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1.1 Diabetes mellitus 
 

Diabetes mellitus is one of the most common endocrine diseases. It occurs in all 
populations and all age groups. It represents an inability of the human body to control 
glucose level in blood. There are three types of diabetes: 

 
1) Type 1 diabetes or insulin-dependent diabetes mellitus ("juvenile diabetes") is 

associated with loss of β-cells (insulin producing cells) mostly as the consequence 
of an autoimmune disease. Due to this loss, the glucose cannot be taken up from 
the bloodstream into somatic cells, such as muscles or fat and liver cells, where it 
supposed to be used as an energy source. This type of diabetes can occur at any 
age, but it is most often diagnosed in children, teens, or young adults. 

2) Type 2 diabetes or non insulin-dependent diabetes mellitus or "adult-onset 
diabetes" involves either a failure in insulin production or end-organ insulin 
resistance. A loss of β-cells can also occur in end stages.1, 2 Although this type of 
diabetes is mostly diagnosed in adults, but due to high obesity rates teens and 
young adults also suffer from it. 

3) Gestational diabetes, the third type of diabetes, is described as a high level of 
glucose in blood that develops at any time during pregnancy in a woman who does 
not have diabetes. It may precede development of Type 2 diabetes mellitus. 

 
Without proper treatment, Type 1 diabetes and its associated chronic 

hyperglycemia could result in dramatic complications, including loss of vision, 
nephropathy, foot ulcers, amputation or even cardiovascular diseases.3 
 
1.2 Possible treatments of type 1 diabetes 

 
The most common way to regulate the glucose level in blood of patients suffering from 
Type 1 diabetes is with exogenous insulin. Although it has been shown to delay the 
onset and to reduce the progression of diabetic complications,4 intensive insulin 
treatment is still associated with some serious medical issues. It involves multiple daily 
injections, frequent monitoring, dosage adaptations and requires a patient’s life style 
adjustment. Also, it is associated with life-threatening episodes of severe hypoglycemia 
and with hypoglycemia unawareness. These inconveniences inspired many groups to 
develop therapies to improve the life quality of patients. A good approach to achieve 
this is by using an endogenous insulin source that regulates blood glucose on a natural, 
minute-to-minute basis. There are two possible options to achieve this; transplantation 
of the whole pancreas or transplantation of only the islets of Langerhans. 
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Transplantation of the whole pancreas is already a well-established mode of 
treatment with more than 15,000 cases performed worldwide.5, 6 Results have 
substantially improved in the past two decades and presently patient and one-year graft 
survival rates almost equal to those of routine kidney transplantation (respectively 98% 
and 85%). A successful pancreas transplant provides almost normal glucose 
homeostasis, but it requires life-long immunosuppressive medication and is associated 
with major surgery. Since it is still unclear whether the benefits of a pancreatic 
transplant over continued insulin treatment outweigh the disadvantages, most 
transplant centers still restrict themselves to combined pancreas and kidney 
transplantation in diabetic patients with end-stage renal failure.5, 7 

Most medical centers prefer transplantation of only the endogenous pancreas 
instead of the whole pancreas. The endocrine pancreas is only 1% of the total volume 
of the pancreas and can be isolated by applying collagenases.8 In recent years, 
important advances have been made in this area. Experienced groups have been able to 
produce insulin independence after transplantation of islets from a single donor by 
controlling all known parameters for optimal islet donation.9 Although this 
demonstrated the principle applicability of the technique, a pertinent issue has to be 
overcome. This issue is the necessity of life-long application of immunosuppression. 
The side effects of immunosuppression such as frequent infections and cancer will 
never be an acceptable alternative for insulin-therapy. 

  
1.3 Encapsulation concept 

 
The advantage of pancreatic islets is that they are relative small clumps of cells (50-
300 µm) that can be modified or enveloped to prevent the application of 
immunosuppression. This can be achieved by encapsulation of the islets in immuno-
protective membranes. Encapsulation involves enveloping the tissue in a 
semipermeable membrane which protects transplanted tissue from large molecules 
such as antibodies and cytotoxic cells of the host immune system and allows for 
transportation of molecules essential for cell survival. Transplantation of non-human 
cells (xenografts) as well as genetically engineered cells has been attainable by 
encapsulation. Therefore, the obstacle of donor tissue shortage has been overcome. The 
concept of encapsulation was first introduced by Bisceglie et al. in 1933.10 Bisceglie et 
al. replaced the endogenous pancreas by insulin producing tissue encapsulated in a 
semipermeable but immune-protective membrane to study the effects of the absence of 
vascularization on the survival of tissues. However, they did not recognize the 
principle applicability of the approach for the treatment of diseases. In the last two 
decades, significant research has been done in the field of encapsulation and its 
application in the treatment of a wide variety of diseases, including parathyroid 
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cells,11,12 hemophilia B,13 anemia,14 dwarfism,15 kidney16 and liver17 failure, pituitary18 
and central nervous system insufficiencies,19 and diabetes mellitus.20 

Encapsulation systems are divided into intravascular and extravascular. Also there 
are categories of geometry: tissue can be enveloped in macro- and microcapsules. 

 
1.3.1 Intravascular encapsulation system 
 
Intravascular encapsulation devices provide close contact between blood and 
encapsulated tissue. For the application in diabetes treatments, this represents the main 
advantage of intravascular over extravascular system. Close contact between 
encapsulated islets and blood provides a fast exchange of glucose and insulin and, 
therefore, a strict regulation of glucose levels. The intravascular device is usually 
composed of a microporous tube where blood flows through its lumen and its outside 
containing the implanted tissue.21, 22 The main disadvantages of smaller intravascular 
devices, such as the modified diffusion chamber from Chick et al.,23 are the short 
duration of normoglycemia (only several hours) and clotting of the blood in the lumen 
of these small devices despite the application of large doses of anticoagulant 
medication. With the large lumen device (an internal diameter of 5-6 mm) 
normoglycemia of seven weeks in the absence of systemic anticoagulant therapy was 
achieved.24 This improvement is in part explained by the high flow rates through the 
device that prevent adhesion of cells to the membranes or collection of those cells in 
the immediate vicinity.25 On the other hand it is quite plausible that the high flow rates 
do not allow a sufficient exchange of nutrients, glucose and insulin necessary for long 
term survival and adequate functioning of the islets. Insufficient compatibility of the 
materials used in these devices26, 27 as well as complications associated with any type of 
vascular prosthetic surgery, are major drawbacks for the widespread application in 
diabetic patients because any alternatives to conventional insulin treatment should 
preferably carry no additional risk. 
 
1.3.2 Extravascular encapsulation system 

 
Unlike the intravascular devices, the majority of extravascular devices can be 
implanted with minimal surgery and there are no associated major risks, such as 
thrombosis. Extravascular devices can be categorized into two different types, i.e. 
extravascular macrocapsules and extravascular microcapsules. 
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1.3.2.1  Extravascular macrocapsules 
 
Macroencapsulation involves envelopment of a group of islets in one or several large 
capsules. These devices can be implanted in different sites such as the peritoneal 
cavity,28-31 the subcutaneous site32-37 or the renal capsule.38 The geometry of 
macrocapsules varies; they may be planar in the form of a flat, circular double layer or 
tube-like as a so-called hollow fiber.39 Tube geometry is preferred over planar 
geometry membranes due to its higher degree of biocompatibility. Tube-shaped fibers 
are usually produced from polyacrylonitrile and polyvinylchloride copolymer (PAN-
PVC).25, 40 From a biocompatibility point of view, a smooth outer layer is preferred 
over a rough one. In contrast, a rough surface allows the host tissue to grow into the 
spongy matrix which is potentially beneficial for vascularization and nutrition. In 
recent years, hydrogels (alginate,41 agarose,31, 42 2-hydroxyethyl methacrylate 
(HEMA)43, 44 and a copolymer of acrylonitrile and sodium-methallyl sulfonate 
(AN69)45 have attracted a lot of attention as material for extravascular macrocapsules. 
The hydrophilicity of hydrogels is the main reason for their advantage in 
biocompatibility. As a consequence of their hydrophilic nature, there is almost no 
interfacial tension with surrounding fluids and tissues, which minimizes the protein 
adsorption and cell adhesion. Furthermore, the soft and pliable features of the gel 
reduce the mechanical or frictional irritations to surrounding tissue.46, 47 Also, gels 
provide a high degree of permeability for low molecular nutrients and metabolites, 
required for optimal functioning of living cells.  

With extravascular macrocapsules, pancreatic islets in monkeys survived for 
periods up to 8 weeks48 and insulin-independence in humans was accomplished for a 
period of one year1. 

Before macrocapsules can be a realistic clinical option for successful diabetes 
treatment, certain problems have to be solved. The relatively high surface-to-volume 
ratio of macrocapsules is associated with an enormous diffusion distance for glucose 
and insulin. Therefore, the exchange of glucose and insulin is rather slow and the 
regulation of the glucose level is inadequate. This also limits the optimal diffusion of 
other nutrients. Inside the macrocapsule, islets aggregate into clumps and this limits the 
nutrition of the islets in the center of the clumps due to diffusion. As a consequence 
necrosis of the encapsulated islets and graft failure occur.46, 49, 50 In order to overcome 
the insufficient-nutrition problem, the islet density of the macrocapsules should be 
quite low (5-10% of the volume fraction). This suggests that numerous or larger 
macrocapsules are required to provide a sufficient amount of insulin producing islets, 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Unpublished reports on meetings and in the US-press 
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resulting in another problem i.e. extremely large devices for any usual transplantation 
cavity. 

These obstacles have been avoided by using smaller, extravascular microcapsules. 
 
1.3.2.2  Extravascular microcapsules 

 
Microencapsulation involves envelopment of individual islets by their own individual 
spherical capsule and avoids the diffusion problems encountered with the 
macrocapsules approach. Microcapsules are mechanically more stable than 
macrocapsules and do not require complex or expensive manufacturing procedures. 
Also, microcapsules can be implanted into the patient via a simple injection procedure. 

A material most commonly used for microencapsulation is alginate. Alginates are 
natural unbranched polysaccharides mainly isolated from brown algae. They are 
composed of two monomer units, β-D-mannuronic acid (M) and its C-5 epimer α-L-
guluronic acid (G) connected by 1→4 linkages. The monomers are distributed as 
homogeneous blocks (GG or MM) or as alternating sequences (MG) (Figure 1.1). In 
the presence of divalent cations alginates form rigid hydrogels under physiological 
conditions. Flexible and pliable characteristics of hydrogels are advantageous for 
microencapsulation. Furthermore, alginates do not interfere with the cellular function 
of the islets.51-53 It has been shown that alginate-based capsules are stable for years in 
both small and large animals, as well as in humans.54     
 

!
!
 

 
 

GMMMMMGGGGGGGMGMGMGMGMGMGMMMMMG 
M-block     G-block               MG-block             M-block 

 
Figure 1.1 The structure of alginate. Alginates are block copolymers of β-D-
mannuronic acid (M) and α-L-guluronic acid (G) with differences in composition and 
sequential arrangement. 

β-D-Mannuronic acid (M)         α-L-Guluronic acid (G) 

G                  G                     M                   M                     G 
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Microencapsulation procedures, first described by Lim and Sun,20 consist of the 
entrapment of individual islets in an alginate droplet which is transformed into a rigid 
bead by cross-linking with a divalent cation. When the guluronic blocks (G), linked 
coaxially as buckled chains, are positioned opposite to each other, a cavity is formed. 
Properly sized divalent cations, which chelate with oxygen containing groups of a G 
block, are enclosed in these cavities. This structure is known as the “egg-box” model55 
(Figure 1.2). The planar shaped M blocks cannot chelate divalent cations, but Donati et 
al.56 discovered that combined MG blocks can interact with divalent cations. Hence 
cation junctions with GG-GG, MG-GG and MG-MG are responsible for gel 
formation.56 
 

 
 

Figure 1.2 The “egg-box” model for alginate gelation with calcium cations. A 
minimum block length of 20 guluronate monomers is necessary for the formation of 
this structure. 

 
The alginate affinity towards different divalent cations has been shown to decrease 

in the following order: Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn > Mn. Variations in 
gel strength, stability and permeability due to the application of different cations 
(calcium, barium or strontium) for alginate gelation are reported in literature.57 Gels 
formed by the cross-linking of alginate with barium cations are stronger than gels 
formed with calcium.58 The high-G alginates cross-linked with barium or strontium are 
stronger and more stable but less permeable than high-G alginate gels formed with 
calcium. However, the final gel characteristics not only depend on the type of cation 
but also on the type of alginate. For instance, the beneficial effect of strontium and 
barium was not observed with alginate gels enriched with M (less than 40% G). The 
characteristics of strontium gels are in-between those of calcium and barium gels. Due 
to strong binding with high-G alginates and a large number of junctions, barium gels 
are less permeable than calcium gels and only a limited amount of immunoglobulins G 
(IgG) can penetrate inside the bead.57 In some transplantation settings, capsules do not 
have to protect against IgG and barium beads without cation layers, which will be 
discussed later, can be applied.59 Barium is known to be toxic which implies that low 
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concentrations and intensive rinsing of barium beads are required to avoid the leakage 
of this deleterious cation.60 

The permeability of alginate beads can be reduced by coating with polycations. 
Moreover, the coating induces an increase in mechanical stability. This benefits 
broader potential applications and enable xenotransplantation where a higher degree of 
immunoprotection is required. Many different polycations have been applied and tested 
such as chitosan,61 poly(L-ornithine),62 poly(D-lysine),63 and poly(L-lysine).20 

Ponce et al. investigated the physicochemical properties and biocompatibility of 
the capsules, prepared from different types of alginates and coated with different 
polycations.64 Poly(D-lysine) and poly(L-ornithine) were used as possible substitutes 
for poly(L-lysine) because these polycations have shown higher affinity for alginate, 
resulting in stronger microcapsules.63, 65 The in vivo studies performed by Ponce et al. 
demonstrated different immune responses against these capsules one month after 
implantation. These responses were attributed to the variations in the interactions 
between the polycations and alginates rather than to the alginates themselves. It was 
concluded that poly(L-lysine) is the best available option and that poly(L-ornithine) 
and poly(D-lysine) should be avoided to use due to strong inflammatory responses 
against capsules coated with these cations. 

The coating of capsules with poly(L-lysine) is performed as follows. Rigid alginate 
gel-beads obtained by collecting sodium-alginate droplets in a calcium-rich solution 
are coated with a polylysine membrane by suspending in a poly(L-lysine) (PLL) 
solution. The interaction between the alginate and PLL is accomplished by 
polyelectrolyte complex formation between the negatively charged carboxyl groups of 
alginate (COO-) and the positively charged ammonium groups of PLL (NH3

+). It has 
been shown that a certain flexibility of the polysaccharide chains is necessary for the 
complex formation with PLL. The G-blocks adopt a rigid two-fold helical 
conformation which is unable to interact with PLL effectively.63 On the other hand, 
alginates containing mixed sequences of M and G are rather flexible. These MG blocks 
appear to be the only part of the alginate structure that can interact with PLL.66 The 
interaction of PLL with alginate is followed by the conformational change of PLL from 
a random coil to an α-helix. Hence, the formed complex consists of an α-helical PLL 
core surrounded by superhelically orientated polysaccharide chains.66 The presence of 
this complex decreases the porosity of the alginate gel. The porosity and the 
permeability of the capsule’s membrane can be tailored by varying the molecular 
weight and the concentration of PLL as well as the incubation time.67-73 Usually, 5 to 
10 minutes incubation in a 0.1% solution of PLL with a molecular weight of 22 kg/mol 
is sufficient to form an immunoprotective membrane. However, it should be 
emphasized that the binding of PLL does not only depend on the incubation time and 
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the molecular weight of PLL, but also on the type and concentration of alginate72, 74 as 
well as on the temperature of the incubation.70, 72, 74 

In the final step, the biocompatibility of the capsules is provided by suspending the 
capsules in a solution of alginate or other negatively charged molecules70, 74 in order to 
neutralize positively charged PLL residues still present at the capsule surface. In the 
past it was assumed that the final step provides a layer of calcium-alginate on the top of 
the alginate-PLL layer. However, Fourier transform infrared spectroscopy (FTIR),75 X-
ray photoelectron spectroscopy (XPS)76 and confocal microscopy77 studies showed that 
the capsules were not composed of a three layer system, but only of an alginate core 
surrounded by an alginate-PLL layer up to 30 µm thick. 77 

Many modifications of the original procedure of Lim and Sun20 were described in 
literature with different degrees of success. For instance, the incubation of 
encapsulated cells susceptible to calcium at 4°C instead of room temperature improved 
the functional survival of cells, but resulted in an inadequate coating and less stable 
microcapsules. Finally, most research groups have abandoned EGTA or citrate to 
liquefy the inner core of the capsule. It has been shown that this procedure has an 
unfavorable effect on the integrity of the capsules. Also, the core liquefaction is only 
temporary because the capsules will be subjected to concentrations of up to 2.5 mM 
calcium after implantation or culture, which is sufficient to re-gelify the core. 
 
Biocompatibility of microcapsules 
 
Insufficient biocompatibility of encapsulation materials is the main obstacle for the 
clinical application of microcapsules. Implanted microcapsules trigger a non-specific 
foreign body reaction which results in a progressive fibrotic overgrowth of the capsules 
(Figure 1.3). Due to the overgrowth, the diffusion of nutrition is obstructed and as a 
consequence the islet cell’s death occurs.  

 
            a)                                                                  b) 

                                      
 
Figure 1.3 The alginate-PLL capsule a) with and b) without fibrotic overgrowth 
(GMA-embedded section, syrius red staining (a), Romansky-Giemsta stain (b), original 
magnification × 50).  
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Chemistry of the capsules as a biocompatibility issue 
 
Although alginate is considered a biocompatible material which does not interfere with 
cellular function, it can still provoke inflammation. So far compounds, such as 
polyphenols, proteins, endotoxins and pathogen associated molecular patterns (potent 
stimulators of the immune system and toxic for cells) have been found in crude 
alginates.78, 79 Hence, a huge overgrowth with inflammatory cells followed by necrosis 
of the encapsulated islets was observed when the islets were encapsulated in crude 
alginate gels.80 With the thorough purification of alginate, deleterious impurities can be 
successfully removed and the immune reaction caused by their presence can be 
suppressed. 

Not only the purity, but also the composition of the alginate determines whether a 
biological response to alginate-PLL capsules will occur or not. Different types of 
alginates contain varying quantities of the monomer units β-D-mannuronic acid (M) 
and α-L-guluronic acid (G). Due to higher amounts of G units, which are responsible 
for cross-linking with calcium, high-G alginates are stronger, more durable60, 81-84 and 
less associated with cell protrusion71, 85 than intermediate-G and low-G alginates. High-
G alginates are preferred by many because of their higher mechanical stability, but 
their application is hampered by more severe tissue responses when compared to 
intermediate G capsules.81, 86, 87  

X-ray photoelectron spectroscopy was performed on high-G and intermediate-G 
alginate capsules to gain insight in elementary compositional differences.75, 86, 88 The 
elemental analysis showed that the surface of high-G alginate capsules contained 
significantly higher amounts of nitrogen in comparison to intermediate-G capsules. 
Since nitrogen is only found in PLL, high-G capsules appeared to have a higher 
amount of PLL. On the other hand, the analysis of carbon groups indicated that these 
capsules contained lower amounts of negatively charged carboxyl groups (COO-), 
which are the free binding sites for PLL. These contradictory results were explained by 
the fact that the PLL uptake is rather determined by the porosity of alginate gel than by 
the number of binding sites. In fact, because a lower alginate concentration was used 
for the preparation of high-G alginate beads, the porosity, and therefore permeability, 
of high-G alginate gels is higher than intermediate-G gels.60, 83 The amount of PLL 
diffused into the high-G gels during the incubation with PLL is rather large compared 
to the limited number of binding sites. Therefore, some of the long PLL chains will 
interact with binding sites of the high-G alginate gels while the others remain 
unattached and absorbed within the gel. The presence of unattached PLL is an 
important issue that needs to be addressed, because PLL is known as s a potent 
stimulator of inflammatory reaction.69, 70, 89 



Introduction 

!

! 19 

The aforementioned XPS analysis demonstrated that alginate capsules are not 
composed of a three layer system, but consist of only an alginate core surrounded by an 
alginate-PLL layer.76 These findings have serious implications regarding 
biocompatibility issues associated with microcapsules, since it implies that 
proinflammatory PLL is always on the surface of the capsules in direct contact with the 
inflammatory cells. These preceding studies illustrate an important issue. Seemingly 
minor variations in the capsule composition, such as a 10% change in the content of 
guluronic acid in the alginate-matrix, have dramatic consequences for the 
biocompatibility. This is supported by publications of many others that show that small 
differences in applied purification procedures90 or applied polyamino acids64 lead to 
severe responses. A small difference in alginate composition, purification procedure or 
type of applied polyamino acids causes large lab-to-lab variations that influence the 
efficacy of encapsulated islets62, 90-93 which varies from several days to years.59, 80 This 
is considered to be a major pitfall for the widespread application of encapsulated 
tissues.94 Solving this problem is the central theme of the thesis. We propose that the 
substitution of PLL with a variety of different diblock copolymers may help to 
overcome the above mentioned hurdles.  

Diblock copolymers are designed in such a manner that one block acts as a so-
called anchor and should provide a strong interaction with the gel. In our approach we 
opted for PLL-based diblock copolymers because PLL binds to alginate via ionic 
interactions under physiological and cell-friendly conditions. The PLL block can be 
easily synthesized by ring opening polymerization.  

The second block should be immiscible with both the alginate and the first block to 
prevent phase mixing. This block should stay on the surface of alginate beads and form 
an anti-biofouling layer. Besides having a good biocompatibility and the absence of 
charged functional groups along the chain, uniform polymer chains with tunable 
molecular weights are preferable for the application. Therefore, precise control over 
the molecular weight and polydispersity is required during the synthesis. This can be 
achieved by preparing the block using controlled synthetic procedures such as atom 
transfer radical polymerization (ATRP).  

An anti-biofouling property of the capsules surface is of great importance for the 
application. The surface of the alginate-based capsules should be resistant to the 
adsorption of proteins. Proteins attract immune cells and allow for the immune cells to 
recognize the surface as a “foreign”. In order to prevent this effect, the surface of the 
capsules should have a biocompatible, anti-biofouling layer. This layer can be created 
by attaching biocompatible chains to the surface and by forming the polymer brush out 
of them. Neutral brushes prevent protein adsorption and cell adhesion.95-100 
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1.4 Polymer brushes 
 

Polymer brushes are the dense arrays of polymer chains attached by one end (anchor) 
to a surface and stretched away from the surface. A high grafting density of attached 
polymer chains causes an intermolecular repulsion, which results in the stretching of 
the polymer chains and consequently polymer brush formation. Depending on the 
grafting density, polymer chains anchored to the surface can appear in different 
regimes. In a dilute regime, when only a few polymer chains are tethered, the polymer 
will strive towards a preferred coil-conformation. This regime is known as a mushroom 
regime (Figure 1.4a). With increasing grafting density, the polymer coils will get into 
contact with each other and will eventually start to overlap. Repulsive interactions 
between monomer units will tend to minimize the contact between neighboring coils, 
and as a consequence, the polymer chains will stretch away from the surface and form 
a so-called polymer brush (Figure 1.4b). 
 
                  a) “mushroom”                                        b) “brush” 

 
 
Figure 1.4 Schematic illustration of different regimes for polymer chains tethered on a 
surface 

 
The antifouling property, or the ability of polymer brushes to protect the surface 

from undesirable compounds that would normally adsorb to the unprotected surface is 
a very important characteristic of brushes. This property is based on an increase of 
local polymer density, which occurs when antifouling particles such as proteins enter 
inside the brushes. The brushes tend to restore a perturbed equilibrium by forcing the 
undesirable particles outside the brush. Hence, the polymer brushes act as a barrier 
between the solution containing fouling compounds and the surface to which these 
compounds can adsorb.  

Polymer brushes can be prepared by physisorption,101, 102 covalent attachment of 
polymer chains to a surface (“grafting to” approach),103-105 growing (polymerization) 

increasing grafting density 
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polymer chains from the grafting surface (“grafting from” approach)106, 107 and with the 
so-called Langmuir-Blodgett approach.108, 109 

In this thesis we used physisorption, the simplest and earliest approach for the 
polymer brush preparation. This approach involves the adsorption of one block 
(anchoring block) of the diblock copolymer whereas the other block forms the brush. 
The PLL-based diblock copolymers are synthetized by combining atom transfer radical 
polymerization and ring opening polymerization. 

 
1.5 Atom transfer radical polymerization (ATRP) 

 
Atom transfer radical polymerization (ATRP) is one of the most frequently applied 
methods of controlled radical polymerization. It provides precise control over the 
molecular weight, composition, final end group functionality and novel topology. A 
large number of vinyl monomers can be polymerized by ATRP in a controlled manner 
under different conditions (high or room temperature, in organic solvent or in water).110 

ATRP is a catalytic process. The ATRP catalyst is a transition metal (Mtm), which 
can increase its oxidation number and forms a complex with a ligand (L). This metal-
ligand complex (Mtm/L) is an activator which homolytically cleaves the alkyl halogen 
bond of the initiator/macromolecular halide (PnX). A result of this is growing radical 
chain (Pn ) and the metal deactivation complexes in the higher oxidation state 
coordinated with halide ligands (X-Mtm+1/L). Propagation occurs through the addition 
of a monomer to the growing radical chain. The deactivation complex reacts with the 
propagating radicals to again form a dormant species and activator. Control over 
molecular weight, composition, functionality and topology is provided by this 
equilibrium between the propagating radicals and the dormant species (Scheme 1.1). 
 

 
 

Scheme 1.1 Mechanism of atom transfer radical polymerization (ATRP) 
 

The aforementioned functional end-groups of the polymer chains can be tailored 
by ATRP. In an ATRP reaction, the end-groups of the synthetized polymer chain 
originate from the initiator. Therefore, the end-functionality of polymer chains is 
determined by the functionality of the initiator. This functionalization of polymer 
chains is known as an α-functionalization. The preferred end-group can also be 
obtained after the polymerization process through the modification of the halide end 
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group (ω-functionalization). The α-functionalization is preferred over the ω-
functionalization because it is more efficient, straightforward and provides complete 
functionalization and a wide variety of end functional groups, such as alcohol,111, 112 
oxazoline,112 thiol,113 amine,114-117 aldehyde,118 N- hydroxysuccinimide,119 alkyne and 
azide.120, 121 End functionalized polymers can be used as new initiators, coupling agents 
or in click chemistry.  

 
1.6 Ring opening polymerization (ROP) 

 
The most frequently used method for the preparation of synthetic polypeptides is the 
ring opening polymerization of α-amino acid-N-carboxyanhydrides (NCAs). Ring 
opening polymerization is a simple method which allows for the synthesis of 
polypeptides with high molecular weights in good yields and large quantities. The 
considerable variety of NCAs that can be prepared enables the synthesis of large 
numbers of different polypeptides.122, 123. 

 

 
                                            NCA                      polypeptide 
 
Scheme 1.2. Ring opening polymerization of N-carboxyanhydrides 

 
The ROP of NCA can be initiated by a nucleophile or a base, each following a 

different mechanism. 
 
1.6.1 The amine mechanism of NCA ROP 

 
The amine mechanism is based on the ability of the lone pair of electrons in an amine 
group to attack the carbonyl group of the monomer (Scheme 1.3). This causes the ring 
to open and a carbamic acid is obtained by protonation. Additionally, if the primary 
amine is a sufficiently strong base, it can also be protonated. In which case, a carbamic 
ion is formed. A primary amine is obtained by the elimination of CO2 from the 
carbamic acid or carbamic ion. The newly formed amine group can then be used to 
propagate the polymerization. Both primary aliphatic and aromatic amines initiate 
polymerization via the amine route, but in the latter case the molecular weight 
distribution can be higher due to slower initiation. 
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Scheme 1.3. The amine mechanism 
 

Besides amines, NCA ROP can be initiated by alcohols,124, 125 water and metal 
salts,122, 126 amine salts115, 127, 128 and transition-metal amine complexes.129, 130  
 
1.6.2 The activated monomer mechanism 

 
In the activated monomer route, the polymerization is initiated by a base and involves 
deprotonation of a monomer (Scheme 1.4). The monomer anion attacks the carbonyl 
group of the next monomer. As a consequence, the ring opens and carbon dioxide is 
released. The proton-transfer from the monomer to the growing chain results in the 
formation of a negatively charged monomer. This monomer attacks the NCA part of 
the growing chain and continues the propagation.  
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Scheme 1.4 The activated monomer mechanism 
 

Alkali-halides and tertiary amines initiate the polymerization via the activated 
monomer route. Polypeptides prepared via this mechanism tend to have high molecular 
weights and large polydispersities.122 This route does not integrate the initiator into the 
polymer chain, whereas the initiator becomes part of the molecule in amine activated 
ROP.  

Depending on the type of monomer and initiator, ring opening polymerization can 
occur via both mechanisms at the same time; the propagation via one mechanism is a 
side reaction for the other.  

  
1.7 Aim and outline of the thesis 

The encapsulation of pancreatic islets is a promising approach in the treatment of 
diabetes Type I. However, small differences in the capsules’ preparation procedure, 
such as the alginate composition, purification procedure or type of applied polyamino 
acids cause large lab-to-lab variations that influence the efficacy of encapsulated islets. 
Among all polyamino acids used to provide immune protection and mechanical 
stability, PLL looks to be the best available option to date64, 131. Alginate-PLL-alginate 
capsules have shown to be highly biocompatible, but minor changes in the preparation 
procedure can result in inadequate binding of proinflammatory PLL with graft failure 
as a consequence (Chapter 2). Therefore, one of the goals of this thesis is to make the 
formation of biocompatible alginate-based cell encapsulation a more reproducible 
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procedure. This can be achieved by the substitution of PLL with diblock copolymers. 
Diblock copolymers are designed in such a way that one block binds easily to the 
capsule matrix and stays attached under physiological conditions, whereas the other 
block should be immiscible with alginate and form a biocompatible, anti-biofouling 
layer on the capsules’ surface. 

In Chapter 2, we investigated the role of the in vivo microenvironment on the 
physicochemical properties of the capsules, as well as the role of potential changes in 
the physicochemical properties on the inflammatory responses against the capsules. To 
this end, high-G and intermediate-G capsules with nearly identical mechanical and 
physicochemical surface properties were prepared and implanted in the peritoneal 
cavity of AO rats. The responses as well as the physicochemical surface properties of 
these capsules were compared after transplantation. 

In Chapter 3, we investigated whether poly(L-lysine) can be substituted with 
polyethylene glycol-b-poly(L-lysine) block copolymers (PEG-b-PLL). Fluorescence 
labeling of the PEG block was used to study the binding of copolymers to the alginate 
beads and to determine the optimal preparation conditions. Furthermore, it was 
investigated whether the copolymer capsules have similar mechanical stability and 
permeability when compared to standard alginate-PLL capsules. 

Besides PEG, other polymers could meet the encapsulation requirements and form 
an anti-biofouling layer. One of them is poly(N-isopropylacrylamide) (PNIPAAm). In 
Chapter 4, we described the synthesis of this polymer by ATRP and its copolymers 
with poly(L-lysine) by ROP. The thermoresponsive behavior of these copolymers as 
well as its dependence on the presence of acrylamide units in the poly(N-
isopropylacrylamide) chain was investigated, since it may influence the anti-biofouling 
properties of these copolymers. 

In Chapter 5, we investigated the binding of PEG-b-PLL, PNIPAAm-b-PLL and 
PNIPAAm-PAAm-b-PLL copolymers to the flat alginate layers with Fourier transform 
infrared spectroscopy (FTIR). The goal was to determine whether our procedure led to 
the formation of polymer brushes on the surface of the capsules. The quantitative 
analysis of the FTIR spectra after certain time intervals of incubation was used to 
determine when the onset of saturation with each diblock copolymer was achieved. 
FTIR in combination with atomic force microscopy was used to investigate whether 
PEG/PNIPAAm/PNIPAAm-PAAm phase separates from the alginate and how the 
preceding PLL adsorption influenced the copolymer adsorption to the alginate-PLL 
layer. FTIR and AFM were also used to estimate the brush formation.  

In Chapter 6, the host response against benchmark alginate-PLL capsules, the 
alginate-PEG-b-PLL capsules from Chapter 3 as well as the alginate-PLL-PEG-b-PLL 
capsules prepared as described in Chapter 5 was examined and compared. It was 
investigated whether the PEG-b-PLL copolymer can be a substitute for PLL and if the 
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PEG-b-PLL copolymer can mask proinflammatory PLL and form an anti-biofouling 
layer on the surface of the alginate-PLL membrane.  
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Abstract 
 
Application of alginate-polylysine (PLL) capsules for immunoisolation of living cells is 
suffering from a varying degree of success and large lab-to-lab variations. In this study 
we show that these differences in success rates can be attributed to alginate dependent 
changes of the essential physicochemical properties of capsules in vivo that will render 
the capsules more susceptible to inflammatory responses. Capsule’s properties were 
studied before and after implantation by XPS, by immunocytochemistry, and by 
measuring zeta potentials. We studied a capsule type which provokes for unknown 
reasons a strong inflammatory response, i.e. high-guluronic (G) alginate capsules and 
a capsule type with near identical physicochemical properties but which evokes a 
minimal inflammatory response, i.e. intermediate-G alginate capsules. The cause of the 
difference in response was a decrease in nitrogen content on high-G capsules due to 
detachment of PLL in vivo and an increase of the zeta-potential. Our data illustrate 
important overlooked phenomena; the physicochemical properties are not necessarily 
the same after exposure to the in vivo microenvironment which may induce undesired 
inflammatory responses and failure of encapsulated cellular grafts. 
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2.1 Introduction 
 
The most commonly applied procedure for immunoprotection is microencapsulation of 
tissues in alginate-based capsules as originally described by Lim and Sun1. Alginate, 
the main component of the capsule, is composed of chains of guluronic acid (G) and 
mannuronic acid (M) and can have varying quantities of these two acids. The alginate 
binds polyamino acids at the surface of the capsules, which provides semi-permeable 
properties. During recent years, important advances have been made with this 
technology. Human trials have been started and show temporary but persistent survival 
of human microencapsulated tissue after allotransplantation of encapsulated 
parathyroid cells2 and islets of Langerhans3-5. Also, microencapsulation has been 
shown to allow for prolonged survival of xenotransplanted islet grafts in both 
chemically induced and autoimmune diabetic rodents6, dogs7, 8, and monkeys9. 
Although this illustrates the principle applicability of the alginate-encapsulation 
technique, a fundamental barrier has to be overcome since graft survival varies 
considerably from several days to months10. This variation in success rate is usually 
attributed to differences in the tissue responses (i.e. biocompatibility) against the 
applied capsules. 

Many reported different causes for the tissue responses against alginate-based 
capsules. Purity of the alginate11-14, the interaction of the alginate with the polyamino 
acid13, 15-18, and the mechanical stability12, 19 are all considered to be crucial factors in 
the responses against the capsules. Also the alginate-type has been subject of studies 
focusing on identification of factors influencing biocompatibility, but conclusions on 
which type of alginate is the most adequate can still not be drawn18. This is caused by 
the fact that in most of these studies alginate-effects are overshadowed by variations in 
experimental design, which makes comparison and sound interpretation difficult if not 
impossible. Many studies18, 20 compare alginates with different guluronic acid content 
in capsules with a different or poorly documented stability. Also the applied alginates 
lack details on purity or have a documented different degree of purity12, 18, 21. In 
addition to capsule’s properties also other factors, such as limitations of the 
transplantation site and the low oxygen tension in the peritoneal cavity, may contribute 
to failure and enhancement of host responses22. 

In the present study we investigated the role of the in vivo microenvironment on 
physicochemical properties of capsules and the role of potential changes in the 
physicochemical properties on the inflammatory responses against the capsules. To this 
end we compared the responses and the surface properties of capsules that provoke a 
strong inflammatory response, i.e. high-G alginate capsules with that of capsules with a 
known high degree of biocompatibility, i.e. intermediate-G alginate capsules. We 
meticulously selected alginates with a different guluronic acid content but an identical 
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purity degree to prevent overshadowing responses associated with contaminations such 
as endotoxins12, 18, 21. Also we constructed capsules with a nearly identical mechanical 
stability. Subsequently these capsules were implanted in the peritoneal cavity of AO-
rats to compare the responses and the physicochemical surface characteristics of these 
capsules at day 1, 5, and 7 after implantation. 

