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ABSTRACT

Biodegradable stents (BDS) could be a promising alternative to the conventional
metallic stents for the treatment of atherosclerosis which is a coronary artery disease (CAD).
Three-dimensional (3D) printing technique has offered easy and fast fabrication of BDS with
enhanced reproducibility and efficacy. Therefore, the main aim of the current study was to
develop 3D-printed biodegradable cardiovascular stents. A combination of 2-hydroxy ethyl
methacrylate (HEMA) and methacrylate graphene oxide (MeGO) was used to enhance the
mechanical properties and loaded with resveratrol (RSL) to efficiently recover endothelial cell
function. The biocompatibility of the 3D-printed stent was evaluated using in vitro cell culture
studies and zebrafish embryo model.

The percentage changes in volume of stents fabricated using HEMA and HEMA-
0.35MeGO were 36.7+4.7% and 7.7+1.6%, respectively after 24 hr. The remaining fractions
of 3D stents after 21 days and their corresponding first-order degradation rates were 95.9+0.5%
and 0.30+£0.10 x 10*%hr for HEMA, and 98.2+0.3% and 0.11+0.04 x 10*hr for HEMA-
0.35MeGO. The addition of MeGO significantly (p<0.001) enhanced the stiffness of hydrogel
inks for 3D stents, indicating Young’s moduli of 0.22+0.01x102 MPa and 0.41+0.01x102
MPa for HEMA and HEMA-0.35MeGO after 21 days. 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay revealed that 3D
stents loaded with RSL (~1 mM) exerted no cytotoxic effects on the human umbilical vein

endothelial cells (HUVECSs). The controlled release of RSL from the stent enhanced nitric



oxide (NO) production, lowered the levels tumor necrosis factor (TNF)-a, and alleviated H202-
induced oxidative stress in HUVECSs.

The RSL-loaded 3D stents displayed maximum viability of HUVECs in presence of
oxidized low-density lipoprotein (ox-LDL) and resulted in similar NO production like control
group (52.840.4 uM and 51.9+0.8 puM), whereas lipopolysaccharides (LPS) treatment (10
ug/mL) significantly displayed higher amounts of NO (82.4+1.2 uM). The amounts of TNF-a
and interleukin (IL)-p released from zebrafish embryos (1.8+0.8 and 1.9£0.2) in the group
treated with the RSL-loaded 3D stents were significantly lower (p<0.001) than those from the
LPS alone treated group (8.1+2.3 and 23.8£3.8, respectively). It was found that stents with
RSL at a dose of 1 mM indicated no mortality during the developmental stages, but stents at a
dose of 2 mM resulted a lowered survival rate (93.3+3.3%), shorter length of larvae, pericardial
and yolk sac edemas of 53.3+23.3% and 3.3£3.3%, respectively.

The 3D-printed biodegradable stent based on HEMA-MeGO and loaded with RSL
displayed excellent biocompatibility and mechanical properties. RSL released from 3D
cardiovascular stents efficiently recovered the endothelial function. The 3D-printed stents with
the loading dose of 1 mM RSL displayed good biocompatibility in the zebrafish embryo
toxicity studies. The RSL-loaded 3D stents efficiently downregulated the pro-inflammatory
cytokines, while producing minimal developmental defects in zebrafish embryos. The RSL-
loaded 3D stents displayed good biocompatibility in both Raw 264.7 cells and zebrafish
embryo models, guaranteeing acceptable host response in clinical application. Overall, our
results demonstrated that RSL-loaded stents protect an organism against oxidative stress, while

limiting developmental defects in zebrafish embryos.
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CHAPTER 1
INTRODUCTON

1.1.0verview

Atherosclerosis is linked to about 50% of the deaths in the western society [1]. In the
year 2020, almost 805,000 people suffered from heart attack and 2 in 10 deaths happened in
adults in less than 65 years old due to cardiovascular diseases [2]. It is majorly a chronic
inflammatory disorder initiated by the deposition of low-density lipoproteins (LDL) in the
arteries. The fat build-up leads to narrowing of the arterial wall and production of an
inflammatory cascade [3—6]. The reduced blood flow to the downstream muscle cells resulting

in heart attacks and is considered a principal reason for atherosclerotic cardiovascular diseases.

1.2. Pathophysiology of Atherosclerosis

The development of an atherosclerotic plaque is initiated by endothelial dysfunction.
The elevated levels of cholesterol in the blood are considered one of the major triggers for
endothelial damage [7]. Hypercholesterolemia results in modifications of endothelial
permeability in the arterial wall, resulting in migration of LDL into arterial wall. The LDL
particles can be oxidized in the presence of reactive oxygen species (ROS) such as superoxide,
hydroxyl radicals from the surrounding cells [8]. The damaged endothelial cells express
vascular adhesion molecule-1 to attract the circulating monocytes which consequently migrate
to the sub-endothelial space (intima) through diapedesis [9]. The monocytes become
macrophages and begin engulfing the oxidized LDL (ox-LDL) to convert into foam cells. The
macrophages generate pro-inflammatory cytokines like tumor necrosis factor (TNF)-o and

interleukin (IL)-p for reinforcement to facilitate the uptake of ox-LDL, leading to enhanced



levels of cytokines and a positive feedback mechanism is initiated [10]. The excessive
formation of lipid-laden foam cells leads to necrosis, resulting the migration of smooth muscle
cells (SMCs) to form a fibrous cap. The breakdown of collagen and death of SMCs destabilizes
the atherosclerotic plaque, blocking the blood flow that subsequently leads to myocardial

infarction as shown in Figure 1 [11,12].



Lumen of artery

Figure 1. Pathophysiology of atherosclerotic plaque formation.



1.3. Statement of the Problems

Angioplasty with stent placement is routinely the first line of treatment against
atherosclerosis. Drug-eluting stents (DES) have significantly enhanced the efficacy of
atherosclerosis management due to their immediate action and mid-term safety [13]. Despite
all the advancements in DES, there is a considerable risk of delayed endothelization, increasing
the chances of mortality up to 30% [14]. Also, the enduring nature of the metallic struts may
lead to constrained vessel movement and interference with non-invasive diagnostic techniques.
Therefore, a new generation of novel biodegradable stents (BDS) that may reduce the
possibility of long-term risks associated with the permanent nature of metallic stents would be
an ideal alternative for therapeutic advances in the treatment of atherosclerosis.

Following the first reported successful trial with the biodegradable cardiovascular stent
in 1980, several BDS have been under extensive investigation and clinical assessment [15].
The BDS provide sufficient mechanical strength to the damaged endothelium for 6 ~ 9 months
and slowly degrade into inactive metabolites that excrete from the body [16]. These BDS
typically do not require secondary surgery for their removal and may reduce the risk of in-stent
restenosis and thrombosis.

The printability of hydrogels into two (2D) and three-dimensional (3D) structures have
been extensively studied in a variety of biomedical applications, such as tissue engineering,
organ printing, and cell-laden biological scaffold for regenerative medicine [17]. However, the
design of hydrogel structures and printing parameters have not yet been extensively explored.
The proposed approach is first of its kind which would be used for the development of
cardiovascular stents with extensive studies related to its material safety, design pattern,

structural integrity, and cellular responses for anti-proliferative and anti-inflammatory effects.



1.4. Hydrogel-based 3D Printing

The term 3D printing refers to additive manufacturing involving the development of
complex structures using a layer-by-layer printing approach [18]. The 3D printing of hydrogels
is routinely carried out through stereolithography (SLA), extrusion-based direct ink writing,
and digital light processing. The 3D printing ink should possess desirable material properties
such as printability, biodegradability, and possibility for surface modification with functional
groups [19]. The printability of the ink depends on viscosity of the ink, ability to crosslink,
size of the nozzle, and retainability of the 3D structure after printing [20].

The 3D shape stability is affected by rheological properties of the material, especially
shear-thinning behavior of the ink in extrusion-based printing [21]. The efficacy of hydrogel
inks is dependent on sol-gel transition during the manufacturing process, ensuring a smooth
continuous flow of print filament without clogging the nozzle. The mechanical properties of
hydrogels are influenced by the material category i.e. natural (e.g., alginate) or synthetic (e.g.,
poly-hydroxyethyl methacrylate) and the method of crosslinking i.e., physical or chemical. The
incorporation of tough particles (carbon nanoparticles) in the ink forms a strong hydrogel
network with superior physical strength suitable for biomedical applications [22].

The use of 3D bioprinting technology would yield quick and accurate fabrication of
structures with reproducibility and ease of manufacture. Considering patients’ diseased
condition and the size of atherosclerotic plague, the length of the stent and the amount of drug
loading can be tailored [23]. The low cost of 3D bioprinting makes repairs and upgrades of
biomedical devices to be affordable. Biomimetic hydrogels produced through extrusion-based

bioprinting would be biocompatible and would help produce flexible hydrogel stents with



sufficient mechanical strength that can withstand the dynamic environment of blood vessel.
The novel approach of BDS is introduced to minimize the immune responses and the
biological and mechanical risks caused by a permanent implant. This hydrogel-based stent
would plausibly limit the endothelial dysfunction, thus eliminating the occurrence of very late
in-stent restenosis. However, the potential application of hydrogels as cardiovascular stents for

the treatment of atherosclerosis has been rarely investigated.

1.5. Objectives

A 3D cardiovascular stent based on the hydrogel polymeric materials (alginate and 2-
hydroxy ethyl methacrylate) loaded with an anti-oxidant drug, RSL, will be developed to
enhance efficiency in recovery of endothelial cell function. A 3D stent model will be printed
through the extrusion-based method and corresponding rheological properties of hydrogel
inks, and the mechanical properties of 3D-printed stents will be examined.

The effects of drug-eluting stent on cell viability, nitric oxide (NO) production, and
downregulation of oxidative stress in the human umbilical vein endothelial cells (HUVECS)
will be evaluated using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS), Griess, and 2°, 7°- dichlorofluorescein diacetate
(DCFDA) assays, respectively. We believe the controlled release of RSL from the stent would
enhance the NO production, lowered TNF-a level, and alleviated H202-induced oxidative

stress in HUVECs.

The objectives of this dissertation are:



1. To evaluate the influence of 3D printing process parameters on the development of hydrogel-
based biodegradable stent

2. To develop and characterize RSL-loaded 3D-printed stents that help recover the endothelial
cell functions

3. To study ROS scavenging efficacy and potential toxicity of RSL-loaded stents in the mouse

macrophage cells and zebrafish model.



CHAPTER 2
PARAMETRIC OPTIMIZATION OF 3D PRINTING PROCESS
2.1. Rationale

In a typical atherosclerosis treatment, the size of the stent is governed by patient-
specific variables such as their physiological conditions, age, and the size of the plaque [24].
A personalized stent would be ideal for healing the damaged endothelium and providing
effective therapy for patient-specific needs [25,26]. 3D printing devices have served as
efficient means to generate biomimetic organs or biological tissues [27]. The application of 3D
bioprinting in the treatment of cardiovascular conditions has been well established and
exemplified by polymeric cardiovascular stent [28,29], heart valves [30-32] and structural
cardiac surgery in CAD [33]. When compared with traditional metallic stents, 3D printing can
offer rapid and reproducible production of complex biological models [34].

The major obstacle encountered while using 3D printing in the cardiovascular field is
to attain uniform dispersion of the active ingredient (i.e., drug moiety) in the polymeric
filament. In addition, during the 3D printing process, the extrusion of filament at high
temperatures may cause degradation of the active ingredient and pose a significant risk of
polymorph formation. Also, the choice of printable polymeric material having a suitable
viscosity for the manufacture of cardiovascular stents is quite limited [35,36]. Naturally
derived hydrogels are more advantageous than synthetic polymers due to their extracellular
matrix with sufficient mechanical properties [37]. As hydrogels facilitate the printing of
tailored scaffold structures at low temperatures [23,38], several studies have reported the 3D
printability of hydrogel for biomedical applications including man-made biomimetic fibrillar

hydrogels [39], the composition of bio-ink [40], reproducible printed structures [41], and



different fabrication techniques [42].

In order to improve the printability and mechanical properties of hydrogels, various
approaches including adding functional end groups, using sliding crosslinks, and incorporating
nanocomposites or microparticles, have been proposed and evaluated. A study reported
exploration of a nano-composite hybrid with cysteine to reinforce the hydrogel system for
optimal rheological properties. Cysteine, as an amino acid, naturally existing within biological
systems, thus mimicking biological constructs and maintaining biocompatibility [43].

Alginate is known for its biocompatibility and biodegradation properties and has been
widely applied to the biomedical fields including wound healing and tissue engineering [44].
Alginate belongs to the class of polysaccharides and is commercially available as the sodium
salt of alginic acid composed of D-mannuronic acid and L-guluronic acid [45]. Sodium
alginate (SA) forms ionic crosslinking upon exposure to the divalent cations [46]. In one of the
studies, modified SA displayed its robust mechanical strength against the continuous, perfused
fluid that mimicked the dynamic environment of the myocardium [43].

The storage modulus of 3D printable hydrogels can be regulated through reversible
thiol-disulfide exchange within alginate hydrogel hybrid with cysteine that would allow for
smooth extrusion and avoid blockage of nozzles during extrusion-based 3D printing process
[47]. The modification of polymers with varying amounts of thiol content led to changes in
shear modulus of hydrogel constructs including improved mucoadhesiveness, swelling ratio,
and gelling properties [48,49].

The fibrous nature of nanofiber promotes the stiffness and other relevant dynamic
requirements in the 3D-printed scaffolds. The latest investigations also demonstrated the

numerous potential advantages of PLA-based nanofibers over chitosan- and collagen-based



nanofibers in enhancing the mechanical properties of hydrogels [50]. Therefore, the
modification of alginate hydrogel with cysteine hybrid and PLA-nanofibers can lead to
enhanced swelling ratio, biocompatibility, and biodegradability. This study aimed to evaluate
the effects of manufacturing parameters involved with extrusion-based 3D printing of
hydrogel-based stents, such as hydrogel's viscosity, printing distance, printing speed, and the

nozzle size.

