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1. Introduction

Most of the regeneration therapies to treat damaged or lost soft tissues depend on the

use of biodegradable scaffolds. A successful scaffold should provide a structural support

whilst remaining transient until functional restoration is achieved. Tissue restoration and

function recovery can only be achieved if biomaterial degradation and physiological

turnover are balanced. If degradation rate of a scaffold is higher than the rate of tissue

regeneration, the prerequisite mechanical support would be lost. In addition, rapid

degradation might cause build up of degradation products locally and could lead to a

severe tissue response. Slowly degrading scaffolds on the other hand, may lead to

impairment of optimal regeneration seen as a late tissue reaction1, 2.

In this thesis, we focused on design of scaffolds that could be utilized as a basic

component in soft tissue treatment therapies. More specifically, the aim of this thesis

was to design biocompatible scaffolds for soft tissue regeneration that are expected to

gradually degrade within a year evoking mild tissue response.

The tunable mechanical properties and the ease of processing that do not affect their

generally good biocompatibility render segmented polyester urethanes (SPEUs) attractive

as biodegradable biomedical materials. Due to the so-called “soft segment” block based

on oligoesters, SPEUs are prone to degradation primarily via hydrolysable ester

functionality. Biodegradable SPEUs based on poly(ε-caprolactone) (PCL) oligodiol and

1,4-butanediisocyanate (BDI) were developed within our research group and were

successfully applied in meniscus replacement3,4, 5. Although suitable as long-term

implants, the degradation of these materials had to be enhanced before they could be

applied in regeneration of soft tissues. Tunability of SPEUs allowed us to increase

susceptibility of these SPEUs to hydrolysis via chemical modification of either polyester

soft segment or by introducing more reactive (and hydrolyzable) hard segment.

In this thesis, to increase hydrolyzability of BDI-based SPEU, we modified PCL soft

segment by incorporation of co-monomers (γ-butyrolactone: γ-BL and D,L-Lactide: D,LL)

(Chapters 4 and 5) . Hard segment hydrolysability of PCL-based SPEU was enhanced by

incorporation of on terephthaloyl diisocyanate (TPHDI) in the hard segment (Chapter 2).

Since these novel SPEUs were intended as temporary scaffolds in regenerative medicine,

we assessed their cyto- and haemocompatibility in vitro (Chapters 3 and 5).

For full integration with the surrounding tissue, a scaffold should allow for migration of

cells, nutrients and products of cell metabolism and angiogenesis. Therefore, for soft

tissue regeneration, employment of porous scaffolds with interconnected channels is a

necessity6, 7. Based on a combined salt leaching/thermally induced phase separation

method previously developed in our laboratory8, we prepared such scaffolds from novel

SPEUs and tested their biocompatibility in vivo (Chapter 5).
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In the following sections we will discuss our findings on biological performance of the

novel SPEUs in respect to their chemical composition and scaffold properties.

2. Enhancing degradation of segmented polyester urethanes

2.1 Hydrolysis of segmented polyester urethanes

It is generally accepted that the hydrolytic degradation of SPEUs proceeds via a random

scission of ester bonds of a soft segment following a bulk degradation mechanism9, 10.

According to this mechanism, molecular weight of SPEU is expected to gradually

decrease with degradation whilst the mass of SPEU should remain unchanged11. The

extent of hydrolysis depends on specific ester group susceptibility to hydrolysis and

water diffusability through the SPEU matrix. The latter is retarded by presence of

crystals, either of polyester soft segment or hard segment crystallinity. Upon

degradation, cleaved components (i.e. acids, alcohols and amines) diffuse through the

polymer to the surroundings. However, if SPEU is not preferentially surface degraded,

the degradation products remain trapped in bulk, which further causes accelerated

degradation (so-called autocatalytic effect)12, 13. Furthermore, the diffusion of the

degradation products is mainly governed by their solubility in water. As chains are

cleaved, the mobility of remaining part of a chain increases. During PCL hydrolysis, this

can in turn result in re-crystallization as observed by Pêgo et al.14, Lam at al.15 and

Antheunis et al.16

Due to the microphase separated morphology (Chapter 1), hydrolysis of SPEU cannot

adequately be described by applying the same models established for hydrolysis of semi-

crystalline high molecular weight polyesters, such as PCL12. Depending of the degree of

microphase separation, SPEU also contains a (urethane) hard segment in an amorphous

state. Due to higher polarity of the urethane, these amorphous portions undergo

hydrolysis as well, which contributes to the overall degradation of SPEUs.

To summarize, the overall degradation of SPEU involves both hydrolysis of the polyester

soft and hard segment in an amorphous phase of the SPEU. In addition to possibility to

tailor degradation by a choice of the SPEU building blocks (co-monomers, diisocyanate),

varying the degree of microphase separation of SPEU provides an additional tool in

tuning the degradation.

2.2 Soft segment modification

As expected, an introduction of hydrophilic γ-BL monomer to the PCL soft segment

resulted in SPEUs (PBCL-PUs) that degraded faster in vitro than corresponding SPEU

based on (homo) PCL (PCL-PUs) (Chapter 4). This was observed by twice as high

hydrolysis rate than in case of PCL-PUs as observed by Heijkants et al.8 and detection of
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mass loss even in a relatively short degradation period (Chapter 4). Although in both

SPEUs soft segment was amorphous before degradation has taken place, crystallization

of PBCL soft segment in the course of degradation was less likely to occur than re-

crystallization of PCL. In addition, being more hydrophilic than ε-CL, γ-BL could more

readily diffuse out of the polymer. The observed mass loss indicated that PBCL-PUs

degraded partially by surface erosion mechanism too. Compared to another typically

surface eroding biopolymer, poly(trimethylene carbonate) (PTMC), PBCL-PUs lost their

mass much faster14.

