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Abstract

Engineering Biomaterials and Biomolecules for Vascular Regeneration

by
Fang Huang

Joint Doctor of Philosophy
with the University of California, San Francisco

in Bioengineering
University of California, Berkeley
Professor Song Li, Chair

Tissue engineering and regenerative medicine is a multidisciplinary field that combines
the knowledge and technologies of biology, materials, chemistry and medicine among
others. Within the realm of tissue repair and regeneration, vascular reconstruction, in
particular, is influenced by both biophysical and biochemical cues and it is critical to fully
understand how these cues interact with the physiological microenvironment. In this
dissertation, we demonstrated how host vascular regenerative potential can be
harnessed by optimizing vascular grafts from both the biomaterial and biochemical
perspectives. We utilized and optimized electrospinning technology to create
microfibrous vascular grafts. We showed that incorporating a fast degrading polymer
into the vascular grafts effectively enhances cell infiltration without majorly
compromising its mechanical and structural properties. Our in vivo data suggests that
although the optimized vascular graft was able to induce the initiation of vascular
regeneration, the process was accelerated and enhanced with the help of biochemical
cues presented in the form of stromal cell-derived factor-1a (SDF-1a). In the presence
of chemokine SDF-1a, the vascular grafts demonstrated better wall remodeling and
long-term patency. This observation again highlights the significance of both biomaterial
and biochemical effects. While the vascular grafts in our studies might recruit
inflammatory cells, calcification which is a destructive complication typically associated
with inflammatory response was not observed. The final part of this dissertation details
our efforts in using protein engineering to broaden the biological application of SDF-1a
by introducing a free cysteine residue on its C-terminus. We showed that the cysteine-
modified SDF-1a exhibits a bioactivity different from its unmodified counterpart, the
underlying mechanism of which needs to be elucidated in future studies. Taken together,
this work is expected to provide insights into optimization of vascular graft platforms for
broad therapeutic applications.
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Chapter 1. Introduction
1.1 Introduction

Tissue engineering and regenerative medicine utilize cells, biomaterials, or a
combination of both with applicable biochemical stimuli to repair or replace trauma- or
disease-damaged native tissues. Effective tissue engineering and regenerative
medicine strategies for treating cardiovascular diseases require sufficient therapeutic
revascularization. Many cardiovascular diseases such as cardiac ischemia and
peripheral vascular disease are caused by loss of vascular supply, which prevents
adequate transportation of oxygen and necessary nutrients/waste exchange, thus
leading to cell death and eventual organ failure. Regenerative approaches to treating
cardiovascular diseases commonly involve reconstructing vascular bridges for both
oxygen and nutrient exchange, and propagation of indispensable paracrine signals.
However, vascular regeneration remains challenging due to insufficient and slow
recruitment and generation of endothelial cells (1). Although numerous studies have
been done to improve vascular regeneration, each approach has its pitfalls and
limitations. Therefore, advancement in the technology for vascular regeneration remains
a field of vital study.

Tissue repair and regeneration are influenced by both biomaterials and
biochemical stimuli. In particular, vascular regeneration frequently relies on the use of
biodegradable and biocompatible scaffolds with optional cell seeding, vascular growth
factors, and anticoagulants. To fully understand the roles played by these cues in
vascular regeneration, more investigation is critical. In this dissertation, we explored the
effect of a cell-free biodegradable vascular graft and chemokine stimuli on vascular
regeneration. This work provides insights and the groundwork for future studies to
develop and optimize a platform for vascular regeneration which can contribute to
therapeutic applications.

1.2 Dissertation Outline

In Chapter 2, we investigated how modulating electrospinning parameters
influences fiber spacing of vascular grafts as it may directly affect the degree and extent
of cell infiltration into the scaffolds. In addition, in an effort to improve cell infiltration of
our established system, we introduced a fast-degrading polymer in addition to our initial
polymer and fabricated multiple vascular grafts with various designs. We subsequently
performed a primary screening based on their post-electrospinning morphology and
structural integrity, and a secondary screening based on the degree of in vivo cell
infiltration. We explored the effect of a fast-degrading polymer on cell infiltration and
showed a noticeable improvement. Cell infiltration of the vascular grafts is critical for
vascular remodeling and regeneration. This information is important for vascular graft
fabrication as it allows us to achieve better cell infiltration without severely
compromising its mechanical properties.



In Chapter 3, we explored the in vivo performance of the vascular graft screened
in Chapter 2. We demonstrated that the designed vascular graft was able to recruit
endothelial cells. In addition, we explored the effect of stromal cell-derived factor-1a
(SDF-1a), which is a powerful chemokine that recruits endothelial and smooth muscle
progenitor cells, in combination with a designed vascular graft on vascular remodeling;
the presence of the chemokine led to better remodeling and long-term patency.
Findings from this chapter contribute to our understanding of the effect of biomaterials
and biochemical cues on vascular regeneration, in particular, endothelialization and
remodeling.

In Chapter 4, we shifted our focus from biomaterials to biochemical cues. To
broaden the biological applications of the chemokine SDF-1a used in Chapter 3, we
engineered a cysteine modified SDF-1a that is readily used for subsequent chemical
conjugations. In this chapter, we described the protocol to express, isolate, refold, and
purify the cysteine modified SDF-1a. Our investigation of its in vitro chemotactic activity
showed it has a significantly different activity compared to its unmodified counterpart.
These findings allow future studies to build upon our modification and design more
potent medicine for therapeutic applications, such as treating tissue ischemia.



Chapter 2: Fast-degrading Polymer Enhances Cell Infiltration into
Electrospun Vascular Grafts

2.1 Introduction
2.1.1 Tissue Engineered Vascular Graft

Tissue engineering and regenerative medicine is a fast-growing field centered on
creating equivalents to native body tissue for replacement of trauma- or disease-
damaged tissue (2-5). In particular, there is a great need for the replacement of
obstructed blood vessels. According to a 2012 statistics report from the American Heart
Association, cardiovascular disease accounts for more than one-third of all deaths and
is the leading cause of death in the United States (6, 7). As arterial replacement is the
most common treatment for vascular diseases, the field of vascular tissue engineering
has undergone rapid development in the past two decades (8).

Every year in the United States, over 500,000 vascular grafts are used in bypass
procedures for coronary arteries and peripheral arteries. Most of the vascular grafts
used are autologous grafts (8). An autologous graft is a graft, venous or arterial,
harvested from another site of the patient’s body. It has the advantages of being native
and biocompatible to the patient, free of immune rejection, and having optimal biological,
structural, and mechanical properties. However, the use of autologous graft is limited by
its availability: one-third of patients with the peripheral arterial disease do not have
suitable autologous grafts (9-11). Moreover, harvesting autologous grafts requires
additional surgeries and may potentially lead to donor site morbidity.

When availability limits the use of autologous grafts, polymer-based synthetic
vascular grafts are used as an alternative. Commercially available polymer-based
synthetic vascular grafts are usually made of expanded-polytetrafluoroethylene (ePTFE),
Dacron or polyurethane (12, 13). Although these polymers are biological inert, their lack
of anti-thrombotic properties restricts their usage as small-diameter grafts, which have a
higher frequency of developing thrombosis and occlusion.

Given the advantages and disadvantages of autologous and synthetic grafts,
many researchers have focused on developing readily available small-diameter (<6mm)
tissue-engineered vascular grafts that possess the same biological, biochemical, and
mechanical properties as native vessels. To achieve the desired functional vascular
grafts, some strategies utilize decellularized allogeneic or xenogeneic vessels (14-16)
and electrospun vascular grafts using synthetic and/or natural polymers in combination
with various cell types and/or biochemical molecules (17, 18). Summary of in vivo, in
vitro, and in situ approaches to generate vascular grafts is illustrated in Figure 2.1.

2.1.2 Electrospinning

Electrospinning is a convenient method for creating scaffolds that mimic the
physiological microstructure of native tissue (19). The general process of



electrospinning involves dissolving polymers in a highly volatile solvent such as
chloroform or HFIP (hexafluoro-2-propanol). The polymer can either be synthetic (e.g.,
PLLA, PEG, or PEO) or natural (e.g., fibrin, collagen, or fibronectin). The polymer
solution is ejected through a syringe needle using a syringe pump. Ejected solution is
exposed to a high electrical field, which causes the solvent to evaporate instantly. The
solute then “whips” back and forth to produce a continuous fiber. The fiber travels
across a certain distance and is collected onto a target (20, 21). The use of
electrospinning has the following advantages: the fibers formed have diameters similar
to those seen in collagen fibrils and provide a cellular architecture similar to that found
in native biological tissue, which allows integration of the grafts with surrounding cells
and tissues (21, 22); various properties of the scaffold such as fiber diameter,
mechanical strength, or porosity can be precisely tuned by modulating electrospinning
parameters such as voltage, needle distance, polymer concentration, and polymer
solution flow rate (23-25).

In vitro UssUe engineering

i vivo tissue engineering

Rod template

SMCs or
fibroblasts

H&E‘W

St

In situ tissue engineering

Tubular scaffold §

weith or without
cell seeding

7

Myofibroblasts Mesothelial

cells
Regenerated vessel

Figure 2.1 Schematic illustration of in vitro, in vivo, and in situ approaches to generate
vascular grafts (8).

2.1.3 Polymer

A polymer is a long macromolecule composed of many repeating building blocks.
These repeating units are called monomers. Depending on its origin, a polymer can be
natural or synthetic. Natural polymers such as protein, starch, cellulose, and natural
rubber are obtained from natural sources. Synthetic polymers such as polyethylene,
polystyrene, and polyurethanes can be synthesized chemically in the laboratories (26,

4



27). The chemical and physical properties of a polymer are greatly influenced by its
synthesis condition, such as the polymerization mechanism, type, and amount of input
monomer, initiator, and catalyst (27). This characteristic allows us to fine-tune the
synthesis condition to produce polymers that fit specific needs.

Poly(L-lactide-co-g-caprolactone)

Synthetic biodegradable polymers such as homopolymer PLA (polylactide), PCL
(poly(e-caprolactone)) and their copolymer PLCL (Poly(L-lactide-co-e-caprolactone))
have been widely employed clinically (28). They have been utilized for various medical
applications, such as sutures, orthopedic, drug delivery systems, and scaffolds for
tissue engineering. Copolymer PLCL, which has a physically cross-linked structure, is
formed from two different monomers: L-lactide and e-caprolactone. It exhibits a rubber-
like elasticity owing to its soft matrix of mainly e-caprolactone moieties and hard
domains composed of additional L-lactide units (29). Due to the different roles played by
the two types of monomer, mechanical properties such as elasticity and degradation
rate of the copolymer PLCL are largely affected by the monomer content (29, 30). PLCL
is biodegradable and degrades in vivo primarily by hydrolysis into non-toxic end
products (29). In addition, PLCL is compatible with electrospinning and has been
extensively used to produce scaffolds for vascular tissue engineering (31).

Polydioxanone

Polydioxanone (PDO) is a colorless, biocompatible, and biodegradable polymer
that is initially developed for use as wound closure sutures (32). As a suture, it exhibits
high flexibility. When compared to other suture materials such as Vicryl or Dexon, PDO
demonstrates higher strength retention, slower absorption rates, and lower inflammatory
response rates (33). When PDO is used as a typical monofilament suture, it loses 50%
of its initial breaking strength after three weeks and is completely absorbed within six
months (an advantageous time scale for slower wound healing) (33, 34). PDO is
compatible with electrospinning to produce fibers. Electrospun fibers of PDO possess
diameters ranging from hundreds of nano- to micrometers. Moreover, electrospun PDO
scaffolds have mechanical properties comparable to collagen and elastin, two major
structural components of blood vessels (35). Overall, the combination of biocompatibility,
flexibility and degradation rate of PDO makes PDO a potential candidate for tissue
engineering applications including vascular grafts.



2.2 Materials and Methods
2.2.1 Fabrication of Vascular Grafts

Electrospinning was performed to fabricate vascular grafts. The electrospinner
set-up (Figure 2.2A) consists of a programmable syringe pump that is used to dispense
polymer solution from a 25 mL syringe, silicone tubing used to connect syringe and a
stainless steel 25G dispensing needle, a stainless steel mandrel that rotates at 16 rpm
to collect electrospun fiber, and a spinneret that traverses in parallel direction with
rotating collector to ensure resulting vascular grafts have uniform thickness in its
longitudinal direction. Two high-voltage generators were used to apply negative voltage
of 3 kV to the mandrel and a positive voltage of 11 kV to the spinneret. The
electrospinning process was allowed to continue until the desired wall thickness was
achieved based on measurements obtained with a thickness gauge. Three different
formulations of polymer solution were used in this study:

e The PLCL (70 wt% L-lactide and 30 wt% e-caprolactone) solution was made by
dissolving 15% PLCL (w/v), 1% PPG (v/v) in Tris-HFIP which contains 0.05% w/v
Tris-HCI.

e The PDO solution was made by dissolving 20% PDO (w/v) in Tris-HFIP.

e The PLCL/PDO blend solution was made by mixing aforementioned PLCL and
PDO solution at 1:1 ratio by volume.

All polymer solutions were secured to an orbital rotator and allowed to dissolve
overnight in a fume hood.

2.2.2 Manufacturing PLCL Vascular Grafts with Various Fiber Spacing

The PLCL grafts were fabricated as described in Section 2.2.1. To modulate fiber
spacing of the electrospun grafts, while the other parameters (voltage, polymer
concentration, needle gauge, and mandrel rotating speed, etc.) were kept consistent,
two parameters were independently manipulated: (1) the flow rate (FR) at which
polymer solution was dispensed from the syringe; and (2) the distance between needle
and rotating mandrel, i.e., the mandrel-needle distance (MND).

Three different FRs at 1, 3, and 5 mL per hour were tested. At each FR, the
grafts were electrospun at two different MND: 9, and 11 cm, giving a total of six
combinations. A scanning electron microscope (SEM, Hitachi TM-1000) was used to
examine and image the fiber spacing on the luminal surface for each experimental

group.
2.2.3 Structuring Single- and Multi-Layered Vascular Grafts with PLCL and PDO

All electrospinning parameters were kept consistent as described in Section 2.2.1
with FR at 3 mL/h and MND at 11cm. Using the three different formulations of polymer



solution (15% PLCL, 20% PDO, and PLCL/PDO blend), four single-layered and three
multi-layered vascular grafts were fabricated.

