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Abstract 

Malignant brain tumors including glioblastoma are incurable cancers. Over the last years a 

number of promising novel treatment approaches have been investigated including the 

application of inhibitors of receptor tyrosine kinases and downstream targets, immune-based 

therapies and anti-angiogenic agents. Unfortunately so far the major clinical trials in 

glioblastoma patients did not deliver clear clinical benefits. Systemic brain tumor therapy is 

seriously hampered by poor drug delivery to the brain. Although in glioblastoma, the blood 

brain barrier is disrupted in the tumor core, the major part of the tumor is largely protected by 

an intact blood brain barrier. Active cytotoxic compounds encapsulated into liposomes, 

micelles, and nanoparticles constitute novel treatment options because they can be designed 

to facilitate entry into the brain parenchyma. In the case of biological therapeutics, 

encapsulation of therapeutic cells and their implantation into the surgical cavity represents 

another promising approach. This technology provides long-term release of the active 

compound at the tumor site and reduces side effects associated with systemic delivery. The 

proof of principle of encapsulated cell factories has been successfully demonstrated in 

experimental animal models and should pave the way for clinical application. Here we review 

the challenges associated with the treatment of brain tumors and the different encapsulation 

options available for drugs and living cells, with an emphasis on alginate based cell 

encapsulation technology.  
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1. Introduction to brain tumors 

Malignant brain cancer is a devastating disease and associated with very poor prognosis1. 

With an incidence of about 10 in 100’000 people, brain cancer is considered a rare disease 

but the mortality is very high with half of the patients presenting an incurable tumor type1. 

Pediatric brain tumors are the second leading cause of cancer-related deaths in children under 

the age of twenty2. Tumors of the central nervous system (CNS) are classified based on the 

presumed tissue of origin, i.e. tumors of neuroepithelial origin, tumors of cranial and 

paraspinal nerves, tumors of the meninges, lymphomas, germ cell tumors, tumor of the sellar 

region and metastatic brain tumors3. The majority of malignant brain tumors in adults are of 

neuroepithelial origin and belong to the group of gliomas, based on their resemblance to glial 

support cells of the brain, astrocytes and oligodendrocytes. Glial tumors are further classified 

in grades (I to IV) according to their clinical manifestation and malignancy. Except for grade 

I pilocytic astrocytomas, all other glial tumors eventually develop into a fatal tumor albeit 

with different incubation times. All these tumors are thus considered malignant. Diffusely 

infiltrating gliomas (grade II) mostly affect young adults with a high degree of cellular 

differentiation and slow growth. Over time these tumors evolve to anaplastic astrocytomas or 

oligodendrogliomas (grade III) or to glioblastomas (GBM). Grade IV astrocytoma or GBM 

represents the most malignant type of brain tumor in adults and is also the most frequently 

occurring primary brain tumor. Despite an aggressive treatment regimen, the median time 

from diagnosis to death for GBM patients is only 14 months4. Histopathological features 

include nuclear atypia, high cellularity, cellular pleomorphism and high mitotic activity. 

Prominent microvascular proliferation and/ or necrosis represent essential diagnostic features. 

By magnetic resonance imaging (MRI), GBMs display areas of contrast enhancement 

indicating a disrupted blood brain barrier and neovascularization. Although most GBMs 

appear de novo as primary GBMs, some evolve from lower grade astrocytomas as secondary 

GBMs. Due to their strong infiltrative capacity they cannot be effectively removed by 

neurosurgical resection, and recurrence is inevitable. Invading cells can reside several 

centimeters outside the contrast enhancing rim and even reach the contralateral hemisphere.  

In recent years extensive molecular characterization of gliomas using next generation 

sequencing, gene expression, copy number alterations and DNA methylation analysis has 

allowed an improved subgrouping based on genetic features5–7. This has e.g. led to the 

identification of a novel mutation in a gene coding for isocitrate dehydrogenase (IDH) in a 

subgroup of GBM samples6. Later it was found that mutations in IDH1 or IDH2 appear early 

in the disease course and are characteristic of grade II and III gliomas and secondary GBMs. 
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More than 80% of these tumors carry the mutation, while less than 5% of primary GBMs do 

so8,9. Thus primary and secondary GBMs appear to be different biological entities, although 

histopathologically they are indistinguishable. In primary GBMs three important signaling 

pathways are consistently altered, these include receptor tyrosine kinase (RTK) signaling 

leading to increased cell proliferation, the p53 pathway involved in cell survival and 

metabolism, and the retinoblastoma (Rb) pathway regulating cell cycle activity 5. The 

majority of primary GBMs display an amplification of the epidermal growth factor receptor 

(EGFR) gene, and additionally often express a truncated version of the receptor (EGFR 

variant III) which is constitutively active and is associated with increased aggressiveness10. 

These studies also highlighted the remarkable degree of genetic heterogeneity between 

GBMs and the close correlation between molecular markers and patient outcome. 

In addition to primary brain tumors, metastatic brain tumors represent a major clinical 

challenge since they always constitute a fatal disease progression. Brain metastases are 2-3 

times more frequent than primary brain tumors and like these are notoriously difficult to treat 

because the systemically delivered drugs affecting the primary tumor often do not reach the 

metastatic sites in the brain. Particularly lung, breast, colorectal cancer and melanoma have a 

tendency to metastasize to the brain.  

 

2. Opportunities and challenges in brain tumor treatment 

At present the standard treatment of GBMs is multimodal and includes surgical resection 

followed by radiation therapy (RT) and temozolomide (TMZ) based chemotherapy4. Despite 

this intensive treatment regimen the five year survival rate of GBM patients is below 10%11. 

Many alternative therapies are actively being tested that go beyond unspecific cytotoxic 

agents and aim towards a more tumor specific approach. These include targeted molecular 

therapies with RTK inhibitors, immune-based therapies and anti-angiogenic treatments12,13. 

Unfortunately small molecule inhibitors targeting RTKs, including the EGFR 

inhibitors erlotinib, gefitinib and lapatinib, have shown limited efficacy in GBM patients, 

although pre-clinical studies often produced promising results. Promising downstream targets 

of RTK signaling involve mTor, protein kinase C, Akt and PI3 kinase13. Currently antibodies 

against EGFR and vaccine strategies including EGFR and EGFRvIII are being explored. 

Additional promising avenues involving the immune response are dendritic cell, T cell and 

natural killer cell based therapies14. A recent successful strategy in mice using intracerebral 

injection of EGFRvIII-specific chimeric antigen receptor transduced T cells holds promise 

for application in patients with EGFRvIII-expressing brain tumors15. 
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As aberrant angiogenesis represents a major pathological feature in GBMs, multiple 

therapeutic strategies have been developed to target this process. Hope was put into 

bevacizumab, a monoclonal antibody targeting vascular endothelial growth factor (VEGF), 

the major pro-angiogenic molecule produced by GBM. Although initial small scale clinical 

trials indicated a strong increase in progression free survival16–18, the clinical benefit from this 

remained unclear, since progression is based on imaging parameters directly affected by anti-

angiogenic agents which interfere with adequate quantification of tumor growth 19. Two 

recent phase 3 clinical trials comparing bevacizumab to standard of care treatment in newly 

diagnosed GBM (AVAglio and RTOG 0825) unfortunately did not report any positive effect 

on overall patient survival20,21. Although it remains to be seen whether a subpopulation of 

patients may benefit from bevacizumab treatment, it is unlikely that bevacizumab will play a 

major role in the management of GBM. Nevertheless combination therapies with anti-

angiogenic agents remain possible. In order to counteract the metabolic adaptation of tumor 

cells under hypoxia, the combined targeting of angiogenesis and metabolic pathways remains 

an interesting avenue that awaits further exploration7. 

 

3. Circumventing the blood brain barrier in brain tumor treatment 

In addition to the low efficacy of current drugs, drug delivery from the circulation to the brain 

is seriously hampered by the blood brain barrier (BBB). The BBB is composed of specialized 

brain endothelial cells, pericytes and astrocytic endfeet and strictly regulates the passage of 

large and small molecules between the blood and the brain parenchyma22. This structure is 

essential to protect the healthy brain from blood derived noxious factors, but strongly impairs 

drug delivery in the diseased brain. Several pre-clinical studies have convincingly shown that 

the inefficacy of many clinical trials for brain tumors may be partially explained by limited 

drug availability at the tumor site. E.g. systemic administration of monoclonal antibodies to 

EGFRvIII led to tumor shrinkage in subcutaneous melanomas but not in intracranial brain 

metastases23. Similarly the anti-EGFR antibody Cetuximab was ineffective in orthotopic 

human GBM xenografts when delivered systemically, but potently blocked tumor growth in 

the brain when applied via an osmotic minipump24. There is also convincing evidence that 

small molecule inhibitors like erlotinib do not efficiently reach the invasive tumor cells in the 

brain because of ABC efflux transporters expressed on endothelial cells25. Thus although 

blood vessels are leaky in the tumor core of high grade gliomas, as indicated by the leakage 

of MRI contrast agents, the main part of the tumor representing the diffusely infiltrating, so-

called ‘non-enhancing lesion’ is largely protected by a functional BBB. Furthermore the high 
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interstitial pressure in the tumor counteracts the diffusion of agents from blood to tumor, 

further limiting drug distribution. Therefore systemic delivery often requires high drug 

concentrations which can be associated with severe side effects. Alternative drug delivery 

routes are therefore actively investigated, and the development of loco-regional treatment 

options represent attractive opportunities in the treatment of brain tumors. 

During the past decade a number of promising systems have been developed to 

improve the delivery of chemotherapeutics to the brain. These include strategies such as 

embedding small molecule anti-tumor agents in liposomes, micelles, or different types of 

nanoparticles 26. Local delivery of the therapeutic agents close to the tumor is associated with 

high bioavailability of the drug and reduced loss of the therapeutic agents, however a 

remaining challenge in most cases is the limited diffusion of the drug within the brain27,28. 

Here we review several current encapsulation options for chemical and biological 

therapeutics for either systemic or local delivery and discuss them in view of their potential 

clinical application in the fight against brain tumors. In the growing realm of biological 

therapeutics, which often requires production from living cells, an emphasis is given on the 

potential of cell encapsulation using biodegradable polymers. 

 

4. Nanosize carriers for drug delivery 

Nanocarriers like nanosize liposomes, micelles and polymeric nanoparticles are promising 

systemic drug delivery vehicles (Fig.1). Although liposomes and micelles can reach 

micrometer sizes, for therapeutic drug encapsulation they are mostly used in the nanometer 

range29. By encapsulating drugs inside a nanocarrier, the solubility and stability of the drugs 

can be improved, providing an opportunity to reevaluate potential drugs previously 

abandoned because of poor pharmacokinetics30. The small size allows nanocarriers to 

overcome biological barriers and achieve cellular uptake. Moreover passive targeting 

(enhanced permeability and retention (EPR) effect) and active targeting (ligands, which bind 

to specific receptors on tumor cells) strategies of the nanocarrier can increase the efficacy of 

delivery of drugs to tumor site and reduce toxic side effects31. In addition to systemic 

delivery, nanocarriers can also be administered locally at the brain by injections or infusions 

with implantable minipumps (MiniMed®) by convection enhanced delivery (CED), trans-

nasal drug delivery, polymeric implants (Wafers- Gliadel®)28. Each of these local delivery 

routes has its own pros and cons which are discussed in detail elsewhere28.  
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Figure 1. Schematic illustration of (A) liposomes, (B) micelles, (C) nanoparticles: nanospheres left, 

nanoparticles right  

 

4.1 Liposomes 

Liposomes are artificially prepared vesicles made of lipid bilayers (Fig. 1A). By definition 

liposomes are spherical, self-closed structures, formed by one or several concentric lipid 

bilayers surrounding an aqueous phase32. The liposome bilayer is mainly composed of natural 

and synthetic phospholipids and cholesterol. By changing the phospholipid and cholesterol 

ratios in liposomes it is possible to regulate the release kinetics33. Liposomes can vary in size 

from the low nanometer range to tens of micrometers, and have several attractive properties 

for pharmacological applications. For example liposomes can entrap water-soluble 

hydrophilic agents in their internal water compartment and water-insoluble hydrophobic 

drugs in the membrane (Fig. 1A). This provides a unique opportunity to deliver different 

types of pharmaceuticals into cells or even inside individual cellular compartments.  

For optimal loading and delivery, the drug must be compatible with the liposome 

structure and should allow efficient loading into the liposomes. Pharmacokinetics and 

bioavailability of liposome-based drugs depend on size, charge, membrane lipid packing, and 

steric stabilization, as well as on the administered dose and route of administration33. A major 



16	  

	  

limitation in the efficacy of liposomes is their fast elimination by the cells of the mononuclear 

phagocyte system (also known as reticuloendothelial system). These cells, primarily 

monocytes and macrophages, have phagocytic capacities that can take up and degrade 

liposomes before they reach the tumor. To avoid this type of degradation liposomes are often 

coated with stabilized hydrophilic polymers such as polyethylene glycol (PEG). PEG coating 

(‘PEGylation’) causes sterical hindrance for uptake by mononuclear phagocytes and also 

avoids interaction with blood plasma components, reduces renal filtration, and improves 

solubility, thus improving the pharmacokinetic, pharmacodynamic, and the immunological 

profile of drugs in the liposomes34. Although PEGylation prolongs the circulation time, the 

PEG moiety does not actively target the liposome to the tumor. In order to further improve 

the specificity of liposomes and bioavailability of the enclosed drugs, PEGylated liposomal 

surfaces can be coupled with antibodies to facilitate tumor specific delivery of the 

liposomes35. Mamot et al. showed that liposomes coated with antibodies (immunoliposome) 

against EGFR enhanced the targeting of multiple anticancer drugs in tumor models in vivo36. 

The same group recently reported a phase 1 clinical trial (NCT01702129) to address the 

safety and pharmacokinetics of EGFR antibody coated liposomes loaded with doxorubicin 

against solid tumors37. Efforts are also being made to improve the passage of liposomes 

through the BBB by e. g. coating the tips of PEG with glutathione, an endogenous anti-

oxidant that is actively taken up by specialized transporters in brain endothelial cells38. A 

phase 1/2 clinical trial is currently ongoing to determine the effect of glutathione PEGylated 

liposomal doxorubicin (2B3-101) in brain tumor patients (NCT01386580, see also www. 

tobbb. com).  

 

Table 1 summarizes the recent clinical trials using liposomal drug delivery systems to treat 

different types of brain tumors as registered on www.clinicaltrials.gov41. These trials show 

the principle applicability of liposome based therapies for brain tumors. For example a 

randomized clinical phase4 study (NCT00029523) in patients with neoplastic meningitis 

investigated the effect of liposomes carrying cytarabine (DepoCyt) versus traditional 

methotrexate therapy39. While the extent of adverse side effects was comparable between the 

two groups, DepoCyt produced a response rate comparable to that of methotrexate but 

significantly increased the time to neurological progression (58 versus 30 days). A similar 

phase 1/2 study (NCT00944801) was carried out with pegylated liposomal
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Table 1 - List of clinical brain tumor trials with liposomal carriers registered on www.clinicaltrials. gov.  
 
Nos Liposome 

Drug Purpose P DR NPE AG NCT Number Status 

1 Cytarabine 

To demonstrate the safety of whole 
brain radio therapy (WBRT) 
administered at the same time as 
intrathecal liposomal cytarabine 
(depocyte®) versus intrathecal 
liposomal cytarabine (depocyte®) 
administered after WBRT for the 
treatment of solid tumor neoplastic 
meningitis in patients with or 
without brain metastasis.  

1 IT 18 A/S NCT00854867 
Completed, 
publication 

awaited 

2 Cytarabine 

To test the safety and tolerance of 
the combination therapy with 
cytarabine, lomustine and whole 
brain radiotherapy in patients with 
leptomeningeal metastasis from 
malignant melanoma.  

1 

Injected 
Near 

Spinal 
Cord 

9 A/S NCT01563614 
Active, 

not 
recruiting 

3 Cytarabine 

Aims to develop a new treatment 
for GBM by suppressing glial 
progenitor cells that surround the 
ventricular system in patients with 
these aggressive tumors because it 
is these regions that appear to act as 
an incubator for future recurrences 
resulting in patient death.  

1/2 IT 29 A/S NCT01044966 Recruiting 

4 Cytarabine 

To study how well giving high-
dose methotrexate together with 
liposomal Cytarabine works in 
treating patients with central 
nervous system (CNS) metastases 
from metastatic breast cancer.  

2 IV 22 A/S NCT00992602 Recruiting 

5 Cytarabine 
To find out how well an 
experimental drug called DepoCyt 
works for neoplastic meningitis 

4 IT 100 A/S NCT00029523 Completed 
39 

6 Doxorubicin 
hydrochloride 

To study the effectiveness of 
liposomal doxorubicin in treating 
children who have refractory solid 
tumors.  

1 IV  C/A NCT00019630 
Completed, 
publication 

awaited 

7 
Glutathione 
PEGylated 

doxorubicin 

The purpose of this study is to 
determine the safety, tolerability, 
and pharmacokinetics (PK) of 2B3-
101 both as single agent and in 
combination with trastuzumab. 
Furthermore, the study will explore 
the preliminary antitumor activity 
of 2B3-101 as single agent in 
patients with recurrent malignant 
glioma as well as in patients with 
various forms of breast cancer with 
and in combination with 
trastuzumab in HER2+ breast 
cancer patients with brain 
metastases.  

1/2 IV 55 A/S NCT01386580 Recruiting 

8 PEGylated 
doxorubicin 

To determine the dose limiting 
toxicity of PEG-Dox combined 
with prolonged administration of 
TMZ.  

1/2 O 63 A/S NCT00944801 Completed 
40 

9 Vincristine 
sulfate 

To determine the safety and 
efficacy of Marqibo as a treatment 
for children who have been 
diagnosed with certain types of 
malignant cancer that has not 
responded to standard treatment.  

1/2 IV 60 C/A NCT01222780 Recruiting 

Abbreviations used: P – Phase, DR – Delivery route, IV – intravenous, IT– intrathecal, O – Orally, NPE – 
Number of patients enrolled, AG – Age groups, A – Adult, C – Child, S – Senior 
 
doxorubicin combined with prolonged administration of temozolomide and radiotherapy. 

This study confirmed the safety and feasibility of the approach, without however indicating 

Swapnil
Typewritten Text
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improved treatment effects40. Several of these studies are still ongoing and results are not 

available yet. Up to now the overall conclusion is that administration of liposome 

encapsulated drugs is tolerable and feasible for the treatment of brain tumors.  

Nevertheless a number of biological and technical challenges remain to be 

overcome before the technology can be considered for wide-spread clinical application. 

Technical issues that need to be solved include a limited loading capacity, the low carrier 

stability, and the high costs of preparation42. In addition the delivery through the BBB 

needs to be improved. Approaches to do so include chemical modifications of the 

liposomal surface by incorporation of positively charged lipids, by conjugating surfaces 

with stimuli-sensitive polymers, by the attachment of cell-penetrating peptides, or the 

incorporation of viral components or incorporation of tumor specific antibody43. Another 

major challenge is to find adequate strategies to directly target tumor cells such as tumor 

specific antibodies. Like most solid tumors, brain tumors do not express unique antigens 

but share them with normal tissue. A potential candidate for tumor targeting is EGFR and 

its most common variant EGFRvIII which is characterized by deletion of 267 amino acids 

in the extracellular ligand binding domain. EGFR is overexpressed in more than40% of 

GBMs the majority of those also express EGFRvIII which is specific for tumor cells, 

making it an ideal candidate for targeted therapy44. Monoclonal antibodies like cetuximab, 

mAB 528, mAB 806, Y10, L8A4 targeting EGFR and/or EGFRvIII are currently used in 

clinical and pre-clinical studies44. Another caveat is that most antigens are not 

homogeneously expressed throughout the tumor and their expression may change over 

time. Some antigens may be shed or secreted, leading to potentially high levels of soluble 

antigen that could make the specific targeting less efficacious45. Nevertheless tumor cells 

may express these molecules at higher levels, which may be sufficient for preferential 

targeting thus increasing the therapeutic window 45. The major biological challenge is to 

identify efficient targets on brain tumors, an issue which basically applies to all of the 

approaches involving drug carrier systems discussed below.  

 

4.2 Micelles 

Micelles are formed when amphiphiles are placed in water. Amphiphiles are compounds 

possessing both hydrophilic and lipophilic properties. Upon contact, the nonpolar water 

environment forces the amphiphiles to form micelles by pushing the nonpolar portions into 

the interior and the polar portions onto the exterior surface46. The hydrophobic core of 

micelles serves as a depot for poorly water-soluble drugs, whereas the outer hydrophilic 
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shell can protect encapsulated drugs and prolong their blood circulation time 46 (Fig. 1B). 

The use of synthetic and biodegradable polymer-based micelles as drug carrier has gained 

much attention by the scientific community because of their solubilization, selective 

targeting, high degree of compatibility with the host, their favorable degradability, and the 

multiplicity of functional groups they display for the conjugation of drug molecules, P-

glycoprotein inhibition and altered drug internalization routes and subcellular localization 

properties47,48. Polymeric micelles are based on block-copolymers (comprising two or more 

homopolymer subunits linked by covalent bonds) with hydrophilic and hydrophobic units 

that self-assemble in an aqueous environment into micellar structures49. Polymer selection 

for micelles is based on the characteristics of both the hydrophilic and the hydrophobic 

block copolymer49. PEG is the most commonly used hydrophilic polymer. The hydrophobic 

component of a block copolymer should possess a high drug loading capacity and optimal 

compatibility of the hydrophobic core with the incorporated drug. Most commonly used 

polymers for hydrophobic core formation component are polyesters, polyethers, and 

polyamino acids49. Frequently used hydrophobic core-forming molecules are 

poly(propylene oxide) (PPO), poly(D,L-lactic acid) (PDLLA), poly(ε-caprolactone) (PCL), 

poly(L-aspartate) and poloxamers49. The hydrophobic component of micelles provide a 

natural carrier environment that allows for encapsulation of poorly soluble anticancer drugs 

such as lomustine, carmustine, temozolomide and 5- fluorouracil used against brain 

tumors50. Micelles can target tumors areas by two main pathways either via the enhanced 

permeability and retention (EPR) effect where micelles diffuse passively through disrupted 

BBB to reach glioma cells or via interaction with endothelial cells and transcytosis to the 

tumor parenchyma51. Drug release from micelles at the targeted area can be enhanced by 

applying an internal or external trigger. Several methods for triggered release have been 

described, including pH- and thermo-sensitivity, ligand-mediated monoclonal antibodies 

(mAbs) or their Fab fragments, oligosaccharides or peptides coupled to the hydrophilic end 

of the micelle 47,52. Micelles which are conjugated with specific ligands like folic acid, 

transferrin, cRGD (cyclic Arg-Gly-Asp) peptide, NGR (Asn-Gly-Arg) peptide, α 2 

glycoprotein can bind to the corresponding receptors that are over expressed on the tumor 

cell surface 51,53. As a result micelles can be internalized by receptor mediated endocytosis 

and thus increasing intracellular drug concentration. 

Some micelle based drug delivery systems have entered the stage of clinical testing. 

