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1. Introduction 

Polymers are a versatile materials due to their excellent modification possibili-
ties. Physical and chemical properties of polymers, such as degradation rate and 
mechanical properties, can be tailored to suit specific needs in different appli-
cations. Therefore, polymers are used in numerous areas ranging from high vol-
ume to high-tech polymers. One prevalent type of high-tech polymers are bio-
medical polymers, which are used in applications in contact with the body, such 
as bone fixation devices, sutures, implants, tissue regeneration scaffolds and 
drug delivery devices.1  

Polymers have been used in biomedical applications for decades. The first so-
lutions utilized biostable polymers, such as silicones.2 Nowadays, the research 
of biomedical polymers often focuses on degradable and resorbable polymers. 
Biodegradable polymers are degraded due to biological activity, such as the ac-
tion of cells, whereas hydrolytic degradation of polymers is caused by water both 
in vivo and in vitro. Bioresorption or resorption on the other hand indicates that 
a substance is totally eliminated from an organism or bioabsorbed. Bioabsorp-
tion is defined as the uptake of degraded or dissolved substances which are me-
tabolized within an organism.3,4  

One of the most important properties of biomedical polymers is their biocom-
patibility, since a material having otherwise suitable properties may still pro-
duce adverse effects. Biocompatibility is defined as an ability to be in contact 
with tissue without unwanted side effects 3 and it determines whether the ma-
terial is suitable for a specific application.5–7 Biocompatibility depends on the 
biological environment, and thus it cannot be predicted from the lack of cyto-
toxicity in vitro. As biocompatibility is evaluated within the context of the ap-
plication, the degradation products of polymer should also be biocompatible. 7,8 

Tissue regeneration aims to support new tissue growth after trauma, whereas 
controlled drug delivery targets the release of drugs in controlled manner to a 
desired site.9,10 In this thesis, hydrolytically degradable polymers were synthe-
sized and investigated for both active agent delivery and tissue regeneration ap-
plications.  
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1.1 Polymer-based active agent delivery 

Modern drug delivery history is short. Before 1950, drugs were orally adminis-
tered as pills and capsules. Other conventional ways of drugs administration in-
clude oral formulations, injections, topical creams, and ointments. Conven-
tional drug administration methods have limitations: many drugs with low wa-
ter solubility or poor cell permeability cannot be given orally, injections affect 
usually only a short time and topical ointments and creams often have a limited 
local effect. Furthermore, all peptide, protein and nucleic acid drugs cannot be 
delivered through the oral route.11,12  

Polymer-based active agent delivery aims to overcome these limitations. Pol-
ymeric drug delivery devices are used to deliver drugs and active agents to the 
target tissue and to release them in a controlled manner. The goal in controlled 
drug delivery is to administer the drug with a predetermined rate and to keep 
the drug concentration at therapeutic level avoiding high, toxic concentrations 
and low, ineffective concentrations.9 Polymers can be utilized in delivering 
drugs for example through the oral route and with implants.11,13   

In addition to therapeutic drug delivery, these same advancements and mech-
anisms can be utilized in active agent delivery of different molecules, such as 
growth factors, vitamins, peptides and proteins. Thus, active agent delivery is 
used also in other applications than treating a disease.  

Mechanisms of drug release can be divided into four categories: diffusion, 
chemical reaction, solvent activation and stimulated controlled release.9,14 Com-
binations of these different mechanisms are possible. The chemical composition 
of the polymer intrinsically affects the release mechanism, as it determines 
whether a polymer degrades or swells. In addition, the properties of the drugs, 
such as molecular size and water solubility, impact the release of the drugs. In-
teraction between the polymer and drug as well as polymer network density in-
fluence the drug release. Furthermore, environmental factors, such as temper-
ature, pH, enzymes and the release medium, are instrumental in the drug re-
lease and thus must be considered.15,16  

Polymer architecture, such as porosity, size and shape of the device, can affect 
the drug release15. Porous samples release drug faster compared to solid ones  
and the drug release rate has been shown to increase as the surface area-to-vol-
ume ratio increases.16–18 Therefore, the polymer device structure is an important 
factor in drug delivery. 

To summarize, there are numerous aspects to consider in polymer-based ac-
tive agent delivery. As polymer, drug and geometry of the formulation all affect 
the drug release, each of the combinations must be tested in a relevant environ-
ment to evaluate their potential as drug delivery devices.  

1.2 Polymer enabled tissue engineering and regeneration  

Organ transplants save thousands of lives annually, but traditional methods are 
not able to keep up with the demand. Currently, more organs are needed than 
donated.19 In the year 2018, 36 528 organ transplants were performed in the 
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USA and 34 000 in the EU.19–21 These numbers do not include tissue trans-
plants. Furthermore, there is always a possibility of immunological rejection of 
the transplanted tissue.22 Regenerative medicine aims to offer a solution by 
providing synthetic alternatives for tissue transplants. 

Regenerative medicine is an umbrella term for a group of methods which uti-
lize cell and gene therapies and tissue engineering to regenerate tissues and or-
gans. Cell therapy introduces new cells into a tissue, whereas gene therapy cor-
rects genes which are responsible for disease.22 In tissue engineering (TE), the 
aim is to "improve or replace biological functions" by replacing or repairing a 
portion of tissues or organs.3 TE materials are meant to offer an alternative for 
donated tissues and organs,23 since they function as a template for tissue regen-
eration.24 

Polymers are used in tissue engineering as scaffolds to guide cell growth and 
new tissue regeneration;23,25 the logic being that a polymer scaffold mimics the 
extracellular matrix (ECM).26 TE scaffolds offer mechanical support and de-
grade as the new tissue is forming.25 By definition, tissue engineering combines 
polymer scaffolds and cells.3,22,24 However, polymeric scaffolds without cells are 
often referred to as tissue engineering scaffolds. In this thesis, polymeric scaf-
folds without cells are referred to as tissue regeneration scaffolds. 

Requirements for TE scaffolds are numerous. The polymer scaffold should be 
biocompatible and bioresorbable. The scaffold should be highly porous, with 
suitable pore size and interconnected porosity to enable new tissue in-growth 
and exchange of nutrients.23,25,27 In addition, bioactivity, a positive interaction 
with cells, is one of the requirements.23 Bioactivity can be obtained by incorpo-
rating additives such as growth factors,28 bioactive ceramics 29,30 and bioactive 
glass 31.  

The development of polymer processing methods provides possibilities to cre-
ate novel scaffolds for biomedical research. Supercritical carbon dioxide foam-
ing (scCO2) allows the preparation of highly porous polymer structures without 
organic solvents.32 Porous polymer structures prepared by scCO2 have been suc-
cessful as bone regeneration scaffolds in vivo.33,34 

In addition, the progress in additive manufacturing (AM) has tremendously 
increased the possibilities to manufacture pre-designed, highly defined archi-
tectures. AM is a group of technologies which use computer-aided design (CAD) 
to prepare three-dimensional structures in a layer-by-layer manner. By utilizing 
AM methods, it is possible to accurately control the porosity, surface to volume 
ratio and pore sizes of built structures. Furthermore, AM methods enable the 
preparation of patient specific scaffolds, which is a great advantage in tissue re-
generation.35–37 In this thesis, one of the AM methods, stereolithography (SLA), 
and scCO2 were used to prepare polymer structures from synthesized photo-
crosslinkable and thermoplastic polymers. 

1.3 Scope of the thesis 

The aims of this thesis are to i) tailor polymer properties for different biomedical 
applications, ii) prepare controlled 3D-structures for medical purposes and iii) 
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study the effect of polymer composition and structure on drug release. This will 
increase the knowledge in polymer modification and how the chemical structure 
of the polymer and drug affect the polymer degradation and drug release rate. 
The theoretical background of tailoring polymer properties, different structure 
preparation methods and targeted medical applications are discussed in chapter 
2. The materials and methods used to conduct the research are introduced in 
chapter 3. Chapters 4 and 5 present the obtained results and discuss them and 
future prospects.  

Table 1 illustrates the publication relationships. The research work in this the-
sis consists of four publications. In each of the publications resorbable polymers 
were used. The resorbable polyesters were polycaprolactone (PCL) and polylac-
tides (PLA) and their copolymers. Used polyethers were both three-armed and 
linear poly(ethylene glycol)s (PEG). Publications I and III focused on tailoring 
the degradation rate. In publications I, II, and IV porous structures were pre-
pared. Publications II and IV studied preparation of controlled 3D-structures 
by the means of SLA. Publications I, II and III studied drug release from poly-
mers. Tissue regeneration was the designed application in publications I and IV.  

Table 1. How the publications relate to one another. 

 Publication 
I 

Publication 
II 

Publication 
III 

Publication 
IV 

Polyesters: PCL and/or PLA X X X X 

Polyether: PEG X  X  

Tailored degradation rates X  X  

Porous architectures X X   

Controlled 3D structures  X  X 

Matrix for drug release X X X  

Tissue regeneration scaffolds X   X 

 
In publication I, thermoplastic lactone-based polymers were PEG-modified and 
blended with two bone growth inducing active agents. The aim was to modify 
polymer hydrophilicity, tailor the degradation rate and prepare porous struc-
tures by scCO2 foaming for bone tissue regeneration. Active agent release from 
porous and solid samples was studied and the effect of drug chemistry on the 
release was evaluated. Previously, preparation of porous structures by scCO2 has 
been focused on the foaming of neat polymers or polymer composites. Further-
more, drug release of these structures has not been widely researched. The first 
publication of this thesis increases the knowledge about active agent release 
from porous samples prepared by scCO2 foaming and how the active agent af-
fects to the foaming process. 

In publication II, ten scaffold structures with different porosities and pore 
sizes were designed digitally. Photo-crosslinkable, low molecular weight PCL 
macromer was synthetized and blended with model drug lidocaine. Different 
structures with varying porosity and surface-to-volume ratio were built with 
SLA. The architecture of the scaffolds was hypothesized to affect the drug re-
lease. AM methods enable accurate design of preparation of polymeric struc-
tures, and thus they have been used in preparation of drug releasing polymers. 
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However, the focus has been on fast degrading polymers prepared with other 
AM methods. The second publication increases the knowledge about prepara-
tion of drug releasing scaffolds with SLA and the release of lidocaine from these 
PCL structures.  

In publication III, photo-crosslinkable polymers with hydrolytically labile an-
hydride-linkages were synthetized. The aim was to prepare fast degrading, drug 
releasing photo-crosslinkable polymers for colon targeted drug release. The pol-
ymer degradation rate was modified by changing the molecular weight and hy-
drophilicity of the macromer. Previously, the degradation and drug release of 
the synthetized polymers in different pH conditions ranging from 2.1 to 12 had 
not been studied. Thus, the third publication increases the knowledge of degra-
dation and drug release behavior of anhydride-modified PCL- and PEG-macro-
mers. 

In publication IV, PCL-macromer was synthetized and utilized in the prepa-
ration of neural conduits with SLA. The aim was to prepare tubular structures 
with different geometries, fill the tubes with cryogel and test their performance 
as neural conduits in vivo. SLA was hypothesized to be a feasible method for 
building tubular structures with designed geometries. Previously, SLA has been 
used to prepare neural conduits from poly(ethylene glycol) diacrylate (PEGDA), 
whereas PCL has not been used. Thus, the fourth publication increases the 
knowledge about neural scaffolds prepared by SLA and especially feasibility of 
cryogel-filled PCL in nerve regeneration. 
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2. Theoretical background 

2.1 Resorbable polyesters and polyethers 

Polyesters and polyethers (Figure 1) are groups of polymers widely used in bio-
medical applications. The most commonly researched polyesters are polycapro-
lactone, polylactides, polyglycolide and their copolymers, which are biocompat-
ible, biodegradable and bioresorbable. Poly(ethylene glycol) is a widely used 
polyether. PEG is not biodegradable, however low molar mass PEG is bioresorb-
able. A polymer with a high molecular weight must undergo degradation before 
it can be eliminated through bioresorption.3  
 

 

Figure 1. a) Ester bond and b) ether bond. R and R' are chains consisting of carbon, hydrogen 
and oxygen. 

2.1.1 Modifiable polymer properties 

Polymer properties are modified chemically by changing the structure of the 
polymer. Modifications can be done for example by copolymerization and func-
tionalization. 

Hydrolytic degradation 
Polymers can be divided into biostable and biodegradable polymers.38,39 Biosta-
ble polymers maintain their initial characteristics when in contact with living 
systems, whereas biodegradable polymers degrade in these conditions.3 Degra-
dation is the process where a polymer chain is cleaved, resulting in decreased 
molecular weight.40 Polymer degradation can be either hydrolytically or enzy-
matically activated. Hydrolytic degradation (hydrolysis) is caused by water and 
thus it can occur in any water-containing environment. Biodegradation on the 
other hand refers to cell-mediated degradation in vivo. According to the Inter-
national Union of Pure and Applied Chemistry (IUPAC) definition, a polymer 
degrading in vivo solely due to the water present in the tissues is hydrolytically 
degradable, not biodegradable.3 

The polymer backbone has an important role in determining polymer degra-
dation. Hydrolytic degradation of polyanhydrides in vitro takes some hours, 

a) b)
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polyesters degrade in years, whereas polyamides take thousands of years to de-
grade.41 The hydrolytic degradation rate can be modified by tailoring polymer 
hydrophilicity. Thus, increasing polymer hydrophilicity increases the hydrolytic 
degradation rate,41,42 whereas the degradation rate can be decreased by intro-
ducing hydrophobic alkenyl chains into the polymer backbone.43 Polymers can 
also be functionalized with hydrolytically labile linkages, such as anhydride-
linkages, to increase the degradation rate.44,45 In addition, copolymerization and 
the ratio of comonomers in a polymer affect degradation behavior.46–48 

Degradation mechanisms can be divided into bulk and surface erosion. The 
mechanism depends on water diffusion into the polymer matrix, matrix dimen-
sions and the nature and amount of labile bonds.49 Bulk degrading polymer 
specimens retain their mass and size as the molecular weight of the polymer is 
decreasing throughout the specimen. 40 Finally, when the molecular weight of 
the polymer is low enough, the specimen undergoes fragmentation. Surface 
eroding polymer specimens loose material from the exterior surface of the de-
vice, keeping the shape while size is decreasing.41 Surface erosion occurs when 
water penetration into the polymer matrix is slower than the degradation of the 
material.42 Therefore, surface eroding polymers have a hydrophobic backbone. 
Polymer degradation usually is a combination of both surface and bulk degra-
dation.  

