glycine, ~25% proline or hydroxyproline, ~25% lysine or
hydroxylysine, and the balance is other amino acids. Collagen can exist in fibrillar or non-fibrillar
forms and is highly conserved in animals. Collagen supports cell adhesion through cell-binding
domains. Although it has the advantage of weak antigenicity and robust biocompatibility in vivo
[66], collagen as a biomaterial is often discouraged for its inadequate mechanical strength.
Consequently, it is usually accompanied by other synthetic polymers in biomedical applications
[66-69]. In [69], the researchers developed an electrospun PLA/collagen vascular graft and
examined its performance in vitro. The dynamic compliance recorded was similar to that of the
human saphenous vein. Furthermore, with the contribution of collagen in the scaffold, the adhesion

and proliferation of primary human umbilical vein endothelial cells (HUVEC) also increased. The
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elevated concentration of collagen leads to improved hemocompatibility and vascularization,
which can be rendered a tradeoff for reduced elasticity and rapid degradation in vivo [68].

Elastin is an elastic and hydrophilic protein that is detected in the internal lamina of arteries
[70]. It was found that the presence of elastin contributed to the alignment of collagen fibers,
similar to the native extracellular matrix [70]. In the anatomy of native blood vessels, there is a
layer of smooth muscle cells for elasticity and contractility. This layer was distinctively facilitated
by the presence of elastin in the TEVG [70, 71]. Contractile markers and phenotypical expression
of SMC were upregulated via the inclusion of elastin in the TEVG [71]. Despite its influence in
the initiation of aortic morphogenesis and the prevention of intimal hyperplasia in native tissues,
elastin has not been used routinely in biomedical research due to its limited resources, high
expense, and batch-to-batch variations [44, 72].

Chitosan is the second most used biomaterial in vascular tissue engineering. It is a cationic
glucose-based homopolymer that is derived from the exoskeleton of arthropods (the alkaline
deacetylation of chitin yields chitosan). With the structural advantage of being a polycation,
chitosan can interact with the anionic molecule heparin to expedite antithrombotic strategies in the
lumen of TEVGs. Chitosan has tunable porosity, low toxicity, and better mechanical properties
than many natural polymers. Chitosan scaffolds inhibit inflammation after implantation, modify
viability chemically, and have high affinity with in vivo macromolecules [20]. Chitosan exhibits a
structure similar to glycosaminoglycans (GAGs) — a component of the ECM. GAGs and GAG-
based materials are projected to be important in the regeneration of vascular tissue due to their
inhibitory effects on vascular smooth muscle cells and anticoagulant properties [73]. In vivo,
TEVGs with the addition of chitosan have been shown to display similar mechanical properties as

the native vessels [74,75] and the grafts remained patent after six months of implantation [74].
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Upon cell infiltration, chitosan grafts experienced a smooth intima, regular endocardium, and
organized vessel wall [75].

Alginate is an anionic polysaccharide composed of a-L-guluronate (G constituent) and (-
D-mannuronate (M constituent). It is the second most abundant natural polymer on Earth.
Originating from brown algae, alginate can go through ionotropic gelation in the presence of
bivalent ions such as Ca?* and Ba?*. The ratio of M and G residues effectuates different gel
properties, with G domains having a higher Young’s modulus and thus higher brittleness. The
advantages of alginate are low toxicity, low immunogenicity (resisting short-term FBR and long-
term inflammation), and selective permeability (as proven in [76]). The main disadvantage of
alginate does not contain cell-adhesive peptide motifs. Alginate is mostly used as a hydrogel for
microencapsulation and transplantation of cells, rather than as part of the polymer blends for
bioprinting, electrospinning, or solvent-casting processes. In [77], alginate-based hydrogel

constructs with tubular shapes demonstrate acceptable biological performance in vitro.

Chapter 2 Drug-Eluting Vascular Grafts for Post-Transplant Immunotherapy

2.1  Background Information
2.1.1 Research Motivations

According to the Health Resources and Services Administration, as of October 2023, more
than 100,000 patients are waiting on the national transplant list. The postoperative complications
including sepsis, infarction, rejection, fibrosis, and graft failure persist in present times, despite the
upsurge in the transplant survival percentage. In consequence, physicians have prescribed to their

patients a structured regime of antibacterial and immunosuppressant medications to curtail the
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aforementioned risks. The list of medications requires absolute compliance from organ recipients
to effectively maintain their postoperative well-being. Nevertheless, in an observational study of
kidney recipients [78], almost half (48%) of the death-censored graft failures beyond two years are
associated with medical noncompliance. A significant proportion of these failures (68%) are
patients younger than 50 years old. It was conclusively shown that adverse effects on the autograft
were caused simply by patients taking less than the recommended amount (because of financial
concerns), taking the dose at inconsistent hours, or missing a dose of immunosuppressants [79].
Immunosuppressant is a class of medications that does not relent negligence or forgetfulness. This
incidence portrays the first impediment following organ transplantation: to assuage the severity of
immunosuppressant nonadherence, especially in pediatric recipients.

Graft rejection is an immunological response that is primarily mediated by the T-cells.
Tacrolimus (TAC; also known as FK506) is an FDA-authorized oral medication for the prevention
of allogeneic post-organ transplant rejection. Tacrolimus belongs to a category of
immunosuppressants known as calcineurin inhibitors. Calcineurin is a protein complex of
calmodulin-binding catalytic subunit (calcineurin-A) and calcium-binding regulatory subunit
(calcineurin-B). To comprehend the mechanism of action of calcineurin inhibitors, it is essential
that T-cell priming be explained. T-cell priming (de novo activation of T-cell responses) requires
concurrent activation of two signals on T-cells: recognition of peptides bound to major
histocompatibility complex (MHC) molecules through the T-cell receptor (TCR), and CD28 co-
stimulation via CD80/CD86 on antigen-presenting cells (APCs) [80]. Calcineurin is thereafter
activated by the intracellular calcium release [81]. If tacrolimus selectively binds to immunophilins
(a type of cytoplasmic receptor [82]), calcineurin transduction activity is halted. The complex

formation between tacrolimus and immunophilins inhibits the translocation of a family of

19



transcription factors (NF-AT), leading to reduced transcriptional activation of pro-inflammatory
cytokine genes for interleukin (IL)-2, tumor necrosis factor (TNF)-a, IL-3, IL-4, CD40L,
granulocyte-macrophage colony-stimulating factor, and interferon-gamma (IFN-y) [83]. If these
cytokines are not synthesized, the signals for T-cell proliferation and differentiation are negated.
Moreover, tacrolimus has been shown to down-regulate the nuclear factor-kB (NF-«kB) pathway
and induce apoptosis of activated T cells by activating caspase 3 [82]. In summary, tacrolimus
impairs the transcription of interleukin-2 and other cytokines in T lymphocytes, and therewith
interfering with T-cell activation, proliferation, and differentiation [84]. Calcineurin inhibitors

principally act on helper T-cells, but sometimes also suppressor T-cells and cytotoxic T-cells.