2.2. Materials and Methods
Materials

Sodium alginate (SA), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
cysteine hydrochloride monohydrate, Isopropyl alcohol (IPA), and resazurin were purchased
from Sigma-Aldrich® (St. Louis, MO). Poly (L-lactic acid) with molecular weight (MW) of
140,000-160,000 Da was obtained from Polysciences® Inc. (Warrington, PA). Hexafluoro-2-
propanol (HFIP) purchased from TCI® America, Inc. (Portland, OR). All reagents and solvents

were of analytical grade.

Synthesis of Cysteine Conjugated Alginate

Cysteine conjugated alginate hydrogel inks were prepared as previously reported [43].
In brief, 200 mg of sodium alginate were dissolved in deionized (DI) water at 37 °C to form a
clear solution. EDC (~383.4 mg) was added to the solution and incubated for 1 hr. Cysteine
hydrochloride (100 mg) was added to the solution and kept overnight at room temperature
under dark conditions. The solution mixture was purified using a dialysis membrane of 3500

molecular weight cutoff (MWCO) in 0.001 M HCI, followed by 1 % NaCl solution for 48 hr.
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The final hydrogel solution was freeze-dried and kept at -20 °C for future usage.

Preparation of Poly-Lactic Acid (PLA) Nanofibers

The electrospinning technique was used to prepare PLA-nanofibers [43]. Briefly,
15%wi/v PLA was dissolved in HFIP solvent. The mixture solution was loaded into a 5 mL
syringe connected to a positive terminal (15 kV) and dispersed on a rotating cylinder with
negative potential (-2.5 kV) with two systems separated by 12 cm distance. The nanofibers

were electrospun at 0.5 mL/hr and kept in a vacuum dryer for 7 days to remove the solvent.

Preparation and Optimization of Hydrogel Inks

For hydrogel ink preparation, 10%w/v solution of SA powder in DI water at 37 °C was
continuously stirred using a magnetic stirrer to form a homogenous hydrogel solution. Then,
the freeze-dried alginate-cysteine sample was dissolved in DI water under dark and stirred
steadily to obtain a 10%w/v clear solution. The solution was kept at room temperature
overnight to eliminate any air bubbles. For the nanofiber hydrogel ink, 0.4%w/v of PLA-
nanofibers were added to 10%w/v alginate-cysteine hydrogel solution and mixed gently. 3D
structures were printed via layer-by-layer printing, as shown in the schematic presentation
(Figure 2). Both alginate and modified alginate structures were printed directly onto a petri
dish. A microscopic examination of the printed structures was performed to optimize the

printing parameters for the 3D-printed hydrogel stents.
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Figure 2. (i) Sodium alginate solution, (ii) Rate controlled extrusion of hydrogel ink using a
syringe barrel equipped with an in-built software, (iii) Printing of 3D structures on a cooled
platform using a heat jacketed syringe, (vi) Crosslinking of the 3D-printed stent layers using
2.5%w/v CaClz, and (v) Rolling stent layers into a cylindrical shape using a metallic rod.
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Rheological Properties of Hydrogels

The rheological studies of alginate hydrogels were performed using Discovery Hybrid
Rheometer (DHR3) (TA Instruments) with parallel-plate geometry (diameter 20 mm, gap 1
mm). The samples were equilibrated between the plates for 60 sec before the start of each
experiment. Linear viscoelastic region (LVR) was determined by amplitude sweep study from
0.1 to 10 mN.m at a frequency of 1 Hz. A strain of 10% was selected from LVR, frequency
sweeps were conducted with an angular frequency range of 0.1 to 100 rad/sec. The viscosity
recovery studies were performed for 130 sec in three stages. During stage I, a shear rate of
0.1/sec was applied for 60 sec, followed by a high shear rate of 100/sec for 10 sec at stage I,
and a low shear rate of 0.1/sec for 60 sec at stage 111 [51]. All measurements were performed

thrice at 25 °C and shear viscosity was determined at a shear rate of 0.01 to 100/sec.

Optimizing Conditions of 3D Printing Process

Extrusion-based 3D printing is considered to be the most comprehensive and useful
technique for bioprinting. As shown in the scheme of printing procedure (Figure 3), the stents
were fabricated using a commercial 3D printer (Tissue Scribe®, 3D cultures, Delaware).
TinkerCad® software was used to design the 3D mesh-like layer (10 x10 mm) to replicate the
strut of the stent. The generated stereolithography (STL) files (.stl format) were sliced using
the Cura® converter program to obtain a G-code file, which was then programmed to the 3D

printer to produce the hydrogel ink-based stents.
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Figure 3. i) Design of the stent struts in TinkerCad®, (ii) Slicing the 3D model (.stl file) in
Cura®program, (iii) Pre-examination of G-code on NC viewer v1.1.3.
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Becton Dickinson (BD) syringe was loaded with the hydrogel inks (~5 mL) and
subsequently stored in the extrusion cavity. Three types of the formulations were printed by
varying the composition of hydrogels (10%w/v sodium alginate (SA), 10%w/v cysteine-
sodium alginate (SA-CYS), and 10%w/v cysteine-sodium alginate with 0.4%w/v PLA-
nanofibers (SA-CYS-NF)) using a 22G print head nozzle of 0.41 mm diameter attached to the
syringe. The piston was moved downwards, and ink was extruded through the nozzle, which
was 0.33 mm above the fixed printer bed of 120x120 mm area.

Two layers of mesh lattices were 3D printed with 5 mm/sec speed and 100% infill
density. The syringe inside the extruder was heated up to 37 °C, and the collector plate was
kept at a lower temperature for solidification of the printed structure. After solidification, the
gel was crosslinked with 5%w/v CaCl: for 12 hr. The obtained structure was washed with 0.01
M phosphate-buffered saline (PBS) pH 7.4. A cylindrical tube-like stent was obtained by
rotating the mesh like stent layer around the metallic rod of 10 mm length and 0.15 mm outer
diameter. Later, the hollow hydrogel structures were dried under vacuum for 4 hr and stored
for future use. 3D-printed stents were further characterized for their mechanical strength,

morphology, and biodegradability.

Assessment of Swelling Ratios

The initial weight of vacuum-dried stent (So) was recorded, and the stent was immersed
in 0.01 M PBS pH 7.4 at room temperature for 72 hr. At pre-determined time intervals, the
swelled stent (S1) weight was measured after gentle removal of the surface water using Kim-

wipes. The swelling ratios were calculated using the following equation:

Swelling ratio (%) = Slsi %100 )

o
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Study the Surface morphology of 3D Stents

Scanning Electron Microscopy (SEM) was performed to study the surface morphology
of 3D stents. The mesh-like stent was cut into rectangular strips, loaded onto a carbon stub,
and coated with gold-palladium under vacuum for 15 min using a sputter-coater (Leica® EM
SCDO050, USA). The coated samples were then visualized using a Field-Emission

Environmental SEM Philips XL30 (Leica®, USA) at a voltage of 5 kV.

Assessment of Mechanical Strength

The mechanical strength of stents against the shear stress stemming from the blood
flow was tested using an in-house perfusion chamber. Each stent was placed in a Tygon® tube
that was perfused with 2% fetal bovine serum (FBS) at a flow rate of 60 mL/min using a
peristaltic pump (Mini-pump variable flow, Fisher Scientific® Waltham, MA). At pre-
determined time intervals, the weight of the stent was measured, and the percentage changes
in the weight were calculated based on the difference between initial weight (Wo) and final

weight (W1) of the stent.

W,-W,

Weight change (%) = *100 (2)

Assessment of the Degradation Rate of 3D Stents

In vitro degradation rates of stents were examined in 0.01 M PBS pH 7.4 at 37 °C. The
stents were individually placed in a Tygon® tube that was perfused with buffer solution at 60
mL/min. At pre-determined time intervals, the stent was taken out and dried completely and

weighed. The percentage changes in the weight were calculated as described in Equation 2.
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The degradation rates were measured by fitting the following linear regression equation [52]
() %=1-kq.t 3)
Fo

Ft and Fo are the fraction of remaining weight of hydrogel at time t and initial time point,

respectively, and K is first-order degradation constant.

Statistical Analysis

All experiments were carried out in triplicate and expressed as mean+SEM. For
multiple-group comparisons, one-way analysis of variance (ANOVA) followed by Tukey’s
HSD analysis was performed. All statistical analyses were carried out using SPSS® software
(IBM® Corp. Armonk, NY). p-values represent different levels of significance: *p<0.05,

**1<0.01, and ***p<0.001.

2.3. Results and Discussion

Optimization of Loading Volume and Rheology of Alginate Hydrogel

The concentration of alginate in the hydrogel is an integral factor for optimizing the
fluidity and/or rigidity of 3D printing ink that can be measured through microscopic images.
The spreadability of the hydrogel, its ability to remain on the printer bed, and the thickness of
the printed material was affected by the concentration of alginate. When selecting the optimal
amounts for the overall research design, we assessed the viscosity as well as swelling ratios of
the hydrogel formulations in three aspects: 1) 3D manufacturing process (the rate of release
from the nozzle and 3D figure production), 2) stability of the resultant formulation i.e., 3D
cardiovascular stent, and 3) biodegradability of the formulation. Due to the three-stage

assessment process, the selection of the optimized dose requires multi-step experimental
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designs.

The hydrogel formulated using 10%w/v SA and 0.4%w/v PLA-nanofibers (SA-CYS-
NF) was chosen based on the favorable outcomes of the 3D printing processes and formulation
assessment. It was also demonstrated from our previous work [43] that the engineered
hydrogels (i.e. hydrogels composed of 0.4%w/v nanofibers) had requisite mechanical
properties and long-term biocompatibility. It was revealed that alginate hydrogels displayed
shear-thinning flow behavior (i.e., non-Newtonian fluid) where its viscosity is linearly
correlated with the shear rate of 0.01-100/sec (Figure 4).

At a constant shear rate, SA hydrogel showed higher viscosity than SA-CYS and SA-
CYS-NF. The modification of SA with cysteine and the addition of nanofibers further
influenced the viscosity of the hydrogel at lower shear rates. This finding could be attributed
to several factors, such as poly-electrolytic nature, rigid intramolecular and intermolecular
hydrogen network, and changes in cohesiveness, affecting the polymer volume [53] and high
molar mass polymer chains [54].

As thiolated sodium alginate tend to form disulfide bonds with two thiol groups, SA-
CYS exhibited sol-gel transitional viscous behavior under varied shear stress. In the FTIR
spectra (Figure 5), the characteristic peak for thiol group at 2551 cm in L-cysteine sample

was not detected from SA-CY'S sample, verifying the presence of disulfide bonds.
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Figure 4. A plot of viscosity versus. shear rate, depicting non-Newtonian fluid (shear thinning)
behavior of hydrogel inks.
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Figure 5. FTIR spectra for hydrogel composites sodium alginate (SA), cysteine (CYS), and
cysteine conjugated alginate (SA-CYS).
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The content of free amino groups in the SA-CYS indicates the presence of unreacted
cysteine not separated from the polymer during dialysis with the low value, implying that free
cysteine was nearly absent from the lyophilized polymer [55]. The presence of negligible
amount of remaining primary amino groups and numerous thiol moieties is evidence of
formation of amide bonds between alginate and cysteine.

The potential self-condensation of cysteine can be further avoided by designing the
order of addition for carbonyls with no a-hydrogen atoms. The relationship between nanofiber
adsorbent and functional performance was closely related to the composition and chemistry of
polymers (i.e., for the polymer stent) or heavy metals (i.e., for the metal stent) [43,56].

Due to advanced merits such as the simplicity of the process, renewable sources, ease
of availability, and the additional favorable properties including the fiber size, relative non-
toxicity, and biodegradability, a thermoplastic aliphatic polyester, polylactic acid (PLA), has
been widely explored as a fabrication base for nanofibers [57-59]. PLA has functional groups,
such as—OH and —CH in its chain, which make it feasible to chemically bind with amine groups
(i.e., aminolyzed-dispersing hydrogels) in addition to other groups such as maleic and succinic

anhydrides, oxazoline and epoxide [60].
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Figure 6. Optical microscopic images depicting changes in stent layers produced by varying
material and process parameters; (a) 6%w/v SA and 10%w/v SA, (b) Printing distance above
and below 0.33 mm, (c) High (50 mm/sec) and low (2.5 mm/sec) printing speeds, (d) Different
nozzle sizes yielding varying thickness (scale bar indicates 5 mm).
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The molecular arrangement of material varied with respect to the oscillation speed and
direction of the plate rotation. An increase in the shear rate leads to a decrease in the viscosity
due to the temporary destruction of the molecular structure [61]. The higher the viscosity of
alginate, the stronger it resists spreading when printed on the substrate. As shown in Figure 6a,
3D-printed structure containing 6%w/v alginate hydrogel spreads out, whereas those
containing a higher concentration (10%w/v) of alginate produced a uniform strut structure. The
non-Newtonian fluid behavior could be quantified using the power-law equation:

=Ky @
where 1 is viscosity, K is consistency index, y is a shear rate, and n is the power-law index.

The power-law or rate index (n), demonstrates the flow behavior of the fluid, where
n>1 denotes shear-thickening, n<l indicates shear-thinning, and n=1 shows a Newtonian
behavior. The alginate hydrogels showed n-value of 0.34+0.01 for SA, 0.48+0.01 for SA-CYS,
and 0.46+0.02 for SA-CYS-NF. The results of rate-index confirmed the shear-thinning
behavior of pure and modified alginate hydrogel samples. The slight decrease in the rate index
values could correspond to the lowering of the viscosity values of 632.4+40.8 pascal-second
(Pa-s) of SA, 108.8+21.6 Pa-s of SA-CYS and 66.0+2.0 Pa-s of SA-CYS-NF, at low shear
rates.