In addition to chemical structure, the molecular weight of the polymer, unre-
acted monomers, impurities and additives affect the degradation.50,51 Further-
more, processing methods, sterilization, device morphology, geometry and size, 
and environment, especially pH and temperature, are instrumental in the deg-
radation behavior.49,52  

Polymer hydrophilicity 
Hydrophilicity describes the extent to which a polymer is attracted to water. If 
water molecules have stronger attraction to a surface than to each other, the 
material wettability is high.5 Hydrophilicity in polymers is due to polar groups, 
such as hydroxyl, carboxyl and amino groups.53–55 In addition, oxygen in ether 
groups interact with water molecules forming hydrogen bonds. Thus water sol-
uble poly(ethylene glycol) is used to increase hydrophilicity by co-polymeriza-
tion.56,57 Surfaces can also be modified with plasma treatment and alkaline hy-
drolysis.54,58 

The hydrophilicity of a material can be evaluated by contact angle analysis 
where a water droplet is placed on the surface and the angle between the surface 
and droplet is measured (Figure 2). Generally, a surface is qualified as hydro-
philic when the static water contact angle is less than 90°, hydrophobic when it 
is more than 90° and superhydrophobic when it is over 150°.59 However, a cutoff 
angle of 65° is also proposed, which is based on long-range hydrophobic inter-
actions.5 

Hydrophilicity is an important factor in biomedical polymers, since it also af-
fects cell adhesion and protein adsorption.6 Proteins adsorb to hydrophobic sur-
faces in aqueous environment because interfacial energy of proteins with the 
surface is lower than that with water molecules.5 On the other hand, high hy-
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drophobicity may lead to low surface wettability and thus difficulties in cell at-
tachment.60,61 Therefore, neither a highly hydrophobic or highly hydrophilic 
surface is desired for biomedical applications.62 Contact angle of 40-80° is re-
ported to be optimal for adherence of multiple cell types.63–65 

 

Figure 2. Illustration of contact angles. 

Thermoplastic and thermoset polymers 
Polymers are divided in two main groups: thermoplastics and thermosets. Ther-
moplastic polymers usually consist of long, high molecular weight polymer 
chains, which soften and melt when heated. Individual chains are not covalently 
linked with each other, whereas thermoset polymers form a crosslinked network 
structure upon fabrication and cannot be thermally processed.66 Both thermo-
plastic and thermoset polymers are used in biomedical applications.  Selection 
depends on the application and processing method. For example, certain addi-
tive manufacturing methods, such as stereolithography, require photocrosslink-
ing ability from the polymer. Supercritical carbon dioxide foaming on the other 
hand is used to prepare porous structures from thermoplastic polymers. 

Crystallinity 
The crystallinity of polymers depends on their molecular structure. Polymer 
chains with regular and usually linear structures are folded into crystallites. As 
these crystalline polymers are heated to their melting point, Tm, the folded struc-
ture becomes unstable and disorders. If the polymer chains are not regular and 
cannot form crystallites, they are amorphous. As an amorphous polymer is 
cooled below their glass-transition temperature, Tg, the polymer becomes more 
brittle, stiff and rigid.66 Usually polymers are either semi-crystalline, meaning 
that they are partially crystalline, or amorphous.67 

Crystallinity has a significant effect on the polymer properties. High crystal-
linity has been shown to result in slower hydrolytic degradation rates in polylac-
tides, since it slows down water diffusion into the polymer.51,52 Crystallinity may 
also lead to degradation in two stages. First, water penetrates to amorphous re-
gions, which degrade. Subsequently, remaining crystalline regions start to de-
grade.50,51,68,69 Crystallinity in polylactides has also been shown to slow down 
drug release.70 In addition, the scCO2 foaming process is highly affected by the 
crystallinity, since carbon dioxide penetrates more easily into amorphous re-
gions compared to crystalline ones.71–73 

Molecular weight 
The molecular weight of a polymer significantly affects the properties and pro-
cessing of polymers. Increasing molecular weight usually results into a higher 

65° 90° 150°
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viscosity and enhanced mechanical properties.74,75 In addition, Tg increases with 
increasing molecular weight at low molecular weights until moderate Mn is 
reached. After that, a further increase in the Mn has only little effect on Tg. Mn 
has similar effect also on Tm: as Mn is increasing, the Tm also increases.66 The 
molecular weight has been shown to effect the degradation rate: high molecular 
weight resulted in faster degradation compared to low molecular weight capro-
lactone/lactide-copolymers.76 

2.1.2 Biocompatible polyesters and polyethers 

There are several biodegradable polyesters, including polydioxane, poly(3-hy-
droxybuturate, polyvalerolactone, polylactide, polycaprolactone and polygly-
colide.77 Three commonly studied biocompatible and bioresorbable polyesters 
are polyglycolide (PGA), polylactide (PLA) and polycaprolactone (PCL) and 
their copolymers.78 PGA degrades hydrolytically the fastest, usually in less than 
one year, whereas degradation time for PLA is more than two years and poly-
caprolactone up to 2-4 years. Furthermore, the starting molecular weight affects 
to total degradation time.1,79   

Authority approval from the US Food and Drug Administration (FDA) or Eu-
ropean regulatory systems is needed before utilizing polymers in medical appli-
cations. PGA, PLA and PCL are often stated to be “FDA approved”. However, 
the FDA does not approve polymers. Instead, it approves the medical device 
with the intended use and evaluates if the technical characteristics and material 
are safe. Over the years, several medical devises consisting of PGA, PLA and PCL 
have been FDA approved. Even though they are approved in these specific pur-
poses, they cannot be used in all medical devices.80–82  

In this thesis, resorbable thermoplastic and photo-crosslinkable polyesters 
and polyethers were synthetized. Synthetized polyesters were based on capro-
lactone and lactide. Widely researched PGA is also introduced, since it is often 
co-polymerized with PLA. Polyether PEG was used to modify the degradation 
rates of polymers.  

Polycaprolactone 
PCL is usually synthesized by ring opening polymerization using ε-caprolactone 
as a monomer (Figure 2). PCL is hydrophobic polymer, which is degrading 
through bulk degradation.79,83 Thermoplastic PCL is semi-crystalline (Tm 60°C, 
Tg -54°C) and it has high elongation at break (>700%) and low tensile strength 
(23MPa).1,84 Photo-crosslinked PCL has lower tensile strength (2-3MPa) and 
elongation at break (20-80%) depending on the molecular weight of 
macromer.85    

Figure 3 shows the repeating unit of PCL and its hydrolytic degradation prod-
uct 6-hydroxyl caproic acid.79,86 During metabolization, 6-hydroxyl caproic acid 
is further reacted to acetyl coenzyme A, which is processed in the citric acid cycle 
and eliminated from the body.79 
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Figure 3. a) ε-caprolactone, b) repeating unit of PCL and c) PCL hydrolytic degradation product 
6-hydroxyl caproic acid.

PCL has high drug permeability and thus it has been used as a long-term drug 
delivery material.1 PCL and its copolymers and composites have been widely 
studied in tissue engineering for regeneration of different tissues, such as 
bone,87–89 skin,90–92 nerve 93–96  and vascular tissues.97–100  

Polylactides  
Polylactides (PLA) can be prepared from lactic acid and lactides. Monomers ex-
ists in two optically active forms due to its chirality: D and L.  Lactide also has a 
third form, meso-lactide. If higher molecular weight is desired, ring opening 
polymerization of lactide is preferred, since polycondensation of lactic acid re-
sults in lower molecular weights. Therefore, four different forms of PLA, poly(L-
lactic acid) (PLLA), poly(D-lactic acid) (PDLA), poly(D,L-lactic acid) (PDLLA) 
and meso-poly(lactic acid), can be synthesized.1,50 In Figure 4, the two different 
lactide rings, repeating unit of PLA and degradation product lactic acid are pre-
sented. 

Depending on the monomers used, polylactides have different chemical struc-
tures and thus properties. PLLA degrades slower than PDLLA, it is semicrystal-
line and has higher mechanical strength. PDLLA on the other hand is amor-
phous due to the random positioning of the isomeric monomers. Semicrystal-
line PLA has lower elongation at break (4%) and higher tensile strength (50-
70MPa) compared to PCL.84,101–103 The flexural modulus of thermoplastic PLLA 
is 4GPa, whereas photo-crosslinked PDLLA has a flexural modulus of 2.5-
3.5GPa.104 PLLA and PDLLA have shown promise in biomedical research.1 

The degradation products of polylactides are lactic acids, which are natural 
metabolites in the body.61 The lactic acid is normally present in the body as L-
lactic acid and thus PLLA and its copolymers are often favored.77 Lactic acid can 
be removed from the body via metabolic pathways, which makes polylactides an 
interesting material for biomedical applications. However, degrading polylac-
tide reduces the local pH, which might be harmful for tissue.105 

 

Figure 4. a) D-lactide, b) L-lactide, c) repeating unit of PLA and d) PLA hydrolytic degradation 
product lactic acid.

a) b) c)

a) c) d)b)
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PLLA is used in applications requiring mechanical strength, such as bone fix-
ation.106 PLLA and PDLLA are used as copolymers or composites in several tis-
sue regeneration applications, including bone,107–110 cartilage,111,112 and neural 
regeneration.113,114 

Polyglycolide 
Polyglycolide (PGA) is synthesized from glycolic acid or glycolide (Figure 5). 
Usually ring-opening polymerization is preferred, since it results in higher mo-
lecular weight, better mechanical properties and narrower molecular weight 
distribution. PGA is rigid, semi-crystalline and has a melting temperature at 
225°C and glass transition at 36°C.84 PGA has high tensile strength (12.8GPa), 
which is significantly higher compared to that of PLLA.115 

The degradation product of PGA is glycolic acid, which is a natural metabolite 
in the body. PGA is highly sensitive to hydrolytic degradation, which compli-
cates usage of common processing techniques. In addition, high melting tem-
perature and low solubility in common solvents limit the processing possibili-
ties. Since PGA degrades to glycolic acid, it can also cause increased local acid 
concentrations.84 

     

Figure 5. a) Glycolide, b) repeating unit of PGA and c) PGA hydrolytic degradation product gly-
colic acid.   

PGA and its copolymer with PLA are commercially used as sutures. PGA is often 
used as a copolymer with PLA (poly(glycolide-co-lactide), PLGA) or other poly-
mers, since PGA degrades fast. Biomedical applications areas of PGA and its 
copolymers are numerous, such as drug delivery, wound closure and bone fixa-
tion.84,115–117 

Poly(ethylene glycol) 
Poly(ethylene glycol)s are synthetized via by polycondensation reaction of eth-

ylene glycol, which produces a low molecular weight polymer. High molecular 
weight polymers are synthetized by using ethylene oxide as a precursor resulting 
in poly(ethylene oxide) (PEO), which has the same repeating unit as PEG.118 
PEG with low molecular weight (<1000g/mol) is a viscous liquid and as the 
molecular weight increases, the appearance becomes solid. The melting 
temperature of high molecular weight PEO is 65°C and Tg=-58°C.119 Figure 6 
shows ethylene glycol, ethylene oxide and repeating unit of PEG and PEO.  

                  

Figure 6. a) Ethylene glycol, b) ethylene oxide, c) repeating unit of PEG and PEO.

c)a) b)

c)a) b)
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PEG is widely used and researched for biomedical applications. Unlike 
polyesters, PEG is not degrading hydrolytically. However, it is hydrophilic and 
dissolves in water. Small PEG molecules are removed from the body by 
metabolization,120 and thus small PEG molecules can be considered 
bioresorbable. The limit for PEG elimination from the body is reported to be 
around 30000-40000g/mol.120–124 In these studies, PEG was administred 
intravenously, not in the form of a scaffold or implant. Since PEG is not 
hydrolytically degradable, bioresorbable PEG is obtained by incorporating 
hydrolytically labile bonds to its backbone and thus avoiding excessively  long 
PEG segments, which are not bioresorbable.125,126 In addition, enzymatically 
cleavable peptides have also been used, resulting in enzymatically degradable 
PEG.127–129 Eventhough PEG is not hydrolytically degradable, it degrades 
through oxidative degradation. In the body, there are reactive oxygen species, 
which may degrade PEG in vivo.130–132 

PEG is used in the biomedical field in drug delivery applications and tissue 
engineering scaffolds.133 In drug delivery, PEG has already been used for 30 
years to improve drug stability and solubility and lenghten the drug half-life in 
blood circulation.134,135 

Lactone-based copolymers 
Copolymers have significantly different properties compared to homopolymers. 
For example, copolymers consisting of 50% glycolide and 50% L-lactide de-
grades faster compared to their respective homopolymers.136,137 In addition, 
crystallinity is lost with certain comonomer ratios.138,139 The comonomer ratio 
has been shown to effect drug release. With copolymers of lactide and caprolac-
tone, high lactide content resulted in burst release of drug whereas copolymers 
with high CL content showed steady drug release by diffusion.140 

All of the presented polyesters, PCL, PLA and PGA, form acidic degradation 
products. Even though they are natural metabolites, local acid concentrations 
may rise as the polymers degrade. Releasing acids may be harmful for the re-
generating cells and surrounding tissue, especially if the polymer degrades fast. 
In bone regeneration applications, bioactive ceramics and bioactive glass are of-
ten used. They may offer a solution neutralizing the acids. It has been shown 
previously, that β-tricalcium phosphate decreased the degradation rate of PLA 
and prevented autocatalysis reaction.141 On the other hand, bioactive glass 
(BAG) has been shown to increase water absorption and thus degradation rate 
of copolymers of CL and LA.142 

Anhydride-modified polyesters and -ethers  
An anhydride-linkage degrades fast in aqueous conditions 42 and forms carbox-
ylic acid.143 The hydrolysis is base-catalyzed 144 and degradation is pH depend-
ent. An anhydride-linkage degrades fast in neutral and basic conditions, and is 
more stable in acidic conditions.42,145 

Anhydride-linkages have been used to modify the degradation rate of polyes-
ters 43,44,83,145–149 and polyethers 150 in vitro and in vivo. Degradation of PCL-
based poly(ester anhydride)s is significantly faster compared to PCL: from two 
days to several weeks. PEG does not degrade hydrolytically, however it can be 
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modified by copolymerization and labile bonds to obtain degradability. Kim et 
al. applied anhydride-modification to linear PEG and poly(tetramethylene gly-
col) (PTMG). The crosslinked polymers had total degradation times between 2 
hours to 2 days.150 

2.2 Methods to generate porous polymer structures 

In tissue engineering applications, porous structures are required to enable the 
new tissue ingrowth.25 Therefore, different methods to generate porous polymer 
scaffolds are widely researched. Particulate leaching, electrospinning, and 
scCO2 foaming are examples of methods to generate random porosity to poly-
mer structure, whereas additive manufacturing (AM) methods enable prepara-
tion of predesigned structures. Conventional methods to prepare random po-
rous structures often use solvents, such as particulate leaching and electrospin-
ning introduced in this chapter. In this thesis, scCO2 foaming was used to gen-
erate polymer scaffolds random porosity in the publication I and highly con-
trolled architectures were prepared by AM method stereolithography in publi-
cations II and IV.  