Figure 5. Contact between a peptide of the MHC and the TCR does not activate naive T-cells due to

calcineurin inhibitors blocking IL-2 synthesis [85]

A major disadvantage of oral medication (tacrolimus) is that a considerable proportion of
the dosage will lose bioactivity (via intestinal absorption) and bioavailability (via renal filtration)

before reaching the site of action (the transplanted organ). If tacrolimus is distributed to the entire
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body, global immunosuppression might imperil the patient's health by subjecting them to
opportunistic infections (decreased immune activity resulting in increased bacterial infiltration).
According to [86], a direct result of prolonged oversuppression is nephrotoxicity and
neurotoxicity. Graft failure might additionally be a repercussion of immunosuppressant
administration. It could be deduced that the precise concentration of tacrolimus is required for the
tissue and organ scales. Thus, a second obstacle presents itself. The delivery of tacrolimus — with
exact dosing, at an exact time, to an exact location — is a clinical challenge that could be solved
using bioengineering research. Recent advances in the field of drug delivery have attempted to
tackle the issue through the innovative use of polymeric [87] or hydrogel [88] encapsulation of the
drug as an alternative to systemic administration. These engineering approaches nevertheless
require bioengineering expertise to fabricate and employ. Reproducibility is an essential factor if
these drug delivery systems are made to satisfy industrial standards and clinical specificities.
Tacrolimus must be continuously released into the connecting arteries of the transplanted organ
from a robust reservoir. To ensure the highest postoperative compliance among organ recipients,

an accessible solution has to be developed and evaluated.

2.1.2 Research Significance

TEVGs have been widely adopted as solutions to several medical conditions, notably
congenital vessel abnormalities [89], renal failure [90, 92], alloimmune dysregulation [91], and
cardiovascular diseases [93]. In different vascular diseases, different sizes of the grafts are
required. A large diameter (>8 mm) and medium to large diameters (6—8 mm) are usually needed
for aortic, iliac, and femoral artery repairs, while small-diameter (1-6 mm) vascular grafting is

required for coronary artery replacement caused by atherosclerosis or embolism [94]. As a
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consensus from medical researchers, small-diameter vascular grafts (SDVG) require further
improvements due to frequent stenosis and occlusion in vivo [95].

The encapsulation, immobilization, or dispersion of anti-proliferative, anti-coagulant, or
anti-inflammatory molecules into the polymeric matrix can enhance the engineered grafts’
biocompatibility [96-100], therefore prompting a potentiality of TEVGs being drug delivery
vehicles. For example, antiproliferative paclitaxel release from PCL contributed to the inhibition
of SMC proliferation to achieve high patency in vivo [100, 101]. Utilizing a similar concept, this
research hereunder investigates a bilayered vascular graft design that synergistically enables the
continuous release of tacrolimus to modulate the immunoreactivity at the site of organ
transplantation. It is hypothesized that combining the immunosuppression of tacrolimus with
biodegradable polymers would yield a drug-eluting vascular graft (DEVG) that could overcome
the current limitations in vascular graft engineering. The DEVG is inventive as it provides:

(1) Immunotolerance after transplantation via the local delivery of TAC

(1) Accessibility for patients via the complete mechanical and immunological aid

(1) Individuality for patients via the reproducible and adaptive fabrication process

(V) Efficiency for physicians via the elimination of secondary surgeries

The DEVG has two layers: (1) the TAC-dispersed inner layer of biodegradable PLCL and
PLGA and (2) the supportive outer layer of nondegradable PCU. Using electrospinning, the
scaffold could be modified to match the patient’s anatomical specificity. To implement
immunocompliance for the transplanted organ, the DEVG will be sutured as an anastomosis
between the host artery and the donor organ. Tacrolimus can be diffused out of the PLCL/PLGA
matrix, into the lumen, and enter the donor organ as the DEVG comes into contact with the

circulating blood. The release rate can be controlled by tuning the ratio of PLCL/PLGA co-
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monomers. Because the DEVG is the most proximal to the transplanted organ, immunocells in the
area will experience the highest concentration of TAC. Off-target effects on other organs will thus
subside using this immunosuppressant delivery approach. Supposedly, TAC will be released from
the graft for three months (the most critical period of postoperative immunotherapy), so organ
acceptance will be maintained at the highest magnitude, regardless of the patient's medical history
and habitual behaviors.

The significance of the research is that the DEVG can meet all the design requirements for
a TEVG whilst also managing acute and chronic graft rejection following organ transplantation.
The rejection of solid organ allografts is the result of a complex series of interactions among innate
and adaptive immune effectors, with T-cells being central to this process. Once recipient T-cells
become activated, they undergo clonal expansion, differentiate into effector cells, and migrate into
the graft where they promote tissue destruction [102]. T-cells, accompanied by other cells like
dendritic cells or B-cells, could instigate inflammation and necrosis of allotransplants. Fortunately,
with the widespread use of potent immunosuppressive drugs, early graft loss due to acute rejection
has decreased dramatically [102]. This is the rationale for the distribution of tacrolimus in a
vascular graft for organ transplantation. The easy-to-deploy DEVG could appease the
consequences of medical noncompliance in patients, so the cost of personal healthcare for
thousands of organ recipients can be reduced. As the synthetic intimal layer is completely
biodegradable, the DEVG does not require secondary surgery to remove the graft from the patient.
This biodegradable layer also allows gradual endothelization, which is crucial in the healing
process. Healthy endothelial linings express antiplatelet and anticoagulant agents that prevent
platelet aggregation and fibrin formation [103]. The DEVG is fabricated using electrospinning.

This is a traditional tissue engineering approach for tubular structures that can be modified to make
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scaffolds of different diameters, thicknesses, drug concentrations, and smoothness. All of these
adjustable parameters could lead to an individualized product that is adaptable to any patient

during post-transplant immunotherapy.

Figure 6. Electrospun DEVG is compared to a dime. The diameter of the DEVG can be tuned during

electrospinning. The scale bar denotes a length scale of 5 mm.

For the first time, synthetic vascular grafts are engineered as drug reservoirs for the
immunomodulation of T-cells at the allotransplant. DEVGs might instigate a translational
breakthrough in postoperative patient care, as the research will conduct in vitro and in vivo

experiments on a rodent model for short-term efficacy.