The viscosity recovery studies showed that SA ink recovered its viscosity value to
62.4+6.2% of initial value, SA-CYS to 80.3+£8.9% and SA-CYS-NF to 77.8+7.7% in 10 sec as
shown in Figures 7a, 7b, and 7c. The viscosity recovery studies simulate the 3D printing
process, by applying a low shear rate (0.1/sec) for 60 sec, representing the ink in syringe
cartridge, a high shear rate (100/sec) for 10 sec, mimicking the ink passing through a narrow

nozzle, and a low shear rate for 60 sec, exhibiting the recovery stage. The modified alginate
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hydrogel (SA-CYS and SA-CYS-NF) achieved greater than 75% of initial viscosity recovery
within 10 sec after experiencing a high shear rate, satisfying the printability conditions. As the
ink passes through the extrusion stage, the reduced viscosity of hydrogel material may prevent
the clogging of the nozzle and help recover its original stability and maintain the 3D-printed
structure before crosslinking.

The frequency sweep plots as shown in Figures 8a, 8b, and 8c display the storage and
loss modulus as a function of angular frequency in the range of 100 to 0.1 rad/sec. In the pure
alginate hydrogels, elastic modulus is dominated property (G'>G") than the viscous modulus
throughout the studied range. However, in SA-CYS and SA-CYS-NF hydrogels, the particles
were strongly associated with loss modulus (G'<G") at low frequency, while storage modulus
(G'>G") dominated at a higher frequency.

As previously stated, SA-CYS and SA-CYS-NF exhibited sol-gel transition via
disulfide bond formation. When G™ (the loss modulus) becomes larger than G' (the storage
modulus representing the elastic solid like behaviour), the applied mechanical force overtakes
the molecular or inter particles forces and the material starts to yield (or flow) (i.e., the
crossover). The crossover moduli for SA-CYS and SA-CYS-NF were found to be 354+0.39

Pa and 309+0.51 Pa, respectively.
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Figure 7. Viscosity recovery and shear rate for (a) SA, (b) SA-CYS, and (c) SA-CYS-NF
hydrogel inks as a function of time.
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displaying storage modulus, G', and loss modulus, G", as a function of angular frequency.
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Effects of Printing Distance on Printing Outcomes

The height (z-level) between the nozzle and the printer bed is one of the critical
parameters that needs to be optimized for the superior quality of 3D-printed stents. The printed
structures may not stay on the bed when the height is too high, whereas reducing the height
below the optimum level may lead to structural deformation, as the nozzle disrupts the printed
structure and prevent the material from being extruded from the nozzle. When the distance
between the nozzle and bed was above 0.33 mm, the hydrogel did not stay on the bed and
produced overlapped layers. At lower heights, the nozzle touched the printed structure and
compressed it, resulting in grooves and loose structures (Figure 6b).

The auto-bed-leveling was performed to optimize the distance between the printer
nozzle and bed. With other parameters being kept constant, such as alginate composition (%),
nozzle size, and printing speed, the touch probe technique was carried out to find the optimum
height. The syringe with the nozzle was fitted to the extruder cavity to produce a single layer
of rectangular mesh on the bed. Based on visual examination of the printed layer, the height
was measured and adjusted accordingly. It was observed that maintaining a distance of 0.33
mm between the nozzle and bed during the printing process was necessary to yield the desired

3D structure.

Effects of Printing Speed on 3D-Printed Product

The printing speed is directly related to the combined movement of extruder and printer
bed. It has been reported that higher printing speeds may cause inaccurate printed shape, as the
increased movement of the syringe-handling and dispensing system influences the printing

quality by adversely affecting geometrical precision [62]. In the case of extrusion-based
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printing, the force to extrude the material may vary during the process, depending on the
mobility of the motion platform [63].

A decrease in the printing speed from 50 to 2.5 mm/sec resulted in thick and loose stent
struts, as depicted in Figure 6¢c. This may be attributable to the fact that excess material
deposition happened at the pre-designed sites of the stent during the printing process. At higher
printing speeds, the hydrogel spreads out to unintended sites of stent design, forming stretched
struts. It was clear that the printing speed is a critical factor in the formation of 3D-printed

stents.

Effects of Nozzle Size on 3D-Printed Product

The mechanism of extrusion-based printing is complex to be elucidated due to the
presence of numerous critical factors on the process control. The resolution of the printed stent
is greatly influenced by the diameter of the printing nozzle. During the process, blocking of
nozzle may happen due to the accumulation of material inside the nozzle, leading to poor
printability and surface roughness [64]. In addition, small diameter nozzles may be integral
due to high extrusion pressure needed to dispense the hydrogel through a narrow orifice. A
decrease in the nozzle size could be counterbalanced with the flowability of the hydrogel and
loss of the resolution performance [65].

The structures of 3D-printed stents produced by varying nozzle diameters ranging from
0.4 mm to 1.6 mm were characterized for comparison. Larger diameter nozzles yielded wide
and rough struts, while the smaller ones caused difficulty in separation and resolution, as
represented in Figure 6d. The thickness of the first layer of 3D-printed structure could be the

same as that of the nozzle diameter, as previously reported [66]. It was found that the optimum
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nozzle diameter was close to that of the printing distance (0.33 mm), as the diameter of the
nozzle (0.41 mm) ensured the hydrogel to stay on the printer bed and maintain the layers

stacked on top of each other.

Optimization of the 3D Printing Conditions

The conditions used for the 3D printing process were optimized to ensure the
production of uniform and reproducible hydrogel-based stents. The alginate concentration of
10%w/v was sufficient to provide the required consistency to the ink which could also stay on
the bottom of the plate without losing its structural integrity. The printing speed to maintain
the shape of the stents was set at 5 mm/sec and the hydrogel was dispensed using a 22G nozzle
placed at 0.33 mm above the platform. The strut thickness of the stents was found to be 339+29

pum, 263£15 pm, and 237+15 pm for SA, SA-CYS, and SA-CYS-NF, respectively.

Assessment of Swelling Ratios

The swelling ratios were calculated by dividing the initial mass with the final mass
upon absorption of the surrounding fluid. Most hydrogels contain a 3D network of
interconnected pores mostly occupied by the physiological fluids that may cause swelling or
shrinking of hydrogels. In the presence of water, alginate hydrogels swell and crosslink with
di- or multivalent ionic solutions, forming an integrated network of polysaccharide molecules
[67]. An ideal 3D-printed stent should maintain a consistent inner diameter against the constant
blood flow, especially at the initial exposure stage that induces not only turbulent blood flow
but also an immune response [68]. Thus, the swelling profiles of three types of alginate

formulations were evaluated in PBS at room temperature for 72 hr.
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As shown in Figure 9a, the swelling ratio of all three types of stents (SA, SA-CYS, and
SA-CYS-NF) increased by as much as 20% of the initial ratio within the first 30 min of
exposure in PBS. After 1 hr, the swelling ratio of alginate formulations linearly decreased,
which could be correlated with the loss of hydrogel mass. The swelling ratios of SA and SA-
CYS displayed similar values, i.e., 23.1£2.4% and 22.0+2.4%, respectively, at 30 min, which
decreased to 13.7+0.8% and 8.6 +1.0% at 72 hr. The addition of nanofiber to the alginate stent
(SA-CYS-NF) had significantly enhanced the swelling ratio to 38.8+2.9% at 30 min, and
slowly reduced to 29.7+3.1% after 72 hr. This could be attributed to the presence of nano-
porous networks of nanofibers that can be filled with water [69].

After 6 hr, there were no significant changes in the swelling ratios for both SA and SA-
CYS stents. These findings supported that all three types of stents displayed structural integrity,
maintaining the volume and diameter, even though SA-CYS-NF had a greater swelling ratio
than the other two due to a distinctive porous structural network, as depicted in Figure 9b.
These results were in good agreement with the SEM images for all three formulations, as
shown in Figure 9c. It was reported that core factors controlling the fluid flow through the
nano-porous networks are the large/small features of pore structure as well as their connectivity
[70]. The images were generated at higher magnification (8000x), resulting in a square-shaped
mass of crosslinked alginate hydrogels. The nano-porous structures were not distinctively
visible in the SEM images, suggesting that the distinction between pore bodies could be less

influential than connected pore elements in determining the swelling ratios [70].
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Figure 9. a) The swelling ratio of hydrogel formulations at 72 hr, (b) Percentage swelling ratio
versus time, and (c) SEM micrographs for porous structure of SA, SA-CYS, and SA-CYS-NF

(arrows highlighting the gaps and spaces in the SA-CYS-NF hydrogels). *p<0.05 based on
one-way ANOVA followed by Tukey's HSD analysis.
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Assessment of the Mechanical Strength

In vitro perfusion studies were performed to determine the mechanical strength and
structural integrity of the cardiovascular stents. The wall shear stress (WSS) on the stent, which
is a frictional force between endothelium and blood, may cause the changes in its mechanical
property and performance [71]. It was previously reported that the mass loss of cardiovascular
stent made of poly-L-lactide (PLLA) was closely correlated with the mechanical properties of
bioabsorbable PLLA fibers [72]. In this study, the percentage changes in the stent weight were
found out to be closely associated with the crosslinking density of polymer and its mechanical
behavior.

An in-house perfusion chamber was set-up under the expedited condition to evaluate
the mechanical stability against shear stress. As the biodegradability depends on the conditions
where the chemical reaction takes place, 3D formulations degrade faster when subjected to
factors that accelerate degradation, such as fluid exposure, flow speed, temperature, pH, and
radiation. The stent-induced flow disturbance had a significant role in maintaining
hemodynamic behavior in coronary arteries that can subsequently influence the endothelial
functions for an extended period [73]. The perfusion chamber simulated physiological WSS in
cylindrical vessels that were quantified based on the Poiseuille flow equation:

WSS = 4uQ/nr? (5)
where p is the viscosity, Q is the flow rate, r is the radius of the cylindrical vessel [74].

A pseudo-physiological WSS of 30 dyne/cm? was imposed on the hydrogel-based
stents having an internal diameter of 1.5 mm with a viscosity of 9.8x10 Pa.s at 37 °C, even
though WSS under clinical conditions after stent insertion would be significantly lower [43].

As the atherosclerotic plague transforms to stenosis, the WSS increases, especially at the
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entrance of the stenotic region. It was suggested that an increase in WSS could reduce the
fibrous cap of the plaque through apoptotic process, causing destabilization and rupture of
vulnerable plaques. An enhanced WSS could also deteriorate the stability of an externally
added stent. Thus, a pseudo-physiological WSS was utilized to mimic expedited experimental
conditions.

As shown in Figure 10, an in-house perfusion chamber was designed to simulate the
internal variables of blood vessels including wall shear. The constant flow of 2% fetal bovine
serum (FBS) at 1 mL/sec was applied to the tube mimicking striated vessels. Unlike curved or
branched vessels, the magnitude of flow disturbance in the straight tubes largely influences the
mechanical strength of the stent [75], but the formulated 3D stent maintained its stability during
the experiment.

The mechanical strength of all three types of stents was maintained against WSS for 72
hr. A constant flow of the medium caused the stents to swell by 20% of their initial weight in
the first 2 hr (Figure 11a). The results were in good agreement with the swelling studies
previously reported. The swelling ratio of SA-CYS-NF was significantly greater than those of
SA and SA-CYS (p<0.05 at 72 hr), confirming that the addition of nanofibers in alginate-
hydrogel enhanced capacity to retain water.

The degradation rates were estimated by extrapolating the in vitro experimental results
to analyze the degradation pattern and shelf life of the 3D cardiovascular stents. These findings
indicated that the hydrogel-based stents have sufficient stability, elasticity, and ability to

maintain hemodynamic behavior in coronary arteries.
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Figure 10. In-house perfusion chamber set-up to evaluate the mechanical stability against wall
shear stress.
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Figure 11. Assessment of the mechanical strength (a) Percentage weight change of stent
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(b) In vitro degradation profiles of hydrogel-based stents, and (c) The degradation rate (Kq) of
the stents.
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Assessment of Degradation Rates of the 3D Stents

The degradation rate of stents in PBS at pH 7.4 was calculated based on the weight of
remaining hydrogel in the in-house perfusion chamber. Alginate hydrogels undergo
degradation in the presence of components such as divalent ions (Mg?*), monovalent ions
(Na*), and calcium chelators (phosphates). The alginate dissolves, as it loses divalent cations
which are replaced by monovalent ions in the culture medium [76].

The effects of the blood exposure on the disintegration rate of polyelectrolyte-behavior
hydrogel stents were evaluated in PBS to determine the duration required for them to be
completely biodegradable. The obtained data were fitted to the rate equation to establish a
relationship between the fractions of hydrogel weights (F/Fo)¥2 versus time t (Figure 11b). It
was demonstrated that SA and SA-CYS had similar degradation profiles to each other, whereas
SA-CYS-NF showed a higher degradation rate (Ka); 0.40x10-?/min, 0.37x10-?/min, 0.71x10
?/min for SA, SA-CYS, and SA-CYS-NF, respectively, as shown in Figure 11c. Higher
degradation rate for SA-CYS-NF could be due to greater water retention and the presence of
thiol groups, which when exposed to the surrounding medium are susceptible to polymeric
chain breakdown [77].

The local structure formed between the alginate chains and divalent ions provides
enhanced mechanical strength to the stents, but this could be compromised due to the exchange
of divalent ions with surrounding monovalent ions in the medium [78]. These results are also
in good agreement with the previous studies where SA-CYS-NF showed a higher swelling
ratio in the PBS medium. The results of this study clearly demonstrated that 3D-printed
hydrogel-based stents offered required stability against shear stress and gradually degraded in

the physiological fluid.
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2.4. Conclusion

This study delineated the optimization process of hydrogel-based 3D printing of
cardiovascular stents. Alginate hydrogels were robust and displayed sufficient strength against
shear stress. The addition of nanofibers resulted in substantial enhancement of their swelling
properties. It was evident that parameters such as the viscosity of the material, printing speed,
and printing distance had an enormous impact on the 3D-printed shape and structure.
Furthermore, the modification of alginate largely influenced the degradation rate of 3D-printed
stents. This work can serve as a proof-of-concept for development and evaluation of 3D-
printed stents with optimal mechanical integrity and biodegradation profiles for personalized

cardiovascular stents that would promote better clinical outcomes.
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CHAPTER 3
EVAULATION OF BIODEGRADABLE 3D-PRINTED CARDIOVASCULAR STENTS
3.1. Rationale

Metallic stent-induced vascular injuries cause endothelial cell impairment, leading to
oxidative stress conditions, apoptosis in endothelial cells, and delayed re-endothelialization
[6,79]. A BDS with controlled degradability within a given period can address the above-
mentioned issues while providing the necessary strength and environment for healing the
damaged endothelium. 3D printing techniques make it feasible to design a customized BDS
used for an efficient atherosclerotic treatment. The most widely used 3D printing technique is
the extrusion-based method wherein the base material is extruded through a narrow nozzle to
produce printed devices on a support platform [80].