Pure poly(D,L-Lactic) acid looses its mechanical properties after 1 – 2 months and is fully

degrades after 12 – 16 months in vivo17. Introduction of D,L-Lactide into the soft

segment of SPEU should mainly disturb the crystallinity of PCL, thus resulting in faster

degradation. Indeed, during the course of our study (21 days) P(CL/D,LL)-PU was the

only polymer to degrade in vivo (Chapter 4). This will be further discussed in section 3.2

of this chapter.

2.3 Hard segment modification

In Chapter 2 we showed that an introduction of a more reactive diisocyanate

(terephthaloyl diisocyanate, TPHDI) and lower degree of microphase separation of PAUs

than the corresponding BDI-based SPEU resulted in the mass loss of 2. 7 – 4.0 % over

80 days of degradation with the decrease of the number average molecular weight (Mn)

of ~ 35 %. When Mn data were plotted assuming autocatalytic ester (soft segment)

hydrolysis, an exponential instead of linear decay was observed. To our knowledge, this

was never observed before with degradation of SPEUs. The main reason for this

enhanced degradation lies in the fact that TPHDI-based hard segment hydrolyses

relatively fast18 and that most of the hard segment was amorphous (Chapter 2).

Being potential biomedical polymers, biocompatibility of these novel SPEUs had to be

assessed before they could be considered as polymers in soft tissue regeneration

applications. Next to basic cytotoxicity and endotoxin level assessment, we focused on

haemocompatibility, cell adhesion and proliferation (in vitro) and tissue response (in

vivo).

3. Biological performance

3.1 Protein deposition and cell adhesion

Besides hydrolysis features of biomaterials, their surface properties will mainly determine

their biocompatibility. After all, it is the surface of biomaterials which may comprise of

only a few molecular layers, that the cells will encounter and respond to.
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Surface properties, especially surface hydrophylicity, of biomedical materials to be used

as temporary scaffolds determine protein adsorption and cell adhesion. The optimal

surface contact angle for cell adhesion is 60° 19, 20. In addition to hydrophilicity, presence

of functional groups that are recognized as ligands further promotes cell adhesion.

Due to microphase separation, SPEUs exhibit dynamic surface properties. Depending on

the surroundings, the chemical composition of the surface of SPEU comprises more of

soft (hydrophobic) or hard (hydrophilic) segments21, 22. The latter caused an increase in

hydrophilicity of the PAU1000 surface (Chapter 3). Upon incubation with serum proteins,

the contact angle decreased to 60° after only 18 hours (Chapter 3). We showed that the

hydrophilicity of the PAU1000 also increased with degradation as a result of the

preferential surface chain scission and formation of polar groups (Chapter 2).

In general, PUs do not provide optimal support for cell adhesion. Voskerician et al.

showed that low cell adhesion of PUs can be explained by dominant presence of

generally considered non-adhesive plasma proteins such as albumin, high-density

lipoprotein and high molecular weight kininogens (HMWK), which all do not favor cell

binding23. In order to enhance adhesion of HUVEC, we coated PAU1000 with fibronectin

(Fn). Although Fn was initially shown as beneficial for HUVEC attachment, in later stages

(after 8 h of culture) the number of adhered HUVEC on Fn-coated PAU1000 firstly

decreased until a Fn-coating effect was diminished (Chapter 3). Even though the rate of

HUVEC adhesion may appear low, longer incubation experiments (25 h) revealed that

both bare PAU1000 and Fn-coated PAU1000 allowed for significant HUVEC proliferation.

This proliferation rate is expected to be sufficient to e.g. generate an anti-thrombogenic

cellular coating in tissue engineered blood vessels. We expect that other cell types, e.g.

fibroblasts, would respond similarly to HUVEC, thus marking PAU1000 adequate for other

soft tissue TERM application, e.g. skin regeneration.

Thus, the surface of a particular SPEU intended for biomedical application should be

thoroughly characterized both bare and in interaction with plasma proteins. Obtained

results would not only serve as an indication of the protein deposition and closely related

cell adhesion to SPEUs in vivo, but could guide us how to manipulate SPEU surface to

achieve desired cellular response (by e.g. surface modification).

3.2 Tissue response

A successful biodegradable scaffold degrades harmoniously with tissue regeneration and

causes only mild tissue response. Mild tissue response is characterized by low leukocyte

infiltration and a relatively thin fibrous capsule formation around the implant.

Macrophages and formed giant cells should be able to absorb and process the

degradation products released from the degrading scaffold. In vivo degradation of any
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degradable biomaterial always involves the action of inflammatory cells which

superimposes on the chemical hydrolysis of the scaffold.

Chemically spoken, the tissue response to SPEU is a result of interplay of three elements:

1) SPEU chemical composition and surface properties, 2) extent of microphase

separation and 3) scaffold morphology (i.e. pores size, uniformity and interconnectivity).

It can be anticipated that the influence of SPEU chemical and surface properties and the

extent of microphase separation to tissue response would be comparable to their

behavior in vitro, which was discussed previously (Chapters 2, 3 and 5). In short, SPEU

based on more hydrolyzable and hydrophilic monomers and diisocyanates that exhibit

relatively low extent of microphase separation and more hydrophilic surfaces were

expected to result in higher cell adhesion and degrade faster in vivo.

We employed a combined method of salt leaching and thermally induced phase

separation to yield porous scaffolds from soft segment modified SPEUs (Chapter 5;

P(CL/D,LL)-PU and PBCL-PU). As reported by Heijkants et al., the most striking benefit of

using this processing method is the interconnectivity of the resulting porous PU scaffold

structure24. The interconnectivity of the pores is also a prerequisite for scaffold

vascularization in vivo which is essential for tuned resorption of biodegradable scaffolds

by macrophages and/or giant cells and concomitant tissue regeneration25. The

interconnectivity shown by scanning electron microscopy was confirmed by throughout

vascularization of the SPEUs at the day 21 of implantation, especially in P(CL/D,LL)-PU.