 
2.2 Materials and Methods 
 
2.2.1 Graft recipients 
 
Male inbred Albino Oxford (AO/G) rats served as recipients of capsules and were 
obtained from the Central Animal Laboratory of Groningen. Their body weights 
ranged from 300 to 350 g. NIH guidelines for the care and use of laboratory animals 
have been observed. 
 
2.2.2 Alginates and purification procedure 
 
Alginates of different composition were obtained from ISP Alginates Ltd UK. 
Intermediate-G (43% G-content) and high-G (greater than 53% G-content). Crude 
sodium alginate was dissolved at 4°C in a 1 mM sodium ethylene glycol tetraacetic 
acid solution to a 1% solution for intermediate-G alginate and to a 0.25% solution for 
high-G alginate under constant stirring. Subsequently the solutions were successively 
filtered over 5.0, 1.2, 0.8, and 0.45 µm filters (Schleicher & Schüll, Germany). During 
this filtration step, all visible aggregates were removed. 

Next, the pH of the solution was lowered to 3.5 by addition of 2 N HCl plus 20 
mM NaCl. The solution was kept on ice to prevent hydrolysis of alginate. The next step 
was slow lowering of the pH from 3.5 to 1.5 and was associated with gradual 
precipitation of alginate as alginic acid.23 Routinely, the solutions were brought at a pH 
of 2.0 and subsequently filtered over a Buchner funnel (pore size 1.5 mm) to washout 
non-precipitated contaminants. To extend the washout of non-precipitated 
contaminants, the precipitate was brought in 0.01 N HCl plus 20 mM NaCl, vigorously 
shaken, and filtered again over the Buchner funnel. This washing procedure was 
performed three times. 

Then, proteins were removed by extraction with chloroform/butanol (4:1).24 The 
alginic acid was suspended in 100 ml of 0.01 N HCl plus 20 mM NaCl and 
supplemented with 20 ml of chloroform and 5 ml of 1-butanol. The mixture was 
vigorously shaken for 30 minutes and filtered over the Buchner funnel. This 
chloroform/butanol extraction was performed three times. Next, the alginic acid was 
brought in water and slowly dissolved by gradually raising the pH to 7.0 by the slow 
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addition of 0.5 N NaOH plus 20 mM NaCl over a period of at least one hour. The 
obtained alginate solution was subjected to a chloroform/butanol extraction (three 
times) to remove those proteins that can only be dissolved in chloroform/butanol at 
neutral pH24. The solution was vigorously shaken in a mixture of chloroform (20 ml at 
each 100 ml alginate solution) and 1-butanol (5 ml at each 100 ml alginate solution) for 
30 min. The mixture was centrifuged for 3-5 minutes at 600 g, which induced the 
formation of a separate chloroform/butanol phase, which was removed by aspiration. 
The extraction was repeated once. 

The final step was precipitation of the alginate with ethanol.25, 26 To each 100 mL 
of alginate solution, 200 mL of absolute ethanol were added. After an incubation 
period of 10 minutes, all alginate had precipitated. Subsequently, alginate was filtered 
over the Buchner funnel and washed two times with cold absolute ethanol. Finally, the 
alginate was washed three times with diethyl ether and freeze-dried overnight. In order 
to include alginates with a similar degree of purity we only included alginates which 
after the purification had an endotoxin content <0.006 ng/mg as measured by LAL. 

 
2.2.3 Encapsulation 
 
Purified alginates were dissolved at 4°C in Krebs-Ringer-Hepes (KRH) with an 
appropriate osmolarity. In order to produce capsules with a similar mechanical stability 
we tested intermediate-G capsules and high-G capsules from alginate solution with a 
different concentration. This increases the intracapsular polymer network and 
reinforced the stability. For high-G capsules we could not apply solutions higher than 
2% as this produces solutions with a viscosity above 4 cps, which is above the 0.2 µm 
filtration. This latter filtration step is required for sterilization of alginate. 

In order to qualify for inclusion in this study, the alginate-poly(L-lysine) capsules 
should be able to withstand the following challenge for mechanical stability.15, 27 First, 
we incubated samples of 100 capsules in vitro for 24 hours in a hypoosmotic solution 
of ultrapure water in a water bath shaking at a frequency of 60 rounds per minute (i.e. 
the so-called explosion assay).28, 29 The diameter of 10 microcapsules and the number 
of broken microcapsules were measured after 24 hours. Only capsules that did not 
swell more than 10% over a period of 48 hours were included. 

We tested the mechanical stability of capsules prepared of high-G alginate and 
compared it with capsules prepared of solutions with graded loads of intermediate- G 
alginates. Only intermediate-G solution with a concentration of 2.8% qualified. 

Before application the solutions were sterilized by 0.2 µm filtration. The alginate 
solution was converted into droplets using an air-driven droplet generator as previously 
described.30 Poly(L-lysine)-alginate encapsulation was performed as described 
elsewhere.31 Briefly, the alginate droplets were transformed to alginate beads by 
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gelling in a 100 mM CaCl2 (10 mM HEPES, 2 mM KCl) solution for at least 5 minutes. 
Subsequently, the Ca-alginate beads were suspended for 1 minute in Krebs-Ringer 
Hepes buffer containing 2.5 mmol/L CaCl2. A poly(L-lysine) (PLL) membrane was 
formed by suspending the alginate beads in 0.1% PLL solution for 10 minutes (poly(L-
lysine-HCl), Mw= 22 000 g/mol, Sigma). Non-bound PLL was removed by three 
successive washing steps during 3 minutes with Ca2+-free KRH containing 135 mM 
NaCl. The outer alginate-layer was subsequently applied by 5 minutes incubation in 
ten times diluted alginate solution. The diameters of capsules and beads were measured 
with a dissection microscope (Bausch and Lomb BVB-125, and 31-33-66) equipped 
with an ocular micrometer with an accuracy of 25 µm. The capsules had a diameter of 
600-700 µm. The same microscope was used for inspection of the capsules prior to 
implantation. 
 
2.2.4 Implantation and explantation of empty capsules 
 
Capsules were injected into the peritoneal cavity with a 16 G cannula via a small 
incision (3 mm) in the linea alba. The abdomen was closed with a two-layer suture. 
The implanted volume was always 2.0 mL as assessed in a syringe with appropriate 
measure. The transplants contained at least 4000 capsules. 

For studies to the tissue response in the first week we did subject the animals to a 
repeated laparotomy. The microcapsules were retrieved at day 1, 5, and 7 days after 
implantation by peritoneal lavage (at least n= 4 per time point). Peritoneal lavage at 
day 1 and 5 was performed by infusing 5 mL KRH through a 3 mm midline incision 
into the peritoneal cavity and subsequent aspiration of the KRH containing the 
capsules. 

On day 7 the animals were subjected to laparotomy to inspect the peritoneal cavity. 
Microcapsules were either freely floating or non-adherent, or adherent to the surface of 
abdominal organs. First, non-adherent microcapsules were retrieved by peritoneal 
lavage, and brought into a syringe with appropriate measures for quantification of the 
retrieval rate.32 Subsequently, the microcapsules adherent to the surface of abdominal 
organs, were excised and processed for histology. 

All surgical procedures were performed under halothane anesthesia. 
 
2.2.5 X-ray photoelectron spectroscopy (XPS) 

 
For measuring protein adsorption, samples of fresh capsules and capsules retrieved by 
lavage at day 1, 5, and 7 after implantation were three times washed with ultrapure 
water and gradually lyophilized (Leybold Herecuis, Combitron CMI). Since the XPS-
spectroscope only identifies elements at the surface of the capsules, it is a prerequisite 
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that the membranes of the capsules are intact and not broken. Therefore, before 
applying XPS, we confirmed the integrity of the surfaces and membranes by scanning 
electron microscopy.33-35 

Samples of lyophilized beads or capsules with intact capsule membranes were 
fixed on a sample holder. The sample holder was inserted into the chamber of an X- 
ray photoelectron spectrometer (Surface Science Instruments, S-probe, Mountain 
View, CA). An aluminium anode was used for generation of X-rays (10 kV, 22 mA) at 
a spot size of 250 × 1000 µm. During the measurements, the pressure in the 
spectrometer was approximately 10-7 Pa. First, scans were collected over the binding 
energy range of 1-1100 eV at low resolution (150 eV pass energy). Next, we recorded 
at high resolution (50 eV pass energy) C1s, N1s, and O1s peaks over a 20 eV binding 
energy range. The protein content of the capsule’s surface was expressed as a 
percentage of the total C, N, and O content of the membrane. Pure lyophilized PLL 
was measured after bringing it on the sample holder in the same fashion as described 
above. 

Experiments were repeated four times to exclude variations between different 
encapsulation sessions. 

 
2.2.6 Electrophoretic mobility 
 
The zeta potential was measured using the Electro Kinetic Analyzer (EKA, Anton Paar 
GmbH, Austria). The EKA operates according to the principles of streaming potential 
and includes a powder measuring cell, the electrolyte circuit, and a pair of Ag/AgCl 
electrodes. The electrolyte (10-3 M KCl solution) is forced through the measuring cell 
containing the sample. A pressure drop (ΔP) depending upon the flow resistance of the 
sample is detected across the measuring cell. The circulation of electrolyte through the 
cell results in a flow of ions (streaming current). The resulting potential difference 
(streaming potential, Up) is detected by electrodes placed at each end of the cell. 
During a measurement, ΔP and Up are recorded. 

The zeta potential (z) was calculated using the equation as follows:36  
 

! = !! ∗ ! ∗ æ
!" ∗ ! ∗ !!

 

 
In this equation η is the dynamic viscosity of the electrolyte solution, æ is its 

electrical conductivity, ε is the liquid permittivity, and ε0 is the permittivity of free 
space. 

If not otherwise mentioned, the pH of the electrolyte solution was kept at 7.0 since 
this is the physiological pH to which capsules are exposed in vivo. During the 
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assessment of the streaming potential, the temperature was kept at 25°C. 
 
2.2.7 Microscopy 
 
To assess the integrity of capsules before implantation, samples of capsules were 
meticulously inspected for the presence of irregularities or broken parts in the capsule 
membranes by using a dissection microscope. 

To detect physical imperfections and to assess the composition and degree of 
overgrowth after implantation, samples of adherent capsules recovered by excision and 
samples of non-adherent capsules were fixed in pre-cooled 2% para-formaldehyde, 
buffered with 0.05 M phosphate in saline (pH 7.4), and processed for glycol 
methacrylate (GMA) embedding.37 Sections were prepared at 2 µm, stained with 
Romanovsky-Giemsa stain, applied for detecting imperfections in the capsule 
membrane, for quantifying the composition of the overgrowth and determining the 
number of capsules with and without overgrowth. Different cell-types in the 
overgrowth were assessed by identifying cells in the capsular overgrowth with the 
morphological characteristics of monocytes/macrophages, lymphocytes, granulocytes, 
fibroblasts, basophiles, erythrocytes, and multinucleated giant cells. To confirm the 
adequacy of this approach, portions of adherent and non-adherent capsules were frozen 
in precooled isopropane, sectioned at 5 µm, and processed for immuno-histochemical 
staining and quantification of the different cell types as previously described.38 The 
monoclonal antibodies used were: ED1 and ED2 against monocytes and 
macrophages,39 HIS-40 against IgM bearing B- lymphocytes,40 and R73 against CD3+ 
bearing T-lymphocytes.41 In control sections we used PBS instead of the first stage 
monoclonal antibody. Quantification of these cells types after immunocytochemistry 
was compared with the assessments on the basis of morphological markers and always 
gave similar results. 

The degree of capsular overgrowth was quantified by expressing the number of 
recovered capsules with overgrowth as the percentage of the total number of recovered 
capsules for each individual animal. 

 
2.2.8 Statistics  
 
Results are expressed as mean ± standard error of the mean (SEM). Statistical 
comparisons were made with the Mann-Whitney U test. A p-value < 0.05 was con-
sidered statistically significant. 
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2.3 Results  
 

A major pitfall in the studies comparing alginates with different composition has been 
the application of capsules that not only vary in the type of alginate but also have a 
different purity or mechanical stability.11-18 This has interfered with sound 
interpretation of the effect of alginate types due to overshadowing effects of purity 
issues and responses to broken capsules. Therefore, in this study we selected alginates 
with an endotoxin content <0.006 ng/mg. Endotoxin content is a crucial factor in 
provoking purity-related inflammatory responses.18 A concentration of <0.006 ng/mg 
is considered to be far below the level that could induce an inflammatory response4, 18 
and below the endotoxin content of commercially available alginates. Also, we 
constructed capsules with an identical mechanical stability. 
 
2.3.1 Surface properties before implantation 
 
Before implantation we compared the surface properties of the constructed capsules by 
using XPS. In previous studies we showed that especially variations in poly(L-lysine) 
content, i.e. N- content, can be hold responsible for inflammatory responses.34, 42 In the 
present study we therefore engineered capsules with a similar N-content (Table 2.1). 
Also we measured the zeta-potential of the capsules as a measure for the amount of 
unbound poly(L-lysine) on the capsules surface. Free positive charges on high-G 
capsules are considered to be responsible for inflammatory responses. Before 
implantation, the applied high-capsule grafts had a zeta-potential of -3.6 ± 0.2 mV, 
which value was similar if not identical to the zeta-potential of intermediate-G capsule 
grafts (-3.5 ± 0.2 mV). 
 
Table 2.1 Elemental surface composition of alginate-PLL capsules (n = 4) prepared of 
intermediate-G and high-G alginate before implantation 
 

Day 0 C, % N, % O, % Others (Na, K, Si), % 
Inter-G 56.2 ± 0.6 5.8 ± 1.2 33.5 ± 1.8 4.5 ± 0.8 
High-G 56.0 ± 0.9 5.9 ± 0.5 33.9 ± 0.8 4.2 ± 0.6 

 
2.3.2 Tissue response in the immediate post-transplant period 
 
In spite of the similarities in purity, mechanical stability, and the physicochemical 
properties of the capsules we observed different responses against the capsules after 
implantation in the peritoneal cavity of AO-rats. The majority of capsules prepared of 
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intermediate-G alginate capsules were freely floating in the peritoneal cavity while the 
majority of the high-G alginates capsules were found to adhere to the surface of the 
abdominal organs as illustrated by a high retrieval rate of the intermediate-G alginate 
capsules and a low retrieval rate of the high-G alginate capsules. With intermediate-G 
alginate, we washed out 20-40% of the capsule graft from the rat peritoneal cavity on 
day 1, 5, and 7 after implantation while it was only 10-30% with high-G alginate. After 
the three lavages, the total retrieval rate of the capsules was 92 ± 8% for intermediate-
G alginate which was significantly higher than 45 ± 6% for high-G alginate (p < 0.01). 
The majority of the capsules prepared of high-G alginate was found to adhere to the 
surface of abdominal organs. These adherent capsules were all overgrown. 

The tissue responses against intermediate-G alginate capsules were always less 
severe than against high-G alginate capsules. The percentage of capsules with cellular 
overgrowth with intermediate-G alginate increased during prolonged stay in the 
peritoneal cavity from 0.6 ± 0.4% on day 1 to 2.8 ± 1.4% on day 7 while with high-G 
alginate it was 1.5 ± 0.7% on day 1 and 85.3 ± 9.4% on day 7 (Figure 2.1). 
 

 
 
Figure 2.1. Percentage of freely floating alginate-PLL capsules prepared of 
intermediate-G alginate (!) or high-G alginate (") with cellular overgrowth at 1, 5, 
and 7 days after implantation in the peritoneal cavity of AO-rats. Values represent 
mean ± SEM of four experiments. 
 
2.3.3 Differences in the composition of the cellular overgrowth 

 
With both types of alginate we found the overgrowth on capsules recovered by 
peritoneal lavage to be composed of monocytes/macrophages, granulocytes, 
fibroblasts, erythrocytes, multinucleated giant cells, and basophiles. This observation 
was done in GMA-embedded sections and it was confirmed by applying 
immunocytochemistry on frozen sections. As in previous studies with empty 
capsules,43 we found no elements of the specific immune system such as B- or T-
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lymphocytes. 
During the tissue response against microcapsules we observed an immediate influx 

and adherence to the capsules of monocytes, macrophages, granulocytes, and some 
basophils. These inflammatory cells gradually disappeared from the capsule surface 
during prolonged stay in the peritoneal cavity (Figure 2.2). When the inflammatory 
cells had disappeared from the capsule surface, we observed a fibroproliferative 
response characterized by an influx of fibroblasts and the development of 
fibroconnective tissue around the capsules. 

Although the same cell-types were involved in the tissue response against 
intermediate-G and high-G alginate, we found at day 5 after implantation more 
monocytes/macrophages (p < 0.001) and less fibroblasts (p < 0.05) on the overgrown 
intermediate-G capsules than on the overgrown high-G capsules. This illustrates a 
faster initiation of the fibroproliferative response against high-G capsules than against 
intermediate-G capsules. 
 

 
 

Figure 2.2 Frequency of granulocytes (top left), macrophages (top right), fibroblasts 
(bottom left), and basophils (bottom right) in the cellular overgrowth on alginate-PLL 
capsules prepared of intermediate-G alginate (!) or high-G alginate (") on day 1, 5, 
and 7 after implantation. Values represent mean ± SEM of four experiments 
 

With both intermediate-G and high-G alginate we found some erythrocytes, 
multinucleated giant cells but these were present in too low numbers to allow for 
reliable quantification. Erythrocytes were found on capsules at day 1 but not on later 



Chapter 2 

 

 42 

days suggesting that the erythrocytes have been introduced during or after trauma 
associated with the surgical implantation of the capsules. Multinucleated giant cells 
were absent in slices of capsules retrieved at day 1 and present in low numbers in slices 
of capsules retrieved at day 5 and 7. Multinucleated giant cells were mainly observed 
in and around capsules containing localized defects suggesting that these cells are 
involved in breakdown of imperfect capsules. 

 
2.3.4 Tissue response at week 2, 4, and 8 weeks after implantation 
 
It has been assumed that the reaction against capsules is complete within seven days 
after implantation.35, 44, 45 This assumption is based on quantification of the number of 
capsules that is affected by cellular overgrowth and not on analyses of the composition 
of the overgrowth. Therefore, we repeated the implantation studies with intermediate-G 
alginate and high-G alginate and retrieved the capsules at 2 weeks (n = 4), 4 weeks (n 
= 5), and 8 (n = 4) weeks after implantation for analyses of the number of overgrown 
capsules and composition of the infiltrate. In these experiments, the animals were not 
subjected to repeated peritoneal lavages but sacrificed for peritoneal lavage and 
excision of the capsules from the abdominal organs. 

With intermediate-G alginate, we washed out more than 85% of the capsule graft 
from the rat peritoneal cavity on week 2, 4, and 8 after implantation. The retrieval rate 
was much lower with high-G alginate. At 2 weeks after implantation we retrieved less 
than 20% of the initially implanted capsules. This further decreased to a retrieval rate 
of zero at 4 and 8 weeks after implantation. At these time points all capsules prepared 
of high-G alginate were found to be adherent and integrated into the abdominal organs, 
overgrown, and covered by fibroproliferative tissue (Table 2.2). 
 
Table 2.2 Composition of cellular overgrowth on alginate-PLL capsules at 2, 4, and 8 
weeks after implantation in the peritoneal cavity of AO-rats 
 

Weeks after 
implantation 

n 
Intermediate-G alginate, % High-G alginate, % 
Monocytes/ 
macrophage 

Fibroblasts 
Monocytes/ 
macrophage 

Fibroblasts 

2 4 40.4 ± 8.3 59.2 ± 6.8 18.8 ± 2.6 81.1 ± 8.2 
4 5 22.5 ± 4.1 77.1 ± 10.4 - 100 
8 4 2.2 ± 0.8 97.6 ± 8.6 - 100 

 
The percentage of overgrown capsules in grafts composed of intermediate-G 

alginate was 4.2 ± 2.1% at two weeks after implantation and not statistically 
significantly different from the portion overgrown capsules at day 7 after implantation. 
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However, at 4 weeks and 8 weeks post-implant we found respectively, 7.8 ± 1.1% and 
7.2 ± 0.8% of the retrieved capsules to be affected by cellular overgrowth which were 
statistically significantly higher percentages than that found at two weeks and 7 days 
after implantation (p always < 0.05). 

The composition of the tissue response was also subject to change after the first 7 
days of transplantation. As of week two, we found predominantly monocytes, 
macrophages, fibroblasts, and occasionally multinucleated giant cells. The 
granulocytes and basophils, observed in the first week after implantation, had 
disappeared from the graft. Monocytes/macrophages would stay somewhat longer in 
the graft but also disappear in due time. The rate of disappearance was alginate-type 
dependent. With intermediate-G alginate we found that at four weeks postimplant a 
substantial portion of the cells was composed of monocytes/macrophages while with 
high-G alginate virtually all monocytes/macrophages had been deleted from the grafts. 
It took till week 8 with intermediate-G alginate before almost all 
monocytes/macrophages had disappeared from the graft. 

 
2.3.5 Surface properties after implantation 

 
From the foregoing follows that the differences in the responses against the 
microcapsules prepared of intermediate-G and high-G alginate already occurs in the 
first days after implantation. As we implanted capsules with identical physicochemical 
and mechanical properties we questioned whether the capsules might undergo changes 
in vivo that might be hold responsible for the differences in responses. As we found in 
a recent in vitro study46 that the properties of the capsules surface may change after 
exposure to human peritoneal fluid we questioned whether there might be a difference 
in properties of the intermediate- and high-G capsules after implantation. To this end 
we implanted in a separate series of experiments capsules in the peritoneal cavity of 
rats which were retrieved by peritoneal lavage at 1, 3, and 7 days after implantation. 
First we compared the protein adsorption at the capsules’ surface after implantation. 
This was done by XPS (Table 2.3). After implantation of intermediate-G capsules, the 
nitrogen signal gradually increased from 5.8% to 8.6% at day 7 (p < 0.05) as the 
consequence of protein release in the vicinity of capsules and adsorption of those 
proteins by the capsules’ surface. With high-G capsules we observed a somewhat 
different profile. Initially we observed a statistical significant decrease (p < 0.05) of the 
N-signal from 6.0 ± 0.5% on a fresh capsule to 5.5 ± 0.3% at day 1 after implantation. 
Thereafter we found an increase from 5.5 ± 0.3% on day 1 to 7.5 ± 0.6 at day 7 after 
implantation. This decrease in N signal reflects a loss of PLL at the surface of high-G 
capsules and exposure of positive charges. Free positive charges on high-G capsules 
are considered to be responsible for inflammatory responses and also causative for 
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inflammatory responses to alginate-PLL capsules.34, 47 To measure possible positive 
charges on capsules we quantified the zeta-potential of implanted capsules at day 1 
after implantation. Although the zeta-potential of intermediate- and high-G capsules 
was equal at the day of implantation, we found that the zeta potential of high-G 
capsules increased to -0.5 ± 0.7 mV at day one after implantation (p < 0.01). This was 
not observed with intermediate-G capsules. 
 
Table 2.3 Elemental surface composition of alginate-PLL capsules (n = 4) 
 

 C, % N, % O, % Others (Na, K, Si), % 
Day 0     
Inter-G 57.2 ± 0.8 5.8 ± 0.6 34.3 ± 2.1 2.7 ± 0.8 
High-G 55.3 ± 0.7 6.0 ± 0.5 33.9 ± 0.8 4.8 ± 0.6 
Day 1     
Inter-G 57.8 ± 3.6 5.8 ± 1.0 30.0 ± 3.9 6.4 ± 1.0 
High-G 56.1 ± 1.0 5.5 ± 0.3 34.2 ± 1.6 4.2 ± 0.6 
Day 5     
Inter-G 58.9 ± 1.7 7.2 ± 0.9 30.1 ± 1.2 3.8 ± 0.4 
High-G 64.5 ± 4.1 7.4 ± 0.8 23.2 ± 2.3 4.9 ± 0.8 
Day 7     
Inter-G 61.6 ± 2.6 8.6 ± 0.8 26.3 ± 2.7 3.5 ± 0.5 
High-G 62.3 ± 2.4 7.5 ± 0.6 27.1 ± 2.9 3.1 ± 0.3 

 

2.4 Discussion 
 

In the present study we showed that, in spite of similar mechanical and 
physicochemical surface properties, high-alginate capsules provoked a stronger 
inflammatory response than capsules prepared of intermediate-G alginate. We showed 
that this was caused by undesired changes on the surface of the high-G capsules with 
an increase of the zeta-potential as a consequence. This increase reflected an elevation 
of the number of positive charges at the surface. This is a well-known factor in cell 
adhesion and inflammatory responses against microcapsules.36, 47 On the basis of our 
results we propose the following mechanism (Figure 2.3). The high-G and 
intermediate-G capsules have similar physicochemical properties before implantation. 
This changes rapidly after implantation. After implantation, a non-specific immune 
response is activated with influx of cells and pH changes in the implantation site as a 
consequence.38, 48-54 This together with adsorption of proteins from the peritoneal 
fluid46 may result in structural changes of the surface. Alginate-PLL capsules prepared 
of intermediate-G alginate seem to be resistant to the changing microenvironment in 
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the implantation site. However, this is different with the capsules prepared of high-G 
alginate, which lose, as shown in the present study, some poly(L-lysine) immediately 
after implantation and contain at day 1 after implantation many positive charges from 
poly(L-lysine) chains that are not bound to the alginate surface. This results in cellular 
adhesion and fibrosis of the high-G microcapsules. 

It might be suggested that different results may be obtained if other polycations 
than poly(L-lysine) would have been applied. However, we selected poly(L-lysine) for 
a reason. In a previous study15 we investigated the effect of poly(L-lysine) (PLL), 
poly(D-lysine) (PDL) and poly(L-ornithine) (PLO) and found that only PLL was 
associated with minimal inflammatory responses. PLL requires G-M blocks to interact 
with the alginate matrix.55 It is unknown what ligand is required for other polycations 
such as PDL and PLO for optimal interaction with alginate matrices. 
 

 
 
Figure 2.3. Fresh alginate-PLL capsules can have similar physicochemical properties. 
This will change after implantation in an alginate type dependent way. After 
implantation, a non-specific immune response occurs with influx of cells and pH 
changes in the implantation site as a consequence. This change in the 
microenvironment of the capsules results in structural changes of the capsules such as 
an elevation of the positive charges at the surface with cell adhesion and inflammatory 
responses against the high-G microcapsules as a consequence. Intermediate-G 
alginate PLL capsules are not sensitive for the changes in the microenvironment and 
remain free from cellular adhesion. 
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Our study illustrates an important and overlooked item in encapsulation research, 
i.e. the physicochemical properties in vitro are not necessarily the same after exposure 
to the in vivo microenvironment. Upon exposure to body fluids microcapsules will 
adsorb bioactive components that will change the properties of the capsule surface and 
the responses against the capsules.16, 46 In recent in vitro studies we showed that 
fluctuations in pH in body fluids changes the properties and charge density of capsules 
making capsules more susceptible for adsorption of body proteins and inflammatory 
responses.36 We now confirm that this also occurs in vivo with alginate-poly(L-lysine) 
capsules prepared of high-G alginate while capsules of intermediate-G alginate can 
resist the in vivo microenvironment. Our data suggest that for predicting 
biocompatibility of alginate-based capsules we should not only focus on the properties 
of the freshly prepared capsules but also on the properties of the capsules’ surface after 
exposure to body fluids. Our recently published system in which capsules were first 
incubated in peritoneal fluid and subsequently exposed to human peripheral blood 
mononuclear cells to quantify inflammatory responses may serve as a fast in vitro 
assay to predict proinflammatory structural surface changes on alginate-based capsules 
after exposure to body fluids.46 

Our study was not only performed to identify the cause for the difference in 
responses against capsules prepared of different types of alginate but also to gain more 
insight in the composition of the inflammatory responses against alginate-based 
microcapsules. At present, many groups focus on the design of means to reduce 
inflammatory responses in the immediate period post-transplant, that are associated 
with a significant loss of tissue in the capsules.56 In order to design adequate 
intervention strategies we require more detailed insight in the cellular composition of 
the responses, its dynamics and whether it is alginate dependent. We showed in the 
present study that this inflammatory response is a dynamic rather than a static process 
involving many different cell types in a time dependent fashion. We showed that in the 
first week after implantation the capsules attracted many cell types such as 
monocytes/macrophages, granulocytes, fibroblasts, erythrocytes, multinucleated giant 
cells, and basophiles which population of cells was reduced to monocytes/macrophages 
and fibroblasts in the second week. After the second week we observed a gradual 
disappearance of the monocytes/macrophages, which were substituted by fibroblasts. 
Although, we found with intermediate-G and high-G alginate no difference in the type 
of cells involved the tissue response, an earlier decrease in number of inflammatory 
cells and a faster fibroproliferative response was observed with high-G than with 
intermediate-G capsules. 

Inflammatory cells such as monocytes and macrophages have been shown to 
produce cytotoxic components with deleterious effects for enveloped tissue, such as 
pancreatic islets.57-60 Loses of up to 60% of the insulin producing islet grafts has been 
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reported.44, 56 An inflammatory response cannot be avoided since it starts already with 
the mandatory surgery to implant the capsules and since it cannot be avoided that some 
capsules contain imperfection21, 35, 42, 56 and provoke a response. Therefore, the current 
strategy of many research groups is to apply anti-inflammatory drugs to inhibit the 
activation of monocytes and macrophages in the vicinity of the capsules.44, 45 In most 
cases these drugs are applied in the immediate post transplant period up to two weeks. 
Our data show however that activated macrophages and monocytes can be found up to 
8 weeks after implantation. This was even found on grafts that elicit not more than a 
minimal response to not more than 7% of the capsules. We therefore conclude that it 
might be advisable for prevention of loss of the enveloped tissue to apply anti-
inflammatory drugs for longer periods of up to 8 weeks after implantation. 

A lower protein content at day 1 after implantation than before implantation of the 
high-G capsules was an unexpected observation. This indicated loss of PLL from the 
capsule membrane immediately after implantation. It may be suggested that it 
corroborates a previous proposal that high-G alginate takes up excessive amounts of 
PLL during the coating procedure with the polyamino acid since high-G only has 
limited numbers of binding sites for PLL.12,55 In our experimental set up however we 
washed the capsules excessively and did zeta-potential measurements before 
implantation to confirm that the capsules did not contain any unbound poly(L-lysine). 
Rather our data corroborate our recent observations that high-G alginate-PLL 
complexes are less stable and more susceptible for structural changes in body fluids 
than intermediate-G-PLL complexes.36, 46 This could be explained by the fact that 
intermediate-G alginate contains more G-M blocks than high-G alginates. These G-M 
blocks are responsible for PLL binding and the formation of stable a-helix, antiparallel 
b-sheet and random coil conformation.55 Our data therefore suggest avoiding the 
application of high-G alginates for the preparation of alginate-PLL capsules. 

During the past decade many procedures to fabricate alginate-based capsules have 
been described. Unfortunately, most of these procedures lack an adequate 
documentation of the characterization of the microcapsules.18 As a result many 
procedures show an extreme lab-to-lab variation and cannot be adequately reproduced. 
Our present results illustrate that adequate documentation of the polymers and 
standardization of testing procedures can no longer be neglected as we show that a 
minor difference in G-content of the applied alginate of not more than 10% has a 
profound effect on the responses against the capsules. In most studies the alginate type 
is poorly or not documented at all.18 Our data suggest that this is an important factor 
which contributes to the extreme lab-to-lab variations of the technology.18, 21 
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2.5 Conclusions 
 
We show that alginate-based capsules may undergo undesired physicochemical 
changes in vivo. These changes are dependent on the type of alginate applied. As a 
consequence of these in vivo changes, high-G capsules provoke an inflammatory 
response, which is different in composition, in numbers of inflammatory cells, and in 
duration when compared to intermediate-G capsules. The detachment of PLL in vivo 
and an increase in positive charges on the capsules’ surface should be hold responsible 
for these strong responses against high-G capsules. We feel that we may conclude on 
the basis of our results that our study illustrates an important overlooked issue; the 
physicochemical properties in vitro are not necessarily the same after exposure to the 
in vivo microenvironment. The changes in vivo should gain more attention in future 
engineering efforts. 
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Abstract 
 
Alginate-based microcapsules are being proposed for treatment of many types of 
diseases. A major obstacle however is that the successes with these capsules are 
suffering from large lab-to-lab variations. To make the process more reproducible, we 
propose to cover the surface of alginate capsules with diblock copolymers that can 
form a polymer brush. In the present study we describe the stepwise considerations for 
successful application of diblock copolymers of polyethylene glycol (PEG) and poly(L-
lysine) (PLL) on the surface of alginate beads. The successful attachment of diblock 
copolymers and the presence of PEG blocks on the surface of the capsules were 
confirmed by fluorescence microscopy. Longer time periods, i.e. 30-60 minutes, were 
required to achieve saturation of the surface. The block lengths influenced the strength 
of the capsules. Shorter PLL blocks resulted in less stable capsules. Adequate 
permeability of the capsules was achieved with poly(ethylene glycol)-block- poly(L-
lysine hydrochloride) (PEG454-b-PLL100) diblock copolymers. The capsules appeared to 
be a proper barrier for immunoglobulin G. The PEG454-b-PLL100 capsules have similar 
mechanical properties as PLL capsules. Minor immune activation of nuclear factor κB 
in THP-1 monocytes was observed with both PLL and PEG454-b-PLL100 capsules 
prepared from purified alginate. Our results show that we can successfully apply block 
copolymers on the surface of hydrophilic alginate beads without interfering with the 
physicochemical properties of the capsules. 
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3.1 Introduction 
 
Encapsulation of mammalian cells is meant to protect tissue from the host immune 
system and to provide adequate conditions for functional survival of the 
immunoprotected tissue. Encapsulation provides a number of advantages. It avoids the 
application of immunosuppressive medication and enables transplantation of not only 
allografts but also xenografts. The latter is a pertinent advantage as it solves the 
problem of donor shortage. As a consequence, the encapsulation concept has been 
proposed for the treatment of many endocrine diseases such as anemia,1 dwarfism,2 
hemophilia B,3 kidney4 and liver5 failure, pituitary6 and central nervous system 
insufficiencies,7 as well as diabetes.8 

Microencapsulation of pancreatic islets in alginate-poly(L-lysine) (PLL)-alginate 
capsules was first introduced by Lim and Sun in 1980.8 However, a pertinent issue 
remains to be solved as reported graft survival rates vary considerable from several 
days to years.9-11 These large variations of graft survival rates can be attributed to small 
lab-to-lab modifications of the encapsulation procedure such as different degree of 
purity of alginates,12-15 variations in the type of applied alginates16-20 and application of 
different polyamino acids.12, 20, 21 Impurities, present in crude alginates, can stimulate 
the immune system; therefore, they have to be thoroughly removed before application. 
Different types of alginate contain different quantities of the monomer units, β-D-
mannuronic acid (M) and α-L-guluronic acid (G). Alginates with a higher content of 
G-blocks provide stronger and more stable gels,17, 22-24 but after implantation high-G-
alginate-PLL capsules caused stronger immune response than capsules made of 
alginate with lower G content.16, 18, 25 Also the type of polycation has been shown to be 
an essential factor in the success and failure of capsules.21, 23 The reason for application 
of polyamino acid is to decrease the permeability of the capsules and to improve their 
mechanical properties.26, 27 Different polyamino acids have been tested and PLL proved 
to be the best available option.21 However, inadequately bound PLL can cause 
inflammatory reactions. Therefore, the last step in the encapsulation procedure is 
treatment of capsules with a diluted alginate solution to force unbound PLL in beta-
sheets or alpha-helical cores with alginate28-31. 

In the present study we describe the stepwise considerations for successful 
application of diblock copolymers of polyethylene glycol (PEG) and PLL on the 
surface of alginate-beads. PEG is a water-soluble polymer, and therefore suitable for 
this application.32, 33 It has been known as a nontoxic and nonimmunogenic polymer 
approved by the US Food and Drug Administration.34 Also, PEG polymer brushes are 
known to prevent potential protein adsorption on the surface.35-37 The binding of PEG-
b-PLL diblock copolymers to alginate was accomplished through electrostatic complex 
formation. PLL blocks act as anchoring blocks whereas PEG blocks should form an 
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anti-biofouling layer on the surface of the capsules. The binding process and the 
location of PEG blocks were investigated. Adequate permeability of the capsules has 
been demonstrated. Macrophage cell lines with a nuclear factor κB (NF-κB) reporter 
were applied to demonstrate the absence of immune activation of our new alginate-
PEG-b-PLL system.  
 