Hydrogel polymeric composites would be an ideal base for the cardiovascular stent
owing to its nanoporous structure that suitably mimics the extracellular matrix and easily
connects with the vascular system [81]. Poly(2-hydroxyethyl methacrylate) (b HEMA), a
biodegradable and photo-curable polymer, has been frequently used for drug delivery [82,83],
contact lenses [84,85], and tissue engineering applications [86,87]. Despite its various
advantages, including biocompatibility and tunable mechanical properties, pHEMA has not
been extensively explored for its application to cardiovascular scaffolds, mainly owing to its
water-like viscous behavior. Poly-vinyl pyrrolidine (PVP) was added as a viscosity aid to the
hydrogel ink to enhance the printability of pHEMA [88]. However, due to its low elastic
modulus and lack of self-supporting nature, it primarily requires a support bath until UV light
cures the printed material [89].

It was demonstrated that polymers like polyacrylic acid polymers (Carbopol) [90,91],
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gellan gum [92], gelatin microspheres [93], agarose slurry [94], and pluronic-nanoclay
polymeric matrix [95,96] could be used as support materials for 3D printing of various
scaffolds. Based on the feasibility of the printing method and rheological properties of the
product, Carbopol 974P NF (Lubrizol®, Cleveland, OH) polymer dissolved in 0.05 mM NaOH
was selected as a support bath to fabricate a pHEMA hydrogel composite for a 3D-printed
cardiovascular stent. Among the different fillers, nanocarbon materials including graphene
oxide sheets have been frequently used owing to their highest aspect ratio which improve the
mechanical properties of the hydrogels [97]. To reinforce the Young’s modulus of the hydrogel
stent, methacrylate graphene oxide (MeGO) was chosen to covalently link with the pHEMA
hydrogel [98-100].

Resveratrol (RSL) is a polyphenolic compound found in red grapes and naturally
produced in response to the injury [101]. Several studies have reported its inhibitory effects on
oxidative stress-induced endothelial apoptosis [102], promotion of re-endothelialization [103],
reduction of TNF-a inflammatory gene expression [104], and attenuation of H202-induced
oxidative stress [105]. It was shown that there were dose-dependent increases in cerebral blood
flow from RSL at concentrations of 5.65 and 14.4 ng/mL (0.025 and 0.061 uM) [106], offering
upstream effectors against cardiovascular diseases [107,108].

RSL enhances NO production in endothelial cells ranging from 0.1 to 1 pM [35]
through a G a-protein-coupled mechanism, leading to the upregulation of endothelial NO
synthase (eNOS) expression [110,111]. As the enhanced levels of ROS in the coronary arteries
significantly contributes to endothelial dysfunction [112], an adequate supply of NO in the
vascular endothelium would maintain vasodilation [113], prevent platelet adhesion [114], and

recover endothelial dysfunction [115]. Hence, the RSL-eluting stent would appropriately
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alleviate the oxidative stress damage on the endothelium, thus improving the efficacy of the
cardiovascular stent.

The objective of this study was to develop and evaluate 3D-printed cardiovascular
stents based on pHEMA hydrogel that can be applied to recover endothelial cell functions.
Addition of a nanofiller to the hydrogel ink can facilitate its 3D printability by affecting the
pore size and reducing the swelling nature of hydrogel [116]. 3D cardiovascular stents based
on the combination of pHEMA-MeGO and loaded with RSL will be evaluated and
characterized for mechanical strength, degradability, swelling, and cytotoxic behavior in

human umbilical vein endothelial cells (HUVECS).

3.2. Methods and Materials
Materials

Potassium permanganate (KMnOa), sulfuric acid (H2S0a), phosphoric acid (H3POa4),
hydrogen peroxide (H202), hydrochloric acid (HCI), 3-(trimethoxysilyl)propyl methacrylate
(TMSPM), 2-hydroxyethyl methacrylate (HEMA), poly-vinyl pyrrolidine (PVP),
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (PBPO), and 2',7'-dichlorofluorescin
diacetate (DCFDA) were purchased from Sigma-Aldrich (St. Louis, MO). Isopropyl alcohol
(IPA) was purchased from Oakwood Chemical (Estill, SC). Ethylene glycol dimethacrylate
(EGDMA) and resveratrol (RSL) were purchased from TCI® America, Inc. (Portland, OR).
Graphite flakes (Nanol19) were a gift from Ashbury Carbons (Asbury, NJ). Raw 264.7 cells
(mouse macrophages), Dulbecco's modified eagle's medium (DMEM), and penicillin-
streptomycin solution were purchased from ATCC (Manassas, VA). Fetal bovine serum (FBS)

was purchased from Atlantic Biologicals Corp. (Atlanta, GA). Human umbilical vein
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endothelial cells (HUVECSs), endothelial cell basal medium-2 (EBM-2), and endothelial cell
growth medium BulletKit were purchased from Lonza (Mapleton, IL). All reagents and

solvents were of analytical grade.

Preparation of Graphene Oxide (GO)

Graphene oxide (GO) was synthesized using the modified Hummer's method
[117,118]. Briefly, 0.15 g of graphite was dispersed in 20 mL mixture of H2SO4 and H3PO4
(9:1). The mixture was stirred for a few minutes, and 0.9 g of KMnO4 was slowly added to the
mixture placed in an ice bath. The reaction mixture was kept at 50 °C for 12 hr, and 0.5 mL
of 30%v/v H202 was added. It formed a dark-green solution upon the exothermic reaction. The
solution was allowed to cool down and washed with hydrochloric acid (2M) and deionized
(D1) water thrice at 12,000 rpm for 20 min and finally freeze-dried to obtain the final product

in powdered form.

Preparation of Methacrylate Graphene Oxide (MeGQO)

The dried GO (0.1 g) was added to 100 mL of anhydrous isopropyl alcohol (IPA). The
solution was sonicated until GO was completely dispersed in the solution. Then, 5 mL of
TMSPM was added to the solution under an inert atmospheric condition [52]. The mixture was
stirred for 12 hr at 50 °C to allow TMSPA to react with hydroxyl groups of GO. Then, the
contents were centrifuged using Sorvall® ST16R (ThermoScientific®, MA, USA) at 12,000
rpm for 20 min and washed thrice with IPA. The pellet was resuspended in DI water and freeze-

dried for further characterization.
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Rheological Properties of Hydrogel Inks

To characterize the rheological properties of hydrogel inks, strain-controlled Discovery
Hybrid Rheometer 3 (DHR3) (TA Instruments®) attached with a 20 mm parallel plate at a gap
of 1 mm was used at a temperature of 25 °C. The samples were equilibrated between the plates
for 60 sec before the start of each experiment. An amplitude sweep study from 0-10% strain at
a constant frequency of 1 Hz was performed to determine the linear viscoelastic region (LVR).
At 1% of the strain selected from LVR, frequency sweeps were conducted with an angular
frequency range from 0.1 to 100 rad/sec. Shear viscosity and flow behavior of the hydrogel
inks were determined at a shear rate of 0.01 to 100/sec. The viscosity recovery studies were
performed for 130 sec in three stages. In the stage I, the shear rate of 0.1/sec was applied for
60 sec, followed by a high shear rate of 100/sec for 10 sec in the stage Il, and a low shear rate

of 0.1/sec for 60 sec in the stage 111 [119].

Three-dimensional (3D) Printing Process of Cardiovascular Stents

The concentrations of PVP and MeGO were chosen based on the outcomes of our
preliminary studies on rheological and formulation properties. All hydrogel inks were prepared
from pHEMA based ink containing 15%w/v PVP dissolved in 1 mL of pHEMA with 1%w/v
EGDMA and 2%w/v PBPO. For the pHEMA-0.35MeGO ink, 0.35%w/v of MeGO was added
to pHEMA ink.

A 3D-printed cardiovascular stent (4 mm diameter and 6 mm length) was designed
using Tinkercad® software, converted to a .gcode file using Cura® 15.04.6 slicing program
(Figure 12a). The 3D printing was carried out using an extrusion-based 3D printer (Tissue

Scribe®, 3D cultures, Delaware) and the process took ~25 min for each stent.
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A slurry of Carbopol polymer (1.2%w/v) dissolved in NaOH (5 mM) was loaded onto
a petri plate to hold the 3D-printed structure. As illustrated in Figures 12b and 12c, the printing
process was conducted in the Carbopol support bath at a speed of 2 mm/sec with a layer height
of 0.16 mm, 100% infill density. The 3D-printed stent was crosslinked using a 380 nm UV-
light (Anker® Bolder LC 40) of 27 mW/cm? at a 3 cm distance for 60 mins. After curing with
UV radiation, the final products were obtained and gently washed with 0.1 M PBS buffer for
15-20 min to remove the excess amount of Carbopol and any unreacted monomer sticking to

the stent (Figure 12d). The final product was vacuum-dried and used for further studies.

Characterization of 3D-Printed Stents made of pHEMA or pHEMA-0.35MeGO

The presence of principal components in pHEMA or pHEMA-0.35MeGO stents were
verified using a Fourier transform infrared (FTIR) spectrometer (ThermoScientific® Nicolet®
IS® 10). Potassium chloride pellets were prepared with GO and MeGO (1-2 mg) for the FTIR
measurements. Smart iTR® attenuated total reflectance (ATR) sampling accessory was used to
collect spectra of pHEMA hydrogel inks. Each sample was scanned in the range of 4000 to
400 cm™ for 64 scans at a resolution of 4. An X-ray diffractometer (Rigaku® Miniflex®) was
used to determine the basal spacing (d-space) of raw graphite, GO, and MeGO. The
diffractometer was prepositioned with CuK radiation (A = 1.54059 A°) at a voltage of 15 kV,
35 mA, step size of 0.05°, step time of 3 sec, scan angle from 5° to 65° and the data were
collected using Jade® version 8.5. The basal spacing (d-space) of the materials was determined
using Bragg’s equation;

A =2d sin(O) (6)

Where d is the interlayer distance, A is the wavelength of the radiation, and © is the diffraction
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angle.

The surface morphology of 3D stents was also examined using SEM. The stents were
cut into rectangular strips, loaded onto a carbon stub and coated with gold-palladium under
vacuum for 15 min using a sputter-coater (Leica® EM SCDO050, USA). The coated samples
were then visualized using a Field-emission environmental SEM Philips XL30 (Leica®, USA)

at a voltage of 5 kV.
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Assessment of Swelling Ratios of Hydrogel

Swelling ratio refers to the fractional increase in the weight of the hydrogel due to water
absorption. A vacuum-dried stent with an initial volume of Vo was placed in 0.01 M PBS pH
7.4 at 37 °C for 72 hr. The swelled stent volume (V1) was determined at predetermined time
intervals after gently removing the surface water using Kim-wipes. The swelling ratios were

calculated using the following equation:

. . V-V
Swelling ratio (%) = % *100 (7)

o

Assessment of Degradation Rates of 3D Stents

To evaluate the effects of the 3D printing process on the degradation rate, stents were
immersed in 0.01 M PBS (1 mL) pH 7.4 at 37 °C, and were taken out at predetermined time
intervals and thoroughly dried. The difference in the weights between initial and dried stents
was recorded. The degradation rates were determined by fitting the data to the following linear

regression equation 3 [52].

Assessment of Mechanical Properties of Stents

To determine the mechanical strength of stents, compression studies were carried out
using a twin column Bose® ElectroForce 3220 system (TA Instruments, ElectroForce Systems
Group, MN, USA). Compressive-strain cycle loads of 10, 20, 30, 40, and 50% were applied to
the 3D stents in a sequence [120]. The stent specimens were compressed at 1 mm/min speed
using a 225 N load cell. A pre-load of 0.3-0.4 N was applied to the specimen before testing.
The compressive stress and strain values were determined by dividing the load with the cross-

sectional area (72.35 mm?) and displacement with initial sample height (2 mm), respectively.
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At predetermined time intervals, stents were taken out from 0.01 M PBS (1 mL) pH 7.4 at 37
°C, the surface water was removed, and the stents were vacuum dried. The stiffness (Young’s

modulus) of the stent was measured using stress vs. strain curves.

Assessment of RSL Release from 3D Stents

The in vitro drug release studies were performed under pseudo-physiological
conditions. The optimal loading dose of RSL was chosen based on previous studies that have
thoroughly examined 1) the amount of RSL released from the hydrogel formulations and 2)
therapeutic effects of RSL through in vitro cell culture studies. Therefore, a multi-step
experimental design was employed to select the final dose i.e., 1 mM of RSL which was added
to the hydrogel ink prior to the printing process.

To determine the release rate of RSL, the 3D stent loaded with RSL (1 mM) was placed
in 1 mL of 0.01 M PBS pH 7.4 containing 10%v/v ethanol at 37 °C. Since RSL is poorly
soluble in water, ethanol was added to the medium to maintain sink conditions. The
concentration of RSL was analyzed at 316 nm using a UV-visible spectrometer (Molecular
Devices® Spectramax 190, Hampton, NH, USA). At each time point, the whole release
medium was removed and replaced with fresh medium. The amount of RSL released was
measured at predetermined intervals and fitted to the mathematical models to determine the

release kinetics of RSL from 3D stents.