Scaffold morphology determines availability for tissue ingrowth. Manufacturing of porous

scaffolds from the unmodified SPEU, PCL-PU, yielded less homogeneous porosity that

was characterized by the lower degree of tissue ingrowth.

As expected, SPEUs with the modified soft segment with lower degree of microphase

separation exhibited a higher degree of cell infiltration, stroma formation and

degradation than SPEU based on unmodified, PCL-PU (Chapter 5). The degree of tissue

ingrowth into the tested PUs was observed to decrease in the following order:

P(CL/D,LL)-PU > PBCL-PU > PCL-PU.

Hilborn et al. proposed that the mechanical properties of the interface between an

implant and the surrounding tissue rather than chemical composition govern the in vivo

performance of an implant26. Mechanical properties are a direct consequence of the

extent of microphase separation and were as anticipated poorer in the PUs with lower

microphase separation (Chapter 5). Since P(CL/D,LL)-PU was the least strong of the thee

tested SPEUs, it led to the highest degree of tissue ingrowth (Chapter 5).

In order to determine which of the elements (chemistry, extent of microphase separation

or scaffold morphology) predominantly influenced SPEU behavior, it is important to

consider the time scale (sequence) of events involved in the tissue response for the

studied SPEUs (Fig. 1). As depicted in Fig. 1, biological processes of protein deposition
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on a biomaterial surface, cell adhesion and vascularization proceeded much faster than

SPEU degradation. Therefore, tissue response was determined by the initial SPEU

properties and not by material bulk and surface change upon hydrolysis. Although

proven beneficial in enhancing SPEU degradation, chemical modification of the soft

segment is not expected to influence tissue response in the short term, i.e. before the

degradation of the SPEU occurs. Although not assessed, surface hydrophobicity of the

PUs used in the in vivo study was assumed to be comparable. Therefore, determining

factors influencing the initial tissue response (studied up to 21 days) were the extent of

microphase separation and the scaffold morphology.

Figure 1. Sequence of events tissue response to soft segment modified PUs.

In the case of our SPEUs that do not possess any biologically derived reactive functional

groups such as integrin ligands (e.g. RGD motifs) and are only slightly chemically

different, the surface chemistry cannot be a discriminating factor causing different stages

of the (short-term) tissue response.

4. Degradation of the novel SPEUs - summary

By changing the chemical constituents, we developed SPEUs with different mechanical

properties. These were determined by the molecular weight of the SPEUs and the extent

of microphase separation. SPEUs exhibiting a lower extent of microphase separation

possessed poorer mechanical properties. As already discussed, the extent of microphase

separation further determined degradation rate by influencing water diffusion through

the SPEU matrix and accessibility of ester and urethane groups to water. Thus, an extent

of microphase separation has to be chosen in such a way that it allows for hydrolysis but

it does not impair the mechanical properties of the SPEU scaffold.

From the results in vitro, PAU1000 hydrolyses the fastest of the assessed SPEUs. We

speculate that this SPEU would degrade at least as fast in vivo. PAU1000 showed

substantial hydrolysis in vitro at 20 days already. It is possible that this relatively fast
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degradation would influence tissue response. Therefore, the tissue response and the

long-time (at least 6 months) degradation in vivo should be investigated.

When all the SPEUs described in this thesis were compared for degradation, the

following trend was observed: PAU1000 = P(CL/D,LL)-PU > PBCL-PU > PCL-PU (Fig. 1).

Here, only one polyurethane per SPEU type was used in the comparison. Using

polyurethane chemistry it is possible to manufacture a whole range of SPEUs with

different oligodiol (soft segment) length that would degrade slower or faster.

As discussed in Chapter 5, during short term (21 days) assessment showed significant in

vivo degradation of P(CL/D,LL)-PU, one of the three tested SPEUs, was observed. To

characterize degradation, we further also suggest to perform (long-term) in vivo study,

which would help further characterization of the PAU1000 and PBCL-PU in particular. The

degradation of PAU100 and PBCL-PU was assessed in vitro and can only serve as an

indication for their degradation in vivo, where enzymatically assisted degradation can

take place. Esterases (e.g. cholesterol esterase) were shown to degrade PUs in vitro27.

Hence, it is justified to hypothesize that PUs described in this thesis would undergo both

uncatalyzed and enzymatically catalyzed hydrolysis (via enzymes released by leukocytes

and giant cells). Matrix metalloproteinases (MMPs) are a family of structurally related

zinc-dependent proteolytic enzymes that are responsible for turnover of ECM proteins.

Van Amerongen et al. and Luttikhuizen et al. have successfully utilized in situ

zymography to show that MMPs assisted degradation of collagen scaffolds in vivo28, 29. As

yet, it is unknown whether MMPs could hydrolyze other bonds (i.e. urethane) than

peptide bonds. Thus, their effect on the PUs remains to be elucidated. In addition to

proteases, other degrading enzymes should also be investigated: acid phosphatase,

alkaline phosphatase, aminopeptidase, succinic dehydrogenase etc.30 In vitro

investigation of enzymes potentially involved in the biodegradation of the SPEUs will

provide tools that will help to further tailor degradation of the SPEUs in vivo.

5. Future generation “smart” SPEUs

In vitro assays showed that all the SPEUs were non-cytotoxic and highly blood

compatible (Chapters 3 and 5). In vivo, the designed SPEUs provided adequate structural

support for throughout vascularization of the scaffold and tissue formation (Chapter 5).

However, due to specificity of the different soft tissues in the body and induced

microenvironment after damage, we expect that the biologically active factors might be

required for regeneration of the specific application site. Cell/tissue interactions mainly

proceed on the biomaterial-tissue interface and should lead to specific instead of random

processes, i.e. surfaces should favor deposition of a particular set of proteins and specific

cells31, 32. In this way, instead of acting only as a simple support mash, new generation

of scaffolds would actively induce and guide specific soft tissue regeneration.
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Upgrading biodegradable scaffolds from “structural support” to guided “healing” level to

meet a particular application can be achieved via incorporation of instructive factors and

and/or cells into biodegradable scaffolds (Table 1).