3.2 Materials and Methods 
 
3.2.1 Materials 
 
Intermediate-G sodium alginate was obtained from ISP Alginates (UK). Poly(L-lysine 
hydrochloride (Mn= 16 kg/mol; Alamanda Polymers, USA), methoxy-poly(ethylene 
glycol)-block-poly(L-lysine hydrochloride) (PEGx-b-PLLy; x= 22, 113 or 454; y= 10, 
20, 50, 100 or 200; PDI= 1.2; Alamanda Polymers, USA) were used as received. 
Streptavidin fluorescein isothiocyanate (FITC) and rabbit anti-PEG biotin were 
purchased from DakoCytomation (Denmark) and Bio-Connect B.V. (The Netherlands), 
respectively. Narrow distributed pullulan standards with the molecular weight in the 
range from 0.180 to 805 kg/mol were obtained from Gearing Scientific (Ashwell, 
Herts, UK). Thp1-XBlue-MD2-CD14 cell line, lipopolysaccharide from Escherichia 
coli K12 strain (LPS-EK Ultrapure) and QUANTI-BlueTM were purchased from 
InvivoGen (Toulouse, France). 
 
3.2.2 Alginate purification 
 
Crude sodium alginate was dissolved at 4°C in a 1 mM sodium ethylene glycol 
tetraacetic acid solution to a 1% solution under constant stirring, and successively 
filtered over 5.0, 1.2, 0.8, and 0.45 µm filters. Next, the pH of the solution was lowered 
to 2.0 under constant monitoring by addition of 2 N HCl plus 20 mM NaCl. During this 
procedure, the solution was kept on ice to prevent hydrolysis of alginate. The further 
lowering of pH was associated with gradual precipitation of alginate as alginic acid, 
which was subsequently filtered over a Buchner funnel (pore size 1.5 mm) to wash out 
non-precipitated contaminants. To extend the wash out of non-precipitated 
contaminants, the precipitate was brought in 0.01 N HCl plus 20 mM NaCl, vigorously 
shaken, and filtered again over the Buchner funnel. Then, proteins were removed by 
extraction with chloroform/butanol (4:1). This procedure was repeated three times. 
Next, the alginic acid was slowly dissolved by raising the pH to 7.0 by the slow 
addition of 0.5 N NaOH plus 20 mM NaCl. The obtained alginate solution was 
subjected to a chloroform/butanol extraction (three times) to remove those proteins that 
can only be dissolved in chloroform/butanol at neutral pH. The mixture was 
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centrifuged for 3 minutes at 600 g, which induced the formation of a separate 
chloroform/butanol phase, which was removed by aspiration. The final step was 
precipitation of the alginate with cold ethanol. To each 100 mL of alginate solution, 
200 mL of absolute ethanol were added. After an incubation period of 10 minutes, all 
alginate had precipitated. Subsequently, alginate was filtered over the Buchner funnel 
and washed with cold absolute ethanol. Finally, the alginate was washed two times 
with diethyl ether and freeze-dried overnight. 

Purified alginate was dissolved in 220 mOsm Ca2+ Krebs-Ringer-Hepes (KRH) at 
concentration 3.4% (w/v) and sterilized by filtration (0.22 µm). 
 
3.2.3 Microcapsules formation 
 
Capsules were produced according to previously described procedures with some 
modifications.17, 38 Briefly, the 3.4% (w/v) sodium alginate solution was converted into 
droplets using an air-driven generator.39 The diameter of the droplets is controlled by a 
regulated air flow around the tip of needle. Alginate droplets were transformed to rigid 
alginate beads by gelling in 100 mM CaCl2 solution for at least 10 minutes. The beads 
were washed with KRH (containing 2.5 mM CaCl2) for 1 minute and subsequently 
coated with PLL (10 minutes, 0.1% PLL solution in 310 mOsm Ca2+-free KRH) or 
with PEGx-b-PLLy. In the case of PEGx-b-PLLy capsules the progression of copolymer 
adsorption on the surface of the capsules with time was studied. Therefore, the alginate 
beads were incubated for 5, 10, 20, 30 or 60 minutes in the diblock copolymer solution, 
washed three times with 310 mOsm Ca2+-free KRH and stored in 25 mM KRH 
solution.  
 
3.2.4 FITC labeling of microcapsules 
 
Fluorescent labeling of microcapsules is a multiple step procedure. Primary antibody 
was added to a 10% solution of normal rabbit serum in phosphate-buffer saline (PBS). 
The optimal primary antibody concentration was tested and found to be when antibody 
was 500 times diluted. To stain end groups of PEG, 100 µL of this PBS solution was 
added to an eppendorf cup with approximately 20 capsules and left to shake for 1 hour 
at room temperature. The capsules were washed several times with PBS and 
subsequently incubated in PBS solution of streptavidin FITC (streptavidin FITC/PBS= 
1/100) for 30 minutes in dark. Finally, the capsules were washed several times with 
PBS, brought on a glass slide and studied at room temperature on a Leica DM-RXA 
fluorescence microscope (Hg lamp of 100 V, 5(6)-FITC; FITC excitation wavelength 
494 nm and FITC emission wavelength 518 nm). 
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3.2.5 Immune activation by capsules 
 
Capsules were coincubated with a Thp1-XBlue-MD2-CD14 cell line. This cell line 
derives from the human monocytic THP-1 cell line. They were obtained by stable 
transfection of THP-1 cells with a reporter plasmid expressing a secreted embryonic 
alkaline phosphatase (SEAP) gene. The SEAP reporter gene is under control of a 
promoter inducible by the transcription factors NF-κB and activator protein 1. The cell 
line contains all the human Toll-like receptors (TLRs) and, upon TLR stimulation, 
THP-1 cells activate transcription factors. This leads to the secretion of SEAP with can 
be quantified by spectrophotometry.  

THP1 cells were suspended in fresh RPMI 1640 medium at 1×106 cells/mL and 
plated in 96-wells plates. Each well was stimulated with either 30 PLL capsules or 30 
PEG-b-PLL capsules made of purified or nonpurified intermediate-G alginate and 
cultured overnight at 37°C and 5% CO2. Lipopolysaccharide from E. coli K12 strain 
was used as a positive control and RPMI 1640 culture medium was used as a negative 
control. Production of SEAP was quantified by using QUANTI-BlueTM. 
 
3.2.6 Permeability of the capsules 
 
Permeability was assessed with an inverse size exclusion chromatography (ISEC) with 
pullulan standards and saccharose.40 Ten mL of microcapsules were loaded in a          
10 × 250 mm glass column (Omnifit, Cambridge, UK). The glass column was attached 
to a Waters SEC set-up consisting of Waters 515 pump, Rheodyne Injector 7725i with 
100 µL loop and differential refractive index detector Waters 2410. First, the column 
was equilibrated for 12 hours. Subsequently pullulan solutions in 25 mM KRH (3 
mg/mL) were injected into the column with a flow rate of 0.2 mL/min. The elution 
volumes obtained corresponding to 50% of the area of each pullulan standard, and 
calculated partition coefficient were used to construct a calibration curve. Molecular 
weight cut-off (MWCO) was determined from the calibration curve as an exclusion 
volume. The differential pore size distribution was obtained as the first derivate of the 
Boltzmann fit. 
 
3.2.7 Microscopy 
 
The size of microcapsules was estimated by microscopy (optical microscope Kapa 
2000, Kvant, Slovakia, equipped with colour charge-coupled device camera, Mintron 
CC-63KW1P, Mintron, Malaysia, operated with software Prover Image Forge v1.1, 
Prover s.r.o., Slovakia). 
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3.2.8 Mechanical properties 
 
The mechanical properties of microcapsules were studied on a Texture Analyzer TA-
2Xi (Stable Micro Systems, Godalming, UK) equipped with a force transducer of 
resolution 1 mN. The equipment consisted of a mobile probe moving vertically at a 
constant velocity. The mechanical stability of microcapsules was measured by 
compressing individual microcapsules. A microcapsule was placed on a plate and the 
probe was moved with a constant speed of 0.5 mm/s towards the microcapsule until the 
travelled distance had reached 98% of the initial distance between the plate and probe. 
The force displacement data were recorded with a frequency of 100 Hz. The force 
(expressed in grams) exerted by the probe on the microcapsule was recorded as a 
function of the displacement (compression distance). 
 
3.2.9 Statistics  
 
Results are expressed as mean ± standard error of the mean (SEM). Statistical 
comparisons were made with the Mann-Whitney U test. A p value < 0.05 was con-
sidered statistically significant. 
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3.3 Results  
 
Binding of PEG-b-PLL diblock copolymers to the alginate gel was accomplished 
through ionic interactions between alginate and PLL blocks. The positively charged 
ammonium groups of PLL blocks form a polyelectrolyte complex with the negatively 
charged carboxyl groups of alginate (Figure 3.1). This was only successful with 
alginates with sufficient MG blocks due to the fact that only MG blocks of alginate are 
flexible enough to interact with PLL and form a complex consisting of α-helical PLL 
core surrounded by superhelically orientated polysaccharide chains.29, 41, 42 
 

 

Figure 3.1 Schematic presentations of diblock copolymer binding on alginate beads. 
The binding of copolymer is achieved through ionic interaction between the carboxyl 
groups of alginate and the ammonium groups of PLL block. 
 

A pertinent consideration in the binding of diblock copolymers to alginate 
hydrogels is the molecular weight (Mw) of the PEG blocks as well as the ability of PEG 
to interact with alginate. The Mw will determine whether the entire diblock copolymer 
penetrates into an alginate bead or only the PLL tail. When the length of the PEG block 
is high and when phase separation occurs, we expect that only the PLL blocks will 
penetrate into an alginate bead. In this case PEG blocks will stay on the surface of the 
capsules and form a new layer (Figure 3.2a). If PEG can interact with alginate or the 
length of PEG blocks is too small, PEG will also diffuse into an alginate bead (Figure 
3.2b). PEG is a neutral polymer. Therefore, there are no ionic interactions between 
PEG and alginate. PLL was used as the binding block in the diblock copolymer. It has 
been shown that PLL penetrates readily into an alginate bead.43 Therefore, we assumed 
that PLL blocks behave in the same manner as PLL homopolymer wheras PEG should 
stay on the surface of the capsules and determine the surface properties. Two expected 
structures of PEGx-b-PLLy capsules are illustrated in Figure 3.2. 
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a)                                               b) 

    

 

Figure 3.2 Schematics presentation of possible structures of PEGx-b-PLLy capsules.      
a) When the Mw of PEG is large enough, PEG will not penetrate into the alginate 
network. Phase separation will occur forcing the PLL to interact with alginate at the 
surface of the beads. b) When PEG chains are smaller, they can penetrate into the 
network. These structures as well as intermixed conformations may occur. 
 
3.3.1 Determination of the PEG position and kinetics of adsorption 
 
In order to visualize whether diblock copolymers were successfully adsorbed on the 
surface of alginate beads, we designed an assay in which an antibody directed against 
the end group of PEG block (methoxy group) was applied. This antibody normally 
diffuses through the calcium-alginate network. PLL capsules were used as negative 
control. The presence of green fluorescence on the observed PEGx-b-PLLy capsules 
showed a successful diblock copolymer adsorption with PEG blocks at the surface. We 
tested the PEGx-b-PLLy capsules with different lengths of PEG and PLL blocks (Table 
3.1). It was found that the position of PEG blocks and the stability of the capsules are 
dependent on the length of diblock copolymers as well as the size of each block.  
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Table 3.1 Diblock copolymers PEGx-b-PLLy tested in the present study 
 

x Mw(PEG), 
kg/mol y 

Mw(PLL), 
kg/mol 

 

Mw(PEGx-b-PLLy),  
kg/mol 

22 1 10 1.6 2.6 
22 1 50 8.2 9.2 
22 1 100 16 17 
22 1 200 33 34 

113 5 10 1.6 6.6 
113 5 50 8.2 13.2 
113 5 100 16 21 
113 5 200 33 38 
454 20 10 1.6 21.6 
454 20 20 3.2 23.2 
454 20 50 8.2 28.2 
454 20 100 16 36 
454 20 200 33 53 

All diblock copolymers have narrow polydispersity (PDI=1.10). X and y are the degrees of polymerization (number of 
repeating monomeric units) of PEG and PLL blocks, respectively, Mw(PEG), Mw(PLL) and Mw(PEGx-b-PLLy) are the 
molecular weights of the PEG, PLL blocks and of the entire copolymer, respectively. 

 
Fluorescence labeling of the capsules with short PEG and PLL blocks             

(PEG22-b-PLL10) showed penetration of the entire diblock copolymer inside the 
capsules (Figure 3.3a). When applying larger copolymers, i.e. PEG113-b-PLL50 diblock 
copolymer, we found a high concentration of PEG blocks on the surface of the 
capsules (Figure 3.3b). 
 
               a)                                                               b) 

                                       
                

Figure 3.3 Fluorescence microscopy images of a) PEG22-b-PLL10 and b) PEG113-b-
PLL50 alginate microcapsules. 
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PEGx-PLL10 capsules (the capsules with the smallest PLL block; x=113 or 454) 
cannot be applied for these types of studies. The short PLL block (PLL10) did not 
cross-link the surface of the beads to a high enough extent as illustrated by the 
instability of the beads. They did fall apart before the microscopic study could be 
performed.   

Next, we studied the adsorption kinetics of PEG113-PLL200, diblock copolymer 
(Figure 3.4). The adsorption starts immediately as we found that after 5 minutes 
approximately 50% of the saturation value was achieved. However, the adsorption 
growth slows down after this period and finally reached a plateau after 30-60 minutes.  
 
      a)                       b)                      c)                       d)                      e) 

 
 

Figure 3.4  Fluorescence microscopy images of PEG113-b-PLL200 capsules and their 
intensity profiles. During the capsules’ formation procedure the beads were exposed to 
the diblock copolymer solution for a) 5, b) 10, c) 20, d) 30, and e) 60 minutes (top). 
The fluorescence intensity of the capsule surface as a function of copolymer adsorption 
time (bottom). 
 

The adsorption kinetics was very dependent on the composition of the applied 
diblock copolymer. In some cases a maximum adsorption was not even achieved after 
60 minutes (Figure 3.5). When studying the PEG113-b-PLLy series, the size of the PLL 
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blocks did not have a significant influence on the adsorption rate. PEG454-b-PLL100 

capsules demonstrated a higher fluorescence than PEG454-b-PLL20 and PEG454-b-PLL50 

capsules. PEG454-b-PLL200 capsules were not stable and fell apart even before 
microscopic observation. 

 

        
 
Figure 3.5 The adsorption profiles of PEG113-b-PLLy series and PEG454-b-PLLy series. 
 
3.3.2 NF-kB activation in THP-1 monocytic reporter cell lines induced by capsules 

in the presence and absence of diblock copolymers 
 
A major issue in bioencapsulation research is the presence of impurities in alginates 
that are not always efficiently removed by purification.44 We tested the hypothesis 
whether applying diblock copolymers can mask immunostimulatory effects of 
impurities that stimulate monocytic cells via TLRs. To this end, we applied PEG454-b-
PLL100 capsules and PLL capsules made of both purified and nonpurified intermediate-
G alginate.  

As shown in Figure 3.6 the diblock copolymer PEG454-b-PLL100 was not able to 
reduce the immunostimulatory effect of impurities present in alginate. Our 
observations suggest that the impurities are soluble and diffuse out of the capsules, as 
we found no adhesion of the THP-1 cell line on the capsules thus suggesting that there 
was no direct interaction between the cells and impurities on the surface of the beads. 
A positive finding is that the diblock copolymer coated capsules with purified alginates 
do not provoke any response of the THP-1 cell line. 
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a) Nonpurified alginate                                  b) Purified alginate      
                          

 
 
Figure 3.6 NF-κB activation of alginate beads, PEG454-b-PLL100 capsules and PLL 
capsules made of nonpurified and purified intermediate-G alginates. a) Impure 
alginate coated with PLL or PEG454-b-PLL100 was coincubated with THP-1 monocytes 
with a NF-kB reporter. b) The same procedure was applied with purified alginates. 
 
3.3.3 Permeability and stability of the capsules 
 
Fluorescence labeling experiments showed that longer times (60 minutes) are required 
for reaching saturation of the capsules surface with PEG-b-PLL diblock copolymers. 
Therefore, we had to examine whether these prolonged times as well as diblock 
copolymers themselves influence the permeability and mechanical resistance of the 
capsules. Capsules should withstand shear forces during the implantation procedure. In 
addition, the capsules should be resistant to various forces inside the peritoneal 
cavity.12 Weak capsules affected by these forces can collapse and trigger enormous 
inflammatory reaction.45 Therefore, proper mechanical stability of the capsules is 
essential for successful application. Mechanical stability of standard PLL capsules 
(alginate beads treated for 10 minutes with PLL) and PEG454-b-PLL100 capsules (the 
capsules saturated with this copolymer) was evaluated using a texture analyzer. 
PEG454-b-PLL100 capsules were chosen as they were stable and because long PEG 
chains are preferred for promoting PEG accumulation on the surface of the capsules. 
PLL capsules showed to be slightly more stable than PEG454-b-PLL100 capsules (68±14 
g versus 56±16 g). This value is considered to be sufficient to withstand the above 
mentioned forces. 46 

Another important issue is the permeability. Functional survival of encapsulated 
cells is dependent on the ability of the membrane to enable influx of molecules 
essential for cell survival as well as efflux of cellular products and waste material.47-49 
The membrane should also protect the encapsulated cells from the host immune 
system. Therefore, immunoglobulin-G (IgG) as the smallest antibody should not be 
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able to diffuse through the membrane. Permeability was assessed through the 
determination of MWCO of microcapsules. Standard alginate PLL capsules prepared 
by exposing alginate beads for 10 minutes to a 0.1% PLL solution had lower 
permeability (MWCO value of ~8 kg/mol determined for pullulan standards which 
corresponds to ~19 kg/mol for proteins; p < 0.001) than beads treated with PEG454-b-
PLL100 for 60 minutes (25 kg/mol determined for pullulan standards or 98 kg/mol 
recalculated for proteins). Although larger than the permeability of PLL capsules, this 
value is still acceptable since the smallest antibodies, IgG, have molecular weight of 
approximately 150 kg/mol.50 Therefore, PEG454-b-PLL100 capsules represent a good 
barrier and a proper protection for encapsulated islets from the host immune system.  

Capsule size and mechanical properties as well as permeability of both types of 
capsules are summarized in Table 3.2. 
 
Table 3.2 Permeability, mechanical properties and capsule size of PLL-10 minutes and 
PEG454-b-PLL100-60 minutes capsules 
 

Microcapsule type 
Permeability 

MWCO, kg/mol 
Mechanical 
properties, g 

Optical properties, mm 

PLL100, 10 min ~8* ~19** 68±14 0.69±0.02 
PEG454-b-PLL100, 60 min ~25* ~98** 59±18 0.65±0.02 

* based on pullulan standards 
** recalculated for proteins 
Results are expressed as mean ± SEM for at least five experiments. 

 
3.4 Discussion 
 
A pertinent requirement is that capsule’s membranes for immunoisolation provide 
physicochemical stability, high biocompatibility and adequate permeability. It has been 
repeatedly shown that multiple step coating with polyamino acids and alginate is not 
straightforward.12 Seemingly minor variations in the encapsulation procedure have a 
large impact on the capsule properties with extreme consequences for the enveloped 
cells. This is a major consideration for future application of the encapsulation as the 
low reproducibility is considered a major hurdle in clinical application of encapsulated 
cells to treat human disease12.  

This study was undertaken as a first effort to overcome the complexity of the 
encapsulation procedure by proposing a simple one step procedure to create in a non-
laborious way a reproducible surface. As most studies with diblock copolymers have 
been performed with hydrophobic materials, we could not rely on published 
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protocols.51, 52 Instead we had to test new procedures to demonstrate the efficacy of the 
membrane formation. As PLL has a high affinity for alginate, we applied this 
macromolecule as an anchoring block in our design. PEG blocks stay on the surface 
and form an anti-biofouling layer. This process was found to be highly dependent on 
the molecular weight of PLL. To understand this we have to elaborate on the binding 
process to the bead surfaces (Figure 3.7). After gelification of alginate beads in 
calcium, we apply a washing step in buffer with a low amount of calcium and high 
amount of sodium.17, 53, 54 This step is required to extract some calcium from the surface 
of the beads, which will subsequently be substituted by sodium.17, 53, 54 Sodium has a 
lower affinity for the alginate than PLL. The PLL, which is subsequently added, is 
binding to constitutive alginate units in a highly cooperative manner to form a strong, 
rigid membrane. The degree of cross-linking determines the mechanical stability and 
permeability of the membrane.8, 12, 26, 27 
 

 
 
  Bead                    Low-calcium buffer            0.1% PEG-b-PLL                 Capsule 
 
Figure 3.7 Schematic presentation of the capsules’ formation process. The bead swells 
due to substitution of calcium from the surface with sodium. Subsequently, added PLL 
has a higher affinity for the alginate than sodium and binds to constitutive alginate 
units. 
 

Our strategy is to create a diblock copolymer-based membrane that forms a so-
called polymer brush. Polymer brushes are the dense arrays of polymer chains attached 
by one end (anchor) to a surface and stretched away from the surface into the 
surrounding solution. They have special properties that lead to diminished protein 
adsorption and cell adhesion.55-57 To achieve that goal, we allowed long incubation 
times to have a high amount of diblock copolymer chains on the surface of the bead. 
This should force the PEG chains to stretch and form a brush. Unfortunately, standard, 
accepted technologies to demonstrate the presence of brushes such as ellipsometry56-60 
cannot be performed on microcapsules made of hydrogels. Up to now, we only have 
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microscopic examination by immunofluorescence and by TEM (data not shown) that 
demonstrated the presence of PEG layer on the surface. We were not able however to 
exactly measure the thickness of the layer and to confirm whether this value 
approaches the theoretical predicted thickness as applied for hydrophobic surfaces.58 
New technologies applicable for hydrogels have to be developed to achieve that goal. 

As demonstrated in our study, capsules prepared with diblock copolymers with 
short PLL blocks, PEGx-b-PLL10, x= 113 or 454, were not stable. This can be 
explained by the fact that these PLL chains are too small to form a dense network with 
alginate in the membrane. Our data demonstrate that at least a PLL length of 8.2 
kg/mol is required to achieve that goal. PEG lengths seem to be less important in this 
respect. On the other hand, when diblock copolymers with the smallest PEG block 
were applied, PEG22-b-PLLy, y= 50, 100 or 200, the capsules were more stable than 
PEGx-b-PLL10 capsules. However, some stability issues such as deformation of the 
membrane were observed here as well. Thus, deformation of the spherical capsules 
probably occurs as a consequence of the osmotic pressure changes that the membrane 
cannot withstand.  

Adsorption patterns of diblock copolymers are different from that of the polyamino 
acids applied for immunoprotection. Polyamino acids such as PLL and polyornithine 
typically need 10 minutes to provide a permeability which retains molecules larger 
than 120 kg/mol.21, 43, 61, 62 Such a long incubation period is desired since it allows for 
versatility and fine tuning of the membrane permeability for different applications.27 
On the other hand, due to larger chain lengths, the adsorption of diblock copolymers is 
slower and requires longer time periods. Also prolonged time of copolymer adsorption 
provides higher concentration of neutral and biocompatible PEG on the surface of the 
capsules. More densely packed chains of PEG on the capsules surface will provide 
better anti-biofouling properties. The adsorption profiles of PEG-b-PLL copolymers 
have shown a rapid adsorption in the first 5 minutes. Due to reduced numbers of 
available binding spots, the adsorption slows down and reaches a plateau value. We 
assumed that after 30-60 minutes, all carboxylic groups are occupied and therefore, 
copolymers cannot be adsorbed anymore.  

Capsules prepared with short PEG, PEG22-b-PLLy or short PLL, PEGx-b-PLL10 
were shown to be unstable during the staining procedure. Therefore, we decided to 
abandon these copolymers. Longer PEG blocks should provide better anti-biofouling 
properties. The stability of the capsules is determined by the size of PLL blocks (longer 
PLL blocks provide more stable capsules). Despite long PLL blocks, PEG454-b-PLL200 

capsules were quite unstable probably because the membranes were less elastic and 
brittle. Therefore, PEG454-b-PLL100 is the best choice for the further investigations. 

Diblock copolymers did not diminish the inflammatory effects of impurities in 
alginate. Such an effect might have been expected when the proinflammatory 
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molecules are either too large to pass the diblock copolymer membrane or when they 
were present on the surface. Our data however suggest that the contaminating, 
proinflammatory molecules are solutes that easily diffuse out since the monocytic cell 
line do not adhere to the capsules implying that direct interaction does not occur. As 
these contaminants are probably solutes smaller than the molecular diffusion limit of 
120 kg/mol, not any type of coating will be able to avoid the release of these factors. 
As shown, these solutes activate the monocytes in a NF-κB dependent fashion. A 
positive finding is that after the purification, this NF-κB activation does not occur 
anymore and both PEG454-b-PLL100 capsules and PLL capsules made of purified 
alginates showed barely any NF-κB activation (Figure 3.6 b).  

Microcapsule membranes should also provide sufficient permeability. This is 
essential for functional survival of cells. Compounds such as oxygen, nutrients, glucose 
and metabolic products should be able to freely diffuse in/out of a capsule, whereas 
antibodies and cytotoxic cells of immune system should stay outside the capsule. IgG 
is the smallest immunoglobulin responsible for the protection from bacterial and viral 
infections. It can interfere with functional survival of the encapsulated islets. 
Therefore, the permeability of the capsules should be tailored in such a manner that 
approximately 150 kg/mol large IgG50 cannot pass into the capsules and harm the 
islets. This is what we accomplished. 

Different methods such as confocal63, 64 or fluorescence microscopy,64, 65 UV 
spectrophotometry,66, 67 high-performance liquid chromatography (HPLC)68 and 
ISEC,27, 40, 50, 69-72 reported in literature, were used to assess permeability of the 
capsules. Determination of the permeability of the standard alginate-PLL-alginate 
microcapsules by different laboratories using aforementioned techniques gave 
significantly different, even contradictory results. These disagreements most probably 
arise from a lack of standardization of test solutes and measuring techniques and minor 
lab-to-lab differences in encapsulation procedure.72 In our study we used ISEC to 
assess permeability through the determination of MWCO of microcapsules. The 
MWCOs of PLL capsules and PEG454-b-PLL100 capsules were found to be 8 and 25 
kg/mol, respectively. These values were determined using pullulan standards. Pullulan 
is a polysaccharide and, in contrast to globular proteins, pullulan has a flexible coil 
conformation. Due to globular conformations, proteins with different molecular 
weights can have the same spatial dimensions whereas pullulan chains occupy more 
space with increasing molecular weight. This means that proteins will elute later than 
polysaccharide molecules of the same molecular weight69, 70, 72. Therefore MWCOs 
obtained from pullulan standards are recalculated for proteins69, 70, 72. Although PEG454-
b-PLL100 capsules have quite high permeability (98 kg/mol, recalculated for proteins) 
in comparison to PLL capsules (19 kg/mol, recalculated for proteins), this value is 
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acceptable for the application since it is lower than the size of the smallest IgG 
antibodies. 

Sufficient mechanical stability is another important property of encapsulation 
systems. During the implantation procedure as well as inside the peritoneal cavity, the 
capsules are exposed to different forces. Therefore, a “certain” mechanical strength is 
required to withstand these stresses. This “certain” value is considered to be from a few 
grams to tens of grams per capsule.12, 46 The most commonly applied techniques to 
assess mechanical stability of the alginate-based capsules are osmotic pressure     
tests71, 73-75 and compression resistance test performed on a texture analyzer40, 50, 61, 74. In 
our study, mechanical stability of alginate-PLL capsules and alginate-PEG454-b-PLL100 
capsules was examined using a texture analyzer. It was shown that alginate-PEG454-b-
PLL100 capsules are somewhat weaker than standard PLL capsules (59±18 g versus 
68±14 g). Nevertheless the rupture load from a few grams to tens of grams per capsule 
is in the sufficient range for intraperitoneal application.12, 46 Therefore, PEG454-b-
PLL100 diblock copolymer provides sufficient stability and strength to alginate 
capsules.   

 
3.5 Conclusions 
 
Successful surface modification of alginate beads with series of PEG-b-PLL diblock 
copolymers was confirmed by fluorescence labeling of methoxy end group of PEG 
blocks. The capsules prepared with diblock copolymers consisting of either short PEG 
or short PLL blocks were quite unstable during the labeling procedure. PEG22-b-PLL10 
diblock copolymer penetrates entirely into the alginate beads, whereas PEG454-b-
PLL200 adsorbs to alginate beads in low amounts creating weak capsules. Capsules with 
the other PEG-b-PLL diblock copolymers had a clear surface bound fluorescence 
indicating the presence of PEG block on the surface of the capsules. The progression of 
diblock copolymer adsorption to the alginate beads was followed through the increase 
in the intensity of the fluorescence with time. Longer periods of time (30-60 minutes) 
were required to reach the maximum fluorescence intensity. When purified 
intermediate-G alginate was used for the preparation of the capsules, both PLL and 
PEG-b-PLL capsules caused minor activation of NF-κB. No beneficial effect of the 
diblock copolymer was observed when capsules were made of unpurified alginate. The 
capsules prepared with PEG454-b-PLL100 have the adequate permeability and 
mechanical stability comparable with PLL capsules. 
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Abstract 
 
The synthesis of poly(N-isopropylacrylamide)-b-poly(L-lysine) and poly(N-
isopropylacrylamide-co-acrylamide)-b-poly(L-lysine) copolymers was accomplished 
by combining atom transfer radical polymerization (ATRP) and ring opening 
polymerization (ROP). For this purpose, a di-functional initiator with a protected 
amino group was successfully synthetized. The ATRP of N-isopropylacrylamide yielded 
narrowly dispersed polymers with consistent high yields (~80%). Lower yields (~50%) 
were observed when narrowly dispersed random copolymers of N-isopropylacrylamide 
and acrylamide where synthesized. Amino-terminated poly(N-isopropylacrylamide) 
and poly(N-isopropylacrylamide-co-acrylamide) were successfully used as 
macroinitiators for ROP of N6-carbobenzoxy-L-lysine N-carboxyanhydride. The 
thermal behavior of the homopolymers and copolymers in aqueous solutions was 
studied by turbidimetry, dynamic light scattering (DLS) and proton nuclear magnetic 
resonance spectroscopy (1H-NMR). 
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4.1 Introduction 
 

Microencapsulation of mammalian cells in semipermeable capsules is a promising 
approach for the treatment of many types of endocrine disorders.1 In the majority of 
studies with encapsulated therapeutic cells, alginates are applied for envelopment of 
cells. The reason is that alginates can form gels under nearly physiological conditions 
without significant loss of functionality or viability of the cells. Alginates are natural 
unbranched polysaccharides composed of two monomer units, β-D-mannuronic acid 
(M) and α-L-guluronic acid (G), connected by 1→4 linkages. To provide 
immunoprotection and mechanical stability alginate gels are coated with polymers such 
as chitosan,2 poly(L-ornithine),3, 4 poly(D-lysine) 5 and poly(L-lysine) (PLL).6 
Formation of a biocompatible, immunoprotective membrane by binding these polymers 
has been shown to be crucial but not straightforward.7, 8 Minor changes in the 
preparation procedure can result in inadequate binding with strong immune reactions in 
the host as a consequence.7, 9-12 There is an urgent need for new polymers that can bind 
to alginates in a more straightforward fashion and are not associated with host 
responses. 

In order to overcome above mentioned obstacles we decided to substitute these 
polymers with PLL-based diblock copolymers. The PLL blocks facilitate binding of 
the copolymer chains to the alginate gel through the electrostatic complex formation 
between the positively charged ammonium groups of PLL and the negatively charged 
carboxyl groups of alginate. The other block should form an anti-biofouling layer. Our 
choice was poly(N-isopropylacrylamide) (PNIPAAm). PNIPAAm is one of the most 
intensively studied synthetic polymers for use in controlled drug delivery,13-15 cell-
sheet engineering,16-19 as a biosensor20-22 or in tissue engineering.23-25 PNIPAAm 
polymer brushes with a low polydispersity showed to be resistant towards protein 
adsorption.26, 27 The most interesting feature of poly(N-isopropylacrylamide) is the 
reverse solubility upon heating in water. This thermo-responsive behavior originates 
from the ability of the polymer to undergo a change from a dissolved coil to a 
collapsed globule when the temperature is raised above 32°C. This transition 
temperature is known as the lower critical solution temperature (LCST). It is assumed 
that below the LCST water-swollen polymer brushes repel proteins whereas collapsed, 
hydrophobic polymer brushes above the LCST adsorb proteins. However, recent 
reports have shown that PNIPAAm polymer brushes do not always collapse above the 
LCST and proteins do not adsorb to all PNIPAAm coatings or hydrogels above the 
LCST.17-19, 26, 27 The LCST can be adjusted by copolymerizing PNIPAAm with other 
more hydrophilic or hydrophobic monomers.14, 28-33 

NIPAAm can be polymerized in various ways. High molecular weight (Mw) 
PNIPAAm was obtained via radical polymerization, but polymers produced in this way 
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have the disadvantage of a high polydispersity index (PDI). Narrowly dispersed 
PNIPAAm’s with the desired molecular weights can be obtained in a controlled 
manner via nitroxide mediated polymerization (NMP),34 anionic polymerization,35, 36 
reversible addition-fragmentation chain transfer (RAFT)37-40 and atom transfer radical 
polymerization (ATRP).41-45 

Initially ATRP was considered inappropriate for controlled polymerization of 
NIPAAm.42 However, side reactions that disturb the activation-growth-deactivation 
process in the ATRP of NIPAAm have been avoided by careful selection of the starting 
materials such as solvent, initiator and ligand. Polar solvents, chlorinated initiators and 
a strong ligand such as tris(2-dimethylaminoethyl) amine (Me6TREN) have been 
shown to be crucial in suppressing the deactivation of the catalyst caused by 
competitive coordination of (P)NIPAAm, displacement of the terminal halide atom by 
the amide group and disproportionation of the copper catalyst.42, 44, 45 

Besides a good control over molecular weight, polydispersity, composition and 
architecture ATRP enables a facile tailoring of end-group functionality. In a proper 
ATRP, the end groups of the prepared polymer chains originate from the initiator. 
Therefore, the end-functionality of the polymer chains is determined by the 
functionality of the initiator. Polymer chains with certain end groups can be used 
further on as macroinitiators, such as amino or alcohol end-groups that can initiate ring 
opening polymerizations and thus facilitate the copolymer synthesis. 

The most frequently used method for synthetizing polypeptides is ring opening 
polymerization of α-amino acid-N-carboxyanhydrides (NCAs). Ring opening 
polymerization is a straightforward method, which allows for the synthesis of 
polypeptides with high molecular weights in good yields and large quantities. Besides 
amines, ROP can be initiated by alcohols,46, 47 water and metal salts,48, 49 transition-
metal amine complexes50, 51 and amine salts.45, 52, 53 Hybrid block copolymers 
containing synthetic and natural polymer blocks can be prepared by combining ROP of 
NCAs and some other polymerization techniques such as ATRP,45, 54 RAFT,55 NMP55,56 
and anionic polymerization.57 The synthesis of these block copolymers can be 
performed through two different routes. The first route employs an amino-terminated 
synthetic polymer, which can initiate the ROP of NCAs producing the peptide block. 
Alternatively, a halide-terminated polypeptide can act as an initiator in preparation of 
synthetic polymer blocks via ATRP. 

In this chapter the synthesis of PNIPAAm-b-PLL diblock copolymers by 
combining ATRP and ROP will be described. For this purpose a di-functional initiator 
was prepared. Diblock copolymers were successfully synthetized when the di-
functional initiator was used first to polymerize NIPAAm in a controlled manner via 
ATRP and subsequently amino-functionalized PNIPAAm initiated ROP of L-lysine-
NCA. Due to the thermo-responsive nature of PNIPAAm blocks, it is difficult to 
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predict whether these diblock copolymers will provide improved surface properties of 
the alginate-based capsules compared to standard PLL capsules or whether they will 
cause more issues such as protein adsorption followed by the cell adhesion and graft 
failure. Therefore, we decided to shift the LCST of PNIPAAm towards higher values 
(above 37°C) by copolymerizing NIPAAm with acrylamide as a comonomer. Random 
copolymerization of N-isopropylacrylamide and acrylamide has been reported in 
literature.32, 55 It has been shown that the incorporation of acrylamide (20%) in a 
PNIPAAm chain increases the LCST by approximately 10°C.32, 58, 59 A random 
copolymer of NIPAAm and AAm was successfully prepared by ATRP and the amino-
terminated copolymer was used as a macroinitiator in the ROP of L-lysine-NCA. 