2.2  Experimental Design & Scaffold Fabrication

As indicated in a review study on vascular tissue engineering [20], synthetic polyesters
constituted the majority of studied polymers (64%) for TEVGs in the period of 2017-2021. Figure
7 [20] depicts the current biomaterial polymers used in vascular scaffold engineering, and the
analysis was based on a title search of “tissue engineering” and “vascular grafts” on the National
Institute of Health’s PubMed® database. Although natural polymers such as collagen or elastin

share more biological resemblance with the adventitia of vascular networks, they are inferior to

24



synthetic polyesters in mechanical properties, batch-to-batch uniformity, thermodynamic stability,
and controllable degradation. Synthetic polymer, despite lacking cell-binding matifs, is thus
preferred in this study to minimize variables in the induced-immunomodulation model. If needed,
these polyesters could be modified with heparin [70] to enhance the proliferation of EC and inhibit
the proliferation of vascular SMC following implantation. With only polyesters in the design, the
DEVG also has an ease of handling during the electrospinning and sterilization process.
PLGA/PLCL and PCU organic solvents are compatible and the polymers can be simply sterilized

under ultraviolet light exposure.

Collagen (8%)
Chitosan (4%)

PCL (29%) Other natural polymers (3%)

Other synthetic polymers
(5%)

PVA (2%)
PTFE (3%)

PGS (3%)
PU (3%)

PEG (4%)

PLCL
(13%)
PLA (11%)
PGA (11%)

Figure 7. Proportion of Biomaterials Used in Vascular Scaffold Fabrication [20]

The electrospun DEVG is designed to have an inner layer for tacrolimus delivery and an
outer layer for mechanical stability. Firstly, the inner of the graft will be fabricated using
PLGA/PLCL in 50:50, 35:65, and 20:80 polymer blend composition as experimental groups to
find the optimal release kinetics of tacrolimus and mechanical performance. PLCL has been

regarded as a suitable polymer for electrospun vascular grafts [59, 60, 62], with appropriate
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mechanical and biological properties to facilitate the vascular regeneration process in vivo. PLGA
has non-immunogenic degradation products and has been widely used as a platform for drug
delivery systems and electrospun tubular scaffolds [104], despite having substandard mechanical
properties [105, 106]. Thus, the combined usage of PLGA and PLCL is complementary in terms
of mechanical properties and biodegradability. Moreover, PLGA-based grafts have been proven
capable of retaining their patency for up to a year [56, 57]. With the initial goal of medicating
tacrolimus for three months post-transplantation, this polymer selection can functionalize the
sustained delivery of the drug. Secondly, the outer layer of the DEVG is fabricated using PCU.
PCU can provide additional mechanical support for the scaffold, specifically to ensure adequate
tensile strength, bursting strength, and suture retention strength of the graft.

Tacrolimus (FK506) was purchased in powder form and dissolved in ethanol before mixing
with the PLGA/PLCL solution. Poly(D,L-lactide-co-glycolide) (PLGA) was dissolved using
hexafluoroisopropanol (HFP) and poly(L-lactide-co-¢-caprolactone) (PLCL) was dissolved using
dimethylformamide (DMF). The solubility of tacrolimus in water ranges from 4—12 pg/ml [107],
so it was dissolved in ethanol (solubility at 30mg/ml in ethanol) instead. Another reason for water
not being used as a solvent is that it may interfere with fiber density and distribution during
electrospinning. For the sustained release of a hydrophobic drug to be optimal, it must be entrapped
in a biodegradable polymeric system [87, 108]. The direct mixture of TAC solution in the
PLGA/PLCL solution was deemed the most simple and favorable approach for electrospinning.
Polymer dissolution and drug loading were done with the following protocol:

() 2.5 g of PCU (purchased from DSM Biomedical, PA, USA) was dissolved in 15.0 ml
of DMF (purchased from Sigma—Aldrich, MO, USA). The PCU volume used for electrospinning

the outer layer of DEVG was 3.75 ml.
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(11) 50:50 PLGA:PLCL electrospinning solution was made via the addition of 750 mg of
powder PLGA (50:50 lactide:glycolide, purchased from Sigma—Aldrich, MO, USA) and 750 mg
of powder PLCL (ester terminated, 70:30 lactide:caprolactone, purchased from Sigma—Aldrich,
MO, USA) into 10 ml of HFP (assay > 99%, boiling point =59 °C, purchased from Sigma—Aldrich,
MO, USA). This was the inner layer that was thereupon loaded with TAC.

(1) 35:65 PLGA:PLCL electrospinning solution was made via the addition of 525 mg of
powder PLGA and 975 mg of powder PLCL into 10 ml of HFP.

(V) 20:80 PLGA:PLCL electrospinning solution was made via the addition of 300 mg of
powder PLGA and 1200 mg of powder PLCL into 10 ml of HFP.

(V) After the polyester solution was made with one of the three ratios, crystalline TAC
(assay >98%, chemical formula: C4sHesNO12, purchased from Avantor, PA, USA) was dissolved
into the polymer solution. Briefly, 185 mg of TAC were dissolved in 500 pl of HFP at room
temperature, and the mixture was combined with 7.50 ml (not the entire 10.0 ml stock solution) of
previously made PLCL/PLGA solution. This would result in a TAC concentration of
approximately 23.1 mg/ml for the whole inner layer solution. The collecting rod was
approximately 23 cm in length and 1.5 mm in diameter, so each cut DEVG sample of 1 cm would
have a drug loading concentration of 1 mg/graft. This was the standard concentration that was used
for most in vitro experiments, and a similar scaling method was adopted for 10 mg/graft and 20
mg/graft samples. For in vivo experiments, the loading concentration was approximately 1.4 £ 0.2
mg/graft.

Electrospinning is a traditional method of fabricating biomaterials of tubular shapes with
controlled diameter, alignment, and porosity. Briefly, as adapted from previous papers [109-111],

the equipment for electrospinning consists of a syringe with a needle attached to its tip connected
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to an electrode, a hydrostatic pump, and an electrical source [109]. In the syringe, a polymer
solution is conditioned and through the hydrostatic pump, it is directed to a collecting plate. When
the polymeric solution is released, it is energized by the electrode, which causes a deformation of
the drop and, following this, the formation of a conical jet, known as Taylor cone [110]. This jet
originates from the solid fibers that are deposited in the collector rod/plate [111].

The electrospinning parameters of these biomaterials will match the established protocol
in the laboratory (Becton Dickinson 10-ml storing syringe, 21G needle, 17 kV voltage, 55-65%
humidity, injection speed of 900-1200 pl/hr, and a collection distance of 10cm). The inner layer
was fabricated with 7.5 ml of PLGA/PLCL/TAC in HFP solution and the outer layer was fabricated
with 3.5 ml of PCU in DMF. The final graft will have a desired thickness and length of
approximately 400-600 um and 1.0 cm, respectively. The entire fabrication process would be in
4-6 hours. After the fabrication process, the drug-loaded graft should be stored at 4°C to minimize
further tacrolimus hydrolytic degradation. Tacrolimus degradation during the electrospinning
process is unavoidable since humidity is correlated with fiber strength and orientation. If the
fabrication happens at a humidity devoid of water vapor, the structural integrity of the collected
product will not be maintained.