Table 1. Overview of soft tissue regeneration applications.

Application Cell type Growth factors

Skin
Epithelial,

keratinocytes
EGF, FGF, FGF-β, PDGF 

Vascular
Endothelial, smooth

muscle
bFGF, VEGF, YIGSR

Cardiac Cardiomyocytes VEGF

Nerve guides Schwann cells NGF, BDNF, NT-3, GGF, FGF

Instructive factors could be introduced in the synthetic step as pendant groups to the

polymer backbone, incorporated during scaffold preparation or introduced upon

completion of the manufacturing process (e.g. via surface modification). Choice of an

appropriate method depends on compatibility between components and parameters of

the scaffold manufacturing process and stability of a biological active. In other words,

the scaffold preparation method should not impair the integrity and function of a drug,

protein or cell in question.

Processing conditions as described in this thesis (Chapter 5) would lead to either

denaturation of proteins or their loss by diffusion. This obstacle could be solved by e.g.

incorporation of protein sequences by surface modification, or by pre-encapsulation of

instructive factors in microspheres and subsequent loading of the porous scaffolds

manufactured from the SPEUs.

As presented in Chapter 3, physical deposition of protein to enhance cell adhesion

resulted in an instable layer. In turn, covalent bonding via chemical surface modification

could result in impaired protein mobility and disruption of conformation that is required

for cell binding. It has been postulated that covalent attachment of adhesive protein

sequences (short peptides) instead of whole proteins would be more beneficial in

enhancing cell adhesion33. Short peptides (e.g. RGD sequence instead of fibronectin) are

more stable against conformational change, their density on the surface can be easily

controlled and their orientation is expected to be more beneficial for ligand-acceptor

coupling and eventually cell adhesion31, 33. Surface modification of the SPEUs presented

in this thesis would comprise of an initial surface (e.g. plasma) treatment to introduce

functional groups on biomaterial surface34, 35 (hydroxyl, carboxyl and amino) followed by
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grafting of polymers with available –COOH groups and subsequent reaction with N-

terminus of peptides33.

Degradable microspheres can also be utilized to deliver instructive factors to meet a

specific application. Being chemically compatible with the SPEUs presented in this thesis,

SynBiosys™ multiblock copolymers, materials especially designed for drug delivery

purposes36 would be excellent candidates for delivery of instructive factors.

Furthermore, biodegradable PU scaffolds described in this thesis can be seeded and

cultured with relevant (stem) cells prior to implantation. To achieve such tissue

engineered construct, a bioreactor especially designed to meet a particular soft tissue

regeneration application (e.g. pulsatile flow bioreactor for TE of vascular grafts) can be

employed. Although there are some promising examples of bioreactors37, 38, this

technique would have to be custom designed per a specific application which would

endanger its commercialization. An alternative, more convenient and more effective

approach includes injecting scaffold constructs with progenitor cell dispersion shortly

prior to implantation. For instance, endothelial progenitor cells (EPCs) and their trans-

differentiated progeny39, could be seeded (injected) as smooth muscle cell equivalents

inside the wall of the porous scaffolds prepared from the SPEUs presented in this thesis.

Combined with delivery of instructive factors, such a scaffold would provide optimal

conditions for regeneration of soft tissues.

6. Concluding remarks

Segmented polyester urethanes (SPEUs) allow for wide range of properties by a choice

of building blocks and their ratio. In this thesis, we presented novel, biocompatible SPEU

scaffolds for soft tissue regeneration with an enhanced degradation when compared to

poly(caprolactone)-based SPEUs. The degradation has been tuned by introducing co-

monomers and a diisocyanate susceptible to hydrolysis. Chemically modified SPEUs

(PBCL-PUs and PAUs) were preferentially surface eroded, which is more desirable than

exclusive bulk degradation. Porous scaffolds prepared from the SPEUs were

interconnected and provided a good matrix for infiltration of leukocytes, throughout

vascularization and tissue formation in the pores. We have shown that the short-term (3

weeks) tissue response was mainly influenced by the degree of microphase separation

and the scaffold morphology. Long-term in vivo degradation of PBCL-PUs and PAU1000

should be performed with special emphases on extracellular enzymes that are associated

with degradation of biomaterials, such as esterases and proteolytic enzymes. The SPEUs

described in this thesis could be further improved to actively support and guide soft

tissue regeneration through delivery of instructive factors and hosting (progenitor) cells

relevant to a specific application.



Chapter 6

128

References

1. Bergsma JE, Bruin WC, Rozema FR, Bos RRM. Late degradation tissue response to

poly(L-lactide) bone plates and screws. Biomaterials 1995;16:25-31.

2. Böstman O, Pihlajamäki HK, Partio EK, Rokkanen PU. Clinical biocompatibility and

degradation of polylevolactide screws in the ankle. Clin Orth Rel Res 1995;320:101-109.

3. Heijkants RGJC, van Calck RV, van Tienen TG, de Groot JH, Buma P, Pennings AJ, Veth

RPH, Schouten AJ. Uncatalyzed synthesis, thermal and mechanical properties of

polyurethanes based on poly(e-caprolactone) and 1,4-butanediisocyanate with uniform

hard segment. Biomaterials 2005;26:4219-4228.

4. van Tienen TG. In vivo tissue engineering of the knee joint meniscus. University Medical

Centre Nijmegen, Nijmegen, The Netherlands; 2004.

5. Available at: http://www.orteq.com/index.php. Accessed on February 2010.

6. Hollister SJ. Scaffold design and manufacturing: from concept to clinic. Adv Mater

2009;21:1-13.