 
4.2 Materials and methods 
 
4.2.1 Materials 

 
All materials were used as received unless mentioned otherwise.  

Ethanolamine (99%, Sigma-Aldrich), di-tert-butyl dicarbonate (99%, Sigma-
Aldrich), triethylamine (Sigma-Aldrich), 2-bromoisobutyryl bromide (Sigma-Aldrich), 
ethylenediamine (≥ 99%, Fluka, Sigma-Aldrich), triphenylphosphine (Merck), 
phthalimide (99%, Aldrich) diethylazodicarboxylic acid (40% in toluene, Fluka), Silica 
gel (Merck, Type 9385, mesh 230-400, 60 Å), hydrazine monohydrate (Sigma-Aldrich, 
approx. 64%), Cu(I)Cl (Aldrich, stored under argon atmosphere), acrylamide (for 
electrophoresis, ≥ 99% (HPLC), Sigma-Aldrich), aluminium oxide Al2O3 (basic 90, 
Merck), α-pinene (Sigma-Aldrich), Cbz-L-lysine (Sigma-Aldrich) and triphosgene 
(Sigma-Aldrich) were used as received. Me6TREN was synthesized using 
formaldehyde (37 wt% in H2O, Sigma-Aldrich), formic acid (Acros Organics, analysis 
grade, stored at 6°C.) and tris (2-aminoethyl)amine (Acros Organics, 96%) according 
to a slightly modified procedure previously described elsewhere 54, 60. Before use N-
isopropylacrylamide (99% pure, stabilized, Acros Organics) was recrystallized twice 
from hexane. 

For the characterization (NMR and GPC) of the obtained products the following 
chemicals were used: chloroform-d1 (Aldrich), DMSO-d6 (Aldrich), D2O (Aldrich), 
lithium bromide (99%, extra pure, Acros Organics), dimethylformamide (Arcos 
Organics, extra pure), tetrahydrofuran (Across, extra pure), dimethyl sulfoxide 
(CHROMASOLV Pure).  

Dialysis was performed with tubing purchased from Spectra/Por (molecular weight 
cutoff value 3500 g/mol). 
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4.2.2 Characterization 
 

1H-NMR was conducted on a Varian VXR 400 (400 MHz) at room temperature and 
was also used in the thermal characterization of the copolymers. Copolymers were 
dissolved at a concentration of ~20 mg/mL in D2O. The samples were heated to the 
measuring temperature and left 30 minutes to reach thermal equilibrium. 1H-NMR 
spectra were recorded with 100 s relaxation delay and 32 scans.  

Gel Permeation Chromatography (GPC) measurements were performed in a 0.05 
M LiBr DMF solution at 50°C on a Viscotek VE2001 with a GRAM 10 Micro Max 
column (purchased from PSS, USA) and calibrated with PMMA standards (Agilent 
Technologies). Detection was carried out by the Viscotek TDA 302.  

Differential Scanning Calorimetry (DSC) measurements were performed on a 
Q1000 DSC (TA Instruments). DSC was used to accurately determine the melting 
point of the L-lysine-NCA monomer. The measurements were performed by heating 
and cooling at a rate of 10°C/minute. 

Elemental analysis was performed on Inductively Coupled Plasma-Optical 
Emission Spectroscopy (ICP-OES) (Perkin-Elmer Optima 7000 DV). Prior to 
measuring, the samples were destroyed by dissolution in aqua regis (1:3 nitric acid: 
hydrochloric acid v/v) and heating to 80°C. An aliquot of aqua regis served as a blank 
reference and was subtracted from the measured value.  

Turbidity measurements were performed on a Lauda RC 6 CP. The sample was 
dissolved in demineralized water at a concentration of 3 mg/mL unless mentioned 
otherwise. The dissolved sample was placed in the glass cuvette. The distance of the 
cuvette used for the measurement was 1 cm. The turbidity was measured in arbitrary 
units. Transmittance was recorded at 0° and light scattering was detected at 90°. The 
transmittance and light scattering signals were used to calculate the onset of turbidity 
therefore LCST. Measurements were carried out by heating and cooling with 
1°C/minute unless mentioned otherwise. The LCST was defined as the intersection of 
the baseline and the leading edge of the curve.  

DLS measurements were performed on an ALV-CGS-3 goniometer equipped with 
a LSE-5005 multiple τ digital correlator. Angles between 30° and 130° with a 20° 
interval were used to measure the decay time twice. These values were averaged and 
accordingly used to calculate the diffusion coefficient. The hydrodynamic volume was 
calculated via the Stokes-Einstein equation. The samples were dissolved in 
demineralized water (0.5 mg/mL) and subsequently filtered with a 0.45 µm cellulose-
acetate syringe filter (Whatman, FP30/0.45 CA-s). DLS measurements were started at 
room temperature with a temperature increase of 1-2°C until a clear transition was 
observed. After a transition was observed the diameter of the phase-separated particles 
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was used as a reference. On all temperatures the relative abundance of the particles 
with a final diameter was determined and used to follow the transition. 

Infrared measurements were performed on a Bruker IFS 88. Samples were 
dissolved in THF, solvent cast on a silica wafer and transmission spectra were 
recorded.    

 
4.2.3 Synthesis of di-functional phthalimide-protected initiator 

 
The phthalimide end capped initiator was synthesized according to the previously 
described two step procedure.45 In the first reaction step ethanolamine was reacted with 
2-bromoisobutyryl bromide to yield 2-bromo-N-(2-hydroxyethyl)-2-methylpropion-
amide. This compound served as a starting material in the subsequent synthesis step 
where the final product phthalimidoethyl 2-bromo-2-methylpropionamide was 
obtained.  
 
Step 1: 2-Bromo-N-(2-hydroxyethyl)-2-methylpropionamide  
2.66 g (43.5 mmol) of ethanolamine and 4.4 g (87 mmol) of triethylamine were 
dissolved in 200 mL of dry THF under argon atmosphere. The resulting solution was 
cooled to 0°C in an ice bath and 10 g (43.5 mmol) of 2-bromoisobutyryl bromide was 
added dropwise to the mixture. After reacting overnight at room temperature under 
argon atmosphere, a white precipitate was formed (triethylammonium bromide). This 
precipitate was filtered off and the solvent was removed by rotary evaporation. The 
product was purified by silica gel column chromatography (hexane/ethyl acetate v/v: 
1/1). The progress of the silica gel column was followed by means of thin layer 
chromatography (TLC).  
Yield 45%, 1H-NMR (Varian VXR, 400 MHz, CDCl3), δ= 1.95 ppm (s, CBr(CH3)2), 
δ= 2.60 ppm (s, CH2-OH), δ= 3.43 ppm (q, NH-CH2-CH2), δ= 3.75 ppm (t, CH2-CH2-
OH), δ= 7.15 ppm (s, CONHCH2). 
 
Step 2: Phthalimidoethyl 2-Bromo-2-methylpropionamide 
In the second synthesis step 3.30 g (15.7 mmol) of intermediate product, 5.35 g (20.4 
mmol) of triphenylphosphine (TTP) and 2.31 g (15.7 mmol) of phthalimide were 
dissolved in approximately 90 mL of dry THF. 8.91 g (20.4 mmol) of 40 wt% toluene 
solution of diethylazodicarboxylic acid (DEAD) was added dropwise to the reaction 
mixture. The reaction mixture was left to stir for 12 hours at room temperature under 
an argon atmosphere. The solvents were removed by rotary evaporation and the final 
product was purified by silica gel column (hexane/ethyl acetate v/v: 4/1) and 
recrystallized with THF/hexane to yield white needle like crystals. Progress of the 
silica gel column was followed by means of TLC.  
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Yield 51%, 1H-NMR (Varian VXR, 400 MHz, CDCl3), δ= 1.89 ppm (s, CBr(CH3)2), 
δ= 3.58 ppm (q, NH-CH2-CH2), δ= 3.91 ppm (t, CH2-CH2-N(CO)2), δ= 7.10 ppm (s, 
CONHCH2), δ= 7.74 ppm (m, aromatic ring), δ= 7.85 ppm (m, aromatic ring). 
 
4.2.4 A typical polymerization of NIPAAm and AAm 
 
NIPAAm polymerization was performed in a dry Schlenk tube. A typical 
polymerization with a 100:1:2:2 (monomer:initiator:ligand:catalyst) ratio was 
performed as follows. The monomer (2.5 g, 22 mmol) and initiator (0.075 g, 0.22 
mmol) were placed in a dry Schlenk tube and dissolved in dry DMSO. The ligand 
(0.102 g, 0.44 mmol) was dissolved separately in the same solvent. In order to remove 
all oxygen both solutions were subjected to five freeze-pump-thaw cycles before use. 
Catalyst (Cu(I)Cl, 0.044 g, 0.44 mmol) was weighed in a 3-necked flask and the 
atmosphere was replaced with argon. After the freeze-pump-thaw cycles the ligand 
solution was transferred to the flask with catalyst and the obtained solution was 
allowed to complex for 45-60 min before transferring to the monomer/initiator solution 
using an argon-flushed syringe. All transfers were done under argon overpressure. All 
polymerizations were carried out at room temperature unless mentioned otherwise. 

The final conversion was determined by 1H-NMR by integrating the area of the 
peak of the double bond in the monomer (δ= 5.35 ppm) and the area of 3.66-3.98 ppm 
((CH3)2CHNH from both monomer and polymer) using the following equation: 

  

Conversion = 1 − A!!!.!"!!!"
A!!!.!"!!.!!!!!"

 

 
After stirring for 24 hours the reaction mixture was concentrated and precipitated 

in a 20 fold excess of ether. The obtained polymer was filtrated and redissolved in 
THF. In order to remove the catalyst complex, Dowex exchange resin was added to the 
polymer solution in a polymer:resin= 2.5:1 ratio (wt/wt) and stirred overnight after 
which the resin beads were removed by filtration. The polymer solution was passed 
through an Al2O3 column, concentrated via rotary evaporation and precipitated in a 20 
fold excess of ether. The removal of the copper-ligand complex was verified by 
elemental analysis via ICP-OES. 

A random copolymer of NIPAAm and AAm was synthesized by ATRP using the 
same initiator. The influence of the solvent system, NIPAAm/AAm ratio, 
initiator/catalyst complex ratio and temperature on the conversion, molecular weight 
and polydispersity was investigated. The conversion of NIPAAm monomer was 
calculated in the same way as described for the NIPAAm homopolymerization. The 
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conversion of AAm monomer was calculated based on the NIPAAm conversion and 
the ratio between the area corresponding to the NIPAAm double bond (δ= 5.49-5.54 
ppm) and the area of the AAm double bond (δ= 5.54-5.58 ppm).  

 

Conversion AAm = Conversion NIPAAm ∗ A!!!.!"!!.!"!!!"A!!!.!"!!.!"!!!"
 

 
The purification of the random copolymer required a higher amount of Dowex 

exchange resin (polymer:resin= 1:1 ratio). Isolation of the random copolymer, 
deprotection and copolymerization were performed under the same conditions as 
described for PNIPAAm homopolymer. 
 
4.2.5 Deprotection of the phthalimide protecting group 
 
The phthalimide protecting group was removed according to literature procedures.45 
PNIPAAm or PNIPAAm-PAAm (0.5 g) was dissolved in 2.5 mL of absolute ethanol 
under an argon atmosphere. A 5-fold molar excess of hydrazine monohydrate was 
added to this solution via a syringe through a rubber septum. Upon adding the 
hydrazine monohydrate the solution turned pale yellow due to the formation of 
phthalyl hydrazide. The resulting solution was left to react for 3 days under an argon 
atmosphere. Subsequently dialysis was performed over 2 days (MWCO= 3500, 
Spectro/Por) at 5°C and water was exchanged frequently. The polymer was isolated via 
lyophilisation and the removal of the phthalimide group was confirmed via 1H-NMR 
by the absence of the aromatic protons of phthalimide group (δ= 7.72 ppm and δ= 7.85 
ppm). Yield 75%. 
 
4.2.6 Synthesis of NCA lysine 
 
The NCA synthesis of carbobenzyloxy protected lysine was performed based on a 
previously described procedure.58 N6-carbobenzyloxy-L-lysine (11.21 g, 40 mmol) was 
dissolved in 100 mL of dry THF under an inert argon atmosphere. Subsequently 20 g 
(80 mmol) of α-pinene was added and the reaction mixture was heated to 50°C. After 
30 minutes, 5.38 g (18 mmol) of triphosgene was added and the reaction mixture was 
stirred for another 2-3 hours at 50°C. When a clear light yellow solution was formed, 
the reaction mixture was transferred to a double Schlenk tube with a filter, filtered and 
concentrated to approximately half of the initial reaction volume. The product was 
purified by multiple recrystallization steps from THF solution into hexane. Residues of 
hexane and THF were removed under reduced pressure. DSC analysis of the melting 
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point was used to give an indication of the purity of the product (m.p. ~ 100°C). Yield 
82%. 1H-NMR (Varian VX 400, CDCl3), δ= 3.21 (m, NHCH2), δ= 4.27 (t, 
CH2NHCHCO), δ= 5.11 (s, C6H5CH2O), δ= 7.36 (m, C6H5).  
 
4.2.7 Ring opening polymerization of lysine NCA 
 
The polymerization of NCA lysine was performed as follows. Both NCA lysine and 
macroinitiator (amino-terminated PNIPAAm/PNIPAAm-PAAm) were dried under 
high vacuum (0.2 mbar) for one hour at room temperature. The monomer and 
macroinitiator were dissolved in dry DMF under argon overpressure and a portion of 
the macroinitiator solution was transferred to the monomer solution via an argon 
flushed syringe to obtain a 9 wt% solution.45 The reaction mixture was stirred for 5 
days at room temperature under an inert argon atmosphere and was then exposed to the 
air, concentrated and precipitated in a 20 fold excess of diethyl ether. The remaining 
solid powder was filtered off and left to dry in a vacuum oven at 50°C. 

The degree of polymerization and molecular weight of the PLL block was 
determined from 1H-NMR analysis using equation: 
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With:  
N(PLL)- Degree of polymerization of PLL 
Mn(PLL)- Molecular weight of PLL block 
M(Cbz Lysine)- Molecular weight of carbobenzyloxy-L-lysine repeating unit 
N(PNIPAAm)- Degree of polymerization of PNIPAAm 
Aδ=2.9 ppm- Integrated area under the peak of 2 protons (CH2NHCOOCH2C6H5) of    
                PLL 
Aδ=2.25-0.8 ppm- Integrated area from δ= 2.25 until δ= 0.8 of 9 protons (CH(CH3)2, 

BrCHCH2 and BrCHCH2) of PNIPAAm and 6 protons (CH-(CH2)3-CH2-
NH) from PLL 
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In case of PNIPAAm-PAAm-b-PLL copolymer following equation was applied: 
 

! !"" = !!!(!"")
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N(PAAm)- Degree of polymerization of PAAm 
N(PNIPAAm)- Degree of polymerization of PNIPAAm 
 
4.2.8 Deprotection of the carbobenzyloxy protecting group  
 
The carbobenzyloxy (Cbz) protecting group was removed by dissolving 0.25 g of the 
diblock copolymer in 7.5 mL of glacial acetic acid. When 1.9 mL of HBr (33 wt% in 
acetic acid) was added dropwise, reaction mixture turned into slurry. After 1 hour the 
reaction mixture was precipitated in a 10 fold excess of diethyl ether. The precipitate 
was filtrated, washed with ether and subsequently dissolved in demineralized water. 
The pH was adjusted to ~6-7 with saturated sodium bicarbonate solution. The diblock 
copolymer was further purified by dialysis for 2 days (MWCO= 3500). The water for 
dialysis was exchanged on a regular basis. The deprotected polymer was isolated via 
lyophilization. 1H-NMR of the final polymer confirmed the absence of peaks at δ= 4.95 
(s, C6H5CH2O) and δ= 7.24 (m, C6H5). Yield 75%. 
 
4.3 Results 
 
The PNIPAAm-b-PLL diblock copolymer can be prepared by combining atom transfer 
radical polymerization and ring opening polymerization as described in Scheme 4.1. 
The same synthesis route can be used for the preparation of the PNIPAAm-PAAm-b-
PLL copolymer where the AAm monomer is copolymerized with NIPAAm via ATRP 
to give a random copolymer PNIPAAm-AAm in the first synthesis step. 
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Scheme 4.1 Synthesis route of PNIPAAm-b-PLL 

 
4.3.1 Synthesis of the di-functional initiator 
 
The phthalimide endcapped initiator was synthesized according to the two-step 
procedure. In the first reaction step ethanolamine was reacted with 2-bromoisobutyryl 
bromide to yield 2-bromo-N-(2-hydroxyethyl)-2-methylpropionamide as a viscous 
colorless oil. This compound served as a starting material in the subsequent synthesis 
step where the final product phthalimidoethyl 2-bromo-2-methylpropionamide was 
obtained (Scheme 4.2). 
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Scheme 4.2 Synthesis of phthalimide protected dual initiator 
 
Successful substitution of hydroxyl group of the intermediate product with a 
phthalimide group was confirmed by the appearance of two multiplets at 7.74 and 7.85 
ppm in 1H-NMR (Figure 4.1b, f+g). 

 
a)                                                                   b) 

                                                            
 
 
 
 
 
 
 
Figure 4.1 1H-NMR spectrum of a) 2-bromo-N-(2-hydroxyethyl)-2-methyl-
propionamide and b) phthalimidoethyl 2-bromo-2-methylpropionamide in CDCl3, 64 
scans; *, water. 
 
 
 

a  

b 

c d 

e 

a 

* b 

c d f+g 
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4.3.2 ATRP of N-isopropylacrylamide 
 
Because of the mechanism of ATRP, the end-group functionality of the initiator is the 
same as that of the final polymer, which allows for the straightforward calculation of 
the degree of polymerization and molecular weight from the end-group analysis by 1H-
NMR. The multiplets at 7.73 and 7.84 ppm correspond to four protons of the 
phthalimide end group. The ratio between the integrated area under the peak at 3.99 
ppm, which corresponds to one proton of PNIPAAm (–CH-(CH3)2), and one quarter of 
the integrated area of the multiplets at 7.73 and 7.84 ppm, defines the degree of 
polymerization of PNIPAAm (Figure 4.2).  

Determination of the molecular weight via end group analysis can be performed up 
to molecular weights of approximately 20 kg/mol. Beyond 20 kg/mol the end group 
analysis becomes unreliable. 
 

 
 

Figure 4.2 1H-NMR spectrum of PNIPAAm with magnification of the end-group area. 
The end-group protons give multiplets isolated from peaks of the polymer backbone. 
The spectrum was recorded in CDCl3, 64 scans and 12 s relaxation delay (determined 
by T1 test); *, water. 

 
The polymers were also analyzed by gel permeation chromatography (GPC). From 

this analysis it became apparent that there was a consistently high difference between 
the theoretical molecular weight (based on conversion) and the molecular weight 
determined by GPC. Molecular weights determined by universal calibration were 2 to 
3 times higher than the calculated theoretical molecular weights. When light scattering 
was used as a detector the difference was somewhat lower (1.5-2 times). However, the 
molecular weights determined by 1H-NMR were comparable to the theoretical values. 
The molecular weights of PNIPAAm homopolymers determined with different 
methods are presented in Table 4.1. 

All PNIPAAm polymers were narrowly dispersed with PDI values ≤ 1.2. 
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Table 4.1 Comparison between theoretical and molecular weights found by end-group 
analysis, GPC light scattering (LS) and GPC universal calibration (UC) 
 

ratio 
M:I:C:L 

Conversion 
(1H-NMR) 

% 

Theoretical 
Mn, kg/mol 

1H-NMR 
Mn, 

kg/mol 

GPC 

LS UC 
Mn, 

kg/mol PDI Mn, 
kg/mol PDI 

50:1:2:2 92.5 5.20 6.60 9.90 1.11 15.90 1.05 
100:1:2:2 90.4 10.20 13.30 16.70 1.16 20.30 1.13 
200:1:2:2 82.5 18.70 18.60 27.20 1.24 35.80 1.10 

M:I:C:L=monomer:initiator:copper:ligand 
 

4.3.3 Random copolymerization of N-isopropylacrylamide and acrylamide by ATRP 
 
PNIPAAm is a thermo-responsive polymer. This means that below the low critical 
solution temperature (LCST= 32°C) PNIPAAm is water soluble, but at higher 
temperatures (> 32°C) a transition from a dissolved coil to a collapsed globule occurs 
and PNIPAAm becomes insoluble in water. The LCST of PNIPAAm can be tailored 
by incorporation of either hydrophilic or hydrophobic monomers in the PNIPAAm 
chain.14, 28-33 

In order to shift the LCST of PNIPAAm towards temperatures above 37°C 
(normal human body temperature) random copolymerization of NIPAAm and AAm by 
ATRP was performed. 1H-NMR analysis of the reaction mixture after 24 hours has 
shown comparable conversions of both monomers, which indicated successful 
copolymer formation, confirmed by the GPC chromatogram of the copolymers. 
However, the conversions were lower than the conversions achieved when only 
NIPAAm was polymerized under the same conditions (~40% versus 90%). In order to 
increase the incorporation of monomer units into polymer chain, different 
polymerization conditions were examined. 

Four different solvent systems were tested: DMSO, DMF, DMF/water and 
isopropanol. In isopropanol the conversion cannot be determined via 1H-NMR due to 
the overlap between polymer/monomer peaks and solvent peaks. Therefore, the solvent 
selection was based on the polymer yield. Although the DMF/water (v/v=75/25) 
solvent system provided the highest yield (50%), the PDI value of obtained polymer 
was higher than in other solvent systems (1.54 compared to 1.37 in isopropanol, 1.38 in 
DMSO and 1.19 in DMF). Comparable yields (~40%) were obtained when DMSO and 
DMF were used as solvent, whereas in isopropanol 10% less of polymer was obtained. 
Therefore, DMF has been chosen as the most appropriate solvent from the tested 
solvent systems. 
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The influence of reaction time and temperature was also investigated. Longer 
reaction times (> 1 day) did not improve the conversion of monomers into copolymer. 
Elevated temperatures (60 and 110°C) even caused a detrimental effect. Lower 
conversions were observed when polymerizations were performed at temperatures 
above room temperature (only 20% conversion at 60°C and 13% at 110°C). 

The composition of PNIPAAm-PAAm copolymer was tuned by varying the 
NIPAAm/AAm ratio in the reaction mixture. It has been shown that this ratio also has 
an influence on the monomer conversion. By increasing the AAm monomer 
concentration from 20 mol% to 30 mol% the final conversion decreased from 43 to 
38%.  

The improvement in conversion was accomplished when the initial concentration 
of monomers in reaction mixture was increased from 33 wt% to 50 wt%. The increase 
in monomer concentration did not interfere with controlled nature of ATRP and 
copolymers with a low dispersity were obtained. The PNIPAAm-PAAm copolymers 
successfully prepared by ATRP are listed in Table 4.2. The molecular weights obtained 
by GPC are again higher than values calculated from 1H-NMR analysis. 
 
Table 4.2 Random copolymers of NIPAAm and AAm prepared by ATRP in DMF for 24 
hours at room temperature  
 

Entry M1 % 
M2 % 

TIMC, % 
M:I:C:L 

Conversion 
(1H-NMR) 

% 

1H-NMR 
Mn, 

kg/mol 

GPC 

LS UC 
Mn, 

kg/mol PDI Mn, 
kg/mol PDI 

1 80, 20 33 
250:1:4:4 38.1 - 14.60 1.19 19.00 1.15 

2 80, 20 50 
250:1:4:4 42.9 - 17.00 1.25 20.20 1.21 

3 70, 30 50 
250:1:4:4 37.5 10.35 14.90 1.45 20.90 1.23 

4 80, 20 50 
250:1:2:2 53 13.43 18.00 1.25 24.60 1.10 

5 80, 20 50 
500:1:2:2 50.8 27.85 40.00 1.38 40.90 1.26 

M1- N-isopropylacrylamide; M2- acrylamide; TIMC- total initial monomer concentration; 
M:I:C:L=monomer:initiator:copper:ligand; First two samples were not analyzed by 1H-NMR 
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4.3.4 Deprotection of the phthalimide protecting group 
   
Before either PNIPAAm or PNIPAAm-PAAm can be used as a macroinitiator in the 
ring opening polymerization of lysine-NCA, the amino group requires deprotection by 
removing the phthalimide end group. 

The complete phthalimide end-group removal was confirmed by the absence of 
peaks at 7.89 and 7.87 ppm (aromatic protons of phthalimide group) and by the 
appearance of the peaks at 3.43 and 3.05 ppm (two CH2 groups adjacent to the newly 
formed amine end-group) (Figure 4.3a). FTIR analysis showed the absence of bands 
from the stretching vibrations of phthalimide C=O groups (1715 cm-1 and 1774 cm-1) 
after the deprotection step (Figure 4.3b).  
 
a)                                                                 b) 
 

            
 
Figure 4.3 a) 1H-NMR and b) FTIR spectra of PNIPAAm before (black) and after 
(grey) removal of phthalimide-protecting group. 1H-NMR spectra were recorded in 
D2O; number of scans ~ 32, relaxation delay 12 s; *, D2O, ♠, residues of DMF.  
 
4.3.5 ROP of lysine NCA  
 
Before amino-terminated PNIPAAm and PNIPAAm-PAAm were used as 
macroinitiators in the ROP, lysine-NCA was first successfully synthetized. The purity 
of the lysine monomer was confirmed by melting point determination and 1H-NMR. 
The melting point of the obtained material was ~100°C and is in good agreement with 
the values reported in literature.61, 62 

PNIPAAm-b-PLL and PNIPAAm-PAAm-b-PLL copolymers were characterized 
by GPC and 1H-NMR. The molecular weights of the synthetized block copolymers 
were determined by GPC with PMMA standards in DMF as an eluent. Successful 

* 

♠ 

♠ 
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diblock copolymer formation was confirmed by the shift to higher molecular weights 
in the GPC chromatogram of the diblock copolymers (PNIPAAm-b-PLL or 
PNIPAAm-PAAm-b-PLL) compared to their corresponding macroinitiators 
(PNIPAAm or PNIPAAm-PAAm). GPC chromatograms of PNIPAAm/PNIPAAm-
PAAm macroinitiators and their diblock copolymers are presented in Figure 4.4. 
 
     a)                                                                       b) 

         
Figure 4.4 GPC chromatograms of a) PNIPAAm50 macroinitiator (─), PNIPAAm50-b-
PLL44 (─ ─), PNIPAAm50-b-PLL101 (─ • ─), b) PNIPAAm102-PAAm26 (• • • •) and 
PNIPAAm102-PAAm26-b-PLL90 (─ • • ─). 
 

In addition to confirming of the diblock copolymer structure, 1H-NMR was also 
used to determine the degree of polymerization and by extension the molecular weight 
of the PLL block as well as the molecular weight of the entire copolymer. The degree 
of polymerization was determined from the integrated peak areas at 2.93 ppm (CH2-
NHCOO of PLL) and from 2.25 to 0.8 ppm which corresponds to 9 protons from 
PNIPAAm (CH(CH3)2, BrCHCH2 and BrCHCH2) and 6 protons from PLL (CH-
(CH2)3-CH2-NH) as described in the Materials and Methods (Figure 4.5a). Due to 
overlap between the L-lysine-NCA and PLL peaks, the conversion cannot be 
determined from 1H-NMR of the reaction mixture. Therefore, the theoretical molecular 
weight of PLL block was calculated from the yield. However, this method is 
potentially not very accurate due to losses incurred during the purification procedure. 
This also explains differences in theoretical Mn and molecular weights calculated from 
1H-NMR. The molecular weights of the PLL block calculated from the yield as well as 
those determined via 1H-NMR analysis, and the molecular weights and PDI of the 
diblock copolymers determined by GPC are presented in Table 4.3. 
 

13 14 15 16 17 18 19 20 21 

Retention Volume, mL 
13 14 15 16 17 18 19 20 21 

Retention Volume, mL 
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Table 4.3 Diblock copolymers of PNIPAAm/PNIPAAm-PAAm and PLL were 
characterized by GPC and 1H-NMR. Mn of the PLL blocks was calculated from the 
yield as well as from 1H-NMR. 
 

Entry 
N(PNIPAAm) 

N(AAm) 
N(PLL) 

Yield 
% 

Mn(PLL), 
kg/mol 
(yield) 

1H-NMR 
Mn(PLL), 
kg/mol 

GPC 

LS UC 
Mn(t), 

kg/mol PDI Mn(t), 
kg/mol PDI 

1 58, -, 44 72.6 10.90 11.50 26.70 1.22 26.40 1.22 
2 58, -, 103 79.4 23.80 27.00 37.90 1.18 38.00 1.18 
3 118, -, 54 73.4 11.00 14.20 37.50 1.18 37.40 1.18 
4 118, -, 101 95.0 28.50 26.50 45.40 1.17 45.40 1.17 
5 164, -, 45 53.5 7.50 11.80 44.60 1.21 43.50 1.16 
6 164, -, 113 73.1 21.90 29.60 53.80 1.27 52.70 1.18 
7 102, 26, 90 85.7 21.40 23.60 39.30 1.24 40.20 1.13 
8 68, 34, 73 77.8 19.40 19.15 34.40 1.27 36.80 1.20 
9 129, 39, 82 70.65 17.65 21.50 47.00 1.24 45.70 1.21 

10 219, 58, 88 90 23.40 23.00 53.90 1.32 50.40 1.22 
N-degree of polymerization, calculated from 1H-NMR 
Mn(t)- total molecular weight of the entire copolymer 
 

In order to introduce NH3
+ side groups in the PLL block, required for linkage with 

alginate through the polyelectrolyte complex, the carbobenzyloxy (Cbz) group of the 
PLL has to be removed. This was achieved by treating the polymer with concentrated 
strong acid solution as described in the Materials and Methods section. The complete 
removal of the Cbz-group was confirmed by the absence of peaks at 7.24 (-O-CH2-
C6H5) and 4.93 ppm (-O-CH2-C6H5) (Figure 4.5b).  
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Figure 4.5 1H-NMR spectra of PLL a) before and b) after treatment with HBr in acetic 
acid. The spectra were recorded with relaxation delay of 12 s, 32 scans in DMSO-d6 
(a) and D2O (b); # DMSO-d6, * water, ♣ residues of acetic acid. 
 
4.3.6 Lower critical solution temperature 
 
Certain water soluble polymers, like PNIPAAm, exhibit a lower critical solution 
temperature (LCST). This temperature is dependent on the concentration of the 
aqueous solution,63, 64 the polarity of end groups,65 the size of the polymer chains64-66 
and the presence of salts in water.67  

Turbidity measurements were performed on PNIPAAm samples with different end 
groups to investigate the influence of these end groups on the LCST (Table 4.4). The 
cloud point of PNIPAAm (50:1:2:2) was increased by 6.1°C when the phthalimide end 
group was removed and the amine group was present. In the case of PNIPAAm with a 
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higher molecular weight (100:1:2:2) the effect of removing the hydrophobic 
phthalimide group was less pronounced and an increase of 3°C was observed.  

The effect of the molecular weight on the LCST was also clear. A difference of 2 
to 6°C between the PNIPAAm (50:1:2:2) and PNIPAAm (100:1:2:2) for different end 
groups was discovered (Table 4.4). 
 
Table 4.4 Influence of end groups on the cloud point of the PNIPAAm macro- 
initiators. Measurements were carried out with a 3 mg/mL solution 
 

Sample 
Cloud point, °C 

Protected Deprotected 
PNIPAAm (50:1:2:2) 39.2 45.3 

PNIPAAm (100:1:2:2) 36.9 39.9 
 

The LCST of the diblock copolymer proved difficult to determine via turbidity 
measurements. At low concentrations (0.5-1.5 mg/mL) no visible transition was 
observed. This can be ascribed to a combination of insensitive measuring equipment 
and the formation of micelles. At high concentrations (1.5-3.0 mg/mL) an ambiguous 
transition occurred and sedimentation of the diblock copolymer became problematic 
during the analysis. The LCST of diblock copolymers was determined by dynamic 
light scattering. The obtained results are presented in Table 4.5. 

 
Table 4.5 Results from DLS measurements on synthesized PNIPAAm-b-PLL diblock 
copolymers. Measurements were carried out with a 0.5 mg/ml solution 
 

PLL block  
length 

LCST, °C 
PNIPAAm block length 

58 118 164 
50 41.5 

43.0 
39.0 
39.5 

38.5 
39.0 100 

 
The LCST of all diblock copolymers was found above 37°C as shown in Table 4.5. 

The influence of the sizes of both blocks on the LCST was investigated. When the 
degree of polymerization of the PLL block was increased from ~50 to ~100, the LCST 
increased approximately 0.5-1.5°C. A similar increase in the degree of polymerization 
of the PNIPAAm blocks caused a shift of the LCST towards lower temperatures for 
2.5-3.5°C. This effect was more pronounced in diblock copolymers with shorter PLL 
blocks. 
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The influence of the hydrophilic AAm-comonomer on the LCST in PNIPAAm-
PAAm chains was also investigated. DLS measurements showed that 20 mol% of 
AAm in the PNIPAAm chain caused an increase of the LCST of ~10°C. This effect is 
slightly more pronounced when determining the LCST via turbidity measurements 
(LCST increases by ~15°C). 

Besides turbidity and DLS measurements, the transition from a dissolved coil to a 
collapsed globule was observed by 1H-NMR through the changes in the ratio between 
the water peak and the PNIPAAm peak at 3.9 ppm at increased temperatures. In the 
case of the PNIPAAm homopolymer, the LCST was similar to the value determined by 
DLS and lower than the LCST obtained via turbidity measurements. Contrary to these 
observations, a large discrepancy in the LCST values determined by DLS and 1H-NMR 
was found for the PNIPAAm-PAAm copolymer (Table 4.6). Due to lack of time,     
1H-NMR measurements were performed only once. In order to validate the LCST 
values obtained via 1H-NMR measurements, further experiments will be required. 
 
Table 4.6 LCST of PNIPAAm (Table 4.1, Ratio 100:1:2:2) and PNIPAAm-PAAm (entry 
4, Table 4.2) determined by turbidity, DLS and 1H-NMR 
 

Sample Turbidity, °C DLS, °C 1H-NMR, °C 
PNIPAAm 39.9 33 34.5 

PNIPAAm-PAAm 55 42.5 56 
 

4.4 Discussion 
 

PNIPAAm is a thermo-responsive polymer. Below 32°C PNIPAAm is soluble in 
water. When an aqueous solution of this polymer is heated above this temperature, a 
transition from a dissolved coil into a collapsed globule occurs. Despite the increased 
hydrophobicity above the LCST, PNIPAAm polymer brushes have shown to provide 
effective protection from protein adsorption not only below but also above LCST.18-20, 

27, 28 This feature of PNIPAAm brushes provides the applicability of these polymers on 
alginate beads surface with the aim to provide anti-biofouling properties. Since 
PNIPAAm cannot be synthesized from the alginate surface directly, the binding with 
alginate should be accomplished through electrostatic complex formation with the 
ammonium groups of PLL. Therefore, PNIPAAm-b-PLL diblock copolymers were 
synthetized by combining ATRP and ROP as described in Scheme 4.1. 

Atom transfer radical polymerization is one of the most frequently used 
polymerization methods with good control over both molecular weight and 
polydispersity. Initially ATRP was considered unsuitable for the controlled synthesis 
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of polyacrylamides because disproportionation of the copper catalyst, dissociation of 
the halide ligand, complex formation with (poly)acrylamides and/or solvent as a ligand 
and disproportionation or hydrolysis of the initiator/dormant chain end and 
nucleophilic displacement of the terminal halogen atom by the amide group readily 
take place.68 Later studies suggested that with a careful choice of solvent, ligand and 
initiator these side reaction can be suppressed and narrowly dispersed polymer can be 
obtained.42, 44, 66 

Several research groups have shown that the strong ligand Me6TREN (see Scheme 
4.3) allows for the successful ATRP of acrylamides under mild conditions.43, 68, 69 
Therefore, this ligand was synthetized and used in combination with Cu(I)Cl, the 
phthalimide initiator and DMSO as a solvent in the ATRP of NIPAAm. In order to 
avoid premature termination caused by the presence of oxygen, degassing via several 
freeze-pump-thaw cycles was performed. After applying this method the achieved 
conversions were consistent and high (~80%). The obtained polymers were 
characterized by GPC and 1H-NMR (Table 4.1). The molecular weights were estimated 
via end-group analysis with 1H-NMR. The molecular weights obtained from 1H-NMR 
analysis were similar to the molecular weights calculated from the initial 
monomer/initiator ratio and conversion (theoretical molecular weight). However, there 
was a consistently high difference between the theoretical molecular weights and the 
molecular weights determined by GPC. The molecular weight determined by GPC 
using universal calibration was more than 100% higher than the theoretical value. 
When light scattering was used as a detector the difference was lower (50-100%). 