The overall scheme of the experimental approach is depicted in Figure 8, with the two main
phases of in vitro and in vivo characterization of the DEVGs. The anatomical target for the vascular
scaffold to replace is the femoral artery of rats, with an ambition to correlate to a kidney transplant
model. As conveyed elsewhere in the thesis, the DEVG will serve as a bridge to deliver tacrolimus

from the donor organ to, hopefully only, the recipient artery.
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Figure 8. Conceptual Schematic of the Experiments

Chapter 3 Protocols for the Evaluation of DEVG

3.1 Mechanical Characterization

Mechanical testing for elastic modulus, axial tensile strength, axial suture retention
strength, and circumferential tensile strength was done using the Q800 Dynamic Mechanical
Analyzer (TA Instruments, DE, USA) under tensile deformation in the controlled ramp force mode
(rate: 0.05 N/min and preload force: 0.001N) until failure (>50% elongation). This mechanical
assessment was similar to the previously described in [112]. The test was performed on a two-
centimeter sample of the DEVG (with both layers) after it had been preserved for 24-72 hours

after electrospinning. The experiment was done in triplication.
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3.2  Hydrolytic Degradation & Drug Release

Three experimental groups of DEVG were conceived, as the inner layer composition of
PLGA:PLCL was 20:80, 35:65, and 50:50. All of these inner layers were loaded with TAC. After
the DEVG was fabricated, it was simulated with the hydrodynamic conditions matching the native
vessels. An in vitro closed-loop tubular system consisting of a test section, sampling ports, silicone
rubber tubing, and a roller pump with the compressed section gap set to barely occlusive conditions
as described previously was used to examine the degradation and drug release profile of DEVG
[113]. Briefly, each sample would be in a circulation loop with Phosphate Buffer Saline (PBS) at
37°C with a renal flow rate matching biological systems (to mimic renal clearance). To obtain the
polymer degradation and drug release profile of each group, retained samples from the circulation
loop were collected every day for up to three months. Sample weight and pH changes were
recorded. The detection of TAC at such a minimal amount needed to be done with an Enzyme-
Linked Immunosorbent Assay (ELISA) detection kit (PRO-Trac II Tacrolimus ELISA kit,
DiaSorin, MN, USA). PLGA/PLCL degradation and released TAC data were plotted as a function

of time.

3.3 Scanning Electron Microscopy

The micromorphology of the electrospun surface of DEVG will be imaged by Scanning
Electron Microscopy (SEM), with a gold coating on 1-centimeter square samples. The scanning
was done with an established protocol at the California NanoSystems Institute to visualize the
effect of fiber composition at different ratios of PLGA and PLCL. The fiber diameters, porosity,
and interconnectivity will be measured from the images using the ImageJ software (developed by
the National Institute of Health, NY, USA).
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3.4 InVitro Cellular Interactions
3.4.1 Endothelial Cell Adhesion

To prove that our scaffold can perform as a biocompatible matrix, the adhesion of
endothelial cells to the inner layer was tested. A mouse cell line, bEND3, will be used for the
assay. bEND3 are endothelial cells isolated from brain tissue derived from a mouse with
endothelioma (purchased from ATCC, VA, USA). bEND3 (10-18" passage) was cultured in
standard Dulbecco's Modified Eagle Medium (DMEM) for 24 hours with the DEVG in the
microplate. The DEVG in the culture microplate was of increasing concentrations of tacrolimus (0
mg/graft, 1 mg/graft, 10 mg/graft, and 20 mg/graft). The bEND3 seeding density was 30,000
50,000 cells per well in the microplate. Immunostaining with 4',6-diamidino-2-phenylindole
(DAPI; purchased from Thermo Fisher Scientific, MA, USA), and phalloidin was performed after
24 hours of incubation. Images are captured using Fluorescent Microscopy (Zeiss, Baden-

Wirttemberg, Germany) and the number of adherent cells is quantified by ImageJ.

3.4.2 Endothelial Cell Angiogenesis

The optimal concentration of tacrolimus should be identified with in vitro experiments on
endothelial cells. A study in 2018 [114] investigated the cytotoxic effect of TAC on other cell
types, most notably endothelial cells. The study proved that the cytotoxic effect of tacrolimus was
dose-dependent, and their primary effects on endothelial cells were spheroid disaggregation and
tubulo-angiogenesis retardation. Should the released concentrations of tacrolimus exceed 18

ng/ml per 24 hours, undesirable off-target effects on the nearby endothelium would occur.
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Figure 9. Live (green)/dead (red) staining of HUVEC spheroids treated with different tacrolimus

concentrations (a—e) for 24 h. The figure was adapted from [114].

For the experiment, a 48-well microplate was coated with roughly 100 pl of matrigel with
centrifugation to ensure a uniform distribution at the bottom of each well. The study should be
conducted with HUVECS (purchased from ATCC, VA, USA) of no more than the 10" passage.
The DEVG of varying loading concentrations of tacrolimus (0 mg/graft, 1 mg/graft, 10 mg/graft,
and 20 mg/graft) were co-cultured on top of the matrigel surface. Incubation was done for 72 hours
for the differentiation of the HUVECs. Matrigel induces endothelial cells to differentiate as
evidenced by both the morphologic changes and by the reduction in proliferation; ergo, it offers a
convenient model to study biochemical and molecular events associated with angiogenesis [115].
After this, the samples were characterized using Brightfield Microscopy (Zeiss, Baden-

Wirttemberg, Germany).
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3.4.3 Macrophage Activation

After a non-native material is implanted into the body, neutrophils will be recruited to start
the phagocytosis of the biomaterial. This initial response is followed by infiltration of circulating
monocytes, which mature into highly phagocytic macrophages that phagocytose dying neutrophils
and pathogens, clear up cellular debris, and secrete soluble factors [116]. Early in the inflammatory
cascade, macrophages secrete pro-inflammatory factors that orchestrate and support the killing
response. As the threat is cleared, they transition to an anti-inflammatory phenotype, which is
associated with the promotion of tissue repair and, eventually, the resolution of inflammation
[116-118]. The notable pro-inflammatory and anti-inflammatory cytokines are presented as
follows.

Tumor necrosis factor (formerly known as TNF-a) is a 185-aminoacid glycoprotein
initially described for its ability to induce necrosis in certain tumors. It stimulates the acute phase
of the immune response. This potent pyrogenic cytokine is one of the first to be released in
response to a pathogen and can exert its effects on many organs. TNF induces vasodilation and
loss of vascular permeability, which is propitious for lymphocyte, neutrophil, and monocyte
infiltration [119, 120]. Concomitantly, the gene for nitric oxide synthase 2 (NOS2) is upregulated
during inflammation. This is an inducible enzyme that has been associated with M1 macrophage
promotion in the inflammatory phase [121]. Interleukine-1 (IL-1) is also a class of pro-
inflammatory mediators. Three forms of IL-1 are known: IL-1a, IL-1p and IL-1Ra. Similar to
TNF, IL-1B is an endogenous pyrogen that is produced and released at the early stages of the
immune response to infections, lesions, and stress. During inflammation, IL-1f stimulates liver-

derived proteins, induces a systemic fever, triggers prostaglandin secretion, elicits vasodilation and
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localized inflammation through histamine release, and enhances the differentiation of CD4+ T-
cells [119, 122].