7. Brauker JH, Carr-Brendel VE, Martinson LA, Crudele J, Johnston WD, Jonhson RC.

Neovascularization of synthetic membranes directed by membrane microarchitecture. J

Biomed Mater Res 1995;29:1517-1524.

8. Heijkants RGJC. Polyurethane scaffolds as meniscus reconstruction materials. University

of Groningen, Groningen, The Netherlands; 2004.http://irs.ub.rug.nl/ppn/270337644.

9. Brown DW, Lowry RE, Smith LE. Kinetics of hydrolytic aging of polyester urethane

elastomers. Macromolecules 1980;13:248-252.

10. Pegoretti A, Penati A, Kolarík J. Effects of hydrolysis on molar mass and thermal

properties of poly(ester urethanes). J Therm Analysis 1994;41:1441-1452.

11. Gõpferich A. Mechanisms of polymer degradation and erosion. Biomaterials 1996;17:103-

114.

12. Pitt CG, Chasalow FI, Hibionada YM, Klimas DM, Schindler A. Aliphatic polyesters. I. The

degradation of poly(ε-caprolactone) in vivo. J Appl Polym Sci 1981;26:3779-3787.

13. Li S, Garreau H, Vert M. Structure-property relationships in the case of the degradation of

massive poly(-hydroxy acids) in aqueous media. J Mater Sci: Mater Med 1990;1:198-

206.

14. Pêgo AP, van Luyn MJA, Brouwer LA, van Wachem PB, Poot AA, Grijpma DW, Feijen J. In

vivo behavior of poly(1,3-trimethylene carbonate) and copolymers of 1,3-trimethylene

carbonate with D,L-Lactide or ε-caprolactone: Degradation and tissue responce. J Biomed

Mater Res Part A 2003;67A:1044-1054.

15. Lam CXF, Hutmacher DW, Schantz J-T, Woodruff MA, Teoh SH. Evaluation of

polycaprolactone scaffold degradation for 6 months in vitro and in vivo. J Biomed Mater

Res Part A 2009;90A:906-919.

16. Antheunis H, van der Meer J-C, de Geus M, Kingma W, Koning CE. Improved

mathematical model for the hydrolytic degradation of aliphatic polyesters.

Macromolecules 2009;42:2462-2471.



General discussions and perspectives

129

17. Nair LS, Laurencin CT. Biodegradable polymers as biomaterials. Prog Polym Sci

2007;32:762-798.

18. Kanamaru M, Takata T, Endo T. Sequence change of poly(N-acylurethane)s based on

transesterification. Macromol Chem Phys 1996;197:1795-1804.

19. Kim SH, Ha HJ, Ko YK, Yoon SJ. Correlation of proliferation, morphology, and biological

responses of fibroblasts on the LDPE with different surface wettability. J Biomater Sci:

Polymer Edn 2007;18:609-622.

20. Lee JH, Khang G, Lee JW, Lee HB. Interaction of different types of cells on polymer

surfaces with wettability gradient. J Colloid Inter Sci 1998;205:323-330.

21. Lelah MD, Cooper SL. Polurethanes in medicine. Florida: CRC Press Inc, Boca Raton;

1986.

22. Wang GB, Labow RS, Santerre JP. Probing the surface chemistry of a hydrated

segmented polyurethane and a comparison with its dry surface chemical structure.

Macromolecules 2000;33:7321-7327.

23. Voskerician G, Anderson JM, Ziats MP. High molecular weight kininogen inhibition of

endothelial cell function on biomaterials. J Biomed Mater Res 2000;51:1-9.

24. Heijkants RGJC, van Calck RV, de Groot JH, Pennings AJ, Schouten AJ. Design, synthesis

and properties of a degradable polyurethane scaffold for meniscus regeneration. J

Biomater Sci: Mater Med 2004;15:423-427.

25. Kannan RY, Salacinski HJ, Sales K, Butler P, Saifalian AM. The roles of tissue engineering

and vascularization in the development of micro-vascular networks: a review.

Biomaterials 2005;26:1857-1875.

26. Hilborn J, Bjursten LM. A new and evolving paradigm for biocompatibility. J Tissue Eng

Regen Med 2007;1:110-119.

27. Santerre JP, Labow RS, Duguay DG, Erfle D, Adams GA. Biodegradation evaluation of

polyether and polyester-urethanes with oxidative and hydrolytic enzymes. J Biomed

Mater Res 1994;28:1187-1199.

28. van Amerongen MJ, Harmsen MC, Petersen AH, Kors G, van Luyn MJA. The enzymatic

degradation of scaffolds and their replacement by vascularized extracellular matrix in the

murine myocardium. Biomaterials 2006;27:2247-2257.

29. Luttikhuizen DT, van Amerongen MJ, de Feijter PC, Petersen AH, Harmsen MC, van Luyn

MJA. The correlation between difference in foreign body reaction between implant

locations and cytokine and MMP expression. Biomaterials 2006;27:5763-5770.

30. Ronneberger B, Kao JW, Anderson JM, Kissel T. In vivo biocompatibility study of ABA

triblock copolymers consisting of poly(L-lactic-co-glycolic acid) A blocks attached to

central poly(oxyethylene) B blocks. J Biomed Mater Res 1996;30:31-40.

31. Tirrell M, Kokkoli E, Biesalski M. The role of surface science in bioengineered materials.

Surface Sci 2002;500:61-83.

32. Boontheekul t, Mooney DJ. Protein-based signaling systems in tissue engineering. Current

Oppinion in Biotech 2003;14:559-565.



Chapter 6

130

33. Ma Z, Mao Z, Gao C. Surface modification and property analysis of biomedical polymers

ued for tissue engineering. Colloid Surf B: Biointerfaces 2007;60:137-157.

34. Chu PK, Chen JY, Wang LP, Huang N. Plasma-surface modification of biomaterials. Mater

Sci Eng R 2002;36:143-206.