 

 
 
Scheme 4.3 Chemical structure of Me6TREN 
 

This disagreement between expected molecular weights and molecular weights 
determined by either universal calibration or light scattering has also been reported in 
literature.40, 65, 66 Xia et al. found that molecular weights obtained by GPC were twice 
as high as the molecular weights determined from 1H-NMR (end group analysis) or 
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Maldi-TOF.66 This difference in values was attributed to a deterioration of the GPC 
columns in the intervening time. Taking this in account, the GPC data was only used to 
reveal trends in molecular weights rather than to precisely determine the molecular 
weights of PNIPAAm.65, 66  

The LCST of PNIPAAm can be shifted towards higher temperatures by 
incorporating hydrophilic acrylamide units. Random copolymers of NIPAAm and 
AAm were prepared by ATRP. When 20 mol% of the NIPAAm monomer units in the 
starting reaction mixture was replaced by AAm, a significant decrease in conversion 
was observed. We assume that (P)AAm forms a complex with copper, which as a 
consequence leads to the deactivation of the catalyst. In order to suppress this side 
reaction, different polymerization conditions were examined. Among all used solvent 
systems, DMF provided the best control over the polydispersity and conversions of  
approximately 40% were achieved. Somewhat higher conversions (up to 50%) were 
achieved when the initial monomer concentration was increased from 33% to 50%. 

After successful deprotection of the phthalimide end-group, which was confirmed 
by FTIR and 1H-NMR as shown in Figure 4.3, amino functionalized PNIPAAm 
homopolymer and PNIPAAm-PAAm copolymer were used as macroinitiators for the 
ROP of lysine NCA. The successful diblock copolymer formation was confirmed by 
the shift to higher molecular weight in the GPC chromatogram of diblock copolymer 
compared with the corresponding macroinitiator. Huang et al. reported bimodal GPC 
chromatograms and a PDI > 1.4 when primary amine end-functionalized PNIPAAm 
was used as an initiator in the ROP of NCAs.45 The loss of control was attributed to the 
activated monomer mechanism which coexists with the normal amine mechanism. This 
effect was eliminated by replacement of the primary amine functionality with amine 
hydrochloride.45 Contrary to these findings, the PNIPAAm-PLL and PNIPAAm-
PAAm-PLL copolymers described in this chapter had a low polydispersity and no 
bimodal GPC chromatograms (Figure 4.4) were observed despite the use of amino-
functionalized macroinitiators. The theoretical molecular weights of the PLL block 
were in a good agreement with the values obtained from 1H-NMR analysis. 

The influence of the molecular weight and end-groups on the LCST of PNIPAAm 
was investigated. The increase in molecular weight caused a decrease in the LCST as 
demonstrated in Table 4.4. This effect is attributed to the reduced entropy of mixing 
with the increase in molecular weight.66 Removal of hydrophobic phthalimide shifted 
the LCST towards higher temperatures due to formation of the hydrophilic amino 
group on the polymer chain-end. This effect was less pronounced for longer chains. 
With increasing the degree of polymerization, the contribution of end-group to the 
hydrophobic/hydrophilic balance of the polymer was reduced. These observations are 
in an agreement with results obtained by Xia et al.65, 66 
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After successful removal of the Cbz-group, the temperature dependent behavior of 
the diblock copolymers was examined by DLS. The increase in the size of hydrophilic 
PLL block shifts the LCST towards higher temperatures, whereas the length of 
PNIPAAm block has an opposite effect. Zhao et al. found the same dependencies of 
the LCST on the size of the PLL block.70 As the size of the PLL block was increased, 
the LCST was shifted to higher temperatures and the phase separation of the diblock 
copolymer became less apparent. 

The presence of 20 mol% of AAm in PNIPAAm chain caused an increase in LCST 
of approximately 10°C. This result is in a good agreement with the values reported in 
literature. 33, 59, 60 

The discrepancy between LCST values determined by different methods (turbidity, 
DLS and 1H-NMR) is attributed to the sensitivity of the detectors as well as the 
polymer concentration in water63, 64 (0.5 mg/mL in DLS, 3 mg/ml in turbidity and 20 
mg/mL in 1H-NMR).   
 
4.5 Conclusions 
 
Diblock copolymers of PNIPAAm or PNIPAAm-PAAm and PLL were successfully 
synthetized by combining ATRP and ROP. The PNIPAAm homopolymer and 
PNIPAAm-PAAm random copolymer with low dispersity were prepared by ATRP in 
the presence of a strong ligand (Me6TREN), Cu(I)Cl and the di-functional phthalimide 
initiator. Lower conversions were observed when AAm monomers were present in the 
reaction mixture (random copolymerization of NIPAAm and AAm) than when 
NIPAAm was polymerized alone. The obtained polymers were characterized by       
1H-NMR and GPC. The molecular weights determined by GPC were more than 1.5 
times higher than the molecular weights obtained from the end-group analysis in      
1H-NMR. Amino-terminated PNIPAAm homopolymers and PNIPAAm-PAAm 
copolymers were subsequently used as macroinitiators in the ROP of lysine NCA. 
Successful copolymer formation was confirmed by the shift to higher molecular 
weights in the GPC chromatogram of diblock copolymers (PNIPAAm-b-PLL or 
PNIPAAm-PAAm-b-PLL) compared to the corresponding macroinitiators (PNIPAAm 
or PNIPAAm-PAAm). The thermal behavior of the prepared homopolymers and 
copolymers was examined by DLS, turbidity and 1H-NMR. It was shown that the 
length of PNIPAAm, the nature of polymer-end group and the copolymerization with 
other hydrophilic monomers all influence the LCST. However, it is difficult to predict 
in vivo thermal behavior of these copolymers when bound to the alginate gels. 
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Abstract 
 
Alginate-poly-L-lysine (PLL) capsules protect cells from immune reactions. A pitfall, 
however, is the low reproducibility of the procedure and inflammatory responses 
against the PLL membrane. In this study the substitution of PLL with diblock 
copolymers consisting of a PLL block and polyethylene glycol (PEG), poly(N-
isopropylacrylamide) (PNIPAAm), or random copolymer of N-isopropylacrylamide 
and acrylamide (PNIPAAm-PAAm) as the other block was investigated. The PLL 
blocks should facilitate the binding to the alginate matrix whereas the other block is 
neutral, biocompatible and it should form an anti-biofouling layer on the top of beads. 
Binding of these copolymers to the alginate gel was studied by Fourier transform 
infrared spectroscopy (FTIR). The area of C-H stretching vibrations was considered to 
be the most reliable to study the kinetics of the adsorption process. Long periods of 
time were required to reach the saturation of the surface and sufficient PLL content 
with each tested copolymer. In addition to FTIR, atomic force microscopy (AFM) 
studies of the layer thicknesses demonstrated the penetration of copolymers into the 
alginate gel. By introducing PLL pretreatment the possible penetration of the diblock 
copolymers was reduced but not completely prevented. This was a major obstacle to 
characterize the system by ellipsometry and small angle X ray reflectivity, since these 
techniques require the presence of a clear interface. However, AFM and FTIR 
analyses revealed that PLL treated gels had a better surface coverage with the 
copolymers than untreated gels. Preliminary calculations indicated the possible 
formation of polymer brushes but more investigation is required to conclusively 
confirm this. 
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5.1 Introduction 

Transplantation of therapeutic cells in immunoprotective membranes is a promising 
approach for treatment of human endocrine disorders where precise regulation of 
hormones and metabolites is required. These membranes are impermeable for cells of 
the immune system but do allow for diffusion of nutrients and the therapeutic 
molecules. This approach has been shown to enable a minute-to-minute regulation of 
hormones and metabolites in disorders such as anemia,1 dwarfism,2 hemophilia B,3 
kidney4 and liver failure,5 pituitary6 and central nervous system insufficiencies,7 as well 
as diabetes.8 

One of the most intensively studied encapsulation systems is alginate-poly(L-
lysine) (PLL)-alginate capsules.8 This system has been used in many experimental 
animal studies9-12 and recently even in humans.13-16 Collectively these studies have 
shown that in spite of the simplicity of the system, producing biocompatible capsules is 
not straightforward. Factors such as contaminations in alginates,17-20 the type of 
alginates21-25 and of polyamino acids17, 25, 26 have been shown to be important factors in 
the acceptance of the grafts.27-29 Nowadays only pure alginates are being applied but 
selection of the optimal alginate type in combination with an adequate polymer is an 
issue that is still not well understood and controlled.22, 30, 31 Some research groups 
reported a complete absence of responses against alginate-PLL capsules while others 
found severe responses within days after implantation illustrating that PLL coating is a 
crucial step in the biocompatibility of microcapsules. The efficacy of the PLL binding 
to alginate has shown to be dependent on the type of applied alginate.22 Alginates are 
composed of α-L-guluronic acid (G) and β-D-mannuronic acid (M). In order to 
facilitate adequate binding of PLL sufficient amounts of alternating M-G blocks should 
be present in alginate.32 Due to inadequately bound PLL, complement activation at the 
surface of capsules may occur with inflammatory responses as a consequence.33-35  

To overcome above mentioned hurdles we propose to substitute PLL with diblock 
copolymers. In our approach we opted for PLL-based diblock copolymers because the 
PLL blocks bind to alginate via ionic interactions under physiological and cell-friendly 
conditions. The other block should be biocompatible, without charge and immiscible 
with the alginate gel in the swollen state. Thus, this block should form an anti-
biofouling layer on the surface of capsules. In order to form such a protecting layer at 
the capsules’ surface, the number of grafted chains per surface area (grafting density) 
should be enough high, i.e. grafted chains should form a polymer brush. Only polymer 
brush provides good antifouling properties.  

Three different diblock copolymers, commercially available or home-made, were 
tested. These are polyethylene glycol-block-poly(L-lysine) (PEG-b-PLL), poly(N-
isopropylacrylamide)-block-poly(L-lysine) (PNIPAAm-b-PLL), and poly(N-
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isopropylacrylamide)-polyacrylamide-block-poly(L-lysine) (PNIPAAm-PAAm-b-
PLL). The kinetics of binding these copolymers to the alginate beads was hampered by 
lack of the adequate characterization techniques that can be applied on the 700-800 µm 
large beads. Therefore, the surface of alginate beads was approximate with the flat 
surface. The non-destructive techniques most commonly used to study binding of 
polymer chains to a surface and/or their morphology, such as ellipsometry and X-ray 
reflectivity, were impossible to apply due to the absence of a clear interface between 
the grafted chains and the alginate gel, as well as the considerable roughness. Thus, we 
chose as the most proper non-destructive methods to follow the adsorption process and 
to characterize the adsorbed layer, a combination of transmission FTIR and AFM. The 
kinetics of the copolymer adsorption was quantitatively and qualitatively studied 
through the FTIR measurements of dry alginate-copolymer layers after certain time 
intervals of incubation. Before each measurement modified layers were dried carefully 
to remove traces of water and avoid the interference of water bands with copolymer 
bands in the IR spectra. Hence, determination of the relative copolymer content and 
each-block content was more accurate. In this chapter, FTIR spectroscopy in 
combination with AFM was also used to examine whether phase separation occurs or if 
entire copolymers penetrate in the gel. Moreover, it was investigated how a preceding 
adsorption of PLL on alginate gel influenced the copolymer adsorption on the alginate-
PLL layer and what the most probable morphology of the grafted chains was.  

 
5.2 Materials and Methods 

 
5.2.1 Materials 

 
Intermediate-G sodium alginate was obtained from ISP Alginates (UK). Poly(L-lysine 
hydrochloride) (PLL) (Mn=16 kg/mol), Methoxy-poly(ethylene glycol)-block-poly(L-
lysine hydrochloride) (PEGx-b-PLLy; x= 454; y= 20, 50 or 100; PDI= 1.2) were 
purchased from Alamanda Polymers (USA). Ethanolamine (99%, Sigma-Aldrich), 
triethylamine (Sigma-Aldrich), 2-bromoisobutyryl bromide (Sigma-Aldrich), 
triphenylphosphine (Merck), phthalimide (99%, Aldrich) diethylazodicarboxylic acid 
(40% in toluene, Fluka), Silica gel (Merck, Type 9385, mesh 230-400, 60 Å), 
hydrazine monohydrate (Sigma-Aldrich, approx. 64%), Cu(I)Cl (Aldrich, stored under 
argon atmosphere), acrylamide (for electrophoresis, ≥ 99% (HPLC), Sigma-Aldrich), 
aluminium oxide Al2O3 (basic 90, Merck), α-pinene (Sigma-Aldrich), Cbz-L-lysine 
(Sigma-Aldrich) and triphosgene (Sigma-Aldrich) were used as received. Me6TREN 
was synthesized using formaldehyde (37 wt% in H2O, Sigma-Aldrich), formic acid 
(Acros Organics, analysis grade, stored at 6°C.) and tris (2-aminoethyl)amine (Acros 
Organics, 96%) according to a slightly modified procedure previously described 
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elsewhere.36, 37 Before use N-isopropylacrylamide (99% pure, stabilized, Acros 
Organics) was recrystallized twice from hexane. 

 
5.2.2 Synthesis of PNIPAAm-b-PLL and PNIPAAm-PAAm-b-PLL 

  
PNIPAAm-b-PLL and PNIPAAm-PAAm-b-PLL were prepared following a literature 
procedure.38 Briefly, aforementioned copolymers were prepared by combining atom 
transfer radical polymerization (ATRP) and ring-opening polymerization (ROP). For 
this purpose a phthalimidoethyl 2-bromo-2-methylpropionamide dual-functional 
initiator was synthetized following a published procedure.38 PNIPAAm and the random 
copolymer of NIPAAm and AAm were prepared by ATRP in the following manner; 
the NIPAAm and AAm monomers as well as initiator were dissolved together in 
DMSO in a dry Schlenk tube. The ligand (initiator/ligand=1/2) was dissolved 
separately in the same solvent. In order to remove all oxygen both solutions were 
subjected to five freeze-pump-thaw cycles before use. Cu(I)Cl (Cu(I)Cl/ligand= 1/1)) 
was weighed in a 3-neck flask and the atmosphere was replaced with argon. After the 
freeze-pump-thaw cycles the ligand solution was transferred to the flask containing the 
catalyst and the obtained solution was allowed to complex for 45-60 minutes before 
transferring to the monomer/initiator solution via argon flushed syringe. All transfers 
were done under argon overpressure. All polymerizations were carried out at room 
temperature for 24 hours. 

After thorough purification and deprotection of the phtalimide end group,38 amino-
terminated PNIPAAm and PNIPAAm-PAAm were used as macroinitiators for ROP of 
Lysine-NCA as follows. Both NCA lysine and macroinitiator (amino-terminated 
PNIPAAm/PNIPAAm-PAAm) were dried under high vacuum for one hour at room 
temperature. The monomer and macroinitiator were dissolved in dry DMF under argon 
overpressure and the macroinitiator solution was transferred to the monomer solution 
via an argon flushed syringe to obtain a 9 wt % solution.38 The reaction mixture was 
stirred for 5 days under inert argon atmosphere. Subsequently it was exposed to air, 
concentrated and precipitated in a 20-fold excess of diethyl ether. The remaining solid 
powder was filtered off and left to dry in a vacuum oven at 50°C. The carbobenzyloxy 
(Cbz) protecting group of PLL block was removed by treating diblock copolymer 
solution in glacial acetic acid with HBr (33 wt% in acetic acid). 
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5.2.3 Deposition of alginate films on silicon wafers 
 
Double-side polished silicon wafers (Topsil Semiconductor Materials A/S, 
Frederikssund, Denmark 1000 ± 15 µm thick) used as substrates were cleaned by 
ultrasonication in dichloromethane, methanol, and acetone for 10 minutes. Residual 
organic contaminants were removed by an UV-ozone treatment using an UV-ozone 
photoreactor PR-100 (Uvikon) for 60 minutes. Due to this treatment, the hydrophilicity 
of the exposed surface increases. Immediately after cleaning an alginate layer was 
applied on the surface. 

Only purified alginates were applied and their purification was performed as 
described in detail elsewhere.28 Purified sodium alginate was dissolved in Krebs-
Ringer-Hepes buffer (KRH, 220 mOsm) to give a 3.4 w/v % solution. The final 
alginate layer was obtained by dipping vertically aligned silicon wafers (1.5 × 1.0 cm) 
into the 3.4 w/v % alginate solution at a constant rate of 1 cm/min. The withdrawal rate 
was 10 cm/min. Smoother alginate layers were prepared by spin coating (5 seconds at 
500 rpm, followed by 35 seconds at 2000 rpm and 60 seconds at 8000 rpm). Silicon 
wafers coated with sodium alginate were placed into 100 mM CaCl2 buffer after which 
alginate was allowed to cross-link with calcium overnight. Before the alginate gels 
were exposed to the PLL/copolymer solution, transmission FTIR spectra of dry 
alginate layers were recorded.  

The binding of copolymers to calcium alginate layers was performed by washing 
the calcium alginate layers with KRH (containing 2.5 mM CaCl2) for 1 minute and 
subsequently coating by placing the layers in copolymer solutions (in KRH containing 
2.5 mM CaCl2, copolymer concentration 3.55 × 10-8 mol/ml). After certain time 
intervals up to 130 hours, the wafers were removed from the copolymer solution, 
washed four times with KRH, dried under a filtered air stream and measured by FTIR. 
Subsequently the wafers were returned to the copolymer solution in order to continue 
the adsorption process. When saturation was achieved, the calcium alginate layers with 
copolymers were stored in a KRH buffer. The buffer was exchanged frequently to 
examine possible copolymer detachment.  

In order to study the binding of copolymers to calcium alginate-PLL layers a 
slightly modified procedure was applied. After washing in KRH (containing 2.5 mM 
CaCl2) for 1 minute, alginate gels were incubated in PLL solution (in KRH containing 
2.5 mM CaCl2, PLL concentration 6.25 × 10-8 mol/ml) for 10 minutes. Subsequently 
the layers were washed four times with KRH, dried under a filtered air stream and 
measured by FTIR. Calcium-alginate layers were incubated in copolymer solutions and 
the same procedure was followed as described previously for the copolymer adsorption 
to pure calcium alginate. 
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5.2.4 Transmission Fourier transform infrared spectroscopy  
 
Calcium alginate layers as well as the attachment of PLL or its copolymers to calcium 
alginate layers were studied by transmission FTIR. Measurements were performed 
under vacuum on a Bruker IFS 66 v/S spectrometer equipped with a DTGS detector 
and OPUS software package. A sample shuttle accessory was used for interleaved 
sample and background scanning. A clean silicon wafer was used as a reference. All 
spectra are averages of 6 ×120 scans measured at a resolution of 4 cm-1.  

The adsorption of PLL and copolymers on the calcium alginate layers was 
followed by studying the increase in the surface area associated with asymmetric and 
symmetric C-H stretching vibrations (3000 to 2800 cm-1) as described in the Apendix.  
 
5.2.5 Atomic force microscopy and the criteria for brush formation 

 
Changes in the layer thickness as a consequence of PLL or copolymer adsorption were 
determined by atomic force microscopy. The thickness profiles were recorded with a 
MultiMode 8, ScanAsyst instrument operating in tapping mode with TESP probes 
(elastic constant k = 42 N·m−1, resonance frequency f = 320–410 kHz and the tip radius 
of 8 nm). During the measurements the scan rate, scan size and resolution were 0.2 Hz, 
100-160 µm and 640 lines/sample, respectively. The thickness of analyzed films was 
determined from AFM height profile images with NanoScopeAnalysis software from 
Bruker. The alginate layers prepared by spin coating were cross-linked with calcium 
ions overnight. Prior to the copolymer treatment the gels were dried under vacuum and 
the thicknesses were determined by AFM. 

In order to determine whether end-grafted polymer chains form a “mushroom” or a 
“brush”, the grafting density (σ) was calculated using the following equation:39, 40  

 

σ = ℎ ∗ ρ ∗ !!
!!

! 
Where 
h- an increase of the thickness caused by grafting of the polymer chains to a surface,  
ρ- the bulk density of the polymer material,  
NA- Avogadro’s number,  
Mn- the molecular weight of the polymer chains and 
x- the degree of polymerization.  
 

In a mushroom regime, end-grafted polymer chains adapt conformations close to a 
random coil. In this case, the size of the anchored polymer chains can be determined 
from the following equation. 
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R! =
!!"# ∗ ! ∗ !!

6  

Where, 
Rg- radius of gyration, 
Cinf- characteristic ratio, 
x- degree of polymerization and 
!! = !!!!  – sum of the lengths of the backbone bonds of one monomer unit. 
 

If the polymer chains are anchored to the surface in such a way that there is only 
one chain per Rg

2 surface area, a “mushroom” regime is formed. Upon increasing the 
number of anchored chains, they will orientate perpendicular to the surface and form a 
so-called “brush”. 
 
5.3 Results 
 
In order to study the kinetics of binding PLL and the PLL-based copolymers, the 
curved surface of capsules was approximate with the flat surface. This approximation 
was unavoidable since there are no available characterization techniques that can be 
applied on the 700-800 µm large capsules.  
 
5.3.1 The adsorption of PLL to calcium alginate layers, changes in the IR spectrum 

 
A time period of 10 minutes is required in the conventional alginate-PLL-alginate 
system for creating an immunoprotective membrane with PLL.41 In order to study the 
formation of the membrane within this time frame, the absorption of the homopolymer 
PLL on the calcium alginate layer was studied through changes in the IR spectrum. 
The adsorption of the homopolymer PLL resulted in a broadening of the O-H band 
(3600-3000 cm-1) towards lower frequences and in an increase of the area from 3000 to 
2800 cm-1 (C-H stretching vibrations) (Figure 5.1a). The N-H stretching bands of NH3

+ 
at 3055 cm-1and of amide group (3280 and 3170 cm-1) of PLL were hardly detectable 
bumps. Furthermore, a shift of the band at 1423 cm-1 (COO- symmetric stretching 
vibrations of alginate) to 1413 cm-1 was observed as well as shoulders on either side of 
the broad band at 1613 cm-1 (COO- asymmetric stretching vibrations of alginate) that 
correspond to C=O stretching vibrations (amide I, 1680-1630 cm-1) and N-H bending 
vibrations (amide II, 1570-1515 cm-1) of PLL homopolymer (Figure 5.1b). A small 
frequency displacement of the bands in the carbohydrate region (1200-980 cm-1) that 
originate from COC, CO, and CC stretching, CCO and CC bending and CH2 rocking 
vibrations, was also detected (Figure 5.1c). 
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a)                                                                        b) 

             
 
                                      c) 

 
 
Figure 5.1 IR spectra of calcium alginate (green), calcium alginate-PLL (black) after 
10 minutes of adsorption, and of PLL alone (purple). a) The area of N-H, O-H, and C-
H stretching vibrations, b) the amide I and amide II area, and c) the carbohydrate 
area. The spectra of the calcium alginate and calcium alginate-PLL layers were shifted 
along y-axis for clarity.  
 

Quantification of adsorbed PLL from the IR spectrum is not straightforward. 
Normally the subtraction of the spectrum of calcium alginate from that of calcium-
alginate-PLL should result in the clear PLL spectrum from which the concentration of 
PLL could be calculated by applying the Beer-Lambert law.42 However, the small shift 
of the bands of the alginate gel caused by the PLL binding makes subtraction of these 
spectra impossible. An alternative method to calculate the amount of adsorbed PLL 
would be by applying the Beer-Lambert law on an isolated PLL band. As demonstrated 
in Figure 5.1, PLL does not have any band which does not interfere or overlap with the 
alginate bands. Therefore, only an indication of the amount of PLL can be determined 
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in the arbitrary units in the area from 3000 to 2800 cm-1. This area is attributed to the 
asymmetric and symmetric stretching vibrations of methylene (CH2) groups of PLL 
and methine (CH) groups of calcium alginate. In comparison whith the amide region, 
this area is not or hardly influenced by shift caused by hydrogen bonding. Therefore, 
we consider it as the most reliable area for determination and comparison of the PLL 
content achieved by PLL or copolymer adsorption on the alginate gel. The amount of 
the adsorbed PLL homopolymer of 1.13 was determined from this area as described in 
the Apendix. 
 
5.3.2 The adsorption of PEG454-b-PLLy to calcium alginate layers and comparison 

with conventional calcium alginate-PLL system 
 
The PEG-b-PLL diblock copolymers were extensively examined through in vitro 
experiments. For instance, successful binding to the alginate beads was demonstrated 
through the fluorescence labeling of a methoxy end-group of PEG blocks. It has been 
shown that the short copolymers (PEG22-b-PLL10) penetrate inside the beads, whereas a 
high concentration of PEG blocks on the surface of the capsules was found when 
longer copolymer chains (PEGx-b-PLLy, x= 113 or 454, y= 50 or 100) had been used. 
Furthermore, the minor activation of NF-κB caused by the alginate-PEG454-b-PLL100 
capsules, similar to the activation of the same cell-line, provoked by the alginate-PLL 
capsules, was demonstrated as well as sufficient mechanical stability and 
permeability.43 Because of these promising results, the alginate-PEG454-b-PLL100 
capsules were examined in vivo by our collaborators. Unfortunately the capsules 
caused a strong inflammatory reaction in mice. In order to elucidate the cause of this 
failure and discern possible solutions, calcium alginate-PLL and calcium alginate-
PEG454-b-PLL100 layer systems were studied by FTIR. Besides PEG454-b-PLL100, the 
adsorption of PEG454-b-PLL50 as well as of PEG454-b-PLL20 on the alginate gel was also 
studied. 
 
5.3.2.1 Changes in the IR spectrum caused by the adsorption of PEG454-b-PLLy 

copolymers 
 

The adsorption of PEG454-b-PLLy (y= 20, 50 or 100) diblock copolymers on alginate 
gels was studied and compared to the adsorption of the PLL homopolymer. Besides the 
bands originating from the PLL block, additional changes the IR spectrum were 
observed through a larger increase of the area between 3000 and 2800 cm-1 (Figure 
5.2a, asymmetric and symmetric stretching vibrations of CH2 groups of not only PLL 
but also of PEG), as well as the area between 1175 and 1075 cm-1 (Figure 5.2c, COC 
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stretching vibrations of PEG). No additional changes were observed in the amide 
region (Figure 5.2b). Since the other bands originating from the PEG and the PLL 
blocks are overlapping with the bands of calcium alginate (range 1750-1500 cm-1 and 
1250-1000 cm-1), the C-H region was considered to be the most reliable to 
quantitatively study the adsorption process. This region is also not influenced by any 
hydrogen bonding. 

 
a)                                                                        b) 

             
                                      c) 

 
 
Figure 5.2 IR spectra of alginate gel (green), calcium alginate-PEG454-b-PLL20 (pink), 
calcium alginate-PEG454-b-PLL50 (blue), calcium alginate-PEG454-b-PLL100 (red), after 
one hour adsorption of the copolymer and amorphous PEG454-b-PLL50 copolymer 
measured under atmospheric pressure at 78°C (light blue), a) the area of N-H, O-H, 
and C-H stretching vibrations, b) the amide I and amide II area, and c) the 
carbohydrate area. The PEG454-b-PLL50 spectrum is shifted along the y-axis for 
clarity.  
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5.3.2.2 Quantitative analysis of the area of C-H stretching vibrations 
 

In our previous study the adsorption of copolymers on the alginate gel was studied by 
the fluorescence labeling of a methoxy end-group of PEG blocks.43 Alginate beads 
incubated in the copolymer solutions showed a maximum fluorescence intensity 
between 30 and 60 minutes. Therefore, it was concluded that one hour is sufficient 
time to reach the saturation of the surface of alginate beads with the diblock 
copolymers. Quantitative analysis of the IR spectra of calcium alginate-PLL and 
calcium alginate-PEG454-b-PLLy (y= 20, 50 or 100) layers was performed to compare 
the PLL content after one hour of incubation in copolymer solutions with the amount 
observed after conventionally applied incubation of 10 minutes in the PLL solution. 
The IR area which corresponds to the C-H stretching vibrations of methine groups of 
alginate and methylene groups of PEG and PLL was used to quantify the adsorbed PLL 
and PEG454-b-PLLy in arbitrary units as descibed in the Apendix. None of the gels with 
copolymers contained after an hour incubation as much PLL as after 10 minutes 
incubation in homopolymer PLL solution (Table 5.1).  

 
Table 5.1 The amount of PLL and of diblock copolymers bound to the alginate gel 
 

Alginate+ 
Total copolymer or 

PLL adsorption* 
The amount of PLL 

block* 
The amount of 

PEG block* 
10 min PLL100 1.13 1.13 0 

1 h PEG454-b-PLL100 1.57 0.52 1.05 
1 h PEG454-b-PLL50 1.99 0.40  1.59 
1 h PEG454-b-PLL20 1.61 0.15  1.46 

* all amounts are expressed in arbitrary units  

 

5.3.3 Kinetics of PEG454-b-PLLy (y= 20, 50 or 100) adsorption on alginate gels, 
FTIR and AFM analyses 

 
In order to examine whether adsorption of copolymers can provide an adequate PLL 
content, the alginate gels were exposed to longer incubation times. Moreover, the time 
required to reach the saturation of the gel with the copolymer was also investigated. 
The adsorption of the diblock copolymers to the alginate gel was clearly visible in the 
IR spectra (Figure 5.3a) and was studied as a function of adsorption time through the 
determination of the surface area of C-H stretching vibrations. The contribution of the 
blocks was separated by splitting the total increase of the absorption into two parts, 
according to the number of active C-H vibrations in this region per monomer segment 
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and the lengths of the blocks. The amount of adsorbed PEG454-b-PLL50 copolymer and 
the contributions of both blocks were calculated for each time point and plotted as a 
function of adsorption time (Figure 5.3b). The adsorption increases rapidly and starts to 
level off after 17 hours. A plateau was reached in approximately 50 hours which was 
considered to be the saturation point. The PLL content in the alginate gel reached after 
approximately 4 hours is comparable to the amount of PLL in alginate treated with 
PLL solution for 10 minutes.   
 
 a)                                                                       b) 

 
 
Figure 5.3 Kinetics of the adsorption of the PEG454-b-PLL50 diblock copolymer on the 
alginate gel. a) The spectra at different points of incubation time and b) the 
quantitative adsorption of the polymer. The IR spectra are shifted along the y-axis for 
clarity.  
 

The kinetics of the adsorption of PEG454-b-PLLy (y= 20, 50 or 100) diblock 
copolymers appeared to be dependent on the length of the PLL blocks (Figure 5.4). 
PEG454-b-PLL20 diblock copolymer was adsorbed in slightly higher amounts than 
PEG454-b-PLL50. Considerably lower amounts of the diblock copolymer with the 
longest PLL block (y= 100) were bound to calcium alginate in the same time period 
(Figure 5.4a). The diblock copolymer with the shortest PLL block (y= 20) provided the 
lowest content of PLL in the alginate gel. More PLL in the alginate matrix was 
observed when the size of PLL block was increased (Figure 5.4b). However, the 
highest concentration of PEG chains was achieved with the PEG454-b-PLL20 (Figure 
5.4c).  
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                                      a) 

  
b)                                                                         c)   

             
 
Figure 5.4 Kinetics of adsorption of the PEG454-b-PLL20 (■), PEG454-b-PLL50 (●), and 
PEG454-b-PLL100 (▲) diblock copolymers on the alginate gel. a) The entire diblock 
copolymer, contribution of b) the PLL block and c) the PEG block. 

 
Longer time periods were required for the PEG-b-PLL diblock copolymers to 

reach the PLL content of the homopolymer incubation. It is known that the 10 minutes 
incubation with PLL and the concomitant PLL content are required to obtain the 
mechanical stability which is necessary to withstand the in vivo shear forces.17 When 
the alginate layer was exposed to the PEG454-b-PLL20 copolymer solution for 14 hours 
a similar content of PLL was obtained compared to the incubation of homopolymer 
PLL for 10 minutes. With PEG454-b-PLL50 and PEG454-b-PLL100 the adsorption of 
sufficient amounts of PLL was achieved in 4 and 6 hours, respectively.  

Because a substantial amount of copolymer is adsorbed onto the alginate gel, large 
copolymer bands arise in the IR spectrum of the saturated alginate layer (Figure 5.3a). 
Quantitative analysis of the C-H area showed that this amount was directly 
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proportional to the thickness of the calcium alginate layers (for alginate thicknesses of 
0.550 and 0.910, the final adsorbed amounts of PEG454-b-PLL20 were approximately 
9.06 and 16, respectivelly). Besides this, the increase of the layer thickness caused by 
the copolymer adsorption was considerably larger than the length of stretched 
copolymer chains as shown in Table 5.2. These results may indicate that PEG blocks 
do not phase separate completely and allow the penetration of the entire copolymer 
into the alginate gel.  

Literature studies demonstrated that alginate gels are permeable to 
immunoglobulines larger than 150 kg/mol.44 Therefore, if the kinetics of 
immobilisation is slow, many lower-molecular weight-copolymer chains could also 
easily diffuse into the gel and subsequently bind to it. Penetration of the copolymers 
into the gel could be prevented by reducing the porosity of the calcium alginate layer. 

 
Table 5.2 The increase in the dry gel thickness after incubation of the alginate gel 
layers in PLL solution for 10 minutes, in PEG454-b-PLLy (y= 20, 50 or 100) solutions 
for 50 hours as determined by AFM. The length of the stretched PEG and PLL chains 
with the corresponding number of repeating units 
 

Alginate 
thinckness, 

nm 
Alginate+ 

Increase in the 
thickness, Size 

nm % PEG*, 
nm 

PLL*, 
nm 

500 PLL100 175 35 - 37 
610 PEG454-b-PLL20 271 44 155 7.4 
615 PEG454-b-PLL50 344 56 155 19 
630 PEG454-b-PLL100 350 56 155 37 

*The lengths of the stretched PEG and PLL chains were determined from the bond angles, lengths and the 
corresponding degree of polymerization. 

 
5.3.4 The adsorption of PEG454-b-PLLy to alginate gel layers pretreated for 10 

minutes with the PLL solution, FTIR and AFM analyses 
 
Ca2+ cross-linked alginate gels are permeable to immunoglobulines of more than 150 
kg/mol. However, when exposed to the PLL solution for 10 minutes, the permeability 
of these gels decreases to 8 kg/mol (for pullulan standards), i.e. 19 kg/mol (for 
proteins), as determined in our previous study.43 Therefore, in our experiment the 
porosity of the alginate gels was reduced first by prior exposure to a PLL solution. In 
the second step, the calcium alginate-PLL layers were treated with the diblock 
copolymer solutions and the adsorption of each diblock copolymer was studied as a 
function of time as shown in Figure 5.5. 
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                                a) 

 

b)                                                                        c) 

             

 
Figure 5.5 Kinetics of adsorption of the PEG454-b-PLL20 (■), PEG454-b-PLL50 (●), 
PEG454-b-PLL100 (▲) diblock copolymer on the alginate gel pretreated for 10 minutes 
with PLL. a) The entire diblock copolymer with the PLL homopolymer, contribution of 
b) the PLL block  with the PLL homopolymer and c) the PEG block. 

 
Despite the preceding adsorption of PLL, diblock copolymer chains could still 

interact and bind to the alginate gels. However, final amounts of PEG were 
considerably lower than those reached after incubation of calcium alginate in the 
copolymer solutions for the same period of time. This indicated a reduced penetration 
of the diblock copolymers. Using the IR data the influence of the PLL length on the 
amount of adsorbed copolymers was analyzed. PEG454-b-PLL20 adsorbed in a higher 
amount in comparison to PEG454-b-PLL50 and PEG454-b-PLL100 (Figure 5.5a and c). 
Comparable PLL content in the alginate gel was achieved with all three diblock 
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copolymers (Figure 5.5b). Please note that in Figure 5.5a and b a contribution of the 
preadsorbed homopolymer PLL is included. 