To produce single-layered vascular grafts, the three aforementioned polymer
solutions were independently used to spin PLCL, PDO, and PLCL/PDO blend grafts.
The fourth single-layered vascular graft was manufactured by co-electrospinning a 15%
PLCL and a 20% PDO solution as follows: two syringes containing 15% PLCL and 20%
PDO solution were attached to the same syringe pump so that their rates at dispensing
polymer solution were identical. Two silicone tubing were separately connected to the
two syringes. The polymer solutions were eluted from two different needles that were
both secured to the same spinneret. The resulting electrospun fibers were collected
onto the same mandrel. The aforementioned four single-layered vascular grafts will be
referred to as PLCL, PDO, PLCL/PDO blend, and PLCL/PDO co-spun, respectively.

To produce multi-layered vascular grafts, 15% PLCL and 20% PDO polymer
solutions were used. Only one polymer solution was allowed to spin at any one time.
One solution was allowed to electrospin for a certain amount of time until the graft wall
reached the desired thickness; the solution was subsequently switched to the other
formulation immediately, and spinning was allowed to continue until the final thickness
reached approximately 200 to 250um. The three structures manufactured in this study
are as follows:

e PLCL as luminal layer (~50um) and PDO as exterior layer.
e PDO as luminal layer and PLCL as exterior layer (~50um)
e PLCL as middle layer (~50um) and PDO as both luminal and exterior layer.

The aforementioned three multi-layered vascular grafts will be referred to as PLCL-L,
PLCL-E, and PLCL-M, respectively.

2.2.4 In Vivo Subcutaneous Implantation and Explantation

The animal protocol was developed and approved before surgery. All procedures
were approved by the Institutional Review Board Service and the Institutional Animal
Care and Use Committee at the University of California, Berkeley. 2-month-old male
Sprague-Dawley (SD) rats (approximately 260g) were purchased from the Charles
River animal facility. The rats were anesthetized with 2.0% isoflurane in 70% nitrous
oxide and 30% oxygen. Abdominal skin was dissected; single-layered vascular grafts
(PLCL electrospun at different MND, PDO, PLCL/PDO blend, and PLCL/PDO co-spun)
were placed in between fascia and muscle without being sutured to surrounding tissue.
The wound was sutured with a 4-0 needle. After 2 or 4 weeks in vivo, the animals were
euthanized, and the vascular grafts were explanted.

2.2.5 Histological Analysis

The grafts were explanted and fixed with 4% paraformaldehyde (PFA) for 2 hours
and dehydrated in 30% sucrose overnight at 4°C. The dehydrated grafts were frozen in



an optimal cutting temperature (OCT) compound (Tissue-Tek), and sectioned into
10pum-thick slices using a cryostat.

Hematoxylin and Eosin (H&E) Stain

Hematoxylin and Eosin (H&E) staining was performed to determine the degree of
cell penetration into the grafts. Slides were fixed again with 4% PFA for 10 minutes.
Fixed slides were washed with water for 5 minutes and followed by hematoxylin staining
for 15 minutes. Slides were quickly rinsed with water and stained with eosin for 1 minute.
Stained slides were dehydrated for 2 minutes each with increasing concentrations of
ethanol (70%, 85%, and 100% ethanol) and followed by Xylene for 5 minutes to clear
residual ethanol. The finished slides were air-dried and mounted with xylene-based
Permount medium.



2.3 Results
2.3.1 Fabrication of Microfibrous Vascular Grafts

As shown in Figure 2.2A, an electrospinning technique was used to fabricate
microfibrous tubular grafts. Representative images obtained by SEM showed that the
fibers produced by electrospinning have diameters varying from the nano- to micro-
scale, and the electrospun grafts have a porous structure (Figure 2.2B). Electrospun
tubular grafts comprise both a luminal surface and an exterior surface. Fibers on the
luminal surface have smaller diameters and fiber spacing in comparison to the exterior
surface, resulting in a “denser” luminal surface and a “looser” exterior surface. The
porous surfaces were observed along the longitudinal direction as well as the radial
direction as shown in the SEM image of vascular graft cross-section (Figure 2.2B).
When it is more exterior along the radial direction, the graft becomes more porous. This
observed pattern is consistent with the previous observation that the luminal graft is
“denser” than the exterior gratft.

2.3.2 Effects of Fiber Spacing of PLCL Grafts on In Vivo Cell Infiltration

To determine the effect of electrospinning parameters on the fiber spacing of
electrospun vascular grafts, the PLCL solution was electrospun under different
conditions. Two electrospinning parameters, the FR and the MND were modulated while
the rest of the electrospinning parameters were kept consistent. The polymer solution
was electrospun at a FR of 1, 3, or 5 mL per hour, while the MND was kept at either 9 or
11 cm. The SEM images of the luminal surfaces of the vascular grafts showed that
varying the FR of the polymer solution does not noticeably change the fiber diameter or
spacing between fibers (Figure 2.3). When the MND was kept consistent, changing the
polymer solution FR from 1 to 3 mL per hour, or from 3 to 5 mL per hour did not affect
the morphology of vascular graft. The luminal surfaces of all grafts with a fixed MND
were approximately equally “dense.” In contrast, MND does affect the fiber diameter
and spacing between fibers. While the other parameters were fixed, when the MND was
reduced from 1lcm to 9cm, the electrospun fibers had a distinctly bigger diameter. In
addition, the grafts had a bigger pore size and hence a “looser’ structure. As
demonstrated, it is possible to produce more porous grafts by reducing the MND;
however, there is a limitation on this approach. When the MND was reduced to below
9cm, instead of being electrospun as a single fiber, the PLCL polymer solution was
electrosprayed onto the rotating mandrel and created grafts with undesirable properties
(data not shown). Therefore, under the reported electrospinning condition with our
electrospinner setup, the shortest distance between mandrel and needle to allow PLCL
electrospinning is 9cm.

To determine whether the pore size difference achieved by altering the MND is
sufficient to influence cell infiltration in vivo, PLCL vascular grafts electrospun at a MND
of 9cm and 1lcm were subcutaneously implanted into 2-month-old male SD rats. 2
weeks following implantation, the grafts were explanted, and H&E staining was
performed to visualize cell infiltration. As shown in Figure 2.4, at 2 weeks, cells have



infiltrated into the grafts. For both groups, there were more cells at the outer rim of the
grafts than on the inside, as expected. However, it is surprising to see that the
electrospun MND-9cm grafts, which have noticeably larger pore size, had marginally
more cells infiltrated into the grafts compared to electrospun MND-1lcm grafts.
Unfortunately, the greatest extent of cell infiltration obtained with PLCL vascular grafts is
still below satisfactory, suggesting a different approach is needed to enhance cell
infiltration.
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Figure 2.2 Electrospinning and micrtuure of electrospun vascular grafts. (A) Set-up
and process of electrospinning. (B) Representative structure of luminal (left), exterior
(middle) and cross-section (right) surface of an electrospun vascular graft. Scale Bar =
50um.
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MND =11cm MND

Figure 2.3 Characterization of electrospun microfiborous PLCL vascular grafts. The
luminal surface of PLCL vascular grafts electrospun at varying polymer solution FRs at
a MND of (A-C) 9 cm and (D-F) 11 cm. Scale Bar = 50um.

MND=9cm MND=11cm

Flguré 2.4 In Vivo ceII infiltration "of the mlcroflbrous vascular grafts. H&E stalnlng of
PLCL vascular grafts electrospun at a MND of (A) 9cm and (B) 11cm 2 weeks after
subcutaneous implantation. Scale Bar = 100um.
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2.3.3 Structuring of Single- and Multi-layered Vascular Grafts with PLCL and PDO

PDO is a fast degrading polymer. Our preliminary data (not shown) has
demonstrated that electrospun PDO sheet loses its mechanical strength drastically in
vitro after a month, suggesting it could potentially serve as the sole graft material or as
an additive to PLCL vascular graft to promote cell infiltration. We optimized
electrospinning parameters for PDO grafts prior to further studies. Although PDO has a
similar chemical structure compared to PLCL, their properties differ slightly. As a result,
PDO does not electrospin as satisfactorily under the conditions optimized for PLCL.

Initial attempts to electrospin 12% PDO in Tris-HFIP (w/v) resulted in grafts with
rough exterior surfaces (Figure 2.5A-B). Moreover, the PDO lacks the strong
intermolecular adhesion of PLCL, resulting in severe delamination (Figure 2.5C). The
issues of rough surface and delamination were not alleviated by adjusting the
electrospinning parameters (i.e., voltage, MND, and FR, etc.). To address these issues,
we increased the concentration of polymer solution. We electrospun PDO grafts with a
gradient of polymer concentration, ranging from 12% to 20%. The results showed that
higher concentrations of PDO resulted in smoother graft surfaces. The 20% PDO grafts
have an exterior surface approximately as smooth as the optimized PLCL grafts, as
shown in Figure 2.5D-E. The SEM images of the cross-section of the 20% PDO grafts
(Figure 2.5F) showed that its structural integrity is superior to 12% PDO grafts, yet still
not as good as 15% PLCL grafts. However, its weaker structural integrity leads to a
more porous structure, which is potentially beneficial for cell infiltration.

Exterior Cross-Section

12% PDO

20% PDO

Figure 2.5 Characterization of electrospun microfiborous PDO vascular grafts. Gross
structure (A, D, scale bar = 1mm) and SEM images of microstructure of exterior (B, E,
scale bar = 100um) and cross-section (C, F, scale bar = 100um) surface of PDO
vascular grafts electrospun at 12 and 20 wt%.
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In addition to 15% PLCL and 20% PDO grafts, two other single-layered vascular
grafts were fabricated: 15% PLCL and 20% PDO solution was thoroughly mixed with a
1:1 ratio and the mixed solution was electrospun to make PLCL/PDO blend grafts. The
PLCL/PDO co-spun grafts were fabricated by co-electrospinning 15% PLCL solution
and 20% PDO solution using two spinnerets simultaneously. The SEM images of
luminal surfaces of the vascular grafts showed that 20% PDO, PLCL/PDO blend, and
PLCL/PDO co-spun grafts have comparable morphology, and they all have larger fiber
spacing and thicker fibers compared to 15% PLCL grafts (Figure 2.6A). The SEM
images of cross-section surfaces of the vascular grafts showed that PLCL/PDO blend
grafts have similarities to both 15% PLCL and 20% PDO grafts. The blend grafts have
organized morphology and structural integrity similar to PLCL grafts; yet, they are
similar to 20% PDO grafts and possess a more porous structure than PLCL. Compared
to the PLCL/PDO blend grafts, which essentially have a balanced structure of 15%
PLCL and 20% PDO grafts, the PLCL/PDO co-spun grafts have a more interesting and
surprising architecture. Theoretically, PLCL/PDO co-spun grafts ought to show a single-
layered structure as the two spinnerets were run simultaneously. Yet, SEM images
showed it carries a non-delaminated “stacked” structure, with alternating layers of
PLCL’s and PDO'’s look-alikes. However, any theory regarding the stacked layers lacks
chemical characterization and would be based solely on the morphology and thus
remain inconclusive at this point.

Three multi-layered vascular grafts were fabricated in addition to aforementioned
four single-layered grafts:

e PLCL-L grafts that have PLCL as the luminal layer and PDO as the exterior layer.

e PLCL-E grafts that have PLCL as the exterior layer and PDO as the luminal layer.

e PLCL-M grafts that have PLCL as the middle layer and PDO as both luminal and
exterior layer.

The SEM images of their cross-sections showed that all of the three formulas exhibit
severe delamination due to weak intermolecular adhesion, thus disqualifying their
potential use as vascular grafts (Figure 2.6B).

2.3.4 Effects of Fast-Degrading PDO on In Vivo Cell Infiltration

To investigate the role of the fast-degrading polymer PDO in in vivo cell
infiltration, the four single-layered vascular grafts (PLCL, 20% PDO, PLCL/PDO blend,
and PLCL/PDO co-spun) were implanted subcutaneously into 2-month-old male SD rats.
The grafts were explanted 2 and 4 weeks after implantation and H&E staining was
performed to inspect cell infiltration. Results showed that at 2 weeks, all implanted
vascular grafts had cells infiltrated (Figure 2.7A). The 15% PLCL grafts had the least
cell infiltration, with the majority of the cells residing at the exterior rim of the grafts and
few cells in the middle of the grafts. The 20% PDO grafts showed drastically higher
numbers of cells residing throughout the grafts. As expected, the PLCL/PDO blend
grafts, which exhibit morphology with combined features of 15% PLCL and 20% PDO,
had a compromised number of cells within the grafts compared to 20% PDO grafts.
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Figure 2.6 Characterization of single- and multi-layered vascular grafts. (A) Luminal
(top) and cross-section (bottom) surface of single-layered vascular grafts electrospun
with 15% PLCL, PLCL/PDO blend, 20% PDO, and PLCL/PDO co-spun. Scale bar = 50
pm. (B) Cross-section surfaces of multi-layered vascular grafts with the following
structure: (left) PLCL as the luminal layer and PDO as the exterior layer; (right) PDO as
the luminal layer and PLCL as the exterior layer; and (middle) PLCL as the middle layer
and PDO as both luminal and exterior layer. Scale bar = 500 ym.

The PLCL/PDO blend, 20% PDO, and 15% PLCL grafts all exhibited a relatively
uniform cell distribution. The PLCL/PDO co-spun grafts, on the other hand, showed a
unique, interesting cell distribution pattern. As mentioned earlier, although PLCL and
PDO have similar chemical structure, their properties differ slightly. One of the
differences is manifested in their H&E staining appearance. The PLCL showed a clean
and translucent staining, as shown in 15% PLCL graft, while the PDO stained yellowish
and opaque, as shown in 20% PDO and PLCL/PDO blend grafts (Figure 2.7A). The
PLCL/PDO co-spun grafts, on the other hand, had a non-uniformly colored staining.
Similar to its morphological structure shown by SEM images, the grafts exhibited a
stacked color pattern alternating with translucent and opaque layers, with the cells
distributed exclusively in the opaque region of the grafts. This suggests that the PDO
might have a beneficial effect on cell infiltration and attachment.
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At 4 weeks, the amount of cells infiltrated was not obviously more than their 2-
week counterparts (Figure 2.7B). This suggests the majority of the cell infiltration takes
place shortly following subcutaneous implantation. At 4 weeks, 15% PLCL, PLCL/PDO
blend, and co-spun grafts had maintained similar structural integrity as their respective
2-week samples. However, 20% PDO grafts had largely degraded and lost structural

integrity.