Although no such studies have been performed in brain tumors yet, the results obtained 

with other cancers are encouraging and to our opinion merit consideration for application in 
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the treatment of brain tumors. Table 2 summarizes recent clinical trials41 with micellar 

drugs in various cancers including breast, pancreatic, lung, urethral, bladder and ovarian 

cancer. Most studies address the efficacy of paclitaxel-encapsulated micelles (Genexol-PM) 

compared to regular paclitaxel (Genexol) and demonstrate the safety and feasibility of the 

micellar drug. In some cases a more efficacious response was observed compared to 

traditional therapies54,55, while other studies are not conclusive yet.  

The main disadvantages with most micelle carriers are the limited stability, difficult 

polymer synthesis and immature drug incorporation technology, limitation to hydrophobic 

drugs, slow extravasation, and possible chronic liver toxicity due to slow metabolic 

processing56. 

 
Table 2 - List of clinical trials with micellar carriers for various cancer, registered on www.clinicaltrials.gov.  
 
Nos Micelle Drug Cancer Type Purpose P DR NPE NCT Number Status 

1 

Drug: Paclitaxel 
loaded Polymeric 
micelle (Genexol-
PM).  

Breast Cancer- 
Recurrent 

To evaluate the response 
rate in patients with taxane-
pretreated recurrent breast 
cancer receiving paclitaxel 
loaded polymeric micelle 
(Genexol-PM).  

4 IV 90 NCT00912639 
Enrolling 

by 
invitation. 

2 Drug: NK105; 
Drug: Paclitaxel 

Breast Cancer -
Metastatic or 
Recurrent 

To verify the non-inferiority 
of NK105, a paclitaxel-
incorporating micellar 
nanoparticle, to paclitaxel in 
terms of the progression-free 
survival in patients with 
metastatic or recurrent 
breast cancer.  

3 IV 380 NCT01644890 Recruiting. 

3 Drug: Genexol 
PM 

Bladder Cancer, 
Ureter Cancer 

To explore the efficacy and 
safety of Genexol-PM in 
advanced urothelial patients, 
who previously treated with 
gemcitabine plus platinum 
as adjuvant chemotherapy or 
1st line therapy for 
metastatic diseases.  

2 IV 37 NCT01426126 Completed 
54. 

4 Drug: Genexol-
PM/Gemcitabine 

Non Small Cell 
Lung Cancer 

A Phase 2 Trial of Genexol-
PM and Gemcitabine in 
Patients With Advanced 
Non-small-cell Lung 
Cancer. 

2 NA 45 NCT01770795 
Completed, 
publication 

awaited. 

5 
Drug: paclitaxel-
loaded polymeric 
micelle 

Pancreatic 
Cancer 

To study how well 
paclitaxel works in treating 
patients with unresectable 
locally advanced or 
metastatic pancreatic cancer.  

2 IV 43 NCT00111904 Completed 
55. 

Abbreviations used: P - Phase, DR- Delivery route, IV- intravenous, NA- not available, NPE- Number of 

patients enrolled. 

 

4.3 Polymeric nanoparticles  

Polymeric nanoparticles are very small carrier systems ranging from 10 to 1,000 nm in 

diameter. They are made of different types of natural or synthetic polymers, which are 
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generally biodegradable. Examples of natural polymers used for making nanoparticles 

include cellulose, gelatin, pullan, alginate, gliadin, and chitosan57. Synthetic biodegradable 

polymers are polylactide (PLA), poly-(lactide-co-glycolide) (PLGA), polyanhydrides, poly-

ε-caprolactone, and polyphosphazene57. Synthetic polymers are preferred by some because 

of the predictable chemical and physical properties, such as solubility, permeability, and 

rate of degradation. Drugs can be adsorbed, dissolved, entrapped, encapsulated or 

covalently linked to the nanoparticles58. Nanoparticles can be generally classified into two 

different types: nanospheres and nanocapsules (Fig 1C). In nanospheres, drugs are either 

adsorbed or entrapped within the polymeric matrix, whereas in nanocapsules, drugs are 

confined to the inner liquid core while the polymeric membrane covers the external surface 

of the particle58. Because of the various capsule design properties, polymeric nanoparticles 

become more popular in drug delivery. Drugs that have successfully been transported into 

the brain of animals by means of nanoparticles include the hexapeptidedalargin, the 

dipeptide kytorphinloperamide, tubocurarine, the N-methyl-D-aspartate (NMDA) receptor 

antagonist MRZ 2/576, and doxorubicin59. Recently magnetic nanoparticles (MNPs) have 

been proposed for application in brain tumor imaging and therapy60.  

Although systemically administered nanoparticles are chemically more stable than 

liposomes and micelles, nevertheless many nanoparticles are lost due to phagocytic activity 

of the mononuclear phagocyte system 58. The other drawbacks of nanoparticles for drug 

delivery are the complexity of the preparation and encapsulation procedures, high 

manufacturing cost, and the risk that immune response and allergic reactions may be 

triggered61,62. The future of nanomedicine will depend on the rational design of 

biocompatible polymeric material and a better understanding of biological processes and 

associated risks.  

 

5. Cell carriers for biologics 

5.1 Concept of cell encapsulation 

Encapsulation of cells producing therapeutic molecules (peptides or proteins) offers a local 

and continuous drug delivery system and is a promising strategy for therapeutic 

applications in the brain63–65. Cell encapsulation involves the entrapment of living cells 

such as fibroblasts, myoblasts, embryonic or mesenchymal or neural stem cells66 

engineered to produce a therapeutic molecule within a semipermeable membrane. This 

semipermeable membrane allows bidirectional diffusion of molecules, such as influx of 

nutrients, oxygen, and outflux of therapeutic molecules and metabolic waste products, 
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while at the same time the membrane protects the foreign cells from the host immune 

system (Fig. 2A). Cell encapsulation also holds the advantage of delivery of the therapeutic 

agents for prolonged periods of time without the necessity to repeat the treatment. This 

approach may be particularly applicable for aggressive gliomas. It is estimated that 80–90% 

of these tumors recur within 2 cm of the original resection site67. By implanting 

encapsulated recombinant cells producing the therapeutic agent in the immediate vicinity of 

tumor, recurrence of gliomas may be delayed. Cell encapsulation is likely to raise increased 

interest in the current era of biological therapeutics that cannot be produced through 

chemical processes, but require living organisms to obtain an active compound.  

 

 
Figure 2. Schematic illustration of (A) encapsulation of living cells. In cell encapsulation technology, 

nutrients, oxygen, metabolic waste, and therapeutic molecules diffuse across the polymeric semi-permeable 

membrane. The semi-permeable membrane also protects encapsulated cells from the host immune system. 

(B)The structure of monomeric subunits in alginate. Alginate molecules are linear block copolymers of beta-

D-mannuronic (M) and alpha-L-guluronic acids (G). (C) These monomers are linked by 1-4 linkage in a 

pattern of blocks like GG block, MM block and MG block.  

 

5.2 Polymers applied for cell encapsulation 

An important consideration is which materials qualify for implantation in the brain. The 

material should not be associated with neurotoxicity and should be compatible with the 
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survival of the encapsulated cells, both during the encapsulation process and during long 

term maintenance of the capsules. Similarly, the capsules should not evoke an 

inflammatory response at the implantation site that could harm either the encapsulated cells 

and/or the host organ. To avoid interference with the survival of the therapeutic cells, harsh 

chemicals or high temperatures have to be avoided during synthesis or cross-linking68. As a 

consequence many encapsulation procedures disqualify since only those that allow for 

encapsulation under mild, physiological conditions are suitable for cell encapsulation. The 

majority of such procedures are those that form hydrogels. These procedures usually 

require polymers from natural sources but also some synthetic sources have been proposed. 

The most commonly applied polymers are alginate, hyaluronic acid, chitosan, agarose, 

cellulose sulfate, polyethylene glycol, polymethacrylate69,70. All the polymers applied for 

encapsulation are discussed in detail in another paper in this issue 71. 

Although the choice of polymer best suited for clinical application in the brain has 

not been settled yet, alginate is so far the most intensively studied polymer for biomedical 

applications. The reason is that alginate is well-characterized, non toxic, and also highly 

compatible with the microenvironment in the brain72,73. Also alginate capsules have been 

reported to survive for many months in animal models in the absence of adverse effects in 

the host74–77. This is a major advantage as it allows long term treatment and eliminates the 

need to remove the capsules from the implantation site after the graft ceased to function. 

Chemically, alginate is an unbranched binary copolymer of (1-4) linked β-D-mannuronic 

acid (M) and α-L-guluronic acid (G) residues (Fig. 2B-C). Based on the composition of 

monomers, alginates are classified as high G alginate, intermediate G alginate and low G 

alginate.  

 An important parameter to consider is the inflammatory response of the brain to 

implanted biomaterials78. Incomplete knowledge is available about such responses79. 

Previous studies from our group showed that astrocytes play an important role in responses 

and may surround/envelop capsules leading to insufficient supply of nutrients and induction 

of necrosis in the encapsulated cells80. These responses can be delayed and even prevented 

by applying highly purified alginates81 and capsules with a sufficient rigidity73,82. Rigidity 

requires some special consideration, as capsules in the brain are exposed during and after 

implantation to high shear forces. To withstand these forces it is preferable to apply 

alginates that form solid, rigid gels83. The strength of the alginate is strongly correlated 

with the polymer composition. G residues have higher affinity for crosslinking cations than 
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M residues, therefore high G alginate forms rigid gels which can better withstand the shear 

forces in the brain73. 

 

5.3 Therapeutic modalities amenable to cell encapsulation 

Cell encapsulation is applicable to delivery of cell-secreted products. In the era of targeted 

treatment options, more and more therapeutics of biological origin are under investigation. 

These include proteins, peptides, antibodies, nucleic acids and viral vectors 84. Here we 

provide examples of therapeutic modalities of particular interest for brain tumors that could 

be delivered by cell encapsulation technology. Some of them have been tested in clinical 

trials or in pre-clinical animal models (Table 3).  

i. Proteins 

Antibodies. Blocking antibodies or antibody fragments against growth factor receptors 

and/or their ligands. Examples of antibody-based drugs are Cetuximab, an anti-EGFR 

antibody and Bevacizumab, an antibody against vascular endothelial growth factor 

(VEGF). Both drugs are already in clinical use for glioma treatment85–87. Their efficacy 

might be substantially enhanced by local delivery.  

Soluble receptors interfering with growth factor receptor signaling. VEGF Trap 

(Aflibercept) composed of the extracellular parts of VEGF-R1 and VEGF-R2, is an anti-

vascular agent acting as a trap for its ligand VEGF88. The soluble form of the stem cell 

regulator LRIG1 inhibits glioma growth by interfering with receptor tyrosine kinase 

signaling 65.  

ii. Peptides 

Anti-angiogenic peptides. These include endogenous inhibitors of angiogenesis known to 

be present in the brain (angiostatin, endostatin, PEX, pigment epithelial-derived factor, and 

thrombospondin ((TSP)-1 and 2). An inhibitory peptide against integrins (Cilengitide) has 

also anti-angiogenic activity and is in clinical studies for GBM.  

Apoptosis inducing peptides. The peptide TRAIL (TNF-α related apoptosis inducing 

ligand) induces ligand-mediated apoptosis and has shown promising results in animal 

models89.  

Endogenous differentiation agents. Examples are neurotrophic factors (e. g. nerve growth 

factor (NGF), ciliary neurotrophic factor (CNTF), brain derived neurotrophic factor 

(BDNF) or neurotrophin-3 (NT3). Such agents may potentially block mitogenic signals in 

cancer cells through induction of a cellular differentiation process.  
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Immune-modulatory peptides. Release of immune-stimulatory cytokines to circumvent the 

immuno-suppressive effect of the tumor.  

iii. Viral vectors 

Viruses produced from encapsulated packaging cell lines can deliver suicide genes to the 

tumor cells such as pro-drug converting enzymes (e. g. HSV-thymidine kinase gene). 

Oncology virus can be released from producer cells. 

iv. Nucleic acids 

RNA. Several novel drug modalities are based on small non coding RNAs (short hairpin 

RNAs, micro RNAs) which may affect specific gene transcription or regulate whole 

signaling networks. In the future it may become possible to design RNA molecules 

including long non coding RNAs (lncRNAs) to be released from the cell which may offer 

hitherto unforeseen opportunities for therapeutic application.  

All of these biological drugs can be applied alone or in combination with 

systemically administered drugs, cell-based immunotherapy or other treatment modalities. 

Microencapsulation also provides the possibility of encapsulating different producer cell 

lines within one capsule or cells engineered to overproduce different biological drugs at the 

same time.  

 

5.4  Proof-of-concept of cell encapsulation therapy for malignant brain tumors 

The concept of cell encapsulation for the treatment of brain tumors has already been 

proposed many years ago27,90,91. The approach seems straightforward: at the time of surgery 

after debulking the tumor mass, the encapsulated cells producing the therapeutic agents 

could be implanted in the immediate vicinity of the excised tumor (Fig 3). These implanted 

encapsulated cells receive nutrients and oxygen supply from the interstitial fluid and are 

protected from host immunity by the semipermeable membrane. These implanted 

encapsulated cells can than function for a prolonged period of time producing anti-tumor 

agent, inhibiting malignant cells that cannot be excised by surgery. This strategy holds a 

number of important advances over conventional chemotherapy and encapsulation of 

chemicals. The release of the therapeutic agent is limited to the tumor area without 

undesired side effects in surrounding healthy brain and other organs. 
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Table 3- Pre-clinical and clinical studies on cancer using cell encapsulation technology 

Cancer type Cell line and agent Modality Comment 

Glioblastoma 

Intracerebral implantation of encapsulated human 
fetal kidney 293-EBNA (Epstein–Barr virus nuclear 
antigen) cells overexpressing in rats. 

Endostatin-endogenous 
inhibitor of angiogenesis Prolong survival 63. 

Baby hamster kidney (BHK) overexpressing human 
endostatin (hES) implanted in mouse xenograft 
model 

Endostatin-endogenous 
inhibitor of angiogenesis Reduced tumor growth92. 

subcutaneous and intracerebral implantation of 
encapsulated human fetal kidney 293 cells (293-
EBNA) over expressing in mice. 

Endostatin-endogenous 
inhibitor of angiogenesis 

Reduced tumor growth and 
invasion93. 

Intracranial implantation of mouse neural stem cells 
expressing s-TRAIL (secretable tumor necrosis 
factor apoptosis inducing ligand in xenograft GBM 
mice model. 

Peptide-sTRAIL-Targeted 
apoptosis-induction 

Reduced tumor growth and 
prolong survival 89. 

Intraventricular implantation of BHK cells 
overexpressing Lrig1 (leucine-rich repeats and 
immunoglobulin-like domains 1) in 
glioblastomaxenograft mice model. 

Peptide- sLRIG1- blocking 
antibody (EGFR) 

Reduced tumor growth and 
prolong survival 65. 

Psi2-VIK cells encapsulated in 
microporouspolyethersulphone(PES) and implanted 
in stratium of C6 glioblastoma bearing rats. 

Retrovirus - Herpes Simplex 
Virus-1 Thymidine Kinase 
(HSV-TK) 

Increases tumor necrosis 95. 

Leukemia 
Anti-p15E antibody-producing hybridoma cells 
were encapsulated in alginate and injected 
intraperitoneally in tumor-bearing mice. 

Protein- Anti-p15E- 
Immuno-stimulatory 
proteins 

Showed inhibition of tumor 
cell growth, significant 
longer survival111. 

Colon 
Cancer 

Inducible nitric oxide synthase (iNOS) expressing 
cells, in a xenograft nude mouse model. 

Protein- iNOS- immuno-
stimulatory protein Prolong survival 112. 

Mouse fibroblasts NIH3T3 expressing murine 
interleukine-12. 

Protein- interleukine-12-
immuno-stimulatory protein 

Induce potent anti-tumor 
immune response and 
constitute an efficacious 
therapy113. 

Ovarian 
cancer 

Inducible nitric oxide synthase (iNOS) expressing 
cells, in a xenograft nude mouse model. 

iNOS- Immuno-stimulatory 
protein Curative treatment112. 

Pancreatic 
Cancer 

Genetically modified allogeneic cells, which 
expressed a cytochrome P450 enzyme. 

Immune-modulatory peptide 
-Cytochrome P450 

Tumor suppression: Clinical 
trials in patients with 
inoperable pancreatic 
carcinoma 114. 

 

Several pre-clinical studies have shown the feasibility and efficacy of cell 

encapsulation technology in brain tumor models. In 2000 Read et al. showed that the anti-

angiogenic peptide endostatin secreted from alginate capsules led to a considerable survival 

benefit in the immunecompetent BT4C rat brain tumor model63. Endostatin was readily 

detected in the cerebrospinal fluid indicating that therapeutic substances can distribute 

throughout the brain from the intraparenchymal transplants. Importantly no major immune 

reaction against the alginate beads was observed and no antibodies against human 

endostatin were detected in the serum. Similar results were published in a subcutaneous 

mouse model using endostatin expressing BHK cells encapsulated in alginate 92. Local 

delivery of endostatin produced from alginate encapsulated 293 EBNA cells was also found 

to reduce glioma induced angiogenesis with regard to vascular density, morphology, and 

functionality93. Unfortunately clinical trials using systemic delivery of endostatin have been 

disappointing94, which may be partially due to the short half-life of the peptide and its poor 

distribution. The pre-clinical data suggests that the release from encapsulated cells may be 

more effective than other methods of administration.  
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Figure 3. Proposed treatment for brain tumors by cell encapsulation technology. At the time of surgery, when 

the tumor is excised, the surgeon can implant in the immediate vicinity of the excised tumor one or more 

capsules containing cells that produce the therapeutic agents. Since the release of the therapeutic agent is local 

undesired side effects from systemic administration are prevented. Importantly, the drugs are produced over 

prolonged periods of time and can target the remnant of malignant cells not eliminated by surgery.  

 

Targeted induction of apoptosis from encapsulated cell factories is an elegant 

approach to target brain tumors73. A promising study in mice has shown that intracranial 

implantation of therapeutic stem cells overexpressing secretable TRAIL, encapsulated in 

biodegradable synthetic extracellular matrix, delayed tumor regrowth and significantly 

increased survival of mice bearing established GBMs89. Synthetic polymers 

(polyethersulphone membrane) have also been used to encapsulate retrovirus packaging 

cell lines implanted in a syngeneic rat GBM model95. Retroviral-mediated gene transfer of 

the suicide gene thymidine kinase led to a substantial increase in tumor necrosis although 

only a limited number of glioma cells were transduced (3-5%). Nevertheless transduction 

efficacy was increased compared to direct injection of viral particles, which can probably 

be explained by the continuous delivery of the vectors.  

Our group recently demonstrated the power of alginate cell encapsulation therapy in 

human GBM derived xenograft models in mice. Cells were engineered to overexpress the 

extracellular part of LRIG1 (leucine-rich repeats and immunoglobulin-like domains 1 

protein) a tumor suppressor protein known to regulate EGFR signaling96. Implantation of 
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alginate capsules into the mouse brain led to potent inhibition of glioma growth and 

increased survival of glioma-bearing mice, even when the implants were engrafted after 

tumor establishment65. Similar experiments have also been successfully performed for other 

brain disorders77,97 and importantly proof-of-concept studies in mini-pigs have been 

reported by two independent groups64,98. HEK cells encapsulated in alginate could be 

successfully recovered with minor host response up to 5 months after implantation in 

minipig brains. Beads, which were located close to the meninges at the brain surface, were 

overgrown by fibroblast-like cells, but not or those in the brain parenchyma64. Fjord-Larsen 

et al succeeded in encapsulating anerve growth factor (NGF) secreting cell line in polyether 

sulphone-based macrocapsules (clinical device named NsG0202) and retrieving NsG0202 

after 12 months from basal forebrain of mini-pigs98. The study showed the device was 

implanted and retrieved without complications and was well tolerated, also the device 

contained high and healthy number of viable NGC-0295 cells. This has led to a recent 

phase 1 clinical trial in Alzheimer patients using NGF secreting cells99. 

 

5.5  Challenges of cell encapsulation 

A major challenge in cell encapsulation is obviously the selection and availability of the 

appropriate therapeutic agents. In addition to be highly effective against the tumor cells, the 

therapeutic agent should not be too large in order not to exceed the molecular cut-off of the 

applied semipermeable membrane. Although the cut-off size of the membrane can be 

adapted, it should provide protection against immunoglobulin’s and thus the therapeutic 

agent should not exceed the molecular weight of the smallest immunoglobulin’s 

(150kDa)100. Efforts should be made to identify and apply the smallest moiety of the 

protein with active therapeutic activity. The smaller the molecule the better will also be the 

diffusion in the brain parenchyma.  

Other challenges include capsule size, stability and long term survival of the 

encapsulated cells. Many of these parameters are linked, e. g. the capsule stability increases 

with capsule size but decreases with cell load. Fig.4 shows the cell loading density of 

capsules in relation to the diameter of the capsules. Using 50 million cells per ml in the 

starting solution, will deliver 205 cells in 200 µm capsules, and 3260 cells in 500 µm 

capsules. Capsules larger than 800 µm in diameter are associated with reduced diffusion of 

nutrients and oxygen inside the capsule core, which leads to starvation and necrosis of 

encapsulated cells101. Small capsules (200-400 µm) are ideal for rodent models, but may 

not be optimal for the human brain where large-sized retrievable macro capsules may be 

Swapnil
Highlight
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preferred for safety reasons. Alternatives may be the production of elongated capsules with 

a small diameter, thus still providing optimal perfusion. Most clinical trials implanting 

capsules into the human brain have used elongated capsules produced from synthetic 

polymers97,99. In any case the determination of the optimal capsule size and cell load is a 

prerequisite for long term application.  

 
Figure4. Relationship showing the number of cells per capsule as a function of capsule size. As the capsule 

size increases there is an exponential increase in cell number encapsulated per capsule. For example starting 

with a solution of 10 million cells per ml of polymer matrix, a capsule of 200µm carries41 cells, while a 

capsule of400µm carries331 cells (which is eight times more than the capsule size of 200µm).  

 

Although high cell numbers may be encapsulated without interfering with the 

mechanical stability of the capsules, this is often associated with protrusion of cells. This 

however represents a major safety concern for clinical application. Cancer patients are 

often immunocompromised102 and may have reduced responses against cells leaking out of 

the capsules, which harbors the risk of development of neoplasms. Preventing cell leakage 

is even more important in the brain, which is an immune privileged site. Protrusion of cells 

from alginate capsules is difficult to prevent with the current encapsulation approaches103. 

In order to reduce outgrowth of cells from capsules and to increase mechanical stability, 

alginate capsules are often coated with polycations such as poly-L-Lysine104, poly-L-
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ornithine105, poly-methylene-co-guanidine106 or poly-ethyleneimine107. Also recently 

photosensitive coating with poly-allylamine alpha-cyanocinnamylideneacetate108, short-

chain alginate-co-MPEG (methoxy polyethylene glycol)109 and N-5-azido-2-

nitrobenzoyloxysuccinimide (ANB-NOS)110 have been used to increase the capsule 

stability and prevent escape of encapsulated cells. Optimal safety and quality controls will 

be mandatory in order to fulfill the regulatory issues related to the implantation of foreign 

genetically modified cells into the human body.  
 