The adsorption of the PEG454-b-PLL20 copolymer on the PLL pretreated alginate 
layers was also investigated for two different initial thicknesses. As seen in Table 5.3, 
the amount of the adsorbed copolymer showed to be very similar and idenpendent on 
the initial alginate thickness whereas without PLL pretreatment it was found to be 
proportional to the alginate layer thickness. 

 
Table 5.3 The amount of adsorbed PEG454-b-PLL20 to the alginate gel of different 
initial thicknesses, without and with PLL pretreatment 
 

Thickness of alginate, 
arbitrary units 

PLL preadsorbed in 10 min, 
arbitrary units 

Copolymer adsorbed in 
50 h, 

arbitrary units 
0.550 - 9.06 
0.910 - 16 
0.576 0.980 8.64 
0.808 1.11 9.34 

 
The increase of the layer thickness was determined in the calcium alginate-PLL-

copolymer systems after each treatment. In comparison to the non-treated alginate gel 
layers, a smaller change in the thickness was observed when copolymers were 
adsorbed to the alginate gels pretreated with PLL as shown in Table 5.4. The increase 
of the layer thickness caused by the PEG454-b-PLLy (y= 20, 50 or 100) adsorption 
closely corresponds to the size of the stretched polymer chains.  
 
Table 5.4 The increase in the gel thickness after incubation of the PLL pretreated 
calcium alginate layers in PEG454-b-PLLy (y= 20, 50 or 100) solutions for 50 hours 
determined by AFM. The lengths of the stretched PEG and PLL chains with the 
corresponding number of repeating units 
 

Sample 
Alginate+PLL+ 

Increase in the thickness 
due to copolymer 

adsorption, nm 

Size 
PEG*, 

nm 
PLL*, 

nm 
PEG454-b-PLL20 100 155 7.4 
PEG454-b-PLL50 140 155 19 
PEG454-b-PLL100 170 155 37 

*The lengths of the stretched PEG and PLL chains were determined from the bond angles, lengths and the 
corresponding degree of polymerization. 
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We assumed that the reduced porosity of the calcium alginate-PLL gel layer 
prevented the penetration of the copolymer into the gel core. Hence, the detected 
increase is a consequence of the copolymer presence on the surface. By subtracting the 
size of the stretched PLL block from the entire thickness increase, the contribution of 
the PEG block to the thickness was estimated. This value was used to calculate the 
grafting density by applying the first equation described in section 5.2.5 of the 
Materials and Methods (Mn= 20 kg/mol, ρPEG= 1.09 g/cm3). The contribution of the 
PEG block to the total increase in the layer thickness and the calculated grafting 
density are presented in Table 5.5. 

 
Table 5.5. An increase of the layer thickness caused by the PEG presence and 
corresponding grafting densities 
 

Alginate+PLL+ 
The thickness of the PEG, 

nm 
Grafting density, 

nm-2 
PEG454-b-PLL20 92.6 3.04 
PEG454-b-PLL50 121 3.97 
PEG454-b-PLL100 133 4.36 

 
In a “mushroom” regime one polymer chain is anchored to the Rg

2 surface area. 
The PEG block consists of 454 repeating units (degree of polymerization), its Cinf= 4 
and the repeating unit consists of one C-C bond and two C-O bonds which lengths are 
0.154 and 0.147 nm, respectively.45 

 

!!! =
4×454×(0.154! + 0.147! + 0.147!)

6 = 20.3!!"! 

 
Corresponding grafting density (σ*) is 1/20.3= 0.049 nm-2. 
 

The layer structure and the layer thickness can be determined by ellipsometry and 
small angle x-ray reflectivity. Unfortunately no valuable results were obtained by using 
these two techniques. This is most probably caused by the insufficiently smooth 
surface and the absence of a clear interface. 
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5.3.5 The adsorption of PNIPAAmx-b-PLL100 to calcium alginate layers and 
comparison with conventional calcium alginate-PLL system 

                        
The diblock copolymers of N-isopropylacrylamide and L-lysine were prepared by 
combining atom transfer radical polymerization (ATRP) and ring-opening 
polymerization (ROP). NH3

+ side groups at the PLL block, required for linkage with 
alginate, were provided by removing the carbobenzyloxy protecting-groups of the PLL 
block. The adsorption of PNIPAAm-b-PLL diblock copolymers was studied by FTIR 
(Figure 5.6). 

The adsorption of PNIPAAmx-b-PLL100 (x= 60, 120 or 165) diblock copolymers 
on alginate gels was studied and compared to the adsorption of the PLL homopolymer. 
The contribution of PNIPAAm blocks was found in the area of the N-H stretching 
vibrations (the bands of amide groups of both PLL and PNIPAAm and of NH3

+ of 
PLL) as shown in Figure 5.6a. Furthermore, the shoulders on either side of the band at 
1415 cm-1 correspond to asymmetric and symmetric bending vibrations of CH2 and 
CH3 groups of PNIPAAm (Figure 5.6b). The amide I and amide II bands originate from 
both PNIPAAm and PLL since the amide bond is present in both blocks. The increase 
of the area from 1300 to 1100 cm-1 is a consequence of CH3 and CH2 rocking and 
skeletal vibrations (Figure 5.6c). The attachment of PNIPAAm-b-PLL on the alginate 
gel was studied through the increase of the area from 3000 to 2800 cm-1 caused by 
asymmetric and symmetric C-H stretching vibrations of methyl (CH3) groups of 
PNIPAAm and of methylene (CH2) groups of both PNIPAAm and PLL.  
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a)                                                                        b) 

             
                     
                                     c) 

 
        
Figure 5.6 IR spectra of alginate gel (green), calcium alginate-PNIPAAm60-b-PLL100 

(navy), calcium alginate-PNIPAAm120-b-PLL100 (orange), calcium alginate-
PNIPAAm165-b-PLL100 (dark cyan) after one hour adsorption time, PNIPAAm (pink), 
and PLL (purple), a) the are of O-H, N-H, and C-H (CH, CH2, and CH3) stretching 
vibrations, b) the amide I and amide II area, and c) the carbohydrate area. The IR 
spectra are shifted along the y-axis for clarity.  
 

Quantitative analysis of the area of C-H stretching vibrations has shown that the 
number of adsorbed copolymer chains is directly dependent on the size of PNIPAAm 
blocks. Upon increasing the size of the PNIPAAm block, less copolymer chains were 
attached to the alginate gel. Also it has been shown that the required PLL content was 
not achieved when alginate gels were incubated for one hour with any of the tested 
PNIPAAm-b-PLL diblock copolymers (Table 5.6). 
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Table 5.6 The amount of PLL and of diblock copolymers bound to the alginate gel 
 

Alginate + 
Total copolymer or 

PLL adsorption, 
Arbitrary units 

The amount of 
PLL block, 

Arbitrary units 

The amount of 
PNIPAAm block, 

Arbitrary units 
10 min PLL100 1.13 1.13 0 

1 h PNIPAAm60-b-PLL100 1.10 0.66 0.44 
1 h PNIPAAm120-b-PLL100 1.06 0.45  0.61 
1 h PNIPAAm165-b-PLL100 1.08 0.40  0.68 

 
5.3.6 Kinetics of PNIPAAmx-b-PLL100 adsorption on alginate gels 
 
The kinetics of the adsorption was studied through the increase of the peak area from 
3000 to 2800 cm-1, which corresponds to the stretching vibrations of two CH3, two CH 
groups and one CH2 group of PNIPAAm, and four CH2 groups and one CH group of 
PLL. The contribution of each block was calculated as described in the Appendix using 
the corresponding values of the degree of polymerization and the number of C-H 
vibrations of each block. 

The adsorption curves of all tested PNIPAAm-b-PLL diblock copolymers were 
similar and comparable plateau values were obtained in approximately the same period 
of time (Figure 5.7a). The adsorption started immediately and after 50 hours the 
plateau was reached. Since the size of PLL blocks of all tested PNIPAAm-b-PLL 
diblock copolymers was similar, the difference in the number of attached chains was 
observed through the quantification of the final content of the PLL blocks in the 
alginate gel (Figure 5.7b). The shortest diblock copolymer, PNIPAAm60-b-PLL100 
probably has the highest mobility, the highest PLL content and therefore leads to the 
largest number of adsorbed copolymer chains. However, because of the low molecular 
weight of PNIPAAm, the amount of PNIPAAm introduced on the alginate matrix 
through this copolymer was lower than the amount achieved by adsorbing 
PNIPAAm120-b-PLL100 and PNIPAAm165-b-PLL100 (Figure 5.7c).  
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                                      a)   

 
b)                                                                      c) 

           
 
Figure 5.7 Kinetics of the PNIPAAm60-PLL100 (●), PNIPAAm120-PLL100 (■), and 
PNIPAAm165-PLL100 (▲) diblock copolymer adsorption on the calcium alginate layers. 
a) The entire diblock copolymer, b) contribution of the PLL block and c) contribution 
of the PNIPAAm block. 

 
The time required to reach an adequate PLL content in the alginate gel was 

dependent on the size of the PNIPAAm blocks. The diblock copolymer with the 
shortest PNIPAAm block (PNIPAAm60-b-PLL100) achieved sufficient amounts of PLL 
in 9 hours whereas 13 and 19 hours were required for PNIPAAm120-b-PLL100 and 
PNIPAAm165-b-PLL100, respectively. 
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5.3.7 The adsorption of PNIPAAmx-b-PLL100 to calcium alginate layers pretreated 
for 10 minutes with the PLL solution  

 
To prevent the penetration of copolymers into the alginate core, the adsorption of 
PNIPAAmx-b-PLL100 (x= 60, 120 or 165) diblock copolymers on the alginate gels with 
reduced porosity was also studied (Figure 5.8).  
 
                                      a) 

 
b)                                                                        c) 

             
 
Figure 5.8 Kinetics of the PNIPAAm60-PLL100 (●), PNIPAAm120-PLL100 (■), and 
PNIPAAm165-PLL100 (▲) diblock copolymer adsorption on the alginate layer 
pretreated for 10 minutes with PLL. a) The entire diblock copolymer with the PLL 
homopolymer, contribution of b) the PLL block with the PLL homopolymer and c) the 
PNIPAAm block. 

 
Permeability of the calcium alginate was decreased by exposing the gel to the PLL 

solution for 10 minutes. Kinetics of the adsorption of all tested copolymers followed 
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the same trend as observed without PLL pretreatment. The final amount of adsorbed 
copolymer was lowered by the amount of PLL adsorbed in the first step.  
 
5.3.8 The adsorption of PNIPAAm102-PAAm26-b-PLL90 to calcium alginate layers 

and its kinetics; FTIR and AFM analyses 
 

Random copolymers of N-isopropylacrylamide and acrylamide were prepared by atom 
transfer radical polymerization. An amino end-functionalized PNIPAAm-PAAm 
polymer was used as a macroinitiator for ring opening polymerization of lysine N-
carboxyanhydride. After successful removal of the carbobenzyloxy protecting-group of 
the PLL block, water soluble PNIPAAm102-PAAm26-b-PLL90 was dissolved in KRH 
and the adsorption of this copolymer on the calcium alginate layer was studied by 
FTIR. 

The adsorption of the PNIPAAm102-PAAm26-b-PLL90 copolymer on the alginate 
gel and alginate gel pretreated with PLL was studied through changes in the IR 
spectrum as described in detail in the previous paragraphs. The appearance of new 
bands due to the presence of acrylamide units was not detected. Acrylamide has a 
similar structure as N-isopropylacrylamide. Therefore the bands that correspond to 
vibrations of acrylamide units, such as amide I, amide II, stretching vibrations of CH, 
CH2, and NH as well as bending vibrations of CH and CH2 are overlapping with the 
absorbance bands of the N-isopropylacrylamide units. Also the acrylamide units are 
present in considerably lower amounts than the NIPAAm units. 

Quantitative analysis of the area of C-H stretching vibrations showed that the 
adsorption period of 1 hour was not sufficient to reach an adequate PLL content in the 
gel (0.367 compared to 1.13 arbitrary units). Therefore the alginate gels were incubated 
in the PNIPAAm102-PAAm26-b-PLL90 copolymer solution for longer periods of time. 
An adequate PLL content in the alginate matrix was achieved after 13 hours of 
incubation. 

The copolymer was adsorbed not only on the pure alginate gel but also on calcium 
alginate which porosity was reduced by pretreatment with the PLL solution for 10 min. 
By exposing calcium alginate to the PLL solution, one part of the carboxyl groups 
became occupied by the PLL chains. As a consequence, the porosity of the gel was 
reduced and lower amounts of PNIPAAm-PAAm-PLL copolymer were adsorbed as 
shown in Figure 5.9. 
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                                      a) 

 
b)                                                                        c)      

             
 
Figure 5.9 Kinetics of the PNIPAAm102-PAAm26-b-PLL90 copolymer adsorption on the 
calcium alginate layer (■) and calcium alginate pretreated with PLL for 10 minutes 
(●). a) The entire diblock copolymer or diblock copolymer with the PLL homopolymer, 
b) contribution of the PLL block or contribution of PLL with the homopolymer PLL 
and c) contribution of the PNIPAAm-PAAm block. 
 
5.3.9 The increase in the layer thickness caused by PNIPAAm-b-PLL and by 

PNIPAAm-PAAm-b-LL adsorption on non-treated and PLL-treated alginate gel 
layers 

 
The increase of the layer thickness was determined in the alginate gel-copolymer and 
alginate gel-PLL100-copolymer systems after each treatment. In comparison to the non-
treated alginate gel layers, a smaller change in the thickness was observed when 
copolymers were adsorbed to the alginate gels pretreated with PLL as shown in Table 
5.7. This suggests reduced penetration of the copolymers into the alginate gels 
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pretreated with PLL. However, this increase was still considerably higher than the 
length of polymer chains.  
 
Table 5.7 The increase in the gel thickness after incubation of the non-treated and the 
PLL-pretreated alginate gel layers in the PNIPAAmx-b-PLL100 (x= 60, 120 or 165) 
solutions and in the PNIPAAm102-PAAm26-b-PLL90 solution for 50 hours determined by 
AFM. The lengths of the stretched PNIPAAm, PNIPAAM-PAAm and PLL chains with 
the corresponding number of repeating units 
 

Alginate+ 

Increase in the thickness 
due to copolymer 

adsorption 

Size 
PNIPAAm/ 

PNIPAAm-
PAAm* 

PLL* 

nm   nm nm 
PNIPAAm60-b-PLL100 410 15 37 
PNIPAAm120-b-PLL100 360 30 37 
PNIPAAm165-b-PLL100 265 42 37 

PNIPAAm102-PAAm26-b-PLL90 260 32 33 

Alginate+PLL100+ 
   

PNIPAAm60-b-PLL100 150 15 37 
PNIPAAm120-b-PLL100 160 30 37 
PNIPAAm165-b-PLL100 170 42 37 

PNIPAAm102-PAAm26-b-PLL90 160 32 33 
*The lengths of the stretched PNIPAAm, PNIPAAm-PAAm and PLL chains were determined from the 
bond angles, lengths and the corresponding degree of polymerization. 
 
5.3.10 The stability of alginate-copolymer layers 

 
The stability of the polyelectrolyte complex formed between the carboxyl groups of 
alginate and the ammonium groups of PLL block was tested in KRH under neutral 
conditions at room temperature for five days. Alginate-copolymer gels were stored in a 
KRH buffer which was frequently exchanged with the fresh buffer. Before each 
exchange, the FTIR spectrum of the alginate-copolymer was recorded. Major changes 
in the measured FTIR spectra were not detected. These observations demonstrated the 
stability of the gel and the absence of the copolymer detachment. 
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5.4 Discussion 
 
Obstacles in the clinical application of alginate-based capsules are the enormous lab-
to-lab variations and low reproducibility of the procedure.17 An important factor is the 
complexity of forming an adequate and biocompatible membrane. Usually polyamino 
acids are being applied to form this membrane,8, 26, 46-49 but unbound polyamino acids 
can induce strong and deleterious responses.23, 30, 50, 51 An alginate-PLL-alginate system, 
which has been applied in numerous studies, has been shown to be biocompatible.26, 42, 

50-52 However, many research groups have reported strong inflammatory responses 
provoked by alginate-PLL-alginate capsules as a consequence of the presence of 
PLL.33-35 In order to avoid biocompatibility issues caused by unbound PLL, this 
polyamino acid was substituted with PLL-based diblock copolymers. Binding of PLL-
based copolymers was achieved through ionic interactions between the positively 
charged ammonium groups of the PLL block and the negatively charged carboxyl 
groups of the alginate gel. The other block should form a protecting layer on the 
surface of microcapsules to mask the proinflammatory PLL. The diblock copolymer 
chains should be sufficiently densely packed to facilitate the brush formation. Only 
polymer brush can camouflages the surface of the alginate beads as well as PLL and 
thus provide good anti-biofouling properties. 

In the selection of the other block certain requirements had to be fulfilled. Besides 
biocompatibility and the absence of charged functional groups along the chain, uniform 
polymer chains with tunable molecular weights are preferable for the application. 
Therefore, control over the molecular weight and polydispersity should be provided 
during the synthesis. Our first choice was polyvinylpyrrolidone (PVP). PVP is highly 
biocompatible and its aqueous solution was used as a blood-plasma substitute in World 
War II.53 Unfortunately controlled synthesis of PVP is limited in terms of molecular 
weight and end-group functionality. This in turn makes the preparation of the PVP-b-
PLL diblock copolymer more difficult. Therefore, the idea of using PVP was 
abandoned and polyethylene glycol (PEG) was chosen because it is non-toxic and non-
immunogenic. PEG is also approved by FDA.54 A wide variety of biomedical 
applications of PEG has already been reported in literature55-60 and PEG polymer 
brushes are known to prevent potential protein adsorption on the surface.61-63 Another 
alternative to PVP could be poly(N-isopropylacrylamide) (PNIPAAm). This is a 
synthetic polymer and has been used in controlled drug delivery,64-66 cell-sheet 
engineering,67-70 in biosensors,71-73 as well as in tissue engineering.74-76 PNIPAAm 
polymer brushes with a low polydispersity have shown to be resistant towards protein 
adsorption.77, 78 An interesting feature of PNIPAAm is its reversible solubility in water. 
Below 32°C PNIPAAm is water soluble whereas above this temperature it forms 



Chapter 5 

 

 128 

collapsed globules.79 The temperature dependent solubility of PNIPAAm can be tuned 
by copolymerization with other water soluble monomers such as acrylamide.80 

The surface of the alginate beads can be studied by the Attenuated Total Reflection 
Fourier Transform InfraRed (ATR) FTIR.19, 81 Due to variation of the refractive index 
in the wavelength areas of absorption bands, reflection spectra are distorted by 
dispersion effects. Therefore, they do not accurately reflect concentrations of 
molecules and groups. Due to these limitations, ATR FTIR was not suitable to study 
binding of PLL-based copolymers to the alginate gel. Also comparison of the new 
system with conventionally applied calcium alginate-PLL could not be performed in a 
proper way. Therefore, the adsorption of PLL or PLL based copolymers on the alginate 
gels was studied by transmission FTIR. For this purpose the surface of alginate beads 
was modeled with a flat surface. This kind of approximation is possible since the size 
of an alginate bead is much larger than the length of stretched copolymer chains (~700 
µm compared to 150-200 nm). Therefore, the adsorption of small copolymers on the 
flat alginate gels can be considered similar to the adsorption on the curved surface of 
alginate beads. Alginate layers were prepared by dipping hydrophilic silicon wafers 
into a sodium-alginate solution. To ensure cross-linking with calcium, the alginate 
layers were stored in a 100 mM calcium buffer overnight. The thickness of 1-1.5 µm of 
the obtained layers was determined by FTIR. This value is thinner than the penetration 
depth of PLL into an alginate bead.52, 81, 82 Even though thicker alginate layers would be 
a better approximation of the surface of the alginate beads, the thickness of these layers 
renders transmission FTIR useless in the analysis of these systems. Thicker layers, 
which thicknesses exceed the maximum absorbance of 0.5 OD, cause saturation in the 
FTIR spectrum and therefore any changes in the spectrum caused by adsorption of 
PLL/copolymer can no longer be measured quantitatively.  

In order to compare the amount of PLL and PLL-based copolymers adsorbed on 
the alginate gel as well as to study the adsorption process it is important to identify 
unique areas in the IR spectrum that indicate the presence of these compounds. The 
binding of PLL was associated with the appearance of new bands (the amide I and 
amide II, the bands of C-H and N-H stretching and bending vibrations) with the 
frequency shifts of the alginate bands and a broadening of the O-H band (Figure 5.1). 
Van Hoogmoed et al. reported similar changes in the IR spectra of alginate beads and 
alginate-PLL-alginate capsules.81 They associated the shift of the alginate bands with 
partial removal of calcium and the O-H shifting with the hydrogen bonding which 
provides stability of the gel.38, 31  

Binding of PEG454-b-PLLy (y= 20, 50 or 100) to the alginate gel resulted in similar 
changes in the IR spectrum. Besides the shift of the alginate bands and the appearance 
of the amide I and amide II peaks, an increase of the area corresponding to C-H 
stretching vibrations (3000-2800 cm-1) and the area from 1175 to 1075 cm-1 (COC 
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asymmetric and symmetric stretching vibrations) as a consequence of the PEG 
presence was observed (Figure 5.2). The frequency shift and the shape of the PEG 
bands are strongly influenced by the possible crystallinity of this polymer.83, 84 Less 
sharp and broader bands at 2930, 2870 (C-H stretching vibrations) and 1102 cm-1 
(COC asymmetric and symmetric stretching vibrations) suggest the presence of 
amorphous PEG blocks. A similar effect was observed in the presence of cations 
because of their interaction with the ether oxygen of PEG.83 

The shift of the calcium alginate bands was also observed in the IR spectrum of the 
alginate gel treated with either PNIPAAm-b-PLL or PNIPAAm-PAAm-b-PLL 
copolymers. Besides this, the contribution of PNIPAAm or PNIPAAm-PAAm block 
was observed through an increase of the area corresponding to C-H stretching 
vibrations and larger amide I and amide II bands (Figure 5.6).  

Quantitative analysis of the ionically bound PLL and PLL-based copolymers was 
performed on the peaks found in the area of C-H stretching vibrations (3000-         
2800 cm-1). Since methyl, methylene, and methine groups do not participate in 
hydrogen bonding, the position of the bands corresponding to these groups is virtually 
not influenced by the chemical environment of the measured substance.42 Therefore, 
this region was considered as the most reliable to study the quantity of the adsorbed 
PLL and/or copolymers. In all experiments with the copolymers the analysis of this 
area revealed that the content of bound PLL after one hour incubation did not reach the 
content achieved after 10 minutes incubation with the PLL homopolymer (Table 5.1 
and 5.6). This is undesirable as insufficient binding of PLL to the alginate matrix 
interferes with the stability of the gel in vivo.8, 17, 85, 86 Therefore, the alginate gels were 
exposed to copolymer solutions for longer time periods and the adsorption was 
followed as a function of time. In the series of PEG454-b-PLLy (y= 20, 50 or 100) 
diblock copolymers a PLL content of approximately 1.3 arbitrary units in alginate was 
reached after 14, 4, and 6 hours, respectively. The shortest PNIPAAm50-b-PLL100 
diblock copolymer required 9 hours whereas PNIPAAm100-b-PLL100 and PNIPAAm200-
b-PLL100 required 13 and 19 hours, respectively. The alginate layer incubated in 
PNIPAAm102-PAAm26-PLL90 copolymer solution for 13 hours contained the same 
amount of PLL as the layer treated with PLL homopolymer solution for 10 minutes. 
Our data show that adsorption kinetics depends largely on the composition of the 
coating material and can be monitored by analyzing the peaks in the IR spectra. Up to 
now most published encapsulation protocols do either take 5 minutes or 10 minutes 
incubation times without any reference to adsorption studies or kinetics.23, 31, 33  

In order to study changes in the layer thicknesses caused by the adsorption of PLL 
and/or copolymers, the smooth, homogeneous alginate layers were prepared by spin 
coating ensuring that inaccuracies in determination of the layer thickness caused by the 
surface roughness were avoided. AFM analysis of the layer thickness revealed an 
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increase in the membrane thickness after incubation in either PLL or copolymer 
solutions. The adsorption of PLL on the alginate gel resulted in a 35% thicker layer. 
Many research groups reported that PLL penetrates the alginate core.82, 87, 88 Therefore, 
this increase is a consequence of large amounts of PLL bound not only to the surface 
but also to the core of calcium alginate. Calcium alginate layers saturated with the 
diblock copolymers (PEG-b-PLL, PNIPAAm-b-PLL and PNIPAAm-PAAm-b-PLL) 
were considerably thicker than the initial alginate gels (Table 5.2 and 5.7). This was a 
result of a large amount of copolymers adsorbed to the alginate gel. These findings 
were also corroborated by the large copolymer bands in the IR spectrum (Figure 5.3a). 
Furthermore, the amount of the adsorbed copolymer was found to be proportional to 
the thickness of the alginate gel layer (Table 5.3). All these results suggest that 
copolymers, unfortunately, penetrated into the alginate gel. Since alginate gels are 
highly porous it is possible that copolymer chains can easily diffuse into the gel and 
subsequently bind to it. In order to prevent this, the porosity of calcium alginate was 
reduced by a PLL pretreatment. The lower amount of adsorbed copolymers in all 
experiments was already a good indication of suppressed penetration (Figure 5.5, 5.8 
and 5.9). Moreover, the amount of the PEG-b-PLL copolymer adsorbed to the PLL-
pretreated alginate layers of different initial thicknesses was shown to be similar and 
therefore, independent of the layer thickness (Table 5.3). These results suggested the 
surface binding of the copolymers. AFM measurements of the calcium alginate-PLL-
PEG-b-PLL layers revealed an increase in the thickness which corresponded to the size 
of the stretched PEG-b-PLL chains. The total increase in the thickness was corrected 
for the size of the PLL blocks to estimate the influence of the PEG block. 
Subsequently, these data were used to calculate the grafting densities. Since the 
number of copolymer chains per surface area was considerably higher than in the 
mushroom regime (approximately 3 nm-2 compared to 0.049 nm-2), it can be concluded 
that PEG blocks may form a “brush”. However, the grafting density of 3 nm-2 is rather 
high and indicates that PEG-b-PLL chains still penetrate into the gel (Scheme 5.1a). 
These findings are corroborated by the ellipsometry and small angle X ray reflectivity 
results, where in both cases no valuable data was obtained. Ideally, these techniques 
require the presence of a clear interface which is hindered by the copolymer 
penetration as shown in Scheme 5.1a. In the case of the PNIPAAm-based copolymers, 
the increase in the layer thickness was a factor 2 to 3 times higher than the size of the 
copolymer chains. Because of the size of these copolymers, it is possible that they can 
easily penetrate into the pores of the alginate gel-PLL layer (Scheme 5.1b). However, 
this does not exclude the formation of a brush on the surface despite the fact that IR 
data cannot conclusively confirm this.  

 
 



Binding of diblock copolymers to alginate gels 

 

 131 

a)                                                                   b) 

       
 

Scheme 5.1 Illustration of the most probable morphology of the alginate gels treated 
first with PLL and then with a) PEG-b-PLL or with b) PNIPAAm/PNIPAAm-PAAm-b-
PLL 

 
5.5 Conclusions  

 
In this study binding of PLL and PLL-based copolymers was successfully examined by 
transmission FTIR. The unique region in IR spectra by which the process of adsorption 
can be followed was identified. Quantitative analysis of the area attributed to C-H 
stretching vibrations showed that none of the examined copolymers could provide the 
adequate PLL content in one hour of incubation. Depending on the size and type of 
used copolymers, 4 to 19 hours were required to achieve a similar content compared to 
10 minutes incubation in the homopolymer PLL. The saturation of the alginate-gel 
surface with the diblock copolymers was reached in approximately 50 hours. This time 
period was independent of the size and type of applied copolymer. Large amounts of 
adsorbed copolymers were detected by AFM and FTIR. This suggests penetration of 
copolymers into the alginate core. By introducing PLL pretreatment the possible 
penetration of the diblock copolymers was reduced. Our results showed that the PLL-
treated alginate gels provided a better surface coverage with the copolymers than the 
untreated gels. Preliminary calculations indicate higher grafting densities and suggest 
the possible formation of a polymer brush. However, more investigations are required 
to conclusively confirm this. 
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5.6 Appendix 
 

In order to quantify and compare the PLL- and copolymer-content on the calcium 
alginate, the surface area of the symmetric and asymmetric C-H stretching vibrations 
was determined. This value was reduced for the surface area corresponding to the C-H 
stretching vibrations of calcium alginate. Thus, the content of polymer attached to 
calcium alginate was obtained. The content of each block can be calculated from the 
content of entire diblock copolymer and the contribution of C-H stretching vibrations 
of that block as follows: 

 

!!!!!!!!!!"#$%& !""!!"#$% = ! !"" ∗ !
! !"" ∗ ! + ! ∗ ! ∗ !!"#$%&(!"#"$%&'() 

 
Where: 
n(PLL)- total number of C-H stretching vibrations in the PLL block, 
y- degree of polymerization of the PLL block, 
n- total number of C-H stretching vibrations in the PEG/PNIPAAm/PNIPAAm-PAAm 
block, 
x- degree of polymerization of the PEG/PNIPAAm/PNIPAAm-PAAm block, 
x= x1+x2 ( x1= 102 and x2= 26) for PNIPAAm-PAAm and 
amount(copolymer)= A2(alginate gel+copolymer/alginate gel+PLL+copolymer)- 
A1(alginate gel/alginate gel+PLL),  
A1 and A2- surface area of the C-H stretching vibrations (~3000-2800 cm-1). 
 

The chemical structures and number of C-H vibrations of PEG, PNIPAAm, 
PNIPAAm-PAAm and PLL blocks are presented in Scheme 5.2 and Table 5.8.    

 

 
            PEG                PNIPAAm                PNIPAAm-PAAm                     PLL  
 
Scheme 5.2 Chemical structure of PEG, PNIPAAm, PNIPAAm-PAAm, and PLL.  
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Table 5.8 Degree of polymerization (x and y) of PEG, PNIPAAm, PNIPAAm-PAAm, 
and PLL, the number (n) of CH, CH2, and CH3 groups and the total number (Σ) of C-H 
vibrations of each block 
 

 x y n(CH) n(CH2) n(CH3) Σn (C-H) 
PEG 454 - - 2 - x*4 

PNIPAAm 60/120/165 - 2 1 2 x*10 
PNIPAAm-

PAAm 
x1= 102 x2= 26 - 3 2 2 x1*10+x2*3 

PLL - 20/50/90/100 1 4 - y*9 

 
When alginate layers were first incubated in a PLL solution for 10 minutes and 

subsequently in copolymer solutions a slightly modified procedure was used to 
quantify the adsorbed PLL, copolymer, and the contribution of each block. The amount 
of adsorbed PLL was determined by subtracting the area of the C-H vibrations of the 
alginate gel from the same area of calcium alginate-PLL layer. To obtain the amount of 
adsorbed copolymer, the area of the C-H stretching vibrations of the calcium alginate-
PLL-copolymer was reduced for the area of corresponding vibrations of the calcium 
alginate-PLL layer. The contribution of each block was calculated in the same manner 
as described previously. The total PLL content was obtained as the sum of the amount 
of the PLL homopolymer and the contribution of PLL blocks.  

In the following section the quantification procedure is demonstrated in detail 
through a series of examples. The first example is the adsorption of PEG454-b-PLL50 on 
the alginate gel. In the IR spectrum of alginate gel, the region of C-H stretching 
vibrations (3000-2800 cm-1) was magnified and only one peak was found. In order to 
calculate the surface area of this peak a new base line was set (as shown in Figure 5.10) 
and the area was subsequently calculated through the integration function of the OPUS 
software package. 
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Figure 5.10 Integration of the area corresponding to C-H stretching vibrations of the 
alginate gel. 

 
Subsequently, the alginate gel was dipped into the copolymer solution. After one 

hour, the wafer with the modified layer was washed four times with KRH, dried and 
measured via IR. In this case a band with two maxima was found (Figure 5.11) and the 
surface area of this band attributed to the C-H stretching vibrations was determined in 
the same manner as described in the previous example. 

 

 
 
Figure 5.11 Integration of the area corresponding to C-H stretching vibrations of the 
alginate gel treated with PEG454-b-PLL50 for 1 hour.  
 



Binding of diblock copolymers to alginate gels 

 

 135 

The increase in this area is caused by the copolymer adsorption. Therefore the 
amount of copolymer, in arbitrary units, was obtained as a difference of these two 
surfaces: 

 
!!!!!!!!!!"#$%& !"#"$%&'( = !! − !! = 2.898 − 0.909 = 1.989 

 
PEG454-b-PLL50 copolymer consists of 454 ethylene glycol units (x) where each 

unit has 4 C-H vibrations (n), and 50 L-lysine hydrochloride units (y) with 9 C-H 
vibrations (n(PLL)). The contribution of each block was calculated from the following 
equation: 
 

!!!!!!!!!!"#$%& !""!!"#$% = ! !"" ∗ !
! !"" ∗ ! + ! ∗ ! ∗ !"#$%&(!"#"$%&'() 

 
using the corresponding values: 
 

!!!!!!!!!!"#$%& !""!!"#$% = 9 ∗ 50
9 ∗ 50 + 4 ∗ 454 ∗ !1.989 = 0.40 

 
The PEG content was obtained by subtracting the amount of PLL from the amount 

of copolymer. Therefore the PEG content in this case was 1.989 − 0.40= 1.589. 
The second example is the quantification of copolymer adsorbed to the calcium 

alginate-PLL layer. In this case the IR spectrum of the layer was recorded after each 
modification step. The surface area of the C-H vibrations of the alginate gel, calcium 
alginate-PLL and calcium-alginate-PLL-PEG454-b-PLL50 was determined as explained 
above. After PLL treatment the area was increased from A1= 0.835 to A2= 1.965. The 
amount of PLL homopolymer, in arbitrary units, bound to the alginate gel was 
determined from the difference of these two values: 

 
!!!!!!!!!!"#$%& !"", ℎ!"!#!$%"&' = !! − !! = 1.965 − 0.835 = 1.130 

 
The adsorption of copolymer resulted in the further increase from A2= 1.965 to 

A3= 2.511. The amount of adsorbed copolymer was determined as follows: 
 

!"#$%& !"#"$%&'( = !! − !! = 2.511 − 1.965 = 0.546 
 

The contribution of each block was calculated in the same manner as in the first 
example, using the corresponding value for the amount of copolymer. 
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!!!!!!!!!!"#$%& !""!!"#$% = 9 ∗ 50
9 ∗ 50 + 4 ∗ 454 ∗ !0.546 = 0.108 

 
The contribution of the PEG block was found to be 0.546 − 0.108= 0.438. The total 
PLL content is obtained as a sum of the content achieved by homopolymer adsorption 
and the contribution of the PLL block: 
 

!!!!!!!!!!"#$%& !"" = 1.130 + 0.108 = 1.238 
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Abstract 
 

Large-scale application of alginate-poly(L-lysine) (alginate-PLL) capsules used for 
microencapsulation of living cells is hampered by varying degrees of success, caused 
by tissue responses against the capsules in the host. A major cause is proinflammatory 
PLL, which is applied at the surface to provide semipermeable properties and 
immunoprotection. In this study, we investigated whether application of poly(ethylene 
glycol)-block-poly(L-lysine hydrochloride) diblock copolymers (PEG-b-PLL) can 
reduce the responses against PLL on alginate-matrices. The application of PEG-b-PLL 
was studied in two manners: (I) as a substitute for PLL or (II) as an anti-biofouling 
layer on top of a proinflammatory, but immunoprotective, semipermeable alginate-
PLL100 membrane. Transmission FTIR was applied to monitor the binding of PEG-b-
PLL. When PEG-b-PLL was applied as a substitute for PLL, strong host responses in 
mice were observed. These responses were caused by insufficient binding of the PLL 
block of the diblock copolymers confirmed by FTIR. When PEG-b-PLL was applied as 
an anti-biofouling layer on top of PLL100, the host responses in mice were severely 
reduced. Building an effective anti-biofouling layer required 50 hours, which was 
confirmed by FTIR, immunocytochemistry and XPS.  