35. Vidaurre EFC, Achete CA, Gallo F, Garcia D, Simão R, Habert AC. Surface modification of

polymeric materials by plasma treatment. Mater Res 2002;5:37-41.

36. Available at: http://www.innocore.nl. Accessed in April 2010.

37. Soletti L, Nieponice A, Guan J, Stankus JJ, Wagner WR, Vorp DA. A seeding device for

tissue enginering tubular scaffolds. Biomaterials 2006;27:4863-4870.

38. Nieponice A, Soletti L, Guan J, Deasy BM, Huard J, Wagner WR, Vorp DA. Development

of a tissue-engineered vascular graft combining a biodegradable scaffold, muscle-derived

stem cells and a rotational vacuum seeding technique. Biomaterials 2008;29:825-833.

39. Moonen J-RAJ, Krenning G, Bringer MGL, Koerts JA, van Luyn MJA, Harmsen MC.

Endothelial progenitor cells give rise to pro-angiogenic smooth muscle-like progeny.

Cardiovas Res 2010;86:506-515.



Chapter 7

Summary





Summary

133

Most of the tissue engineering based regenerative therapies in order to treat damaged or

lost soft tissues depend on the use of biodegradable scaffolds. A functional scaffold

should provide a structural support whilst remaining transient until functional restoration

is achieved. Tissue restoration and function recovery can only be achieved if biomaterial

degradation, physiological turnover and new tissue formation are balanced.

Tunable mechanical properties, ease of processing and relatively good biocompatibility

render segmented polyester urethanes (SPEUs) attractive as biodegradable biomedical

materials. SPEUs based on polycaprolactone (PCL) soft segment have been thoroughly

investigated as biodegradable scaffolds for biomedical applications (e.g. meniscus

replacement). Although proven beneficial as long term implants, these materials degrade

very slowly and are therefore not suitable in applications in which scaffold support is

needed for a shorter time. Tunability of SPEUs allowed us to increase susceptibility of

these SPEUs to hydrolysis via chemical modification of either polyester soft segment or

by introducing more reactive (and hydrolyzable) hard segment. The aim of this thesis

was to design biocompatible SPEU scaffolds for soft tissue regeneration that would

gradually degrade faster than commercially available SPEUs evoking only a mild tissue

response. Cyto- and haemocompatibility of the novel SPEUs presented in this thesis were

assessed in vitro. Furthermore, we prepared porous scaffolds via a combined salt

leaching/thermally induced phase separation method and evaluated their biocompatibility

in vivo.

Chapter 1 provides an introduction into soft tissue restoration therapies and focuses

more specifically on the soft tissue regeneration by use of biodegradable polymers. In

this chapter, we also describe scaffold processing methods and degradation mechanisms

of biomaterials. Furthermore, we give an overview of the aspects involved in the

interaction of biomaterials with the surrounding tissue - biomaterial surface properties

related to cell adhesion and haemocompatibility, and foreign body reaction to

biomaterials. Finally, structure-property relationship characteristic for segmented

biomedical polyurethanes as the best candidates for soft tissue regeneration scaffolds

are discussed.

We hypothesized that the hydrolysis of PCL-based SPEUs can significantly be improved

by the introduction of a faster hydrolyzable hard segment derived from terephthaloyl

diisocyanate (TPHDI). In Chapter 2 we described the hydrolytic degradation of TPHDI-

containing polyacylurethanes (PAUs) in vitro. PAUs were shown to degrade via both bulk

and surface erosion mechanisms. Fourier Transform Infra Red (FTIR) spectroscopy was

successfully applied to study the extent of PAUs microphase separation during in vitro

degradation. Due to a faster hydrolyzable hard segment based on TPHDI and lower
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degree of microphase separation, PAUs were found to degrade much faster in vitro than

comparable PUs based on 1,4-butanediisocyanate (BDI) with the same polyester (PCL)

soft segment. Predominant chain scission at the surface led to different surface

properties of PAUs with respect to the bulk. Surface erosion and increased chain mobility

at the surface resulted in the increase of both soft and hard segment crystallinity upon

degradation. Generation of polar groups upon hydrolysis and the increase of the HS

content at the surface probably led to the increase in hydrophilicity, which further

rendered PAUs potentially cell adhesive. PAU1000 (molar mass of the oligocaprolactone

soft segment = 1000 g/mol) can be recommended as a potential scaffold material to be

used in regenerative medicine due to its optimal degradation behavior in vitro. In

Chapter 3 the potential to use PAUs as scaffolds for tissue engineering is further

investigated by assessing cell adhesion and haemocompatibility of these materials.

PAU1000 exhibited excellent haemocompatibility in vitro. In addition, PAU1000 supported

both adhesion and proliferation of vascular endothelial cells. The contact angle of

PAU1000 decreased in biological fluids. In endothelial cell culture medium the contact

angle reached 60°, which is optimal for cell adhesion. Taken together, these results

support the application of PAU1000 in the field of soft tissue repair as a temporary

degradable scaffold.

In order to design biomedical SPEUs that would hydrolyze faster than PCL-based SPEUs,

we chemically modified the soft segment too. In Chapter 4 we describe the synthesis of

γ-butyrolactone (γ-BL) and ε-caprolactone (ε-CL) co-polyesters (PBCL-PUs) by 1,4-

butanediol initiated ring-opening polymerization (ROP), catalyzed by Candida Antarctica

Lipase B (CAL-B; Novozyme 435). γ-Butyrolactone does not polymerize readily via 

conventional synthetic pathways. Enzymatic catalysis allowed for the incorporation of up

to 26 mol% of γ-BL in the oligodiols with relatively good product yield. Introduction of

hydrophilic γ-BL disturbed PCL crystallinity and resulted in enhanced hydrolytic

degradability of PBCL-PUs. Modification of the PCL-soft segment with introduction of γ-BL

resulted in twice as high hydrolysis rate of the SPEUs when compared to the SPEUs with

unmodified soft segment. The proposed manufacturing route to obtain oligodiols for the

synthesis of biomedical PUs is attractive due to the employment of the low-cost

monomers (γ-BL and ε -CL), efficiently and easily removable catalyst and low reaction

temperatures.