2.2.1 Particulate leaching 

The particulate leaching technique is based on leaching water soluble salt (such 
as NaCl and NaHCO3)151–153, sucrose 154–156 or polymer (usually PEG)157,158 to 
generate porous polymer scaffolds. In theory, the particulate leaching method 
is simple: particles are mixed with a polymer and leached away with water.151 
Porosity is controlled by the volume of the particles and pore size and shape is 
given by the leachable particle. Therefore, the amount of leachable particles has 
to be high enough to form interconnected porosity and to enable the leaching 
process.25  

The method can be used to generate pores in both thermoplastic and photo-
crosslinked polymers.25,151,159,160 Thermoplastic polymers are mixed with parti-
cles in a polymer powder form or dissolving the polymer in organic solvent, 
which do not dissolve the particles. Photo-crosslinkable macromers are mixed 
with leachable particles prior the crosslinking step. Subsequently, the mold is 
filled with dissolved thermoplastic polymer or liquid macromer, solvent is re-
moved or polymer network is formed, and finally the particles are leached.  

There are two main drawbacks in the particulate leaching method. As the pore 
shape is a replica from the particle, there might not be connections between the 
pores or they are too small for tissue ingrowth.161 Organic solvents or leachable 
particles may leave residues in the scaffold, thus harming adhering cells or tis-
sues in contact with the scaffold. Using the solvent also limits the size; the scaf-
fold should be thin to enable the solvent evaporation.162 In order to overcome 
these drawbacks, combining continuous leachable polymers has been utilized.25 

Bioresorbable polymers used to prepare scaffolds with the salt leaching 
method include PLLA, PCL, poly(ε-caprolactone-co-DL-lactide)160 and 
poly(DL-lactic-co-glycolic acid).163 Bioactive components, such as hydroxyap-
atite 163 and bioactive glass 160 have been incorporated into these scaffolds.   
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2.2.2 Electrospinning  

Fiber-based scaffolds are prepared with electrospinning (ES), which has been 
used since the 1930s.79 ES produces ultra-fine polymer fibers with diameters 
ranging in nanometer to micrometer scale and scaffolds with high surface to 
volume ratio.164,165 In the ES process, a droplet of polymer solution or polymer 
melt is electrically charged and drawn through a voltage gradient. This creates 
fibers, which are collected layer-by-layer on a grounded surface. During the pro-
cess, solvent is evaporated.166 The structures produced with ES have high per-
meability, which is desired feature for TE scaffolds. The ES method is inexpen-
sive and it can be used with a variety of polymers. However, the process requires 
usage of organic solvent and high volume scaffolds with large pore size are dif-
ficult to produce.79 

Polymers used in ES include PLGA,165 PCL 167 and PCL blends with PLA,168 
PLGA,169 PEO,166 and polyurethane (PU)170. PCL is the most used polymer for 
ES technique.79 The application areas have been in drug delivery,171 wound 
dressing,172,173 and tissue engineering.167 In addition, composite scaffolds of PCL 
and tricalcium phosphate (TCP) for bone tissue engineering have been stud-
ied.174 

2.2.3 Supercritical carbon dioxide foaming 

Supercritical CO2 (scCO2) foaming was developed in 1996 by Mooney et al.73 
scCO2 foaming is an inexpensive and environmentally friendly way to produce 
porous structures, since it does not require organic solvents.175 The low pro-
cessing temperature may allow the use of thermo-sensitive molecules/com-
pounds, plasmids and even cells.32,71 In addition, the foaming process may re-
move unreacted monomers, catalysts and initiators from the polymer and it can 
be used for sterilization under specific conditions.176–181 

In the scCO2 process, supercritical CO2 diffuses into the polymer matrix, plas-
ticizes and softens the polymer. Subsequently, depressurization leads to super-
saturated solution and bubble nucleation. As the CO2 escapes from the polymer, 
pores are formed. The pore structure is controlled by adjusting the processing 
parameters (temperature during processing, CO2 saturation pressure, soaking 
time, and depressurization rate). By optimizing these properties, intercon-
nected porosity and desired pore sizes can be obtained.32,175,182,183 scCO2 foaming 
results in a polymer skin on the porous sample.71,184 

As the solubility and diffusivity of CO2 into the polymer are instrumental in 
pore formation, the molecular structure greatly influences the foaming process 
and optimal process parameters. First of all, crystallinity affects the foaming 
process significantly. CO2 has slower diffusivity in highly crystalline polymers 
compared to amorphous ones, in addition the solubility of crystalline regions in 
scCO2 is lower than that of amorphous.71–73 Secondly, carbonyl and ether groups 
enhance the dissolution of CO2 more compared to ester groups. The dissolution 
is based on Lewis acid-base interactions. Therefore, poly(ethylene glycol) (PEG) 
has stronger interactions with CO2 compared to polyesters.72  
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scCO2 foaming has been used to foam several different polymers for biomedical 
applications:  poly(L-lactide),73 poly(D,L-lactide),73,182 poly(caprolactone-co-
lactide),185 poly(pentadecalactone-co-caprolactone)186 and poly(methyl methac-
rylate).187 In addition, polymer blends with drug or growth-factors 28,188–192 and 
TCP 33,34 have been prepared. In this thesis, PEG-modified poly(caprolactone-
co-lactide)s with bone growth inducing active agents were foamed with scCO2 
in publication I.  

2.2.4 Additive manufacturing  

If well-defined pore architectures are desired, additive manufacturing (AM) 
techniques are preferred.85 AM technologies have gained wide interest in the 
biomedical field, both in TE and drug delivery.35 The first 3D printed tablet 
(Spritam®) utilizing one of the AM techniques (fused deposition modelling, 
FDM) is already FDA approved. Spritam® is an anti-epileptic product, which is 
administered orally and disperses in less than 5s in the mouth, delivering the 
drug faster compared to traditional products.193,194 
 AM consists of group of different techniques where the structure is built in a 
layer-by-layer manner. Before building the structure, a computer-aided design 
(CAD) model is created. With the CAD model, it is possible to control the exact 
dimensions of the structure, including pore architecture, surface to volume ratio 
and degree of porosity.75 The CAD model can be prepared by using 3D modelling 
software and mathematical equations27,195 or it can be derived from clinical im-
aging data, such as x-ray computed tomography196 and magnetic resonance im-
aging (MRI).35 

The history of commercial AM is said to date back to 1984, when a patent for 
Stereolithography Apparatus was filed by Charles Hull.35,197 In forty years, the 
selection of AM techniques has become dramatically wider and the techniques 
are increasing in popularity in biomedical field. About two dozen AM manufac-
turing methods are available 37 and new methods are developed continuously. 
The most common AM methods are inkjet printing, selective laser sintering, 
FDM and vat photopolymerization. Vat photopolymerization is a group of AM 
techniques, which are based on photocrosslinking reactions. These techniques 
include stereolithography (SLA), continuous liquid interface production (CLIP) 
and two-photon polymerization (2PP). Vat photopolymerization is defined in 
ISO/ASTM 52900:2015 standard as “an additive manufacturing process in 
which liquid photopolymer in a vat is selectively cured by light-activated 
polymerization”. The additive manufacturing method used in this thesis was 
stereolithography, which is presented in the following chapter. 

2.2.5 Stereolithography 

SLA is a photo-crosslinking-based, high-resolution AM technique. During the 
manufacturing process, photo-crosslinkable liquid resin is solidified upon illu-
mination with UV or visible light. A laser beam or a digital light projector is used 
as the light source.27 If the equipment uses a light projector and exposes the en-
tire layer to the visible light, the process is referred as Digital Light Processing 
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(DLP).198 DLP-based SLA has shorter production times compared to traditional 
laser-based SLA.36 

The photo-crosslinking functionality of the resin can be obtained with differ-
ent chemistries. The resins are usually multifunctional epoxy, fumarate or 
(meth)acrylate macromers.85,198,199 Epoxy resins are cured in a step growth man-
ner with amines or anhydrides as curing agent and acrylate monomers are cured 
with radical chain growth reaction with photoinitiator. Acrylate resins undergo 
faster polymerization compared to epoxy resins. Methacrylates on the other 
hand react slower compared to acrylates, however they are less harmful.200 
Fumarates react slower than methacrylates and thus they can be crosslinked 
with comonomers or reactive diluents, which accelerate the crosslinking reac-
tion.201–203 

For accurate control over the detailed 3D structures prepared by SLA, the cure 
depth and viscosity of the resin 27,204 have to be carefully controlled. The light 
has to penetrate deep enough to enable the newest layer to attach to the previous 
layer. However, the penetration depth should not exceed the optimal curing 
depth, because that would cause over-crosslinking and thus decreased resolu-
tion. Over-crosslinking decreases the designed porosity and pore size.104,204 The 
penetration depth depends on the energy of light exposure. The energy of light 
exposure on the resin can be controlled by adjusting the intensity of the light 
source and exposure time. Some commercial SLA equipment do not allow con-
trolling the exposure time. In that case, the composition of resin can be adjusted 
by adding optical absorber (dye) into the resin and adjusting the amount of pho-
toinitiator. Addition of dye and photoinitiator are both decreasing the penetra-
tion depth. Dyes are used especially in resins for SLA using visible light. They 
compete with the photoinitiator in absorbing light thus improving the control 
over the penetration depth.36,198,205,206 

The viscosity of the resin used in SLA should be low enough, preferably around 
10Pa·s or lower.75,85,198,207–209 However, higher viscosities have been used in SLA 
204. The viscosity affects to the resin flow in resin tank during the printing and if 
it is too high, the resin might be unevenly distributed and thus printing might 
fail 198,207. The viscosity of the resin can be adjusted by adding diluents 75,104 or 
using elevated printing temperatures.85 Especially resins containing high mo-
lecular weight macromers may need viscosity adjustment.204 

Macromers used in the SLA are usually multi-arm molecules. Multi-arm mac-
romers have lower viscosities than linear macromers with the same molecular 
weight. Furthermore, the crosslinking density of multi-arm macromers is 
higher than that of linear macromers.55 As the desired resin viscosity and thus 
molecular weight is low, the relative amount of functional groups is high. This 
leads to high cross-link densities, resulting in increased stiffness and decreased 
toughness.74,198  

Polymers used in SLA include PCL,31,85 PDLLA,104 poly(DL-lactide-co-
caprolactone),27 poly(trimethylene carbonate) (PTMC),74,75,195,204 PU,210 
PEGDA,211–214 blend of PEGDA and PEG,215,216 poly(propylene fumarate) 
(PPF)206 and poly(ethylene-co-depsipeptide).129 In addition to neat polymers, 
different particles have been incorporated to SLA manufactured structures. 
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PTMC has been manufactured with hydroxyapatite (HA) and TCP,217,218 PCL 
with BAG,31 PEGDA+PEG blend with carbon nanotubes.216  

The different application areas utilizing SLA manufactured structures are var-
ious: meniscus implants from PTMC,204 nerve conduits from PEGDA and /or 
PEG,213,216 orbital floors from PTMC 217 and bone regeneration scaffolds from 
PDLLA.104 Furthermore, drug containing SLA structures have been prepared: 
PEGDA and PEG blend with salisylic acid as topical treatment of acne215 and 
PEGDA with 4- aminosalicylic acid and paracetamol for oral drug deliv-
ery.211,212,214 

In this thesis, SLA was used in publications II and IV. Publication II utilizes 
SLA in preparation of structures with designed porosities and surface to volume 
ratios to study active agent release from these structures. Publication IV on the 
other hand made use of SLA in the preparation of nerve guidance channels.  

2.3 Controlled active agent delivery  

New drug development is an extremely laborious and costly process. Pharma-
ceutical research and development (R&D) processes usually lasts 10 years or 
even more.219 The cost of obtaining market approval for  new drugs is estimated 
to be around 2.5B USD,220 however higher amounts have also been sug-
gested.221,222 Furthermore, it is suggested by DiMasi et al., that the R&D costs 
have recently been growing and the clinical success rates have been lower than 
previously.220 Since the cost of developing new drugs is so high, it has been pro-
posed that utilizing polymers and controlled active agent delivery would offer 
options to reduce the costs. First, controlled drug delivery with polymers could 
be used to improve the effect of existing drugs.9,223 Especially drugs with low 
solubility have low oral bioavailability and thus they benefit from advanced de-
livery methods.14 Second, polymers and additive manufacturing could be used 
for prototyping new dosage forms and thus lower the development expenses.224 

Polymers can be utilized in controlled active agent delivery for example by us-
ing drug- or active agent releasing implants and improving drugs effect in oral 
administration. By definition, in controlled delivery the active agent is released 
at a preferred rate and for a definite time period.3,9 Sustained release formula-
tions on the other hand slow down the drug release rate compared to conven-
tional orally administered pills.9,225 This kind of sustained release (also called 
delayed or prolonged release), which does not lead to a desired release profile 
(release rate and duration), should not be mixed with controlled release.3 In ad-
dition to controlling the duration and pace of drug administration, controlled 
active agent delivery is used to administer drug locally. This reduces the side 
effects as the drug is not administered systemically, but directly to the target 
tissue.226,227 Drug delivery systems can be divided in seven different categories: 
microsphere-depots, tumor-targeting nanoparticles, transdermal patches, ad-
vanced oral pills, inhalers, implants and anti-body–drug conjugates.228 
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2.3.1 Mechanisms in polymer based active agent delivery 

The mechanisms in drug and active agent release from polymers have been 
traditionally divided in three main groups: diffusion, chemical reaction and sol-
vent activation. In addition, a fourth group is suggested: stimulated controlled 
release.14 Diffusion controlled systems can be sub-divided into reservoir sys-
tems, where drugs are inside the polymer and matrix systems, where drugs are 
either dispersed or dissolved in the polymer, having an even distribution of 
drugs throughout the polymer. Chemical reaction mechanisms include polymer 
matrix degradation and polymer-drug conjugates. In the latter, drugs are cova-
lently attached to the polymers, and released as the drugs are cleaved from the 
polymer. Solvent activation includes swelling of polymer matrix and drug re-
lease by osmosis.9,15,229 Stimulated release systems release the drugs after a stim-
ulus, such as specific temperature, pH or ionic strength. In addition, a magnetic 
field, ultrasound or electricity can trigger drug release.230 Figure 7 summarizes 
the drug release mechanisms. Drug or active agent release is often a combina-
tion of these mechanisms. In this thesis, the focus lies on matrix type of polymer 
systems. 