In stark contrast, IL-10 is a 35 kD macrophage-secreted cytokine that inhibits the
inflammation cascade. Its main potency concerns the suppression of macrophage activation and
production of TNF, IL-1B, IL-6, IL-8, and IL-12. Furthermore, IL-10 also suppresses MHC-II
expression in activated macrophages and is thus a potent inhibitor of antigen presentation [119,
123]. IL-10 also has an anti-inflammatory effect on eosinophils, basophils, and mast cells.

It is rendered necessary to scope the effect of released tacrolimus on a potent mediator of
innate immunity and a major antigen-presenting cell type: the macrophages. By surveying the
number of cytokines released by primary macrophages on the DEVG, an insight into the graft's
ability to modulate the acute phase of inflammation can be obtained. Peritoneal monocytes from
albino rats were harvested by peritoneal lavage four days after intraperitoneal injection of
thioglycollate (3% w/v). After being differentiated with the addition of macrophage colony-
stimulating factor (M-CSF) and activated with lipopolysaccharide (LPS), the induced
macrophages were co-cultured with loaded-and-sterilized DEVG with increasing concentrations
of tacrolimus. The seeding density of macrophages will be approximately 100,000 cells per well
in the microplate. Quantitative Polymerase Chain Reaction (qPCR) tests for mRNA expression of

inflammatory (NOS2, TNF-a, IL-1P) and anti-inflammatory (IL-10) cytokines were conducted.
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Figure 10. Cellular Interplay During the Resolution of Inflammation. During early phases of inflammation,
tissue-resident cells sense damage and launch the release of signals that induce rapid neutrophil and delayed
monocyte emigration. Resolution is initiated when neutrophils become apoptotic thus secreting mediators
that inhibit continued neutrophil infiltration. Ingestion of apoptotic neutrophils changes the macrophage
phenotype towards a resolution-phase macrophage, which promotes return to tissue homeostasis. Figure 10

was adapted from Ortega-Gomez et al [124].

3.4.4 T-Cell Proliferation
The effect of released tacrolimus on T-cell proliferation was done according to established

protocols in the literature [125]. Briefly, after the splenic extraction of the cell clusters, murine
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splenocytes were isolated from naive T cells. T-cells were then labeled with the CellTrace™ CFSE
Cell Proliferation Kit (Thermo Fisher Scientific, MA, USA). Carboxyfluorescein succinimidyl
ester (CSFE) is an amine-reactive dye that becomes fluorescent upon hydrolysis by cytoplasmic
enzymes. The CSFE fluorescence can be retained inside the cell and measured by flow cytometric
analysis. After the media (RPMI 1640 basal medium supplemented with 10% fetal bovine serum
(FBS) was used to dilute CSFE according to the manufacturer’s directions, the microplates
containing DEVG of varying TAC concentrations were cultured with a T-cell seeding density of

200,000 cells per well for 72 hours.

3.45 T-Cell Activation

Primary naive T lymphocytes of splenic source can be used for the T-cell activation assay
with an analogous procedure. The activation assay was also performed in 24-well microplates with
a seeding density of 200,000 cells per well. The samples in this experiment were free-flowing cells
without graft (sample A), cells with a negative control graft (0 mg/graft) (B), and cells with DEVG
of increasing TAC concentrations [0.01 mg/graft (C), 1 mg/graft (D), 10 mg/graft (E), and 20
mg/graft (F)]. T lymphocytes, following standard purification protocol (EasySep™ Magnet;
purchased from Stem Cell Technologies, BC, Canada) will be activated using Dynabeads™
Human T-Activator CD3/CD28 for T Cell Expansion and Activation kit (Thermo Fisher Scientific,
MA, USA) and IL-2 (an activator of T-cells). Each well should have 5 ul Dynabeads™ and 1 pl
IL-2. The incubation period will be 72 hours and the results will be quantified using fluorescence-
assisted cell sorting (FACS) for CD69 (an activation-inducing molecule that is transiently
expressed on T-cells in early events of activation) and CD25 (the low-affinity IL-2 receptor a-

chain that is expressed on activated T-cells).
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3.5 InVivo Tissue Interactions
3.5.1 Vascular Graft Implantation

Sprague-Dawley rats at 6-8 weeks old (weighing 200-300g) were chosen as the
experimental subjects of the in vivo study. The rats were administered Isoflurane, an inhalational
anesthetic, for 5-10 minutes before the surgery was conducted. The dose of Isoflurane was 4-5%
for induction and 1-3% for maintenance of anesthesia. After being anesthetized, the rats were
monitored for physiological parameters such as body temperature at 35.8-37.5°C, oxygen
saturation at >95%, and heart rate of 300-550 beats per minute. During the surgery, the rats were
placed at the supine position, with the exposure of the femoral artery. The longitudinal incision
was performed around the superficial femoral artery. Specifically, the surgeons made a skin
incision with the scalpel designed for this animal. The fascia layer of the rat thigh area was then
identified and incised, prior to the dissection of the superficial femoral artery. After the meticulous
dissection of the femoral artery, the surgeons acquired a tissue sample of 1.0-1.5 cm. The loading
concentration was 1.4 + 0.2 mg TAC per 1 cm DEVG sample. The DEVG, which was sterilized
for 24 hours under UV irradiation, was prepared to replace this native artery (1.0-1.5 cm in length
and 0.4-0.6 mm in lumen diameter). The DEVG was soaked in heparin/saline solution (1:500
dilution) for several seconds. Subsequently, vessel anastomosis was performed at the site of the
incision with the assistance of a microscope. The suture in use was 10-0 monofilament nylon
suture. After the procedure, circulation and patency at the inserted vessel position were checked
by manual compression. The fascia of the thigh area was afterward repaired with the 5-0 Dexon
absorbable suture (PGA-based suture with PGCL coating). The skin was closed with a 4-0

monofilament nylon suture. After muscular and neurologic assessment during the anesthesia
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recovery period, the rats were transferred to postoperative care at the Division of Laboratory

Animal Medicine (DLAM).

3.5.2 Venous Blood Collection

A recent study has proven the maintenance of tacrolimus concentration in blood at 10.15—
11.55 ng/ml for four weeks after transplantation significantly reduces the risk of acute and chronic
graft-versus-host diseases (GVHD) without increasing relapse rate, while a concentration higher
than 11.00 ng/ml during the first-week post-transplantation may be associated with suppressed
graft-versus-tumor effect and higher relapse rate [126]. The importance of maintaining the
therapeutic window of tacrolimus in the blood serum was therefore established. As an
immunosuppressant of cytotoxic and regulatory T-cells and prophylaxis of GVHD, tacrolimus
must be released at the proper concentration to potentiate its potency. The serum concentration of
tacrolimus in each experimental group would be determined weekly during the 30 days after
implantation. Initially, the whole blood was extracted from the rat’s tail vein using a 24G needle.
Each week roughly 400-500 pl of blood was drawn from the rat. The collecting vials were
subsequently allowed to form clots at room temperature for 30 minutes. The clots could be
removed by centrifuging at 2000g (~4000 rpm) for 15 minutes in a refrigerated centrifuge. Only
100 pl of serum could be collected at the end and the concentration of tacrolimus in the sample

was calculated using the PRO-Trac II Tacrolimus ELISA kit.