Cell Viability Study on HUVECs

To evaluate the effects of 3D stents on the viability of HUVECSs, in vitro cell viability

studies were conducted using the MTS assay. Metabolically active cells convert the reagent
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used in the assay into a colored formazan product whose absorbance can be measured at 490
nm. The HUVECs were cultured in the EBM-2 BulletKit (Lonza®, Morristown, NJ) containing
bovine brain extract (BBE), ascorbic acid, hydrocortisone, human epidermal growth factor
(hEGF), FBS, gentamicin/amphotericin-B (GA). The viability of HUVECs (passage 2-5) upon
exposure to 3D-printed stents (4 mm diameter and 6 mm length) loaded with RSL (~1 mM)
was examined by cell proliferation assay (Promega®, San Luis Obispo, CA).

Briefly, 10,000 cells (100 pL) per well were seeded and incubated overnight. On the
following day, the medium was replaced with 100 pL of fresh medium and incubated at 37 °C
with 5% COg. Culture medium without 3D stent samples containing RSL was used as a
negative control. After the predetermined time intervals, MTS solution (20 pL) was added to
each sample, and absorbance values were recorded at 490 nm using a multimode detector

(Molecular Devices® Spectra max 190, Hampton, NH, USA).

Live-Dead Cell Viability Assay

Samples of 3D stents were placed in EBM-2 medium (1 mL) for 24 hr at 37 °C and 5%
CO2. After 24 hr, 100 pL of cell suspension (10%/mL) was added to the 3D stent samples and
incubated for another 24 hr. The cell viability was examined using acetomethoxy-calcein
(Calcein AM), propidium iodide (P1) staining solution (Biotium®, Fremont, CA). The viability
of cells on the stent surface was examined using fluorescence microscopy BZ-X800
(Keyence®, Itasca, IL). Red fluorescence represents dead cells due to the binding of ethidium
homodimer to the nucleic acids, whereas green fluorescence represents live cells due to the

cleavage of calcein-AM.
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Assessment of the Amount of NO Produced

To assess the amount of nitrite produced in the cell culture supernatant upon exposure
to 3D stent samples containing RSL (~1 mM), Griess assay was performed. The Griess reagent
was prepared by mixing of 0.2%w/v solution of N-(1-naphthyl)ethylenediamine
dihydrochloride (NED) in DI water and 2%w/v sulfanilamide dissolved in 5%v/v phosphoric
acid solution.

Briefly, 10,000 cells (100 puL) were seeded in each well and 3D stent samples were
loaded and allowed for attachment. The medium was replaced on the following day. After the
specific time intervals, 100 pL of the medium in the plate was transferred to fresh 96-well plate
and 50 pL of 2%w/v sulfanilamide solution and 50 pL of 0.2%w/v NED solution was added
to each sample, and absorbance values were recorded at 540 nm using a multimode detector

(Molecular Devices® Spectra max 190, Hampton, NH).

Effects of 3D-Printed Stents on HUVEC Apoptosis

To assess the antiapoptotic effects of RSL, the HUVECs were incubated with the 3D
stent samples for 2 hr followed by treatment with or without 100 uM H20:2 for 24 hr. The
protective nature of the drug-eluting stent from H202-induced apoptosis was evaluated using
Annexin V-FITC/PI Apoptosis Detection kit (Cayman® Chemical, Ann Arbor, MI) that allows
fluorescent detection of annexin V bound to apoptotic cells. The percentage of live cells,
early/late apoptosis, and necrosis were quantitatively determined using BD FACS Canto 1l

flow cytometer equipped with BD FACS Diva software (BD Biosciences®, San Jose, CA).

Assessment of Pro-inflammatory Cytokine Levels in Raw 264.7 Cells

To examine the biocompatibility of 3D stents, the production of pro-inflammatory
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cytokine (TNF-a) upon exposure to the 3D stent samples was determined using an enzyme-
linked immunosorbent assay (ELISA) (e-Biosciences® San Diego, CA). Raw 264.7 cells
(Monocyte/macrophage-like cells) were grown in Dulbecco's modified eagle's medium
(DMEM) containing 100 units/mL penicillin and 100 pg/mL streptomycin supplemented with
10%v/v FBS at 37 °C and 5% COz. Briefly, 20,000 cells (100 ul) per well were seeded and
pretreated with the samples of 3D stent samples containing RSL (~1 mM) and DMEM media
for the test and control group, respectively. 100 uM H202 was added to both the groups and
incubated for 24 hr. Then, the supernatant medium of the cells was transferred into a new 96-

well plate and quantified for TNF-a levels as per the manufacturer protocol.

Effects of 3D-Printed Stents on Intracellular Reactive Oxygen Species (ROS) Levels

To evaluate the intracellular ROS levels in HUVECs, DCFDA, a fluorescent dye, was
used. Initially, 10,000 cells per well (100 pL) were seeded and pretreated with the 3D stent
samples containing RSL (~1 mM) for 2 hr, followed by incubation with 100 uM of H20: for
24 hr. After incubation, the cells were washed with PBS and treated with 20 uM of DCFDA
dye at 37 °C for 20 min. The fluorescent images were collected at 10X magnification using
fluorescent microscopy BZ-X800 (Keyence®, Itasca, IL). The fluorescence intensity was

quantified using ImageJ software [121].

Statistical Analysis

All experiments were carried out in triplicate unless otherwise specified, and expressed
as meantSEM. A Student's t-test was used to compare the two groups, whereas one-way

analysis of variance (ANOVA) followed by Tukey's HSD analysis was used to compare

50



multiple groups. All statistical analyses were carried out using SPSS® software (IBM® Corp.
Armonk, NY). p-values represent different levels of significance: *p<0.05, **p<0.01, and

*#%1<0.001.

3.3. Results and Discussion

Characterization of GO and MeGO

Graphene oxide (GO) was synthesized from graphite powder using modified Hummer's
method. The schematic representation of GO modification with methacrylate groups to form
MeGO and subsequent crosslinks with EGDMA is shown in Figures 13a and 13b. As shown
in Figure 14a, there was a distinctive peak at 230 nm and a shoulder peak at 298 nm
corresponding to the m—n* and n—n* transitions related to C=C and C=O groups, respectively
[52].

As shown in Figure 14b, the FTIR spectra of GO and MeGO had the low-intensity
peaks at 3330, 1720, and 1619 cm™ for O-H, C=0, and C=C stretching vibration modes,
respectively [122]. In addition, the spectral peaks (Figure 14d) corresponding to the functional
groups at 1062 cm™ (Si-O), 1386 cm™ (Si-C) in MeGO, and hydroxyl peak with lowered
intensity confirmed the conjugation of methacrylate groups on GO [52].

X-ray diffraction (XRD) analysis was used for crystallographic structure
characterization based on the interlayer spacing (d) between the graphene layers in GO and
MeGO was per was performed. A solid peak at 26.5° (20) corresponding to pristine graphite
was observed at d-space of 0.34 mm (Figure 14c). In the GO diffraction curve, the peak was
shown at 13° with a d-space of 0.68 nm. The addition of oxygen-containing functional groups

on the sheets was reported to enhance the d-spacing of graphene layers [123]. Accordingly,
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GO modification shifted the peak to 12° with a d-space of 0.74 nm, confirming the covalent

bonding between the methacrylate and hydroxyl groups.
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Rheological Properties of Hydrogel Inks

The rheological behavior of the hydrogel inks provides information about the material
stability and shear-thinning properties during the printing process. As the 3D ink is subject to
shear stress while flowing through the narrow orifice, the material's polymeric microstructure
and subsequently its ability to retain the 3D structure will be changed. Two types of flow
measurements, namely rotational and oscillational, were conducted to examine the viscosity,
creep recovery, flow behavior, and LVR.

The changes in the storage modulus (G) and loss modulus (G™) for Carbopol and the
two hydrogel inks (p0HEMA and pHEMA-0.35MeGO) are shown in Figures 15a, 15b, and 15c.
In the case of support bath, the elastic nature of the material was more dominating property
than its viscous nature. The linear viscoelastic behavior of the support bath was observed up
to 1% strain (tested range of 0.1-10%). As the strain increases, the material becomes more
likely to break its microstructure and begins to flow. However, at lower strain values, G was
more significant than G', indicating that liquid behavior predominates over the solid behavior.

In the frequency sweep test conducted at a constant amplitude, the value of G' should
be directly related to the network structure of the polymeric material. As shown in Figures 15d
and 15e, the frequency sweep of G' and G" were presented as a function of angular frequency.
In the case of support bath samples, G' was higher than G" at lower frequencies, but it slowly
decreased and G" gradually increased at higher frequencies. A dynamic equilibrium between
the solid and liquid nature of the material could assist hydrogel inks in preserving the 3D
structure (i.e., the forming and breaking of the polymeric intermolecular bonds) during and

after the printing process [124].
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Figure 15. Rheological properties of Carbopol and hydrogel inks. Amplitude sweep plots of
(a) Carbopol, (b) pHEMA, and (c) pHEMA-0.35MeGO hydrogel inks. (d) displaying storage
modulus (G") and (e) loss modulus (G") of Carbopol, pHEMA, and pHEMA-0.35MeGO as a
function of angular frequency. Symbol legend: circles, Carbopol; squares, pHEMA,; triangles,
pHEMA-0.35MeGO. Corresponding error bars are also displayed for all cases (in many
instances, the errors are too small to be visible). The data are presented as mean£SEM (N=3).
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The apparent viscosities of the hydrogel samples at varying shear rates are shown in
Figures 16a, 16b, and 16c¢. The viscosities of all hydrogel materials were inversely proportional
to their shear rates. The rationale behind this behavior could be because the polymeric
intermolecular bonds are tangled and build-up resistance, requiring more torque to rotate the
top plate.

The flow curves of the samples between the shear rate and shear stress are depicted in
Figures 16d, 16e, and 16f, demonstrating that they display a non-Newtonian nature with shear-
thinning behavior. The Carbopol followed a Bingham plastic flow, whereas the hydrogel inks
displayed a pseudoplastic behavior. In Bingham fluids, the material has yield stress — a critical
value of stress below which the material does not flow. As the external stimuli lower the yield
stress, the solid nature continues to dominate, absorbing the stress-energy without flowing.
However, when the applied stress exceeds the yield stress, the structure of the material

collapses and it begins to flow.
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Figure 16. Characterization of the flow behavior of Carbopol and hydrogel inks. Viscosity (Pa
. sec) versus. shear rate (/sec) plots for (a) Carbopol, (b) pHEMA, and (c) pHEMA-
0.35MeGO). Flow curves — shear rate versus. shear stress plots for (d) Carbopol, (¢) pHEMA,
and (f) pHEMA-0.35MeGO. The data are presented as mean+SEM (N=3).
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The Herschel-Bulkley model for Bingham fluids with yield stress was applied to

quantify the non-Newtonian behavior using the equation given below.

c=0c0+Kyn (8)
Where vy is shear rate, K is the consistency, ¢ and oo are shear stress and yield stress,
respectively. The value n is the power-law index denoting the flow behavior, where n=1 is
considered Newtonian fluid, whereas n<l and n>1 indicate shear-thinning and shear-
thickening fluid types, respectively [125]. The yield stress and the power-law index of the
support bath were 59 +10x106 and 0.39+0.04x10°6 MPa, respectively.

Due to the Bingham fluid nature of Carbopol, it behaves as an elastic-solid, allowing it
to hold the 3D structure of the hydrogel inks. The addition of MeGO to the hydrogel inks did
not alter the power-law index of the inks (pHEMA - 0.89+0.01 and pHEMA-0.35MeGO -
0.89+0.02), maintaining a shear-thinning property that could minimize the flow resistance
through the needle at high extrusion rates during the 3D printing process.

The shear thinning property of hydrogel inks were further examined by the degree
of viscosity recovery. The shear rate (y = 73/sec) experienced by the fluid during extrusion was
calculated by the following equation [126]

¥ =8V/d 9)

Where V is the printing speed (2 mm/sec) and d is the diameter of the needle (0.22 mm).
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Figure 17. Changes in viscosity as a function of time at various shear rates. (a) Schematic
representation of the high shear area and low shear area when extruding from the syringe, and
viscosity recovery plots of (b) pHEMA and (c) pHEMA-0.35MeGO. The data are presented
as mean+SEM (N=3).
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To simulate the 3D printing process, a low shear rate (0.1/sec) for 60 sec, representing
the ink in syringe cartridge, and a high shear rate (100/sec) for 10 sec, mimicking the ink
passing through a narrow nozzle, were applied. Finally, a low shear rate (0.1/sec) for 60 sec,
denoting the recovery stage, was applied. As shown in Figures 17a, 17b, and 17c¢ both hydrogel
inks returned to their original viscosity during the recovery stage, minimizing the layer

spreading of the printed material after extrusion.

Assessment of Swelling Ratio of 3D Stents

To assess the absorption of the surrounding fluid by the porous networks in the
polymeric hydrogels, the swelling ratios were calculated based on the volume change of the
stents. As shown in Figure 18a, the volume change of 3D stents immersed in 0.01 M PBS at
37 °C for 2 hr were determined as 26.0+3.1% and 1.0£1.0% for pHEMA and pHEMA-
0.35MeGO stents, respectively. These values increased to 39.2+5.3% and 7.7+1.6%,
respectively, after 72 hr. The addition of MeGO to the pHEMA stent not only significantly
(p<0.01) lowered the swelling ratio, but also kept the swelling ratio constant after 24 hr. The
addition of MeGO to the hydrogel resulted in effective dense crosslinking of hydrogels,
reducing the swelling ratios, and maintaining the structural integrity of 3D stents.

It has been reported that pH controls the swelling rate of the base polymer and drug
release rate is in turn controlled by the swelling rate. The degree of crosslinking and varying
water solubility of loaded drug with the external pH also affect the swelling rate and drug
release rates from the system [127].

Polymeric system used to formulate drug loaded cardiovascular stents should not be

too crosslinked in a manner that it prevents the diffusion of drug from the system. As this

61



system is intended to be implanted in the coronary artery, where the pH is 7.4, the system
should exhibit less swelling and exert lower drug release rate. Thus, rigidity of the system is
maintained, and drug release period can be elongated. For pHEMA hydrogels used in this
study, as pH increased from 2 to 7, the swelling ratio and drug release rate decreased (since
the monomer ratio increased) [128,129]. These are the various reasons for the selection of this
polymer which has the potential to demonstrate optimal efficacy.