 

 

Figure 7. Four groups of drug release mechanisms. 

Drug release rates are often divided to three patterns: zero-order (Equation 1), 
first-order (Equation 2) and square-root-of-time release (Equation 3). In the 
zero-order release, the drug release rate is constant, in the first order release, 
the drug release rate is declining exponentially, whereas in the square-root-of-
time release the release is proportional to the inverse of square root of time. 
Equations describing the rates are following:  

 =     (1) 

 =    (2) 

 = √    (3) 

 
where Mt is the mass of drug released, M0 is the mass of drug released at time 
t=0, t is time and k is constant.231 Figure 8 illustrates these different release pat-
terns. Zero-order drug release is favored in controlled delivery applications, 
since the drug is releasing at constant rate from that kind of systems. Zero-order 
release may be achieved with all of the mechanisms or their combinations, de-

Drug release mechanisms

Solvent activation
Swelling
Osmosis

Diffusion
Reservoir

Matrix

Chemical reaction
Degradation
Conjugates

Stimulated release
Temperature

pH etc.



Theoretical background 

20 

pending on the polymer composition or drug distribution in polymer ma-
trix.14,232 However, some applications may benefit from release pattern, where 
the initial drug or active agent release rate is higher and decreases over time. 
 

 

Figure 8. Examples of a) drug release and b) release rates with different release patterns. 

Drug release from biostable polymer matrices is diffusion or swelling controlled, 
whereas degradable polymer matrices usually release the drugs due to the deg-
radation of the polymer. However, slowly degrading polymers may have also 
have diffusional release as dominant mechanism.233 In addition, potential swell-
ing may be a remarkable factor in active agent release from degradable polymer 
matrices.  

In diffusion-controlled release, the active agents and drugs are moving from 
high concentration towards low concentration due to concentration differ-
ences.234 Thus, the diffusion distance affects the release rate and drugs are re-
leased faster from smaller structures compared to larger ones.14 Furthermore, 
the drug content in the surrounding media should not increase above the solu-
bility of drug, since that will limit the diffusion. Shaking or mixing are usually 
applied while conducting active agent release experiments in vitro to evenly dis-
tribute released drugs in the surrounding media.  

The release behavior is strongly dependent on the drug and active agent prop-
erties. Molecular weight, particle size, total drug loading and interaction be-
tween drug and polymer are instrumental.235,236 The drugs should be miscible in 
the polymer to enable the diffusion controlled release. If the drugs are dispersed 
in the polymer matrix, the solubility of the drugs in the polymer may be control-
ling the release.16,237 Therefore, the solubility of drugs in polymers determines   

 
1) whether the drugs are dispersed or dissolved in polymer matrix,  
2) the dissolution rate of dispersed drugs in the polymer matrix and  
3) the diffusion rate of drugs through the polymer matrix. 
 

Drugs diffuse more easily through amorphous segments of a polymer, thus high 
crystallinity may decrease the drug release rate.238,239 In crosslinked polymer 
networks, mesh size is also a factor affecting the drug release. The mesh size 
used to describe the space between the crosslinks and crosslinked chains. Drug 
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diffusion may be restricted if the mesh size is small and drugs cannot diffuse 
through the polymer.202,223,240–242 

Degradation controlled release is divided into bulk- and surface eroding sys-
tems. Surface eroding polymers are usually favored, since they enable delivering 
of hydrophobic molecules and macromolecules without restrictions in  diffu-
sion.243 Ideally, the degradation of the polymer matrix determines the drug re-
lease rate.244 However, highly hydrophilic drugs may release by diffusion faster 
than the polymer is degrading.15,245 Surface erosion enables zero-order release if 
the diffusion is minimal and the shape of the polymer matrix remains the 
same.246 

In the beginning, release from bulk degrading polymers is controlled by diffu-
sion or leaching due to the minor mass loss of the polymer. In the end of the 
degradation process, the polymer is totally eroding and disintegrating, which 
results in sudden release of the remaining active agents.247 Thus, drug release 
from bulk degrading polymers is affected by drug diffusion, as well as swelling, 
which is often present in bulk degrading polymers.15 

The swelling of polymer might result either in a decreased or increased drug 
release rate. First, swelling causes lengthening of the diffusion distance and sim-
ultaneously the concentration difference might change. The decreased concen-
tration gradient, which is the driving force for the diffusion, might result in de-
creased release rate. Second, the swelling increases the drug mobility by increas-
ing the volume of the drug delivery device, and thus especially macromolecules 
have more space to diffuse.248 In crosslinked networks, swelling increases the 
mesh size and thus it can be used to control the drug release.14 

In addition to the polymer composition and drug properties, the form of the 
delivery device has a significant role in drug release.15,233,249 The size, shape and 
porosity of the polymer matrix each have their own effect. Different shapes, such 
as cylinders, spheres and films have different surface to volume ratios and thus 
they vary in release profiles. Higher surface to volume ratio leads to faster drug 
release rate since the diffusion distance is decreasing.18,212,250 Porous samples 
release drugs faster compared to solid ones due to the higher surface to volume 
ratio.16,246 The diffusion distance is a remarkable factor with porous samples: 
longer diffusion distance of drug in water filled pores decrease the drug release 
rate compared to shorter diffusion distance.251 The pores should also be contin-
uous and large enough to enable the dissolved drug to diffuse out from the ma-
trix.252 Pore diameter adjustment can be used in controlling the drug release 
rate.253 Thus, drug release rate can be modified by changing the size, shape and 
porosity of the polymer matrix. Table 2 lists the factors affecting drug release. 
Several mathematical models for drug release have been developed.15,232–234,248 
The simplest models focus on only one of the mechanisms whereas drug release 
is often a combination of different release methods. Therefore, models for com-
plex situations combining different mechanisms have also been developed. 
However, the models are material, drug and formulation specific and thus uni-
versally applicable mathematical models have not been developed.15  
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Table 2. Factors affecting drug release rate and their effect. 

Factor Effect 
Po

ly
m

er
 Composition

Polymer composition affects the drug release 
mechanism 

Crystallinity
High crystallinity -> decreased drug release 
rate 

Mesh size
Smaller mesh size -> slower release or hin-
dered release 

M
at

ri
x 

Shape of matrix
High surface to volume ratio 
-> higher release rate 

Size of matrix 
Large device -> increased diffusion distance 
-> decreased release rate 

Porosity
High porosity and large pores 
-> increases release rate 

A
ct

iv
e 

ag
en

t 

Molar mass Small molecules diffuse easier 

Solubility to water Hydrophilic molecules diffuse faster 
Dissolved or 
dispersed 

Dispersed drug has to dissolve before diffusion 

Active agent loading Concentration difference is driver for diffusion 

Hydrophilicity 
Hydrophilic drugs may increase hydrolytic 
degradation rate 

E
nv

ir
on

m
en

t Temperature 
Higher temperature generally results faster 
degradation and drug release 

pH 
May affect polymer degradation rate or provide 
a stimulus for the release 

Enzymes May affect polymer degradation 

Mixing or shaking 
Affects the drug transition from polymer sur-
face to surrounding media 

 

2.3.2 Active agent releasing implants  

Drug releasing implants are used for different purposes. They are used to treat 
diseases and deliver active agents and drug locally and avoid systemic delivery, 
which may reduce side effects.254 There are commercially available implants for 
birth control and to treat eye diseases and cancer.228 Many of the implants are 
non-degradable and thus they have to be removed at the end of treatment. The 
removal operation is often more traumatic compared to the insertion making 
biodegradable implants an attractive option.255  

Tissue regeneration scaffolds can be seen as one type of active agent releasing 
implant. The fundamental idea in tissue regeneration scaffolds is that they sup-
port and guide the new tissue growth and degrade simultaneously as the regen-
erating tissue is replacing the scaffold. Tissue regeneration scaffolds may release 
drugs and active agents which simulate the new tissue growth. The growth fac-
tor used depend on the intended target tissue 256–258 as well as do the released 
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drugs. For example, the anti-inflammatory drug dexamethasone has been used 
in bone regeneration 259 and heparin in vascular repair.257 Furthermore, growth 
factor encoding DNA delivery has also been utilized.256,257,260 

In this thesis, SLA and scCO2 foaming were used to prepare drug releasing 
devises. SLA has not been widely used to prepare drug eluting scaffolds even 
though it has been extensively used in the preparation of polymer structures. 
Vehse et al. prepared hydrogel scaffolds from PEGDA. These hydrogels released 
acetylsalicylic acid within 3 hours.261 Supercritical CO2 foaming has also focused 
more on neat polymers and composites. However, some polymer and 
drug/growth-factor combinations have been studied, such as PDLLA,190,191,262 
PCL,188,189 PLGA 28 and poly(methyl methacrylate)–poly(l-lactic acid) blends.192 
The scaffolds released the active agents from several hours up to months de-
pending on the polymer composition.  

2.3.3 Colon targeted controlled release 

Oral delivery of drugs is the most convenient and thus the most common way of 
drug administration.263 Drugs are absorbed to body in different parts of the gas-
trointestinal (GI) tract: mouth, stomach, small intestine or colon. Colon tar-
geted drug delivery is needed to deliver unstable or hydrophobic drugs to the 
target area and treat disorders in the colon, such as carcinoma of the colon and 
inflammatory bowel disease.264–266 Furthermore, the colon can offer a site for 
therapeutic protein and peptide absorption.266,267 These kind of solutions are 
called oral colon drug delivery systems (OCDDSs). Conditions are changing 
throughout the GI tract, since water content, pH, enzymes and microbial envi-
ronment are characteristic in different parts. Thus, polymers responding to cer-
tain stimuli, such as pH, pressure, enzymes, and microbes, and polymers with 
time-controlled release are used to obtain colon targeted delivery.264,268,269 This 
thesis focuses on pH- and time-controlled approaches. 

Gastric emptying is a process, where contents of the stomach are moved to-
wards the small intestine. The time for gastric emptying is approximately 2 
hours,263 however, it might range from 30 minutes to several hours.270–272 The 
rate of emptying depends on the pH, volume, energy content, particle size and 
viscosity of the ingested meal. In addition, alcohol and smoking prolongs, and 
stress accelerates, the emptying rate. Furthermore, individual differences are 
significant.270,273,274 Transit time in the small intestine is relatively constant or 
varies only slightly being approximately 3 hours.267,268,275 Taken on an empty 
stomach, an orally administered capsule arrives in the colon in approximately 5 
hours, whereas the total passing time through the colon is 20-30 hours.265,268 

The conditions are acidic in the stomach (pH 1.3-3.0), however, the pH value 
may rise temporarily up to 5 after ingestion of food. Rising pH provokes acid 
secretion, which lowers the pH in the stomach. In the small intestine, the pH is 
rising towards neutral conditions. In the beginning of small intestine, the pH is 
6.2-7.4, and rises towards pH 6.8-7.9 in the distal part of the intestine. The pH 
is lowered in the ascending colon (5.3-6.7) and neutral conditions are usually 
reached in the descending colon (5.2-7.0).263,265,276 The pH conditions and 
transit times in the GI tract are compiled in the Table 3. 
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Table 3. The pH conditions and transit times in GI tract. 

Site 
The 

stomach 
The small  
intestine 

The large intestine 
(colon) 

pH 1.3-3.0 
Proximal 
6.2-7.4 

Distal 
6.8-7.9 

Ascending 
5.3-6.7 

Descending  
5.2-7.0 

Transit time 0.5-2h 3h 20-30h 

By comparing the pH values, it is evident that pH is quite similar in the small 
intestine and the colon. This decreases the reliability of the pH dependent drug 
delivery to the colon.266 Furthermore, there are variations between individuals 
both in pH profile and GI motility. Therefore, with the same drug delivery sys-
tem, the drug may be released in the small intestine or in the end of the colon.265 

Several polymers are used in oral controlled drug delivery systems. The most 
important polymer is hydrophilic hydroxypropyl methylcellulose (HPMC), 
which releases drug via a time-dependent, swelling induced mechanism.277,278 
Other polymers used in oral controlled drug delivery include carboxymethyl cel-
lulose, polyvinyl alcohol (PVA) and PEG.265 

Different approaches utilizing the pH change to deliver drugs and active 
agents in the colon have been developed. Commonly used pH-sensitive poly-
mers for coatings are methacrylic acid and ethylacrylate copolymers (several 
different grades of Eudragit®), cellulose acetate phthalate and polyvinyl acetate 
phthalate. They have free carboxylic acid groups on the polymer backbone, and 
the amount of the groups determine in which pH conditions they are solu-
ble.265,268,279 Some pH-sensitive polymers have also been used as matrices.267,280 
In this thesis, polymer matrices for colon targeted drug delivery were developed. 
The matrices were photo-crosslinked, anhydride-modified PCL and PEG poly-
mers. The polymer network degradation was pH-sensitive being minimal in 
acidic conditions and fast in neutral and basic conditions. 