Not only did cells infiltrate into grafts, but there was also tissue growing
surrounding the implanted grafts. For subcutaneous implantation, the amount of tissue
surrounding the grafts at 2 weeks and 4 weeks did not differ greatly. The 15% PLCL
and PLCL/PDO blend grafts were relatively clean, with minimal tissue growing around
the grafts. The PLCL/PDO co-spun grafts had moderate amount of surrounding tissue.
In contrast, 20% PDO grafts triggered a strong cellular response with the thickest layer
of tissue confining the grafts compared to the other grafts.

A

2 Weeks

4 Weeks

Figure 2.7 In vivo cell infiltrétion of the §ihgle-laye}ed microfibrous vascular raft. H&E
staining of single-layered vascular grafts electrospun with 15% PLCL, 20% PDO,

PLCL/PDO blend, as well as vascular grafts co-electrospun with PLCL and PDO at (A)
2 weeks and (B) 4 weeks after subcutaneous implantation. Scale Bar = 100um.
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2.4 Discussion

Cardiovascular disease, one of the leading causes of death, severely impacts a
patient's well-being. A common treatment for vascular diseases is performing bypass
surgeries with artificial vascular grafts. Therefore, there is a great need to develop a
vascular graft with optimal mechanical and biochemical properties. In particular, the
development of successful small-diameter vascular grafts (<5mm) remains challenging
due to frequent thrombosis and occlusion. Many vascular grafts have been developed
over the past decade. ePTFE is one of the materials that has been frequently used for
commercial vascular grafts. However, ePTFE vascular grafts have an unsatisfactory in
vivo performance on patency, despite heparin coating (36). In addition, tissue
engineered grafts in general, both synthetic and decellularized native arteries, have
limited host cell infiltration and remodeling even 6 to 12 months after implantation (18,
37-40).

The primary purpose of vascular grafts is to serve as a scaffold into which cells
can adhere and grow. An ideal graft would provide the necessary mechanical strength
to withstand arterial pressure; biochemical cues for cells to adhere and proliferate;
structural support to physically anchor and secure neoarteries; and be able to degrade
and be cleared from the system on timely order when the vascular regeneration is
finished. In addition, a good vascular graft would allow wall remodeling by the infiltrated
cells to obtain a desirable strength and elastic recoil. This cannot be achieved with a
limited cell infiltration, highlights the need for such a vascular graft to be developed.

In this study, we investigated two approaches to enhance in vivo cell infiltration.
The first approach increased vascular graft fiber spacing without post-electrospinning
modification by modulating electrospinning parameters. The second approach
introduced a fast-degrading polymer that degrades in vivo and leaves behind spaces for
cells to infiltrate and proliferate as well as to encourage tissue regeneration.

Some common ways to increase graft pore size/fiber spacing involve using post-
electrospinning modifications such as salt leaching and using sacrificial fibers. The
principles of both methods are similar. The salt particles or sacrificial polymer are
temporarily electrospun into the grafts with the base polymer. They are later removed
using water or appropriate solvents, leaving behind empty spaces. However, one major
drawback with these two methods is that the base polymer would collapse and partially
fill the empty spaces (41). We, therefore, intend to fabricate vascular grafts with larger
pore sizelfiber spacing without any post-electrospinning modification. It has been
reported that manipulating the electrospinning parameters would affect the properties of
electrospun scaffolds. In particular, polymer solution flow rate and the distance from
spinneret tip to collector both have a direct effect on fiber diameter and fiber spacing. It
has been shown that to a certain extent, increasing the flow rate produces fibers with
larger diameters, thus leading to larger fiber spacing (42). On the other hand, increasing
the distance between spinneret and collector produces fibers with a smaller diameter
and hence smaller fiber spacing (43). In this study, we modulated both the polymer
solution flow rate and the distance between the spinneret and collecting mandrel

16



independently. It is surprising to see that modulating the flow rate of the PLCL polymer
solution had no apparent effect on the fiber diameter and spacing. It is possible that the
slowest flow rate tested in this study (1 mL/hr) has exceeded the upper limit of the
effective range for PLCL. Reducing the distance between spinneret and mandrel
marginally increased fiber diameter and spacing. Unfortunately, subcutaneous in vivo
study showed no apparent difference in cell infiltration.

After failing to enhance cell infiltration using the first approach, we introduced a
fast-degrading polymer in the second approach. A fast degrading polymer would
shorten host exposure to the foreign materials and allow rapid host remodeling. For
instance, researchers have developed a vascular graft with PCL and a fast-degrading
elastomer poly (glycerol sebacate) (PGS) (44). The graft consists of a PGS core that
was fabricated with salt fusion and leaching method, and a PCL sheath that was
electrospun onto the PGS core. The graft degrades rapidly in vivo and allows the
formation of neoarteries that are nearly free of foreign materials in 3 months. Although
PGS is a promising candidate, it is difficult to work with technically. PGS requires gentle
handling due to its low tensile strength. Moreover, electrospinning PGS is challenging
because crosslinked PGS is insoluble in the organic solvent, which makes the use of
uncrosslinked PGS prepolymer necessary. However, the glass transition temperature of
PGS prepolymer is below room temperature, which causes the polymer to flow and
electrospun fibers to fuse into a nonporous structure at room temperature. This fiber
fusion is aggravated by the high temperature required for thermal crosslinking (45).
Given these technical challenges, in this study, we used a different fast-degrading
polymer, PDO. It is easy to handle and compatible with electrospinning, and is readily
dissolvable in Tris-HFIP (the optimized solvent for PLCL according to laboratory
protocols).

In this study, we developed 3 multi-layered vascular grafts using fast-degrading
PDO and slow-degrading PLCL. Our preliminary in vitro results showed that PDO grafts
lost the majority of the mechanical strength within a month, which is less than the time it
takes to fully regenerate a neoartery. At least a layer of the vascular graft needs to stay
in place to provide structural support while the arteries are regenerating. We, therefore,
developed 3 multi-layered vascular grafts with the slower degrading PLCL as the
luminal, middle, and exterior layer. Unfortunately, these multi-layered vascular grafts
failed to provide structural integrity. Although PLCL and PDO share similar properties,
their electrospun fibers do not have strong adhesion to each other. All the multi-layered
vascular grafts exhibited severe delamination, which would be destructive for vascular
grafts. As a result, the multi-layered vascular graft designs were excluded from the
subsequent in vivo study.

Using PLCL and PDO, we have also developed 4 single-layered vascular grafts.
Compared to PLCL grafts, PDO grafts exhibit larger pore size and fiber spacing, a
potentially beneficial factor. Unfortunately, PDO grafts do not exhibit the desirable
mechanical strength and structural integrity. The in vivo results showed that PDO grafts
did recruit more cells but exhibited severe degradation 4 weeks after in vivo
implantation, which is consistent with the preliminary observation. Since vascular
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regeneration, in general, requires longer than 4 weeks, PDO grafts do not meet the
timeframe requirement. In addition, rapid degradation is not entirely beneficial for
vascular regeneration. Typically, faster degrading materials trigger more pronounced
inflammatory reaction than slower degrading counterparts (46, 47), indicating that a
balance between cell infiltration and degradation rate is mandatory. Among the single-
layered vascular grafts tested, the balance is best reached by the PLCL/PDO blend
grafts, which had moderate uniform cell infiltration and little cellular response. Based on
the results of this study, the PLCL/PDO blend grafts will be used for the following
research.

Although PLCL/PDO co-spun grafts did not have desirable in vivo cell infiltration,
we have made an interesting observation. The SEM images showed that they possess
distinct layers, presumably alternating layers of PLCL and PDO. The H&E staining of
explanted grafts showed infiltrated cells residing in alternating layers as well. This
suggests that limited cell infiltration in PLCL grafts is possibly due to lack of cell
adhesion sites in addition to small pore size. Although PLCL exhibits desirable elastic
and mechanical properties, the hydrophobicity of PLCL negatively influences protein
adsorption, which in turn prevents the cells from adhering (48). Although PDO is also
considered a hydrophobic material, it has more polar structures than PLCL, which in
theory should be beneficial for cell adhesion. Therefore, it is possible that the enhanced
cell infiltration in PDO compared to PLCL is attributed to a combination of decreased
hydrophobicity and increased degradation rate.

In this study, we developed a working vascular graft with satisfactory
subcutaneous in vivo performance. Because the subcutaneous environment differs
significantly from the actual vascular environment, additional in vitro characterization
and in vivo vascular implantation studies were carried out, and are discussed in detail in
the next chapter.
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Chapter 3: The Effect of Stromal Cell-derived Factor-1a on
Endothelialization and Remodeling of a Cell-free Biodegradable
Vascular Graft

3.1 Introduction
3.1.1 Blood Vessel Anatomy

Blood is transported through the body via blood vessels. An artery is a blood
vessel that conducts blood away from the heart, and a vein is a blood vessel that carries
blood toward the heart. Arteries and veins transport blood in two distinct circuits: the
systemic circuit and the pulmonary circuit. Systemic arteries transport oxygenated blood
to the body’s tissues. The deoxygenated blood returns to the heart through systemic
veins. In comparison, pulmonary arteries conduct deoxygenated blood to the lungs for
gas exchange, and the freshly oxygenated blood is transported from the lungs to the
heart through pulmonary veins. The common carotid arteries are systemic arteries that
carry oxygenated blood to head and neck (49).

Different types of blood vessels have different functions and thus differ
structurally, but they share common features. All vessels have a lumen, a hollow space
inside the vessels through which blood flows. When a blood clot or thrombus is formed
inside the lumen, blood flow is obstructed, resulting in a compromise in tissue
oxygenation. This lack of oxygen supply may lead to tissue ischemia under severe
conditions as oxygen is an essential element for the survival of cells/tissues. The
undesirable process of thrombus formation is called thrombosis (49).

The blood vessel walls have three distinct tissue layers. From the outermost to
the innermost, these three layers are called tunica adventitia, tunica media, and the
tunica intima, respectively. These three tunica layers are primarily comprised of living
cells and their secretory products such as collagenous and elastic fibers. The tunica
adventitia consists of connective tissue, mostly collagenous fibers. This tunica adventitia
layer is not very distinct but rather blends with the surrounding connective tissue. It aids
in securing the blood vessel in a relative position within the body so that physical
movement does not move the blood vessel and hence disrupt blood flow (49).

The middle layer of the blood vessel wall is tunica media. Smooth muscle cells
(SMCs) and elastic/collagenous fibers predominate in the tunica media layer. In
response to a change in body conditions, smooth muscle cells can regulate blood flow
and blood pressure by either contracting or relaxing. When smooth muscle cells
contract, the blood vessel lumen narrows, resulting in increased blood pressure and
reduced blood flow. Similarly, when smooth muscle cells relax, the lumen widens,
resulting in reduced blood pressure and increased blood flow. This blood pressure/flow
regulation by smooth muscle cells is specifically important in arteries (49).

The most interior layer is named tunica intima, which consists of epithelial and
connective tissue layers. The endothelium, a thin layer of specialized simple squamous
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epithelial cells named endothelial cells (ECs), lines the tunica intima. Endothelium is
continuous throughout the entire vascular system. Vascular endothelia cells serve many
crucial purposes. For instance, vascular endothelial cells can release chemicals that
constrict the smooth muscle cells to increase blood pressure. Endothelium also
produces anticoagulant such as heparin sulfate, and hence providing a non-
thrombogenic surface. Damage to the endothelium and exposure of the underneath
collagenous fibers to blood is one of the primary causes of thrombosis (49).

3.1.2 Host Response

As discussed in the previous chapter, there are two approaches to making
substitutes for native arteries: the use of natural and/or synthetic materials. Natural
materials have the advantages of being native, biocompatible to the patient, having
limited immune rejection, and optimal biological, structural, and mechanical properties.
Unfortunately, its availability on demand remains a major challenge. Synthetic materials
have the advantages of high reproducibility, availability, and we can fine-tune the
manufacturing process to produce biomaterials with desirable properties. However, one
major disadvantage of using synthetic materials is the risk of immune rejection by the
host.

Synthetic implants are foreign materials to living tissues. Implantation of such an
artificial device in combination with any tissue injury that may occur during the surgery
could trigger a cascade of inflammatory responses followed by wound healing and
foreign body reaction (50). Both physical and chemical properties of the device,
including composition, contact duration, degradation rate, morphology, porosity,
roughness, shape, size, sterility and surface chemistry, would determine the degree and
extent of the foreign body reaction (51-53). Following a surgical implantation, there is
usually initial nonspecific blood/protein-device interaction that brings about an initial
acute inflammatory phase and a subsequent chronic phase (50, 52, 54).

During the initial acute phase, blood vessels dilate to allow excess blood flows
into injury sites. Cytokines and growth factors are released, and leukocytes adhere and
infiltrate into the injury sites. Monocytes are recruited to the injury sites as well, where
they differentiate and mature into macrophages. The purpose of this initial acute phase
is mostly cleaning of the wound site; this phase generally lasts from hours to days (55-
60).

Initial acute inflammation would transit into chronic inflammation when foreign
stimuli are persistent, such as a continual presence of the foreign biomaterials (50). This
phase is generally characterized by the presence of monocytes and macrophages, as
well as angiogenesis and proliferation of connective tissue to remodel the injured area
(57-61). In particular, angiogenesis, the formation of blood vessels, plays a crucial role
in wound healing as it allows transportation of necessary nutrients to the damaged
tissue sites (62). The end stage of foreign body reaction involves encapsulation of the
implanted device by a vascular and collagenous fibrous tissue that is typically 50-200um
thick. This fibrous encapsulation is inevitable even for inert biological biomaterials,
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which lack functional biological domains and therefore trigger minimal immune
responses. Fibrous encapsulation confines the implanted device and consequently
impedes the tissue-device interaction (58, 61, 63, 64). As a result, excessive fibrous
encapsulation is often considered a sign of and mechanism for implant failure.