The surface morphology and internal structure of the stents were examined through
SEM studies. As shown in Figure 18b, the pores with irregular random sizes were distinctively
discovered in the pHEMA stent. The presence of MeGO particles in the MeGO-pHEMA stents
resulted in a tight network through covalent conjugation in the hydrogel, removing most pores
and reducing the swelling ratios of the 3D stents. The MeGO particles were uniformly
dispersed in the pHEMA hydrogel ink. Upon polymerization, the MeGO particles were evenly

entrapped into the polymeric network of hydrogels [52,130].
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Figure 18. Evaluation of swelling and degradation rates of the 3D stents. (a) The changes in
the volume of the hydrogel stent as a function of time, (b) SEM micrographs of pHEMA
(arrows indicate porous structures) and pHEMA-0.35MeGO, (c) The degradation kinetics of
the stents, and (d) The first-order degradation rate (Kd) of 3D stents. The data are presented as
meanSEM (N=3). *p<0.05 and **p<0.01 based Student's t-test.
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Assessment of the Degradation Rate of 3D Stents

To determine the duration required for the stents to be completely biodegradable, the
effects of polyelectrolyte medium (0.01 M PBS pH 7.4) on the degradation rate of hydrogel
stents were evaluated based on the percentage fraction of weight remaining [119]. As shown
in Figure 18c, the remaining fractions of 3D stents after 21 days were determined to be
95.9+0.5% and 98.2+0.3% for pHEMA and pHEMA-0.35MeGO stents, respectively.

The obtained data were fitted to the rate equation to establish a relationship between
the fractions of hydrogel weight (Ft/Fo)Y2 versus time. As shown in Figure 18d, the degradation
rates (Kd) were determined as 0.30+0.06x10* /hr and 0.11+0.04x10* /hr for pHEMA and
PHEMA-0.35MeGO, respectively. The addition of MeGO did not significantly change the
degradation rates of 3D stents, indicating that the physical association of MeGO in pHEMA
stent had a little effect on the degradation rate. The results of this study demonstrate that 3D-
printed hydrogel-based stents are gradually biodegradable upon exposure to the polyelectrolyte

medium.

Assessment of Mechanical Properties of 3D Stents

To evaluate the fundamental mechanical strength and the internal deformations of
hydrogel-based stents, cyclic compression studies which involve the application of an
enhanced strain to the stent in each cycle were performed (Figure 19a). The plot between the
maximum displacement of the sample measured after each cycle is shown in Figure 19b. In
addition, Young’s moduli were determined from the slope of the elastic region in the stress-

strain curve (Figure 19c).
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Figure 19. Cyclic compressive testing of hydrogel stents. (a) Representative image of
compression testing set-up, (b) Displacement versus. time plot, and (c) Stress vs. strain curves
of pHEMA stent. Changes in Young’s moduli of pHEMA and pHEMA-0.35MeGO in (d) First
cycle and (e) Fifth cycle. The data are presented as mean£SEM (N=3). *p<0.05, **p<0.01,
and ***p<0.001 based Student's t-test.
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As shown in Figure 19d, Young’s modulus of pHEMA stent decreased from
0.60+0.01x10? MPato 0.22+0.01x102 MPa after 21 days. In the case of apHEMA-0.35MeGO
stent, Young’s moduli of 0.61+0.02x10% MPa and 0.41+0.01x10-? MPa were obtained on day
1 and day 21, respectively. As shown in Figure 19e, the Young’s modulus of pHEMA after
five cycles on day 21 was 0.13+0.02x10-2> MPa, whereas the addition of MeGO significantly
enhanced the elastic stiffness of the stent to 0.29+0.01x10-2 MPa (p<0.01). Approximately a
two-fold increase in Young’s modulus was observed in pHEMA-0.35MeGO stents, indicative
of excellent rigidity and stiffness. The presence of MeGO reinforced against internal
deformative properties of 3D stents and enhanced load-bearing efficiency during the multiple
loading-unloading compression cycles. These results demonstrated that the addition of MeGO
enhanced the mechanical strength of the hydrogel-based stents. Further in vitro drug release

and cell culture studies were carried out on 3D stents made of pHEMA-0.35MeGO.

Assessment of RSL Release from 3D Stents

As shown in Figure 20a, the amount of RSL released from 3D stents displayed a
sustained-release pattern with no initial burst release. Furthermore, the presence of MeGO in
the stents did not affect the amount of RSL released from the stents when compared with those
made of pHEMA alone. The cumulative percentages of RSL released from 3D stents after day
1 were 15.3+1.2 and 14.9+0.7 from pHEMA and pHEMA-0.35MeGO stent, respectively,
whereas those after day 7 were 37.8+1.7 and 32.3+2.8, respectively. The addition of MeGO
produced smaller pores in the hydrogel network and influenced drug diffusion due to the steric
hindrance effects, leading to slower, but not significantly different, release rate of RSL [131].

The conditions in which we conducted drug release studies closely mimic those in the
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blood. It was reported that the drug release rate from the stents was mainly governed by
diffusion-controlled mechanism rather than degradation of the polymeric matrix network. In
the light of mechanical properties of pHEMA-0.35MeGO stent, it would display excellent
product stability in the compression cycle and offer therapeutically effective diffusion-
controlled release rates.

The release profiles of RSL were fitted to mathematical models such as zero-order,
first-order, Korsmeyer-Peppas, and Higuchi models to describe the release kinetics. As shown
in Table 1, the highest correlation coefficient of the release profile is obtained from the Higuchi
model, indicative of a diffusion-controlled release mechanism. Thus, the results of this study
warranted further studies on the effects of the controlled release behavior of RSL from the
stents on providing adequate NO supply essential for preventing smooth muscle cell migration

and platelet aggregation.
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Figure 20. (a) In vitro drug release profiles of 3D stents and (b) Effect of 3D stent samples
containing RSL on the production of NO from HUVECs. The data are presented as mean+SEM
(N=3). ***p<0.001 based Student's t-test.
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Model R? value

pHEMA pHEMA-0.35MeGO

Zero-order 0.9566 0.9541
First-order 0.6813 0.6728
Koresmeyer-Peppas  0.9769 0.9751
Higuchi 0.9952 0.9927

Table 1. Correlation coefficients for tested mathematical models.
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Assessment of the Amount of NO Produced

To assess the amount of NO produced from 3D stent samples containing RSL (~1 mM),
the Griess assay was performed. As shown in Figure 20b, the cumulative amounts of NO
produced were 0.47£0.22 uM and 7.19+£0.52 uM after day 1 and 1.44+0.01 uM and 8.27+£0.51
UM after day 5 for control and 3D stents, respectively. There was a significant difference
(p<0.001) in NO production between the control and 3D stents. This study demonstrated that
the 3D stents containing RSL promoted NO release from HUVECS that could suppress platelet
adhesion and activation. The outcomes of this study could provide insights into the beneficial

effects of RSL on recovering endothelial functions.

Effects of 3D-Printed Stents on Cell Viability

As shown in Figure 21a, the MTS assay showed no significant differences in the
absorbance values between the control and 3D stent exposure groups, indicating that 3D stents
containing RSL exerts no cytotoxic effects on the viability of HUVECs. When working with
biomedical devices which would be in a direct contact with the cells, it is necessary to study
whether cell viability is influenced upon being exposed to the stent surface. To minimize the
complexity, a simple protocol was designed to allow HUVECs to be attached to the stent
surface at least for 24 hr. Most cells seeded on top of the stent surface remained viable even
after being exposed to 3D stents containing RSL (Figures 21b and 21c). These results from the

Live-Dead assay are in good agreement with those from the MTS assay.
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Figure 21. Effects of 3D-printed stents on cell viability (a) Effect of 3D stent samples
containing RSL on the viability of HUVECs at varying exposure periods, (b) Relative
fluorescence units (RFU) from the HUVECs treated with control and 3D stent samples
containing RSL, and (d) Fluorescent images of HUVECs denoting live (green) and dead (red)
fluorescence. The data are presented as mean£SEM (N= 3). **p<0.01 and ***p<0.001 based

on Student's t-test.
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Effects of 3D-Printed Stents on Cell Apoptosis

Programmed cell death was evaluated by Annexin/P1 staining solutions. As shown in
Figures 22a and 22b, the H202-treated group (i.e., the positive control) had 31.9+1.1% of
apoptotic cells, while the group exposed to 3D stents reduced the apoptotic cells to 7.3+1.5%,
achieving a five-fold decrease in cell apoptosis. We found that the H202-induced oxidative
stress enhanced the population of apoptotic cells, whereas pre-treatment with RSL produced
cardio-protective activities on the HUVECSs. 3D stents containing RSL displayed protective

effects against cell death and may have major benefits to cardiovascular therapy in the future.
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Figure 22. Effects of 3D-printed stents on cell apoptosis (a) Apoptosis of HUVECs after 24 hr
incubation with 3D stents containing RSL. The y-axis indicates Annexin-V, whereas the x-
axis indicates P1. Q1: the cells in early apoptosis; Q2: the dead/apoptotic cells; Q3: the live
cells and Q4: Necrosis and (b) Plot indicating 3D stent samples containing RSL. The data are
presented as meantSEM (N = 3). ***p<0.001 based on one-way (ANOVA) followed by

Tukey's HSD analysis.
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Assessment of Pro-inflammatory Cytokine Levels in Raw 264.7 Cells

As shown in Figure 23a, the amount of TNF-a released from the group treated with the
samples of 3D stents containing RSL was significantly lower (p<0.01) as compared to the
group treated with H202 alone. This study demonstrated that the RSL-eluting 3D-printed stent
could down-regulate the pro-inflammatory cytokine secretion and can be further explored for

the treatment against atherosclerosis.

Effects of 3D-Printed Stents on Intracellular Reactive Oxygen Species (ROS) Levels

As an excessive production of ROS could lead to oxidative stress conditions in most
cells, the levels of intracellular ROS were examined using DCFDA dye. As shown in Figure
23b and 23c, the group treated with only H202 (100 uM for 24 hr) had significantly (p<0.05)
higher fluorescence intensity (8.3+1.0 RFU) than those treated with both RSL containing 3D
stent and H202 (5.0£1.0 RFU), indicating that RSL-eluting stent could attenuate H202-induced

ROS and help recover endothelial cell functions.
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Figure 23. Effects of 3D-printed stents on the intracellular reactive oxygen species (ROS)
levels (a) TNF-a expression in Raw 264.7 cells, (b) Quantification of fluorescence from
DCFDA assay using ImageJ software, and (c) Representative fluorescent images of HUVECs
stained with DCFDA. The data are presented as meantSEM (N= 3). (a) **p<0.01 based
unpaired Student's t-test. (b) *p<0.05 and **p<0.01 based on one-way (ANOVA) followed by
Tukey's HSD analysis.
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3.4. Conclusion

This study outlined the development and characterization of a hydrogel-based 3D-
printed cardiovascular stent to improve endothelial cell functions. The hydrogel composites
possessed desired shear-thinning property which is a pre-requisite for 3D printability. The
addition of MeGO into hydrogel composites improved stiffness, produced stable printed
structures, and minimized the changes in the volume of the stents. An enhanced NO production
from RSL-loaded 3D-printed stents lead to suppression of platelet aggression and adhesion.
These stents exerted no cytotoxic effects on HUVECs and lowered TNF-a expression levels.
In conclusion, 3D-printed stents were biocompatible and displayed great potential in

recovering endothelial function.
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CHAPTER 4
ASSESSMENT OF BIOCOMPATBAILITY OF 3D-PRINTED CARDIOVASCULAR
STENTS

4.1. Rationale

Coronary artery disease (CAD) is caused by blockage of coronary arteries owing to
plaque buildup [119,132] stemming from oxidation and conversion of LDL to oxidized-LDL
(ox-LDL) in the presence of ROS [133]. The consumption of ox-LDL by macrophages results
in lipid infiltration and extracellular lipid expansion, leading to plaque instability [134,135].
The presence of intrinsic inflammation could alter the physiological function of the leukocytes
by attenuating the expression of ATP-binding cassette, sub-family A (ABCALl), a key
transporter in cholesterol efflux [136,137] promoting the progression of CAD [138].

Cardiovascular stents have been used to treat narrowed or blocked coronary arteries
resulting from CAD [26]. Biodegradable polymeric materials are promising candidates in the
manufacture of stents, due to their nanoporous structure that can facilitate systemic connection
of the stents with the vascular network of the patients [139]. In our previous work, poly(2-
hydroxyethyl methacrylate) (P(HEMA) was utilized as a base polymer for 3D printing of
biodegradable stents [140]. The addition of MeGO into the pHEMA-based printing ink
enhanced the mechanical strength of the biodegradable stents which, when loaded with the
drug RSL, demonstrated excellent performance in recovering endothelial cell function [140].

The 3D printing strategy can be applied to provide patients with customized biomedical
devices based on their individual physiological conditions. The active ingredient/drug in the
3D-printed device should be able to elicit the necessary therapeutic effects in the host with

little/no immune reaction. Even though it has been previously reported that pHEMA is a photo-
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curable polymer with excellent biocompatibility, there is lack of information about toxicity
when it is applied to biomedical devices including cardiovascular stents [6,141,142].

The biocompatibility of raw materials used in biomedical devices could be dependent
on the concentration of the active material, physical properties, and the duration of the
treatment [143,144]. The toxicological assessment of the biomedical products including 3D-
printed cardiovascular stents could provide critical insights into post-treatment strategies to
minimize the material-related adverse effects and reduce the associated risks in patients during
their clinical application [145], subsequently facilitating the regulatory pre-approval process
[146].

Several studies have evaluated the biocompatibility of the 3D-printed products through
cell culture and/or zebrafish embryo-based assays [147-150]. As an adult zebrafish can
produce over 100 eggs in a day and their transparent nature aids in reliable high-throughput
screening of chemical toxicity [151], zebrafish embryos have been frequently utilized for the
assessment of developmental toxicology in the field of drug discovery [152,153].