2.4 Tissue regeneration 

Tissue can be damaged due to injury, trauma or disease. If the damaged area is 
large and self-healing is not possible, there is a need for repair, replacement and 
regeneration treatments. The golden standard in tissue regeneration are auto-
grafts, tissue harvested from another site of the patient, which is transplanted 
to damaged site. Another option is allografts, which are transplants received 
from other individuals. Using autografts has several challenges: it is expensive 
and painful, requires secondary surgery, it may cause infections and morbidity 
to the donor site and cause nerve or soft tissue injuries.254,281–283 Furthermore, 
bone autografting is not recommended with pediatric and elderly patients.283 
Allografts on the other hand have limited supply, they might contain pathogens 
and risk rejection by the recipient.24 Regenerative medicine aims to develop cost 
efficient and readily available synthetic alternatives for allografts and auto-
grafts.  
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In this thesis, the focus was to develop materials for bone and nerve regener-
ation. Annually, over 2 million bone graft and 0.2 million peripheral nerve re-
pairs procedures are performed.282,284,285 Thus, there is great need for synthetic 
bone and nerve grafts.    

2.4.1 Bone regeneration 

After blood transfers, bone is the second most common transplantation tis-
sue.286,287 Bone grafts are needed to repair critical size bone defects, which would 
not heal spontaneously even though they are surgically stabilized. Whether the 
defect is critical size depends on various aspects, such as the anatomic location, 
state of the surrounding soft tissue and the relative size of defect compared to 
the bone. For example, the tibia (also called shinbone) usually heals if the defect 
is less than 2.5cm.288 As a general rule, critical defect has also been defined as 
segmental bone loss of a length that exceed 2-2.5 times the diameter of the af-
fected bone.289–293 

Bone autografts are osteogenic (act as a source material needed to synthesize 
new bone), osteoconductive (provide surface for new tissue bone tissue growth) 
and osteoinductive (induce the cell differentiation to bone forming 
cells).281,294,295 Bone regeneration scaffolds aim to mimic these properties by us-
ing bioactive agents, such as ceramics, growth factors and drugs.  

An ideal bone regeneration scaffold is highly porous with interconnected po-
rosity, which enables the tissue ingrowth and exchange of nutrients and meta-
bolic waste.287,296–299 Several suitable pore sizes have been proposed ranging 
from 20 to 1500μm,300 however, often 100-500μm has been stated as the opti-
mal size for regeneration of mineralized bone.281,296,301 

As scaffolds should act as structural support for new tissue regeneration, the 
mechanical properties of the scaffold should match with the tissue.254,299,301 Me-
chanical properties of bone depend on the site and type of bone. Trabecular or 
cancellous bone is highly porous (50-90%) and can be found in the ends of large 
bones. Cortical bone is denser and the porosity is significantly lower.296 On av-
erage, the mechanical stiffness (Young's modulus) and compressive strength of 
trabecular bone is 0.1-1GPa and 2-38MPa, respectively, and cortical bone 7-
25GPa, and 130-290MPa, respectively.283,296    

Demineralized bone matrix (DBM) is a processed allograft which is washed, 
demineralized with organic solvents, dried, prepared, and sterilized. Prepara-
tion methods vary depending on the manufacturer. DBMs are commercially 
available alone or as composite grafts in different forms, such as powder, putty, 
crushed granules and chips. DBMs are osteoinductive and some of the products 
also have osteoconductive properties.302 However, DBMs require the allograft 
as a starting material. Synthetic options for DBM and allografts are provided 
commercially. These include hydroxyapatite, bioactive glass particles, paste-like 
fillings, calcium phosphate cements and ceramics.34,283,295  

Porous polymeric scaffolds usually have lower strength compared to that of 
bone. Ceramic materials in the form of particles or fibers have been used to im-
prove bioactivity and mechanical properties of highly porous polymeric scaf-
folds.254 BAG 31 and ceramics, such as HA 29,30 and TCP,185,303,304 have also been 
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used to improve the bioactivity of the scaffolds. In addition to bioactivity, these 
inorganic materials may also buffer the acidic degradation products of polyes-
ters.254 

Bone is a composite of HA (Ca5(PO4)3OH or Ca10(PO4)6OH2) and type-1 colla-
gen.296 70% of the mineral component in bone and teeth consists of hydroxyap-
atite, therefore natural and synthetic HA has been used for already 40 years in 
filling bone defects.305 Crystalline HA is very stable in the biological environ-
ment and degrades in 2-5 years.254,281 TCP (Ca3(PO4)2) is synthetic ceramic 305 
having osteoconductive property.281 It resorbs faster than HA 296 and has also 
been used clinically already 40 years.283 BAGs are group of SiO2 glasses contain-
ing sodium oxide, calcium oxide, silicon dioxide and phosphorous oxide.283,306 
Depending on the composition, BAG is bioresorbable or non-resorbable.283 
They have osteoconductive properties due to a hydroxyapatite layer, which 
forms on the material when it is contact with the body or simulated body 
fluid.254,305 BAG can bind to bone and soft tissues 254 and some forms of BAG 
also have osteoinductive properties.306,307  

Other bioactive agents used in bone tissue regeneration are osteoinductive 
growth factors,28,296 bone morphogenetic proteins (BMPs)287 and some bone 
growth inducing drugs, such as β-glycerophosphate, dexamethasone and ascor-
bic acid.308–310 Growth factors are expensive and have limited shelf-life, which 
limits their use.296 BMPs are a wide family, where some BMPs have osteoinduc-
tive and osteoconductive properties.287 β-glycerophosphate does not function as 
an inducer for bone regeneration, but it offers phosphate ions, which are neces-
sary for bone mineralization.309 Dexamethasone has been shown to inhibit in-
flammation 259 and induce proliferation, maturation and mineralization of oste-
oblasts.309–312 Ascorbic acid stimulates collagen synthesis 313 and it has been used 
together with β-glycerophosphate and dexamethasone.308 Combinations of dex-
amethasone and ascorbate-2-phosphate released from scaffolds has been 
shown to increase the osteogenesis in vitro.309 Furthermore, antimicrobial 
drugs or ions, antibiotics and anti-inflammatory agents have been used to pre-
vent infection and improve the scaffold's performance.254 

All these bioactive agents have different functions in bone regeneration. 
Therefore, combining them with bioresorbable polymers offers possibilities to 
improve the bioactivity and performance of the bone regeneration scaffolds. In 
this thesis, scCO2 foaming was used to prepare porous structures containing ac-
tive agents from PEG-modified lactone-based polymers. The active agents were 
dexamethasone and ascorbic acid salt, which both have bone growth inducing 
properties.  

2.4.2 Nerve regeneration 

The nervous system consists of the central nervous system (CNS) and the pe-
ripheral nervous system. The CNS consists of the brain and the spinal cord 
whereas the peripheral nervous system is located outside the CNS and includes 
cranial, spinal and peripheral nerves that conduct impulses to and from the 
CNS. If there is an injury in the peripheral nerve, loss of motor and sensory 
functions are possible.314,315 
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Peripheral nerve injuries can be divided into three classes: neurapraxia, axo-
notmesis and neurotmesis. Neurapraxia is temporary condition with loss of mo-
tion and sensory function and is caused by pressure. Axonotmesis is usually due 
to stretching, which causes damage to the inner side of the nerve. This kind of 
damage might regenerate spontaneously.316–318 In neurotmesis the nerve is to-
tally disrupted or severed. Small gaps can be operated by end-to-end repair, 
which is not possible for larger gaps due to generated tension. The critical gap 
size has been stated to be around 0.5-2cm. Thus, larger gaps require autografts 
or nerve regeneration scaffolds.319–322 

Nerve autografts provide stimulating and permeable scaffolds. Furthermore, 
they contain cells producing cell adhesion molecules and neurotrophic factors, 
which promote the neural tissue regeneration.284,323 However, in addition to 
challenges normally associated with autografts, nerve autografts also have ad-
ditional challenges, such as possible mismatch in size, painful neuron swelling 
due to the surgical operation and removal of healthy nerves which affects the 
sensory functions on the donor site.320,321 Therefore, nerve guidance scaffolds 
have been developed to replace autografts in peripheral nerve repair.  

Optimal properties for nerve guidance scaffolds or conduits have been de-
fined. First, they should be readily available, since they are needed quickly after 
trauma. Second, they should have suitable features, such as desired diameter 
and wall thickness, suitable mechanical properties (elastic modulus 0.5-13MPa) 
and resistance to collapse in situ. Third, they should be easy to handle by the 
surgeon, suturable and tear resistant. Fourth, possibility to incorporate growth 
factors or cells would be beneficial. Fifth, properties such as conductivity have 
been proposed.216  Finally, the conduit might be filled with fibers or contain mul-
tiple intraluminal channels, which has been shown to have potential over hollow 
tubes (single lumen).213,316,324–328  

The first synthetic material used as a nerve graft was inert and elastic silicone. 
Permanent materials may have greater risk for infection, they provoke connec-
tive tissue responses, and can compress nerves, which may lead to surgical re-
moval of the conduit. Therefore, the focus on developing nerve guidance chan-
nels (NGC) has been on natural and synthetic biodegradable materials. Syn-
thetic biodegradable polyesters, such as PCL, PLA, PGA and their copolymers 
have been studied for nerve regeneration. Natural materials are for example chi-
tosan, gelatin, collagen and hyaluronic acid.327,329–331 

Commercial solutions for nerve regeneration are hollow tubular bridging de-
vices, which often are made from type 1 collagen, PGA, PLGA and poly(lactide-
co-caprolactone). Newer commercial solutions include porous hydrogel and col-
lagen fillings.332,333 Micro- and nanostructures inside the tube increase the sur-
face area and enable regeneration of longer gaps compared to hollow tubes.334–

336    
Nerve regeneration scaffolds have been manufactured with several methods, 

including electrospinning, porogen leaching and injection molding 331. Additive 
manufacturing methods have gained increasing interest in nerve tissue regen-
eration, since preparation of accurately defined, personalized geometries, in-
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cluding desired diameter, length, and branches, is possible with these meth-
ods.285,328 For example, stereolithography has been used to manufacture nerve 
regeneration scaffolds from PEGDA.216,337,338 

In this thesis, SLA was used to prepare NGCs from PCL. After building, PCL 
tubes were filled with a cryogel consisting of gelatin and chitosan. SLA has not 
yet been widely used to prepare the NGCs. However, it has potential, since it is 
possible to tailor the length, diameter and wall thickness of the tube, as well as 
prepare branched structures.    
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3. Materials and Methods 

3.1 Materials 

Materials used in the synthesis and preparation of polymer structures and active 
agents are presented in this chapter. Monomers and initiators are listed in the 
Table 4. Monomers used in ring-opening polymerization were ε-caprolactone 
(CL), L-lactide (LLA) and DL-lactide (DLLA). Initiators used in the polymeriza-
tion were linear poly(ethylene glycol) (PEG), which was used in the preparation 
of thermoplastic polymers, and four-armed pentaerythritol (PERYT) and trime-
thylolpropane (TMP), which were used in the synthesis of PCL-based macro-
mers. Trimethylolpropane ethoxylate (TMPE) was used in the preparation of 
photo-crosslinkable anhydride modified poly(ether anhydrides).  

Table 4. Initiators, monomers and TMPEs used in this thesis.  

 Shape Molar mass (g/mol) Publication 
CL ring 114 I-IV 
LLA ring 144 I 
DLLA ring 144 I 
PEG linear 20 000* I 
PERYT 4-arm 136 II, IV 
TMP 3-arm 134 III 
TMPE 3-arm 170, 450 and 1014* III 
*average molecular weight Mn 

 
Active agents used in this thesis, their water solubility and molecular weight are 
listed in the Table 5 and structures are presented in the Figure 9. Dexame-
thasone (DM) and 2-phospho-L-ascorbic acid trisodium salt (AS) were used in 
publication I, where active agent release from scCO2 foamed structures was 
studied. The application area of these structures is in bone regeneration, thus 
the bone growth inducing active agents were chosen. Lidocaine and vitamin B12 
were used as model drugs in the publication III to evaluate the effect of drug 
molecular weight to active agent release. Lidocaine was used as a model drug in 
publication II, since it could be dissolved into PCL macromer. Furthermore, all 
of the active agents could be detected with UV/Vis-spectrophotometer. 

 
 



Materials and Methods 

30 

Table 5. Active agents and their properties used in this thesis.   

Active 
agent 

Solubility 
in water 
(mg/ml) 

Description 
of solubility 
in water 12 

Molar
mass 

(g/mol) 

Publication

DM 0.09 very slightly 
soluble 

392 I 

AS 32 sparingly 
soluble 

322 I 

Lidocaine 4 slightly 
soluble 

234 II, III 

Vitamin B12 125 freely soluble 1355 III 

 
 

 

Figure 9. Molecular structures of active agents used in this thesis. a) Dexamethasone, b) 2-phos-
pho-L-ascorbic acid trisodium salt, c) lidocaine and d) vitamin B12. 

3.2 Synthesis of hydrolytically degradable polymers 

3.2.1 Thermoplastic PEG-modified lactone copolymers 

Thermoplastic PEG-modified copolymers were synthetized in publication I. The 
ring opening polymerization of linear, thermoplastic PEG-modified lactone co-
polymers was carried out in a conically shaped batch reactor (Design Integrated 
Technology Inc., 4CV Helicone Mixer) at 160 °C under a nitrogen atmosphere. 
The synthetized PEG-modified polymers and commercial reference polymer 
P(CL30-LLA70) are listed in Table 6 and their skeletal formulas are presented 
in Figure 10. The amount of initiator PEG (20 000g/mol) was 0.04mol-% and 

a)

b)

c)

d)
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catalyst Sn(II)octoate 0.05mol-% relative to the amount of monomers. Poly-
mers were dissolved into dichloromethane (99.8%, Merck KGaA), precipitated 
from ethanol (Etax B, Altia Oyj) and dried and stored in vacuum. 

Table 6. Abbreviations of copolymers, co-monomer amounts and lactide type in feed. Adapted 
from publication I with permission from © Elsevier Ltd 2019. 

Copolymer CL 
(mol-%) 

LA 
(mol-%) 

Lactide 
type 

PEG as  
initiator 

P(CL30-LLA70) 30 70 LLA No 
PEG- P(CL30-LLA70) 30 70 LLA Yes 
PEG- P(CL30-DLLA70) 30 70 DL Yes 
PEG- P(CL15-DLLA85) 15 85 DL Yes 

 
 

 

Figure 10. Skeletal formula of a) P(CL-LA) and b) PEG-P(CL-LA). R is chain consisting of carbon, 
hydrogen and oxygen. Adapted from publication I with permission from © Elsevier Ltd 2019. 