3.5.3 Arterial Ultrasound Imaging
Although synthetic grafts offer off-the-shelf availability and minimal donor-site morbidity

[98], they often experience occlusion (thrombogenesis) or stenosis (intimal hyperplasia) after
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being implanted. Patency is regarded as a major impediment of small-caliber synthetic vascular
grafts in clinical applications, while in comparison biologically-originated grafts (isografts,
autografts, allografts, or xenografts) possess a much higher patency rate. By engineering the
surface chemistry and spatial geometry of TEVGs [127, 128], researchers have achieved
preclinical success in improving the patency of synthetic grafts.

The design of an integrated drug delivery and tissue engineering system such as the DEVG
must similarly be challenged by in vivo assessment, the simplest parameter of which is patency.
Immediately following implantation and over four weeks, directional color Doppler
ultrasonography (Acuson Cypress, Siemens Medical Solutions, CA, USA) was routinely
conducted at the femoral anastomosis. DEVG’s lumen diameter and blood flow velocities were
recorded while the rodent subjects were under anesthesia. Physiological parameters were

monitored during the patency examination.

Chapter 4  Results for the Evaluation of DEVG

4.1  Mechanical Characterization

After the DEVG was electrospun, the sample was left untouched for 24—-72 hours to ensure
the complete vaporization of organic solvents (HFP and DMF). Figure 11A/B illustrates the
circumferential/longitudinal deformation of the DEVG at various inner layer compositions: 20:80
PLGA:PLCL, 35:65 PLGA:PLCL, and 50:50 PLGA:PLCL. The outer layer of PCU remained
constant in thickness and composition for all these DEVG samples and all experiments in this
research were done with bilayer DEVGs. Young’s modulus of elasticity was calculated by diving

engineering stress (¢) with strain (¢). The data beyond the elastic region (>6—10% strain) was
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omitted since the graft was designed to retain its shape (satisfying compliance requirements) when
cyclic flow was established in humans. For circumferential deformation testing, the modulus of
20:80 PLGA:PLCL, 35:65 PLGA:PLCL, and 50:50 PLGA:PLCL DEVG samples were
respectively 16.9 MPa, 13.7 MPa, and 9.3 MPa. For longitudinal deformation testing, the DEVG
modulus of 20:80 PLGA:PLCL, 35:65 PLGA:PLCL, and 50:50 PLGA:PLCL DEVG samples
were respectively 36.6 MPa, 39.1 MPa, and 44.2 MPa. It was observed that the addition of PLGA
(specifically lactide moieties) increased the rigidity of PLCL, which was consistent with the results
of [129]. From Figures 11A and 11B, it could also be concluded that 50:50 PLGA:PLCL samples
presented the highest resistance to bidirectional deformation.

According to the manufacturer of 80A Bionate® PCU, the polymer has a flexural modulus
of 28.7 MPa, ultimate elongation of 531%, tear strength of 41.8 N/m, and water absorption of
1.2%. The human arteries were estimated to have a modulus of 1.4 MPa (femoral), 2.3 MPa (iliac),
and 1.24 MPa (carotid) at physiologic blood pressure of 80—-120 mmHg [130]. In comparison to
the native arteries, the DEVG exhibits a much higher stiffness. The surplus amount of combined
PLGA/PLCL and PCU stiffness is advantageous because over time the inner layer will degrade
and hence only the PCU is left in the biological system. The remaining PCU layer is expected to
provide biomechanical support when all of the inner layer is metabolized. PCU has previously
been proven to have optimal durability for use as long-term medical implants in humans [34] and

rodents [35].
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Figure 11. Mechanical Characterization of the DEVG at Varying PLGA/PLCL Composition, with

(A): Circumferential Deformation, (B): Longitudinal Deformation, and (C): Suture Retention

Figure 11C shows the breaking strength of these DEVGs, as examined by nylon suture
retention as an anastomosis in the middle of the graft. Figure 12 is a schematic representation of
the suture retention test adapted from [131]. Under uniaxial deformation, 20:80 PLGA:PLCL had
a suture retention strength of 2.0 MPa, which was statistically different from that of 35:65
PLGA:PLCL and 50:50 PLGA: PLCL (3.6 MPa and 4.0 MPa, respectively). This result was
comparable to the woven PLLA nanotextile vascular graft engineered by Joseph et al. [132]. In
this study, bundles of electrospun PLLA nanofibers were weaved into a nanotextile conduit. The
measured suture retention for this conduit was 1.5 MPa, and its successful engraftment increased
transmural endothelial ingrowth in a porcine model. The DEVG had a higher suture retention,

wherefore promised surgical feasibility in vivo.
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Figure 12. Schematic Representation of the Suture Retention Strength Test [131]

4.2  Hydrolytic Degradation & Drug Release

Figures 13A/B showcase the weight loss and pH changes of the DEVG, influenced by the
PLGA/PLCL composition in the scaffold. Mechanical strength, swelling behavior, capacity to
undergo hydrolysis, and subsequently biodegradation rate of the polymer are directly influenced
by the degree of crystallinity of the PLGA, which is further dependent on the type and molar ratio
of the individual monomer components in the copolymer chain. As a rule, higher content of PGA
leads to quicker rates of degradation, except for the 50:50 ratio of PLA/PGA, which exhibits the
fastest degradation, with higher PGA content leading to increased degradation interval below 50%
[133]. The incorporation of 50:50 lactide:glycolide PLGA into the inner layer increased its
degradation kinetics, as the sample reached 25.9% weight loss in the 12" week. For the 35:65 and
20:80 samples, the maximum degradation in the 12" week was 16.5% and 7.8%, respectively. This
structural hydrolysis was translated into the consequential lactic acid and glycolic acid release to

the buffer, marking the pH at roughly 2.50 for the 50:50 and 35:65 samples and pH = 3.40 for the
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20:80 samples. The substantial decrease in pH could be attributed to the small volume of
physiological buffer used in the experiment, and this decrease would not be as major under the
clearance of blood circulation. Additional experiments on local inflammation were done with

macrophages in the following section.
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Figure 13. Degradation Behaviors of the DEVG at Varying PLGA/PLCL Composition, with

(A): Weight Changes Over Time, (B): pH Changes Over Time, and (C): Tacrolimus Release Kinetics