3.1.3 Role of Immune Cells
Role of Leukocytes

White blood cells or leukocytes are the essences of the immune system. Both
innate and adaptive immune responses depend upon the activities of leukocytes. These
cells originate from the bone marrow and migrate to the peripheral tissues. They are
found both within tissues or circulating in the bloodstream. Leukocytes can be further
divided into three -categories: polymorphonuclear leukocytes, lymphocytes, and
monocytes (65).

Polymorphonuclear leukocytes include neutrophils, eosinophils, and basophils.
Polymorphonuclear leukocytes are produced during immune responses, and they are all
relatively short-lived. When infection or inflammation occurs, polymorphonuclear
leukocytes migrate to affected sites from the blood stream. Neutrophils are the most
abundant and important cells in innate immunity. They are phagocytic, i.e., they engulf a
variety of microorganisms and degrade them enzymatically. Eosinophils and basophils
are important for their defensive role against parasites, which are too large to be taken
up by neutrophils. They contain various enzymes and toxic proteins, which are released
when they are activated (65).

Lymphocytes include three major classes: B and T lymphocytes, as well as
natural killer cells. B and T lymphocytes play essential roles in adaptive immunity,
where they function in antibody- and cell-mediated adaptive immunity, respectively. In
comparison, natural killer cells are responsible for innate immunity. They are cytotoxic
and have the ability to recognize and destroy abnormal cells such as virus-infected and
some tumor cells (65).

Monocytes circulate in the bloodstream and continually migrate into tissues,
where they differentiate and mature into their final macrophage form (65).

Role of Macrophages

Macrophages play a central and essential role in the immune response. They
serve as an antigen presenter to lymphocytes, as well as supportive cells in the
replication of lymphocytes. Additionally, macrophages serve as fundamental protective
cells to ingest and Kkill invading foreign organisms. Macrophages release an enormous
number of factors involved in host defense and inflammation. During infection,
macrophages transit from a normal resting form into “activated macrophage” through a
cell-mediated immunity. Activated macrophages differ from resting macrophages
morphologically, functionally, and metabolically. They possess increased ability to
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undergo phagocytosis and pinocytosis, processes to engulf other cells or particles, and
internalize soluble materials, respectively (65).

Traditionally, defensive cellular responses of macrophages initiated by
biomedical devices are considered detrimental due to their phagocytic activities and
contribution to the host inflammatory response. However, over the past decade, it has
been discovered that macrophages exhibit a spectrum of polarization states. At one end
of the spectrum, there is the pro-inflammatory, cytotoxic M1 “fighting” phenotype
characterized by cells that promote pathogen elimination and contribute to inflammation.
In contrast, the anti-inflammatory M2 *“fixing” phenotype on the other end of the
spectrum plays a pivotal role in immunomodulation, tissue repair, and remodeling (66-
68).

All inflammations involve a mixture of M1 and M2 responses. It has been
suggested that a high M2:M1 ratio results in better remodeling (69). However,
prolonged M2 expression may lead to the formation of detrimental foreign body giant
cells (64). Interestingly, macrophages can sense their microenvironmental cues, both
biochemical and biophysical, and switch their polarization states in response. For
instance, it has been shown that there is a positive correlation between the fiber/pore
size of an electrospun polydioxanone scaffold and the M2:M1 ratio of the macrophages
seeding atop (70). Therefore, maintaining an optimal M2:M1 ratio for an appropriate
duration by modulating biochemical and biophysical properties of a biomedical device is
the key to successful tissue remodeling.
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3.2 Materials and Methods
3.2.1 Fabrication and Characterization of Vascular Grafts
Fabrication of Vascular Grafts
PLCL/PDO blend vascular grafts were fabricated as described in Section 2.2.1.
Characterization of Vascular Grafts

The overall fibrous structure of electrospun vascular grafts was examined and
imaged using a SEM (Hitachi TM-1000). In addition, to determine the mechanical
properties of the electrospun vascular grafts, graft ring segments of 1mm in diameter
and 2 mm in longitudinal width were prepared and subjected to uniaxial tensile testing in
the radial direction. In detail, two 0.3-mm-diameter stainless steel wires (McMaster-Carr)
were inserted through the lumen of the ring segment and fixed on mechanical loading
grips. The ring segment was deformed until failure as the two wires were pulled in
opposite uniaxial direction at a rate of 0.1mm/sec. The applied force and corresponding
deformation were recorded. The Young’'s modulus was calculated based on the applied
force, deformation, and dimensions (thickness and longitudinal width) of the graft ring
segments. The peak stress prior to failure was noted as the ultimate tensile strength.

Degradation of Vascular Grafts

Degradation of vascular grafts caused by hydrolysis was measured by mass loss.
The PLCL/PDO blend grafts were cut into 1cm long conduits. The weight of each
conduit sample was measured before the degradation assay. To degrade the grafts, the
conduit samples were placed in PBS. During the degradation study, the samples were
kept at 37°C on a shaker maintained at 120 rpm to mimic the physiological flow
condition. To avoid random local hydrolytic degradation resulting from acidic polymer
remnants, PBS was used in an excess amount and changed daily throughout the study.
Samples were collected after 7, 14, 21, and 28 days of degradation. The samples were
washed with water to remove residual salt particles and vacuum dried overnight. The
weight of the samples at each time point was measured using a precision scale. The
percentage degraded was calculated using following equation:

(Wo — wye)

% Degradation = ”
o

In addition, ultimate tensile strength of post-degraded samples was measured at each
time point as well.

3.2.2 Heparin Conjugation

Heparin conjugation and quantification were performed by collaborator Yu-Fang
Angela Hsieh, a Ph.D. Candidate from Song Li Lab, UC Berkeley. In brief, a two-stage
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(ammonia followed by hydrogen) plasma treatment was used to introduce amine
functional groups on the surface of PLCL/PDO blend grafts. The plasma-treated grafts
were incubated with a heparin solution in cyanoborohydride coupling buffer overnight.
The amount of free amine groups on the plasma-treated grafts, the amount of heparin
conjugated to the grafts, and anti-thrombogenic activity of heparin were quantified with
Orange Il, Toluidine Blue, and Anti-thrombin-IIl assay, respectively (data not shown).

The uniaxial tensile test was performed on plasma-treated and heparinized grafts
in the radial direction. Ultimate tensile strength of each sample was measured and
compared to untreated grafts. In addition, hydrolytic degradation was performed on
heparinized grafts following protocol described in Section 3.2.1. Mass loss percentage
and ultimate tensile strength of post-degraded samples were measured at each time
point and compared to untreated grafts.

3.2.3 SDF-1a Immobilization and In Vitro Release
SDF-1a Immobilization and Quantification

To immobilize SDF-1a onto the grafts, heparinized grafts were incubated with
SDF1a (500 ng/mL) in PBS overnight at 4°C to foment its binding to heparin and hence
immobilization onto the grafts. To quantify the amount of SDF-1a initially loaded onto
the grafts, the grafts were removed from the solution, and ELISA was performed to
measure the concentration of unbound SDF-1a. The amount of SDF-1a immobilized
onto the graft was calculated based on the concentration of initial and unbound SDF-1a.
The plasma-treated blend vascular graft was used as a control to measure the amount
of SDF-1a passively absorbed onto the grafts.

In Vitro Release of SDF-1a

The in vitro release of immobilized SDF-1a was evaluated under static conditions
over a period of 7 days. The SDF-1a immobilized heparinized grafts were removed from
SDF-1a solution and placed in 1mL of PBS. The grafts were kept at 37°C in an
incubator under static conditions. At the end of 1, 4, and 7 days of incubation, the grafts
were removed from the solution, and the amount of released SDF-1a in the supernatant
was quantified using an ELISA Kkit.

3.2.4 Implantation and Explantation of Vascular Grafts

The left common carotid artery was dissected, clamped, and transected. The
vascular graft was sutured end to end using a 9-0 needle. To determine patency of the
graft at the time of explantation after 2 weeks and 2 months in vivo, the blood flow in the
blood vessel at the distal end of the graft in the live animal under anesthesia was
examined. To elaborate, forceps were used to hold distal blood vessel near the
anastomotic site while distally attached native carotid artery was dissected. The forceps
were subsequently released to determine whether unobstructed blood flow was passing
through the graft. The graft was defined as being patent only if blood flow and
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noticeable pulsation were observed through the graft. Lastly, the animals were
euthanized. The vascular grafts were explanted and prepared for histological analysis,
immunohistochemistry, and en face immunofluorescence staining.

3.2.5 En Face Immunofluorescence Staining

Each explanted graft was cut into 4 slices along the longitudinal direction using
microscissors. The samples were fixed with 4% PFA for 30 minutes, washed with PBS,
and blocked with 4% donkey serum for an hour. Samples were incubated with primary
antibodies against endothelial progenitor cell (EPC) marker CD34 and EC marker CD31.
The samples were then washed with PBS and incubated with Alexa-Fluor 488 or Alexa-
Fluor 546 labeled secondary antibodies and Hoechst 33342, followed by confocal
microscopy.

3.2.6 Histological Analysis and Immunohistochemistry

As described in Section 2.2.5, the grafts were explanted and fixed with 4% PFA
and dehydrated with sucrose. The grafts were subsequently frozen in an OCT
compound and sectioned into 10um-thick slices using a cryostat. H&E staining was
subsequently performed as described in Section 2.2.5.

Immunohistochemistry

The slides were fixed with 4% PFA for 15 minutes, followed by permeabilization
with 0.5% triton-100 for 10 minutes. The slides were blocked with 4% donkey serum in
PBS for an hour and incubated overnight at 4°C with primary antibodies against
EC/EPC markers CD31 and CD34; SMCs markers aSMA and CNN1; and immune cell
markers CD68, CD163, and CD11b (Table 3.1). The samples were then washed with
PBS and incubated with Alexa-Fluor 488 or Alexa-Fluor 546 labeled secondary
antibodies and Hoechst 33342, followed by fluorescent microscopy.

Antibody Company Catalog # Dilution
CD31 Abcam ab28364 1:50
CD34 R&D Systems AF4117 1:40
aSMA Abcam ab5694 1:100
CNN1 Abcam ab46794 1:100
CD68 AbD Serotec MCA341R 1:100
CD163 Santa Cruz sc-58965 1:50
CD11b Abcam ab8879 1:100

Table 3.1 Antibody information for immunohistochemistry.
Alizarin Red S Staining

Slides were fixed with 4% PFA for 15 minutes and rinsed with water. Fixed slides
were incubated with Alizarin Red S working solution (2% wi/v alizarin red S in di-water,
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pH 4.1~4.3) for 45 minutes and subsequently washed with water. Phase-contrast
images were captured with Zeiss microscope.

3.2.7 Statistical Analysis

Student’s t-test was performed to detect whether a significant difference exists
between two sample groups. For multiple sample comparison, analysis of variance
(ANOVA) was used first to detect whether or not there was a significant difference
among the groups; Holm’s t-test was subsequently performed on all possible pairs to
isolate the different sample. A p-value of 0.05 or less was considered to have a
significant difference.
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3.3 Results
3.3.1 Characterization of Microfibrous Vascular Grafts with SDF-1a

Microfibrous vascular grafts were fabricated by electrospinning the
aforementioned PLCL/PDO blend polymer solution. Electrospun vascular grafts
underwent a two-stage ammonia plasma treatment to adhere amine functional groups,
which were subsequently used to conjugate to heparin, onto the surface of the grafts.
To characterize the mechanical properties of the vascular grafts, a uniaxial tensile test
in the radial direction was performed on the grafts. Untreated grafts have an elastic
modulus of 1.24+0.08 MPa (Figure 3.1A). Although the electrospun vascular graft is
less elastic than native arteries, which have an elastic modulus of 3.66+0.25 MPa, the
elastic modulus of the grafts is on the same order of magnitude as native carotid
arteries. Neither the ammonia plasma treatment nor heparinization significantly modified
the mechanical properties of the grafts: elastic moduli of plasma-treated and
heparinized grafts are 1.26+0.19 and 1.34+0.13 MPa, respectively. In addition, the
untreated, plasma-treated, and heparinized grafts have comparable ultimate tensile
strengths of 7.81+1.11, 7.98+0.71, and 7.90£1.13 MPa, respectively, with no significant
difference (Figure 3.1B).

Mass loss and ultimate tensile strength loss were studied over 4 weeks of in vitro
hydrolytic degradation, which was carried out in PBS at 37°C on a shaker maintained at
120 rpm to mimic the physiological in vivo flow condition. The untreated PLCL/PDO
blend grafts lost approximately 8% of their original mass over the 4-week period in PBS
(Figure 3.2A). However, their mechanical properties changed drastically: the ultimate
tensile strength of untreated grafts is only 20% of their pre-degraded counterparts, as
shown in Figure 3.2B. Heparinization has made the grafts more prone to hydrolysis.
After 4 weeks of degradation, the heparinized grafts lost approximately 12% of their
original mass and 80% of their ultimate tensile strength. Moreover, at any point
throughout the degradation, heparinized grafts had less mass remaining and weaker
ultimate tensile strength compared to untreated grafts.

To immobilize SDF-1a onto the grafts, heparinized grafts were incubated
overnight with SDF-1a (500 ng/mL) in PBS. Quantification by ELISA showed that the
initial loading of SDF-1a onto heparinized grafts by SDF-1a-heparin interaction or
plasma-treated grafts by passive absorption are comparable: at 52.78+7.22% and
55.05+5.36%, respectively (Figure 3.1C). The stability and static in vitro release of SDF-
1a were also examined (Figure 3.2C). The SDF-1a immobilized on heparinized grafts is
stable and released relatively slowly. It has a burst release over the first 24 hours and a
steady release afterward. After 7 days of release, there was approximately 90% of
initially immobilized SDF-1a remaining on the heparinized graft. In comparison, the
SDF-1a passively absorbed onto plasma-treated grafts is less stable and released
relatively rapidly. Approximately 70% of initial passively absorbed SDF-1a remained on
the plasma-treated graft after 7 days of in vitro release.