3.2.2 Photo-crosslinkable polyethers and polyesters 

In publications II-IV, photo-crosslinkable polymers were used. Photo-cross-
linkable PCL was used in publications II and IV, and anhydride-modified PEG-
based and PCL-based macromers were used in publication III. The abbrevia-
tions of synthetized macromers are listed in Table 7. All of the photo-crosslink-
able macromers prepared had three or four arms, since it has been shown pre-
viously that the gel content is higher with multi-arm macromers compared to 
linear ones.146 The gel content describes the amount of crosslinked network in 
the sample. Furthermore, the linear macromers have higher viscosities than the 
multi-arm macromers with similar average molecular weight.55 Low viscosity is 
requirement for macromers used in SLA and it also facilitates spreading the 
macromer into molds prior to crosslinking, as done in publication III.  
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Table 7. Abbreviations of polymers used in publications II-IV. All of the polymers are methacrylated 
to receive photo-crosslinking ability. 

Abbreviation Arms Co-initiator or PEG Publication 
PCL 4 PERYT II, IV 
PCL-anhydride 3 TMP III 
PEG-anhydride 170 3 TMPE 170g/mol III 
PEG-anhydride 450 3 TMPE 450g/mol III 
PEG-anhydride 1014 3 TMPE 1014g/mol III 
 

Synthesis of PCL-macromers 
Four armed, photocrosslinkable PCL-oligomer was synthetized from ε-capro-
lactone using initiator PERYT (10mol-%) and catalyst Sn(II)octoate 0.02mol-% 
relative to the amount of monomer. The oligomerization was conducted at 
160°C for 5h. The oligomer was functionalized with using excess of methacrylic 
anhydride to obtain reactive methacrylate groups. Previously, Elomaa et al. de-
scribed similar PCL-synthesis using TMP as initiator.85 

Synthesis of anhydride- modified PCL-macromers 
The oligomerization step was conducted as described above. A three-arm oligo-
mer was prepared using TMP as initiator and Sn(II)octoate as catalyst (10 and 
0.02mol-% relative to the amount of monomer, respectively). The hydroxyl ter-
minated oligomers were further reacted for 2h at 140°C with succinic anhydride 
(1.03mol-% relative to the hydroxyl groups) to receive carboxylic acid termi-
nated macromers. Acid terminated macromers were reacted with methacrylic 
anhydride. The last functionalization step results in an anhydride bond and 
methacrylate end group. Similar type of synthesis of PCL-based poly(ester-an-
hydride) macromer was described earlier.44,55,339,340 

Synthesis of anhydride-modified PEG-macromers 
Anhydride-modified PEG-macromers were prepared by functionalization of 
three-arm TMPE with succinic anhydride (1.03mol-% per hydroxyl groups) for 
2h at 140°C to obtain macromers with carboxylic acid end groups. Acid-termi-
nated macromers were further reacted at 60°C for 3 days using 1.5mol-% meth-
acrylic anhydride relative to the carboxylic acid-groups. The last functionaliza-
tion step results in anhydride bond and methacrylate end group. A reaction 
scheme of the synthesis is shown in Figure 11. Unreacted methacrylic anhydride 
and methacrylic anhydride residuals (methacrylic acid) were removed by pre-
cipitating in hexane. Finally, the macromer was dried in vacuum to remove the 
hexane. The same precipitating and vacuum drying procedure was conducted 
for all of the methacrylated macromers. 
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Figure 11. Synthesis of anhydride-modified PEG-macromers. a) Functionalization with succinic 
anhydride results to acid terminated macromer. b) Methacrylization with methacrylic anhy-
dride results to methacrylated macromer. Anhydride bond in the methacrylated macromer is 
presented in green and reactive double bond is presented in red. Reprinted from publication 
III with permission from © Elsevier Ltd 2020. 

3.2.3 Photo-crosslinking  

In this thesis, radical photo-crosslinking reactions of methacrylated macromers 
were initiated with photoinitiators Ethyl(2,4,6-Trimethylbenzoyl)-phenyl phos-
phinate (TPO-L, 5wt-% relative to macromer, Publications II and III) and cam-
phorquinone (CQ, 1wt-% relative to macromer, Publication IV). With CQ, ethyl 
4-dimethyl amino benzoate (4EDMAB, 1wt-% relative to macromer) was used 
to accelerate the photo-crosslinking reaction. The photo-initiators were mixed 
with the liquid macromers prior to crosslinking. The photoinitiators and accel-
erator are presented in Figure 12.   

 

 

Figure 12. Photo-initiators a) TPO-L and b) CQ and accelerator c) 4EDMAB. 

During the radical photo-crosslinking, the methacrylate double bond reacts. 
The double bond conversion of the macromers can be followed with infrared 
spectroscopy (IR). The methacrylate double bond (1640cm-1) disappears during 
photo-crosslinking (Figure 13).  

 

a) Functionalization

b) Methacrylization

Acid-terminated macromer

Methacrylated macromer
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Figure 13. IR spectra of PEG-anhydride 450 macromer and photo-crosslinked network. Re-
printed from publication III with permission from © Elsevier Ltd 2020. 

Network formation is analyzed by gel content analysis. Gel content (G, %) is an-
alyzed by weighing crosslinked networks (mi), immersing them in solvent which 
dissolves unreacted macromers, drying the samples in vacuum and weighing the 
remaining mass (mr). The gel content analysis indicate the amount of mass of 
the sample, which is part of the network. However, part of the methacrylate 
double bonds in macromers may stay unreacted and therefore IR analysis is 
used to evaluate if the double bonds have been reacted. The gel content was cal-
culated by using the Equation 4: 

 = ∗ 100%       (4) 

3.3 Processing methods 

3.3.1 Stereolithography 

In this thesis, two different DLP stereolithography equipment were used, an in-
house constructed projection stereolithography (PSLA) 210,341 and commercial 
EnvisionTec Perfactory Mini Multilens. In both of the systems, visible light at 
the wavelength 400-500nm is projected through a transparent bottom of resin 
tank. The light intensity of the PSLA was 5600μW/cm2 and in the commercial 
SLA 7000μW/cm2. The scaffold is attached to a building platform which moves 
upward from the resin tank. After building, the uncured resin was removed from 
the structures by immersing them into isopropanol or an acetone and isopropa-
nol mixture (3:1).   

It is essential to control the curing depth during the building process, since it 
is important that the layers attach to each other. Therefore, optimal curing 
depth is slightly deeper than the used layer thickness. In the case of commercial 
SLA, the optimal amount of dye was determined by illuminating resin for 12s in 
the SLA and changing the amount of dye in the resin. The thickness of formed 
network was measured, and a working curve was obtained. From the curve, it 
was possible to determine the optimal amount of dye, which will lead to a pen-
etration depth slightly more than layer the thickness (50μm). Figure 14 shows 
working curve for PCL resin containing 10wt-% lidocaine (Publication II).  
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Figure 14. Working curve of PCL resin containing lidocaine. Curing depth of 52μm was deter-
mined to be the optimal for the used resin and equipment. Reprinted from publication II with 
permission from © IOP Publishing 2019. 

The layer thickness of the PSLA was 25μm and of the commercial SLA 50μm 
and the optimal amounts of dye were 0.2 and 0.19wt-% relative to macromer, 
respectively. The amount of dye was almost the same for both of the PCL resins, 
even though the used layer thickness, intensity of light and photo-initiator were 
different and resin used in the commercial SLA also contained lidocaine.   

3.3.2 Supercritical CO2 foaming 

The foaming of thermoplastic polymers was studied in publication I. Prior to 
scCO2 foaming, polymers were blended with active agents in a twin crew midi-
extruder (DSM, capacity of 16cm3 with screw length 150mm) under nitrogen 
atmosphere. Extrusion temperatures were different for each of the polymers 
used. The extrusion temperatures for P(CL30-LLA70), PEG-P(CL30-LLA70), 
PEG-P(CL30-DLLA70) and PEG-P(CL15-DLLA85) were 145 °C, 140 °C, 125 °C 
and 100 °C, respectively. 

Subsequently, polymers were compression molded into cylinders (5mm diam-
eter, 2mm height) using the same temperatures as during extrusion. The foam-
ing process with supercritical CO2 was conducted in high pressure at 90°C and 
the processing conditions were the same for all polymers. Polymer skins were 
removed with a sharp knife. 

3.4 Drug release analysis 

Drug release was analyzed with UV/Vis-spectrophotometer. A calibration curve 
was created for each of the drugs at their absorption peaks. An example of a 
calibration curve for lidocaine and absorption spectra of lidocaine with different 
concentrations is presented in the Figure 15.  
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Figure 15. Calibration curve for lidocaine (5-100ppm) at 271nm.

Drug release experiments were conducted by immersing the drug containing 
polymer matrices into a buffer solution and measuring the absorbance at spe-
cific time intervals. Since it measures the absorption of the solution, no sample 
preparation is needed. UV/Vis-spectrometry is a fast and efficient method to 
analyze the drug content in a solution.  

3.5 Nerve guidance channels 

In publication IV, SLA was used to build hollow (HC) and 4-pore channel (4P) 
tubular structures from PCL. In total, 8 different nerve guidance channels 
(NGCs) were developed. Six of the channels were based on hollow tubular PCL-
structures. The PCL-tubes were used as they were, immersed in nerve growth 
factor (NGF) or filled with random or aligned chitosan−gelatin cryogel. The 4-
pore channel were either used as they were or immersed in NGF. The perfor-
mance of the nerve scaffolds was compared with negative control (1.5cm defect, 
no treatment), autograft (nerve sutured in reversed direction) and sham control 
(surgical intervention without nerve injury). The different groups are listed in 
Table 8. All scaffolds had a length of 1.9cm and outer diameter 0.185cm (see 
Figures 22 and 23).  

Table 8. Developed nerve guidance channels. Adapted from publication IV with permission from 
© American Chemical Society 2018.

Abbreviation HC or 4P NGF Cryogel 
HC + NGF HC yes no 
HC HC no no 
rCG + NGF HC yes random 
rCG HC no random 
aGC + NGF HC yes aligned 
aGC HC no aligned 
4P 4P no no 
4P+NGF 4P yes no 

 
The NGCs were implanted in adult female Wistar rats weighing 250−300g. The 
animals were divided in 11 groups with 6 animals in each, except in the sham 
control group in which number of animals was 5. In the surgery, a neurotmesis 
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with 15mm critical size defect was created in the sciatic nerve and bridged with 
the NGC. The performance of the NGCs in vivo was evaluated by measuring 
functionality of the regenerated nerve and evaluating the functional recovery. 
Functionality of the regenerating nerve was assessed by measuring nerve con-
duction velocity (NCV) and compound muscle action potential (CMAP). Func-
tional recovery was evaluated by walking track analysis. NCV and CMAP were 
measured and walking track analysis performed at 8, 12 and 16 weeks after op-
eration. NCV and CMAP describe the electrophysiological properties of the op-
erated nerve. In the walking track analysis, the sciatic nerve functional index 
(SFI) is calculated from footprints of the rats by measuring paw length, toe 
spread length and intermediary toe spread length. Spreading of toes indicates 
that the motor function is recovering. An SFI of 0 is normal and -100 indicates 
total nerve transection.342 Furthermore, histological, morphological, muscle 
weight and muscle fiber analyses were performed in the end of the study. 
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4. Results and Discussion 

4.1 Properties of polymer matrices 

4.1.1 Polymer and active agent blends  

Differential scanning calorimetry (DSC) was used to evaluate if drugs and active 
agents were dissolved or dispersed in the polymer matrix. Furthermore, dis-
solved drugs may change the Tg of the sample. Dispersed drugs are present as a 
melting peak in the DSC scan, which is possible if the drug or active agent is in 
crystalline form. Therefore, dissolution of vitamin B12 could not be evaluated 
with DSC, since it does not melt. Table 9 lists the thermal transitions of thermo-
plastic polymers and polymer and active agent blends. The values in the Table 
9 indicate that neat polymers containing L-lactide are semi-crystalline, whereas 
P(CL30-LLA70) with active agents are amorphous. Active agents AS and DM 
are dispersed in the polymers, since their melting peaks are visible in the DSC 
graphs and they do not have a clear effect on the Tg of the polymers.   

Table 9. Thermal transitions of thermoplastic polymers, active agents and blends. P is polymer, 
AS is 2-phospho-L-ascorbic acid trisodium salt and DM is dexamethasone. Adapted from publi-
cation I with permission from © Elsevier Ltd 2019. 

Polymer Sample Tg (°C) 
polymer 

Tm (°C) 
AS/DM 

Tm (°C) 
polymer 

P(CL30-LLA70) 
P 23 N/A 108 

P+AS 23 219 - 
P+DM 24 212 - 

PEG-P(CL30-LLA70) 
P 20 N/A 145 

P+AS 18 210 145 
P+DM 21 204 144 

PEG-P(CL30-DLLA70) 
P 35 N/A - 

P+AS 35 223 - 
P+DM 37 204 - 

PEG-P(CL15-DLLA85) 
P 29 N/A - 

P+AS 31 216 - 
P+DM 31 200 - 
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In Table 10, the glass transition temperatures of photo-crosslinkable macro-
mers, networks and their blends with drugs are listed. Firstly, the glass transi-
tions temperatures of PEG- and PCL-anhydride networks are higher than those 
of the macromers. Especially PEG-anhydride 170 have large differences be-
tween the Tg values, most probably due to the shorter arms and thus higher 
crosslink density.43 Lidocaine changes the Tg of networks, indicating that there 
might be interaction between lidocaine and polymers. Vitamin B12 on the other 
hand does not change the Tg. No melting peak for lidocaine was observed, thus 
it is dissolved in the polymer matrix. Vitamin B12 does not melt, and therefore 
DSC cannot be used to evaluate if vitamin B12 in dissolved into the polymer.  

Table 10. Glass transition temperatures (Tg) of macromers, crosslinked networks, active agents 
and blends. Reprinted from publication III with permission from © Elsevier Ltd 2020. 

Sample Macromer 
(°C) 

Network 
(°C) 

Network+ Li-
docaine (°C) 

Network+B12 
(°C) 

PEG-anhydride 170 -37±0.2 8±2.1 4±0.3 8±1.3 
PEG-anhydride 450 -41±0.0 -23±1.4 -21±0.2 -23±1.7 
PEG-anhydride 1014 -47±0.0 -40±0.9 -36±0.6 -39±0.6 
PCL-anhydride -56±0.3 -44±1.6 -40±0.2 -44±0.7 
PCL, three arm -58 -61 -43 N/A 
PCL, four arm -60 -61 N/A N/A 

 
To evaluate the dissolution of vitamin B12 in the macromers prior to photo-
crosslinking, an optical microscope was used (Figure 16). From the figure, it can 
be noticed that as the vitamin B12 is dissolving into the PEG-anhydride 170 
macromer, the vitamin B12 aggregates become smaller and the macromer, which 
was originally clear and colorless, transforms into red.  