6. Concluding remarks 

Although several potentially efficacious drugs are available for treating brain tumors, most 

of them lack efficacy because of poor delivery through the BBB. Liposomes, micelles, and 

polymeric nanoparticles provide novel ways to deliver drugs either systemically or locally 

through direct infusion. A limitation of most of these encapsulation approaches is their low 

efficacy in encapsulation, the systemic toxicity of the drugs, and the high cost of the 

encapsulation production process. For the in situ delivery of biological molecules, cell 

encapsulation provides a promising alternative, with the advantage of BBB circumvention, 

long term release of the active therapeutic molecule and reduced side effects. Also, cell 

encapsulation allows for tailor made therapies where patient specific and combinatorial 

components can be applied depending on the genetic makeup of the malignancy. Several 

encapsulation matrices may be considered, and recent data from pre-clinical and clinical 

work indicate that this approach merits consideration for future brain tumor treatment. 
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Scope of thesis 
 

As outlined in the introduction successful treatment of brain tumors is one of the most 

challenging tasks in oncology. Despite of advanced treatment options of debulking tumor 

mass by surgery radiation and chemotherapy, tumor reoccurrence is inevitable, with overall 

survival rates of less than 15 months. The presence of the blood brain barrier (BBB) 

complicates the treatment. Many strategies have been proposed to overcome poor drug 

transport across the BBB. Advances in drug encapsulation using nanocarriers like 

liposomes, micelle and nanoparticles have created exciting opportunities to improve the 

efficiency of systemic drug delivery to the brain. However these strategies are suffering 

from major drawbacks such as low encapsulation efficacy, limited stability, difficult 

synthesis of polymer and high cost of preparation.  

Circumventing the blood brain barrier by local delivery is a promising way to treat 

brain tumor. Bringing the therapeutic vehicle closer to the tumors may solve all the issues. 

Cell therapy in which cytotoxic proteins such as endostatin, sTRAIL (secretable tumor 

necrosis factor apoptosis inducing ligand), sLrig1 (soluble leucine-rich repeats and 

immunoglobulin-like domains 1) is released may be a suitable treatment option. 

Enveloping these recombinant cells secreting cytotoxic proteins in biocompatible matrices 

such as alginate and implantation these capsules in tumor resection site might be a feasible 

option to treat brain tumors. Cell-encapsulation for treatment of brain tumors has been 

shown to be efficacious in preclinical models but mechanical stability of capsules, lab-to-

lab variations in coating and more importantly protrusion of cells are obstacles hampering 

its clinical application. These crucial issues have been addressed step by step in this thesis 

with the aim to successful translation of this approach into clinical application by 

developing a novel encapsulation system. 

 

More specifically, the aims of this thesis are: 

 

1. The alginate capsules should be sufficiently strong to bear the compression forces at the 

implantation site. Mechanical stability of alginate microcapsules is an essential factor in 

the success or failure of encapsulated cells. However mechanical stability has received 

minor attention by the community. For this purpose, we systematically documented the 
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effect of essential parameters influencing mechanical stability of alginate microcapsules 

(Chapter 2). 

 

2. Reducing lab-to-lab variations. One of the main reasons for lab-to-lab variations is 

variation in polyamino acid coating. Even a minor variation in coating can cause a 

dramatic effect on efficacy of encapsulated cells (Chapter3). 

 

3. Overcoming cell-protrusion. We focused on developing a highly stable, biocompatible, 

novel multilayer encapsulation system, which overcomes protrusion of cells (Chapter 4).  

 

4. Next we focused on validating both the in vitro and in vivo efficacy of novel 

encapsulation system with high proliferating cell line and at high cell load to treat 

angiogenesis in preclinical brain tumor mice models (Chapter 5).  

 

Eventually, chapter 6 contains the general discussion and perspective for future directions. 
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Abstract 

Transplantation of microencapsulated cells has been proposed as a cure for many types of 

endocrine disorders. Alginate-based microcapsules have been used in many of the 

feasibility studied addressing cure of the endocrine disorders, and different cancer types. 

Despite years of intensive research it is still not completely understood which factors have 

to be controlled and documented for achieving adequate mechanical stability. Here we 

studied the strength and elasticity of microcapsules of different composition with and 

without cell load.  We compared strength (force) versus elasticity (time) required to 

compress individual microcapsule to 60% deformation. It is demonstrated that the alginate 

viscosity, the size of the beads, the alginate type, the gelling time, the storage solution and 

the cell load are dominant factors in determining the final strength of alginate-based 

microcapsules while the type of gelling ion, the polyamino acid incubation time, the type of 

polyamino acid and the culturing time determines the elasticity of the alginate-based 

microcapsules.  

Our data underpin the essence of documenting the above mentioned factors in studies on 

encapsulated cells as mechanical stability is an essential factor in the success and failure of 

encapsulated grafts. 
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1. Introduction 

Microencapsulation of cells is a commonly applied procedure to protect cells from the host 

immune system in the absence of immunosuppression. The technology of 

microencapsulation is proposed as therapeutic option for diseases where a minute-to-

minute regulation of metabolic processes is required and where pharmaceutical intervention 

is not precise enough1. Alginate is the most commonly applied molecule for the core of the 

microcapsules. Alginate is a linear binary polysaccharide with blocks of (1-4)-linked β-D-

mannuronic (M) and α-G-guluronic (G) residues of widely varying composition and 

sequence2. Based on the G-content alginates are classified as high-G alginate, intermediate-

G alginate, and low-G alginate. Usually the cells are entrapped in a gel of alginate that is 

crosslinked with divalent cations such as Ca2+, Ba2+, and Sr2+, with uronic acid residues in 

alginate3. After crosslinking with cations the matrix is referred to as bead. When the surface 

is crosslinked with a polyamino acid the system is usually named a capsule4–6. 

The mechanical stability of the microcapsules is an essential factor in the success 

and failure of encapsulated cells. This already starts before implantation. Beads or capsules 

should be strong enough to withstand the shear forces associated with the implantation 

procedure7. Also they should be able to withstand the forces and changes in the 

microenvironment when brought into transport fluid. In this fluid but also after 

implantation beads are exposed to all types of substances such as phosphate, sodium and 

potassium ions that might destabilize the capsules8,9. Also, the capsules may undergo 

serious damage by shear forces they are exposed  at the transplantation site7. In spite of this 

knowledge quantification and documentation of the mechanical stability of capsules has 

gained not more than minor attention in publications in the field10,11.  

The mechanical stability of capsules is determined by the alginate type, the alginate 

concentration, and the type of applied gelling cation3. For example, alginate with a high 

guluronic acid content has a higher affinity for cations than alginates with a high 

mannuronic acid content. In many applications the mechanical stability is reinforced by 

applying a polycation layer around the alginate core12,13. Commonly applied examples are 

poly-L-lysine (PLL)13,14, poly-D-lysine (PDL)15, poly-L-arginine (PLA), and poly-L-

ornithine (PLO)16,17. These polyamino acids form stabilizing membranes on the surface and 

simultaneously decrease the pore size of the alginate beads which is mandatory for 

providing immunoprotection. Also factors such as the cell load and culture conditions can 

influence the mechanical stability of beads or capsules18–20. Surprisingly this has not been 

studied up to now in a systematic fashion. 
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The present study was undertaken to investigate and document the effect of 

commonly applied variations in the encapsulation procedures on the mechanical stability of 

capsules. To this end we defined two parameters we wished to distinguish. This is (i) the 

strength and (ii) the elasticity of beads or capsules. The strength (i) is measured by 

quantifying the force required to compress the bead or capsule. The elasticity (ii) is 

assessed by measuring the time required to compress the bead or capsules to a predefined 

value. Combined these values determine the success of beads or capsules in vivo. 

 

2. Materials and Methods 

2.1  Alginates purification procedure 

Crude alginates containing varying amounts of guluronic acid (G)-chains and of 

mannuronic acid (M)-chains-intermediate-G (44% G + 56% M) (Keltone LV) and high-G 

(67% G + 33% M), (Manugel) sodium alginates were obtained from ISP Alginates Ltd UK. 

The method of alginate purification has been described in detail elsewhere (De Vos, De 

Haan, Wolters, Strubbe, & Van Schilfgaarde, 1997). After purification both intermediate-G 

and high-G alginates were dissolved in 220 mOsm Ca2+-free Krebs-Ringer-Hepes (KRH) 

solution consisting of 90.0 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, and 

25.0 mM Hepes.  

 

2.2  Polyamino acid 

Poly-L-lysine hydrochloride (PLL) (product No. P2658), Poly-D-lysine hydrobromide 

(PDL) (product No.P4408), Poly-L-arginine hydrochloride (PLA) (product No.P7762), 

Poly-L-ornithine hydrobromide (PLO) (product No. P0421) were purchased from Sigma–

Aldrich (St. Louis, MO, USA). A solution at 0.05% (w/v) of each polyamino acid solution 

was prepared in Ca2+-free KRH 310 mOsm (135.0 mM NaCl, 4.7 mM KCl, 25.0 mM 

Hepes, 1.2 mM KH2PO4, and 1.2 mM MgSO4). 

 

2.3  Encapsulation procedure 

A 4% viscosity alginate concentration was used as stock and further diluted to a desired 

concentration in Ca2+-free KRH 310 mOsm/L. Beads were produced using an air driven 

droplet generator as previously described21 using a 23g needle. We routinely apply in our 

lab 3.4% intermediate-G and 2% high-G alginate to produce beads. The reason is that with 

these concentrations a viscosity of 4 cps is reached, which is required for the formation of 

spherical beads 22. This is the upper limit at which 0.2 µm filtration for sterilization is still 
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possible. To study the effect of the type of gelling ions we used 100 mM CaCl2, 10 mM 

BaCl2, 50 mM SrCl2 as gelling solution. Beads were gelled for 5 minutes after the last drop 

of alginate extruded into the gelation bath. To study effects of the gelling time we used 100 

mM CaCl2 as gelling solution. Beads were incubated in the gelling solution for 5, 10, 15, 

and 20 minutes. All beads were washed with KRH buffer (132.0 mM NaCl, 4.7 mM KCl, 

1.2 mM MgCl2.6H2O, 25 mM Hepes, and 2.52 mM CaCl2 .2H2O) containing 2.5 mM/L 

CaCl2 and stored in KRH solution (133.0 mM NaCl, 4.69 mM KCl, 25 mM Hepes, 1.18 

mM KH2PO4, 1.18 mM MgSO4, and 2.52 mM CaCl2.2H2O) containing 2.5 mM/L CaCl2 till 

further use. To study the effect of polyamino acid coating we used 100 mM CaCl2 as 

gelling solution. Subsequently beads were gelled for 5 minutes, washed with KRH buffer 

containing 2.5 mM/L CaCl2, and incubated with 0.05% of PLL, PDL, PLA, or PLO at room 

temperature for 5 minutes. To study the effect of polyamino acid coating time we used 100 

mM CaCl2 as gelling solution. Beads were gelled for 5 minutes, washed with KRH buffer 

containing 2.5 mM/L CaCl2 and then incubated with PLL for 5 minutes and 10 minutes at 

room temperature. Non bounded polyamino acid was removed by washing with Ca2+-free 

KRH 310 mOsm/L. Polyamino acid coated beads of intermediate-G alginate and high-G 

alginate were further immersed in 10X diluted solution of 3.4% intermediate-G alginate 

and 2% high-G alginate respectively in Ca2+-free KRH 310 mOsm/L, for 5 minutes to form 

alginate-polyamino acid-alginate capsule. All capsules were stored in KRH solution till 

further use. Images were taken with Leica DM IL inverted contrasting microscope with a S 

90/0.23 condenser, free working distance of 90 mm and a numerical aperture of 0.23 (Leica 

microsystems, Wetzlar, Germany). 

 

2.4  Cell culture and encapsulation 

Human Embryonic Kidney (HEK) cells were grown to confluence in 75 cm2 culture flasks 

containing Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% (v/v) 

fetal calf serum and 1% (v/v) of antibiotic-antimycotic (Invitrogen, product No.15240096). 

When the cells were confluent they were harvested, counted, and bought to the desired 

concentration of 1 million, 5 million, and 10 million cells per milliliter of sterile (0.2 µm 

filtered) 3.4% intermediate-G alginate. Air driven droplet generator was used for 

encapsulation, using a 23g needle and 100 mM CaCl2 as gelling solution. A portion of the 

alginate beads containing cells were applied to manufacture alginate-poly-L-lysine-alginate 

(APA) capsules as described above. Both beads and capsules were washed with growth 

medium before culturing. The encapsulated cells were cultured in 25 cm2 culture flasks 
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containing 5 milliliter growth medium and kept in a standard tissue culture incubator at 

37°C, 100% humidity, 95% air, and 5% CO2. Media was changed three times per week. 

 

2.5  Mechanical properties of beads 

The mechanical properties of beads and capsules were quantified with a Texture Analyzer 

XT plus (Stable Micro Systems, Godalming, UK) equipped with a force transducer with a 

resolution of 1 mN. Texture Exponent software version 6.0 was used for recording and 

analyzing the data. The equipment consisted of a mobile probe (P/25L) moving vertically at 

a constant velocity. The mechanical stability of beads/capsules was measured by 

compressing the individual bead/capsule (n=10). Individual beads/capsules were carefully 

inspected and sorted by using a dissection microscope (Leica MZ75 microsystems, 

Heerbrugg, Switzerland) equipped with an ocular micrometer with an accuracy of 25 µm. 

Individual bead/capsule was placed on a plate. Storage solution was carefully removed. 

Subsequently the probe was moved towards the capsule with a pretest speed of 0.5 mm/sec, 

a test speed of 0.01 mm/sec, and a posttest speed of 2 mm/sec. The trigger force was set to 

2 grams. The uniaxial compression test was initiated; the probe triggered on the surface of 

the sample and the force (expressed in grams) was quantified at a compression of the 

sample to 60%. The force exerted by the probe to compress the bead/capsule was recorded 

as function of time (figure 1). A high-speed camera was used to capture the event during 

the test. The probe was set to return to the original position immediately after compression. 

 

2.6  Statistical analysis 

Anova and Tukey tests were carried out using R software package, version 3.0.0. All values 

were expressed as mean ± standard deviation (SD), differences were considered significant 

if p<0.05. 

 

3. Results 

3.1 Definition of capsule stability 

Our analysis of the beads and capsules was performed in two fashions. We quantified the 

force to reduce the size of the bead and the capsule with 60%. A second measure was the 

time required to reach this value. The required force represents the strength, while time to 

reach the 60% compression is a value for the elasticity of the bead or capsule. Together 

these values determine the stability of the bead or capsule (figure1).  
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Figure 1. Schematic representation of work plan for measuring stability of alginate based microcapsules with 

Texture Analyzer XT plus using P/25L mobile probe. 

 

3.2  Viscosity determines the shape and size of bead 

Beads and capsules were only tested in a perfect spherical shape as this is the form defined 

as optimal for transplantation23,24. Irregular shapes are associated with protrusion of cells 

which is undesirable when proposing cell encapsulation for immunoprotection25. The 

viscosity of an alginate solution increases with higher concentrations of alginate. 

Intermediate-G alginates at low concentrations and with low viscosities are associated with 

irregular fragments of alginate of around 100 µm which are called satellites26,27. Also with 

low viscosities we observe many ruptured beads which lack immunoprotective properties. 

This is somewhat different when high-G alginates are applied instead of intermediate-G 

alginates. High-G alginates at high concentrations and with high viscosities are associated 

with undesired shapes such as with tail formation (figure 2). With application of higher 

viscosities and unchanged settings of the droplet generator we observed an increase in size. 

This increase was alginate type dependent and smaller with intermediate-G alginate than 

with high-G alginate. Satellite formation was mainly found with 2% intermediate-G 

alginate, and not with high-G alginates at the same concentration. Tailed capsules were 

only formed in 3.4% and 4% high-G alginate. 
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Figure 2. Alginate viscosity determines size and shape of beads. (a) High-G alginate at high-concentration 

and high-viscosity are associated with beads with tails. (b) Intermediate-G alginate at low concentration and 

with low viscosities are associated with satellite formation. 

 

3.3  Size increases the stability of beads in an alginate type dependent fashion 

To determine the effect of bead size on stability of beads we applied 3.4% intermediate-G 

alginate gelled for 5 minutes in 100 mM CaCl2. As size increases stability increases. The 

force and time required to reach 60% compression increases are shown in figure 3. Both 

force and time required to compress beads increased significantly (p<0.001) and shows a 

linear relationship with size.  

 

3.4  Increasing gelling time decreases the strength of beads 

To study the effect of gelling time on the stability of beads we used 100 mM CaCl2 as 

gelling solution. Beads of 3.4% intermediate-G alginate were incubated for 5, 10, 15, and 

20 minutes in the gelling solution. Increasing the gelling time decreased the stability of 

3.4% intermediate-G alginate beads (figure 4). Gelling times from 5 to 15 minutes did not 

have any significant impact on both force and time required for compression and thus did 

not influence the stability of the beads. Gelling time of more than 15 minutes decreased the 

required force to compress the beads (p<0.001), whereas the time required for compression 

did not have a significant impact on stability. A 15% decrease in required force and a 8% 

decrease in time was observed by increasing the gelling time from 5 minutes to 20 minutes. 
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Figure 3. Alginate bead size determines the strength of the beads. Effect of size on stability (a) force, and (b) 

time required to compress intermediate-G alginate beads to 60% deformation. Time for gelling with 100 mM 

CaCl2 was kept constant for 5 minutes. Both force and time required to compress beads (n=15) increases 

significantly (p<0.001) and shows a linear relationship. Values are expressed as mean ± SD, ***p<0.001, 

**p<0.01, n=15 

 

 
Figure 4. Prolong gelling time reduces strength of beads. Effect of prolonged gelling time with 100 mM 

CaCl2 on 3.4% intermediate-G alginate. (a) Force and (b) time required to compress intermediate-G alginate 

beads to 60% deformation. Size of the beads was kept constant at 500 µm. Values are expressed as mean ± 

SD, *p<0.05, n=10. 
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3.5  Stability of beads is dependent on type of gelling ion 

Three types of commonly applied gelling solutions were tested and compared, i.e. 100 mM 

CaCl2, 10 mM BaCl2, and 50 mM SrCl2. In case of intermediate-G alginate, alginate beads 

cross linked in either CaCl2 or BaCl2 required the same force for compression, whereas in 

case of 2% high-G alginate, BaCl2 cross liked beads required less force than CaCl2 cross 

linked beads. The SrCl2 cross linked beads however were much weaker in both 2% high-G 

alginate and 3.4% intermediate-G alginate (p<0.001) (figure 5). However calcium-beads 

were more elastic as the time required to compress barium beads was lower than for 

calcium beads in both 2% high-G alginate and 3.4% intermediate-G alginate. Time required 

to compress strontium beads was significantly higher compared to calcium and barium 

beads in 2% high-G alginate. However there was no significant difference in time required 

to compress strontium beads and calcium beads in 3.4% intermediate-G alginate. Thus, 

barium ions decrease elasticity, while strontium ions increase the elasticity at the cost of 

strength. 

 

 
Figure 5. Stability of beads is dependent on the type of gelling ion applied. Effect of gelling solution 100 mM 

CaCl2, 10 mM BaCl2 and 50 mM SrCl2 on 3.4% intermediate-G alginate (IG) and 2% high-G alginate (HG). 

(a) Force and (b) time required to compress intermediate-G alginate and high-G alginate beads to 60% 

deformation. Time for gelling and size of bead was kept constant for 5 minutes and 500 µm respectively. 

Barium ions decreased elasticity, while strontium ions increased the elasticity at the cost of strength. Values 

are expressed as mean ± SD, ***p<0.001, **p<0.01, n=10. 
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3.6  Stability of beads is dependent on alginate type 

Next we studied whether stability of beads is dependent on alginate type. To study the 

effect of the alginate type we compared the results with 2% high-G alginate gelled for 5 

minutes in 100 mM CaCl2, 10 mM BaCl2, and 50 mM SrCl2. The 2% high-G alginate beads 

were much more stable than 3.4% intermediate-G beads (figure 6). There was no 

significant difference in force required to compress 10 mM BaCl2 beads of intermediate-G 

alginate and high-G alginate. But the time required to compress 10 mM BaCl2 high-G 

alginate beads was significantly higher than time required to compress 10 mM BaCl2 

intermediate-G alginate beads.  

 

 
Figure 6. Stability of beads is dependent on alginate type and type of gelling ion. Effect of 3.4% 

intermediate-G alginate (IG) beads and 2% high-G alginate (HG) beads in different gelling solution 100 mM 

CaCl2, 10 mM BaCl2 and 50 mM SrCl2. Time for gelling and size of bead was kept constant for 5 minutes and 

500 µm respectively. The 2% high-G alginate beads are more stable than 3.4% intermediate-G beads 

(p<0.001) irrespective of the applied gelling solution. Values are expressed as mean ± SD, ***p<0.001, 

**p<0.01,*p<0.05, n=10. 

 

3.7  Increasing the coating time with polyamino-acids makes the capsule less stable  

To test the effect of PLL coating time on the stability, we applied beads prepared of 3.4% 

intermediate-G alginate and 2% high-G alginate cross linked with 100 mM CaCl2 for 5 

minutes. Beads were incubated in PLL for 5 and 10 minutes. We avoided longer coating 

times, as this is associated in our hands with decrease in viability of cells.  

PLL coating for both high-G alginate and intermediate-G alginate decreases the 

force required for compression (p<0.001) as shown in figure 7. In case of intermediate-G 
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alginate, PLL coating for 10 minutes was associated with an increase in force required for 

compression, which was not statistically significant. Decrease in time required to compress 

PLL coated beads of both high-G and intermediate-G alginate was just a trend (p<0.1), 

illustrating that increasing coating time causes capsules to become less strong.  

 

 
Figure 7. Increasing coating time decreases the stability of bead. Effect of poly-L-lysine (PLL) incubation 

time on 3.4% intermediate-G alginate (IG) and 2% high-G alginate (HG). (a) Force and (b) time required to 

compress intermediate-G alginate and high-G alginate microcapsules to 60% deformation. Gelling time was 5 

min in 100 mM CaCl2. PLL incubation time was 5 and 10 min. For analysis, size was kept constant at 500 

µm. Values are expressed as mean ± SD, ***p<0.001, *p<0.05, n=10. 

 

3.8  Capsule stability is dependent on the type of polyamino acid applied for 

coating 

To study the effect of the type of polyamino acid coating on stability of capsules we 

applied poly-L-lysine (PLL), poly-D-lysine (PDL), poly-L-arginine (PLA), or Poly-L-

ornithine hydrobromide (PLO). The effects of these polyamino acids were tested on beads 

prepared of 3.4% intermediate-G alginate cross linked in 100 mM CaCl2 for 5 minutes. We 

always applied 0.05% (w/v) polyamino acid solutions. 

Intermediate-G alginate, PLO and PLA coating were associated with a higher 

stability of capsules than coating with PLL or PDL (figure 8). PLA and PLO capsules 

required a higher force and a longer time (p<0.001) to compress capsules when compared 

to PLL. PDL capsules required a lower force (p<0.05) and lower time (p<0.001) to 
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compress compared to PLA and PLO. The difference in stability between PLA and PLO 

and between PLL and PDL was just a trend (p<0.1). 

 

 
Figure 8. Capsule strength is dependent on the type of coating. Effect of poly-L-lysine hydrochloride (PLL), 

poly-D-lysine hydrobromide (PDL), poly-L-arginine hydrochloride (PLA), Poly-L-ornithine hydrobromide 

(PLO) coating on 3.4% intermediate-G alginate. (a) Force and (b) time required to compress intermediate-G 

alginate microcapsules to 60% deformation. Time for gelling, was kept at 5 min gelling in 100 mM CaCl2. 