27



% %

>

Elastic Modulus (MPa)
o = ho w
o g = N W O A

Untreated Plasma-Treated Heparinized Native Artery

Ultimate Tensile Strength
(MPa)
O = N W bk OO N ®©® O O

Untreated Plasma-Treated Heparinized

-
NowW R OO N © O
© & 0o & 6 o © o o
S S S S R
—

Initial Loading of SDF-1a (%)
o

Plasma-Treated Heparinized

Figure 3.1 Mechanical and chemical characterization of microfibrous vascular grafts. (A)
Elastic moduli of untreated, plasma-treated, heparinized vascular grafts, and native
common carotid arteries. (B) Ultimate tensile strength of untreated, plasma-treated, and
heparinized vascular grafts. (C) Initial loading of SDF-1a immobilized onto plasma-
treated and heparinized vascular grafts. ** p<0.01, (n=3)
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3.3.2 Morphology and Patency of Vascular Grafts

To evaluate the performance of PLCL/PDO blend grafts and the effect of SDF-1a
in vivo, heparinized grafts with and without immobilized SDF-1a were implanted into the
left common carotid artery of 2-month-old male SD rats by anastomosis. The implanted
grafts were 1cm long with an inner diameter of 1mm. Grafts were examined 2 weeks
and 2 months after implantation. 6 animals were used per group per time point (n=6 x 4
= 24). All animals survived the surgery, and 22 animals survived until the end of the
study. Unfortunately, 2 rats from the SDF-1a group died, one from each time point,
potentially due to the surgery complications.

Two weeks after implantation, micro-vessels were observed in the tissue
surrounding the grafts for both the heparin and heparin-SDF-1a groups (Figure 3.3A).
There was evidence of greater surrounding tissues growth around the heparin-SDF-1a
grafts, suggesting a better integration of the graft into the native tissue than heparinized
grafts. Despite the tissue growth on the exterior surface, H&E staining demonstrated
that there was little cell infiltration into the grafts for both groups at 2 weeks. All patent
grafts had a wide opening lumen with a layer of cells adhering onto the luminal surfaces
that had potentially migrated from the adjacent blood vessels or recruited from the
streaming blood. There were, however, occluded grafts from both heparin and heparin-
SDF-1a groups. Immunofluorescent staining of the occluded grafts showed that the
cells in the clogs were positive for CD45, which is a marker for leukocytes, suggesting
thrombosis is the primary reason jeopardizing patency of the vascular grafts at an early
stage (data not shown).

Two months after implantation, vascular grafts from both the heparin and
heparin-SDF-1a groups had integrated further into the native tissue (Figure 3.3B). The
amount of tissue growing around the grafts increased compared to their respective 2-
week samples. Between the two groups, more tissue growth was observed on the
heparin-SDF-1a grafts. Patency study showed that 17% (1 of 6) of heparinized grafts
and 80% (4 of 5) of SDF-1a immobilized grafts were patent at 2 months after
implantation, suggesting that SDF-1a immobilization improves long-term patency. The
H&E staining demonstrated that the sole patent heparinized graft had a narrowed lumen,
which was caused by extensive neointimal formation. In addition, immunofluorescent
staining showed that expression of CD45 in cells amidst the clogging had disappeared,
suggesting that vessel narrowing could be the major mechanism for vascular graft
occlusion in the long term. At 2 months, PLCL/PDO blend grafts had partially degraded
and were replaced by infiltrated cells for both heparin and heparin-SDF-1a groups.
Although SDF-1a immobilized grafts did not have lumen narrowing as great as the
heparinized group, a thin layer of neointima formed, suggesting that the SDF-1a might
have improved patency by regulating cell recruitment and/or proliferation.
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2 Weeks

2 Months

Figure 3.3 Tissue mgrowth and cell infiltration of vascular grafts Vascular grafts
explanted at (A) 2 weeks and (B) 2 months for heparinized (top), and SDF-la
immobilized (bottom) group. Representative images of grafts in situ taken immediately
prior to explantation (left) and H&E staining of the cross-section of explanted grafts at
low (middle, scale bar = 1mm) and high (right, scale bar = 100pum) magnification.
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3.3.3 EPC Recruitment and Endothelialization

To identify the cells lining the luminal surfaces of the grafts, en face and cross-
section immunofluorescent staining against EC marker CD31 and EPC marker CD34
was performed on both the heparin and the heparin-SDF-1a groups. Hoechst staining of
the cross-section of 2-week samples from both groups showed that more cells were
observed within the grafts near the anastomotic ends than the mid-graft region. In
addition, no noticeable difference in cell number was observed between the distal and
the proximal end of the vascular graft (data not shown). This suggests that cells within
the grafts might have migrated from adjacent native carotid arteries, and blood flow
direction is not a determinative factor for cell migration into the grafts. A comparison
between heparin and the heparin-SDF-1a groups demonstrated no apparent difference
in the number of cells at either anastomotic ends or the mid-graft region.

En face staining of heparinized grafts at 2 weeks showed that cells expressing
both CD31 and CD34 were observed near anastomotic ends of the grafts (Figure 3.4A).
Although the cells had a well-defined cell-cell boundary, the cells were not aligned in the
direction of blood flow as is the case in native blood vessels; this suggests these cells
are still in the process of remodeling. In addition to anastomotic ends, patches of CD31
and CD34 double positive cells were found throughout the grafts. These findings
suggest that heparinized PLCL/PDO blend grafts are capable of recruiting CD31 and
CD34 positive cells both from adjacent carotid arteries and circulating bloodstream.
Cross-section staining of 2-week graft samples showed no difference in marker
expression of CD31 and CD34 in cells lining the luminal surfaces between heparin and
the heparin-SDF-1a groups (Figure 3.4B). However, in the tissue surrounding the grafts,
more microvasculature structures were observed in the heparin-SDF-1a group,
demonstrating the angiogenetic ability of SDF-1a.

At 2 months after implantation, the luminal surfaces of all patent grafts were
almost completely covered by cells, including the regions that experienced partial
degradation (Figure 3.4B). Cross-section immunofluorescent staining showed most cells
were double positive for CD31 and CD34 for both heparin and the heparin-SDF-1a
groups, suggesting that EPCs were not done differentiating into terminal ECs. In the
tissue surrounding the heparinized grafts, few CD31 positive cells were detected.
However, it is surprising to find a weak signal of CD34 still expressed in these cells at 2
months after implantation. In contrast, in the tissue around the heparin-SDF-1a grafts, a
greater number of cells had strong CD34 expression. In addition, CD31 positive cells
were observed in the microvessels in the surrounding tissue; further demonstrating
abilities of SDF-1a to promote initiation of angiogenesis and blood vessel maturation.
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Figure 3.4 Identification and characterization of ECs and EPCs. (A) En face
immunostaining for CD 31 (green) and CD34 (red) of the native artery (left), and
heparinized vascular grafts at 2-week after implantation at anastomotic (middle) and
mid-graft (right) sites. (B) Immunostaining for CD 31 (green) and CD34 (red) of the
cross-section of heparinized and SDF-1a immobilized grafts at 2 weeks and 2 months
after implantation. Nuclei were stained with Hoechst 33342 (blue). Dashed lines are
used to distinguish boundaries between L (lumen), G (graft), and T (surrounding
tissues). Arrows indicate neovascularization on the outer surface of the grafts. Scale bar
=50um.

33



3.3.4 Recruitment of SMCs and Vascular Wall Remodeling

Endothelialization provides vascular grafts with the antithrombotic property,
which is necessary for a graft to stay patent. To obtain the desired mechanical
properties, remodeling of the vascular wall relies on successful recruitment of SMCs. To
investigate recruitment of SMCs to the grafts, cross-section immunostaining with
primary antibodies against aSMA, an early SMC marker, and CNN1, an intermediate
SMC marker, was performed.

At 2 weeks after implantation within the graft walls of both the heparin and
heparin-SDF-1a groups, sparse cells that are aSMA positive but CNN1 negative were
observed near the luminal surface of the grafts (Figure 3.5A-B). The marker expression
of these cells suggests these are not mature SMCs. In addition to the region within the
vascular grafts, many aSMA and CNN1 double positive cells were recruited to the tissue
surrounding the grafts in both heparin and heparin-SDF-1a groups. The aSMA and
CNNZ1 double positive cells around the heparin grafts were less organized, aligned in
random orientation. In contrast, the double positive cells near heparin-SDF-1a graft
were organized and aligned in the same direction, forming a fibrous tissue structure.

At 2 months after implantation, both the heparin and heparin-SDF-1a grafts had
developed a neointimal formation. The only patent heparinized graft had developed a
narrowed lumen and a thick neointima. Most cells in the neointima were found to be
aSMA positive; only a small subset of these cells was also CNN1 positive (Figure 3.5A).
In comparison, no apparent lumen narrowing was observed in patent heparin-SDF-1a
grafts, and they had developed a thinner layer of neointima. The cells in neointima
exhibited an organized and aligned structure. Moreover, they were positive for aSMA
and CNNL1, suggesting the cells had finished or in the process of differentiating into
mature SMCs (Figure 3.5B). Cells in the tissue surrounding the heparinized graft
remained as aSMA and CNN1 double positive. They were organized and aligned and
had begun to form a fibrous tissue structure. The fibrous tissue surrounding the heparin-
SDF-1a grafts were observed to be aSMA and CNN1 double positive. However, the
number of cells that were positive for CNN1 was apparently less than 2-week heparin-
SDF-1a grafts or the 2-month heparinized grafts.

3.3.5 Inflammatory Responses and Recruitment of Macrophages

In addition to ECs and SMCs, immune cells are expected to be recruited to the
vascular grafts since the grafts are foreign materials and would surely trigger
inflammatory responses. To investigate the type of immune cells recruited, cross-
sections of the grafts were immunostained with primary antibodies against CD68, a pan-
macrophage marker, CD163, an M2 macrophage marker, and CD11b, a monocyte
marker. Overall, the inflammatory responses and cell recruitment to the grafts did not
exhibit a big difference between heparin and heparin-SDF-1a groups, at either 2 weeks
or 2 months after implantation. At 2 weeks, anti-inflammatory CD163 positive M2
macrophages were observed in the outer tissues surrounding the grafts (Figure 3.6),
suggesting a “fixing” mechanism was initiated by the host to repair the wound.
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Simultaneously, the pro-inflammatory “fighting” mechanism was also observed. CD68
positive pan-macrophages were observed within and directly adjacent to the grafts.
Since M2 macrophages were only observed in the outer layer of surrounding tissues, it
is reasonable to speculate that the macrophages residing within the grafts were the pro-
inflammatory “fighting” M1 phenotype. In addition, CD11b positive monocytes were
observed in the tissue directly adjacent to the grafts, marking the early stage of
inflammatory responses. At 2 months after implantation, the distribution pattern of CD68
and CD163 positive cells remained the same as 2-week samples. However, the
expression of CD11b disappeared in the cells adjacent to the grafts, suggesting the
inflammatory responses had transitioned from the early to middle/late stage.

3.3.6 Calcification of Vascular Grafts

Calcification is one of the most catastrophic complications that could occur to
biodegradable vascular grafts and jeopardize its long-term in vivo performance (71). To
determine whether the implanted vascular grafts had triggered calcium deposition,
Alizarin Red S staining was performed on the graft samples. Staining results showed
that for up to 2 months, no calcification was observed in both heparin and heparin-SDF-
1a groups (Figure 3.7).
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Figure 3.5 Identification and characterization of SMCs. Immunostaining for aSMA
(green) and CNN1 (green) of (A) heparinized and (B) SDF-1a immobilized grafts at 2
weeks and 2 months after implantation. Nuclei were stained with Hoechst 33342 (blue).
Dashed lines are used to distinguish boundaries between L (lumen), N (neointima), G
(graft), and T (surrounding tissues). Arrow indicates neovascularization on the outer
surface of the grafts. Scale bar = 50um.
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Figure 3.6 Inflammatory responses of vascular grafts. Immunostaining for CD68 (red),
CD163 (red) and CD11b (red) of (A) heparinized and (B) SDF-1a immobilized grafts at 2
weeks and 2 months after implantation. Nuclei were stained with Hoechst 33342 (blue).
Dashed lines are used to distinguish boundaries between L (lumen), G (graft), and T
(surrounding tissues). Scale bar = 50um.
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Figure 3.7 Calcification of vascular grafts. Alizarin Red S staining of vascular grafts at 2
weeks and 2 months after implantation for heparinized (A, B) and SDF-1a immobilized
(C, D) groups. Scale bar = 0.5mm.
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3.4 Discussion

Tissue engineering is a field that utilizes a combination of cells, materials, and
engineering to improve or replace native tissues. A cell-free approach to tissue
engineering is less common and relatively new. It requires the use of slow-degrading
polymer and relies on the regenerative capability of the host. The previous chapter
described the development of a cell-free small-diameter microfibrous vascular graft
using PLCL and PDO. In this study, we characterized the mechanical properties and the
in vivo biological performance of the vascular gratft.

The mechanical characterization demonstrated that the PLCL/PDO blend grafts
have an elastic modulus on the same order as the native artery. The PLCL component
of the graft has enhanced the mechanical strength of the graft. The grafts were able to
meet the most fundamental physical requirement, which is to withstand the suture force
during anastomosis surgery and arterial pressure immediately upon implantation. In
vitro hydrolytic degradation results showed that while the grafts lost only 10% of its
mass after 4 weeks, its ultimate tensile strength dropped to 20% of its pre-degradation
counterpart. However, under in vivo environment, in which the degradation and loss of
mechanical strength are accelerated, the vascular grafts were able to stay in shape and
provide structural support after 2 months of implantation. This suggests that both the
cells infiltrated into the grafts and the tissue growing around the grafts compensated for
the loss of mechanical strength.

In addition to providing mechanical and structural supports, an ideal cell-free
vascular graft should be able to tap into the full regenerative potential of the host to
promote endothelialization and remodeling of the vascular wall. Acute thrombosis is the
major reason for failure in small-diameter vascular grafts. Although it can be temporarily
suppressed by heparin, an anticoagulant that has anti-thrombogenic property, oral
anticoagulant and antiplatelet therapies might still be necessary to maintain long-term
patency. Endothelium produces anticoagulants such as heparin sulfate and hence
provides a non-thrombogenic surface. Therefore, for a vascular graft to succeed, it is
crucial to have a rapid endothelialization of the graft. SDF-1a is a chemokine that has
been reported to attract EPCs and accelerate endothelialization of vascular grafts (18).
In addition, heparin has been reported to bind and stabilize SDF-1a without interfering
with its chemotactic activities (72-75). (More details on structure and function of SDF-1a
is discussed in next chapter) The in vitro results reported herein showed that
immobilized SDF-1a on heparinized grafts is more stable and has slower in vitro release
than passively absorbed SDF-1a under static conditions.