This study aimed to evaluate the biocompatibility of the 3D-printed cardiovascular
stents using zebrafish embryos. It has been previously demonstrated that the 3D-printed parts,
produced from STL and the fused-deposition method (FDM), could induce phenotypic changes
in zebrafish embryos [154,155]. In this study, the effects of RSL-loaded 3D stents on the
viability of endothelial cells, NO production from Raw 264.7 cells, and downregulation of
oxidative stress in zebrafish larvae were evaluated using MTS, Griess, and DCFDA assays,
respectively. To evaluate the effects of RSL-loaded 3D stents on the pro-inflammatory
cytokine expression in zebrafish larvae was examined using reverse transcription-quantitative

polymerase chain reaction (RT-gPCR). The endpoints of toxicity of the RSL-loaded 3D stents
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were examined based on the appearance of developmental defects in the zebrafish larvae.

The developmental abnormalities due to oxidative stress were evaluated using
zebrafish embryos treated with RSL-loaded 3D stents (0.5, 1, and 2 mM) in the presence of
H202 (3 mM). Subsequently, zebrafish embryos were evaluated for their survival, hatching
rate, and developmental defects (reduced length, yolk sac edema, pericardial edema, and spinal
flexure) at 72 hours post fertilization (hpf). The outcomes of this study can help establish safe
and effective conditions by selecting optimal doses of RSL to avoid potent cytotoxicity of

RSL-loaded 3D stents during their clinical application.

4.2. Materials and Methods
Materials

Lipopolysaccharides (LPS), dimethyl sulfoxide (DMSO), and 2',7'-dichlorofluorescin
diacetate (DCFDA) were purchased from Sigma-Aldrich (St. Louis, MO). Ethylene glycol
dimethacrylate (EGDMA) and resveratrol (RSL) were purchased from TCI® America, Inc.
(Portland, OR). Raw 264.7 cells (mouse macrophages), Dulbecco's modified eagle's medium
(DMEM), and penicillin-streptomycin solution were purchased from ATCC (Manassas, VA).
Fetal bovine serum (FBS) was purchased from Atlantic Biologicals Corp. (Atlanta, GA).
Human umbilical vein endothelial cells (HUVECS), endothelial cell basal medium-2 (EBM-
2), and endothelial cell growth medium BulletKit were purchased from Lonza (Mapleton, IL).

All the reagents and solvents were of analytical grade.

3D Printing Process of Cardiovascular Stents

The RSL-loaded 3D stents (pHEMA-0.35MeGQ) were fabricated as described in the

previous chapter. Cardiovascular stents (4 mm diameter and 6 mm height) loaded with varying
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concentrations of RSL (0.5, 1, and 2 mM) were printed using an extrusion-based 3D printer as

previously described and used for further studies.

Effects of the ox-LDL on HUVEC Viability

To evaluate the effects of ox-LDL on the viability of HUVECs, in vitro cell viability
studies were conducted using the MTS assay. The viability of HUVECs (passage 2-5) upon
exposure to ox-LDL (100 pg/mL) in the presence of 3D-printed stents (4 mm diameter and 6
mm length) loaded with RSL (~1 mM) was examined by cell proliferation assay (Promega®,
San Luis Obispo, CA).

Briefly, each well was seeded with 10,000 cells (100 pL) and incubated overnight. On
the following day, the media was replaced with 100 pL of fresh media and incubated at 37 °C
with 5% COz2. A culture medium without RSL-loaded 3D stents was used as the negative
control. After the pre-determined time intervals, MTS solution (20 uL) was added to each
sample, and absorbance values were recorded at 490 nm using a multimode detector

(Molecular Devices® Spectra max 190, Hampton, NH, USA).

Assessment of the Amount of NO in Cultured Cells

The amount of NO, produced from Raw 264.7 cells upon exposure to RSL-loaded 3D
stents (~1 mM), was quantified as an index of defense mechanism against damage to vascular
endothelial tissues using the Griess assay [119].

Briefly, each well was seeded with 10,000 cells (100 uL) and loaded with RSL-loaded
3D stents. Each well was replaced with the fresh media on the following day and the cells were

incubated for 24 hr. After 24 hr, 100 pL media in the plate was transferred to a fresh 96-well
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plate and 50 pL of 2% sulfanilamide solution and 50 uL of 0.2%w/v NED solution were added
to each sample. The absorbance was measured at 550 nm using a multimode detector

(Molecular Devices® Spectra max 190, Hampton, NH, USA).

Assessment of the Pro-inflammatory Cytokines

The yolk in zebrafish larvae were micro-injected with 2 nL each of 0.01 M PBS pH 7.4
and LPS (0.5 mg/mL) at 48 hpf [156]. Total RNA was extracted from the larvae at 72 hpf using
TRIzol reagent (Invitrogen®, Carlsbad, CA) according to the manufacturer’s instructions.
Primers were purchased from Integrated DNA Technologies (IDT®, Coralville, I1A). The
MRNA expression of pro-inflammatory cytokines (TNF- a and IL-1B) were studied using
zebrafish specific forward and reverse primer sequences (5'-39;
ATGGATGAGGAAATCGCTG, ATGCCAACCATCACTCCCTG for p-actin, GCTG
GATCTTCAAAGTCGGGTGTA, TGTGAGTCTCAGCACACTTCCATC for TNF-a, and
TGGACTTCGCAGCACAAAATG, GTTCACTTCACGCTCTTGGATG for IL-1p [156].

Raw 264.7 cells (1x108 cells) were seeded in a 6-well plate and subsequently treated
with RSL-loaded 3D stent samples along with 10 ng/mL of LPS for 24 hr. The samples without
treatment served as negative controls. The total RNA from macrophages was extracted from
each group and relevant expressions were measured using macrophage-specific forward and
reverse primer sequences (5-3; AGAGGGAAATCGTGCGTGAC,
CAATAGTGATGACCTGGCCGT for pB-actin, GACCCTCACACTCAGATCATCTTCT,
CCTCCACTTGGTGGTTTGCT for TNF-0, and GTATGACTCTACCCACGGCAAGT,
TTCCCGTTGATGACCAGCTT for IL-1B. Reverse transcription reactions were carried out

according to the manufacturer’s protocol for iTaq Universal one-step RT-gPCR kit (Bio-Rad®,
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Hercules, CA) with an initial denaturation at 95 °C for 5 min, 95 °C for 10 sec, and 60 °C for
30 sec. All reactions were performed in triplicate for 40 cycles using a CFX96 Dx real-time

PCR system (Bio-Rad®, Hercules, CA).

Assessment of Oxidative Stress in the Zebrafish Model

The intracellular ROS levels in zebrafish larvae were examined for the assessment of
the oxidative stress. Approximately, 30 embryos (48 hpf old) were incubated with the RSL-
loaded 3D stents (~1 mM) in the presence of 100 uM to 3 mM H20: for 24 hr. After incubation,
the embryos were treated with 20 uM of DCFDA dye at 37 °C for 20 min. The fluorescent
images were collected and quantified using a DCFDA fluorescent probe as previously

described.

Zebrafish Animal Husbandry and Experimental Design

All the experiments were performed on embryos collected from natural crosses of adult
wild-type *AB strain zebrafish (16-18 months old). In-house environmental study facilities (14
hr light and 10 hr dark cycle at 28 £ 0.5 °C) were used to conduct all the experiments [157,158].
All the animal procedures were carried out in accordance with the Institutional Animal Care
and Use Committee (IACUC, University of Missouri-Kansas City #1707-02). For each set of
experiments, approximately 10 embryos per condition were randomly selected and placed into
each well of a 6-well plate containing 5 mL of E3 media (0.99 mM MgS0O4-7H20 0.15 mM
KH2PO4, 0.04 mM NazHPO4, 1.30 mM CaClz:2H20, 0.50 mM KCl, and 14.97 mM NacCl).

Embryos were either exposed to varying concentrations of RSL (raw drug: 10 uM, 50

MM, 100 uM, and 150 puM) or RSL-loaded 3D stents (containing 0.5, 1, and 2 RSL) under
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different oxidative stress conditions from 4 to 72 hpf (hours post-fertilization). The embryos
exposed to 0.15%v/v DMSO were used as a control. For the assessment of developmental
toxicity, embryos were treated with 1 mM RSL-loaded 3D stents in the presence of 3 mM
H202. Embryos were examined for their survival, hatching rate, and developmental defects
(reduced length, yolk sac edema, pericardial edema, and spinal flexure) at 72 hpf. Dead
embryos, if any, were counted and removed from the plate every 24 hr before replacing the
wells fresh E3 medium (containing the appropriate control or experimental treatment).

To prevent the intrinsic movement of zebrafish larvae during fluorescent imaging,
0.2%wl/v tricaine (Western® Chemical Inc, Redmond, NE) was added prior to image
acquisition. Images were collected using a Zeiss Axio Zoom V.16 fluorescent dissecting
microscope with a Zeiss Axiocam 506 color camera and Zen software. Image processing and
analysis were conducted using FIJI ImageJ software [159]. After the imaging processes, all

larvae were euthanized according to the established procedures.

Statistical Analysis

All experiments were carried out in triplicate unless otherwise specified. The data were
expressed as mean+SEM. One-way analysis of variance (ANOVA) followed by Tukey's HSD
analysis was used to compare multiple groups. All statistical analyses were carried out using
SPSS® software (IBM® Corp. Armonk, NY). p-values represent different levels of

significance: *p<0.05, **p<0.01, and ***p<0.001.
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4.3. Results and Discussion

Assessment of Ox-LDL on HUVECs

Ox-LDL initiates damage of endothelial cells, leading to the activation of various
signaling pathways involved in the development of CAD [160]. To investigate the effect of the
RSL-loaded 3D stent (~1 mM) on viability in vitro, endothelial cells were treated with 100
ug/mL of ox-LDL. As shown in Figure 24a, treatment with ox-LDL alone significantly
lowered the viability of endothelial cells (p<0.001). On the contrary, exposure to the RSL-
loaded stents resulted in good viability of HUVECSs in presence of ox-LDL, demonstrating the
protective action of RSL-loaded stent against ox-LDL-induced endothelial cell damage.

The findings from this study are in good agreement with those from previously
published reports, in which RSL treatment upregulated the expression of sirtuin 1 (SIRT1) and
promoted the degradation of ox-LDL via the autophagy-lysosomal pathway in HUVECs
[161,162]. It was recently demonstrated that RSL has inhibitory effects against endothelial

dysfunction, suggesting its potential application in the treatment of CAD [163].

Assessment of NO produced from Raw 264.7 Cells

The levels of NO produced by macrophages were examined to assess the anti-
inflammatory activity of RSL-loaded 3D stents. NO is a short-lived gaseous molecule with
multiple functional properties, such as neurotransmission and vasodilation, and it acts as one
of the primary effectors against inflection [164]. Excessive production of NO is indicative of
a defense mechanism against vascular endothelial tissue damage [165].

The addition of LPS (10 pg/mL), a pro-inflammatory agent [166], produced a

significantly greater amount (p<0.001) of NO (82.4+1.2 uM) in Raw 264.7 cells than the group
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treated with RSL-loaded 3D stents (52.8+0.4 uM), whose levels were close to those of the
control group (51.9+0.8 uM) (Figure 24b). These results demonstrated that the RSL-loaded 3D
stents exerted an anti-inflammatory action on macrophages. The results of this study are in a
good agreement with those from the previous study in which RSL significantly lowered the
expression of inducible NO synthase (iNOS) at inflammation sites through downregulation of

nuclear factor-kB (NF-kB) activation [167].

85



a T ok *kk | b ns
_ 100~ U ek o

0.8 I
Z )
-
o 5 80
£ 7]
: 3 60
§0.4- ®
8 E 40
o
0.2 g 20
o)
0.0 y = '
RSL-loaded stent _ - + RSL-loaded stent . =~ +
100 pg/mL ox-LDL - + & 10 ug/mLLPS - + +
C ns d ns
5- I 1 4-
IS koK *okk c I ek *% |
8 a | ] 1 2 I ] 1
o » 3+
o >
x 3 Q.
] 5 2
< 1
2 24 b3
3 (74
¥4 - E 14 —
z i)
o . 0 .
RSL-loaded stent - - -+ RSL-loaded stent _ - *
10 pg/mLLPS - + + 10 yg/mL LPS - * +

Figure 24. Effects of RSL-loaded 3D stents on a) the viability of HUVECs in presence of ox-
LDL, (b) the production of NO in Raw 264.7 cells in presence of LPS (10 ug/mL), (c) TNF-a
expression in Raw 264.7 cells in presence of LPS (10 ug/mL), and (d) IL-1p expression in
Raw 264.7 cells in presence of LPS (10 ug/mL). The data are presented as mean+SEM (N= 3).
***n<0.001 based on one-way (ANOVA) followed by Tukey's HSD analysis.
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Assessment of Pro-inflammatory Cytokines (RT-PCR) Studies

As shown in Figures 24c and 24d, the levels of TNF-a and IL-f expressed by Raw
264.7 cells in the group treated with RSL-loaded 3D stents (1.0+0.4 fold and 1.4+0.1 fold)
were significantly lower (p<0.001) than those from the LPS alone treatment group (3.8+0.1
fold and 2.8+0.2 fold). The results of this study demonstrated that the RSL-loaded 3D stents
could exert anti-inflammatory activity via downregulation of the pro-inflammatory cytokine
secretion.

To further examine the anti-inflammatory effects of the RSL-loaded stents, an acute-
inflammatory model induced in zebrafish larvae at 48 hpf was examined (Figure 25c). As
shown in Figure 25a, TNF-a expression levels were significantly upregulated in the LPS-
injected larvae (8.1+2.3 fold) as compared to the PBS-injected larvae (3.1+0.4 fold). On the
contrary, the LPS-injected larvae incubated with RSL-loaded 3D stents significantly lowered
the mRNA expression (1.8+0.8 fold) (Figure 25a).