Soft segment modified BDI-based SPEUs were further processed into porous scaffolds

and implanted subcutaneously in rats for 21 days (Chapter 5). Tissue remodeling and

scaffold turnover was associated with a mild tissue response. This foreign body response

was characterized by extensive vascularization throughout the interconnected pores,
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with low numbers of macrophages and giant cells on the edges and extracellular matrix

components formation inside the pores of the implants. The tissue ingrowth appeared to

be related to the extent of microphase separation of the SPEUs and foam morphology. At

day 21, all of the implants were highly vascularized also confirming the superior quality

of the interconnected pore structure. At this time point, biodegradation of P(CL/D,LL)-PU

was already observed while the other two polyurethanes remained unaffected in this

relatively short period. The degradation of P(CL/D,LL)-PU proceeded without affecting

the newly formed tissue This polyurethane could be employed as a short-term

biodegradable scaffold in soft tissue (e.g. blood vessel) remodeling.

Finally, in Chapter 6 the morphological and surface properties of the novel SPEUs are

discussed with respect to their biological performance. We demonstrate that the in vitro

hydrolysis of the novel SPEUs is enhanced by the choice of soft and hard segment

building blocks. To fully characterize the in vivo degradation which is suspected to be

enzymatically catalyzed (by e.g. esterases, MMPs and other proteolytic enzymes), we

further suggest performing long-term (i.e. at least up to a year) in vivo study relevant to

a potential biomedical application. In Chapter 6 we also discuss how the SPEUs

described in this thesis could be further improved to actively support and guide soft

tissue regeneration through delivery of instructive factors and hosting progenitor cells

relevant to a particular application site. In this way, instead of acting only as a mare

support mash, new generation of “smart” SPEU scaffolds would actively induce and

guide specific soft tissue regeneration.
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De meeste op tissue engineering gebaseerde regeneratieve therapieën voor de
behandeling van beschadigd of verloren weefsel zijn afhankelijk van het gebruik van
biologisch afbreekbare scaffolds. Een functionele scaffold moet tijdelijk ondersteuning
bieden totdat functioneel herstel behaald is.
Het herstellen van functioneel weefsel is slechts mogelijk wanneer de afbraak van het
biomateriaal, de fysiologische turnover en de generatie van nieuw weefsel in balans zijn.
Gesegmenteerde polyester urethanen (SPEU's) zijn aantrekkelijke biologisch afbreekbare
scaffolds vanwege hun controleerbare mechanische eigenschappen, goede
hanteerbaarheid en goede biocompatibiliteit. SPEU's gebaseerd op polycaprolacton (PCL)
zachte segmenten zijn vaak onderzocht voor gebruik als biologisch afbreekbare scaffold
in biomedische toepassingen, bijvoorbeeld als vervanging voor de meniscus. Deze
materialen zijn erg geschikt voor gebruik in implantaten die lang blijven zitten, maar
omdat ze erg langzaam degraderen zijn ze niet geschikt voor toepassingen waar
ondersteuning slechts een korte periode nodig is. De controleerbaarheid van SPEU's
heeft ons in staat gesteld om de vatbaarheid voor hydrolyse van deze SPEU's te
verhogen via chemische modificatie van ofwel polyester zacht segment ofwel door de
introductie van reactiever (en hydrolyseerbaar) hard segment. Het doel van dit
proefschrift was het ontwikkelen van biocompatibele SPEU scaffolds die sneller
degraderen dan commerciëel verkrijgbare SPEU's voor de regeneratie van zacht weefsel.
De cyto- en hemocompatibiliteit van de in dit proefschrift beschreven SPEU's werden in
vitro bepaald. Verder werden poreuze scaffolds gemaakt via een combinatie van zout
uitlogen en thermisch geinduceerde fasescheiding, en de in vivo biocompatabiliteit van
deze scaffolds werd geëvalueerd.

Hoofdstuk 1 is een introductie in de therapieën gericht op het herstel van zacht weefsel
en is specifiek gericht op het herstel van zacht weefsel met behulp van biologisch
afbreekbare polymeren. In dit hoofdstuk worden ook methoden om scaffolds te
verwerken en de degradatiemechanismen van biomaterialen beschreven. Daarnaast
geven we een overzicht van de aspecten die een rol spelen bij de interactie van
biomaterialen met het omliggende weefsel – eigenschappen van het oppervlak van
biomaterialen in relatie tot celadhesie en hemocompatibiliteit, en de
vreemdlichaamsreactie op biomaterialen. Tenslotte worden de structuureigenschappen
die karakteristiek zijn voor gesegmenteerde biomedische polyurethanen besproken.

Wij hypothetiseren dat de hydrolyse van op PCL-gebaseerde SPEU’s significant verbeterd

kan worden door introductie van een hydrolyseerbaar hard segment afkomstig van

terephthaloyl diisocyanate (TPHDI). In hoofdstuk 2 wordt de hydrolytische degradatie

van TPHDI-bevattende polyacylurethanes (PAUs) in vitro beschreven. Wij hebben laten

zien dat PAU’s degraderen via zowel bulk als oppervlakte erosie mechanismen. Fourier

Transform Infra Red (FTIR) spectroscopie werd succesvol toegepast om te bestuderen in

welk mate PAU’s microphase scheiding ondergaan tijdens in vitro degradatie. Vanwege

een sneller hydrolyseerbaar hard segment gebaseerd op TPHDI en een mindere mate
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van microphase scheiding, degraderen PAU’s veel sneller in vitro dan vergelijkbare PU’s

gebaseerd 1,4-butaandiisocyanaat (BDI) met hetzelfde polyester (PCL) zachte segment.