It might be argued that the selection of 20:80 PLGA:PLCL as the composition for the inner
layer was more advisable due to its minimal effects on the pH microenvironment. Nevertheless,
the release of tacrolimus from the 50:50 matrix was more appropriate for the intended TAC
maintenance and exhibited more mechanical strength per Figure 11. Figure 13C presents the
performance of each composition as a drug carrier matrix. At 12 weeks, 60% of the dispersed TAC
in the matrix of 50:50 PLGA:PLCL was released. This was similar to the release kinetics of a
doxorubicin-loaded PLA-based electrospun vascular graft [43]. The degradation rate of the DEVG

was slightly less than that fabricated in [43] primarily due to the addition of caprolactone residues.
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4.3  Scanning Electron Microscopy

Significant fiber length changes were discovered in Figure 14 before (A, B. C) and after
(D, E, F) hydrolysis occurred. The surface morphology associated with each DEVG composition
was scanned, resulting in the analysis of pore diameters using the ImageJ software as Figure 15.
The correlation between fiber length and pore size was previously established [134]. It was shown
that the pore diameter of the 50:50 sample experienced a reduction from 23.7 pm to 13.9 pum at
three months of degradation. The 35:65 and 20:80 samples underwent an insignificant drop in pore
diameter, but initially, the distributed nanofibers were not advantageous for cell infiltration
(diameter <20 pum). The difference in pore diameters of the two samples was not statistically
significant, suggesting that further decreasing PLGA composition had no effect on the pores
created.

Increased pore sizes could promote increased cell infiltration and proliferation in the
scaffold. Since the electrospinning system was made in-house, it was difficult to control templating
patterns. The electrospinning process should aim for the largest pore diameters that could be
fabricated from compositional changes. According to surface morphology examination, 50:50
composition was the best option for vascular scaffold fabrication. The 50:50 composition of
PLGA/PLCL for the inner layer of the DEVG was deemed the most probable candidate for in vitro
and in vivo studies by virtue of the optimal fiber length, pore distribution, degradation Kinetics,

suture retention, and mechanical elasticity.
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Figure 14. SEM Analysis of the DEVG at Varying PLGA/PLCL Composition in Week 1 (A, B, C) and

Week 12 (D, E, F). The scale bar denotes 20 pum.
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Figure 15. Pore Diameters of the DEVG upon SEM. The image was processed using ImageJ.
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4.4  InVitro Cellular Interactions
4.4.1 Endothelial Cell Adhesion

As mentioned above, starting from this in vitro experiment onwards, all DEVG used would
have an inner layer of 50% PLGA and 50% PLCL. The ensuing biocompatibility studies were
dedicated to finding the idealistic loading concentration of TAC and evaluating the DEVG’s
cellular interactions. Figure 16 describes the cellular adhesion and viability of bEND3 mouse cells
on the varying TAC loading conditions of 0, 1, 10, and 20 mg/graft. After DAPI (for nuclei) and
phalloidin (for actin filaments) staining at 24 hours, the endothelial cell morphologies were as
below. Figure 16A and Figure 16B did not have much difference in cell viability, therefore proving
the inner layer conductive for cell adhesion. It could also be deduced that the loading of the DEVG

at 20 mg TAC/graft was cytotoxic to the survival of the endothelial cells from Figure 16D.

..

Figure 16. Fluorescent Microscopy of Stained bEND3 Cells on DEVG at Varying TAC Loading

Concentrations: (A): 0 mg/graft, (B): 1 mg/graft, (C): 10 mg/graft, and (D): 20 mg/graft

4.4.2 Endothelial Cell Angiogenesis

Angiogenesis is the formation of new blood vessels, which is characteristic of the
endothelial cells” migration, proliferation, and differentiation capabilities. The angiogenic
potential of HUVEC on the DEVG was evaluated via the assistance of matrigel. Figure 17A-D
confirmed that serious inhibition and disaggregation of endothelial cells would occur if the TAC

loading concentration exceeded 1 mg/graft (or 18 ng/ml/day) in the media. This result was
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consistent with that reported in [114]. Quantitative analysis of the angiogenesis assay was done
using ImageJ for junctions (Figure 16E), endpoints (Figure 16F), vessel length (Figure 16G), and
vessel area (Figure 16H). In general, the more tacrolimus released into the media, the fewer intact
vessels and connectional tubes were detected. If the tubes were destroyed during angiogenesis,
total junctions would decrease and total endpoints would increase. Apoptosis would be imposed
on endothelial cells if the antiproliferative TAC were loaded at 20 mg/graft. Figure 16D depicts
cell debris as the aftermath of spheroid disaggregation and destruction. Tacrolimus was concluded
to be inauspicious to the proliferation and differentiation of endothelial cells at high concentrations

(>40 pg/ml/day).
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Figure 17. Angiogenesis Assay of HUVECs on DEVG at Varying TAC Loading Concentrations: (A): 0
mg/graft, (B): 1 mg/graft, (C): 10 mg/graft, and (D): 20 mg/graft. The bar graphs depict the quantification
of the angiogenic capability of the cells, with (E): Total Junctions (%), (F): Total End Points (%), (G): Total

Vessel Length (%), and (H): Total Vessel Area (%) upon TAC Inhibition.

This phenomenon could be referred to as tacrolimus-mediated serine/threonine-specific

protein kinase B (abbreviated as PKB or AKT) inhibition [135]. Tacrolimus can abrogate the
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phosphorylation of AKT — a multifunctional intracellular regulator of cell growth, metabolism,
and survival [135]. Moreover, tacrolimus can also induce endothelial dysfunction through the

attenuation of AKT and destruction of angiogenic tubes [136].

4.4.3 Macrophage Activation

Macrophages, the immune cells that are present in most tissues, account for 10% of
immune cells but contribute nearly 50% of the total cellular mass due to their large size [137]. The
quantification of macrophage cytokine secretion is necessary to determine the immunogenicity of
the drug-eluting graft. Figure 18A-C illustrates the relative mRNA expression of pro-
inflammatory cytokines TNF-a and IL-1P and inducible genes NOS2. The upregulation of NOS2
and synthesis of TNF-a were inhibited by the released tacrolimus in the media. gPCR revealed the
expected downward trend in these expression levels with increasing concentrations of TAC.
Interestingly, the production of IL-B increased with TAC of 1 mg/graft and 10 mg/graft but
completely zeroed out at 20 mg/graft. A high concentration of TAC might have induced apoptosis
on the macrophages, thus no expression of TNF-a, IL-1p, and NOS2 was detected at 20 mg/graft.
It was concluded that tacrolimus strongly suppressed LPS-stimulated inflammatory cytokine
production from activated macrophage in a dose-dependent manner, which was following the
findings of Yoshino et al. [138]. Figure 16D showcases the production of IL-10, an anti-
inflammatory cytokine, upon tacrolimus release. The loading concentration of 1 and 10 mg/graft

had no noticeable effect on the production of IL-10.
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Figure 18. qPCR for the Expression of Pro-Inflammatory and Anti-Inflammatory Cytokines from the