Our study gives new insight in the binding requirements of polyamino acids 
necessary to provide an immunoprotective membrane. Furthermore, we present a 
relatively simple method to mask proinflammatory components on the surface of 
microcapsules to reduce host responses. Finally, but most importantly, our study 
illustrates the importance of combining physicochemical and biological methods to 
understand the complex interactions at the capsule’s surface that determine the 
success or failure of microcapsules applicable for cell-encapsulation.  
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6.1 Introduction 
 

Microencapsulation of therapeutics cells is a promising approach for treatment of 
endocrine disorders such as anemia,1 dwarfism,2 hemophilia B,3 kidney4 and liver5 
failure, pituitary6 and other central nervous system insufficiencies,7 and diabetes.8 The 
semipermeable membrane allows for diffusion of nutrients and therapeutics, whereas 
the encapsulated cells are protected from the immune system. This approach eliminates 
the necessity for immunosuppression and allows for xenografting, which may solve the 
problem of donor shortage.  

Alginate-poly(L-lysine) capsules have frequently been applied for 
microencapsulation of pancreatic islets.8 Alginates are natural, unbranched 
polysaccharides composed of two monomer units, β-D-mannuronic acid (M) and its C-
5 epimer, α-L-guluronic acid (G), connected by 1→4 linkages. They gel under 
physiological conditions without involvement of any toxic compounds such as harmful 
solvents. Many groups apply poly(L-lysine) (PLL) to reduce the pore size and to 
provide immunoprotection.9, 10 Normally unbound PLL is immunogenic;11 however, to 
circumvent host responses against PLL, the microcapsules are ionically cross-linked 
with alginate to induce complexes of superhelical cores of alginate and PLL at the 
capsule’s surface.12, 13 But this process is not straightforward.14, 15 Minor changes in the 
procedure can result in inadequate binding of proinflammatory PLL with strong 
immune reactions in the host as a consequence.13, 14, 16-18 This was shown recently by 
our group in a comparison study of the in vivo behavior of a series of alginate-PLL 
capsules that differed only 10% in G-content. The alginate with higher G-content 
underwent changes in vivo, which resulted in the release of proinflammatory PLL 
followed by strong tissue responses. 17  

Many different polycations have been proposed to substitute PLL, designed to 
provide immunoprotection on alginate matrixes for cell encapsulation.19-22 Among 
them are chitosan,20 poly(L-ornithine),21, 23 poly(D-lysine) 22 and diblock copolymers.24 
Often, however, new issues are introduced with these alternatives to PLL, leading 
again to severe inflammatory responses in vivo.19 Partly, this is due to lack of 
knowledge about how the polyamino acids interact with alginate,14, 23, 25-27 but it is also 
due to the enormous lab-to-lab variations in successful formation of immunoprotective 
membranes.28, 29 These issues led to our current proposal to design means for making 
capsule’s surfaces more biocompatible, while still using PLL for providing 
immunoprotection because of its well known binding ability to alginate. Introducing 
diblock copolymers is, theoretically, such an approach, but has been difficult to 
achieve on the surface of cell-containing hydrophilic capsules. Many procedures to 
build membranes require harsh chemicals, eliminating them as options as only cell-
friendly approaches may be applied to avoid loss of cells. The use of cell-friendly 
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approaches is especially important when cell-sources from rare cadaveric donors are 
applied, such as pancreatic islets for the treatment of diabetes.30 Any loss of tissue is 
unacceptable in these types of application. Here we studied the ability of PEG-b-PLL 
copolymers to reduce inflammatory responses. The copolymer can be applied as a 
complete substitute for PLL or as an additional layer on top of a preexisting 
proinflammatory PLL layer. The PEG-b-PLL copolymers can be bound to the surface 
of alginate without the application of chemicals that interfere with tissue viability. The 
PLL-block interacts ionically with the negatively charged alginate-core. The other 
block, polyethylene glycol (PEG), provides a biocompatible protecting layer on the 
surface of the capsules.  

This study was designed to investigate the application of diblock copolymers in 
two manners. The first application was as a complete substitute for PLL, forming an 
immunoprotective membrane as previously suggested.24 The other application was as 
an anti-biofouling layer on top of an immunoprotective PLL layer. We choose to use 
PLL100 to study the masking effects of the PEG-b-PLL copolymer. PLL100 provokes 
strong inflammatory responses due to incomplete binding to alginate as will be 
demonstrated in this study. The adsorption kinetics of the diblock copolymers on the 
alginate-gel surface was studied by FTIR. The binding of diblock copolymers and 
surface properties in the absence and presence of the diblock copolymers were 
characterized by FTIR and XPS, respectively. Host responses were studied after 
implantation in the peritoneal cavity of balb/c mice.  
 
6.2 Materials and Methods 

 
6.2.1 Materials 
 
Intermediate-G sodium alginate was obtained from ISP Alginates (UK). Poly(L-lysine 
hydrochloride) (PLL100) (Mn= 16 kg/mol) and methoxy-poly(ethylene glycol)-block-
poly(L-lysine hydrochloride) (PEGx-b-PLLy) (x= 454, Mn= 20 kg/mol; y= 50 or 100, 
Mn= 8 or 16 kg/mol; PDI= 1.2) were purchased from Alamanda Polymers (USA). 
Streptavidin fluorescein isothiocyanate (FITC) and Rabbit anti-PEG biotin were 
purchased from DakoCytomation (Denmark) and Bio-Connect B.V. (The Netherlands), 
respectively.  
 
6.2.2 Deposition of alginate films on silicon wafers 
 
Prior to applying alginate coatings, double-side polished silicon wafers (Topsil 
Semiconductor Materials A/S, Frederikssund, Denmark 1000 ± 15 µm thick) were 
cleaned by subsequent ultrasonication in dichloromethane, methanol, and acetone for 
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10 minutes. Residual organic contaminants were removed by an UV-ozone treatment 
using UV-ozone photoreactor PR-100 (Uvikon) for 60 minutes. Due to this treatment, 
the hydrophilicity of the exposed surface increases. Immediately after cleaning, an 
alginate layer was applied on the surface. 

Purified sodium alginate was dissolved in Krebs-Ringer-Hepes buffer (KRH, 220 
mOsm) to give a 3.4 w/v % solution. The final alginate layer was obtained by dipping 
the recently cleaned and vertically aligned silicon wafers (1.5 × 1.0 cm) into the 3.4 
w/v % alginate solution at a constant rate of 1 cm/min. The withdrawal rate was 10 
cm/min. Silicon wafers coated with sodium alginate were placed into 100 mM CaCl2 
buffer after which alginate was allowed to cross-link with calcium overnight. Before 
the alginate gels were exposed to PLL100 and copolymer solutions, transmission FTIR 
spectra of the dry alginate layers were recorded.  

The binding of copolymers to calcium alginate-PLL100 layers was studied as 
follows. After washing in KRH (containing 2.5 mM CaCl2) for 1 minute, one portion 
of alginate gels was incubated in PLL100 solution (in KRH containing 2.5 mM CaCl2, 
PLL concentration 6.25 × 10-8 mol/ml) for 10 minutes. Subsequently, the layers were 
washed four times with KRH, dried under a filtered air stream and measured by FTIR. 
Alginate gel-PLL100 and the rest of alginate gel layers were incubated in copolymer 
solutions (in KRH containing 2.5 mM CaCl2, copolymer concentration 3.55 × 10-8 
mol/ml). After certain time intervals, the wafers were removed from the copolymer 
solutions, washed four times with KRH, dried carefully under a filtered air stream and 
measured by FTIR. Subsequently, the wafers were returned to the copolymer solutions 
in order to continue the adsorption process and to determine the saturation point. 
 
6.2.3 Transmission Fourier transform infrared spectroscopy  
 
The alginate gel layers, as well as the layers after the pre-treatment with PLL100 and/or 
the adsorption of PEG-b-PLL copolymers, were studied by transmission FTIR. 
Measurements were performed under vacuum on a Bruker IFS 66 v/S spectrometer 
equipped with a DTGS detector and OPUS software package. A sample shuttle 
accessory was used for an interleaved sample and background scanning. A clean 
silicon wafer was used as a reference. All spectra are averages of 6 × 120 scans 
measured at a resolution of 4 cm-1.  

The adsorption of PLL100 and copolymers was followed by analyzing the increase 
in the surface area associated with asymmetric and symmetric C-H stretching 
vibrations (3000 to 2800 cm-1). In order to quantify the PLL- and copolymer-content 
on the alginate gel, the surface area of the symmetric and asymmetric C-H stretching 
vibrations was determined. This value was reduced for the surface area corresponding 
to the C-H stretching vibrations of the alginate gel. Thus, the content of polymer 
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attached to the alginate gel for each time point was obtained. These values were plotted 
as a function of time and the saturation point was determined as the starting point of 
the plateau.   
 
6.2.4 Microcapsules formation 
 
Only intermediate-G alginates were used and were purified according to literature 
procedures.31 Subsequently, capsules were produced based on a previously described 
procedure with some modifications.32, 33 In some experiments cells were included. To 
this end, human insulin producing CM cells were cultured in RPMI (Gibco, Breda, The 
Netherlands) containing 60 kg/mL gentamicin and 10% heat-inactivated fetal calf 
serum (FCS) 34. CM cells were always used between passage numbers 5 and 20. The 
cells were mixed at a concentration of 1 x 106/ml with 3.4 w/v % sodium alginate 
solution. The cell containing or empty capsules were formed by converting the 3.4 w/v 
% sodium alginate solution into droplets using an air-driven generator.35 The diameter 
of the droplets was controlled by a regulated airflow around the tip of needle. Alginate 
droplets were transformed to rigid alginate beads by gelling in a 100 mM CaCl2 
solution for at least 10 minutes. The beads were washed with KRH (containing 2.5 mM 
CaCl2) for 1 minute. One portion of the beads was coated with the PEG-b-PLL 
copolymer for one hour and subsequently washed four times with KRH. Another 
portion of the beads was coated with PLL100 for 10 minutes (PLL100 solution in 310 
mOsm KRH containing 2.5 mM CaCl2, PLL concentration 6.25 × 10-8 mol/mL), 
subsequently washed four times with KRH and in the last step, the capsules were 
coated with the PEG-b-PLL copolymer for as long as required to obtain a saturated 
surface as monitored by FTIR. Finally, the capsules were washed 3 times with 310 
mOsm KRH containing 2.5 mM CaCl2 and stored in this buffer. The diameters of 
capsules and beads were measured with a dissection microscope (Bausch and Lomb 
BVB-125, and 31-33-66) equipped with an ocular micrometer with an accuracy of 25 
pm. The final diameter of the capsules was 600 µm.  
 
6.2.5 FITC labeling of microcapsules 
 
Fluorescent labeling of microcapsules is a multi-step procedure. Primary antibody was 
added to a 10% solution of normal rabbit serum in phosphate buffered saline (PBS). 
The optimal primary antibody concentration was investigated and found to be when the 
antibody was diluted 500 times. To stain end-groups of PEG, 100 µl of this PBS 
solution was added to an eppendorf cup with approximately 20 capsules and left to 
shake for 1 hour at room temperature. The capsules were washed several times with 
PBS and subsequently incubated in PBS solution of streptavidin FITC (streptavidin 
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FITC/PBS= 1/100) for 30 minutes in the dark. Finally, the capsules were washed 
several times with PBS, transferred onto a glass slide and studied at room temperature 
with a Leica TCS SP2 AOBS confocal microscope (50 w Hg lamp, HC PL APO CS 
10×/0,30 dry, working distance 11 mm, 5(6)-FITC; FITC excitation wavelength 494 
nm, FITC emission wavelength 518 nm). Confocal analyses were performed using the 
Imaris® ×64 version 7.6.4 software. 
 
6.2.6 Testing cell viability 
 
Viability of encapsulated cells was test using a LIVE/DEAD® Cell 
Viability/Cytotoxicity assay Kit from InvitroGen, Life TechnologiesTM (New York, 
USA). Encapsulated cells were incubated for 30 min with Calcein AM (1 mM) and 
Ethidium Bromide (EB) (2 mM) at room temperature avoiding light. After incubation, 
the encapsulated cells were washed five times with KRH. Fluorescent confocal 
microscopy was measured at an emission wavelength of 517 nm (Calcein AM) and 617 
nm (EB) using a Leica TCS SP2 AOBS confocal microscope (Wetzlar, Germany) 
equipped with an objective HC PL APO CS 10×/0,30, dry immersion, and working 
distance of 11 mm. Data was analyzed using Imaris® ×64 version 7.6.4 software.  
 
6.2.7 Diffusion characteristics 
 
Permeability of capsules was studied using dextran-f samples of 10, 20, 40, 70, 110, or 
150 kg/mol (TdB Consultancy AB, Sweden) as previously described 36-38. For each 
dextran, approximately 50 capsules were placed on a microscope slide exposed to 200 
µL of 0.1% dextran-f in Krebs Ringer Hepes, promptly covered with a glass coverslip 
and examined by fluorescence microscopy (Leica TCS SP2 AOBS confocal 
microscope). These permeability measurements were carried out in triplicate for each 
dextran-f molecular weight. 
 
6.2.8 X-ray photoelectron spectroscopy (XPS) 

 
In order to quantitatively study the atomic composition, samples of fresh capsules were 
washed three times with ultrapure water and gradually lyophilized. Samples of 
lyophilized capsules were fixed on a sample holder. The sample holder was inserted 
into the chamber of an X-ray photoelectron spectrometer (Surface Science Instruments, 
S-probe, Mountain View, CA). An aluminum anode was used for generation of X-rays 
(10 kV, 22 mA) at a spot size of 250 × 1000 µm. During the measurements, the 
pressure in the spectrometer was approximately 10-7 Pa. First, scans were collected 
over the binding energy range of 1-1100 eV at low resolution (150 eV pass energy). 
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Next, we recorded at high resolution (50 eV pass energy) C1s, N1s, and O1s peaks over a 
20 eV binding energy range. The polymer content of the capsule’s surface was 
expressed as a percentage of the total C, N, and O content of the membrane.  
 
6.2.9 Animal studies 
 
Wild-type male Balb/c mice were purchased from Harlan (Harlan, Horst, The 
Netherlands). The animals were fed standard chow and water ad libitum. All animal 
experiments were performed after receiving approval of the institutional Animal Care 
Committee of the Groningen University. All animals received animal care in 
compliance with the Dutch law on Experimental Animal Care.  
 
6.2.10 Implantation and explanation of empty capsules 
 
Capsules were injected into the peritoneal cavity with a 16 G cannula via a small 
incision (3 mm) in the linea alba. The abdomen was closed with a two-layer suture. 
The implanted volume was always 0.5 mL as assessed in a syringe with appropriate 
measure. The transplants contained at least 1000 capsules. The microcapsules were 
retrieved 1 month after implantation by peritoneal lavage. Peritoneal lavage was 
performed by infusing 2 mL KRH through a 3 mm midline incision into the peritoneal 
cavity and subsequent aspiration of the KRH containing the capsules. All surgical 
procedures were performed under isoflurane anesthesia. 
 
6.2.11 Histology 

 
To assess the integrity of capsules before implantation, the samples of capsules were 
meticulously inspected for the presence of irregularities or defects in the capsule’s 
membranes by using a dissection microscope.  

To detect physical imperfections and to assess the composition and degree of 
overgrowth after implantation, samples of adherent capsules recovered by excision and 
samples of non-adherent capsules were fixed in pre-cooled 2% paraformaldehyde, 
buffered with 0.05 M phosphate in saline (pH 7.4) and processed for 
(hydroxyethyl)methacrylate (HEMA) embedding.39 Sections were prepared at 2 µm, 
stained with Romanovsky-Giemsa stain and applied for detecting imperfections in the 
capsule’s membrane, for quantifying the composition of the overgrowth and 
determining the number of capsules with and without overgrowth. Different cell-types 
in the overgrowth were assessed by identifying cells in the capsular overgrowth with 
the morphological characteristics of monocytes/macrophages, lymphocytes, 
granulocytes, fibroblasts, basophiles, erythrocytes, and multinucleated giant cells. To 
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confirm the adequacy of this approach, portions of adherent and non-adherent capsules 
were frozen in precooled isopropane as described in a previous study,17 sectioned at 5 
µm, and processed for immunohistochemical staining and quantification of the 
different cell-types as previously described.40 The used monoclonal antibodies were: 
ED1 and ED2 against monocytes and macrophages,41 HIS-40 against IgM bearing B-
lymphocytes,42 and R73 against CD3+ bearing T-lymphocytes.43 In control sections we 
used PBS instead of the first stage monoclonal antibody. Quantification of these cell-
types after immunocytochemistry was compared with the assessments on the basis of 
morphological markers and always gave similar results. 

The degree of capsular overgrowth was quantified by expressing the number of 
recovered capsules with overgrowth as the percentage of the total number of recovered 
capsules for each individual animal.  

 
6.2.12 Statistical analysis 

 
Values are expressed as mean ± standard error of the mean (SEM). Normal distribution 
of the data was confirmed using the Kolmogorov-Smirnov test. As no normal 
distribution could be demonstrated, we applied the nonparametric Mann Whitney-U 
test. P-values < 0.05 were considered to be statistically significant. The n-values for the 
animal experiments were based on a mandatory power analysis. The values were 4 
mice per experimental group, based on a type I error of 5% and a type II error of 10%. 
 
6.3 Results 

 
6.3.1 The host responses against alginate-capsules where PLL was completely 

substituted by PEG454-b-PLL100 to provide immunoprotection 
 
Based on previous findings,24 we chose the long PEG454 for the in vivo application 

because these long chains should not easily penetrate into the alginate matrix and 
should stay at the surface. The positively charged PLL blocks are relatively small and 
will readily penetrate the alginate matrix where the ammonium groups of PLL will 
ionically interact with the carboxyl groups of alginate. To this end, the two PEG-b-PLL 
diblock copolymers were allowed to cross-link for one hour. This time period was 
found to be sufficient to create capsules with a permeability that does not allow entry 
of molecules larger than 120 kg/mol, which is considered to be an immunoprotective 
threshold.24, 31, 44 Before implantation all capsules were meticulously microscopically 
inspected. Only perfect capsules with no tails or other imperfections associated with 
host responses were selected for implantation45-47 (Figure 6.1a). 
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a)                                                                          b) 

                 
 
Figure 6.1 a) Alginate-PEG454-b-PLL100 capsules before implantation. b) Alginate-
PEG454-b-PLL100 capsules at one month after implantation. GMA-embedded 
histological sections, Romanovsky-Giemsa staining, original magnification × 10. 
 

The capsules were implanted in the peritoneal cavity of balb/c mice and retrieved 
after one month. Macroscopically, the capsules with either an immunoprotective 
PEG454-b-PLL50 or PEG454-b-PLL100 were found in one large clump around the place of 
implantation. Examination by histology revealed that the capsules were caught in thick 
layers of fibroblast and were adherent to each other. This may be a sign of an unstable 
membrane in which positively charged molecules instantly attract inflammatory cells 
leading to heavy fibroblast overgrowth (Figure 6.1b). A series of infrared studies 
revealed that the relatively short period of incubation (i.e. 1 hour), which provides a 
permeability of 100-120 kg/mol 24 with PEG454-b-PLLy (y= 50 or 100), was too short to 
allow for the formation of a stable membrane (see Figure 6.2a).  
 
     a)                                                                b) 

 
 

Figure 6.2 Kinetics of adsorption of the PEG454-b-PLL50 (●) and PEG454-b-PLL100 (▲) 
diblock copolymers on a) the alginate gel and b) the alginate gel pretreated for 10 
minutes with PLL100. 
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The fact that both PEG454-b-PLLy (y= 50 or 100) cannot adequately substitute PLL 
in providing an immunoprotective membrane does not imply that they cannot be used 
for other purposes. The copolymers can be used for the formation of a masking anti-
biofouling layer on top of PLL. PEG-b-PLL copolymers have been characterized as 
polymers with a low immunogenic capacity as they do elicit minor immune activation 
of nuclear factor NF-κB in THP-1 monocytes.24 A prerequisite as outlined above, is 
that the diblock copolymer chains should be adequately bound to the matrix. For these 
reasons, the next step in our study was to apply PEG-b-PLL copolymers on top of a 
preexisting immunoprotective layer of proinflammatory PLL. Prior to the copolymer 
treatment, PLL100 was applied to reduce the permeability of the alginate beads. This 
was done according to the principle illustrated in Figure 6.3. PLL100 efficiently reduces 
permeability, but PLL100 provokes strong host responses as shown below. In order to 
determine the time period required to build an effective copolymer layer on top of the 
alginate-PLL100 membrane, we applied FTIR. To this end, one to 1.5 µm thick alginate 
layers deposited on silicon wafers were incubated in a PLL100 solution for 10 minutes, 
measured by FTIR and subsequently exposed to the copolymer solution and measured 
again. The kinetics of the adsorption was followed through the increase of the bands 
that correspond to symmetric and asymmetric C-H stretching vibrations in the FTIR 
spectrum. Since methyl, methylene, and methine groups do not participate in hydrogen 
bonding, the position of the bands corresponding to these groups is virtually not 
influenced by the chemical environment of the measured substance.48 Therefore, this 
region was considered as the most reliable to study the quantity of the adsorbed PLL 
and/or copolymers. The surface area of the C-H bands was determined, reduced for the 
value which corresponds to C-H vibrations of the alginate gel and plotted as a function 
of time (see Figure 6.2). 

After the pretreatment of the alginate gel layers with PLL100, FTIR analysis showed 
that diblock copolymer chains could still interact and bind to the alginate gels as 
illustrated in Figure 6.3b. Binding of copolymers to the alginate-PLL100 layer started 
immediately, continued asymptotically and reached a maximum value after 
approximately 50 hours (Figure 6.2b). Consequently, this time period was taken as the 
minimum to achieve a high concentration of copolymers on the capsules’ surface and 
to form an anti-biofouling layer on top of the alginate-PLL100 layer. 
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                a)                                                               b) 

 
 

Figure 6.3 Illustration of a) alginate-PEG-b-PLL capsules (without PLL pretreatment) 
and b) alginate-PLL-PEG-b-PLL capsules (with PLL pretreatment). 
 

Next the alginate-PLL100-PEG454-b-PLLy (y= 50 or 100) capsules were prepared by 
incubating alginate beads in the PLL100 solution for 10 min and subsequently in the 
copolymer solution for approximately 50 hours as described in the Materials and 
Methods section. To confirm binding of copolymers to PLL100-precoated alginate 
capsules, the staining of the PEG blocks at the surface with antibodies directed against 
the end group of these blocks (methoxy group) was performed. PLL100 capsules were 
used as negative control. The presence of green fluorescence on the alginate-PLL100-
PEG454-b-PLLy (y= 50 or 100) microcapsules demonstrated successful adsorption of 
diblock copolymers on the surface (Figure 6.4). 
 
     a)                                          b)                                           c) 

 
 
Figure 6.4 Confocal microscopy images after staining of the PEG blocks. a) Alginate-
PLL100 capsules, b) alginate-PLL100-PEG454-b-PLL50 capsules and c) alginate-PLL100-
PEG454-b-PLL100 microcapsules. Original magnification 10×.  
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In order to determine whether long incubation times of 50 hours can influence the 
viability of cells, the insulin producing CM-cells were encapsulated according to this 
new procedure. CM-cells, encapsulated in conventional control alginate-PLL100 
capsules that were exposed for only ten minutes to PLL, served as control. The cell-
containing capsules were subjected to live-dead staining for studying by confocal 
microscopy after the encapsulation procedure as well as after culturing for 5 days. 
Figure 6.5 shows that the number of dead cells in the capsules was always below 20% 
and was not different between the freshly encapsulated cells and cells in capsules 
incubated for 5 days. After 5 days of culturing only the remnants of dead cells were 
still visible. The remnants and dead cells were always in the periphery of the capsules 
and were observed in all types of capsules suggesting that direct interaction with PLL 
rather than the incubation times is responsible for death of these cells. The same results 
(data not shown) were obtained for T84 cells which usually are very sensitive for long 
times of serum deprivation.  

 
   a)                                         b)                                           c) 

 
 
Figure 6.5 Viability of the insulin producing CM-cells encapsulated in a) alginate-
PLL100 capsules, b) alginate-PLL100-PEG454-b-PLL50 capsules and c) alginate-PLL100-
PEG454-b-PLL100 microcapsules after 5 days of culturing. The remnants and dead cells 
were still visible in the periphery of the capsules. 
 

The copolymer coating procedure had no considerable influence on the 
permeability of the capsules. The alginate-PLL100 capsules, as well as the 50 hours 
PEG454-b-PLLy (y= 50 or 100) capsules were tested for permeability with fluorescent 
dextran with molecular weights of 10, 20, 40, 70, 110, and 150 kg/mol. All three types 
of capsules were still allowing entry of dextran with a molecular weight of 110 kg/mol 
but were impermeable for dextran with a Mw of 150 kg/mol (Table 6.1 and Figure 6.6). 
Uncoated, calcium alginate beads were permeable for all samples of dextran.  
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               a)                                                           b)                                                          

                                
 
Figure 6.6 Confocal microscopy images of alginate-PLL-PEG-b-PLL microcapsules 
after the addition of a) dextran of 110 kg/mol and b) dextran of 150 kg/mol. 
 
Table 6.1 Permeability of the alginate-PLL100, alginate-PLL100-PEG454-b-PLLy (y= 50 
or 100) capsules determined using dextran-f samples 
 

Dextran 
Samples, MW 

of dextran, 
kg/mol 

Type of the alginate capsules (A) 

A-PLL100 A-PLL100-PEG454-b-PLL50 A-PLL100-PEG454-b-PLL100 

10 + + + 
20 + + + 
40 + + + 
70 + + + 

110 + + + 
150 - - - 

MW-molecular weight 
A-alginate capsules 

 
6.3.2 X-ray photoelectron spectroscopy studies on alginate-PLL-copolymer capsules 
 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative technique 
for studying elemental composition, chemical and electronic state of the elements in 
the material. This technique provides information for the top 2 to 10 nm of any 
analyzed material. XPS has been extensively used to study the composition of the 
capsule’s surface.15, 17, 26, 49 To investigate the elemental composition, capsules were 
analyzed by XPS.  

The surface elemental composition of the alginate-PLL100 and alginate-PLL100-
PEG454-b-PLLy (y= 50 or 100) capsules is presented in Table 6.2. The ratio of carbon 
to nitrogen (C/N) for the surface of the PLL-microcapsules was 8.14, whereas the 
theoretical C/N ratio for PLL is 3. This indicates that 2-10 nm surface layer is 
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composed of both alginate and PLL as shown in our previous studies.17, 49 The C/N 
ratio for the surface of the alginate-PLL100-PEG454-b-PLLy (y= 50 or 100) capsules is 
similar to the theoretical C/N ratio for the corresponding copolymers. Therefore, the 
XPS analysis confirmed that the surface of these capsules is mainly composed of the 
diblock copolymers. 
 
Table 6.2 Elemental surface compositions of alginate-PLL100 and alginate-PLL100-
PEG454-b-PLLy (y= 50 or 100) microcapsules and theoretical atom % of PLL100 
homopolymer and PEG454-b-PLLy (y= 50 or 100) diblock copolymers 
  

Capsules, alginate- C, % O, % N, % Ca, % 
Others (Including 

Na and Cl), % 
C/N 
ratio 

PLL100 58.42 26.97 7.18 1.38 6.05 8.14 
PLL-PEG454-b-PLL50 66.38 27.37 6.25 0 0 10.62 
PLL-PEG454-b-PLL100 65.70 25.26 9.04 0 0 7.27 

Theoretical atom % of        
PLL 66.67 11.11 22.22 0 0 3.00 
PEG 66.67 33.33 0 0 0 - 

PEG454-b-PLL50 66.67 27.81 5.52 0 0 12.08 
PEG454-b-PLL100 66.67 24.49 8.84 0 0 7.54 

 

6.3.3 Host response against alginate-PLL100 and alginate-PLL100-PEG454-b-PLL50 

capsules 
 
The last step in our study was to investigate whether the copolymer layer, formed after 
up to 50 hours of cross-linking with alginate-PLL100 was functional in vivo. We only 
applied the PEG454-b-PLL50 diblock copolymer. Alginate-PLL100 capsules (i.e. 
controls) and the alginate-PLL100-PEG454-b-PLL50 capsules were implanted in the 
peritoneal cavity of balb/c mice. Before implantation, the grafts (n= 4) were 
meticulously inspected to ensure that they had a similar mechanical stability and had 
no broken or imperfect capsules.  

The alginate-PLL100 capsules without an anti-biofouling layer provoked a very 
strong inflammatory response as expected. All capsules were found to adhere to the 
surface of the abdominal organs, which caused a low retrieval rate of the capsules 
(Figure 6.7a). In two animals the capsules were found as clumps on top of the liver and 
were completely caught in thick layers of fibroconnective tissue. Histologically high 
numbers of macrophages and fibroblasts were found. We also found multinucleated 
giant cells but no T-cells or B-cells. The few alginate-PLL100 capsules that escaped 
from the host response where mostly caught in the fibrotic clumps. 
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a)                                                                      b) 

       
 
Figure 6.7 Explanted a) alginate-PLL100, (original magnification 10×). Note the 
macrophages and fibroblasts. b) Alginate-PLL100-PEG454-b-PLL50 microcapsules 
(original magnification 40×). Only a portion of capsules had inflammatory cells at the 
surface. Note that the affected capsules in most cases had adherence of a few or 
sometimes clumps of cells instead of complete coverage as in (a). This suggests that 
local imperfections at the capsule’s surface may be responsible for cell adhesion. All 
capsules were retrieved one month after implantation in the peritoneal cavity of balb/c 
mice. GMA-embedded histological sections, Romanovsky-Giemsa staining. 

 
This was different when the anti-biofouling layer of PEG454-b-PLL50 was applied 

(Table 6.3). Upon retrieval, 80-100% of the capsules were recovered from the 
peritoneal cavity, whereas only 2.5 ± 5% of the alginate-PLL100 capsules were 
recovered (P < 0.01). The alginate-PLL100-PEG454-b-PLL50 capsules were mostly free-
floating and did not adhere to the abdominal organs. The capsules were found in 
between the intestines and clumping was rarely observed.50 The percentage of capsules 
with cellular overgrowth with alginate-PLL100-PEG454-b-PLL50 capsules was 36.25 ± 
27.87% whereas with alginate-PLL100 capsules it was 97.25 ± 5.5% (P < 0.01) at one 
month after implantation. The capsules’ surface was only rarely covered completely 
with the cellular overgrowth. Mostly, just a few cells were adhered which is usually 
interpreted as a local imperfection on the capsule’s surface. The overgrowth was 
mainly composed of macrophages and a few fibroblasts (Figure 6.7b). We found no T-
cells or other cells of the adaptive immune system on the capsules or on surrounding 
tissues that were taken for biopsy.  
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 Table 6.3 Recovery rates and percentage of alginate-PLL100 and alginate-PLL100 –
PEG454-b-PLL50 capsules with overgrowth, 1 month after implantation in the 
peritoneal cavity of balb/c mice 
 

Type of capsules n Recovery, % Overgrowth, % 
Alginate-PLL100 4 2.5±5 97.25±5.5 

Alginate-PLL100-PEG454-b-PLL50 4 95±10 36.25±27.87 
 

6.4 Discussion 
 

A combined physicochemical and biological approach is still rarely implied in the 
encapsulation field. 28 The observation that by using diblock copolymers as substitutes 
for PLL strong inflammatory responses were induced while diblock copolymers 
applied on the top of the alginate-PLL100 surface reduced inflammatory responses, 
illustrates the necessity of a multidisciplinary approach in understanding the 
background of host responses against microcapsules. Our work demonstrates that some 
polymers such as PEG454-b-PLL50 or PEG454-b-PLL100 are not applicable for creating 
immunoprotective membranes. The relatively short incubation times required to create 
a membrane impermeable for molecules above 120 kg/mol are not sufficient to provide 
stable membranes. The same may hold true for many other polymers suggested to 
substitute PLL. 20-23  

In this study, only intermediate-G alginates were applied, as only this type of 
alginate contains sufficient G-M blocks to bind PLL 17, 32. The diblock copolymers had 
no effect on the cells in the matrix as demonstrated with insulin producing CM-cells. 
Moreover, PEG-b-PLL copolymer has been characterized as a polymer with a low 
immunogenic capacity,24 and PEG is known to provide an anti-biofouling layer in cell 
microencapsulation.51-56 Therefore, we did not immediately abandon its application. 
Instead, we studied whether the copolymer can form an anti-biofouling layer on top of 
the capsules’ surface, which should reduce host responses against capsule’s 
components. However, before studying the application of the copolymer as an anti-
biofouling layer on top of PLL100, we first did a chemical analysis of the capsules’ 
surface and we determined the requirements for the optimal binding. Transmission 
FTIR was used to investigate the time-period required for optimal binding and 
saturation. Elemental analysis of the capsules’ surface in combination with 
immunocytochemistry demonstrated the efficiency of the bound copolymers to mask 
proinflammatory PLL. We found that 50 hours of incubation is required to form an 
efficacious layer on top of the PLL100. Such long incubation time periods may not be 
applicable for all cell types, but up to now all cells we applied did survive and 
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functioned when cultured for prolonged periods in Krebs-Ringer-Hepes (KRH). KRH 
is a balanced salt solution that was especially developed for encapsulation of cells 33. It 
is serum free but allows for survival of cells for prolonged periods of time.  

