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Introduction

About the author:

A 2003 - 2007: B.Sc. in Medicine and Technology, DTU.
A One semester abroad at Arizona State University
A Worked on a NIH proposal as a Tissue Engineering
project.

A 2007 - M.Sc. in Medicine and Technology, Biomaterials and
Biomechanics, DTU
Interest areas: Biomaterials as medical implants, Cell-material
interface reactions, Tissue Engineering and Regeneration
(primary soft tissue).

A President and co-founder of Student Society for Biomaterials.

This project aimed to get familiar with concepts and technologies
relevant to tissue engineered polymeric vascular scaffolds. The
main interest was partly to introduce this exciting field to research
communities in Denmark, and partly open the door for incorporating
this field into my educational background
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Introduction

A Atherosclerotic Cardiovascular Disease (ASCVD) is the leading cause of death in the Western
World.

A In 2004: 1.285.000 inZatient angioplasty procedures, 1.471.000 inZatient diagnostic cardiac
catheterizations (USA), 427.000 inZatient byzass procedures,.[1]

A 10% of by-pass intervention requiries resurgery within 10 years due to complications with venous og
synthetic grafting.

Hypothesis

Using electrospinning to produce a flat, porous PCL mesh of nanodiameter fibers will mimic the native
ECM environment that EC are supported on. When EC are cultured in such an environment, they will
potentially recognize it and cellular adhesion and proliferation is then potential. Functionalization of
PCL surface with cell-adhesive ECM peptide sequences will contribute to the scaffolds enhanced
interaction with EC. Thus, EC adhesion will be more durable while maintaining EC function and
proliferation in vitro.

PCL = poly(caprolactone), EC = endothelial cells, ECM = extracellular matrix
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Current Clinical Situation

Current surgical interventions of ASCVD include venous or synthetical by-passing.

Complications with venous by-passing: A Limited availability, A Secondar y artery di
Xe.g. di abetes omplications), !/
| mmune accep ance [ 5]

Complications with current synthetic gréanintis: A S
di ameter, A Graft thrombosi s
hyperplasia in the late phase [5]

The small-diameter problem caused by insufficient
endothelization.

Medical philosophy of 215t century: complete remission! [12]
Requirements:

Acomplete biocompatibility, preservation of patency in the long term.
Aimmune acceptance

Aoff-the-shelf availability
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Current Clinical Situation 7 Tissue Engineering (TE) as an answer

TE gives the possibilities of addressing these requirements by
tailoring material design and properties to the particular
environment in situ, i.e. in which the material is to be implanted.

TE technologies provide:

ABiocompatibIe materials enabling active integration with
cellular structures.

ABiodegradabIe composites serving as temporary scaffolds.
AHeaIthy interaction at cell-materials interface.

AGrafts prepared in industrial scale removing need for
autografting.
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Approach:

A Scaffold material: biocompatible and biodegradable poly(caprolactone) (PCL)

I
«|:O—(CH2)5—C}VO—

A scaffold production: electrospinning af nanodiameter fibers.
A cell-scaffold interaction: cell-adhesive peptide sequence, Arginine-Glycine-Aspartic Acid (RGD)

(LD-YAVTGRGDSPASSKPIA((VPGIG),
RGD cell-binding
domain

A Anti-thrombogenicity: non-fouling surface by poly(ethylene glycol) (PEG)

N v
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Cardinal Concepts of This Project

A The use of electrospinning
Cellular adhesion upon biomaterial surfaces is dependent on surface area. This can be enhanced by producing a
porous matrix of fibers with diameters in the nanometer range. In addition, a fibrous matrix resembles ECM
environment in which the EC are supported upon in vivo.

ApcL properties warranted
As only endothelial layer of the blood vessel is pursued, other elements of vessel wall are ignored, e.g.
contractility, compliance. Also degradation is not addressed. In focus: interaction with EC.

A The idea of endothelialization
Enhanced and preserved interaction between EC and scaffold provides a biologically active endothelial layer
which both synthesizes ECM components and participate in maintaining hemostasis and antithrombogenicity in
Vivo.

A cell function analysis i von Willebrand Factor (VWF)
Presence of vWF in EC cultured on PCL indicates preservation of cellular function and activity. Thus, endothelial
genotype is not altered which supports the vascular potential of scaffold material.

A Alcohol i Amine reaction: Fundamental for PCL functionalization

Nucleophilic substitution reaction scan be performed between a electrophilic group (e.g. -OH) and the nucleophilic
amine (H,N-R) as long as correct reaction conditions are present. Thus, any substance with an amine group can
be covalently linked to a hydroxylated material surface.

A Justification of Adhesion/Proliferation Assay

Analysis of EC adhesion and proliferation upon PCL over 24h, 48h, 72, and 96h does not assure success in vivo,
but it illustrates the potential of both the fibrous matrix and the PCL as a vascular material.
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Experimental Approach and Methods i Electrospinning

How to produce a nonwoven, porous mat of nanofibers?

Application of a high electric potential to a polymer solution forms an electric field between the polymer
and the ground electrode.

When potential overcomes surface tension, a fiber jets from solution and is spun on the collector
through a random, chaotic motion, characterized by an instable pathway.

Principle:

Syringe Pump to
control feeding rate

—— Syringe
Polymer
solution

Nozzle
Spinneret

4 Electrospun |

Worki :/ Fiber Jet High Voltage
otance e Power Supply

Distance Collecting (0¢ 30kV)

g Device
- -
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Experimental Approach and Methods i Electrospinning of PCL

Development of new electrospinning apparatus

The production of a fibrous mat with PCL fibers in the nanometer range was not only a function of
electrospinning parameters but also an issue of optimizing the process.