The results of in vivo studies reported herein showed that the vascular grafts
were able to recruit ECs and EPCs within 2 weeks. However, endothelialization was
incomplete, and patches of coverage of the luminal surface by ECs and EPCs were
observed throughout the grafts. Thrombus formation was observed in all occluded grafts
at 2 weeks after implantation, indicating the significance of heparinization of vascular
grafts at an early stage. 2 months after implantation, 5 of 6 heparinized grafts were
occluded, and obvious narrowing and extensive neointimal formation was observed in
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the patent heparinized graft. In contrast, 1 of 5 heparin-SDF-1a grafts was occluded,
and no obvious neointimal hyperplasia was observed in the patent heparin-SDF-1a
grafts. Although the cross-section immunofluorescent staining of the patent grafts
showed no apparent difference in EC coverage between the heparin and heparin- SDF-
1a groups, the difference in patency suggests it is most likely that occluded heparinized
grafts had incomplete EC coverage. There are two main mechanisms whereby vascular
grafts recruit ECs. The first mechanism is the transanastomotic migration of ECs from
the adjoining arteries. The second mechanism is adhering and differentiation of EPCs
recruited from the bloodstream. SDF-1a immobilized on the vascular grafts is expected
to recruit more EPCs from the bloodstream; it can further promote endothelialization of
the grafts by inducing proliferation and differentiation of adhered ECs (76, 77). As a
result, heparin-SDF-1a grafts had an accelerated endothelialization and hence better
long-term patency compared to heparinized grafts. This indicates the necessities of a
rapid endothelialization and consequential non-thrombogenic surface. In this study, the
effect of SDF-1a was investigated using a healthy rat model, which has a strong
regenerative ability. Their ECs have greater capacity to migrate and cover the luminal
surface of the vascular grafts than those of humans, especially aged human with
diseased blood vessels (78, 79). The performance of heparin-SDF-1a grafts in large
animals is yet to be investigated. It is expected that SDF-1a will have a more
pronounced effect in large animals and possibly be an essential component in a
diseased model.

Other than endothelialization, another important criterion for a successful
vascular graft is remodeling of the vascular wall as SMCs contribute to necessary
elasticity and mechanical strength of the vascular grafts. The results reported herein
showed that the heparin-SDF-1a grafts were able to recruit SMCs, demonstrating that
the host possesses the potential to carry out vascular regeneration with endogenous
cells without the aid of a cell-seeding graft. The advantage of cell-seeding grafts is that
they can enhance biocompatibility and anti-thrombogenic property, which might lead to
better long-term patency. However, the approach faces various challenges such as cell
characterization, survival in the grafts during preparation and surgery, and attachment
under native flow condition.

When a fast-degrading foreign material is exposed to a host, it is expected to
induce an immune response; the PLCL/PDO blend graft was not an exception. It was
observed that M1 “fighting” macrophages were recruited into the grafts and M2
“repairing” macrophages were recruited to the tissue around the grafts. Recruitment of
macrophages when using a foreign vascular graft is more or less inevitable. However, it
can be harmful when the accumulation of macrophages in the blood vessel can induce
inflammation-dependent calcification and influence propagation of the calcification (80-
83). Calcification in the vascular grafts has a detrimental effect on its long-term
biological performance. A recent study with 40 PTFE vascular grafts harvested from
human patients suggests that calcification may play a role in eventual graft failure.
Calcification was observed in neointima and within the graft itself, and the degree and
extent of calcification were associated with the duration of graft implantation (84). In this
study, no calcification was observed at 2 months after implantation. However, long-term
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studies would be required to fully assess the calcification of the vascular grafts
presented herein.

In this study, we characterized the mechanical properties and in vivo
performance of previously developed -cell-free small-diameter PLCL/PDO blend
vascular grafts. We also investigated the combined effect of chemokine SDF-1a and
vascular grafts on endothelialization and SMCs recruitment. A previous study by Yu et
al. has also investigated the effect of heparin-SDF-1a vascular grafts on the recruitment
of ECs and SMCs (18). In their study, the vascular grafts were fabricated using a PLLA
and PCL polymer blend, and the effect of SDF-1a on the recruitment of ECs and SMCs
was more pronounced than it was observed in this study. However, in Yu's study, the
heparinized grafts had limited cell infiltration, and the cell recruitment relied heavily on
the presence of chemokine SDF-1a. In contrast, PLCL/PDO blend grafts used herein
were able to recruit a decent amount of ECs and SMCs without SDF-1a; this factor
somewhat diminished the difference in cell recruitment caused by SDF-1a. Our study
demonstrated the important roles played by both biomaterial and medicine in tissue
engineering. More research needs to be done to acquire an optimal combination that
maximizes their utilities.

There are some limitations in this study that need to be addressed in future work.
For instance, the small animal model used in this study cannot fully recapitulate the
response in human beings (78). Moreover, our in vivo study was terminated at 2 months;
the long-term biological performance is yet to be determined. To fully assess the
potential of heparin-SDF-1a PLCL/PDO vascular grafts, long-term studies using large
animal models need to be investigated.
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Chapter 4: C-terminal Modification of Stromal Cell-derived Factor-1a
Significantly Affects its Chemotactic Activity

4.1 Introduction
4.1.1 Structure and Function of Stromal Cell-Derived Factor-1

Chemokines are chemotactic cytokines that have the ability to direct cell
migration (85). All reported human chemokines have a three-dimensional structure
composed of a three-stranded B-sheet followed by an a-helix. The structure of human
chemokines is stabilized by two disulfide bonds formed between conserved cysteine
residues (86). Depending on the spacing of the first two cysteine residues, the
chemokines can be divided into two major families: the CXC- and the CC- chemokines.
Chemokines transmit signals to selective cells by binding to chemokine receptors that
are found on the cell membrane surface of their target cells. Usually, one chemokine
binds to multiple receptors, and the same receptor can bind to multiple chemokines. It
was originally thought that chemokine CXCL12 (or SDF-1) was limited to binding only to
CXCR4 (CXC chemokine receptor 4) (87-94). Recently, however, it was reported to
interact with CXCR7 as well (95); this interaction is not yet well understood.

SDF-1 has two main isoforms, SDF-1a and SDF-13, by alternate splicing (96).
SDF-1a has approximately 70 amino acids with first eight amino acids being the active
binding site. SDF-1a is the predominant isoform found in all organs, but it has weaker
resistance against blood-dependent proteases such as MMP-2 compared to isoform
SDF-1B (97).

SDF-1 is able to attract a variety of cell types that express CXCR4 receptors
including muscle cell lines, ECs, leucocytes, and progenitor cells (98-100). SDF-1 has
been reported to regulate various physiological processes including embryonic
development, organ homeostasis, and angiogenesis (101, 102). In particular, the
angiogenic properties of SDF-1 make it a promising candidate for the therapeutic
treatment of tissue ischemia.

4.1.2 Sulfhydryl-Reactive Crosslinker Chemistry

Forming a stable covalent bond between a protein and another (bio) molecule is
a powerful technique used to modify protein function (103-106). Aside from amine-
based reactions, the most common crosslinkers and protein modifications involve using
a sulfhydryl or thiol group (-SH) (107). Thiol groups are very useful for protein
conjugations or modifications. They are not as abundant as primary amines, making
crosslinking via thiol groups more selective and precise (108, 109). In addition,
reactions through thiol groups, in general, do not significantly change the protein
structure thus minimizing the risk of impairing the functions of modified protein (107).

The amino acid cysteine is an excellent tool for protein bio-conjugation. In
addition to being the only amino acid with a free thiol group in its side chain, it is very
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rare to find free cysteine residue on the protein surface. These two properties make a
thiol-reactive crosslinking on cysteine very specific (107).

Proteins that carry a free thiol group are able to form disulfide bonds (-S-S-) with
itself as the basis of native tertiary or quaternary protein structure (107). It could also
react with thiol-reactive compounds such as maleimides (H,C,(CO),NH). Under a mild
basic condition, the thiol group on cysteine will be deprotonated to become a thiolate
nucleophile (-S°). It will react with soft electrophiles such as maleimides and form a
stable irreversible carbon-sulfur bond (107, 110). A schematic of such a maleimide
reaction is shown in Figure 4.1.

H\/ L o) OH

Maleimide Cysteine Conjugate

Figure 4.1 Maleimide reaction scheme for chemical conjugation to the sulfhydryl group
on cysteine.

4.1.3 Heparin-SDF-1a Interaction

SDF-1a was originally shown to possess high-binding affinity to heparin through
a proposed mechanism of non-specific electrostatic interactions (111). However, this
binding was later shown to be specific. To better study this SDF-1a-heparin interaction,
researchers used point mutagenesis to create a modified SDF-1a that has three point
mutations on its first B-strand. It was shown that although this modified SDF-1a
maintains its global negatively charged structure and in vitro functional properties, its
affinity to heparin is significantly decreased (72). Using a SDF-la/heparin complex
model and electrostatic potential map, researchers later suggested heparin primarily
interacted with the basic amino acid residues Lys*, Lys®*, His®®, Lys?’, Arg*, and Lys*?
and secondarily with Asn*® and GIn*® (74). Moreover, it was shown binding to heparin
stabilizes and protects SDF-1a from enzymatic degrading by protease CD26/dipeptidyl
peptidase (75).
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4.2 Materials and Methods

4.2.1 WT- and Cys-SDF-1a Expression, Isolation, Refolding, and Purification

WT- and Cys-SDF-1a cloning and expression vector construction

The cloning of 2AT-WT-SDF-1a and 2AT-Cys-SDF-1a plasmid was performed by
QB3 MacroLab at University of California, Berkeley. WT- and Cys-SDF-1a gene inserts
were amplified using Phusion polymerase (New England BioLabs Inc., Ipswich, MA)
with WT-SDF-1a and Cys-SDF-1a forward and reverse primers. Vector 2AT (QB3
MacroLab, Berkeley, CA) was digested using restriction enzyme EcoRV (New England
BioLabs, Inc.). The resulting vector backbone and amplified WT- and Cys-SDF-1a gene
inserts were ligated using a Gibson assembly. The resulting 2AT-WT-SDF-1a and 2AT-
Cys-SDF-1a plasmids were transformed into XL1-Blue competent cells. Amplified
plasmids were sequenced with T7 forward and reverse primers to verify the insertion of
WT- and Cys-SDF-1a. Sequences of all primers used and SDF-1as are illustrated in

Table 4.1.

WT- and 5'-

Cys-SDF-1a | TTTAAGAAGGAGATATAGATCATGAAACCAGTTTCGCTGTCCTAC

Forward CG-3'

WT-SDF-1a | 5'-

Reverse TTATGGAGTTGGGATCTTATTATTTATTCAGCGCTTTTTCCAGATA
TTCC-3’

Cys-SDF-1a | 5'-

Reverse TTATGGAGTTGGGATCTTATTAACATTTATTCAGCGCTTTTTCCAG
ATATTCC-3

T7 Forward | 5-TAATACGACTCACTATAGGG-3'

T7 Reverse | 5-GCTAGTTATTGCTCAGCGG-3'

WT-SDF-1a | ATGAAACCAGTTTCGCTGTCCTACCGCTGTCCATGCCGTTTCTTC

gene GAGAGCCATGTCGCGCGTGCGAATGTTAAACATCTCAAAATTTTG
AATACTCCGAACTGTGCACTCCAGATCGTGGCACGTTTGAAAAAC
AACAACCGCCAAGTGTGCATTGATCCTAAACTGAAATGGATCCAG
GAATATCTGGAAAAAGCGCTGAATAAATAA

Cys-SDF-1a | ATGAAACCAGTTTCGCTGTCCTACCGCTGTCCATGCCGTTTCTTC

gene GAGAGCCATGTCGCGCGTGCGAATGTTAAACATCTCAAAATTTTG

AATACTCCGAACTGTGCACTCCAGATCGTGGCACGTTTGAAAAAC
AACAACCGCCAAGTGTGCATTGATCCTAAACTGAAATGGATCCAG
GAATATCTGGAAAAAGCGCTGAATAAATGTTAA

Table 4.1 WT- and Cys-SDF-1a sequences and primers for molecular cloning.

Inducible Expression of WT- and Cys-SDF-1a

To express WT- and Cys-SDF-1a, Rosetta 2(DE3)pLysS competent cells were
transformed with 2AT-WT-SDF-1a and 2AT-Cys-SDF-1a plasmids, respectively, and
subsequently cultured on agar plates containing carbenicillin (100ug/ml). A single
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colony was picked and incubated overnight in 25 mL of 2YT media with carbenicillin
(100ug/ml) on a shaker at 37°C. One liter of 2YT media with carbenicillin (100ug/ml)
was inoculated with 10 mL of the overnight starter culture and incubated with shaking at
37°C. When 0.D.600 of the culture reached 0.6, IPTG was added to achieve a final
concentration of 1mM to induce protein expression. Induced cells were allowed to grow
for 4 hours and subsequently harvested by centrifuging at 4,000 rpm at 4°C for 15
minutes. The cell pellets were re-suspended in 20 mL of PBS with 10% glycerol and
homogenized. The cell lysate was centrifuged at 15,000 rpm for 30 minutes at 4°C; WT-
and Cys-SDF-1a were found in the inclusion bodies.

Isolation and Refolding of WT- and Cys-SDF-1a

WT- and Cys-SDF-1a were extracted and isolated following previously published
protocol (73). In short, inclusion bodies were washed 3 times with buffer A (100mM Tris-
HCI, 5mM EDTA, 5mM dithiothreitol, 2M urea, 2% Triton X-100, pH 8.0) and once with
buffer B (100mM Tris-HCI, 5mM EDTA, 5mM dithiothreitol, pH8.0). During each wash,
the supernatant was discarded, and inclusion bodies were resuspended in the buffer
thoroughly and sonicated for 5 minutes. Resuspended samples were subsequently
centrifuged at 13,000 rpm at 4°C for 20 minutes. After the last wash with buffer B,
inclusion body pellet was solubilized in 6M guanidine-HCI (5mL guanidine-HCI per 1L
bacterial culture), and diluted 1:100 into refolding buffer (100mM Tris-HCI, 5mM EDTA,
0.2mM oxidized glutathione, 1mM reduced glutathione, pH 8.0) and stirred at 4°C
overnight.