Vooral ketenbreuk aan het oppervlak leidde tot andere oppervlakte eigenschappen van

PAU’s ten opzichte van de bulk. Oppervlakte erosie en een verhoogde chain mobility aan

het oppervlak leidden tot een verhoogde kristalliniteit van zowel de zachte als de harde

segmenten tijdens de degradatie. De vorming van polaire groepen tijdens degradatie en

de verhoging van de hoeveelheid HS aan het oppervlak leidden waarschijnlijk tot een

verhoging van de hydrophiliciteit, wat de PAU’s in potentie celadhererend maakte.

PAU1000 (met een molaire massa van het oligocaprolacton zachte segment van 1000

g/mol) kan aangeraden worden als een potentieel materiaal voor scaffolds voor gebruik

in regeneratieve geneeskunde vanwege zijn optimale degradatiegedrag in vitro. In

hoofdstuk 3 wordt het potentieel van PAU’s als scaffolds voor tissue engineering verder

onderzocht middels het bepalen van celadhesie en de hemocompatibiliteit van deze

materialen. PAU1000 liet een uitstekende hemocompatibiliteit zien in vitro. Verder

ondersteunde PAU1000 zowel de adhesie als de proliferatie van vasculaire endotheel

cellen. De contacthoek van PAU1000 verminderde in biologische vloeistoffen. In een

kweekmedium voor endotheelcellen werd de contacthoek 60°, wat optimaal is voor

celadhesie. Samen geven deze bevindingen aan dat PAU1000 toegepast kan worden als

tijdelijke afbreekbare scaffold binnen het veld van tissue engineering.

Om biomedische SPEU’s te ontwikkelen die sneller hydrolyseren dan op PCL-gebaseerde

SPEU’s hebben we ook het zachte segment chemisch veranderd. In hoofdstuk 4 wordt

de synthese van γ-butyrolacton (γ-BL) en ε-caprolacton (ε -CL) co-polyesters (PBCL-PUs)

via 1,4-butaandiol geïnitieerde ring-opening polymerisatie (ROP), gecatalyseerd door

Candida Antarctica Lipase B (CAL-B; Novozyme 435), beschreven. γ-Butyrolacton

polymeriseert niet gemakkelijk via conventionele synthese routes. Enzymatische catalyse

maakte de incorporatie van tot 26 mol% γ-BL in de oligodiols mogelijk, met een relatief

goede opbrengst. De introductie van het hydrophiele γ-BL verstoorde de kristalliniteit

van PCL en resulteerde in een verhoogde hydrolytische degradeerbaarheid van de PBCL-

PUs. Modificatie van het PCL-zachte segment door de introductie van γ-BL resulteerde in

een tweemaal snellere hydrolyse van de SPEU’s in vergelijking met SPEU’s met een

ongemodificeerd zacht segment. De voorgestelde synthetische route om oligodiols te

verkrijgen voor het maken van de biomedische PU’s is aantrekkelijk vanwege het gebruik

van goedkope monomeren (γ-BL and ε -CL), een efficient en makkelijk verwijderbare

catalysator en lage reactietemperaturen.

Op BDI gebaseerde SPEU’s met gemodificeerde zachte segmenten werden verder

verwerkt tot poreuze scaffolds en gedurende 21 dagen subcutaan geimplanteerd in
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ratten (Hoofdstuk 5). Het hermodelleren van weefsel en de afbraak van de scaffold

gingen gepaard met een milde weefselrespons. Deze vreemdlichaamsreactie werd

gekenmerkt door verregaande vascularisatie door de poriën van de scaffold heen, met

een paar macrophagen en giant cells aan de randen van de scaffold en de formatie van

extracellulaire matrix in de poriën van de matrix. De ingroei van weefsel leek gerelateerd

te zijn aan de mate van micophase separatie van de SPEU’s en de morphologie van het

schuim. Op dag 21 waren veel bloedvaten aanwezig in de implantaten, wat de

superieure kwaliteit van de poriënstructuur bevestigd. Op dit tijdspunt had er al

biodegradatie van P(CL/D,LL)-PU plaatsgevonden, terwijl de twee andere polyurethanen

onaangedaan bleven in deze relatief korte tijdsperiode. De degradatie van P(CL/D,LL)-PU

verliep zonder het nieuw gevormde weefsel te beïnvloeden. Dit polyurethaan zou

gebruikt kunnen worden als een snel afbreekbare scaffold voor tissue engineering van

zacht weefsel (bijv. bloedvaten).

Tenslotte worden in hoofdstuk 6 de morphologische en oppervlakte eigenschappen van

de nieuwe SPEU’s besproken met betrekking tot hun biologische prestatie. Wij laten zien

dat de in vitro hydrolyse van de nieuwe SPEU’s verbeterd is door de keuze voor zachte

en harde bouwstenen. Om de in vivo degradatie, die waarschijnlijk enzymatisch

gekataliseerd wordt (door bijv. esterases, MMP’s en andere proteolytische enzymen),

volledig te karakteriseren, stellen wij voor om een in vivo studie te doen die relevant is

voor een potentiële biomedische toepassing, over een langere periode (i.e. tenminste

een jaar). In hoofdstuk 6 bespreken we ook hoe de SPEU’s die beschreven worden in

dit proefschrift verder verbeterd zouden kunnen worden om actief tissue engineering te

ondersteunen en begeleiden middels de afgifte van instruerende factoren en incorporatie

van voorlopercellen die relevant zijn voor een specifiek toepassinggebied. Op deze

manier zou het een nieuwe generatie van “slimme” SPEU scaffolds actief tissue

engineering induceren en begeleiden, in plaats van alleen maar op te treden als

ondersteunend netwerk.
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