PLL incubation time was 5 min. Values are expressed as mean ± SD, ***p<0.001, *p<0.05, n=10. 

 

3.9  Storage solution affects stability of capsule 

Many different types of media are applied to store beads before transplantation or during 

transport28. We questioned what is the effect of the storage solution on the stability of the 

beads. This was studied with 3.4% intermediate-G alginate. Both beads and APA capsules 

were investigated. We applied 5 min gelling in CaCl2 and 5 min incubation with PLL29. As 

storage solution we applied KRH solution containing 2.5 mM/L CaCl2 and DMEM (i.e. 

tissue culture medium, containing 1.3 mM/L CaCl2) for 1 day. As shown in figure 9, 

DMEM decreased the stability of both beads and APA capsules. The beads stored in 

DMEM showed a significant decrease in both required force (p<0.001) and time (p<0.05) 

for compression compared to beads stored in KRH. Thus beads become less stable in 

storage and DMEM culture medium. However, the type of storage medium has an 

influence on bead strength. This was different with capsules with a polyamino acid 

membrane. The loss in force required for compression of capsules stored in DMEM was 

only a trend (p<0.1) but the time required for this was lower (p<0.05) suggesting that the 
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capsule became more elastic. This effect on elasticity was even more pronounced in 

capsules stored in DMEM, again illustrating an effect of the type of storage medium. 

 

 
Figure 9. Storage solution type and storage in general has a negative impact on the strength of microcapsules. 

As storage solution we applied KRH solution containing 2.5 mM/L CaCl2 and DMEM (i.e. tissue culture 

medium) for 1 day. (a) Force and (b) time required to compress intermediate-G alginate microcapsules to 

60% deformation. Time for gelling, was kept at 5 min gelling in 100 mM CaCl2. PLL incubation time was 5 

min. DMEM decreases stability of microcapsules. Values are expressed as mean ± SD, **p<0.01,*p<0.05, 

n=10. 

 

3.10  Cell load decreases stability of capsules 

To study the effect of cell load on capsule stability we compared empty capsules with 

capsules containing 1, 5, or 10 million HEK cells per milliliter of alginate on day 1. Both 

beads and APA capsules were studied. As shown in figure 10, increasing the cell load 

decreases the stability of the beads and the APA capsules. Empty beads and APA capsules 

are more stable than cell-containing beads and APA capsules. On day 1, both force 

(p<0.001) and time (p<0.05) required to compress empty beads and APA capsules is 

higher than cell-containing beads and APA capsules. However, with the highest cell-load, 

i.e. 10 million HEK cells per milliliter of alginate, a statistical significant higher force was 

required to compress the beads and APA capsules than with a cell load with 1 and 5 million 

HEK cells per milliliter of alginate (p<0.001). The time required to compress the 10 

million cell containing beads and APA capsules was significantly lower than with beads 

and APA capsules with 1 and 5 million HEK cells per milliliter of alginate (p<0.001). 
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There was no significant difference in time required to compress empty APA capsules with 

APA capsules with 1 and 5 million HEK cells per milliliter of alginate (p<0.1).  

 

 
Figure 10. Effect of cell load and microcapsule type. (a) Force and (b) time required to compress 

intermediate-G alginate microcapsules to 60% deformation with and without cell load on day 1 of culture. 

Time for gelling, was kept at 5 min gelling in 100 mM CaCl2. PLL incubation time was 5 min. Cell load 

decreases stability of microcapsule. Values are expressed as mean ± SD, ***p<0.001, *p<0.05, n=10. 

 

3.11  Cell growth increases stability of capsules 

Next we studied whether cell growth in the capsule had an effect on the stability of the 

capsules. To this end we compared the stability of the highest cell load, i.e. 10 million HEK 

cells per milliliter of alginate on day 1, 7, or 14. As shown in figure 11 both force and time 

required to compress beads and APA capsules increases with cell growth. There was no 

significant difference (p<0.1) in both force and time required to compress beads and APA 

capsules till day 7. On day 14 the force required for compressing beads and APA capsules 

increased by 8 and 11.8 fold when compared to beads and APA capsules on day 1 

(p<0.001) respectively. Similarly the time required for compressing beads and APA 

capsules on day 14 increased by 1.24 and 1.62 fold with respect to beads and APA capsules 

day 1 (p<0.001), respectively. 
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Figure 11. Effect of cell growth in microcapsule with 10 million HEK cells per milliliter of alginate. (a) 

Force and (b) time required to compress 3.4% intermediate-G alginate microcapsules to 60% deformation 

with 10 million HEK cells per milliliter of alginate on day 1, 7 and 14. Time for gelling, was kept at 5 min 

gelling in 100 mM CaCl2. PLL incubation time was 5 min. Cell load and cell growth increases stability of 

microcapsule. Values are expressed as mean ± SD, ***p<0.001, **p<0.01, n=10. 

 

4. Discussion 

Our study shows that the size of the beads, the alginate type, the gelling time, the storage 

solution, are dominant factors in determining the final strength of alginate-based capsules 

while the type of gelling ion, the polyamino acid incubation time, and the type of 

polyamino acid determines the elasticity of the alginate-based capsules. To our best 

knowledge there are no studies available in which all these factors have been adequately 

documented and measured. For in vivo application both strength and elasticity are essential 

factors for the functional survival of cells30 as will be outlined in the following sections.  

The bead shape is an essential factor in functional survival of encapsulated cells23,24. 

Broken beads or capsules with many satellites are associated with protrusion of cells31 and 

inflammatory responses25. Alginate beads should therefore be produced from alginate 

solutions with an optimal viscosity. The viscosity of the alginate is determined by the 

concentration as well as by the type of alginate (the ratio of mannuronic acid/guluronic acid 

content) and the average molecular weight of alginate. As illustrated in figure 2 this should 

all be in balance to produce beads with an optimal shape and geometry.  

To guarantee an optimal spherical shape we apply for transplantation studies 2% 

high-G and 3.4% intermediate-G alginate. After droplet formation we usually end up with 

100% spherical beads with these alginate concentrations. Satellite formation was especially 
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observed with low concentrations and lower viscosity intermediate-G alginate solutions, 

while tail formation was an issue with high-G alginate. The satellite formation is due to the 

fact that the coaxial air-flow of the system cuts the alginate droplet even before it reaches a 

critical volume to form a droplet26. A different process is responsible for tail formation with 

high-G alginate from high viscosity solutions. With high viscosity solutions the coaxial air 

flow of the system requires high flow rates to cut the droplet. This leads to an increase in 

size of the bead. For these kinds of beads the conventional distance between the needle tip 

to the gelling bath is too short to form a perfect sphere with tailed beads as a 

consequence26. 

With increasing the size also the stability of the bead increases. The volume of a 

bead is a function of radius to the power of three, and therefore if the diameter of the bead 

is halved, the volume will be decreased to an eighth. Hence enhancing the size of the bead 

increases the overall force and time required for compression. As size increases the force 

and time required for 60% compression increases linearly (figure 3). This can be explained 

by the fact that if the size increases more divalent ions crosslink the alginate bead core12 

increasing the overall stability of bead. 

Our finding that increasing the gelling time decreases the strength of beads (figure 

4), corroborate the findings of Vaithilingam et al32 who studied and compared barium beads 

gelled for 2 minutes and for 20 minutes. These findings should be explained as follows. 

During gel formation uronic acid blocks in alginate binds to cations, like in an egg box 

model33,34. The constitutive uronic molecules in alginate create junction zones within the 

gel12. As the gelling time increases the number of junction zone in the gel will increase 

until saturation of the gel is reached. As binding of cation is a cooperative process also 

unzipping the junction zones is a cooperative process. When gelling time increases, more 

cations participate in the formation of junction zones, forming more and larger junction 

zones. Increasing the junction zones also increases the susceptibility for uncoupling in the 

junction zones. A junction carrying the highest stress, normally the shortest one in length 

fractures first and the energy released from the fractured junction is transferred to the 

neighboring chains, accelerating the uncoupling of their junctions 35. If saturation has not 

been reached such as with 5 minutes gelling time, there will be less junction zones in the 

core of the bead than with longer gelling times. This implies that the 5 minutes gelled beads 

are more elastic than their counterparts gelled for longer times. This is the reason for 

significant decrease in force and not in time, as gelling time increases, suggesting that 

increasing the gelling time causes beads to become weak. 
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For gellification of alginate-droplets different types of gelling solutions are applied. 

Typically for formation of alginate-PLL capsules, alginate droplets are collected in 100 

mM CaCl2
14,29

. For formation of barium-beads droplets are collected in 10 mM BaCl2
36 and 

in some recent studies SrCl2 was used 
3,37. The stability of beads is dependent on the type of 

cation applied and the alginate type applied. This confirms the findings of Mørch et al and 

Chan et al3,38. This effect is caused by the chemical properties of the applied cations such as 

atomic number, ionic radius, ionic strength, association constant, and chemical affinity 

towards alginate38. It has been reported that the minimum length of G-G blocks required for 

cross-linking decreases with increasing affinity of ions for the alginate chain39. The binding 

of ions is highly selective and the affinity strongly depends on the alginate composition and 

sequence 34. More specifically, Ba2+ binds to G-G and M-M blocks, Ca2+ binds to G-G and 

M-G blocks, and Sr2+ binds to G-G blocks solely, not to M-G and M-M blocks 3. This 

specificity and probability of binding pattern causes Ba2+ and Ca2+ crosslinked alginate 

beads to form two times more junction zones than Sr2+. This can be explained by the fact 

that Ba2+ and Ca2+ ions have two options to bind during alginate gelation, while Sr2+ ions 

has only one option to bind, i.e. G-G blocks. Therefore the force to compress Sr2+ is smaller 

than with Ba2+ and Ca2+ beads (figure 5a), but the time required to compress Sr2+ beads was 

similar to Ca2+ beads in intermediate-G alginate, and higher in high-G alginate (figure 5b). 

This explains the elastic nature of Sr2+ beads and the brittle nature of Ba2+ beads. 

The strength of the alginate gel is influencing the growth characteristics of 

encapsulated cells40. Too rigid structures are not compatible with growth and proliferation 

of cells30. The strength of alginate beads is considered to depend on the number of 

interactions with cations 39. The number of bindings depends on the alginate 

composition39,41. G-G blocks have a higher affinity for divalent cations than M-M blocks. 

As a consequence alginates with a high G-G block content bind cations more efficiently 

and stronger. This is caused by the fact that cations are bound in the G-G polymers in an 

egg-box model34. In this egg-box sequential polymers of G-G blocks will be close to each 

other after binding of the first cations which makes the binding of the other molecules more 

efficient and faster. This is called an autocooperative process34,39. This occurs less in 

alginates with higher amounts of M-M block or M-G block. Therefore high-G alginate 

binds more cations in the same amount of gelling time than intermediate-G alginate34. This 

causes the high-G alginate to form a dense network of cation-alginate, which hinders its 

compression and significantly increases the force and time required for compression, thus 

improving stability (figure 6). Also the degree of binding is different. Alginate contains 
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glycosidic linkage in four forms: the diequatorial (M-M), the diaxial (G-G), the equatorial-

axial (M-G), and the axial equatorial (G-M) conformation. The diaxial linkage in G-G 

blocks results in a large hindered rotation around the glycosidic linkage which may account 

for the stiff, less flexible and extended nature of this alginate chain. M-G blocks contain 

equatorial-axial and axial-equatorial linkages, but with different degrees of freedom of the 

two residues which gives greater overall flexibility42,43. This structural configuration also 

contributes to increased stability of high-G alginate networks and explains our results on 

the far higher stability of high-G beads and capsules when compared to intermediate-G 

beads.  

The polyamino acids poly-L-lysine hydrochloride, poly-D-lysine hydrobromide, 

poly-L-arginine hydrochloride, poly-L-ornithine hydrobromide have all been applied by 

researchers to modulate the permeability of alginate beads to provide immunoprotection5,14–

16,44,45. The effect of these polyamino acids on stability of capsules have not been compared 

and documented up to now. Increasing the polyamino acid coating time decreases the 

stability of the capsules. Alginate beads are often coated with polyamino acid such as poly-

L-lysine (PLL) to reduce the porosity of the alginate network and to provide immune 

protection as well as to provide mechanical stability14,46. However, increasing the poly-L-

lysine coating time decreases the stability of capsules (figure 7). This seems to contradict 

the findings of Gugerli et al47. This discrepancy should be explained by differences in 

swelling and shrinkage behavior during polyamino acid coating48.  

During poly-L-lysine coating for 5 or 10 min, capsules are incubated in KRH buffer 

containing 2.5 mM/L CaCl2 inducing partial displacement of Ca2+ by Na+. This is an 

essential step in allowing binding of the PLL6,29. Only if this step is undertaken the PLL is 

forced in superhelical cores with alginate and in beta-sheets49. This is required to avoid 

inflammatory responses against the capsules50. A less desirable consequence of this 

displacement of Ca2+ by Na+ is that the bead increase in size and becomes more fragile. 

Increasing the coating time causes a dysbalance in loss of gelling ions from the inner core 

of capsule and the shrinkage induced by the PLL. The net result is a loss in strength. 

However, the thickness of poly-L-lysine layer increases with increasing exposure time13,51 

making the capsules more elastic.  

The type of polyamino acid applied for coating determines the stability of the 

capsules. The strength of interaction and the stability of the alginate-polyamino acid 

complexes strongly depend on molecular parameters of both the alginate and the polyamino 

acid such as chemical composition, sequential structure, conformations, and molecular size. 
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We analyzed four different polyamino acids - poly-L-lysine (PLL), poly-D-lysine (PDL), 

poly-L-arginine (PLA), and poly-L-ornithine hydrobromide (PLO) (figure 8). Polyamino 

acid binds to alginate via electrostatic interaction between side chain NH3 functional group 

of polyamino acid and carboxyl group of alginate. Arginine (Molecular Formula: 

C6H14N4O2) has two extra N atoms than lysine (Molecular Formula: C6H14N2O2) and 

ornithine (Molecular Formula: C5H12N2O2). Due to presence of two more N atoms in 

arginine, it binds more firmly to alginate. This increases the overall force and time required 

to compress the capsule. Ornithine on other hand has one C atom less than both lysine and 

arginine, which decreases its atomic size. This might facilitate binding of more ornithine 

than lysine and arginine13. The additional interaction/binding of arginine and ornithine 

increases the overall stability with respect to lysine isomers. Both PLL and PDL capsules 

had lower values in stability compared to PLA and PLO capsules. But PDL capsules 

required more force to compress capsules compared to PLL capsules. This may be due to 

stereo configuration of L and D isomer of lysine, which may form a different pattern of 

electrostatic interaction with alginate15,44.  

The type of storage solution may decrease the stability of microcapsules. In our lab 

we store empty beads and microcapsules in KRH buffer containing 2.5 mM calcium and 

beads with cells are stored in physiological medium such as DMEM52. To our best 

knowledge, the role of storage solution has never been studied in relation to stability. 

DMEM media, a conventionally applied storage solution, decreases the stability of 

microcapsules (figure 9). Under physiological conditions microcapsules are exposed to a 

combination of destabilizing forces comprising of osmotic swelling of the core, slow 

dissociation of the alginate polycation complex, and shear forces8. The decrease in stability 

of microcapsules stored in DMEM is due to presence of calcium chelators such as 

phosphate, monovalent ions such as Na+, and non-cross linking divalent ions like Mg2+ that 

are present in DMEM8,9 and not in KRH solution containing 2.5 mM/L CaCl2. Our data 

illustrate the importance of selecting storage and transport media that preserve the 

functional survival of the cells in combination with stability of the capsules. Beads and 

APA capsules should always be stored in medium containing 2.5 mM/L CaCl2. 

Cells in the capsules decrease the stability of beads and microcapsules in a cell-load 

dependent fashion (figure 10). This can be explained by destabilization of the calcium-

alginate junction zones by the cells. However this destabilizing effect was not observed 

with the 10 million cell-load. This can be explained by the stabilizing effect of the 

mechanical properties of the cells that at a certain threshold dominates the strength of the 
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calcium alginate network. This same argumentation explains that cell growth in the 

capsules is associated with an increase in the stability (figure 11).  This latter argumentation 

should receive some further argumentation as it implies that for fast proliferating cells like 

HEK cells a very strong matrix should be applied to avoid that the cell-mass dominates the 

mechanical properties of alginate matrix.  

 

Conclusion 

By applying a quantification of both strength (force) and elasticity (time) a novel manner is 

introduced to quantify mechanical stability of beads and microcapsules. Stability is 

considered to be an important parameter that requires documentation5  when addressing 

efficacy of encapsulated cells. Our study illustrates that many factors influence the stability 

of capsules and underpins the essence of documenting this critical parameter. It is 

demonstrated that the size of the beads, the alginate type, the gelling time, the storage 

solution, are dominant factors in determining the final strength of alginate-based capsules 

while the type of gelling ion, the polyamino acid incubation time, and the type of 

polyamino acid determine the elasticity of the alginate-based capsules. 
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Abstract 

Alginate-based microcapsules are being proposed for treatment of many types of diseases. 

A major obstacle however in the successes is that 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 polymers that can form polymer brushes. In the 

present study we describe the step-wise considerations for successful application of diblock 

copolymer of polyethylene glycol and poly-L-lysine on the surface of alginate-beads. 

Special procedures had to be designed as alginate-beads are hydrophilic and most protocols 

are designed for hydrophobic biomaterials. The successful attachment of diblock 

copolymer and the presence of PEG blocks on the surface of the capsules were studied by 

fluorescence microscopy. Longer time periods, i.e. 30-60 min are 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 PEG454-b-PLL100 diblock copolymers. The capsules were a barrier for 

immunoglobulin-G. The PEG454-b-PLL100 capsules have similar mechanical properties as 

PLL capsules.  Minor immune activation of NF-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 physico-chemical properties. 
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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 it 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, dwarfism2, hemophilia B 3, kidney4 and liver5 failure, 

pituitary 6 and central nervous system insufficiencies7, as well as diabetes8. 

Microencapulation of pancreatic islets in alginate-poly-L-lysine (PLL)-alginate 

capsules was first introduced by Lim and Sun in 19808. However a pertinent issue remains 

to be solved as reported graft survival rates vary considerable from several days to years9–

11. These large variations of graft survival rates can be attributed to small lab-to-lab 

modifications of the encapsulation procedure such as different degrees of purity of 

alginates12–15, variations in the type of alginates16–20 applied, and application of different 

polyamino acids12,20,21. 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 capsules21,23. 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 option21. 

However, inadequately bound PLL can cause inflammatory reactions. Therefore the last 

step in the encapsulation procedures is treatment of capsules with a diluted alginate solution 

in order to force unbound PLL in beta-sheets or alpha-helical cores with alginate28–31. 

We hypothesize that all these variations in preparation, which are difficult to 

control, can be avoided by applying a masking layer of block copolymers on the surface of 

the capsules. However, this approach has not been applied on hydrogels before. In the 

present study we describe the step-wise considerations for successful application of diblock 

copolymer of polyethylene glycol (PEG) and PLL on the surface of alginate-beads. 

Polyethylene glycol is a water-soluble polymer, and therefore suitable for this application 
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32,33. It has been known as a non-toxic and non-immunogenic polymer approved by the U S 

Food and Drug Administration34. Also, PEG polymers are known to prevent potential 

protein adsorption on the surface35–37. The binding of PEG-b-PLL diblock copolymers to 

alginate was accomplished through electrostatic complex formation. PLL blocks act as an 

anchoring block whereas PEG blocks should form an antifouling 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.  A macrophage cell-lines with a NF-

κB reporter were applied to demonstrate the absence of immune activation of our alginate-

PEG-b-PLL diblock polymer system.  

 

Materials and methods 

Materials 

Intermediate-G sodium alginate was obtained from ISP Alginates Ltd UK. Poly-L-lysine 

hydrochloride (PLL) (Mn=16 000 Da, Alamanda Polymers, USA), Methoxy-poly(ethylene 

glycol)-block-poly(L-lysine hydrochloride) (PEGn-b-PLLm) (n=22, 113, 454; m=10, 20, 

50, 100, 200; PDI=1.2, Alamanda Polymers, USA) were used as received. Streptavidin 

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 of 180 to 805 000 Da were obtained from Gearing 

Scientific, Ashwell, Herts, UK. Thp1-XBlue-MD2-CD14 cell line, lipopolysaccharide from 

E. coli K12 strain (LPS-EK Ultrapure) and QUANTI-BlueTM were purchased from 

InvivoGen, Toulouse, France. 

 

Alginate purification 

Crude sodium alginate was dissolved at 4°C in a 1 mM sodium EGTA 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 
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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 centrifuged for 3 min 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 we added 200 ml absolute ethanol. After an incubation 

period of 10 min all alginate had precipitated. It 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). 

 

Microencapsules formation 

Capsules were produced according to a previously described procedure with some 

modifications38. Briefly, the 3.4 w/v % sodium alginate solution was converted into 

droplets using an air-driven generator39. 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 min. The beads were 

washed with KRH (containing 2.5 mM CaCl2) for 1 min and subsequently coated with PLL 

(10 min, 0.1 % PLL solution in 310 mOsm Ca2 -free KRH) or with PEGn-b-PLLm. In case 

of PEGn-b-PLLm 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 min in the block copolymer solution, washed 3 times with 310 mOsm Ca2 -free 

KRH and stored in 25 mM KRH solution. 

 

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, 100µl of this PBS solution was added to an 

eppendorf cup with approximately 20 capsules and left to shake for 1h 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 min in dark. Finally 

the capsules were washed several times with PBS, brought on a glass slide and studied at 
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room temperature on a Leica DM-RXA fluorescence microscope (Hg lamp pf 100 volts, 

5(6)-fluorescein isothiocyanate (FITC); FITC Excitation wavelength 494 nm, FITC 

Emission wavelength 518 nm). 

 

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 AP-1. The cell line contains all the human Toll-like 

receptors (TLR) and, upon TLR stimulation, THP-1 cells activate transcription factors. This 

leads to the secretion of SEAP which can be quantified by spectrophotometry.  

THP1 cells were suspended in fresh RPMI 1640 medium at 1x106 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 non-purified 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. 

 

Permeability of the capsules 

Permeability was assessed with an inverse size exclusion chromatography (ISEC) with 

pullulan standards and saccharose40. 10 ml of microcapsules were loaded in a 10 х 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 

h. 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 correspond to 50% of the area 

of each pullulan standard and calculated partition coefficient were used to construct a 

calibration curve. 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. 
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Microscopy 

The size of microcapsules was estimated by microscopy (optical microscope Kapa 2000, 

Kvant, Slovakia equipped with colour CCD camera, Mintron CC-63KW1P, Mintron, 

Malaysia operated with software Prover Image Forge v1.1, Prover s.r.o., Slovakia). 

 

Mechanical properties 

The mechanical properties of microcapsules were quantified with 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 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).  

 

Statistics 

Results are expressed as mean ± SEM. Statistical comparisons were made with the Mann 

Whitney U test. A p value < 0.05 was considered statistically significant. 