A similar trend was observed in IL-1p expression (Figure 25b) between the control,
LPS-injected, PBS-injected, and RSL-loaded 3D stent groups. The LPS-injected larvae
incubated with the RSL-loaded 3D stent significantly (p<0.01) downregulated IL-1p
expression from 23.8+3.8 to 1.9+0.2 fold, demonstrating the anti-inflammatory activity of

RSL-loaded 3D stents that supports its application in the treatment of CAD.
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Figure 25. Assessment of (a) TNF-a and (b) IL-1p expression in zebrafish larvae, and (c)
Zebrafish larvae injected with 1 nLof 5% solution of rhodamine dextran in 0.2 M KCI in the
yolk sac. The data are presented as mean£SEM (n=10 embryos per condition. N=3 replicates
per experiment). Scale bar represents 100 pm. *p<0.05, **p<0.01, and ***p<0.001 based on
one-way (ANOVA) followed by Tukey's HSD analysis.
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Assessment of Survival and Hatching Rate of Zebrafish Embryos

To evaluate the dose-dependent toxicity of the RSL-loaded 3D stents, zebrafish
embryos were exposed to prototype stents (4 mm diameter and 6 mm length) which were
loaded with three doses of RSL (0.5, 1, and 2 mM). The loading doses of RSL were selected
based on the amount of RSL released from the hydrogel-based formulations and its therapeutic
levels for the endothelial function recovery [140]. Subsequently, a multi-dose (0.5 mM, 1 mM,
and 2 mM) experimental design was conducted to assess developmental abnormalities in the
embryos.

The survival rate of zebrafish is considered as the critical marker of lethal toxicity. It
was found that stents with 0.5 mM RSL (not included in Figure 26) and 1 mM RSL doses
exerted no mortality during the developmental stages, but stents with 2 mM dose showed a
slightly lower survival rate of zebrafish (93.3£3.3%) (Figure 26a).

To assess the initial developmental status of the zebrafish embryos, the number of
embryos that successfully hatched from their protective chorions by 72 hpf were examined
[168]. The embryos were incubated with the stent containing 0.5 mM (data not shown), 1 mM,
and 2 mM RSL, respectively, for 72 hr and the corresponding hatching rates were determined.
At 48 hpf, 80.0£5.8% hatching rate was observed for the stent groups loaded with 1 mM RSL,
while 33.7£18.3% for the stent groups loaded with 2 mM RSL. As shown in Figure 26b, the
stent loaded with the higher dose of RSL significantly lowered the hatching rate when

compared with the control group.
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Figure 26. Assessment of biocompatibility of RSL-loaded 3D stents (1 mM and 2 mM of RSL)
(a) Plot showing% survival rate over 72 hr, (b) Percentage hatching rate, (c) Length of the
zebrafish larvae at 72 hpf, and (d) Percentage of zebrafish larvae displaying developmental
abnormalities at 72 hpf. The data are presented as mean+SEM (n=10 embryos per condition,
N=3 replicates per condition). *p<0.05 and **p<0.01 based on one-way (ANOVA) followed
by Tukey’s HSD analysis.
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Assessment of Developmental Abnormalities in Zebrafish Embryos

The fish embryo toxicity (FET) studies were adapted as a suitable model to assess the
toxicity of RSL-loaded 3D stents. As shown in Figures 27 and 28, the cardiovascular system
is fully established in zebrafish embryos during the first 3 days, and heart beats and blood flow
can be easily visualized by 72 hpf [169,170].

To assess any developmental abnormalities potentially induced by RSL-loaded 3D
stents, 4 hpf wild-type zebrafish embryos placed in a standard 6-well plate at 28 °C containing
5 mL each of E3 media were exposed to RSL-loaded 3D stents. Developmental defects, such
as hatching ratio, survival rate, yolk sac edema, pericardial edema, lack of somite formation,
body length, malformation of head, and spine flexure were examined in the embryos at 72 hpf.

There were no differences in developmental abnormalities produced by the control
group and stents with 0.5 mM and 1 mM RSL. However, at 72 hpf, mild to moderate
developmental abnormalities were detected in embryos treated with the stent loaded with RSL
(2 mM). As shown in Figure 26c¢, the length of zebrafish larvae decreased from 3323.5+22.2
um to 3120.1+£25.3 um, as the dose of RSL in the stent increased from 1 to 2 mM. In addition,
as shown in Figure 26d, pericardial and yolk sac edemas were displayed in zebrafish embryos
for the stent groups loaded with 2 mM RSL (53.3+23.3% for 2 mL vs. 3.3£3.3% for 1 mL).
Therefore, the dose of the RSL should be closely monitored to prevent any abnormal defects

in the clinical applications.
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Figure 27. Microscopic images of zebrafish from embryotic to larval stages (4-48 hpf). (a-a’”)
Control embryos, (b-b’”) Embryos incubated with 3D stents, (c-c¢’”) Embryos incubated with
RSL-loaded 3D stents (1 mM), and (d-d’*) Embryos incubated with RSL-loaded 3D stents (2
mM) show instances of yolksac edema (yellow arrow). Scale bar represents 500 pum.
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Figure 28. Microscopic images of zebrafish larvae (72 hpf). (a) Control embryos, (b) Embryos
incubated with 3D stents, (c) Embryos incubated with RSL-loaded 3D stents (1 mM), and (d)
Embryos incubated with RSL-loaded 3D stents (2 mM) displaying instances of pericardial
(green arrow) and yolksac (yellow arrow) edemas. Scale bar represents 100 pm.
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Assessment of RSL Treatment on Zebrafish Embryos

The concentration of the active compound and the duration of exposure could be critical
in assessing the developmental toxicity in zebrafish embryo. To address these issues, embryos
were directly incubated with varying concentrations of RSL (10 uM, 50 uM, 100 uM, and 150
uM). RSL treatments in the embryos did not result in any deaths (i.e., zero mortality) in any of
the groups. However, the highest concentration (150 uM) displayed a delayed hatching rate
with no developmental defects and resulted in similar length of the larvae (3288 +12 um) to
those from the control groups (3223 £32 um). In addition, the highest concentration (150 uM)
of RSL displayed the lowered hatching rate of 20+6% at 48 hr as shown in Figure 29.

There was no significant difference in the incidence of developmental toxicities in
zebrafish embryos incubated with all the tested doses of RSL. It was previously found that
cumulative amount of RSL released from the biodegradable stents was about 150 uM in 24 hr
[140] that did not cause any developmental abnormalities nor distinctive mortality [171]. The
results of this study support an idea that the embryo-based assessment could serve as a principal
model to assess the toxicity of raw materials for biomedical devices in early developmental

studies.
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Figure 29. Assessment of RSL treatment on zebrafish embryos. (a) Plot showing the percentage
of hatching rate and (b) Length of the zebrafish larvae at 72 hpf. The data are presented as
meanzSEM (N=3).
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Assessment of Intracellular ROS in Zebrafish Model

Oxidative stress is a major contributor to endothelial cell degeneration and the
progression of inflammatory and immune responses in CAD [172]. To gain further insights
into the effects of the RSL-loaded 3D stents on the levels of intracellular ROS, the oxidative
stress in the zebrafish embryos was evaluated using the oxidation-indicator fluorescent dye,
DCFDA. The zebrafish larvae were exposed to a wide range of H202 concentrations 0.1 mM,
0.5 mM, 1 mM, 2 mM, and 3 mM (data not shown for 0.5 mM to 3 mM) to examine their
oxidative stress conditions.

As shown in Figure 30, the samples treated with 0.1 mM H202 displayed higher
fluorescence intensity (0.38+£0.07 RFU) than those treated with both RSL-loaded 3D stents and
H20:2 (0.18+0.02 RFU p<0.05). The RSL-loaded 3D stent reduced the oxidative stress in the
zebrafish embryos by attenuating the H202-induced ROS levels, improving the
biocompatibility in the biological models. This study provides compelling evidence that the
RSL-loaded 3D stent could be a promising therapeutic tool, and subsequent clinical trials are

warranted to establish its potential efficacy and biocompatibility.
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Figure 30. Fluorescent images of zebrafish larvae (72 hpf) stained with DCFDA. (a) Control
embryo exposed to RSL-loaded 3D stent (1 mM), (b) 0.1 mM H202, and (c) 0.1 mM H202 in
presence of RSL-loaded 3D stent (1 mM). The data are presented as mean+SEM (N= 3). Scale
bar represents 100 pm. *p<0.05 based on one-way ANOVA followed by Tukey's HSD
analysis.
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Assessment of H202-Induced Developmental Defects in Zebrafish Embryos

To induce developmental defects in the zebrafish embryos, 4 hpf embryos were directly
exposed to 3 mM of H202. Lower concentrations (0.1 mM, 0.5 mM, 1 mM, 2mM, and 2.5
mM) of H202 did not produce any developmental defects in zebrafish embryos (data not
shown), however, when exposed to 3 mM H20: alone, significant abnormalities were observed
at 72 hpf.

The treatment with 3 mM H20: did not induce mortality in the embryos (Figure 31a).
As shown in Figure 31b, embryos incubated with 3 mM H202 for 72 hours had a lower hatching
rate (13.3+3.3% at 48 hpf) as compared to those incubated with both 3 mM H202 and 1 mM
RSL-loaded 3D stents (43.3+£8.8%). Embryonic length decreased, when exposed to 3 mM
H202, but remained largely unchanged when incubated with 3 mM H20: in the presence of
RSL-loaded 3D stents (2956 +35 pum to 3122+30 um, respectively) (Figure 31c).

Exposure to 3 mM H202 resulted in developmental abnormalities in embryos including
yolk sac edema and spine flexure with 46.7+12.0% (p<0.05) and 30.0+15.3% (p<0.05),
respectively, as shown in Figure 31d. However, embryos incubated with 3 mM H20:2 along
with the RSL-loaded 3D stents displayed lower developmental abnormalities including
pericardial edema from 20.0£10.0% to 6.7+3.3%. The results of this study demonstrated that
RSL-loaded 3D stents lowered H202-induced developmental abnormalities in the zebrafish

embryos as shown in Figure 32.
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Figure 31. Evaluation of RSL-loaded 3D stents in presence of oxidative stress. (a) Plot showing
the percentage survival rate over 72 hr, (b) percentage hatching rate, (c) length of the zebrafish
larvae at 72 hpf, and (d) percentage of zebrafish larvae displaying developmental abnormalities
at 72 hpf. The data are presented as mean£SEM (N=3) *p<0.05 based on one-way ANOVA
followed by Tukey’s HSD analysis.
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Figure 32. Microscopic images of zebrafish larvae (4-72 hpf). (a-a’>) Embryos incubated with
H202 (3 mM) show increased edema and spinal flexure (red arrow), (b-b’’) Embryos incubated
with H202 (3 mM) along with RSL-loaded 3D stents (1 mM) showed minimal developmental
defects, (c) Embryos incubated with H202 (3 mM) showed instances of pericardial edema
(green arrow), yolksac edema (yellow arrow), short heads, and smaller length, and (d) Embryos
incubated with RSL-loaded 3D stents (1 mM) along with H202 (3 mM) showed normal
development. Scale bar represents 500 pum (White) and 100 pum (Black).
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4.4. Conclusion

The RSL-loaded 3D stents were developed and evaluated for biocompatibility using
cell culture and zebrafish embryo models. The results of this study demonstrate that the RSL-
loaded 3D stents did not exert any inflammatory responses in macrophages. The RSL-loaded
3D stents downregulated the secretion of the pro-inflammatory cytokines and lowered H202-
induced developmental abnormalities in the zebrafish embryos. As RSL dose-dependent
developmental abnormalities were displayed in the embryos, the dose of RSL in 3D stents

should be closely monitored to avoid any potential cytotoxicity in clinical applications.

101



CHAPTER 5
SUMMARY AND RECOMENDATIONS

The current choice of treatment for CAD is implantation of permanent coronary artery
stents loaded with a drug for short-term elution. The damaged blood vessels usually heal
approximately within a year following stent implantation. Therefore, the metallic nature of the
stent may no longer be necessary to maintain the integrity of the blood vessels once they have
healed completely. In addition, the permanent nature of metallic stents may cause late-stage
thrombosis, leading to re-blocking of the blood vessel [173,174]. The promising alternative to
permanent stents could be biodegradable cardiovascular stents that would support arterial
healing, degrade, and ultimately eliminate as metabolic byproducts. The research undertaken
in this dissertation provides significant insights and approaches in personalized biodegradable
stents for the advancement of CAD treatment.

The 3D printing approach demonstrated flexibility in terms of design, formulation
optimization, and ensured consistent drug-loaded products that would be able to meet the needs
of the patient. The identification of critical process parameters such as polymeric
concentration, printing speed, printing height, and nozzle diameter facilitated necessary
understanding of formulation and manufacturing variables on the stability and print quality of
the 3D-printed products.

This research outlines the development and evaluation of 3D-printed stents that
displayed optimum mechanical strength and necessary biodegradable properties. Hydrogel-
based stent demonstrated improved swelling properties with incorporation of carbon
nanoparticles. Surface modification with thiol group on alginate base polymer had a significant

effect on the degradation rate. It was revealed that the comprehensive rheological assessments
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of the hydrogel inks provided insights into necessary shear-thinning properties and viscoelastic
nature of the hydrogel printing inks that were ideal for 3D printing applications.

The RSL-eluting cardiovascular stent protected endothelial cells from H202-induced
oxidative stress conditions. The biocompatibility assays revealed that the RSL-eluting stent
reduced the secretion of pro-inflammatory cytokines and lowered H202-induced
developmental abnormalities in zebrafish embryos. This work could serve as a proof-of-
concept to evaluate the RSL dose-dependent developmental toxicity in the embryos. The
logical way forward would be to examine the potential causes of the observed developmental
defects in embryos and approaches to minimize and/or delay them in long-term
biocompatibility studies.

The future extension of this work would involve utilization of biomimetic platforms to
study interactions between endothelial cells and 3D-printed scaffolds. The next phase would
entail development of a novel fabrication method via. 4D printing to produce carbon
nanoparticle-based biomedical devices containing biosensors or theranostic agents. Such
studies focus on the evaluation of new smart materials that can actively monitor of ox-LDL
levels and expand their shape over time in response to environmental stimuli. Relevant
information obtained from real-time data regarding the status of the stent implanted in patients

may be used to improve clinical outcomes.
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