Induced Macrophages Upon TAC Release from DEVG: (A): NOS2, (B): TNF-a, (C): IL-1p, (D): IL-10

4.4.4 T-Cell Proliferation

The effect of tacrolimus on T-cell proliferation and activation was well-recognized. Figure
19 demonstrates the FACS analysis of CSFE-stained T-cells when TAC was released from the
DEVG. After 72 hours of incubation, the negative control sample witnessed 6 signals of cell
division. The 1 mg/graft concentration also shared the same number of fluorescent signals, yet the
cell count was significantly less. The 10 mg/graft and 20 mg/graft loading concentrations
effectively impeded the division of T-cells to 4 and 2, respectively. It was clear that the more

tacrolimus was introduced to the solution, the harder it was for T-cells to divide.
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Figure 19. FACS Analysis of the T-Cell Population upon TAC Release from DEVG at Varying TAC

Loading Concentrations: (A): 0 mg/graft, (B): 1 mg/graft, (C): 10 mg/graft, and (D): 20 mg/graft
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4.45 T-Cell Activation

Figure 20A (only T-cells present) and Figure 20B (DEVG of 0 mg/graft) shared similar
results in quartile 2 (70.8 versus 69.8). Quartile 2 represents the double-positive region of CD69
and CD25 receptors of the activated T-cells. As mentioned earlier, CD69 is a classical early marker
of lymphocyte activation and CD25 is a component of the IL-2 receptor on activated T
lymphocytes. 0.01 mg/graft (Figure 20C) was deemed an impotent concentration of TAC as there
were no changes to the markers of T-cell activation. Figure 20D-F indicated the inhibition of T-
cell inflammatory response via IL-2 synthesis at 1, 10, and 20 mg/graft. Surprisingly, at high
concentrations of TAC, a proportion of T-cells still expressed CD69 — an early marker of
activation. This might be explained as even during TAC release, T-cells were still able to partially
initiate the activation cascade, yet this process was not stable and was abruptly inhibited by the

immunomodulator.
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Figure 20. FACS Analysis of T-Cell Activation Markers (CD69 and CD25) upon TAC Release from DEVG
at Varying TAC Loading Concentrations: (A): No DEVG, (B), (C), (D), (E), (F): DEVG at 0, 0.01, 1, 10,

and 20 mg/graft, respectively

The immunomodulatory effects of TAC would be greater in vitro than in vivo, as red blood
cells would capture a great part of TAC in vivo [139]. Thus, for the clinical assessment of the
DEVG’s performance, a rodent implantation model was employed using the loading concentration
of 1-1.5 mg/graft. The concentration was decided based on several cytotoxicity assays above. The
inhibition of T-cells must be maintained to reduce transplant rejection while minimizing off-target

trauma on endothelial cells and macrophages.

4.5  InVivo Tissue Interactions
45.1 Vascular Graft Implantation

After the successful implantation of the DEVG into a segment of the femoral artery of an
eight-week-old Sprague-Dawley rat. The fitted diameter of the graft was 0.50 £ 0.02 mm. Figure
21A/B depicts the before/after implantation condition of the artery. Circulation was established in
the left limb and no occlusion was detected at day 0. Under microscopy (Figure 16D), the DEVG
was shown to be anastomosed using surgical nylon sutures. The connection was meticulously
performed to avoid torsional deformation on the graft. During postoperative care, the closing

wound was routinely checked for infection signs and no dietary restrictions were imposed.
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Figure 21. The Implantation of DEVG. (A): The Native Femoral Artery, (B): The Implanted DEVG,
(C): The Native Femoral Artery under 10x Microscopy, and (D): The Implanted DEVG under 10x

Microscopy

4.5.2 Venous Blood Collection

After the serum was extracted, tacrolimus concentration was determined using ELISA
(Figure 22). On average, throughout four weeks, TAC concentration was maintained at 1.0-1.5
ng/ml/day. The cumulative release of TAC at four weeks was only 13.3% of the reservoir per
Figure 13C. This number could reach a maximum of 60% at three months after implantation.
DEVG was shown to facilitate the local and sustained release of tacrolimus (after an initial burst
at days 1-4) in the implanted artery. The immunomodulatory effects of tacrolimus were limited to
only the exposed cells in the femoral artery, as the blood sample was collected only in the tail veins
of the rat. In future studies, an efficacy comparison between the DEVG and local injections of

tacrolimus [141] should be drawn to address the limitations of this therapeutic modality.
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Figure 22. ELISA Detection of TAC in the Blood Serum of Rats

4.5.3 Arterial Ultrasound Imaging

Figure 23 was based on the Doppler ultrasonography of the femoral artery of the rat. The
blood velocity in this vessel was 30.0 mm/s and no visual occlusion, stenosis, or thrombus was
detected on the 30" day. Overall, the lumen diameter remained constant, signifying the total
patency of the DEVG after tissue integration. The patency result was comparable to those of

decellularized vascular graft [97, 127, 142—-144] and synthetic vascular graft papers [145-150].
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Figure 23. DEVG Lumen Diameter via Doppler Ultrasonography
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Chapter 5 Conclusion and Future Directions

DEVG was designed as an implanted drug delivery system that could facilitate the targeted
immunosuppression of T lymphocytes following organ transplantation. The inner layer consists of
electrospun PLGA/PLCL nanofibers with interspersed tacrolimus. As the layer biodegrades,
tacrolimus will be released from the matrix. Mechanical characterization of DEVG discovered the
optimal composition of 50% PLCL and 50% PLGA, with the modulus of elasticity: 44.2 MPa
(axial) and 9.3 MPa (circumferential), suture retention strength: 4.0 MPa, and pore diameter: 23.7
um (day 0) and 13.9 pm (day 84). In vitro degradation of the PLGA/PLCL layer witnessed a 25.9%
decrease in weight over 12 weeks, which corresponded to 60% of cumulative tacrolimus release
from the DEVG. In vitro cytocompatibility assays reported the optimal tacrolimus loading
concentration of 1 mg/graft. This concentration did not obstruct endothelial cell adhesion and
angiogenesis, whilst still modulating the cytokine release of macrophages and activation cascade
of T lymphocytes. The implantation of DEVG (length: 1-1.5 cm, diameter: 0.50 £ 0.02 mm, and
loading concentration: 1.4-1.5 mg) into the femoral artery of a Sprague-Dawley rat was
pronounced successful. The graft continually released tacrolimus at a concentration of 1.0-1.5
ng/ml/day and remained patent after 4 weeks of implantation.

Future research should scope the complexity of DEVG’s in vivo performance. The
experimental scheme should include subjects of negative control (sham subjects) and subjects of
systemic drug administration (traditional approach) for therapeutic comparison. Additionally, the
long-term effects of this biomaterial-mediated immunomodulation modality such as chronic
inflammation, neuropathy, and neurotoxicity were not considered in this study, but they are crucial

safety studies for the clinical implementation of an engineered vascular graft.
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