 

Results 

Binding of PEG-b-PLL diblock copolymers to the alginate gel was accomplished through 

ionic interactions between alginate and PLL-blocks. Positively charged ammonium groups 

of PLL blocks form a polyelectrolyte complex with negatively charged carboxyl groups of 

alginate (Figure 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 chains29,41,42. 
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Figure 1. Schematic presentations of diblock copolymer binding on alginate beads.  The binding of 

copolymer is achieved through ionic interaction between carboxyl groups of alginate and 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 the surface of an alginate bead. In this case PEG blocks will stay on the surface of the 

capsules and form a new layer (Figure 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 2b). PEG is 

a neutral polymer. Therefore there are no ionic interactions between PEG molecules and 

alginate. PLL was applied as the binding tail 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 homopolymers wheras PEG should stay on the surface 

of the capsules and determine the surface properties. Two expected structures of PEGn-b-

PLLm capsules are illustrated in Figure 2. 

 

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 PEGn-b-PLLm capsules showed a successful diblock 
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copolymer adsorption with PEG blocks at the surface. We tested the PEGn-b-PLLm 

capsules with different lengths of PEG and PLL blocks (Tabel 1). It has been found that the 

position of PEG blocks and the stability of the capsule are dependent on the length of 

diblock copolymers as well as the size of each block.  

 

 
Figure 2. Schematics presentation of possible structures of PEGn-PLLm capsules. When the Mw of PEG is 

large enough PEG will not penetrate into the alginate network. Phase separation will occur forcing the PLL to 

penetrate and interact with alginate at the surface of the beads (a). When PEG chains are smaller they can 

penetrate into the network (b). This structures as well as intermixed conformations may occur. 

 

Tabel 1. Diblock copolymers PEGn-b-PLLm tested in the present study. All  diblock copolymers have narrow 

polydispersity (PDI=1.10). N is the degree of polymerization (number of repeating monomeric units) of PEG 

blocks, Mw(PEG) molecular weight of the PEG blocks, m is the degree of polymerization (number of 

repeating monomeric units) of PLL blocks, Mw(PLL) is the molecular weight of PLL and Mw(PEGn-b-PLLm) 

molecular weight of the entire copolymer. 
n Mw(PEG),kDa m Mw(PLL),kDa Mw(PEGn-b-PLLm), kDa 

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 

 

Fluorescence labeling of the capsules with short PEG and PLL blocks (PEG22-PLL10) 

showed penetration of the entire diblock copolymer inside the capsules (Figure 3a). When 
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applying larger molecules, i.e. PEG113-b-PLL50 diblock copolymer, we found a high 

concentration of PEG blocks on the surface of the capsules (Figure 3b). 

 
Figure 3. Fluorescence microscopy images of a) PEG22-PLL10 and b) PEG113-PLL50 alginate microcapsules. 

 

PEGn-PLL10 capsules (the capsules with the smallest PLL block; n=113, 454) 

cannot be used for these kinds of applications. The short PLL tail (PLL10) did not crosslink 

the surface of the beads to a high enough extent as illustrated by the instability of the beads. 

They did fall apart before microscopical study could be performed.   

 Next we studied the adsorption kinetics of PEG113-PLL200, diblock copolymer 

(Figure 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 reaches a plateau after 30-60 minutes. 

The adsorption kinetics was very dependent on the composition of the diblock 

copolymer applied. In some cases a maximum adsorption was not even achieved after 60 

min (Figure 5). When studying the PEG113-PLLy series, the size of the PLL blocks did not 

have a significant influence on the adsorption rate. PEG454-PLL100 capsules demonstrated a 

higher fluorescence than PEG454-PLL20 and PEG454-PLL50 capsules. PEG454-PLL200 capsules 

were not stable and fell apart even before microscopical observation. 

 

 

 

 

5	  min	   10	  min	   20	  min	  

30	  min	  

60	  min	  
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Figure 4.  Fluorescence microscopy images of  PEG113-PLL200 capsules and their intensity profiles. During 

the capsule formation procedure the beads were exposed to the diblock copolymer solution for a) 5 min, b) 10 

min, c) 20 min, d) 30 min, e) 60 min (top). The fluorescence intensity of the capsule surface as a function of  

polymer adsorption time (bottom). 

 

 

Figure 5. The adsorption profiles of PEG113-PLLy series and PEG454-PLLy series. 
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NF-kB activation in THP-1 monocytic reporter cell-lines induced by capsules in the 

presence and absence of diblock polymers 

A major issue in bioencapsulation research is the presence of impurities in alginates that are 

not always efficiently removed by purification4444. We tested the hypothesis whether 

applying diblock polymers can mask immunostimulation effects of impurities that stimulate 

monocytic cells via toll-like receptors. To this end we applied PEG454-b-PLL100 capsules 

and PLL capsules made of both purified and non-purified intermediate-G alginate.  

As shown in Figure 6, the diblock polymer PEG454-b-PLL100 capsules 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. 

 

 
Figure 6. NF-κB activation of alginate-beads, PEG454-b-PLL100 capsules and PLL capsules made of non-

purified and purified intermediate-G alginates. Impure alginate coated with PLL or PEG454-b-PLL100 was 

coincubated with THP-1 monocytes with a NF-kB reporter (left). The same procedure was applied with 

purified alginates (right). 

 

Permeability and stability of the capsules 

Fluorescence labeling experiments have shown that longer times (60 min) 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 itself 

influence permeability and mechanical resistance of the capsules. Capsules should 
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withstand shear forces during the implantation procedure. In addition the capsules should 

be resistant to various forces inside the peritoneal cavity12. Weak capsules affected by these 

forces can collapse and trigger enormous inflammatory reaction45. Therefore proper 

mechanical stability of the capsules is essential for successful application. Mechanical 

stability of standard PLL capsules (alginate beads treated for 10 min 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 have shown to be slightly more stable than PEG454-b-PLL100 

capsules (68±14 g versus 56±16 g) but this did not reach statistical significance. This value 

is considered to be sufficient to withstand the above mentioned forces46. 

Another important issue is 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 material47–4947-49. The membrane 

should also protect the encapsulated cells from the host immune system. Therefore 

immunoglobulin-G (Ig-G) as the smallest antibody should not be able to diffuse through the 

membrane. Permeability was assessed through the determination of molecular weight cut 

off (MWCO) of microcapsules. Standard alginate PLL capsules prepared by exposing 

alginate beads for 10 min to a 0.1% PLL solution have lower permeability (MWCO value 

of ~8 kDa determined for pullulan standards which corresponds to ~19 kDa for proteins) (P 

< 0.001) than beads treated with PEG454-b-PLL100 for 60 min (25 kDa determined for 

pullulan standards or 98 kDa recalculated for proteins). Although larger than the 

permeability of PLL capsules, this value is still acceptable since the smallest antibodies, 

IgG, have a molecular weight of approximately 150 kDa50. 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 2. 

 
Table 2. Permeability, mechanical and capsule size of PLL-10 min and PEG454-b-PLL100-60 min capsules. 

Results are expressed as mean ± SEM of at least 5 experiments. 

Microcapsule type 
Permeability 

MWCO (kDa) 
Mechanical properties, g Capsule size, mm 

PLL100, 10 min ~8 ~19 68±14 0.69±0.02 

PEG454PLL100,60 min ~25 ~98 59±18 0.65±0.02 
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Discussion 

A pertinent requirement is that capsule membranes for immunoisolation provide physico-

chemical stability, high biocompatibility, and adequate permeability. It has been repeatedly 

shown that multiple step coating with polyamino acids and alginate is far from easy 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 block-copolymers have been 

performed with hydrophobic materials we could not rely on published protocols51,52. 

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 a polymer 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 on bead surfaces (Figure 7). 

After gelification of alginate beads in calcium we apply a washing step in buffer with low 

calcium and containing high 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 will be electrostatically bound to the carboxyl groups of alginate. It has a lower 

affinity for the alginate than PLL. The PLL that is subsequently added is binding to 

constitutive alginate molecules in a highly cooperative manner to form a strong, rigid 

membrane. The degree of crosslinking determines the mechanical stability and permeability 

of the membrane8,12,26,27. 

Our strategy is to create a block-copolymer based membrane that forms a so-called 

polymer brush. These brushes are end-attached polymer chains stretched away from the 

surface into the surrounding solution. These brushes have special properties that lead to 

diminished protein adsorption and cell adhesion55–57. To achieve that goal, we allowed long 

incubation times to have a high amount of block-copolymer on the surface on the bead. 

This forces 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 circumstantial 
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proof that especially the long chain block-copolymers do form brushes. This proof comes 

from our microscopical examination by immunofluorescence and by TEM (data not shown) 

that only the PEG layer is on the surface. We were not able however to exactly measure the 

thickness of the layer and to confirm whether this approaches the theoretical predicted 

thickness as applied for hydrophobic surfaces58. New technologies applicable for hydrogels 

have to be developed to achieve that goal. 

 

Figure 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 molecules 

 

As demonstrated in our study, capsules prepared with diblock copolymers with 

short PLL blocks, PEGn-PLL10, n=113, 454, are not forming stable membranes. 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 9.2 kDa is 

required to achieve that goal. PEG lengths seem to be less important in this respect. 

However, when diblock copolymers with the smallest PEG block were applied, PEG22-

PLLm, m=50, 100 and 200, the capsules were more stable than PEGn-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 other 

polyamino acids applied for immunoprotection. Polyamino acids such as PLL and 

polyornithine typically need 10 minutes to provide a permeability to retain molecules larger 

than 120 kDa13,21,43,61. Such a long incubation period is desired since it allows for versatility 

and fine tuning of the membrane permeability for different applications27. On the other 

hand, due to larger chain lengths, the adsorption of diblock copolymers is slower and 
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requires longer time periods. Also prolonged time of copolymer adsorption provides higher 

concentrations of neutral and biocompatible PEG on the surface of the capsules. More 

densely packed chains of PEG on the capsules surface will provide better antifouling 

properties. The adsorption profiles of PEG-b-PLL copolymers have shown a rapid 

adsorption in the first 5 min. Due to reduced numbers of available binding spots, the 

adsorption slows down and reaches a plateau value. We assumed that after 30-60 min 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 antifouling 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. This is 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 molecules are 

either too large to pass the diblock polymer 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 is not adherent to the capsules 

implying that direct interaction does not occur. As these contaminants are probably solutes 

smaller than the molecular diffusion limit of 120 kDa, 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-kB dependent fashion. A positive finding is that after purification this NF-κB activation 

does not occur anymore and both PEG454-b-PLL100 capsules and PLL capsules made of 

purified alginates showed virtually no NF-κB activation (Figure 4b).  

Microcapsule membranes should also provide sufficient permeability. This is 

essential for functional survival of cells. Nutrients such as oxygen, nutrients, glucose and 

metabolic products should be able to freely diffuse in/out of a capsule, while antibodies and 

cytotoxic cells of immune system should stay outside the capsule. Immunoglobulins G are 

the smallest immunoglobulines responsible for the protection from bacterial and viral 

infections. They can interfere with functional survival of the encapsulated islets. Therefore 

the permeability of the capsules should be tailored in such a way that approximately 150 

kDa large IgG50 cannot pass into the capsules and harm the islets. This is what we 

accomplished. 
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Different methods such as confocal62,63 or fluorescence microscopy63,64, UV 

spectrophotometry65,66, HPLC67 and ISEC27,40,50,68–71, reported in literature, were used to 

assess permeability of the capsules. Determination of 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 procedure71 72. In our study we used inverse size exclusion 

chromatography to assess permeability through the determination of molecular weight cut 

off (MWCO) of microcapsules. The MWCOs of PLL capsules and PEG454-b-PLL100 

capsules were found to be 8 and 25 kDa, 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 weight 68,69,71. Therefore 

MWCOs obtained from pullulan standards are recalculated for proteins68,69,71. Although 

PEG454-b-PLL100 capsules have quite high permeability (98 kDa, recalculated for proteins) 

in comparison to PLL capsules (19 kDa, recalculated for proteins), this value is 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 tests70,72–74 and 

compression resistance test performed on a texture analyser40,50,61,73. In our study, 

mechanical stability of alginate-PLL capsules and alginate-PEG454-b-PLL100 capsules was 

examined using a texture analyser. It has been 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.   
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Conclusions 

Successful surface modification of alginate beads with series of PEG-b-PLL diblock 

copolymers was confirmed by fluorescence labelling 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 labelling 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 of the intensity of the fluorescence 

with time. Longer times (30-60 min) are 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 diblock copolymer was observed when capsules were made of non-

purified alginate. The capsules prepared with PEG454-b-PLL100 have adequate permeability 

and mechanical stability comparable with PLL capsules. 

 

Acknowledgements 

The authors are grateful to Prof. Dr. Igor Lacik and Ing. Gabriela Kollarikova from 

Polymer Institute of the Slovak Academy of Sciences for performing mechanical stability 

and permeability measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 



84	  

	  

References 

1. Koo, J. & Chang, T. M. Secretion of erythropoietin from microencapsulated rat 
kidney cells: preliminary results. Int. J. Artif. Organs 16, 557–60 (1993). 

2. Chang, P. L., Shen, N. & Westcott, A. J. Delivery of recombinant gene products with 
microencapsulated cells in vivo. Hum. Gene Ther. 4, 433–40 (1993). 

3. Liu, H. W., Ofosu, F. A. & Chang, P. L. Expression of human factor IX by 
microencapsulated recombinant fibroblasts. Hum. Gene Ther. 4, 291–301 (1993). 

4. Cieslinski, D. A. & David Humes, H. Tissue engineering of a bioartificial kidney. 
Biotechnol. Bioeng. 43, 678–81 (1994). 

5. Capone, S. H. et al. Impact of alginate composition: from bead mechanical 
properties to encapsulated HepG2/C3A cell activities for in vivo implantation. PLoS 
One 8, e62032 (2013). 

6. Colton, C. K. Implantable biohybrid artificial organs. Cell Transplant. 4, 415–36 

7. Aebischer, P., Goddard, M., Signore, A. P. & Timpson, R. L. Functional recovery in 
hemiparkinsonian primates transplanted with polymer-encapsulated PC12 cells. Exp. 
Neurol. 126, 151–8 (1994). 

8. Lim, F. & Sun, A. M. Microencapsulated islets as bioartificial endocrine pancreas. 
Science 210, 908–910 (1980). 

9. O’Shea, G. M., Goosen, M. F. & Sun, A. M. Prolonged survival of transplanted 
islets of Langerhans encapsulated in a biocompatible membrane. Biochim. Biophys. 
Acta 804, 133–6 (1984). 

10. De Vos, P., De Haan, B. J., Wolters, G. H., Strubbe, J. H. & Van Schilfgaarde, R. 
Improved biocompatibility but limited graft survival after purification of alginate for 
microencapsulation of pancreatic islets. Diabetologia 40, 262–270 (1997). 

11. De Vos, P., Andersson, A., K. Tam, S., M. Faas, M. & P. Halle, J. Advances and 
Barriers in Mammalian Cell Encapsulation for Treatment of Diabetes. Immunol. 
Endocr. Metab. Agents Med. Chem. 6, 139–153 (2006). 

12. De Vos, P. et al. Multiscale requirements for bioencapsulation in medicine and 
biotechnology. Biomaterials 30, 2559–70 (2009). 

13. Tam, S. K. et al. Biocompatibility and physicochemical characteristics of alginate-
polycation microcapsules. Acta Biomater. 7, 1683–92 (2011). 

14. Tam, S. K. et al. Factors influencing alginate gel biocompatibility. J. Biomed. Mater. 
Res. A 98, 40–52 (2011). 



85	  

	  

15. De Haan, B. J. et al. Structural surface changes and inflammatory responses against 
alginate-based microcapsules after exposure to human peritoneal fluid. J. Biomed. 
Mater. Res. A 98, 394–403 (2011). 

16. De Vos, P., de Haan, B. J., Kamps, J. A. A. M., Faas, M. M. & Kitano, T. Zeta-
potentials of alginate-PLL capsules: a predictive measure for biocompatibility? J. 
Biomed. Mater. Res. A 80, 813–9 (2007). 

17. Vos, P. De et al. Effect of the alginate composition on the biocompatibility of 
alginate-polylysine microcapsules. Biomaterials 18, 273–278 (1997). 

18. De Vos, P., Hoogmoed, C. G. & Busscher, H. J. Chemistry and biocompatibility of 
alginate-PLL capsules for immunoprotection of mammalian cells. J. Biomed. Mater. 
Res. 60, 252–9 (2002). 

19. Van Schilfgaarde, R. & de Vos, P. Factors influencing the properties and 
performance of microcapsules for immunoprotection of pancreatic islets. J. Mol. 
Med. (Berl). 77, 199–205 (1999). 

20. Orive, G., Tam, S. K., Pedraz, J. L. J. L., HallÃ©, J.-P. & Hallé, J.-P. 
Biocompatibility of alginate-poly-L-lysine microcapsules for cell therapy. 
Biomaterials 27, 3691–700 (2006). 

21. Ponce, S. et al. Chemistry and the biological response against immunoisolating 
alginate-polycation capsules of different composition. Biomaterials 27, 4831–9 
(2006). 

22. Thu, B., Skjåk-Bræk, G., Micali, F., Vittur, F. & Rizzo, R. The spatial distribution of 
calcium in alginate gel beads analysed by synchrotron-radiation induced X-ray 
emission (SRIXE). Carbohydr. Res. 297, 101–105 (1997). 

23. Thu, B. et al. Alginate polycation microcapsules. I. Interaction between alginate and 
polycation. Biomaterials 17, 1031–1040 (1996). 

24. Thu, B. et al. Alginate polycation microcapsules. II. Some functional properties. 
Biomaterials 17, 1069–79 (1996). 

25. De Vos, P., Spasojevic, M., de Haan, B. J. & Faas, M. M. The association between 
in vivo physicochemical changes and inflammatory responses against alginate based 
microcapsules. Biomaterials 33, 5552–9 (2012). 

26. Leblond, F. A., Tessier, J. & Hallé, J. P. Quantitative method for the evaluation of 
biomicrocapsule resistance to mechanical stress. Biomaterials 17, 2097–102 (1996). 

27. Robitaille, R. et al. Studies on small (<350 microm) alginate-poly-L-lysine 
microcapsules. V. Determination of carbohydrate and protein permeation through 
microcapsules by reverse-size exclusion chromatography. J. Biomed. Mater. Res. 50, 
420–7 (2000). 



86	  

	  

28. De Vos, P. et al. Long-term biocompatibility, chemistry, and function of 
microencapsulated pancreatic islets. Biomaterials 24, 305–12 (2003). 

29. Van Hoogmoed, C. G., Busscher, H. J. & de Vos, P. Fourier transform infrared 
spectroscopy studies of alginate-PLL capsules with varying compositions. J. 
Biomed. Mater. Res. A 67, 172–8 (2003). 

30. De Vos, P., Faas, M. M., Strand, B. & Calafiore, R. Alginate-based microcapsules 
for immunoisolation of pancreatic islets. Biomaterials 27, 5603–5617 (2006). 

31. Tam, S. K. et al. Physicochemical model of alginate-poly-L-lysine microcapsules 
defined at the micrometric/nanometric scale using ATR-FTIR, XPS, and ToF-SIMS. 
Biomaterials 26, 6950–61 (2005). 

32. Mahou, R., Tran, N. M., Dufresne, M., Legallais, C. & Wandrey, C. Encapsulation 
of Huh-7 cells within alginate-poly(ethylene glycol) hybrid microspheres. J. Mater. 
Sci. Mater. Med. 23, 171–9 (2012). 

33. Werner, M. et al. Use of the mitochondria toxicity assay for quantifying the viable 
cell density of microencapsulated jurkat cells. Biotechnol. Prog. 29, 986–93 

34. Veronese, F. M. & Mero, A. The impact of PEGylation on biological therapies. 
BioDrugs 22, 315–29 (2008). 

35. Gon, S., Fang, B. & Santore, M. M. Interaction of Cationic Proteins and 
Polypeptides with Biocompatible Cationically-Anchored PEG Brushes. 
Macromolecules 44, 8161–8168 (2011). 

36. Gon, S., Bendersky, M., Ross, J. L. & Santore, M. M. Manipulating protein 
adsorption using a patchy protein-resistant brush. Langmuir 26, 12147–54 (2010). 

37. Jönsson, M. & Johansson, H.-O. Effect of surface grafted polymers on the adsorption 
of different model proteins. Colloids Surf. B. Biointerfaces 37, 71–81 (2004). 

38. De Haan, B. J., Faas, M. M. & de Vos, P. Factors influencing insulin secretion from 
encapsulated islets. Cell Transplant. 12, 617–25 (2003). 

39. De Vos, P., De Haan, B. J. & Van Schilfgaarde, R. Upscaling the production of 
microencapsulated pancreatic islets. Biomaterials 18, 1085–90 (1997). 

40. Vaithilingam, V. et al. Effect of prolonged gelling time on the intrinsic properties of 
barium alginate microcapsules and its biocompatibility. J. Microencapsul. 28, 499–
507 (2011). 

41. Bystrický, S., Malovíková, A. & Sticzay, T. Interaction of alginates and pectins with 
cationic polypeptides. Carbohydr. Polym. 13, 283–294 (1990). 

42. BYSTRICKY, S., MALOVIKOVA, A. & STICZAY, T. Interaction of acidic 
polysaccharides with polylysine enantiomers. Conformation probe in solution. 
Carbohydr. Polym. 15, 299–308 (1991). 



87	  

	  

43. Strand, B. L., Mørch, Y. A., Espevik, T. & Skjåk-Braek, G. Visualization of 
alginate-poly-L-lysine-alginate microcapsules by confocal laser scanning 
microscopy. Biotechnol. Bioeng. 82, 386–94 (2003). 

44. Dusseault, J. et al. Evaluation of alginate purification methods: effect on polyphenol, 
endotoxin, and protein contamination. J. Biomed. Mater. Res. A 76, 243–51 (2006). 

45. De Vos, P., Wolters, G. H., Fritschy, W. M. & Van Schilfgaarde, R. Obstacles in the 
application of microencapsulation in islet transplantation. Int. J. Artif. Organs 16, 
205–12 (1993). 

46. Lacík, I. Polymer Chemistry in Diabetes Treatment by Encapsulated Islets of 
Langerhans: Review to 2006. Aust. J. Chem. 59, 508 (2006). 

47. Colton, C. K. & Avgoustiniatos, E. S. Bioengineering in development of the hybrid 
artificial pancreas. J. Biomech. Eng. 113, 152–70 (1991). 

48. Chang, T. M. Hybrid artificial cells: microencapsulation of living cells. ASAIO J. 38, 
128–30 

49. Lacy, P. E. Treating diabetes with transplanted cells. Sci. Am. 273, 50–1, 54–8 
(1995). 

50. Rosiński, S. et al. Characterization of microcapsules: recommended methods based 
on round-robin testing. J. Microencapsul. 19, 641–59 

51. Marra, J. & Hair, M. L. Interactions between two adsorbed layers of poly(ethylene 
oxide)/polystyrene diblock copolymers in heptane—toluene mixtures. Colloids and 
Surfaces 34, 215–226 (1988). 

52. Watanabe, H. & Tirrell, M. Measurement of forces in symmetric and asymmetric 
interactions between diblock copolymer layers adsorbed on mica. Macromolecules 
26, 6455–6466 (1993). 