It was a challenging process to achieve successful without clotting at needle tip.

FD=fiber diameter
WD=working distance
DR=dispensation rate
AV=applied voltage
SM=solvent mixture

New electrospinning setup was designed and developed to meet some of the complications.
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Experimental Approach and Methods i Electrospinning of PCL

Development of new electrospinning apparatus
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Experimental Approach and Methods i Functionalizing PCL

Hydroxylation (hydroxymethylation) of PCL

Basically, the carbonyl (C=0) group in PCL backbone is temporarily broken up, such that the double
bond is transferred to the adjacent C atom. This makes this C atom more electrophilic and can further
react with the nucleophilic C atom in formaldehyde (reaction scheme).

The result is an addition of a hydroxymethyl (from formaldehyde) to PCL

X

s
O
)
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RGD-grafting of PCL

A Nucleophilic Substitution Reaction, S, 2, is performed on hydroxyl on PCL
backbone.

NH-RGD

|
v

HOSGCHCF NaHCQ(pH = 10

HOH + CRCHSQCL

RISO

——CHNHRGD
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11kV 950+ 200 611+250
13kV 1131+218 1274+ 249
15kV 1252+ 205 1945+ 654

Successful collection was done by optimizing WD and DR,
while optimization of FD was done with the 400-800nm
range in mind by adjusting AV, SM, WC.

Optimal conditions: WD = 10cm, DR = 2mL/h,
AV= 11kV, SM = 75:25 (C:M), and WC = 9wt%

Other studies, [9,10], also report the 3:1 solvent mixture as
optimal. However, different FD ranges are observed.

FD=fiber diameter
WD=working distance
DR=dispensation rate
AV=applied voltage
SM=solvent mixture
WC=weight concentration

C:M = chloroform:methanol
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1600
1400
1200
1000

800

Diameter (nm)

600
400
200

Fiber diameter w/75:25, 8wt%

Bwi% 11kV Swit% 13kV

Swi% 15kv

Diameter (nm)

3000

2500

2000

1500

1000

500

Fiber diameter w/75:25, 9wt%

}

9wt% 11kV 9wt% 13kV Swt 15kV

The optimal voltage is found as a balance between surface tension and electrostatic attraction..

However, upon further increase of voltage an increased electrostatic force further stretches the
fiber, where a decrease of FD is observed. If voltage is further increased, an increased instability will
interfere with jetting and chaotic motion will cause in multiple fiber formation, which increases the FD.
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Interpretation of Results i Culturing of HUVEC upon ufPCL

Adhesion and proliferation analysis

0,180 0,180
M Control
- 0180 0,160 CV absorbance of HUVEC on
E ' 0.116 0.056 0.051 0.019
§ 0,140 0,140 PCL (54onm)
E 0.120 ¢.120 Corresponding HUVEC number
2 o0 N ow0 || (x10% (10x10 seeded) 71 38 | 36 | 16
'E 0,080 0,080 . .
3 Change relative to initial - - - -
g ooeo 0,080 29.0% | 62.0% | 64.0% | 84.0%
ﬁ 0,040 0,040
S 5o 0020 Change relative to prior day - - 530 -
29.0% | 46.5% 55.3%
0,000 T T T 0,000
24h 48h 72h 96h Control (x10% (10x10 seeded) 2.9 4.3 8.0 >10
Culturing time

CV absorption of HUVEC upon ufPCL

Important protocol factors support success of PCL:

A Loss of cells upon transferring, ~5-10%.

A Cells not seeded on PCL, ~ 30%.

A Inhibition of cell proliferation due to high confluency. (?)

So, does PCL fibers initiate end
Yes, it does! But adhesion is not maintained.
Proliferation? Not directly indicatedé
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Interpretation of Results i Culturing of HUVEC upon ufPCL

AnaIyS|S of vWF presence Note! It is not release!

The coupled fluorescence of propidium iodide and von Willebrand Factor that is visualized through
confocal microscopy localizes the vVWF presence to cell cytoplasm.

24 h 48 h
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Interpretation of Results i Culturing of HUVEC upon ufPCL

Analysis of VWF presence

The presence of VWF is clearly visualized in the confocal after 72 h and 96 h.

72h 96 h
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Interpretation of Results i Functionalizing PCL

Hydroxylation of PCL

RISO

An decrease of contact angle with 37.5% indicates successful addition of hydroxymethyl groups to
PCL. However, one would expect a higher change (e.g. > 50%), since formaldehyde is in excess and

there is potentially a very high contact area.

fPCL

ufPCL

Contact angle ()

78.55.6

125.#3.4

Hydroxylation in a polymer solution prior to electrospinning could be considered as an alternative.

RGD grafting of PCL

Not reported, Success would potentially be reported if other reagents, especially another organic

solvent, was used.
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Tensile testing: stress-strain relation

Stress (o)-Strain ()

1,20
1,00 , Yield ’//\_T-\
o 080 ./L’/ // Fracture
S 0,60
= o~ Region 2
o /
0,40 <4——— Regionl
0,20
0,00 T T T T T T T
0,00 50,00 100,00 150,00 200,00 250,00 300,00 350,00
£ (%)
Lis E,, (region 1) E,, (region 2) 0
(MPa) (MPa) (MPa) (% el)
1.31+0.35 3.51+1.36 0.23+£0.07 295.9+59.5