WT- and Cys-SDF-1a Purification

Traditionally, refolded SDF-1a purification would employ the use of size exclusion
chromatography and reverse phase HPLC. However, due to lack of access to the
aforementioned methods, in this study two different molecular weight cutoff- (MWCO)
sized protein concentrators were used to desalt and purify SDF-1as. Refolded WT- and
Cys-SDF-1a were filtered through a 0.22um filter system to remove cell debris and
other large insoluble compounds. Protein samples were subsequently concentrated with
5K MWCO UF centrifugal concentrators (Corning). This concentration step
simultaneously removes contaminants that are smaller than 5K MWCO in average size.
Concentrated protein samples were diluted in storage buffer (10mM HEPES, 150mM
NaCl, pH 7.9) and concentrated again, using the same 5K MWCO concentrators. This
dilution followed by a concentration step was repeated a few times using storage buffer
to remove refolding buffer at the greatest extent. Lastly, the protein samples were
filtered through 30K MWCO centrifugal concentrators (EMD Millipore) to remove
contaminant proteins bigger than 30K MWCO in average size. SDS-PAGE was
performed on final purified protein followed by Simply Blue staining (Thermo Fisher) and
Western blotting procedures to determine the protein purity. The commercially available
SDF-1a ELISA kit (R&D Systems) was used to quantify the SDF-1a concentration.
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4.2.2 Jurkat Cell Culture and Chemotaxis

Jurkat cells were purchased from UC Berkeley’s Cell Culture Facility (Berkeley,
CA). The cells were grown in RPMI Medium 1640 (Invitrogen) containing 10% FBS and
1% penicillin-streptomycin, and kept at a density between 10° to 10° cells/mL.

Migration of Jurkat cells was performed using HTS Transwell-96 Permeable
Support (Corning) with a 5.0um membrane pore size. The bottom chambers of HTS
Transwell were filled with 140 pyL of migration medium (RPMI 1640, 1% FBS) containing
chemo-attractants at different concentrations. The HTS Transwell inserts were placed
into the wells, and 100 pL cell suspension containing 10° cells was added to each top
chamber. The cells were allowed to migrate for 4 hours at 37°C in a CO, incubator.
Chemotactic activities of commercial SDF-1a (PeproTech), WT- and Cys-SDF-1a at
different concentrations (1, 10, and 100 ng/mL) were tested. Migration medium with no
chemo-attractant added was served as negative control. Migration medium containing a
higher concentration of FBS (10%) was used as a positive control.

Following cell migration, the HTS Transwell insert was removed. The medium in
bottom chambers containing migrated cells from top chambers was collected, and
migrated cells were counted using hemocytometer.

4.2.3 Hydrogel Encapsulation of SDF-1as

A collagen- and heparin-containing hyaluronic acid based hydrogel kit was
commercially purchased (Hystem-HP, BioTime). In order to produce a hydrogel with
optimal stiffness, crosslinker was used at a concentration four times higher than the
manufacturer's recommendation. To encapsulate the SDF-1as, commercial and Cys-
SDF-1a in PBS was used to reconstitute the crosslinker and mixed with hydrogel
backbone solution to achieve a final SDF-1a concentration of approximately 25ng/mL.
Mixed hydrogel solution was allowed to crosslink for 30 minutes before implantation. A
hydrogel containing no SDF-1a was used as a negative control.

4.2.4 In Vivo Subcutaneous Implantation and Explantation

The animal protocol was developed and approved before surgery. All procedures
were approved by the Institutional Review Board Service and the Institutional Animal
Care and Use Committee at the University of California, Berkeley. Approximately 12-
week-old male TIE-2-GFP transgenic mice were purchased from The Jackson
Laboratory. The mice were anesthetized with 2.0% isoflurane in 70% nitrous oxide and
30% oxygen. Abdominal skin was dissected. 50 yL of SDF-1as (commercial and Cys-
SDF-1a) encapsulated Hystem-HP hydrogels were placed in between the fascia and
muscle. The wound was sutured with a 4-0 needle. At the time of explantation after 2
weeks in vivo, the animals were euthanized, and the hydrogels were explanted.
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4.2.5 Histological Analysis

The explanted hydrogels were fixed with 4% PFA for 2 hours and subsequently
kept overnight in an OCT compound at 4°C. The OCT compound infiltrated hydrogels
were frozen and sectioned into 20um-thick slices using a cryostat. Slides were
incubated with Hoechst 33342 for 10 minutes, followed by fluorescent microscopy.

4.2.6 Statistical Analysis

Student’s t-test was performed to detect whether a significant difference exists
between two sample groups. For multiple sample comparisons, ANOVA was used first
to detect whether or not there was a significant difference among the groups, and
Holm’s t-test was subsequently performed on all possible pairs to isolate the different
sample. A p-value of 0.05 or less was considered to have a significant difference.
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4.3 Results
4.3.1 Characterization of Purity of SDF-1as

Molecular cloning of DNA plasmids for WT-SDF-1a and Cys-SDF-1a was
outsourced to QB3 MacroLab at the University of California, Berkeley. Protein
expression, isolation, refolding, and purification were done in-house. In order to achieve
high protein purity for subsequent studies and analysis, protein purification would
usually involve utilizing chromatography based on size, charge, and/or hydrophobicity.
Unfortunately, due to timeframe limitations and lack of access to required facilities, the
purification process in this study was compromised. Two different MWCO sized protein
concentrators were used to desalt and purify SDF-1as. To compare the purities of in-
house isolated and refolded WT- and Cys-SDF-1a, commercially available SDF-1a was
purchased and used in this study as a positive control.

To determine the purity of isolated WT- and Cys-SDF-1a, SDS-PAGE was
performed on commercial SDF-1a and purified WT- and Cys-SDF-1a in their reduced
and non-reduced form followed by total protein staining and Western blotting. Total
protein staining of SDF-1as showed that the commercial SDF-1a had a clear band for
both reduced and non-reduced form (Figure 4.2A). Interestingly, SDF-1a showed a
“mobility shift” between the reduced and non-reduced form. Under the reduced
condition, SDF-1a showed a band at around 10kDa, which is the molecular weight of
the commercial SDF-1a. When run at the non-reduced condition, the band was retarded
to around 15kDa. When in-house isolated WT- and Cys-SDF-1a were run under
reduced condition, both samples showed one strong band at around 10kDa; this
suggests that the use of two MWCO sized protein concentrators effectively removed the
majority of the out-of-range (larger than 30kDa and smaller than 5kDa) protein
contaminants. Unlike commercial SDF-1a, however, both WT- and Cys-SDF-1a had
more than one protein bands when they were run under the non-reduced condition. WT-
SDF-1a had two weak bands: one band was located at around 15 kDa corresponding to
the “shifted” SDF-1a, and the second one was located at around 10kDa. Cys-SDF-1a
also had two bands at the same location as WT-SDF-1q, but the intensity of the band at
15kDa was much stronger than the band at 10kDa. The weak bands at 10kDa of the
non-reduced protein suggest that it is likely that there were contaminant proteins in the
samples. Because the purification process used in this study is based exclusively on
protein size, it is not surprising to have contaminant protein of similar molecular weight.

Simply Blue staining showed the presence of protein in the sample. However, it
was unable to identify the protein presented to be SDF-1a. Therefore, the Western
blotting was performed on the protein samples with an antibody against SDF-1a.
Results showed WT- and Cys-SDF-1a under reduced condition both had one band at
around 10kDa, confirming the presence of SDF-1as in the samples (Figure 4.2B). Under
the non-reduced condition, Cys-SDF-1a had one shifted weak band at around 15 kDa.
WT-SDF-1a under non-reduced condition showed three bands, one band at around
10kDa and one band at around 15kDa, similar to the results found in the total protein
staining. There was surprisingly a third band in between. A possible explanation for this
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is that during the concentrating process, WT-SDF-1a was fragmented into shorter
pieces that are still able to be recognized by the antibody. SDF-1a quantification by
ELISA showed isolated WT-SDF-1a had a much higher concentration than its cysteine
modified form. Therefore, it is possible that Cys-SDF-1a was also fragmented, but the
concentration of fragmented pieces was below the detection limit.

To further confirm the presence of WT- and Cys-SDF-1a, protein samples were
sent to Proteomics/Mass Spectrometry Laboratory at the University of California,
Berkeley for proteomic analysis. The results (not shown) indicated that the SDF-1a was
the most abundant protein in the samples, yet there were various E.coli proteins
presented in the samples as well.

The combination of total protein staining, Western blotting, and proteomic
analysis proved that it is possible to express and isolate WT- and Cys-SDF-1a. The
purity of the protein, however, could be further improved by introducing chromatography
steps.

4.3.2 In Vitro Chemotactic Activity of SDF-1as

Although the characterization of isolated proteins presented herein confirmed the
presence of WT- and Cys-SDF-1a, no conclusion about bioactivities of SDF-1as from
these assays can be drawn. To determine the bioactivities of WT- and Cys-SDF-1q, in
vitro chemotaxis assay using Jurkat cells, a common and easy way to test the
bioactivity of SDF-1a, was performed. Using a transwell chamber designed for
chemotaxis assay, Jurkat cells were allowed to migrate for 4 hours while being exposed
to commercial, WT- or Cys-SDF-1a at different concentrations (1, 10, and 100 ng/mL).
Migration medium which was basal medium containing 1% FBS was used as a negative
control. Basal medium containing 10% FBS was used as a positive reaction control.

Results showed that Jurkat cells had a migration efficiency of 1.67 = 1% in the
negative control which contained 1% FBS (Figure 4.3). In the positive control, which
contained 10% FBS, Jurkat cells migrated at an efficiency of 6.22 + 1.26%, 3 folds
higher than the negative control. This difference indicates that the Jurkat cells respond
to chemo-attractant stimuli and were able to migrate with the assay set-up. When the
concentration of SDF-1as was as low as 1ng/mL, cell migration induced by commercial
SDF-1a and WT-SDF-1a were comparable, at 4.33£2.5% and 5.44+1.89%, respectively.
At the same low concentration, Cys-SDF-1a resulted in migration efficiency of
15.22+2.52%, 3 folds higher than commercial and WT-SDF-1a. This difference is
statistically significant, with p < 0.01. When the concentration of SDF-1as was increased
to a moderate concentration of 10ng/mL, commercial and WT-SDF-1a samples showed
similar migration efficiencies of 10.22+4.04% and 11.78+5.30%, respectively, with no
significant difference. Cys-SDF-1a showed a significantly higher migration efficiency of
Jurkat cells at 29.11+8.10%, which was still approximately 3 folds higher than
commercial and WT-SDF-1a. When the concentration of SDF-1as was further
increased to a high concentration of 100ng/mL, commercial SDF-1a caused the Jurkat
cells to migrate at 48.22+18.28% efficiency. WT-SDF-1a samples showed a slightly
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lower efficiency of 33.89+20.1%, which was lower than commercial SDF-1a yet still
higher than WT-SDF-1a at a moderate concentration. Surprisingly, Cys-SDF-1a caused
a low cell migration efficiency of 4.44+2.76%, which was just slightly higher than the
negative control.

Within the range of the concentration tested (1~100ng/mL), commercial SDF-1a
exhibited a positive correlation between chemo-attractant concentration and migration
efficiency. WT-SDF-1a exhibited a similar trend with comparable activity at low
concentrations but lower activity at higher concentrations. Cys-SDF-1a, on the other
hand, exhibited a biphasic correlation; it had high activity at intermediate concentrations,
and its activity dropped drastically at lower or higher concentrations. Since WT-SDF-1a
was expressed, isolated, refolded, and quantified using the same system, the different
pattern between WT-SDF-1a and Cys-SDF-1a eliminated the possibility that the
biphasic pattern was induced by contaminant E.coli proteins.

4.3.3 In Vivo Functional Performance of SDF-1as

In vitro chemotaxis assay has demonstrated that refolded Cys-SDF-1a is
biologically active and behaves differently compared to commercial SDF-1a. To
determine whether Cys-SDF-1a also performs differently in vivo, a transgenic TIE-2-
GFP mouse model was used. A hyaluronic acid based hydrogel containing collagen
and heparin was used to encapsulate commercial SDF-1a and in-house isolated Cys-
SDF-1a. SDF-1as encapsulated hydrogels were subcutaneously implanted into 12-
week-old male TIE-2-GFP transgenic mice. 2 weeks following implantation, hydrogel
samples were explanted and imaged with a fluorescent microscope. At 2 weeks after
implantation, there were limited cells infiltrated into the hydrogel; therefore TIE-2
expression in the surrounding tissue was examined. A blank hydrogel containing no
SDF-1a was used as a negative control. Figure 4.4A shows that within the surrounding
tissue, a small number of cells were TIE-2 positive, potentially recruited by the heparin
component of the hydrogel as heparin has been reported to promote angiogenesis (112,
113). In comparison, both commercial SDF-1a and Cys-SDF-1a have recruited more
TIE-2 positive cells (Figure 4.4B-C); however, no obvious difference was observed
between commercial SDF-1a and Cys-SDF-1a samples at the concentration of
25ng/mL.
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Figure 4.2 Characterization of expressed SDF-1as. (A) Total protein staining of
commercial SDF-1a, WT-SDF-1a and cys-SDF-1a in reduced and non-reduced
condition. (B) Western blot of WT-SDF-1a and cys-SDF-1a in reduced and non-reduced
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Figure 4.3 Chemotactic activities of SDF-1as. Biological activities of commercial SDF-
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Figure 4.4 In vivo performance of SDF-1as. Expression of TIE-2-GFP 2 weeks after
subcutaneous implantation for (A) plain hydrogel, and hydrogel containing (B)
commercial SDF-1a and (C) Cys-SDF-1a at a concentration of 25ng/mL. Nuclei were
stained with Hoechst 33342 (blue). Dashed lines are used to distinguish boundaries
between G (hydrogel) and T (surrounding tissues). Scale Bar = 100um.
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4.4 Discussion

SDF-1a is a chemokine that attracts a variety of CXCR4 and CXCR7 positive
cells. This includes endothelial and muscle cells, which are essential for blood vessel
formation. This property of SDF-1a makes it a promising candidate to be therapeutically
used to promote angiogenesis. In addition, heparin, an anticoagulant commonly used in
vascular surgeries, can bind to and stabilize SDF-1a. This suggests SDF-1a can
potentially be used on its own in an injectable form to treat tissue ischemia or in
combination with heparin-conjugated vascular grafts to accelerate in situ vascular
regeneration. However, SDF-1a is very tiny in size (~10kDa), which leads to a fast
diffusion. Moreover, the active site of SDF-1a is cleavable by proteases, dipeptidyl
peptidase 1V/CD26 and matrix metalloproteinase-2 for instance, which causes it to
degrade rapidly in in vivo environment (114). As a result, it is very likely that majority of
the SDF-1a is cleared from the in vivo system before it has an opportunity to induce
angiogenesis.