53. De Vos, P., De Haan, B., Wolters, G. H. & Van Schilfgaarde, R. Factors influencing 
the adequacy of microencapsulation of rat pancreatic islets. Transplantation 62, 
888–893 (1996). 

54. De Vos, P., van Hoogmoed, C. G., de Haan, B. J. & Busscher, H. J. Tissue responses 
against immunoisolating alginate-PLL capsules in the immediate posttransplant 
period. J. Biomed. Mater. Res. 62, 430–437 (2002). 

55. Barbey, R. et al. Polymer brushes via surface-initiated controlled radical 
polymerization: synthesis, characterization, properties, and applications. Chem. Rev. 
109, 5437–527 (2009). 

56. Cabane, E., Zhang, X., Langowska, K., Palivan, C. G. & Meier, W. Stimuli-
responsive polymers and their applications in nanomedicine. Biointerphases 7, 9 
(2012). 



88	  

	  

57. Chen, T., Amin, I. & Jordan, R. Patterned polymer brushes. Chem. Soc. Rev. 41, 
3280–96 (2012). 

58. Chernyy, S. et al. Surface grafted glycopolymer brushes to enhance selective 
adhesion of HepG2 cells. J. Colloid Interface Sci. 404, 207–14 (2013). 

59. Poelma, J. E., Fors, B. P., Meyers, G. F., Kramer, J. W. & Hawker, C. J. Fabrication 
of complex three-dimensional polymer brush nanostructures through light-mediated 
living radical polymerization. Angew. Chem. Int. Ed. Engl. 52, 6844–8 (2013). 

60. Zdyrko, B. & Luzinov, I. Polymer brushes by the “grafting to” method. Macromol. 
Rapid Commun. 32, 859–69 (2011). 

61. Thanos, C. G., Bintz, B. E. & Emerich, D. F. Stability of alginate-polyornithine 
microcapsules is profoundly dependent on the site of transplantation. J. Biomed. 
Mater. Res. A 81, 1–11 (2007). 

62. Vandenbossche, G. M., Van Oostveldt, P., Demeester, J. & Remon, J. P. The 
molecular weight cut-off of microcapsules is determined by the reaction between 
alginate and polylysine. Biotechnol. Bioeng. 42, 381–6 (1993). 

63. Vandenbossche, G. M., Van Oostveldt, P. & Remon, J. P. A fluorescence method for 
the determination of the molecular weight cut-off of alginate-polylysine 
microcapsules. J. Pharm. Pharmacol. 43, 275–7 (1991). 

64. Hallé, J. P. et al. Protection of islets of Langerhans from antibodies by 
microencapsulation with alginate-poly-L-lysine membranes. Transplantation 55, 
350–4 (1993). 

65. Goosen, M. F., O’Shea, G. M., Gharapetian, H. M., Chou, S. & Sun, A. M. 
Optimization of microencapsulation parameters: Semipermeable microcapsules as a 
bioartificial pancreas. Biotechnol. Bioeng. 27, 146–50 (1985). 

66. King, G. A., Daugulis, A. J., Faulkner, P. & Goosen, M. F. A. Alginate-Polylysine 
Microcapsules of Controlled Membrane Molecular Weight Cutoff for Mammalian 
Cell Culture Engineering. Biotechnol. Prog. 3, 231–240 (1987). 

67. Coromili, V. & Chang, T. M. Polydisperse dextran as a diffusing test solute to study 
the membrane permeability of alginate polylysine microcapsules. Biomater. Artif. 
Cells Immobilization Biotechnol. 21, 427–44 (1993). 

68. Brissová, M., Petro, M., Lacík, I., Powers, A. C. & Wang, T. Evaluation of 
microcapsule permeability via inverse size exclusion chromatography. Anal. 
Biochem. 242, 104–11 (1996). 

69. Wang, T. et al. An encapsulation system for the immunoisolation of pancreatic 
islets. Nat. Biotechnol. 15, 358–62 (1997). 

70. Dusseault, J. et al. Microencapsulation of living cells in semi-permeable membranes 
with covalently cross-linked layers. Biomaterials 26, 1515–22 (2005). 



89	  

	  

71. Powers, A. C. et al. Permeability assessment of capsules for islet transplantation. 
Ann. N. Y. Acad. Sci. 831, 208–16 (1997). 

72. Darrabie, M. D., Kendall, W. F. & Opara, E. C. Characteristics of Poly-L-Ornithine-
coated alginate microcapsules. Biomaterials 26, 6846–52 (2005). 

73. Orive, G., Hernandez, R. M., Gascon, A. R., Igartua, M. & Pedraz, J. L. 
Development and optimisation of alginate-PMCG-alginate microcapsules for cell 
immobilisation. Int. J. Pharm. 259, 57–68 (2003). 

74. De Castro, M., Orive, G., Hernández, R. M., Gascón, A. R. & Pedraz, J. L. 
Comparative study of microcapsules elaborated with three polycations (PLL, PDL, 
PLO) for cell immobilization. J. Microencapsul. 22, 303–15 (2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
	  



90	  

	  

 

Chapter 4 
	  

A Novel Multilayer Immunoisolating Encapsulation System  

Overcoming Protrusion Of Cells 

 

Swapnil V. Bhujbala,b*, 

Bart de Haana, 

Simone P. Nicloub, 

Paul de Vosa 

 

a) Department of Pathology and Medical Biology; Immunoendocrinology, 

 University of Groningen, Hanzeplein 1, 9700 RB Groningen, The Netherlands. 

b) NorLux Neuro-Oncology Laboratory, Department of Oncology,  

Centre de Recherche Public de la Santé, Luxembourg. 

* Corresponding author 

 

 

 

 

 

Published in Sci. Rep., vol. 4, p. 6856, Oct. 2014. 

 

 

 

 

 

 

 

 

 

 

 



91	  

	  

Abstract 

Application of alginate-microencapsulated therapeutic cells is a promising approach for 

diseases that require a local and constant supply of therapeutic molecules. However most 

conventional alginate microencapsulation systems are associated with low mechanical 

stability and protrusion of cells which is associated with higher surface roughness and 

limits their clinical application. Here we have developed a novel multilayer encapsulation 

system that prevents cells from protruding from capsules. The system was tested using a 

therapeutic protein with anti-tumor activity overexpressed in mammalian cells. The cell 

containing core of the multilayer capsule was formed by flexible alginate, creating a cell 

sustaining environment. Surrounded by a poly-L-lysine layer the flexible core was 

enveloped in a high-G alginate matrix that is less flexible and has higher mechanical 

stability, which does not support cell survival. The cells in the core of the multilayer 

capsule did not show growth impairment and protein production was normal for periods up 

to 70 days in vitro. The additional alginate layer also lowered the surface roughness 

compared to conventional cell containing alginate-PLL capsules. Our system provides a 

solution for two important, often overlooked phenomena in cell encapsulation: preventing 

cell protrusion and improving surface roughness.  
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Immunoisolation of cells for implantation purposes is based on enveloping the cells in a 

biocompatible and semipermeable membrane that allows diffusion of essential nutrients 

and therapeutic molecules but prevents deleterious effects of the humoral and cellular part 

of the host immune system1,2. The technique is proposed for the delivery of cell based 

therapeutics where local and minute-to-minute release of the active molecule is desired for 

effective treatment. Encapsulation of living cells for the release of biological therapeutics is 

under investigation for a variety of diseases such as diabetes3, neurological diseases4–7, and 

cancer8–10. 

 A commonly applied technology of immunoisolation is microencapsulation of 

therapeutic cells in spherical beads made of alginate polymers11 using different 

encapsulation techniques like electrostatic bead generator, jet cutter, vibrating nozzle, and 

coaxial air driven droplet generator12. Spherical beads are often preferred over discs or tube 

like structure because of the favorable surface-to-volume ratio which facilitates nutrition of 

the cells and the release of therapeutic agents11. Another argument to favor microcapsules 

is the relative small size that allows for transplantation in many sites without interference 

with the receiving organ11. The latter is an important consideration for example in the 

treatment of brain tumors, where implantation of microencapsulated cells producing anti-

tumor agents has been proposed as an effective approach to delete remnants of malignant 

cells13,14. Invasive brain tumor cells are impossible to recognize and eliminate during 

surgery and are a major cause of morbidity. 

 Microcapsules that are being proposed for diseases such as for the treatment of 

brain tumors should meet a number of requirements. A key feature in designing 

immunoisolating microcapsules is avoiding protrusion of cells from capsules. Most 

conventional alginate encapsulation systems do not meet this prerequisite, as protrusion of 

cells is more the rule than an exception (figure 1). Protrusion of cells is associated with 

rejection and fibrotic responses followed by necrosis of the therapeutic cells, which 

ultimately leads to graft failure15. Another danger is that the therapeutic cells based on cell 

lines may form tumors themselves when they leak out of the capsules. This is a major 

safety hurdle preventing the application of cell encapsulation technology in the clinic. 

Therefore cell based therapy requires a system in which protrusion of cells is prevented.  



93	  

	  

 
Figure 1. Cell growth leads to protrusion of cells over time. Protrusion of cells always occurs in conventional 

alginate-encapsulation systems. 

 

 Alginate is the most commonly applied polymer for cell encapsulation, due to its 

biocompatibility, ease of processing and heat stable nature16,17. Alginate is a polysaccharide 

of linear copolymers of (1-4) glycosidically linked α L-guluronic acid (G) and its C-5 

epimere, β D-mannuronic acid (M) residues. The relative amount of the two uronic acid 

monomers as well as their sequential arrangement along the polymer chain differs widely. 

The uronic acid residues are distributed along the polymer chain in a pattern of binary 

blocks: G-G blocks, M-M block, or M-G blocks. Based on the composition of G and M 

residue, alginate is classified as high-G alginate (G content ≥ 60%), intermediate-G alginate 

(G content in range of 40-60%), and low-G alginate (G content ≤ 40%). The composition as 

well as the molecular weight of alginate determines the physiochemical properties of the 

capsules, which also affect cell function18. The aim of the present study was to develop a 

novel multilayer capsule which overcomes protrusion of cells and high surface roughness 

while maintaining efficacy of secretion of the therapeutic protein. In the novel system we 

applied alginate with different mechanical stabilities to facilitate growth of the cells in the 

core of the capsules but to kill cells that might escape from the capsule and invade the host 

(figure 2a).  

 

Methods 

Alginate purification  

Alginates of different compositions were obtained from ISP Alginates Ltd UK. Two types 

of alginates have been purified: 1) intermediate-G alginate (containing 44% G-chain 

residues , 56% M-chain residues, 23% GG-chain residues, 21% MG-chain residues , 37% 

MM-chain residues ) and 2) high-G alginate (containing 67% G-chain residues , 33% M-

chain residues , 54% GG-chain residues, 13% MG-chain residues, 21% MM-chain 
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residues). Alginates were purified in-house as described in detail elsewhere 54. Briefly 12-

15 gm of crude alginate was dissolved in ice cold 1 mM Na-EGTA (ethylene glycol 

tetraacetic acid), under constant stirring. The dissolved alginate was filtered through 5 µm, 

1.2 µm, 0.8 µm, 0.45 µm filter (Whatman®, Dassel, Germany), to remove visible 

aggregates. Subsequently the pH of the solution was carefully lowered to 2 with 2 N HCL 

+20 mM NaCl on ice. Lowering of pH causes alginate to precipitate as alginic acid. Alginic 

acid precipitate was filtered through a Buchner funnel of pore size 1.5 mm and washed with 

1 liter of 0.01N HCL + 20 mM NaCl to remove non precipitated contaminants. Next the 

proteins from the aggregate alginate acid were removed by chloroform:butanol (4:1 ratio) 

extraction. The mixture was vigorously shaken for 20 minutes. The suspended mixture was 

filtered over Buchner funnel. Chloroform:butanol extraction step was repeated twice. 

Subsequently the alginic acid was then bought into water by slowly and carefully 

increasing the pH to 7 with 0.5 N NaOH + 20mM NaCl over a period of at least 1 hr. The 

alginate solution obtained was further treated with chloroform:butanol (4:1 ratio) to remove 

proteins which can only be dissolved in at neutral pH. The mixture was centrifuged for 3 

minutes at 1800 rpm, which induced the formation of separate chloroform:butanol phase, 

which was removed by aspiration. This step was repeated one more time. The last step of 

purification is precipitation of alginate from alginic acid using ethanol. To each 100 ml of 

alginate solution we added 200 ml absolute ethanol. Constant stirring for 10 minutes in 

ethanol led to precipitate alginate. The alginate was filtered over the Buchner funnel and 

washed two times with absolute ethanol. Later, the alginate was washed three times with 

diethyl ether and was freeze-dried overnight. After purification 3.4% (w/v) intermediate-G 

alginate and 2% (w/v) high-G alginate were dissolved at 4 °C in Krebs–Ringer–Hepes 

(KRH) with an appropriate osmolarity and further sterilized by 0.2 µm filtration 

(Corning®, NY, USA). 

 

Mechanical stability of empty beads 

Empty beads of 3.4% intermediate-G alginate beads and 2% high-G alginate were made 

using air driven droplet generator using 23g needle, gelled in 100 mM CaCl2 for 5 minutes 

as previously described by us19. Mechanical stability of alginate capsule can be quantified 

using different methods like burst pressure55, ultrasound56, Young’s modulus57,  however 

we prefer to calculate the mechanical stability based on force and time required to resist 

compression19. The mechanical stability was quantified with a Texture Analyzer XT plus 

(Stable Micro Systems, Godalming, UK) equipped with a force transducer with a resolution 
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of 1 mN as previously described by us19. Texture Exponent software version 6.0 was used 

for analyzing the data. Briefly individual beads of size 500 µm micrometer were carefully 

sorted using a dissection microscope (Leica MZ75 microsystems) equipped with an ocular 

micrometer with an accuracy of 25 µm. Individual beads were carefully placed on plate, 

storage solution was carefully removed. The mechanical stability of beads was measured by 

compressing individual microcapsules to 60 % using P/25L mobile probe with a pretest 

speed of 0.5 mm/sec, a test speed of 0.01 mm/sec, and a posttest speed of 2 mm/sec. The 

trigger force was set to 2 grams. The force exerted by the probe to compress the bead was 

recorded as function of time. 

 

Cell microencapsulation  

Baby hamster kidney (BHK) cells expressing anti-tumor protein sLrig1 (soluble leucine 

rich repeats and immunoglobulin like domain1) a negative regulator of growth factor 

signaling 9 were grown in DMEM medium supplemented with 4.5 g/L glucose, 10% (v/v) 

fetal bovine serum (compliment deactivation), 1% (v/v) Antibiotic-Antimycotic (100X) 

(Sigma-Aldrich,). BHK control and BHK-sLrig1expressing cells at concentrations of 6x106 

cells per milliliter of sterile 3.4% intermediate-G alginate or 2% high-G alginate were 

carefully mixed and were transferred into droplets with an electrostatic bead generator, 

using a 27g needle. The droplets were collected in 100 mM CaCl2 as gelling solution for 5 

minutes. Subsequently, intermediate-G alginate beads were incubated with sterile (0.2 µm 

filtered) 0.05% poly-L- lysine (PLL) (poly-L-lysine-HCl, Mw 22 kDa, Sigma-Aldrich, The 

Netherlands) for a period of 3 minutes on ice and 4 minutes at room temperature. PLL 

coated capsules were subsequently incubated with 0.34% intermediate-G alginate in 

calcium-free KRH solution with an osmolarity of 310 to form alginate-poly-L-lysine 

alginate (APA) capsule. Next the cell-containing intermediate-G alginate-PLL membrane 

was suspended in a 2% high-G alginate solution. After careful mixing the solution was 

brought in another type of droplet-generator using a 23g needle and 100 mM CaCl2 as 

gelling solution 58,59. This step is meant to form multilayer capsules. A schematic workflow 

of making the multilayer capsules is shown in figure 2b. The encapsulated cells were 

subsequently cultured in 25 cm2 culture flasks containing 5 ml growth medium (Dulbecco’s 

Modified Eagle’s culture medium (DMEM) supplemented with 4.5 g/L glucose, 10% (v/v) 

fetal bovine serum (compliment deactivation), Antibiotic-Antimycotic (100X) 1% (v/v) 

Sigma-Aldrich,) and kept in a standard tissue culture incubator with 5% CO2, at 37 oC. 

Medium was changed thrice a week. The diameters of the beads and capsules were 
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measured with a dissection microscope (Leica MZ75 microsystems) equipped with an 

ocular micrometer with an accuracy of 25 µm. The 2% high-G alginate beads and APA 

capsules had diameter of 250-350 µm while the final multilayer capsules had a diameter of 

550-650 µm. 

 

 
Figure 2. (a). Schematic representation of the novel multilayer capsule concept avoiding protrusion of cells. 

The core of multilayer capsules facilitates growth of cells while the outer shell of the capsule traps escaping 

cells and induces cell death. (b) Schematic representation of methodology to generate multilayer capsules. 

Briefly after coating alginate-PLL capsules, the alginate-PLL capsules are reencapsulated with growth 

inhibiting 2% high-G alginate matrix. (Details in materials and methods) 

 

Viability and live-dead quantification of encapsulated cells 

Viability of BHK-sLrig1 cells encapsulated in APA capsules and multilayer capsules was 

studied with a live-dead staining kit of Invitrogen (Calcein AM (4 mM), Ethidium 

homodimer-1 (2 mM)). Cell containing capsules were washed three times with KRH 

solution containing 2.5 mM CaCl2. Capsules were incubated in the dark for 30 minutes in 2 

ml of serum free medium containing 1µl of calcein AM and 2µl of ethidium homodimer-1. 

Subsequently capsules were washed five times with KRH solution containing 2.5 mM 

CaCl2. Stained cells in capsules were visualized by a Leica TCS SP2 AOBS confocal 
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microscope and objective HC PL APO CS 10x/0.30 dry, 11mm. An Argon laser was used 

for excitation of calcein AM and the emission light over 505 nm and 530 nm was measured 

for live cells. A Helium Neon 543 nm laser was used for excitation of ethidium 

homodimer-1 and the emission light over 650 nm detected for dead cells. The pictures of 

sections were taken through entire Z-axis through the capsules. Imaris (R) x64 version 

7.6.4 software was used to process the raw data to construct 3D images and quantify live-

dead cells. Viability and live-dead quantification of cells in capsules was determined on 

day 1, 7, 14, 21, 28, 35, 49, 56, 63, and 70. 

 

Quantification and detection of sLrig1 

To quantify the relative secretion of sLrig1 protein from multilayer capsules we carefully 

sorted 50 multilayer capsules using a dissection microscope (Leica MZ75 microsystems) 

The 50 individually sorted capsules were placed in 96 well plates and cultured in 100 µl of 

growth media. Culture supernatants were collected twice a week between day 14 - day 70 

by replacing with fresh 100 µl of growth media. Quantification and detection of secreted 

sLrig1 was done by western blot using goat anti flag monoclonal antibody. Culture 

supernatant from encapsulated BHK control cells was used as negative control, whereas 

conditioned media from monolayer BHK-sLrig1 was used as positive control. From day 14 

onwards, the volume of the cell culture media was doubled (100 µl to 200 µl) because of 

increase in cell growth in the capsules. Therefore the volume loaded on the gels was also 

doubled (to compensate for the 2x dilution). Briefly, 4 µl of culture supernatant of day 14 

and 8 µl of culture supernatant from day 21 to day 70 from encapsulated cells were mixed 

in 1:1 ratio with 1x loading buffer (Invitrogen, Belgium) and resolved on 4-12% 

NuPAGE® Novex 4-12% Bis-Tris Gel (Invitrogen, Belgium) and transferred to 

polyvinylidene fluoride (PVDF) membranes (Invitrolon, Invitrogen, Belgium). ECL 

Advance™ blocking agent 2% (w/v) (GE Healthcare, UK) in Tris-buffered saline 

containing 0.1% Triton X-100 (TBST) was used for blocking PVDF membrane for at least 

2 hours. Goat anti-FLAG mouse monoclonal antibody (1:50000) (Sigma, F1804) was used 

as primary antibody for the detection of recombinant FLAG-tagged sLrig1. Primary 

antibody was incubated overnight at 4oC. HRP-conjugated goat anti-mouse antibody 

(Jackson ImmunoResearch, 115-036-003) was used as secondary antibody (1:150000). The 

signal was visualized using an ECL™ Advance Western blot detection kit (GE Healthcare, 

UK). Bovine serum albumin (BSA) was used as housekeeping protein to confirm sample 

equal loading”. BSA is visualized by nonspecific binding of secondary antibody. ECL 
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image acquisition was performed with an ImageQuant LAS4010 imaging station and 

signals were quantified with Image Quant TL software (GE Healthcare, Belgium). Data 

was expressed as a relative percentage of the secretion at day 14. 

 

Surface roughness of capsules  

Surface roughness of different area of microcapsules was determined by atomic force 

microscopy (AFM). APA capsules without cells were used as control. Surface roughness of 

empty APA capsules (n=4), APA capsules (n=4) and multilayer capsules (n=4) with cells 

was studied on day 30 post-encapsulation using a Bruker dimensions 3100 atomic force 

microscopy. Topographic imaging of capsules was performed at room temperature using 

the tapping mode21,60. Briefly single capsules were carefully sorted using a dissection 

microscope (Leica MZ75 microsystems), washed with demineralized water and placed on 

microscopic slides. The excess of water was carefully aspirated. The surface of the 

microcapsules was scanned by the tip of a silicon nitride cantilever (Nanoprobes GmbH, 

Darmstadt, Germany), spring constant k was set to 0.05 N/m, which was vertically 

oscillating (z-oscillating) near its resonant frequency with a tapping frequency (x-y raster 

scanning) less than 1 Hz. Surface roughness (Rq) was evaluated by using the root mean 

square average of height deviations taken from the mean image data plane at a 5 µm scan. 

NanoScope V software was used to analyze the raw data of AFM. 

 

Statistical analysis 

Results are expressed as mean ± standard deviation (SD). Anova and Tukey tests were 

carried out using R software package, version 3.0.0. A p value <0.05 was considered 

statistically significant. 

 

Results 

 To prevent cell protrusion from alginate capsules, we applied different types of alginate to 

produce gels with different mechanical stability19. The 3.4% intermediate-G alginate beads 

gelled in 100 mM CaCl2 solution had a rigidity of 9.47 ± 1.61 g and an elasticity of 7.99 ± 

0.76 s. The 2% high-G alginate beads were more rigid (11.05 ± 0.77 g) and less elastic 

(9.12 ± 0.57 s) than 3.4% intermediate-G alginate beads. A too rigid environment will lead 

to deregulation of cellular metabolism and protein synthesis, eventually leading to cell 

death. The tests were performed with a mammalian cell lines (BHK cells), as these cells are 

often applied in preclinical models for the release of therapeutic agents9,20. BHK cells were 
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encapsulated in alginates with two different rigidities and elasticities after which functional 

survival was studied. The methodology to make multilayer capsules is described in the 

method section (figure 2b).  

 

Long-term survival and protection of outgrowth of BHK cells in different alginate 

types  

We then investigated the survival of the cells at different periods of time in 3.4% 

intermediate-G alginate capsules and 2% high-G alginate beads. Cell survival was 

monitored on a weekly basis and images were acquired on day 1, 7, 14, 21, and day 28 as 

shown in figure 3. Within 1st week, BHK cells encapsulated in 3.4% intermediate-G 

alginate started to grow without obstruction and formed cellular clusters. By day 28, these 

capsules were completely filled with cells. This was very different in the more rigid 2% 

high-G alginate capsules. Cell growth was impaired when compared to the cells in the 3.4% 

intermediate-G alginate. On day 28 most of the cells encapsulated in 2% high-G alginate 

were dark and necrotic indicating that 2% high-G alginate hampers cell survival. 