The PEG454-b-PLL50 binding severely reduced the responses in mice against the 
alginate-PLL100 surfaces. The vast majority of the alginate-PLL100-PEG454-b-PLL50 

capsules were free of any cell adhesion and free-floating in the peritoneal cavity, 
whereas nearly all alginate-PLL100 capsules without the copolymer were completely 
overgrown with macrophages and fibroblasts. Notably, however, some attachment of 
inflammatory cells was still observed on a portion of the alginate-PLL100-PEG454-b-
PLL50 capsules. This adhesion of cells was different from what we have previously 
observed.15, 57-60 Complete coverage of capsule with inflammatory cells and fibroblasts, 
which is indicative for a foreign body response to the capsules, was rarely observed. In 
most cases, adhesion of groups of macrophages to specific parts of the capsule’s 
surface was seen, suggesting that local imperfections were responsible for immune 
activation.45,61 We believe that spatial differences in coating efficacy can be the cause 
of this type of cell adhesion implying that the system may still be improved in spite of 
the step-wise chemical approach. For sake of clarity, we counted all the capsules with 
overgrowth irrespective of the degree of overgrowth. Sometimes just one or two cells 
were found on the capsules with the PEG454-b-PLL50 copolymer (Figure 6.7b). We 
believe that these cells will not have an influence on the functional survival of the cells 
in the capsules.45, 61 Therefore, the data should be carefully interpreted. The overgrowth 
is not necessarily having more consequences for cell survival than what was observed 
in previous studies were around 10% of the capsules were affected but infiltrated with 
large numbers of inflammatory cells instead of the few cells we found on the affected 
capsules in this study.44, 45, 62   

Creating an immunoprotective membrane with PLL without causing an 
inflammatory response has been shown to be a pitfall in many laboratories.27, 63 The 
major procedural step, responsible for the reported lab-to-lab variations in 
microencapsulation, is creating an efficacious PLL-membrane that provides 
immunoprotection without host-responses.11, 28, 44, 49, 60, 64 The role of PLL in host 
responses has also been demonstrated in studies that show that alginate gels normally 
do not provoke a response, but as soon as a polyamino acid is applied, strong 
inflammatory responses arise. 63 Adequate binding of PLL on the alginate matrix, 
which should result in formation of superhelical cores of alginate around PLL, depends 
on several crucial factors.14, 29, 65 It is well recognized that alginate should contain 
sufficient G-M residues to bind all proinflammatory PLL.17, 66 A seemingly minor 
difference in G-M content can lead to leakage of PLL in vivo with foreign body 
responses as a consequence. 17 Another factor that is not often taken into consideration 
is the porosity of the alginate gel in relation to the size of PLL chain. In our lab the 
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3.4% intermediate-G alginate gels are commonly used to create an immunoprotective 
membrane in combination with PLL of 22 to 24 kg/mol.15, 17, 49 These relatively large 
PLL chains will only bind to sodium-alginate residues at the top 2-4 µm surface of the 
capsules. 15, 19, 28 Lower alginate concentrations or smaller PLL chains can cause 
incomplete binding of PLL to the alginate core, leakage or exposure of unbound PLL 
at the capsule’s surface in vivo and eventual host responses.11, 13, 67 As shown here, anti-
biofouling layers of the PEG454-b-PLL50 copolymer may contribute to making PLL 
binding a less delicate process. Building an efficacious anti-biofouling layer requires 
however a long incubation period of 50 hours, but it is rather simple involving only an 
incubation step. The binding efficacy can easily be followed through the increase of the 
bands that correspond to C-H stretching vibrations in the FTIR spectrum. The 
application of this anti-biofouling layer may reduce the enormous lab-to-lab variations 
that are considered to be a major threat for progress in the field.17, 29, 68  

Our study should not be interpreted as a suggestion that PLL binding is the only 
factor in host-responses against alginate-based microcapsules. Other important issues 
are the degree of purity 16, 26, 28, 65 and the type of alginates.18, 32, 49, 62, 64 Crude alginates 
contain not only polyphenols but also pathogen associated molecular patterns that are 
potent stimulators of the immune system.69, 70 Nowadays, only ultrapure alginates are 
applied and intermediate-G alginates are preferred over high-G alginates despite a 
better mechanical stability of the high-G alginate gels.32, 71-74 In this study, only pure 
alginates with no immunostimulatory capacity were applied.24 Our data showed that in 
spite of the extreme purity of alginates, inflammatory responses against capsules still 
occur due to the presence of positively charged polyamino acids at the surface of 
capsules.12, 13  
 
6.5 Conclusions  

 
PEG-b-PLL diblock copolymers may contribute to reduction of host responses against 
alginate-PLL100 capsules by masking proinflammatory PLL100 residues. As such, PEG-
b-PLL diblock copolymers are effective anti-biofouling polymers. Also, it was 
demonstrated that PEG-b-PLL diblock copolymers are not suitable as complete 
substitute for PLL because they provide membranes with the corresponding 
permeability that are unstable in vivo. Our study further illustrates the necessity of 
combining physicochemical and biological means to understand the complex 
interactions at the surface of microcapsules and the associated biological responses.  
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The clinical application of alginate-poly(L-lysine)-alginate (APA) microcapsules, 
commonly used for immunosiolation of the islets of Langerhans,1, 2 has been hindered 
by low reproducibility of the encapsulation procedure. Some research groups found 
only a minor immune reaction to the intermediate-G alginate-PLL capsules,3-6 whereas 
others reported strong inflammation caused by these capsules.7-9 Seemingly minor 
variations in the encapsulation procedure have a large impact on the capsule’s 
properties with extreme consequences for the enveloped cells. For instance, small 
differences in the capsule’s composition, such as a difference of 10% of guluronic acid 
in the alginate-matrix, have dramatic consequences for the biocompatibility as 
demonstrated in Chapter 2. Previous studies have associated stronger immune 
responses to high-G capsules with excessive amounts of PLL that diffuse into very 
porous high-G alginate gels during the coating procedure. Due to lower number of the 
binding spots (MG blocks) in high-G alginates, not all PLL can attach to the alginate 
gel but does stay captured inside the gel.10, 11 Unattached PLL chains diffuse out of the 
gel after the implantation causing strong inflammatory responses. In our study we 
designed intermediate-G and high-G capsules with similar mechanical and 
physicochemical surface properties. In order to avoid the effect of unbound PLL, the 
capsules were excessively washed and the absence of unbound PLL was confirmed by 
zeta-potential measurements. Upon exposure to body fluids microcapsules adsorb 
bioactive components that may change the properties of the capsule’s surface and the 
responses against the capsules.12, 13 High-G alginate-PLL complexes are less stable and 
more susceptible for structural changes in body fluid than intermediate-G-PLL 
complexes.13, 14 Therefore, high-G capsules lose some PLL immediately after 
transplantation, which causes an increase in the positive charge on the capsule’s 
surface. This results in cellular adhesion and fibrosis of the high-G microcapsules.14, 15 
Although, no difference was found in the type of cells involved in the tissue response 
against intermediate-G and high-G alginate, an earlier decrease in number of 
inflammatory cells and a faster fibroproliferative response was observed with high-G 
than with intermediate-G capsules. 

The XPS analysis of the standard alginate-PLL-alginate capsules proved that the 
capsules are not composed of a three layer system but of an alginate core surrounded 
by alginate-PLL layer.4 Thus, the XPS results imply that PLL is always on the surface 
of the capsules in direct contact with the inflammatory cells. This can interfere with 
biocompatibility of microcapsules since PLL is known as a potent stimulator of 
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inflammatory reactions.9, 15, 16 In order to overcome the aforementioned obstacle and to 
make the encapsulation procedure more reproducible, we proposed in this thesis to 
substitute proinflammatory PLL with monodisperse PLL-based diblock copolymers. 
Binding of these diblock copolymers was accomplished through ionic interactions 
between the positively charged ammonium groups of the PLL-part and the negatively 
charged carboxyl groups of alginate. The other, non-PLL block is biocompatible and 
does not contain charged functional groups along the chain. Immiscibility of this block 
with alginate gel in a swollen state is preferable for the application. If the 
biocompatible block does phase-separate from the alginate gel and the diblock 
copolymers are attached to the gel densely, the biocompatible blocks will form a 
polymer brush. The polymer brush is an anti-biofouling layer which successfully 
prevents protein adsorption and cell adhesion.17-22 Moreover, the brush is a masking 
layer which prevents direct contact between proinflammatory PLL and the surrounding 
tissue.  

In the selection of the non-PLL blocks, besides aforementioned requirements, 
uniform size of polymer chains and tunable molecular weights are preferable for the 
application. Therefore, control over the molecular weight and polydispersity should be 
provided during the synthesis. Our first choice was polyvinylpyrrolidone (PVP). PVP 
is highly biocompatible and its aqueous solution was used as a blood-plasma substitute 
in World War II.23 Unfortunately controlled synthesis of PVP is limited in terms of 
molecular weight and end-group functionality. This in turn makes the preparation of 
PVP-b-PLL block copolymer more difficult. Therefore, the idea of using PVP was 
abandoned and polyethylene glycol (PEG) was chosen because it is non-toxic and non-
immunogenic. PEG is also approved by FDA.24 A wide variety of biomedical 
applications of PEG has already been reported in literature25-30 and PEG polymer 
brushes are known to prevent potential protein adsorption on the surface.22, 31, 32 
Another alternative to PVP could be poly(N-isopropylacrylamide) (PNIPAAm). This is 
a synthetic polymer and has been used in controlled drug delivery,33-35 cell-sheet 
engineering,36-39 in biosensors,40-42 as well as in tissue engineering.43-45 PNIPAAm 
polymer brushes with a low polydispersity showed to be resistant towards protein 
adsorption.18, 46 

To the best of our knowledge formation of a polymer brush on the surface of 
hydrogels by adsorption has not been reported in literature. In order to determine 
whether poly(ethylene glycol)-block-poly(L-lysine hydrochloride) diblock copolymers 
(PEG-b-PLL) can be adsorbed on the alginate gel in sufficient amounts to form a 
brush, the adsorption process was studied through fluorescence labeling of the 
methoxy-end groups of the PEG-block and through an increase of bands in the FTIR 
spectrum (Chapter 3 and Chapter 5). The intensity of the fluorescence reached the 
maximum when alginate capsules were incubated in the copolymer solutions for 
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approximately one hour (Chapter 3), whereas FTIR measurements revealed that the 
copolymer adsorption reached the maximum in approximately 50 hours (Chapter 5). 
This implies that, due to the saturation in intensity of the fluorescence, any further 
increase in copolymer concentration on the capsule’s surface could not be detected.  

Furthermore, properties of the alginate-PEG454-b-PLL100 microcapsules, prepared 
by incubating alginate beads in the corresponding copolymer solution for one hour, 
were studied in Chapter 3. This copolymer was chosen because long PEG454 should 
form a better anti-biofouling layer than shorter PEG22 or 113 whereas long PLL100 blocks 
should provide stable capsules (in the case of APA capsules, the stable capsules were 
obtained by incubating beads in the PLL138 to150 solution for 10 minutes4, 47, 48). Also, the 
capsules prepared with different diblock copolymers (consisting of either short PEG22 
or short PLL10 blocks as well as of long PEG454 and the longest PLL200) were unstable 
during the fluorescence labelling procedure. Sufficient mechanical stability and an 
adequate permeability are important properties of encapsulation systems. 
Microcapsule’s membranes should allow for oxygen, nutrients, glucose and metabolic 
products to freely diffuse in/out of a capsule whereas antibodies and cytotoxic cells of 
immune system should stay outside the capsule. During the implantation procedure as 
well as inside the peritoneal cavity, the capsules are exposed to different forces. In 
order to withstand these stresses, microcapsules should have a mechanical strength of a 
few grams to tens of grams per capsule (determined by texture analyser).2, 49 The 
alginate-PEG454-b-PLL100 microcapsules, prepared by incubating beads for one hour in 
the copolymer solution, had permeability larger than alginate-PLL100 capsules (98 in 
comparison to 19 kg/mol) but still sufficient to prevent penetration of 150 kg/mol large 
IgG.50 Mechanical stability of these capsules was somewhat lower than of alginate-
PLL100 capsules. Despite the adequate permeability and mechanical stability, and 
minor activation of NF-κB, the alginate-PEG454-b-PLL100 capsules caused a strong 
inflammatory reaction (Chapter 6). The capsules were found in one large clump 
around the place of implantation. These findings indicated that the copolymers are not 
good substitutes for PLL when short incubation times are applied. Although incubation 
time of 1 hour was found to be sufficient to form an immunoprotective membrane 
(Chapter 3), this membrane was not stable (Chapter 6). 

In order to elucidate the cause of the failure and discern possible solutions, the 
alginate gel-PEG-b-PLL and alginate gel-PLL layer systems were studied by FTIR 
(Chapter 5). Analysis of the C-H region in the FTIR spectra revealed that the PLL 
content in the alginate gel, reached after 60 minutes of incubation in the copolymer 
solution, was considerably lower than the PLL content obtained after 10 minutes in the 
PLL solution. This is undesirable as insufficient binding of PLL to the alginate matrix 
interferes with the stability of the gel in vivo.1, 2, 51, 52  
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Anti-biofouling properties of the capsule’s surface depend on the degree of 
coverage with the biocompatible block. The surface will be protected from any protein 
adsorption or cell adhesion when completely covered with the biocompatible blocks, 
i.e. when these blocks form a polymer brush. Only densely packed copolymer chains 
will cause repulsive interactions between monomer units. These interactions will tend 
to minimize the contact between neighbouring coils and as a consequence polymer 
chains will stretch away from the surface and form a polymer brush. In order to 
determine whether PEG blocks could form the brush at the maximum of adsorption, 
alginate-PEG-b-PLL systems were study by FTIR and AFM (Chapter 5). These 
measurements revealed that all diblock copolymers penetrated the gel core and thus, 
interfered with a formation of an anti-biofouling-polymer brush layer on the capsule’s 
surface. These findings contradicted results of Chapter 3 where a surface binding of 
the PEG-b-PLL diblock copolymers was observed through the fluorescence labeling of 
PEG blocks. This was due to lower porosity of the alginate-copolymer system which 
does not allow penetration of antibodies, used for the fluorescence labeling, into the 
capsules and their binding to methoxy groups of PEG blocks in the core.  

The porosity of alginate gel is tailored by varying the molecular weight and the 
concentration of PLL as well as the incubation time.15, 16, 53-57 Ten minutes incubation in 
a 0.1 % solution of PLL100 with a molecular weight of 16 kg/mol is necessary to reduce 
the permeability to 8 kg/mol (for pullulan standards), i.e. 19 kg/mol (for proteins) as 
determined in Chapter 3. We assumed that the pretreatment with PLL100 could prevent 
penetration of the diblock copolymers into the alginate core and provide a better 
surface coverage with the biocompatible block. It was determined that the amount of 
copolymers adsorbed to the PLL-pretreated gels was lower than that reached by 
copolymer binding to untreated gels. Also, this amount was found to be similar and 
independent of the initial alginate gel thickness. An increase in the layer thickness after 
the binding of diblock copolymers to the PLL-pretreated alginate gels was shown to be 
comparable with the size of the stretched copolymer chains. All these findings 
indicated a better surface coverage with the copolymers and possible brush formation 
with PEG-b-PLL diblock copolymers. However, ellipsometry and small angle X ray 
reflectivity provided no valuable data about the layer structure and the thickness of 
newly formed layers. This in combination with large grafting densities indicated that 
the PEG-b-PLL chains still penetrate to a certain extent into the alginate-PLL gel. 

Furthermore, the XPS elemental analysis of the surface of alginate-PLL and 
alginate-PLL-PEG-b-PLL capsules was used to examine the surface composition of 
these capsules (Chapter 6). If the PEG blocks form the brush on the capsule’s surface, 
the top 2-10 nm of the surface would be composed of only carbon and oxygen. 
However, nitrogen was detected in the surface of not only alginate-PLL but also 
alginate-PLL-PEG-b-PLL microcapsules. These results indicated that the surface of 
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these capsules was not only composed of the PEG blocks but also of proinflammatory 
PLL and therefore, PEG blocks did not form the polymer brush. However, it is also 
possible that capsules did not save their integrity during the lyophilization. Moreover, 
the nitrogen presence could be a consequence of spatial differences in coating efficacy.  

In order to check whether copolymer layers could still have beneficial effects, in 
spite the PLL presence on the capsules’ surface revealed by XPS, the alginate-PLL100-
PEG454-b-PLL50 capsules and the control capsules (i.e. alginate-PLL100) were implanted 
in the peritoneal cavity of balb/c mice and immune responses were assessed one month 
later. As aforementioned, the diblock copolymer with the longest PEG block was 
chosen because long PEG is expected to provide adequate anti-biofouling properties. 
Since the stability of the capsules was already accomplished with the PLL 
pretreatment, the anchoring block does not have to be as long as without pretreatment. 
On the other hand, the short PLL20 blocks may not provide sufficiently strong binding 
to the alginate gel.  

The control capsules provoked very strong inflammatory responses. All capsules 
were found to adhere to the surface of the abdominal organs. However, coating with 
the PEG454-b-PLL50 copolymer did severely reduce responses to alginate-PLL100 
capsules. The vast majority of the alginate-PLL100-PEG454-b-PLL50 capsules were free 
of any cell adhesion and free-floating in the peritoneal cavity, but a portion of capsules 
had adhesion of groups of macrophages to specific parts of the capsules’ surface. This 
may corroborate aforementioned assumption that there were spatial differences in 
coating efficacy.  

In vivo studies demonstrated the success of the copolymer as an effective masking 
layer. Contrary to XPS results, these findings revealed that PEG blocks did form a 
protecting layer analogous to a polymer brush. However, a portion of capsules had 
cellular overgrowth on specific parts of the capsules’ surface which could be caused by 
local imperfections but also may indicate that some capsules were not completely 
covered with the diblock copolymer. It is difficult to conclusively confirm these 
assumptions or to determine the degree of coverage due to lack of adequate 
characterization techniques.  

Another alternative to PVP is poly(N-isopropylacrylamide) (PNIPAAm). 
PNIPAAm-based copolymers were prepared by combining atom transfer radical 
polymerization (ATRP) and ring opening polymerization (ROP) as described in 
Chapter 4. PNIPAAm is a thermoresponsive polymer. Below 32°C PNIPAAm is 
soluble in water whereas above this temperature a transition from a dissolved coil into 
a collapsed globule occurs. Despite increased hydrophobicity above this temperature, 
PNIPAAm polymer brushes have shown to provide effective protection from protein 
adsorption not only below but also above 32°C.18, 37-39, 46 This feature of PNIPAAm 
brushes provides the applicability of this polymer on alginate beads’ surface with an 
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aim to increase the biocompatibility of capsules. Monodisperse poly(N-
isopropylacrylamide) homopolymer and poly(N-isopropylacrylamide)-polyacrylamide 
random copolymer were successfully synthetized by ATRP in a polar solvent and using 
a strong ligand. Molecular weights of synthesized polymers obtained from 1H-NMR 
analysis were similar to theoretical molecular weights whereas there was the 
disagreement between expected molecular weights and molecular weights determined 
by Gel Permeation Chromatography (GPC). These discrepancies in molecular weights 
have also been reported in literature.58-60 Successful diblock copolymer formation was 
confirmed by the shift to higher molecular weight in the GPC chromatogram of diblock 
copolymer compared with the corresponding macroinitiator. Solubility of PNIPAAm-
based polymers in water was dependent on the molecular weight of PNIPAAm 
homopolymer, on end-groups of the polymer chain as well as on solubility of 
comonomer in PNIPAAm-based copolymers.59-64 Transition from a dissolved coil into 
a collapsed globule occurs at higher temperatures by decreasing molecular weight of 
PNIPAAm with hydrophilic end-groups as well as by incorporating water soluble 
monomer units into the polymer chain. 

Binding of PNIPAAm-based copolymers on alginate gel layers was also studied by 
FTIR and AFM as described in Chapter 5. As in the case of PEG-b-PLL copolymers, 
FTIR and AFM measurements revealed the penetration of copolymers into the gel. The 
PLL pretreatment did reduce the penetration of the copolymers but the increase in the 
layer thickness caused by the copolymer adsorption to the PLL pretreated alginate gel-
layers was still considerably higher than the size of the stretched copolymer chains. 
PNIPAAm or PNIPAAm-PAAm blocks are of the similar molecular weights as the 
PEG blocks but they are 4 to 10 times shorter than PEG blocks. Thus, they can still 
easily penetrate inside the gel. However, in spite the penetration, it cannot be excluded 
that chains bound close to the surface could form an adequate protecting layer. As 
demonstrated above, due to lack of adequate techniques, this can only be examined by 
in vivo studies. Due to lack of time, we were not able to check immunogenicity of these 
copolymers and therefore, alginate-PLL-PNIPAAm(-PAAm)-b-PLL capsules were not 
tested in vivo. 

As demonstrated in this thesis, creating a polymer brush on the surface of 
hydrogels by adsorption is not straightforward. Unlike hard substrates where polymer 
brushes can be easily formed and completely characterized,17, 65, 66 hydrogels are 
porous, flexible and not very smooth which interferes with both the brush formation 
and its characterization. Moreover, with natural hydrogels, such as alginate gels it is 
not possible to tailor distribution of the binding spots on the substrate surface or the 
distance between these spots. All aforementioned issues demonstrate that we can 
speculate about the formation of the brush in this system but real proof still has to be 
delivered. 
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Summary and final considerations  
 

The studies presented in this thesis were aimed at overcoming the problems of 
reproducibility of the encapsulation procedure and the extreme lab-to-lab variations 
that hamper the application of the technique. First it was shown that small variations in 
composition of the alginate gel have a tremendous effect on the immune response. 
High-G alginate-PLL complexes were more sensitive to environmental changes after 
implantation and therefore APA capsules made of high-G alginate provoked stronger 
inflammation than intermediate-G capsules.  

Furthermore, we hypothesize that obstacles of the encapsulation procedure can be 
overcome by applying a masking layer of diblock copolymers on the surface of the 
capsules. To this end, the PEG-b-PLL copolymers were used and their binding to 
alginate gels was studied through the fluorescence labelling of the PEG blocks. It was 
found that the block lengths influenced the strength of the capsules (shorter PLL blocks 
resulted in less stable capsules) and that a time period of 30 to 60 min was required to 
achieve saturation of the capsule’s surface with the diblock copolymers. PEG-b-PLL 
capsules appeared to be a suitable barrier for immunoglobulin G and they had similar 
mechanical properties when compared to the PLL capsules. Despite these promising 
results and only a minor immune activation of nuclear factor κB in THP-1 monocytes, 
alginate-PEG-b-PLL capsules caused a strong inflammatory reaction in mice.  

The adsorption of the commercially available PEG-b-PLL as well as of the 
synthesized PNIPAAm-b-PLL and PNIPAAm-PAAm-b-PLL copolymers to the 
calcium alginate layers was studied through the changes in the IR spectra. It was found 
that considerably longer time periods than those applied in fluorescence labelling 
studies were required to reach the saturation of the surface and sufficient PLL content 
with each tested copolymer. Contrary to the fluorescence labeling study, both FTIR 
and AFM results demonstrated the penetration of copolymers into the alginate gel. By 
introducing PLL pretreatment the possible penetration of the diblock copolymers was 
reduced. An increase in the layer thickness caused by the adsorption of the diblock 
copolymers to the PLL-pretreated alginate gels revealed formation of a layer analogous 
to the brush. The shorter PNIPAAm-based copolymers could still penetrate into the gel 
core despite the PLL pretreatment.   

Furthermore, inflammatory responses to alginate-PLL100, alginate-PEG454-b-PLLy 
(1 hour incubation in the copolymer solution) (y= 50 or 100) and alginate-PLL100-
PEG454-b-PLL50 microcapsules (10 minutes incubation in the PLL solution and 50 
hours incubation in the copolymer solution) were examined by implanting these 
capsules in the peritoneal cavity of balb/c mice. Low retrieval rates and high cellular 
overgrowth of alginate-PLL100 and alginate-PEG454-b-PLLy microcapsules were found 
one month after implantation, whereas alginate-PLL100-PEG454-b-PLL50 capsules were 



General Discussion 

 

 170 

mostly free-floating and did not adhere to the abdominal organs. These results 
demonstrate the applicability of the PEG-b-PLL copolymers as anti-biofouling layers 
on the alginate-PLL surface. Furthermore, the XPS analysis did reveal the presence of 
nitrogen in the surface layer of alginate-PLL100-PEG454-b-PLL50 capsules. This result 
does not corroborate the brush formation, but in vivo studies showed that the vast 
majority of these capsules were without cellular overgrowth which indicates that PEG 
blocks did form a protecting layer analogous to the polymer brush. The attachment of 
inflammatory cells was still observed on specific parts of the surface in a portion of the 
alginate-PLL100-PEG454-b-PLL50 capsules. This may be caused by local imperfections 
and spatial differences in coating efficacy implying that the system may still be 
improved. 

The studies presented in this thesis demonstrate that PEG-b-PLL diblock 
copolymers bound to intermediate-G alginate-PLL capsules are able to reduce the 
immune response. It would be interesting to investigate whether binding of these 
copolymers to high-G-alginate-PLL capsules would provide the same beneficial effect 
as with the intermediate-G alginate system. This would demonstrate the applicability of 
the copolymers as anti-biofouling layer in general. Further research should also focus 
on suppressing the cellular overgrowth by optimizing the preparation procedure. To 
this end, the incubation time as well as concentration of the PLL and copolymer 
solutions should be varied to a certain extent. Although it should be noted that 
concentrated PLL- and copolymer solutions, as well as long incubation times may have 
a detrimental effect on the graft. The optimal encapsulation protocol should allow for 
the adequate conditions for graft survival. Thus, the microcapsules should be 
sufficiently stable to withstand the stresses during and after implantation. Furthermore, 
they should have an adequate permeability to protect the graft from the immune system 
and still allow for the diffusion of the necessary substances.   
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Het in dit proefschrift beschreven onderzoek had als doel de reproduceerbaarheid van 
op alginaat gebaseerde microencapsulatie procedures te verbeteren en de grote variaties 
die tussen verschillende onderzoekslaboratoria optreden te minimaliseren. Gebrek aan 
reproduceerbaarheid wordt wereldwijd gezien als de reden dat encapsulatie van cellen 
voor het genezen van endocriene aandoeningen nog niet op grote schaal wordt 
toegepast. In het eerste hoofdstuk wordt aangetoond dat kleine verschillen in de 
samenstelling van de alginaat-gels een groot effect hebben op de immuunrespons. De 
zogenaamde hoog-G alginaat-complexen bleken meer vatbaar voor veranderingen na 
implantatie dan intermediaire-G alginaat kapsels. Het gevolg was dat alginaat-PLL 
kapsels van hoog-G alginaat veel sterkere onstekingsreacties opriepen in ratten dan 
bijvoorbeeld intermediaire-G kapsels. 

Op grond van deze resultaten hebben wij gepostuleerd dat deze problemen van 
reproduceerbaarheid door hele kleine verschillen in de encapsulatie procedure opgelost 
kunnen worden door een maskerende laag van diblok copolymeren op het 
kapseloppervlak aan te brengen. Hiertoe werden PEG-b-PLL copolymeren gebruikt en 
hun adsorptie aan de alginaat gels werd bestudeerd door fluorescentie labeling van de 
PEG-blokken. Hieruit bleek dat de blok-lengte de stabiliteit van de kapsels bepaalde 
(kortere PLL-blokken leidden tot minder stabiele kapsels) en dat een periode van 30-60 
minuten noodzakelijk was om het kapseloppervlak te verzadigen. PEG-b-PLL kapsels 
bleken een werkende barrière te hebben tegen immunoglobin G en ze hadden 
vergelijkbare fysische karakteristieken ten opzichte van standaard PLL-kapsels. 
Ondanks deze veelbelovende resultaten en een kleine immuun activiatie van nucleair 
κB in THP-1 monocyten, veroorzaakten de alginate-PEG-b-PLL kapsels een sterke 
ontstekingsreactie in muizen. 

De adsorptie van het commercieel verkrijgbare PEG-b-PLL en de gesynthetiseerde 
PNIPAAm-b-PLL en PNIPAAm-PAAm-b-PLL copolymeren werd bestudeerd door 
middel van veranderingen in het IR-spectrum. Het bleek dat in alle gevallen, 
vergeleken met de eerder genoemde fluorescentie labeling experimenten, een 
substantieel langere tijd nodig was om verzadiging van het kapseloppervlak en een 
hoog genoeg PLL-gehalte te verkrijgen. In tegenstelling tot de fluorescentie labeling 
studie, lieten zowel FTIR als AFM resultaten zien dat penetratie van copolymeer in de 
alginaat gel optrad. Door het introduceren van een voorbehandelingstap met PLL werd 
de penetratie van de diblok copolymeren gereduceerd en dit resulteerde ook in een 
toename van de laagdikte. Verdere analyse toonde aan dat een laag met vergelijkbare 
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eigenschappen van een zogenaamde polymer brush werd gevormd. De kortere 
polymeren gebaseerd op PNIPAAm konden echter, ondanks de voorbehandelingstap, 
het binnenste van de gel nog steeds penetreren. 

De ontstekingsreactie tegen alginaat-PLL100, alginaat-PEG454-b-PLLy (1 uur 
incubatie in de copolymeer oplossing) (y= 50 of 100) en alginaat-PLL100-PEG454-b-
PLL50 microkapsels (10 minuten incubatie in de PLL oplossing en 50 uur incubatie in 
de copolymeer oplossing) werd onderzocht door het implanteren van deze kapsels in de 
buikholte van BALB/c muizen. De alginaat-PLL100 en alginaat-PEG454-b-PLLy 
microkapsels vertoonden lage retrieval-percentages en veel cellulaire overgroei 1 
maand na implantatie, terwijl de alginaat-PLL100-PEG454-b-PLL50 kapsels voornamelijk 
in de buikholte rond dreven en niet aan de abdominale organen plakten. Deze 
resultaten tonen aan dat bepaalde PEG-b-PLL copolymeren uitstekend toepasbaar zijn 
als zogenaamde anti-biofouling lagen op een alginaat-PLL oppervlak. Er werd echter 
stikstof gedetecteerd in de oppervlakte laag van de alginaat-PLL100-PEG454-b-PLL50 
kapsels (door middel van XPS analyse). Dit N signaal is afkomstig uit PLL en zou bij 
een brush formatie niet aan het oppervlak mogen zitten. Hoewel dit resultaat niet 
eenduidig bevestigt dat een zogenaamde polymeer brush is gevormd, lieten de in vivo 
studies zien dat de meeste kapsels geen cellulaire overgroei hadden en dit geeft aan dat 
de PEG-blokken zeer waarschijnlijk een beschermende laag, en wellicht lokaal, een 
heterogene polymeer brush hebben gevormd. Op een klein deel van de alginaat-PLL100-
PEG454-b-PLL50 kapsels werden nog wat ontstekingscellen waargenomen. Dit is 
waarschijnlijk veroorzaakt door verschillen in de coating efficiëntie en geeft aan dat 
het systeem nog verder geoptimaliseerd kan worden. 

Dit promotie onderzoek heeft laten zien dat PEG-b-PLL diblok copolymeren 
succesvol gebruikt kunnen worden om de immuunrespons tegen geïmplanteerde 
intermediate-G alginaat kapsels sterk te verminderen. Een interessante vervolg studie 
zou het onderzoek zijn naar de binding van deze copolymeren met de zogenaamde 
hoog-G-alginaat-PLL kapsels en of de copolymeren dezelfde positieve effecten hebben 
zoals beschreven in dit proefschrift. Dit zou de algemene toepasbaarheid van 
copolymeren als anti-biofouling berschermlaag verder bewijzen. Het vervolgonderzoek 
zou zich ook moeten richten op het verder onderdrukken van de cellulaire overgroei 
door de verdere optimalisering van het productie proces. Hiertoe kunnen de incubatie 
tijd, alsmede de PLL- en copolymeer-oplossingen meer gevarïeerd worden. Echter 
moet de kanttekening worden geplaatst dat de incubatietijd en geconcentreerde 
oplossingen van zowel PLL als copolymeer een negatief effect op de cellen in de 
kapsels kunnen hebben. Het optimale encapsulatie protocol moet daarom ook de 
omstandigheden voor het intact houden van het cellulaire transplantaat in acht nemen. 
Derhalve moeten de microkapsels voldoende stabiel zijn om de omstandigheden tijdens 
en na implantatie te doorstaan. Daarnaast moet de permeabliteit zo afgestemd worden 
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dat deze de cellen in de kapsels beschermt tegen het immuunsysteem, maar nog steeds 
de diffusie van noodzakelijke stoffen toelaat. 
!
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paldies/hvala/thank you for a wonderful time we had in Wischo. 

Како бих ја без њих….заједно смо се смејале, веселиле, туговале, путовале, 
училе, селиле, бориле против ћакнутих комшиница, заједно смо савладале све 
“мушке” кућне послове од кречења зидова до поправљања система за грејање 
(бушење зидова бушилицом да и не помињем !), прошли сито и решето, ма 
прави Др. Мајстори за све! Драге моје паранимфице, Ивана и Јелена хвала вам за 
све! Другарице Иванице, ма нико не пева боље од тебе “New York, New York!” 
!, нити обликује темељније торту! И да знаш, нико није имао лепше бицикле од 
тебе у целом Гронингену, а и шире. Хвала ти за све што си учинила за мене а 
учинила си много више него што и можеш да претпоставиш! Моја другарица, 
права правцата! “Мама” Јело, шта бих ја без твог кувања !! И још битније, шта 
бих ја без твоје подршке кад ми је била најпотребнија! Не постоји ништа, добро-
скоро ништа, што ти не можеш или не знаш, супер Јела (фали ти само маратон!). 
Ако је пријатељство богатство, ја сам Bill Gates!  

Брате Радоване, верни друже, ти си најдивнији човек на планети Земљи (а и 
шире)! Хвала на безграничној подршци! Зоки, Маркеша и Стефи, моја три 
чачанска мускетара у земљи лала, са вама ни на пустом острву не би било 
досадно! Желим вам пуно успеха, а нарочито Зокију и његовој Марини и… 
Vibiša, ♪, ♫ Piiiišonja i Žuga, dva vjeeeerna druga…♪, ♫, pa tak i mi, protivno svim 
zakonima politike !! Moj IKEA friend koji je uvek spreman da pomogne i kod koga 
nema nerešivog problema. Super Vibiša, nema šta ne zna! Vibiša i Kale, a i mala 
Sarice, kod vas sam se uvek osećala kao kod svoje kuće, a moram priznati da je 
gledanje filmova i GoT uz kokice imalo posebnu čar u vašem domu! Hvala vam do 
najudaljenije planete za sve, da ne nabrajam pojedinačno jer lista je preduga! Драги 
мој Деки, показао си ми да на крају сваког мрачног тунела постоји светло и тако 
мотивисао да наставим! Хвала теби и Соња за сву подршку и помоћ, нарoчито 
при крају мог доктората. Милетићу-Гребићу !, одлично си ми утабао стазу у 
Гронингену и олакшао нови почетак и хвала за то! Вишњичице драга , Фукили, 
саборцу у свим недаћама и сестро близнакињо !, са тобом је провод увек 
загарантован, чак и после дугог и напорног радног дана кад ти није ни до чега! 
Twister rules !! Dragi moj Igore tj. Prof’sore !, ti si jedina osoba koju znam koja 
može pojesti više kokica od mene, impresivno zaista! Sjajan prijatelj i odličan 
domaćin…hvala za sve uključujući i prevod acknowledgment-a na talijanski! Толико 
се разликовати од неког а толико имати заједничких додирних тачака, звучи 
немогуће али није тако…драги Дуле, википедијо, од тебе сам, чини ми се, 
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понајвише научила за све ово време! Ти, Јелена и Реља сте једна дивна и 
најоткаченија породица коју знам и зато вас обожавам! Хвала вам, другари, за 
све! Цобе, Валеријо, Ваки, Ваки, најбољи fake daddy на свету! Уз “мама” Јелин 
ручак, уренебес је био дан сваки, зар не Ваки !! Бескрајно хвала. Миличице 
драга и саборцу број 2, полако затварамо наш клуб, а деловало је тако немогуће 
пар година у назад. Преживесмо, идемо даље, нико нам ништа не може !! 
Јеленице 3 (Стевановић), хвала за бескрајну подршку. Гоћа, дивни мој друже, 
шта би ја а и остали Гронингенаши без тебе у граду Амстердаму! Veliko hvala i 
svi ostalim drugarima koji su doprineli da ovo vreme provedeno u Holandiji bude uvek 
ispunjeno i lepo bez obzira na sve: nepredvidivi Primzika, super-kreativni Ivan, uvek 
pozitivna Brana, šašavi Igor M., Danijela, Ana, Milica Kamilica, Milena, Violeta, Ena, 
Faris, Gaston….Драга Мајо и Јелена, хвала вам што сте ме скућиле на неко време 
и још додатно Јелени јер је била део мог многобројног тима за пресељавање. 

Dear Reg, Anna, Tom, Lieve and Peter, thank you for accepting me in your family 
and for your great support. 

Драга професорка Каћа, без Ваше подршке се никад не бих винула у свет и за 
то Вам велико хвала! 

Без њих се не може и са њима досада једноставно не постоји, моја чачанска 
банда: Ива дива, Бобо, Пеђа и Спо а ту је и Милица Г. ех Б. а и Олга, мој 
Illustrator експерт који се потрудио да корице ове тезе немају мана! Да не 
заборавим и колегинице Јоцу, Мацу и Миличицу а уз Миличицу и Гагуленцета. 
Моја апсолутно фантастична Душкица и луцкаста Кумица. Драги другари, речи 
су сувишне, много вас волим!  

Тако мали а тако пуни позитивне енергије, непресушни извори. Мелем за 
сваку рану. Са њима је сваки смех до суза. Нааааајвећа подршка тетки у 
Холандији: Ацо и Вуле, Јеца и Мица, Срђо и Даре, Цокс, теткина велика Дуња и 
мали Милутин. Волим вас бескрајно! 

Немогуће је неуспети кад имаш толику фамилију да те подржава. Моја је 
најбоља и најача на свету! Грех би био не поменути моје тетке које су ме увек 
испраћале са сузама у очима а дочекивале са великим осмехом, стричеве, ујаке, 
ујне и тече који су ми пружали неизмерну подршку и који су увек поносни на 
мене, моју баку која више није са нама а била би врло поносна, браћу и сестре: 
Катарину и Светлану, Марка и Николу, Немању, Милоша, Марију, Ивану, 
Невенку и Данку као и зетове и снајке: Ранка, Бана, Ирену, Јелену, Марину, 
Исидору, Рељу и Дејана. Све вас много волим! 

Они су увек ту уз мене, чак и кад су хиљадама километара удаљени. Највећа 
подршка али и критика. Они су кривци што сам упорна, вредна, истрајна, а 
изгледа и помало успешна !. Драги моји мама и тата најбољи на свету целом, 
волим вас до неба и још даље!  
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Мој узор, моје друго ја, моја огромна подршка и помоћ, мој велики брат 
Павле. А уз супер-брата иде и супер-снаја Маја !! Не знам шта бих без вас двоје!  

 
There are seven billion people in the world, seven billion souls and sometimes all 

you need is one. I found my mine. He was there from the beginning of my PhD, first as 
a random guy from Belgium than as a friend and finally as a very special person, THE 
ONE. He gave me strength to continue; he tried to tame my Balkan temper (and he still 
tries); he pushed me a bit to cross the ocean and visit Mexico, Brazil and Colombia !; 
he helped me rediscover my passion for painting; he always does small things that 
make my day; he accepts me the way I am, sometimes extremely difficult, sometimes 
nice and easy. Dear Jan, thank you for everything I put on this page and for all those 
things I forgot to mention. Ready for new adventures! 
 