 
 

 
 
 
 

Figure 16. Vitamin B12 dissolving to PEG-anhydride 170 macromer. The scale bar is 40μm. 

Micro-computed tomography (micro-CT) was used to analyze the porous struc-
tures and simultaneously the active agent particles were detected from the sam-
ples (Figure 17). Ascorbic acid salt (AS) can be clearly seen as white spots in the 
micro-CT images. Furthermore, the amount of AS and dexamethasone particles 
were analyzed and the size distribution of the active agents was determined 
(Figure 18). Clear difference between the active agents can be seen: dexame-
thasone particles are significantly smaller. Particles smaller than 7.6μm are not 
included due to the resolution and accuracy of the analysis method. Therefore, 
the samples may include smaller particles and dissolved active agent.  
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Figure 17. Micro-CT images of thermoplastic polymers prepared by scCO2 foaming. P(CL30-
LLA70) a) ascorbic acid salt 4wt-% and b) ascorbic acid salt 8wt-% c) dexamethasone 4wt-
% and d) dexamethasone 8wt-%. Scale bar is 1mm. Adapted from publication I with permis-
sion from © Elsevier Ltd 2019. 

 

 

Figure 18. Active agent particle size range. Adapted from publication I with permission from © 
Elsevier Ltd 2019.  

These results indicate, that drug and active agent dissolution in the polymer ma-
trix can be evaluated by DSC, but also by using optical microscope and micro-
CT. These methods give additional information about how the particles are dis-
persed and dissolved throughout the polymer matrix. 

4.1.2 Hydrophilicity  

The hydrophilicity of polymers can be modified by adding PEG to the structure, 
which was conducted in publication I. Polymer hydrophilicity can be evaluated 
with contact angle measurements. Table 11 reports the contact angles of dry and 
wet polymer samples. Vacuum dried polymer samples did not have significant 
differences between P(CL30-LLA70) and PEG-modified polymers. However, 
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samples immersed in pH 7.4 phosphate buffer solution overnight showed con-
siderably lower contact angle on PEG-modified samples. The results indicate, 
that PEG in the polymer lowered the contact angle.  

Table 11. Contact angles of thermoplastic copolymers. Adapted from publication I with permission 
from © Elsevier Ltd 2019. 

Polymer  Dry (°) Wet (°) 
P(CL30-LLA70) 72±5 68±6 

PEG-P(CL30-LLA70) 72±4 60±6 

PEG-P(CL30-DLLA70) 68±5 59±5 

PEG-P(CL15-DLLA85) 68±3 60±7 

4.2 Porous architectures  

4.2.1 Structures prepared by scCO2 foaming 

In publication I, porous, active agent containing structures were prepared with 
scCO2. Micro-CT images of the pore structures are presented in Figure 19. Mi-
cro-CT analysis revealed an open interconnected porosity (>99.9%) of foamed 
structures. The exception was semi-crystalline PEG-P(CL30-LLA70), which has 
an open porosity in the range of 83-95%. Porosities of the scaffolds prepared 
from amorphous polymers, P(CL30-LLA70), PEG-P(CL30-DLLA70) and PEG-
P(CL15-DLLA85), are in the range of 57-72%, whereas semi-crystalline polymer 
PEG-P(CL30-LLA70) has a porosity in the range of 19-31%. Previously, the 
semi-crystalline polymers have been reported to be more difficult to foam than 
amorphous ones, which is hypothesized to be due to the pore growth on the 
amorphous regions of the polymers.186,343 Interconnectivity of pores is an im-
portant property in tissue engineering scaffolds, since it enables the tissue in-
growth and exchange of nutrients. Interconnectivity of PEG-P(CL30-LLA70) 
could be enhanced by foaming the polymer above the melting temperature at 
145°C instead of 90°C, since CO2 has low solubility in crystalline regions.71–73 
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Figure 19. Micro-CT images of scCO2 foamed samples. a) P(CL30-LLA70), b) PEG-P(CL30-
LLA70), c) PEG-P(CL30-DLLA70) and d) PEG-P(CL15-DLLA85). Adapted from publication I 
with permission from © Elsevier Ltd 2019. 

The pore size distribution of samples containing 8wt-% DM is shown in the Fig-
ure 20. A similar pore size distribution was observed with other active agent 
contents. Average pore sizes of the scaffolds prepared from P(CL30-LLA70), 
PEG-P(CL30-LLA70), PEG-P(CL30-DLLA70) and PEG-P(CL15-DLLA85) are 
in the range of 150-220μm, 30-60μm, 170-310μm and 110-150μm, respectively. 
The optimal pore size for regeneration of mineralized bone is 100-
500μm,281,296,301 thus polymers other than PEG-P(CL30-LLA70) have potential 
in bone tissue engineering. Furthermore, composite of P(CL30-LLA70) and 
TCP foamed with the same scCO2 process has already been studied in vitro and 
in vivo. In vitro studies showed formation of collagenous mineralized matrix 
and in vivo studies showed that bone was growing inside the scaffold. However, 
the average pore size of scaffolds was higher (380μm).33,34 

 

 

Figure 20. Pore size range of scCO2 foamed samples containing 8wt-% DM. Adapted from pub-
lication I with permission from © Elsevier Ltd 2019.  

a b

c d
1cm



Results and Discussion 

44 

4.2.2 Structures prepared by SLA 

In publications II and IV, PCL-based photo-crosslinkable macromers were 
used. The macromers had a viscosity of 8Pa•s at RT (measured using 20mm 
steel plate at a constant shear rate 0.28s-1). The viscosity is low and thus it can 
be readily used in both the commercial and in house constructed SLA without 
solvents and diluents.  

Structures prepared with commercial stereolithography equipment (Figure 
21) followed the CAD-models accurately. Two series of architectures was de-
signed: a porosity series and a surface area series. In the porosity series, the 
porosity was changed (50, 60, 70, 80, and 90%) and the pore size was kept con-
stant (1.3-1.9mm). In the surface area series, the porosity was kept constant 
(70%) and the pore size was changed, resulting in different surface areas (517, 
564, 671, 802, and 959mm2). The porosities of samples (Table 12) were slightly 
lower than designed, which indicates over-crosslinking during building. The po-
rosity was calculated by measuring the height and diameter of sample and 
weighing them, which also causes inaccuracy. Over-crosslinking can be reduced 
by adding more dye. In addition, curing time could be adjusted, which is not 
possible with the commercial SLA equipment used.   

 

 

Figure 21. Examples of structures prepared by commercial SLA (D50, D60, D70, D80, and D90) 
with diameter 10mm and height 7.5-8mm. Reprinted from publication II with permission from 
© IOP Publishing 2019. 

Table 12. Designed (d) porosities and surface areas (SA) and measured (m) porosities of samples. 
Adapted from publication II with permission from © IOP Publishing 2019. 

Sample D50 D60 D70 D80 D90 D520 D565 D800 D960 

Porosity 
(%)d 

50 59 70 79 90 71 71 71 71 

Porosity 
(%)m 

49±1 56±1 67±1 76±1 88±0 70±1 68±1 68±1 66±1 

SA 
(mm2)d 

651 640 671 701 574 517 564 802 959 

 
Tubular samples for nerve scaffolds were built by the in-house constructed 
PSLA equipment. The inner diameter of the hollow tube was 1.5mm and length 
1.9cm. The inner diameter was chosen to mimic the diameter of rat sciatic nerve 
(1.5-2mm) to ensure proper placement of the nerve ends into the scaffold. The 
four channel tube had a channel inner-diameter of 500μm each and the same 
length. It also had 2mm sleeves on both ends to ease the suturing process. The 
printed structures are presented in the Figure 22. 
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Figure 22. Pictures of a) hollow and b) 4-pore multichannel tubes. Adapted from publication IV 
with permission from © American Chemical Society 2018. 

The CAD-images and scanning electron microscope (SEM) images of cut sam-
ples are presented in the Figure 23. The designed wall thickness was 0.35mm 
and diameter of the hollow tube was 1.5mm. The built scaffold wall thickness 
was 0.35mm and diameter was 1.45±0.05mm. The designed diameter of chan-
nels in the four channel tube was 0.5mm, whereas the built scaffold had a 
slightly smaller diameter of 0.4±0.09mm.  

 

 

Figure 23. Cross-sections of CAD images of a) hollow tube and b) 4-pore channel tube 
(measures in mm)  and SEM images of a) hollow tube and b) 4-pore channel tube, scale bar 
200μm. Reprinted from publication IV with permission from © American Chemical Society 
2018. 
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4.3 Hydrolytic degradation of polyesters and –ethers 

4.3.1 Mass loss of PEG-modified lactone copolymers  

Thermoplastic P(CL30-LLA70) and PEG-modified lactones exhibited bulk de-
grading behavior. The molecular weight (Mn) of PEG-containing polymers de-
creased especially fast while the sample weight remained constant during the 
first 8 weeks (Figure 24 a and c). DL-lactide containing polymers swelled con-
siderably, whereas P(CL30-LLA70) had 2% and PEG-P(CL30-LLA70) 12% wa-
ter uptake, which both are remarkably lower than that of DL-containing poly-
mers (Figure 24b). The molecular weight of porous samples of P(CL30-LLA70) 
and PEG-P(CL30-LLA70) decreased at a slower rate compared to solid samples. 
The polymers are bulk degrading, and therefore, the polymers degrade through-
out the samples. The difference in the degradation rate between porous and 
solid samples may be due to this degradation behavior. Degradation products 
have a shorter diffusion distance to the surface in the porous samples. Thus, the 
degradation products and partly degraded polymer leach out faster from porous 
samples, whereas the degradation products remain longer time in the solid sam-
ples. Thus, the solid samples contain more degradation products and partly de-
graded polymer than porous ones and their molecular weight is lower. 
 

 

Figure 24. a) Sample weight, b) swelling and c) molecular weight relative to the initial. Reprinted 
from publication I with permission from © Elsevier Ltd 2019. 
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4.3.2 Mass loss of anhydride-modified polyethers and -esters 

The mass loss study of anhydride-modified polyester and –ether networks re-
vealed clear differences in the degradation rate of the polymers (Figure 25). All 
of the networks degraded in less than 48 hours in neutral and basic pH condi-
tions, whereas the time for total degradation in acidic conditions was over 1 
month. The degradation was pH-dependent. At a higher pH, the degradation 
rate was faster, whereas in acidic conditions the degradation rate was slow. Fur-
thermore, the degradation rate of PEG-anhydride networks increased with in-
creasing macromer size. PCL-anhydride was the most stable network in acidic 
conditions.  

 

 

Figure 25. Mass loss of anhydride -modified polyester and -ethers in different pH-conditions. 
a)PEG-anhydride 170, b)PEG-anhydride 450, c)PEG-anhydride 1014 and d)PCL-anhydride. 
Reprinted from publication III with permission from © Elsevier Ltd 2020. 

4.3.3 Effect of drug on the hydrolytic degradation  

Active agents and drugs may have an effect on polymer degradation. For exam-
ple, hydrophilic drugs often increase the water uptake of polymers enhancing 
the hydrolytic degradation. Table 13 lists the last measured time points of dif-
ferent neat thermoplastic polymers and polymer active agent blends (4wt-% DM 
or AS) before disintegration of the samples. All polymers containing AS or DM 
degraded faster than neat polymers except PEG-P(CL30-LLA70) with DM, 
which disintegrated at the same week as the neat PEG-P(CL30-LLA70). Fur-
thermore, with all the other polymers except PEG-P(CL30-LLA70), DM-con-
taining polymers degraded faster than AS-containing polymers. The effect of AS 
and DM on PEG-P(CL30-DLLA70) and PEG-P(CL15-DLLA85) was almost the 

a)

c) d)

b)
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same, most probably due to the similar chemical structure of the polymers. 
Thus, the active agents had a varying impacts on the polymer degradation and 
the effect was dependent on the polymer structure.  

Table 13. Last measured time point before total degradation (solid samples) at pH 7.4 with ascor-
bic acid salt (AS, 4wt-%) and dexamethasone (DM, 4wt-%). Adapted from publication I with per-
mission from © Elsevier Ltd 2019. 

Polymer Neat polymer (w) AS (w) DM (w) 
PEG- P(CL30-LLA70) 20 12 20 
PEG- P(CL30-DLLA70) 12 11 9 
PEG- P(CL15-DLLA85) 12 11 8 
P(CL30-LLA70) >20 20 17 
 

Polymer networks containing lidocaine degraded significantly faster compared 
to neat polymer networks and polymer networks containing vitamin B12 (Table 
14). Lidocaine used in publication III is weak base. Previously, it has been shown 
that basic drugs can accelerate the base-catalyzed hydrolytic degradation of pol-
yesters 344,345. The anhydride bond is also degrading through base catalysis. 
Therefore, basic lidocaine has an accelerating effect on the hydrolytic degrada-
tion of anhydride bonds and the networks with lidocaine degrade significantly 
faster compared to neat polymers. The total degradation times of neat polymer 
and vitamin B12 containing polymer are the same. Exception is PEG-anhydride 
1014, which is disintegrated at 18h. The samples are swollen (40%) at 10h, and 
after that they could not be reliably weighed.  

Table 14. Time for total polymer network degradation at pH 7.4 with lidocaine (10wt-%) and vitamin 
B12 (1wt-%). Reprinted from publication III with permission from © Elsevier Ltd 2020. 