 

Cell behavior in the multilayer system 

To determine whether the multilayer system caused an impairment in cell survival, we 

studied the viability of BHK cells in the multilayer system in comparison to the 

conventional 3.4% intermediate-G alginate APA capsules. Viability studies were done on at 

day 1, 7, 14, 21, 28, 35, 49, 56, 63, and day 70. As shown in figure 4a cell survival and 

growth in both the control 3.4% intermediate-G alginate APA capsules and in the 

multilayer capsules steadily increased from day 1 to day 70. Cells in the multilayer capsules 

grew slower. The multilayer capsules were completely filled by day 49, whereas the 3.4% 

intermediate-G alginate APA capsules were already filled by day 28. Live dead 

quantification of cells shows approximately 85% of live cells in both conventional and 

multilayer capsules at any given time point. 

Outgrowth of cells in the control capsules was observed by day 14. This was 

associated with cell growth in the culture flask. In the multilayer capsule cultures we did 

not observe cells in the flask. Cells in multilayer capsules started to migrate to the outer 

layer as of day 28, but were trapped effectively and died (figure 4b). To summarize we 

show that multilayer capsules prevent protrusion of cells in vitro. 
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Figure 3. Mechanical stability of alginate influences cell growth. Phase contrast microscopic images of BHK-

cell growth in 3.4% intermediate-G alginate-poly-L-lysine (APA) capsules, and 2% high-G alginate beads. 

APA capsules facilitate cell growth while 2% high-G alginate inhibited cell growth. 

 

Multilayer capsules secrete therapeutic proteins for prolong periods of time  

We quantified the secretion of therapeutic sLrig1 from 50 multilayer capsules, cultured in 

96 well plates with 100 µl of culture medium. The culture supernatant was collected and 

replaced with fresh culture medium twice a week from day 14 till day 70. The secretion of 

sLrig1 was detected by Western blot and quantified as percentage of secretion of sLrig1 

with respect to day 14 (figure 4c). The secretion of sLrig1 increased exponentially till day 

42, where the highest secretion was observed. After day 42 the secretion was relatively 

stable with slight fluctuations in secretion of sLrig1 until day 70. As mentioned above 

traditional 3.4% intermediate-G alginate APA capsules showed protrusion and growth of 

cells in the culture flask, therefore the secretion of sLrig1 from the APA capsules cannot be 
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reliably quantified. Therefore we restricted quantification of sLrig1 from multilayer 

capsules. 

 
Figure 4. Cell growth and survival in intermediate-G alginate APA capsules and in the inner core of 
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multilayer capsules. (a) Confocal microscope images and quantification (n=3) of live- dead encapsulated 

BHK cells in APA capsules and multilayer capsule after live-dead staining at different time points. Live cells 

emit green fluorescence, dead cells emit red fluorescence. (b) Proof of concept of multilayer capsule: 

localization of live (green) and dead (red) BHK cells in a multilayer capsule. Protruding cells are effectively 

killed in multilayer capsules. (c) Western blot (n=3) analysis of secreted sLrig1 protein (upper band) from 

BHK-sLrig1 cells encapsulated in multilayer capsules. Multilayer capsules secrete sLrig1 for prolonged 

periods of time. Bovine serum albumin is visualized by nonspecific binding of secondary antibody (lower 

band). 

 

Cell load and cell growth increases surface roughness of capsules. 

Surface roughness of the capsules as a consequence of cell growth is correlated with host 

responses21. We therefore questioned how protrusion of cells influences surface roughness. 

To this end we studied surface roughness of cell containing APA capsules and multilayer 

capsules; APA capsules without cells were used as control. Analysis was done on day 30 

post encapsulation. As shown in figure 5, APA capsules with cells (Rq=20.84 ± 15.13) had 

a significant higher surface roughness compared to empty APA capsules (Rq=1.65 ± 0.35) 

(p <0.05). Although there was a tendency that surface roughness of multilayer capsules 

with cells (Rq=11.53 ± 2.82) had lower surface roughness compared to APA capsules with 

cells, the difference was not statistically significant. There was also no significant 

difference between surface roughness of empty APA capsules and cell containing 

multilayer capsules. In conclusion we find that cell growth and protrusion increase the 

surface roughness of capsules, and this may be ameliorated in multilayer capsules. 

 

 
Figure 5. Cell load, cell growth and alginate type affect surface roughness of the capsule. Surface roughness 

(Rq) of intermediate-G alginate-PLL-alginate (APA) capsules without cells, with cells and in multilayer 



103	  

	  

capsule with cells on day 30 post encapsulation (n=4). Cell load increases the surface roughness of capsules. 

Multilayer capsules with cells show a tendency towards lower surface roughness than APA capsules with 

cells.	  Values are expressed as mean ± SD, *p<0.05.	  

	  

Discussion	  

The fact that mechanical strength of alginate influences cell behavior is based on the 

principle of mechanotransduction. Mechanotransduction is a process by which mechanical 

forces acting on cells influence biochemical cell behaviour and viability22–24. This principle 

of mechanotransduction was applied to design a multilayer capsule with a minimal risk of 

protrusion of therapeutic cells. The system does not involve the inclusion of toxic 

components or any other molecules that might interfere with the survival of the 

encapsulated cell or with the host tissue. It is simply based on applying a rigidity on the 

outside of the capsule that is not compatible with cell survival. To our best knowledge we 

are the first to demonstrate this principle in microencapsulation systems. Different cells 

require different circumstances for optimal survival18,25. For every cell type it may be 

necessary to adapt the alginate with cell facilitating and inhibitory properties. Here we used 

calcium-alginate because the rigidity to kill BHK cells was already reached with this 

alginate-divalent cation combination. We have also tested the efficacy of multilayer 

capsules in preventing protrusion of human embryonic kidney cells (Chapter 5 figure 

1).The rigidity however can be further enhanced by applying divalent cations with a higher 

affinity for alginates (Pb>Cu> Cd> Ba> Sr> Ca> Co> Ni> Zn> Mn> Mg)26. Thus by using 

divalent cations with a higher affinity for alginate such as Pb2+, Cu2+, Cd2+, or Ba2+ the 

rigidity can be gradually increased27,28. Notably, application of Pb2+, Cu2+, and Cd2+ must 

be avoided because they are toxic to cells. Another effective method for increasing alginate 

rigidity is increasing the G-content or increasing the concentration of the alginate to create 

a mechanotransduction environment not compatible with cell survival. The molecular 

processes and sensors by which mechanotransduction occurs is still largely unknown23,29. 

Recent studies have suggested that integrin’s play a key role in mechanotransduction30,31. 

Since alginate lacks integrin binding sites32, non-integrin dependent mechanotransduction 

may occur which must be responsible for the observed effects on cell behavior33. 

 

Similarly different cells may require different conditions for optimal survival in the 

capsule core18,25. The advantage of the multilayer system is that the inner capsule is not in 

direct contact with the microenvironment in the host. This implies that within the 
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multilayer system the balance between optimal biocompatibility in the host and optimal 

cell-survival environment is less strict34–38. The multilayer system also may improve the 

surface roughness as shown in figure 5. Another issue that is overcome by the novel system 

is the reported variations in PLL binding and the associated host responses21,39–41. PLL is 

often applied to the alginate beads in order to reduce the pore size. Immunoprotective 

systems should protect the encapsulated cells against high molecular weight effector 

molecules of the adaptive immune system such as immunoglobulins and complement 

factors2. The PLL capsules usually have a permeability that allows for diffusion of 

molecules below 160 kDa2,42.  However binding of poly-aminoacids to alginate beads is not 

straightforward. Alginate should form a superhelical core around the PLL and the PLL 

itself should be forced into β-sheets40. This requires an ion exchange process which if not 

correctly done leads to host responses against inadequately bound PLL39,41,43,44. This is 

considered to be one of the factors contributing to the low degree of reproducibility of 

alginate-polyamino-acid encapsulation38,43–45. This binding is less important when the PLL-

layer can be covered with an additional layer of alginate with a documented high degree of 

biocompatibility39,40. Therefore the multilayer capsule procedure may contribute to 

reproducibility. Moreover the high crosslinking of gelling ions in high-G alginate reduces 

the pore size of multilayer capsules. 

 

Even though the high crosslinking network obtained with high-G alginate, results in 

smaller pore sizes and increases rigidity, diffusion of nutrients and secretion of 100 kDa 

recombinant sLrig1 from encapsulated cells was not obstructed in multilayer capsules. The 

observed fluctuations in secretion after day 42 can be attributed to cellular contact 

inhibition or deprivation of nutrients and oxygen in the core of the capsules46.	  It is difficult 

to assess the exact concentration of sLrig1 released from the capsules. Based on antibody 

staining, we can only provide a relative quantification. However the amount of sLrig1 

secreted from encapsulated BHK-sLrig1 cells depends on the initial cell concentration and 

doubling time for cells. With the current settings, we obtained approximately 17 fold 

increase of sLrig1 secretion per bead on day 42 with respect to day 14.  In the past we have 

shown 40-60% inhibition of glioma growth using 5 alginate beads encapsulated with BHK-

sLrig1 cells in mouse models9. It is likely that the initial cell load used for encapsulation 

and/or number of beads implanted can be increased to achieve higher efficacy.  
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It might be argued that the rigidity of 11.05 g for the 2% high-G gel is also 

interfering with host-compatibility or biocompatibility by forming a too stiff layer for host 

tissues in the vicinity of the capsules. In this study however we applied only alginate-types 

and concentrations that have already been tested in vivo in different implantation sites 

including the brain47 and did not show any toxicity or severe response in the host41,47,48. It 

seems that intracapsular rigidity is a different issue than surface rigidity49,50 which 

previously has been reported to be a critical issue for biocompatibility51,52.  

 

The surface roughness of microcapsules also plays a crucial role in host responses. 

A high Rq is associated with enhanced adsorption of proteins and inflammatory cells48,51,52. 

Although the Rq value of APA capsules with and without cells was not statistically 

significant from the multilayer capsules with cells, we postulate that providing an 

additional alginate layer may reduce the variations induced by cell inclusions. In the 

present study we show that loading the system with cells leads to increased surface 

roughness as cell free APA capsules had a lower surface roughness than cell containing 

APA capsules and multilayer capsules. This suggests that inclusion of cells affects the 

gellification process. Increasing the cell load, hinders the cross linking of gelling ion and as 

a consequence decreases mechanical stability19. This further increases protrusion and 

surface roughness. As protrusion is a random phenomenon, protrusion or disruption of the 

surface structure can occur anywhere on the surface and in different degrees as shown by 

large standard deviations values in this study. We found that APA-capsules sometimes had 

Rq values varying in range between 3.34 nm and 40.3 nm. Previous AFM studies have 

been conducted on cell free capsules which did not report large variations on APA 

capsules21. We suggest that the variation in surface in cell containing capsules observed in 

our study may contribute to the reported variations in host responses (biocompatibility) 

against APA-encapsulated cells. Cell load13,42,53 and surface roughness are interrelated and 

do matter for in vivo success of implanted capsules51,52. Moreover it has been shown that 

the Rq of alginate beads increases with increasing affinity of the divalent cations for 

alginate51,52. By using divalent cations with a higher affinity for alginate the surface 

roughness of alginate capsules can be gradually increased. Therefore, to keep the surface 

roughness low on the multilayer system we recommend to use calcium ions as long as high-

G alginate is applied. 
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Conclusion 

A system in which protrusion of cells is prevented is mandatory for cell based therapies. In 

particular with encapsulated therapeutic cell lines, outgrowth of these cells from the 

capsules may lead to tumor formation. Here we report on a novel microencapsulation 

system that strongly reduces cell protrusion of cells. Different types of highly 

biocompatible alginates were applied to facilitate growth and survival of therapeutic cells 

in the core of the capsules while destroying cells escaping from the core of multilayer 

capsule. Studies are ongoing to determine the efficacy of this system in pre-clinical models 

in vivo. 
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Abstract 

 Implantation of alginate encapsulated cells has been proposed as a promising treatment 

option for various diseases. However most of the traditional cell encapsulation systems face 

problems of low mechanical stability and cell protrusion which limits their clinical 

application. Multilayer cell encapsulation systems can increase the mechanical stability of 

capsules and can overcome protrusion of cells in vitro but also decreases the risk of lab to 

lab variations associated with polyamino acid coating and decreases surface roughness. 

Here we report on the in vitro efficacy of multilayer capsules to prevent protrusion of 

highly proliferating cells (human embryonic kidney cells, HEK) combined with a high cell 

load. Also we provide preliminary data on the in vivo application of multilayer capsules 

used to deliver an angiogenic growth inhibitor (soluble neuropilin-1) for the treatment 

malignant brain tumors. Our data also highlights important technical considerations to be 

addressed for successful translation of this approach into clinical application.  
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1. Introduction 

Alginate cell encapsulation is a way of immunoprotecting cells and tissues for implantation 

into unmatched recipients without the need for immunosuppression, while allowing the 

secretion of therapeutic molecules from the cells into the surrounding host tissue 1,2. 

Therefore this approach represents a promising alternative to treat a number of diseases like 

diabetes 3, neurological disorders 4–6, and cancer 7–11. Despite advances in the field, several 

key challenges such as variations in mechanical stability of capsules and prevention of 

protrusion of cells from capsules that interferes with long term functionality still remain to 

be addressed. Cell load, cell growth, and culturing decreases the mechanical stability of 

capsules 12, ultimately initiating protrusion of cells 13 and  exposing the encapsulated cells 

to the microenvironment thereby representing a risk of graft failure and/or uncontrolled cell 

growth. Prevention of protrusion is a major requirement for cell based therapy. The 

traditional alginate cell encapsulation is hampered by protrusion of cells. 

 

The immune system of the host plays a significant role in graft rejection and/or cell 

growth due to protrusion of cells. Immune competent hosts can most likely effectively 

reject protruding cells, however this may be accompanied by a strong local immune 

reaction with graft failure as a consequence. In immune privileged sites such as the brain 

prevention of protrusion is even more important because the protruding cells are not 

eliminated and may start to grow and form tumors on their own. This is particularly 

important in the context of brain tumors, which generate an immunesuppressive 

environment. The factors released by brain tumors weaken the immune system of the host, 

which may facilitate growth of protruding cells from capsules. In this context, it is 

important to note that in order to effectively understand the biological mechanisms 

underlying tumor growth based on human tumour material, immune deficient animal 

models are widely used as pre-clinical models.  

 

In addition to the immune privileged nature of the brain and the immune 

suppressive nature of brain tumors, the physiological complexity of the brain presents 

another challenge for implanting alginate capsules. The implantation procedure should be 

minimally invasive to reduce the risk of brain damage. Therefore the size and the number 

of alginate capsules implanted should be sufficiently small to allow easy implantation while 

still achieving the desired therapeutic effect. The capsules should also withstand the 

intracranial pressure in the brain to avoid capsule rupture and protrusion of encapsulated 
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cells. Moreover the higher cell load desirable with small sized capsules is always associated 

with lower mechanical stability and protrusion of cells 12,13. In our previous in vivo studies 

to treat brain tumors we occasionally observed protrusion of cells from alginate beads in 

immune deficient hosts (data not shown). We therefore aimed to overcome in vivo 

protrusion from encapsulated cells using the novel multilayer encapsulation system 

(chapter 4). We have demonstrated the effectiveness of the multilayer encapsulation system 

in in vitro studies. Here we further report on the in vitro efficacy of multilayer capsules to 

prevent protrusion of highly proliferating human embryonic kidney (HEK) cells applied at 

high cell load. Also we provide preliminary data on the in vivo efficacy of local delivery of 

an anti-angiogenic agent using novel multilayer capsules in treating brain tumors. The 

extracellular part of neuropilin1 (Nrp1), also termed ectodomain or soluble Nrp1 (sNrp1) 

has been shown to reduce tumor angiogenesis and increase tumor apoptosis in animal 

models 14,15. Our study also highlights the technical challenges of encapsulation 

technologies in treating brain tumors which need to be considered in transforming cell 

encapsulation to a realistic clinical proposal. 

 

2  Materials and methods 

2.1  Cell culture  

Glioma cells (U87) and human embryonic kidney (HEK) cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum, 

100 U/milliliter  penicillin, 100 U/milliliter  streptomycin, and 2 mM glutamine (all from 

Cambrex; Lonza, Switzerland). HEK cells were used to produce recombinant sNrp1 

producer cells. To this aim a gene expression construct encoding the extracellular part of 

human Nrp1 fused to the Fc epitope (Sigma-Aldrich) was cloned into the lentiviral vector 

(pRRL). Vector was kindly provided by Professor Joost Verhaagen (The Netherlands 

Institute for Neuroscience, Netherlands). Transduction efficiency of 60-70% was obtained 

as determined by anti-Fc immunofluorescent staining. Secretion of the sNrp1 -Fc fusion 

protein into conditioned media of cells and capsules was verified by Western blot analysis. 

 

2.2  Microencapsulation 

Alginate beads and multilayer capsules were prepared by encapsulating 10x106 

HEK or HEK-sNrp1 cells per milliliter of alginate, using electrostatic bead generator 

VarV1 (Nisco Engineering AG, Zurich Switzerland). Briefly, subconfluent HEK cells were 

harvested, counted, and mixed with either 2% sodium alginate (ultrapure, high guluronic 
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acid content low viscosity (HGLV), ; PRONOVA UP LVG, NovaMatrix - FMC 

BioPolymer AS, Norway) or 2% ultrapure (in house purified), high guluronic acid content, 

high viscosity (HGHV) (ISP Alginates Ltd UK ). 2% ultrapure HGHV was kindly provided 

by Professor Paul de Vos. Cells dispersed in alginate were released using sharpened nozzle 

of a diameter of 0.17 mm (Nisco Engineering AG, Switzerland) into a gelling solution of 

100 mM CaCl2, 2 mM KCl, 10 mM Hepes (pH 7.4). Multilayer capsules (inner capsule of 

HGLV and outer capsule of 2% HGHV content alginate) were prepared in same way as 

described in chapter 4, using electrostatic bead generator VarV1 and 26 g needle. The 

encapsulated cells were subsequently cultured in 25 cm2 culture flasks containing 5 ml 

growth medium and kept in a standard tissue culture incubator with 5% CO2, at 37 oC. 

Medium was changed thrice a week. The diameters of the beads and multilayer capsules 

were measured with EVOS® FL Cell Imaging System (Life technologies). Beads with a 

diameter of 250-300 µm and multilayer capsules with a diameter of 350-450 µm were used 

for implantation experiments. 

 

2.3  Viability of encapsulated cells in different alginate and capsule type. 

Viability of encapsulated HEK cells in 2% low viscosity, high guluronic acid content 

alginate, 2% high viscosity, high guluronic acid content alginate and multilayer capsules 

were studied in same way as mentioned in chapter 4 using live-dead staining kit of 

Invitrogen (Calcein AM (4 mM), Ethidium homodimer-1(2 mM)). Imaris (R) x64 version 

7.6.4 software was used to process the raw data to construct 3D images. Viability of 

capsules was determined on day 1, 7, 14, 21, 28, 35 and day 49. 

 

2.4  Quantification and detection of sNrp1  

To quantify the secretion of sNrp1 protein from multilayer capsules we carefully sorted 50 

multilayer capsules on day 0 and cultured in 96 well plates in 200 µl of growth media, in 

standard tissue culture conditions as described in chapter 4. Each and every capsule was 

selected using a EVOS® FL Cell Imaging System from a petri dish containing growth 

medium and collected in a 2 ml sterile Eppendorf tube using a 1 ml pipette. The 50 sorted 

capsules were then carefully placed in 96 well plates and cultured in 200 µl of growth 

media. Culture supernatants were collected twice a week from day 4 to day 42 and replaced 

with fresh 200 µl of growth media. Quantification and detection of secreted sNrp1 was 

done by Western blot using goat anti-human IgG antibody, Fc, Alkaline Phosphatase 

conjugate (Chemicon (Millipore) AP113A). Briefly, 8 µl of culture supernatant of day 1 
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and 16 µl of culture supernatant from day 4 to day 42 from encapsulated cells were 

resolved on 4-12% NuPAGE® Novex 4-12% Bis-Tris Gel (Invitrogen, Belgium) and 

transferred to nitrocellulose membranes using iBlot (Life technologies). ECL Advance™ 

blocking agent 2.0% (w/v) (GE Healthcare, UK) in Tris-buffered saline containing 0.1% 

Triton X-100 (TBST) was used for blocking nitrocellulose membrane for at least 3 hours. 

Goat Anti-Human IgG Antibody, Fc, Alkaline Phosphatase conjugate (Chemicon 

(Millipore) AP113A) (1:2000) was used as primary antibody for the detection of 

recombinant Fc-tagged sNrp1. Primary antibody was incubated overnight at 4 oC. The 

signal was visualized using an ECL™ Advance Western blot detection kit (GE Healthcare, 

UK). ECL image acquisition was performed with an ImageQuant LAS4010 imaging station 

and signals were quantified with Image Quant TL software (GE Healthcare, Belgium). Data 

was expressed as a relative percentage of the secretion at day 1. 

 

2.4  Intracerebral co-implantation of encapsulated HEK cells and U87 cells 

Since conventional encapsulation capsules are associated with protrusion of cells associated 

with high surface roughness (chapter 4 and our previous experiments), we implanted only 

multilayer capsules to check in vivo efficacy of tumor inhibition by sNrp1. Females 

athymic nude (nu/nu) mice, aged 8 weeks, purchased from Charles River France, were used 

for efficacy experiments. Multilayer capsules with U87 cells were implanted in the 

cerebrum of mice, in the same way as described by us previously 7. Briefly before 

implantation, mice received intraperitoneal administration of a cocktail of anesthetics 

(ketamine 100 mg/kg and xylasine 10 mg/kg). Implantation was performed with the guided 

stereotactic implantation system (Narishige; London, UK). Before skin incision, 100 µl of 

local anesthetic (Marcain 0.25% with Adrenalin) was injected into the scalp. Mice also 

received buprenorphine (0.1 mg/kg) in sub cutaneous for analgesia. The dura mater was 

thereafter carefully punctured and a burr hole was created 2 mm ventrally of the sutura 

coronaria. U87 cells (1x 105) with either 10 control HEK multilayer capsule (n=8) or 10 

HEK-sNrp1 multilayer capsule (n=8) suspended in DMEM were stereotactically co-

implanted into the right hemisphere at a depth of 2 mm with use of a 5 µL microsyringe 

with 24 gauge needle (Hamilton; Bonaduz, Switzerland). Injection was done slowly, and 

care was taken not to induce reflux of injected cells when retracting the syringe. The burr 

hole was closed with bone wax, and the skin incision was closed with sutures. Animals 

were placed postoperatively on warming chamber until wake up. All animals were kept in a 

controlled environment with a 12-h light/dark cycle and fed ad libitum. Mice from both 
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groups were monitored on daily basis and sacrificed the same day at the onset of the first 

neurological symptoms of the control mice. 

Animal experiments were approved by local authorities for animal experimentation 

in Luxembourg which follows the EU direction (2010/63). 