To resolve the issue of fast clearance of SDF-1q, it would be beneficial to find a
way to prolong the lingering of SDF-1a at targeted sites. For instance, conjugating
multiple SDF-1a monomers to a single multi-armed PEG backbone would increase the
size of chemokine, thus delaying its diffusion. SDF-1a monomers could also be
anchored to targeted sites by directly conjugating to biomaterials such as microparticles
or vascular grafts. One of the most common methods to perform chemical conjugation
involves utilizing the thiol group on amino acid cysteine. Thiol is not as abundant as
primary amines, and free cysteine is rarely found in protein. As a result, conjugation
created with thiol chemistry would be relatively selective and precise.

As aforementioned, free cysteine is rarely found in protein, and SDF-1a is not an
exception. Therefore, SDF-1a was engineered by introducing a free cysteine. Since the
active site of SDF-1a is at its N-terminus, we, therefore, attached the cysteine residue to
its C-terminus. In this study, we expressed, isolated, and purified the engineered Cys-
SDF-1a and unmodified WT-SDF-1a. The in vitro biological activities of both WT- and
Cys-SDF-1a were tested and then compared to commercially purchased SDF-1a.
Results of in vitro chemotaxis assay showed that within the tested concentration range
(1~100ng/mL), Cys-SDF-1a exhibits a biphasic pattern that is significantly different from
the commercially purchased SDF-1a and WT-SDF-1a, which was expressed and
isolated the same way as Cys-SDF-1a. Our results indicated that over the tested
concentration range, for both commercial and WT-SDF-1a, a positive correlation
between its concentration and chemotactic activity exists. However, Cys-SDF-1a
exhibits a biphasic correlation where the highest biological activity was observed at an
intermediate concentration (10ng/mL). The biological activity dropped when the
concentration was reduced to 1ng/mL and almost ceased to 0 when the concentration
was increased to 100ng/mL.

It is not uncommon for chemokines to exhibit a biphasic response over a limited

concentration range. In fact, SDF-1a itself has been reported to exhibit such a biphasic
response (115, 116). A previous study has shown that over the concentration range of O
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to 1000nM, chemotactic activity of SDF-1a peaks at a concentration of 30nM. Its activity
dropped when the concentration was increased or decreased and ceased to almost 0
when the concentration reached the upper limit of 1000nM (115). This result is
consistent with our observation with commercial and WT-SDF-1a. In this study, SDF-1a
concentrations tested were 1, 10, and 100ng/mL, which correspond to 0.1, 1, and 10nM,
respectively. The highest concentration tested is still lower than the 30nM, concentration
that induces the peaked SDF-1a activity. As a result, both commercial and WT-SDF-1a
showed only positive correlation between its concentration and activity.

The biphasic response of SDF-1a can be attributed to its oligomeric state. SDF-
1a has been previously reported to exist in monomer-dimer equilibriums (117).
Monomeric SDF-1a is biologically active and able to induce chemotaxis, while SDF-1a
in its dimeric form is biologically inactive (115, 118). For instance, researchers used
engineered CXCL12 variants, which are wild-type CXCL12, preferentially monomeric
(CXCL1225r) and constitutively dimeric (CXCL12,;) chemokine to examine the
migration of HCT 116 colorectal carcinoma cells and HT29 epithelial cells. The results
have demonstrated that both CXCL12yt and CXCL12,5: were able to induce
chemotaxis, yet CXCL12; failed to be bioactive (118).

From the collaborative observation on the biphasic response of SDF-1a and its
reported opposing activities at different oligomeric states, we speculate that introducing
an extra cysteine residue on the C-terminus of SDF-1a has the potential to make it more
prone to dimer formation, and hence shifts the monomer-dimer equilibrium and results
in a peaked chemotactic activity at a lower concentration. Cysteine is a biologically
active residue; its thiol group can be easily oxidized to form a bond. Introducing an extra
free cysteine to SDF-1a potentially increased the possibility of formation of undesired
intermolecular bonds. Since the active site of SDF-1a is on the N-terminus of the protein,
it is unlikely the intermolecular interaction would completely diminish its activity.
However, it might be sufficient to change the conformation and folding of SDF-1a.
Proteins that are not properly folded form aggregation and precipitation more easily
(119), which is consistent with the observation that Cys-SDF-1a had a lower yield than
WT-SDF-1a under the same condition.

There are other factors that could influence the monomer-dimer equilibrium. For
instance, pH of the solution could majorly affect the oligomeric state of SDF-1a (117). It
was previously reported that acidic pH would destabilize the dimeric structure and
promote the monomeric state. In this study, the storage buffer of SDF-1a has a pH of
7.9, at which the SDF-1a is more prone to dimerize. The culture media used during
chemotaxis assay has a physiological pH of 7.4. Although this is still basic, it is slightly
more acidic than the storage buffer. Prior to chemotaxis assay, SDF-1as in the storage
buffer was diluted with culture media to reach the desired concentration. More
concentrated SDF-1as requires less dilution, so a more concentrated sample would
have a more basic pH compared to less concentrated sample. The pH effect in
combination with the extra free active cysteine might explain why the chemotactic
activity of Cys-SDF-1a peaked at a shifted, lower concentration than previously reported.
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In addition to in vitro chemotactic activities, the in vivo biological activity of
engineered Cys-SDF-1a was investigated using a transgenic TIE-2-GFP mouse model.
TIE-2 is an angiopoietin receptor that binds to required protein growth factors for
angiogenesis. Results showed that at the concentration tested, which was 25 ng/mL,
TIE-2 expression induced by commercial SDF-1a and Cys-SDF-1a did not differ
appreciably.

There are many factors in this in vivo study that make the results not fully reliable
and conclusive. First of all, the sample size is not adequate to draw a reliable
conclusion. The study began with 3 mice. Each mouse was implanted with a whole set
of experimental groups (plain control, commercial and Cys-SDF-1a at 25ng/mL).
Unfortunately, the implanted hydrogel were very fragile, and the surgery sites were
easily scratched by the mice. Consequently, during the two weeks of implantation, two
out of three mice had damaged some of its implanted hydrogels in varying degrees.
Mice have strong individual variation; therefore it is only accurate to compare groups
harvested from the same mouse. As a result, only one hydrogel sample from each
experimental group was imaged and compared. To draw a more convincing conclusion,
the in vivo study should be repeated with a larger sample size. Second of all, the
concentration of SDF-1a used in this study might be too low to detect a real difference.
As stated earlier, the SDF-1a is very tiny in size, hence has a fast diffusion rate, which
is further accelerated under an in vivo environment. As a result, the actual concentration
of SDF-1a at the targeted sites is unknown; it is expected to be much lower than
25ng/mL. It is possible that the activities of commercial and cys-SDF-1a do not
significantly differ at this low effective concentration. Due to the technical limitation in
this study, 25ng/mL is the most concentrated hydrogel we were able to achieve. For
future work, more optimization need to be done to increase protein yield of Cys-SDF-1a
and the in vivo study should be repeated with more samples with higher concentrations.

In this study, we engineered a Cys-SDF-1a by introducing a cysteine residue to
the C-terminus of the SDF-1a. Due to the limited timeframe and access to facilities, this
project is only the first step in a promising development in this field. One major step is to
improve the purification of the protein. Subsequently, more chemical analysis, such as
NMR and X-ray crystallography should be performed on the purified Cys-SDF-1a. In
addition, the biological activities of Cys-SDF-1a need to be further characterized. For
instance, the chemotaxis assay was performed in this studying using Jurkat cells. In the
future, chemotaxis study should be repeated with other CXCR4/7 positive cells such as
endothelial or muscle cells.
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Chapter 5: Concluding Remarks

The field of tissue engineering and regenerative medicine first emerged
approximately three decades ago and has undergone rapid development ever since.
With the goal of generating an artificial replacement for diseased or trauma-damaged
native tissue or organs, tissue engineering and regenerative medicine is on the forefront
of significantly improving a patient's health and welfare. Constructing a tissue organ that
will function properly and efficiently in vivo requires comprehensive understanding of the
complex biological system, including how native body reacts and responds to
biomaterials and biochemical stimuli, individually or in combination. Improved
information and knowledge on this ever-growing field will guide scientists in future
studies to improve current technology or design better platforms for various medical
applications.

Cardiovascular diseases not only majorly affect a patient’s life quality; it is also
an enormous socioeconomic burden. In an effort to advance the treatment of
cardiovascular diseases, the primary focus of this dissertation is improving vascular
regeneration from the perspective of biodegradable scaffolds and biochemical cues. We
began the study by developing and optimizing a working small-diameter vascular gratft.
Based on the architectural integrity and extent of cell infiltration, we subsequently
screened and selected a promising candidate whose in vivo performance was
investigated. In addition, the effect of an angiogenesis-promoting chemokine in
combination with the vascular grafts on vascular regeneration was studied. In particular,
the endothelialization of the luminal surface of the vascular grafts and vascular wall
remodeling were investigated. Lastly, we protein-engineered the previously employed
angiogenesis-promoting chemokine in an attempt to broaden its biomedical application.

In Chapter 2, we focused on the optimization of vascular grafts. Having adequate
cell infiltration into vascular grafts has always been a major challenge. On the one hand,
an ideal biomaterial would be bioinert and trigger little to no inflammatory responses. On
the other hand, however, a bioinert material would non-specifically downregulate
biological responses, such as protein adsorption and cell attachment. In other words,
while bioinert biomaterials recruit little detrimental inflammatory cells, they also reject
many favorable and essential cells for tissue regeneration, such as endothelial and
smooth muscle cells. In order to promote cell infiltration, the pore size of PLCL scaffolds
was increased by modulating electrospinning parameters. Unfortunately, cell infiltration
was only enhanced marginally. We then employed a fast-degrading polymer PDO,
which has a more polar chemical structure than PLCL. We designed various single- and
multi-layered vascular grafts and observed a weak adhesion between PLCL and PDO,
potentially due to the difference in their polarity. We showed while electrospun PDO
grafts have less structural integrity compared to PLCL grafts, using fast-degrading PDO
drastically enhanced cell infiltration. This observation suggests that the unfavorable
hydrophobicity of PLCL vascular grafts prevents cells from adhering despite its pore
size. Among all the scaffold designs, we showed that PLCL/PDO blend vascular grafts
provide the best balance between structural integrity and cell infiltration. In this chapter,
we have demonstrated the methodology for developing a vascular graft that promotes

56



cell infiltration and allows us to investigate vascular regeneration in our subsequent in
vivo studies. The advances achieved in this work improved our understanding of
biomaterials and built a foundation for future development of an applicable vascular
graft.

In Chapter 3, we investigated the effect of the cell-free PLCL/PDO blend vascular
grafts developed in Chapter 2 and angiogenesis-promoting chemokine SDF-1a on
vascular regeneration. In particular, the degree and extent of endothelialization and
remodeling of the vascular wall were examined. We have demonstrated that partial
endothelialization of the grafts took place as early as 2 weeks after implantation. The
SDF-1a improved long-term patency presumably by recruiting and promoting
proliferation of endothelial cells, which leads to a more complete anti-thrombogenic
surface. Moreover, we have demonstrated that SDF-1a improved the vascular wall
remodeling by recruiting smooth muscle cells. In addition to the favorable endothelial
and smooth muscle cells, we have observed recruitment of inflammatory cells as well.
However, we did not observe calcification, which is a destructive vascular surgery
complication induced by inflammatory responses. A comparison between this
investigation and a similar recent study showed that when the vascular grafts are
fabricated with different biomaterials, the degree and extent of vascular regeneration
promoted by SDF-1a also varies. This observation suggests that biomaterials and
biomolecules have a collaborative “effect.” More studies are recommended to explore
the optimal combination that will work in synergy. The investigation detailed in Chapter
3 has demonstrated that the host possesses endogenous regeneration potential and is
capable of vascular regenerating if we are able to engineer optimized vascular grafts to
harness this potential.

In Chapter 4, we transitioned from a biomaterial perspective to a biochemical
focus. In an effort to broaden its biological applications, we protein engineered SDF-1aq,
the angiogenesis-promoting chemokine we employed in Chapter 3. In this study, we
introduced an amino acid cysteine to the C-terminus of SDF-1a. The cysteine
modification allows SDF-1a to be subsequently conjugated using many well established
chemistry reactions without disturbing its active N-terminus. We expressed, isolated,
refolded, and purified the cysteine-modified SDF-1a and investigated its in vitro
chemotactic activity. We have shown that the cysteine-modified SDF-1a exhibits a
biphasic response over the concentration range tested in this study. Although it has
been reported that wild-type SDF-1a does exhibit a biphasic response, the peak
concentration is much lower for cysteine-modified SDF-1a. We hypothesized that the
extra cysteine residue results in a SDF-1a more prone to dimer formation, which
diminishes the bioactivity of SDF-1a. Future studies are required to analyze the
structure of cysteine-modified SDF-1a and optimize the purification process. The results
reported herein have laid a foundation for future designs of medicine for various
therapeutic applications such as tissue ischemia treatment.

In work detailed in this dissertation, we investigated biomaterial and biochemical

approaches in an attempt to enhance vascular regeneration by improving cell infiltration
and recruitment of essential cells, while maintaining optimal mechanical properties of
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the vascular grafts. The information gleaned from this study has contributed to our
understanding of vascular regeneration by learning how native tissue interacts with
biodegradable vascular grafts and angiogenesis-promoting biomolecules. The findings
from this dissertation provide much needed insight into the field of vascular grafts and
provide a path for future studies to tune and improve vascular grafts technology on both
an architectural and compositional level, as well as to develop angiogenetic medicine.
These, in turn, will lead to the acceleration of the functional vascularization and may

yield benefit for therapeutic applications.
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