Polymer 
Neat polymer 

(h) 
Lidocaine 

(h) 
Vitamin B12 

(h) 
PEG-anhydride 170 >24 20 >24 
PEG-anhydride 450 20 16 20 
PEG-anhydride 1014 10 6 18 
PCL-anhydride 20 10 20 

 

4.4 Active agent release rate studies 

4.4.1 Effect of the polymer composition 

In publications I and III, active agent release from polymers with different com-
positions was studied. Figure 26 shows DM and vitamin B12 release from poly-
mers in pH 7.4. DM release from porous polymers in Figure 26a shows two types 
of release patterns. DL-lactide containing polymers PEG-P(CL30-DLLA70) and 
PEG-P(CL15-DLLA85) had slower release of DM during the first 5 weeks, after 
which the release was accelerated and they reached close to 100% before the L-
lactide containing polymers. L-lactide containing polymers (P(CL30-LLA70) 
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and PEG-P(CL30-LLA70)) on the other hand had more constant drug release 
rate. Furthermore, PEG-P(CL30-LLA70) had close to zero-order drug release, 
which means that the release rate of active agent was almost constant through-
out the study. Figure 26b presents the release of vitamin B12 in pH 7.4. Remark-
able differences in the release can be observed: the release is fastest from PEG-
anhydride 1014, which showed also the fastest mass loss. In addition, the slow-
est release was obtained from PEG-anhydride 170, which has the longest time 
for total degradation. The time for total degradation for PEG-anhydride 450 and 
PCL anhydride was the same (20h, Table 14) with the release pattern also being 
similar. Thus, it can be concluded that the polymer composition and degrada-
tion rate affect the release patterns. 

 
 

Figure 26. Release of a) DM (8wt-%) from porous scCO2 foamed polymers b) vitamin B12 (1wt-
%) from PEG- and PCL-anhydrides. Studies were conducted at pH 7.4 buffer solution. 
Adapted from publication I with permission from © Elsevier Ltd 2019. Adapted from publica-
tion III with permission from © Elsevier Ltd 2020. 

4.4.2 Effect of the active agent 

Size and water solubility of the drugs had a great impact on the drug release. In 
publication I, active agent release of very slightly water soluble DM (0.9mg/ml) 
and sparingly soluble AS (32mg/ml) was studied. The molecular weight of the 
active agents is on the same level, however the AS was released in a burst, 
whereas the DM was released remarkably slower. An example is given in Figure 
27, where the release of both active agents from solid and porous PEG-P(CL30-
LLA70) samples is presented. The difference in the release during the first week 
is most probably due to the difference in water solubility of the active agents and 
thus AS releases faster than DM. The release of AS is fast especially from porous 
samples. However, after the first week, degradation of polymer has an effect on 
the drug release. As shown in the Table 13, AS and DM have a different effect on 
the polymer degradation. AS accelerates the degradation of PEG-P(CL30-
LLA70) compared to DM and neat polymer. Therefore, the active agents affect 
the release by influencing the degradation rate of polymers. 
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Figure 27. a) AS and b) DM release from porous and solid PEG-P(CL30-LLA70). Black symbols 
are solid polymers and white ones porous. Circle samples have 4wt-% of active agent and 
triangle samples have 8wt-%. The difference in the time scale is due to the different degra-
dation times. Adapted from publication I with permission from © Elsevier Ltd 2019. 

In publication III, active agent release of slightly water soluble lidocaine 
(4mg/ml) and freely water soluble vitamin B12 (125mg/ml) was studied. In con-
trast to publication I, the more water soluble active agent vitamin B12 released 
significantly slower compared to lidocaine. Lidocaine accelerates the hydrolytic 
degradation of networks, which increases the release rate. However, the release 
of lidocaine is faster that the degradation of networks. Therefore, the difference 
in the release profile derives also from the molecular weight of the active agents. 
Lidocaine is a notably smaller molecule (234g/mol) compared to vitamin B12 
(1355g/mol). As both PEG- and PCL anhydrides degrade slowly in the acidic 
conditions, the release of lidocaine in pH 2.1 was mainly swelling and diffusion 
induced, whereas the release of vitamin B12 was degradation controlled. In Fig-
ure 28, the release of lidocaine and vitamin B12 in pH 2.1 is presented. 

 

 

Figure 28. a) Lidocaine and b) vitamin B12 release from PEG- anhydrides and PCL-anhydride at 
pH 2.1. Adapted from publication III with permission from © Elsevier Ltd 2020. 

4.4.3 Effect of porosity  

Higher surface to volume ratio and porosity usually increases the active agent 
release rate. Porous samples prepared by scCO2 foaming in publication I re-
leased active agents faster compared to solid ones. AS is more water soluble 
compared to DM, thus it released faster in a burst manner from the porous sam-
ples, whereas DM release slower (Figure 29). Furthermore, the AS particles 
were larger compared to DM particles (Figure 18) and therefore they might be 

a) b)
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more exposed to the surface of the porous samples. Burst release of water solu-
ble drugs from scCO2 foamed polymers has also been reported previously.188,189 
Previously it has been noticed, that smaller pores lead to a slower release.188 
However, that was not the case in this study, since PEG-P(CL30-LLA70) had 
the smallest pores and PEG-P(CL30-DLLA70) had the largest pores and the re-
lease rate of both DM and AS from PEG-P(CL30-LLA70) was higher. Thus, pore 
size and porosity did not affect the drug release in the publication I. 

 

 

Figure 29. a)-d) AS release and e)-h) DM release from porous and solid polymers. Adapted from 
publication I with permission from © Elsevier Ltd 2019. 

In publication II, lidocaine release from PCL-structures prepared by SLA was 
studied. Lidocaine was released by diffusion, since PCL does not degrade in 11 
weeks, which was the period of the study. Furthermore, swelling of the struc-
tures was minimal (<0.6%). After 11 weeks, no further lidocaine release was ob-
served. Figure 30 shows lidocaine release from structures prepared by SLA. The 
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samples are solid samples (D0), porous scaffolds with 50, 60 and 70% porosity 
(D50, D60 and D70), and porous scaffolds with surface areas of 520, 565 and 
800 mm2 having 70% porosity (D520, D565, D800). Porous samples prepared 
by SLA released lidocaine faster compared to solid ones. No clear effect of in-
creasing porosity or surface to volume ratio on active agent release rate was ob-
served.  

 

Figure 30. Lidocaine release from solid and porous SLA manufactured PCL scaffolds. Adapted 
from publication II with permission from © IOP Publishing 2019. 

The active agent release from crosslinked networks may be controlled by the 
mesh size and crosslink density of the networks.199,202 The mesh size of PCL net-
works might be close to the hydrodynamic diameter of lidocaine. In that case, 
the mesh size is the controlling factor in the lidocaine diffusion instead of the 
pore size and surface to volume ratio. Lidocaine is a relatively small molecule 
(234g/mol). Thus, larger molecules most probably would have slower release or 
no release from these PCL networks. To modify the release rate, macromers with 
varying molecular weight and thus different mesh sizes can be prepared. The 
mesh size should be matched with the used active agent and desired release rate. 
However, on larger macromer sizes, entanglements in the networks have been 
reported.346 These kind of entanglements might further affect the drug release 
in polymers prepared from large macromers. 

4.4.4 Effect of pH  

Degradation of anhydride-modified polyester and polyether networks was pH-
sensitive. Vitamin B12 release was also pH-dependent, indicating that the release 
was mainly degradation driven (Figure 31). The release was slower in acidic con-
ditions and it was enhanced in neutral and basic conditions. Lidocaine release 
on the other hand was not as clearly pH dependent (see publication III). All of 
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the polymers swelled in neutral and basic conditions, however the swelling was 
not as strongly present in pH 2.1.  

 

Figure 31. Vitamin B12 release from a) PEG-anhydride 170, b) PEG-anhydride 450, c) PEG-an-
hydride 1014 and d) PCL-anhydride. Reprinted from publication III with permission from © 
Elsevier Ltd 2020. 

To evaluate the feasibility of these anhydride-modified polyester and polyether 
networks in colon targeted drug delivery, the drug release in changing pH con-
ditions was studied (Figure 32). The active agent containing polymer networks 
were first immersed in pH 1.3 HCl-solution for 2h to simulate the pH conditions 
in the stomach. Subsequently, the samples were transferred into pH 6.8 phos-
phate buffer solution. The release of vitamin B12 was clearly pH-dependent, 
since after the samples were transferred to pH 6.8, the release of vitamin B12 
was initiated. This indicates that the polymers have potential in protecting ac-
tive agents and drugs with larger molar mass from the conditions in stomach. 
However, the applicability of the materials should be further studied in vivo. 
The colon functions as an absorption site for water. Therefore, there is limited 
amount of water in the colon. Furthermore, presence of enzymes, bacteria, mo-
tility and pressure in the GI tract are instrumental in drug delivery to the co-
lon.266,347 

 

a)

c) d)

b)



Results and Discussion 

54 

 

Figure 32. a) Lidocaine release and b) Vitamin B12 release. Reprinted from publication III with 
permission from © Elsevier Ltd 2020. 

4.5 Performance of the nerve guidance channels 

In publication IV, tubular structures were built with SLA and part of them were 
filled with cryogel and growth factors. The different NGC combinations are 
listed in Table 8 (Developed nerve guidance channels, in the chapter 3.5). PCL 
degrades slowly, and thus no degradation of PCL was observed in 16 weeks. Cry-
ogel on the other hand was almost totally degraded within 16 weeks. Figure 33 
shows the NCV, CMAP and SFI, which were measured at week 16. 
 

 

Figure 33. a) The nerve conduction velocity (NCV), b) compound muscle action potential (CMAP) 
and c) sciatic nerve functional index (SFI) at week 16. Adapted from publication IV with per-
mission from © American Chemical Society 2018. 

The NGCs demonstrated higher NCV, CMAP and SFI in all groups compared to 
the negative control. NGF enhanced the nerve regeneration compared to their 

a) b)

pH
1.3

pH
6.8

pH
1.3

pH
6.8

negative control
sham control
autografts
aCG + NGF
aCG
rCG + NGF
rCG
HC + NGF
HC
4P + NGF
4P

a)

b) c)



Results and Discussion 

55 

respective samples without NGF. The multichannel NGCs (both empty and im-
mersed with NGF) showed the lowest recovery, which is hypothesized to be due 
to lack of space for the axon growth. Conduits with random cryogel showed bet-
ter performance than hollow conduits, whereas the best recovery was attained 
with aGC + NGF (hollow conduit filled with aligned cryogel and NGF). NCV, 
CMAP and SFI values of aGC + NGF group at 16 weeks post-implantation were 
similar to autografts and remarkably higher than those of other groups.  

Most of the commercially available nerve grafts are hollow.314 In 2014 the FDA 
approved the first filled NGC. This NGC is made of collagen and is filled with 
collagen and glycosaminoglycan chondroitin- 6-sulfate.348 The rat studies re-
ported by Lee et al. showed that autografts have better motor recovery com-
pared to the FDA-cleared, filled NGC.349 Autografting is the golden standard in 
the nerve regeneration. Thus, the results presented in publication IV are excel-
lent since the results of synthetic NGC (aGC + NGF group) are similar to results 
obtained with autografts. 
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5. Conclusions and Future Prospects 

This thesis aims to increase the knowledge in polymer modification and how the 
chemical structure of the polymer and drug affect the polymer degradation and 
drug release rate. This thesis consists of four publications, which focus on syn-
thetizing and developing polymers for different medical applications: drug and 
active agent delivery, bone regeneration and nerve regeneration. For these ap-
plications, porous and highly controlled structures were prepared via scCO2 
foaming and SLA. Furthermore, active agent release from the synthetized poly-
mers and these structures was studied.  

In publication I, thermoplastic polymers were prepared and foamed with 
scCO2. The polymer hydrophilicity was modified by using PEG as co-initiator to 
modify the degradation of the structures. Polymer crystallinity greatly affected 
the foaming: structures prepared from semi-crystalline polymer had lower in-
terconnectivity of the pores, porosity and pore size as compared to amorphous 
polymers. Active agent type and content on the other hand did not affect the 
foaming. Release studies of two bone growth inducing agents (dexamethasone 
and 2-phospho-L-ascorbic acid trisodium salt) indicate that the polymer degra-
dation and wettability determined the release, whereas differences in the pore 
architecture were not detected. 

Active agent release from SLA built structures was studied in publication II. 
Photo-crosslinkable PCL macromer was synthetized and structures with varying 
porosities and surface to volume ratios were designed, and subsequently built 
with SLA. Porous samples released the active agent faster as compared to solid 
ones, however the degree of porosity and surface to volume ratio did not have 
an effect to the release. It is hypothesized that the polymer network mesh size 
might be controlling the diffusion of the drug. 

In publication III, pH-sensitive polymers for colon targeted drug delivery 
were synthesized. The polymer degradation was modified by incorporating la-
bile and pH-sensitive anhydride bonds and by varying the macromer hydro-
philicity and molecular weight. Polymers degraded slowly in acidic conditions, 
and the degradation was enhanced in neutral and basic conditions. The release 
of active agents was strongly dependent on the active agent molar size: large 
molecules (vitamin B12) were released due to the degradation of polymer, 
whereas small molecules (lidocaine) were released by diffusion. Thus, these pH-
sensitive polymers have potential in colon targeted drug delivery of macromol-
ecules. 
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In publication IV, photo-crosslinkable PCL macromer was synthetized and tub-
ular structures were built with SLA. Different combinations of PCL tubes with 
cryogel and NGF were prepared and studied in vivo. The best combination at-
tained similar results compared to autografts, which is the golden standard in 
nerve grafting. Thus, the recovery is better than recently FDA approved filled 
NGCs, which did not show similar recovery as autografts.348 

In the future, increased knowledge of drug delivery devices, development of 
AM methods and polymers will enable tailored and personalized medical treat-
ment. For example, patients respond differently to medication and therefore 
customized drug delivery systems are needed.350 There are also individual dif-
ferences in transit times and pH conditions in the gastrointestinal tract, thus 
better therapeutic response could be attained with personalized drug delivery 
devices. Polymer degradation can also be tailored to suit these individual needs.   

AM methods offer a possibility to prepare both personalized tissue regenera-
tion implants and drug delivery devices. CAD can be used to prepare personal-
ized structures as well as optimize and design mechanical properties of the 
structures. Furthermore, active agent release can be combined with regenera-
tive implants. Release of antibiotics, growth factors, tissue regeneration induc-
ing active agents or combinations of these from the polymeric scaffold could be 
useful.  

Progress in AM methods will enable combining different materials in AM built 
structures in the future. For example, preparation of personalized nerve grafts 
from different materials would be interesting. The tubular structure could be 
prepared from elastic and suturable material, whereas the filling inside would 
be aligned and offer a surface for cellular attachment. Furthermore, antibiotics 
or local anesthetics could be released from the polymer and growth factors from 
the filling.    
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