 

2.5  Tumor volume quantification 

Ex vivo tumor volume was quantified using magnetic resonance imaging (MRI) as 

described by us previously 7. Briefly, after sacrificing animals, brains were dissected and 

fixed in 4% paraformaldehyde. Thereafter, T2-weighted (Fast Spin Echo with TE = 36 ms, 

TR = 4300 ms, 63 µm in plane resolution, 15 slices 1mm thick) MRI scans covering the 

entire brain, were obtained on a 7T micro-MRI for small animals (Bruker PharmaScan) 

using a mouse brain volume coil at Molecular Imaging Center (MIC), University of 

Bergen, Norway. The tumors were delineated in the Paravision 5.0 software (Bruker; 

Ettlingen, Germany), and tumor volumes were calculated using serial axial and coronal 

sections. 

 

2.6  Histology and immunohistochemistry 

After ex vivo MRI, all brains were processed for paraffin embedding using Automatic 

Tissue Processor system (Leica TP1020, Leica Biosystems Nussloch GmbH, Germany). 

Axial sections were made every 10 µm and mounted on Superfrost Plus slides 

(Thermoscientific). The sections were stained with Harris hematoxylin (Dako, S3309) and 

eosin G (Sigma, E6003) according to standard procedures. CD44 immunostaining with 

mouse anti human CD44 (M7082, Dako) was performed with Dako kit (anti-mouse, Dako 

K4006). Briefly, slides were incubated 30 minutes at 96°C in retrieval solution (Dako, 

S1700). Non-specific binding was blocked with 2% FBS in T-TBS. Primary antibody 

(1:25) was incubated for 1 hour at room temperature, followed by 3X5 minutes washing in 

T-TBS. Slides were incubated with anti-mouse HRP for 30 minutes, followed by 3X5 

minutes washing in T-TBS. The signal was visualized using a 3,3'-diaminobenzidine 

(DAB) in chromogen solution (Dako kit). The slides were mounted in Eukitt® quick-

hardening mounting medium (Sigma) and examined with a Leica DMI6000 B inverted 

microscope (Leica Microsystems, Germany).  
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2.7 Statistical analysis 

Data are expressed as mean ± standard deviation. Student t-test was performed for analysis 

of MRI data, and differences were considered significant at P < 0.05. 

 

Results  

3.1  Multilayer capsules prevent protrusion of HEK cells 

We have previously shown (chapter 4) that multilayer capsules prevent protrusion of BHK 

cells in vitro and reduce surface roughness of the capsules associated with protrusion. To 

investigate whether the concept of prevention of cell protrusion from multilayer capsules is 

also valid for other cell types and at higher cell concentration, we compared encapsulated 

HEK cells at a cell concentration of 10x106 cells/milliliter  in 2% HGLV alginate, 2% 

HGHV alginate, and multilayer system. Within the 1st week post encapsulation, HEK cells 

encapsulated in 2% HGLV alginate, started growing without obstruction and formed cell 

clusters. Protrusion of HEK cells from 2% HGLV beads was apparent at day 7. By day 14, 

cells encapsulated in 2% HGLV alginate were completely filled with cells and the surface 

of the beads was entirely covered with protruding cells (Figure 1a). Cell viability, cell 

growth and cluster formation increased on a daily basis (Figure 1b). On the contrary, cells 

encapsulated in 2% HGHV alginate found it difficult to grow and survive. Cell viability 

decreased on a daily basis and by day 28 most of the cells encapsulated in 2% HGHV 

alginate were dead. On the other hand, HEK cells in the multilayer system, grew in a 

similar way as cells encapsulated in 2% HGLV alginate. The inner core of the multilayer 

capsule was completely filled with cell clusters by day 21 and remained constant till day 

49. On day 21, we observed the first outgrowth of HEK cells from the inner core of 2% 

HGLV alginate towards the outer layer of 2% HGHV alginate. These cells however were 

not able to leak out of the multilayer capsule as they died in the outer rigid growth 

inhibiting matrix of 2% HGHV alginate (Figure 1c). 

 

3.2  Multilayer capsules secrete sNrp1 for prolonged periods of time 

To study the efficacy of protein secretion from HEK cells encapsulated in multilayer 

capsules, we used recombinant HEK cells producing soluble neuropilin-1, which acts as a 

scavenger for VEGF (vascular endothelial growth factor) thereby inhibiting angiogenesis. 

Protein secretion from encapsulated cells was studied in the same way as in chapter 4. 

Briefly 50 multilayer capsules were carefully selected and cultured in a 96 well plate in 200 

µl of culture medium. The culture supernatant was collected and replaced with fresh culture  
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Figure 1. Encapsulation of HEK cells in different alginate and capsule types. (A) Protrusion of HEK cells 

from 2% HGLV alginate beads over time. The surface of beads is completely covered with protruding cells 

(red arrows). (B) Confocal microscope images of HEK cells encapsulated in 2% HGLV alginate beads, or in 

2% HGHV alginate beads and multilayer capsule after live/dead staining at different time points. Live cells 
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emit green fluorescence, dead cells emit red fluorescence. (C) Proof of concept of multilayer capsule: 

localization of live (green) in the inner core and dead (red) HEK cells in the outer layer of the capsule, where 

protruding HEK cells are effectively killed. (D) Western blot analysis of secreted soluble neuropilin1 (sNrp1) 

protein from HEK-sNrp1 cells encapsulated in multilayer capsule. Multilayer capsules secrete sNrp1 for 

prolonged periods of time. Lower panel shows quantification of Western blot (n=3). 

 

medium twice a week from day 4 to day 42. Secretion of sNrp1 from multilayer capsules 

was detected by Western blot (Figure 1d). The secretion of sNrp1 increased steadily from 

day 1 to day 42 reaching a plateau thereafter. 

 

3.3  Local delivery of sNrp1 from multilayer capsules in vivo  

To study the efficacy of HEK-sNrp1 cells encapsulated in the multilayer capsules in 

inhibiting brain tumor in vivo, we co-implanted 10 multilayer capsules with 1x105 U87 cells 

in the brain of athymic nude mice. It should be noted that the majority of our previous in 

vivo studies, were conducted with 6 rather than 10 capsules. However because of the 

smaller inner diameter of multilayer capsules (and thus lower cell load) we decided to 

increase the number of implanted capsules, thereby hoping to maintain the therapeutic 

efficacy. Mice were monitored on a daily basis and all mice were sacrificed on arrival of 

first neurological symptoms in control animals. To determine the tumor size in the brain, ex 

vivo MRI studies were performed, which revealed a tendency towards a reduced tumor 

volume in the treated group compared to the control group (Figure 2a), however the 

difference was not statistically significant. Of note implanted multilayer capsules were 

readily visualized by MRI (Figure 2b). To our surprise by analyzing the 3D MRI scan 

throughout the brain we detected 2 separate tumor like structures (Figure 2c) extending 

throughout the whole right hemisphere. This was the first time we observed 2 tumors rather 

than a single tumor in MRI studies. We therefore hypothesized that the multilayer capsules 

failed to prevent protrusion in vivo and the HEK cells escaping from the capsules also 

formed tumor structures. 

 

3.4  With the current setup cell protrusion was not efficiently prevented in vivo 

In order to study the origin of the two observed tumors in the mouse brain, we performed 

hematoxylin/eosin (HE) staining and CD44 staining of brain tissue to confirm the cell type. 

The CD44 glycoprotein is a hyaluronan receptor, which is widely expressed in cancer and 

plays an important role in cell migration, tumor growth and progression. We showed that 
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U87 cells stain positively for CD44 while HEK cells do not (Figure 3a). On xenograft 

sections HE staining clearly identified the tumors and the implanted multilayer capsules 

(Figure 3b). The major part of the tumor was positive for CD44, indicating their U87 origin 

(brown staining in Figure 3c). However part of the tumor was negative for CD44 (white 

area, blue arrow heads in Figure 3c) suggesting that this area originated from HEK cells. 

Thus despite its efficient retention of cells in vitro, the multilayer capsule system was not 

able to fully prevent protrusion of cells in vivo. The reasons for the failure of multilayer 

capsules may be attributed to a loss of capsule integrity during or after implantation. 

 

Figure 2. Ex vivo quantification of brain tumor volume and visualization of multilayer capsules in the mouse 

brain. (A) Ex vivo quantification of tumor volume by MRI. A strong tendency towards reduced tumor volume 

was observed in the treatment group, which was however not statistically significant. Results are expressed as 

percentage of tumor volume with respect to control group. (B) T2 MRI section showing presence of 

implanted multilayer capsules. (C) T2 MRI section showing presence of 2 tumor structures - left upper part 

and right lower part of brain. Note the presence of multilayer capsules, red arrow. 

 

4. Discussion 

In the present study we were able to show that despite the high cell load and high 

proliferation rate of HEK cells, the rigidity and limited elasticity properties of 2% HGHV 

alginate inhibited HEK cell growth and proliferation in vitro. Based on this, the concept of 

mechanotransduction was applied to design multilayer capsules, in order to overcome 

problems associated with protrusion of cells. Indeed we were able to show that similar to 

BHK cells (chapter 4) HEK cells encapsulated in multilayer capsules prevented cell 

protrusion in vitro. Moreover using HEK-sNrp1 multilayer capsules co-implanted with U87 

cells in vivo, the tumor volume appeared to be reduced as assessed by ex vivo MRI. 
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However with the current settings the multilayer capsules could not fully prevent in vivo 

protrusion of cells. The ex vivo MRI studies showed the presence of 2 tumor masses in the 

brain rather than a single delineated tumor as normally observed with U87 cells. CD44 

staining along with HE staining of the sections confirmed the presence of two distinct cell 

types (U87 and HEK cells), indicating that cells evaded from the capsules had been able to 

grow in the brain. The possible reasons for this are discussed below. 

 

 
Figure 3. Identification of tumor type in mouse brain. (A) Iummocytochemical test with CD44 antibody to 

distinguish U87 and HEK cells. U87 cells are positive and HEK cells are negative for CD44 staining. (B) 

Histological sections of brain tumors stained with hematoxylin and eosin (HE), note the presence of 

multilayer capsules in HE staining (red arrows). (C) CD44 staining of adjacent sections which stains positive 

for U87 and negative for HEK derived tumors. Note the absence of CD44 staining in part of the tumor (blue 

arrows). 

 

4.1  Capsule integrity during and after implantation are a major cause of in vivo 

protrusion 

In the past we occasionally observed the same phenomenon of tumor growth from BHK 

cells encapsulated in alginate beads in the brain of mice (data not shown). This was 

however only the case when we encapsulated BHK cells with a cell load of 10x106 

cells/milliliter of alginate beads and implanted 10 beads of size 250-300 µm in nude mice. 

Therefore we believe that the reason for cell escape from multilayer capsules in vivo can be 

explained by two factors- (1) high number of capsules is difficult to incorporate in the 

syringe during implantation which causes capsule breakage, (2) high number of capsules 

implanted increases the intracranial pressure in the brain, which may cause capsule 

breakage.  
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To address which factors are important in reducing capsule integrity and 

consecutively causing protrusion of cells from alginate capsules in vivo, we did a literature 

survey of preclinical studies using cell encapsulation to treat brain tumor. As shown in 

Table 1, surprisingly none of the studies reported a problem associated with selection the 

cell line, cell load, cell growth, protrusion and capsule integrity associated with 

implantation. The studies show a broad variability of cell lines including HEK cells and a 

cell load ranging from 1.5x105 to 5x107 cells/milliliter of alginate. All studies report 

successful results in treating brain tumors. It therefore appears that a cell load of 10x106 

cells/milliliter of alginate and the HEK cell line and were not the problem in itself in our 

system. With the multilayer system, we were not able to make multilayer capsules with 

more than 10x106 cells/milliliter of alginate. When the cell load is increased beyond 10x106 

cells per milliliter of alginate, the alginate beads could not resist the PLL coating and 

underwent excessive swelling and shrinkage, which makes them extremely fragile to 

undergo multilayer encapsulation. In order to compensate for the lower cell load and to 

increase efficacy of tumor inhibition, we implanted 10 multilayer capsules with outer 

diameter of less than 450 µm. The handling of this high number of capsules, along with the 

increased size is likely to have a negative influence on capsule integrity and may cause 

breakage of the capsule during the implantation procedure. The implantation needle whose 

inner diameter should be sufficiently large, is also a major factor for maintaining capsule 

integrity before implantation.  The structural integrity of capsules during and after 

implantation are major determinants for the safety of encapsulation technology.   

 

In addition the high intra cranial pressure is likely to have a negative influence on 

capsule integrity applied in combination to the high number of capsules. Normal intra 

cranial pressure is 7-15 mm of Hg (which corresponds to 9.51-20.39 gram force/cm2) and 

increases during development of a brain tumor 16. In the past we and other research groups 

have shown that the implantation of 3-6 small sized beads is well tolerated in the rodent 

brain 4,7,8,17. The increased number of capsules used here combined with the pressure 

produced by the developing tumor might cause capsule breakage exposing the encapsulated 

cells.  
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Table 1 Pre-clinical studies on brain tumor using cell encapsulation technology 
 

Modality Comment Cell line Cell load / ml 
of matrix Host 

Tumor  
cell  
type 

Encapsulation 
system 

Number 
of beads Reference 

Endostatin-endogenous 
inhibitor of angiogenesis 

Prolonged 
survival  HEK 2x107 Nude 

rats 
BT4C glioma 

cells Alginate beads Not 
specified 

8 

Endostatin-endogenous 
inhibitor of angiogenesis 

Reduced 
tumor growth  BHK  

5x105 
Nude 
mice U87 cells Alginate beads Not 

specified 
17 

Endostatin-endogenous 
inhibitor of angiogenesis 

Reduced 
tumor growth 
and invasion  

HEK 2x107 Nude 
mice 

C6 glioma 
spheroids Alginate beads 

4-6 
depending 

on size. 
18 

Peptide-sTRAIL-Targeted 
apoptosis-induction 

Reduced 
tumor growth 
and prolonged 

survival  

mNSC 4x105 Nude 
mice U87 cells Injectable 

hydrogel system 
Not 

applicable 
19 

Peptide- sLRIG1- blocking 
antibody (EGFR) 

Reduced 
tumor growth 
and prolonged 

survival  

BHK 5x107 Nude 
mice 

U87 cells and 
primary GBM 

spheroids 
Alginate beads 5 7 

Retrovirus - Herpes Simplex 
Virus-1 Thymidine Kinase 
(HSV-TK) 

Increased 
tumor necrosis  Psi2-VIK 1.5x105 Wistar 

rats 
C6 glioma 

cells 

microporous 
polyethersulphone 

(PES) hollow 
membranes 

Not 
applicable 

20 

 
Abbreviations used:  BHK- baby hamster kidney, HEK- human embryonic kidney, mNSC- mouse neural 
stem cells 
 

4.2  Impact of the immune system on cell protrusion 

In addition to capsule integrity the immune system of the host presents an important barrier 

to prevent protruding cells to grow.	  In the normal situation the host immune response to the 

protruding cells consists of both cellular and humoral mechanisms. Although other cell 

types are also involved, the T cells play a major role in controlling protrusion of cells and 

rejecting the grafts. Immunedeficient hosts, like nude and NOD/SCID mice are deficient in 

T cells, and thus cannot recognize foreign cells and reject tissue grafts.  Nevertheless 

immunedeficient models are models of choice in cancer research, since they allow the 

engraftment of human cancer cells as xenografts. Using immunodeficient models for the 

assessment of brain tumors is also pertinent because of the immune privileged nature of the 

brain and the immune suppressive properties of brain tumors.  

The application of cell capsules in cancer research as performed here has allowed to 

highlight the importance of the problem of cell protrusion, as this is evidently recognized in 

immunedeficient animal models. In this context it should be noted that most non-cancer 

preclinical studies using cell encapsulation technology were performed with immune 

competent animals (Table 1), where extracapsular growth of protruded cells is not to be 
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expected.  Indeed the immunodeficient model provides a platform to monitor the efficacy 

of approaches designed to counter protrusion.  

 

4.3  Approaches in controlling in vivo protrusion 

As shown in table 1 most of the preclinical cell therapy studies were performed with 

established cell lines. However the benefits of high secreting cell lines have to be balanced 

against safety concerns 18,19. One way to reduce protrusion is to use slow proliferating cells 

in the alginate matrix like C2C12 myoblast cells used by Garcia et al 4. Nevertheless also in 

this case the immune system of the host appears to play a major role in graft survival. For 

example Hortelano et al, showed that slow proliferating C2C12 cells in alginate capsules 

are safe in an immune competent host, but form tumors in an immune deficient host 20. A 

more efficient way to control cell proliferation was proposed by Mazur et al 21 using a 

multicistronic expression unit encoding the desired recombinant gene and a cytostatic cell-

cycle-arresting gene under the control of a single tetracycline-repressible (tet(off)) 

promoter in the encapsulating cells. The genes of interest are expressed when the 

transcriptional activator is induced by the absence of tetracycline (Tc) or a derivative 

doxycycline (Dox) 22.	  The expression of the transcriptional activator can be regulated by 

exposing the animals to varying concentrations of Tc or Dox. Engineering therapeutic 

recombinant cell lines using the tet-off system will be a promising approach to control cell 

growth and eventually overcoming growth of cells escaping from encapsulated cells.	  	  

 

4.4  Concerns in capsule configuration for micro and macro encapsulation systems 

Finally the choice of the encapsulation material plays a major role in the mechanical 

stability of the capsule and the possibility to retrieve the implanted system. Interestingly 

Martinet et al 23 encapsulated murine fibroblasts (Psi2-VIK cells) in 8 mm long (inner 

diameter of 480 µm and outer diameter 600 µm), microporous polyethersulphone (PES) 

hollow tubes. The macroencapsulation implants were retrieved after 28 days and 

histological examination of the brain in the peritumoral area did not show necrosis, 

demyelinization, or inflammatory response. Similarly Fjord-Larsen used PES membranes 

to treat Alzheimer’s disease (AD) in pig models for 12 months. The study did not show any 

complications in delivery and retrieval of the PES system. More importantly, it was 

biocompatible with the host. It should be noted however that these studies were performed 

in immune competent animals, where cell escape and tumor development cannot be easily 

detected. Based on these preclinical data, a recent phase 1 clinical trial was initiated to treat 
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AD patients 24,25. Similarly phase 1 clinical trials were carried out to treat Huntington's 

disease 26 and Amyotrophic lateral sclerosis 27 using a different polymer composition for 

macroencapsulation. It is important to note that the majority of the macroencapsulation 

preclinical studies have been done in larger animals 28, as implanting microporous tubes in 

rodent animals is challenging and the risk of tissue displacement is high during 

implantation. Moreover dimensions can limit diffusion and cell viability. A detailed 

comparison between micro- and macro encapsulation has been reviewed elsewhere 5.  

 

5. Conclusion and future perspective  

Based on our current and previous preclinical studies of microencapsulation in 

immunecompetent and immunodeficient animals, we propose that it is safe to implant 5 

alginate capsules (<450 µm) for brain tumor treatment in rodent models. The size (≤800 

µm) and the number of capsules can be increased in larger animals. By controlling the size 

of capsules, the number of capsules for implantation, and the intracranial pressure, the 

multilayer encapsulation system will be applicable for in vivo studies. A balance between 

cell line, cell load, implantation volume and animal model has to be carefully considered 

before application. The multilayer cell encapsulation approach backed with these technical 

considerations may point to the right direction for clinical application. 
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Chapter 6 
 

General Discussion And Future Perspective 

Despite advances in alginate cell encapsulation during recent years, some challenges 

remain before its clinical application can be considered on a large scale. Crucial factors that 

have been addressed in this thesis, are topics such as methodology to quantify and identify 

factors influencing mechanical stability, approaches to overcome lab-to-lab variations, and 

technological advances to prevent protrusion of cells from capsules. All these factors act in 

combination to determine the success of cell encapsulation.  

1. Mechanical stability of alginate capsules 

Mechanical stability of alginate capsules is a key factor influencing cell behavior and host 

responses. Identification of factors influencing mechanical stability of alginate capsules is 

necessary to prevent their undesired failure. A too high mechanical stability may interfere 

with the viability of cells and a too low stability may lead to rupture of capsules in vivo. 

Physicochemical and physiological factors act in combination to determine the mechanical 

stability of capsules. In the past researchers quantified the stability of alginate capsules by 

explosion assays 1 or by agitation assays 2. Briefly in explosion assays capsules are 

suspended in water.  In agitation assays capsules are placed in a shaker and vibrated back 

and forth at a desired frequency. The number of fractured capsules are subsequently 

counted. Both assays have the disadvantage that they do not give exact values for 

mechanical stability for individual capsules. To overcome this researchers have focused on 

calculating the Young’s modulus of alginate capsules using the Hertz theory, at high 

compression rates 3,4. The Young’s modulus is calculated using force versus displacement 

data using the formula below  

 

where R is the radius of a bead, E is the Young’s modulus, H is the displacement and  ν is 

the Poisson ratio.	  When a material (alginate capsule) is compressed in one direction, it 

usually tends to expand in the other two directions perpendicular to the direction of 

compression. This phenomenon is called the Poisson effect. Poisson's ratio (ν) is a measure 
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of this effect. First, the compression force (F) is plotted against the displacement (H) 3/2. 

The Poisson ratio is assumed to be 0.5 since the capsule is considered to be incompressible 

at high speed 3,4. Young’s modulus is then determined from the slope using the least square 

regression of the plot of F versus H 3/2. The two reasons why calculating Young’s Modulus 

for alginate capsules is unreliable because it has been reported that the Hertz theory is valid 

up to about 10% strain for gel particles, which corresponds to 30% deformation of the 

initial gel diameter 5. Alginate capsules exhibit viscoelastic behavior till 50% deformation 

and above 50% deformation alginate capsules exhibit plastic behavior. This suggests that 

after releasing the compression strain below 50% deformation, the capsule will return to its 

original shape without rupture. Another reason why this is unreliable is that in 

physiological conditions capsules over long time periods are constantly exposed to harsh 

conditions or forces, which causes capsule rupture, eventually exposing the encapsulated 

cells to the host immune system and ultimately graft failure. This suggests that mechanical 

stability should be calculated beyond the elastic limit of alginate capsules at low 

compression speed to get time dependent values for mechanical stability. Surprisingly none 

of the studies so far have evaluated the factors affecting the stability of alginate capsules at 

low compression speed and in a systematic way. Therefore we set out to systematically 

investigate both force and time dependent behavior of alginate capsules at low compression 

speed beyond the elastic limit of alginate capsules. We describe a novel method of 

quantifying mechanical stability of alginate microcapsules based on force and time required 

to resist compression. Force determines the strength and time determines the elasticity of 

microcapsules. Together these values determine stability of microcapsules. As shown in 

this thesis (chapter 2), our study demonstrate that the viscosity of alginate, the size of the 

beads, the alginate type, the gelling time, the storage solution and the cell load are major 

factors in determining the final strength of alginate-based microcapsules while the type of 

gelling ion, the polyamino acid incubation time, the type of polyamino acid and the 

culturing time determines the elasticity of the alginate-based microcapsules. 

Physicochemical factors affecting the mechanical stability can be controlled by using a 

combination of alginate type, viscosity, size of the capsules, gelling solution, gelling time, 

and coating of capsules with polyamino acids. However physiological factors like cell load, 

culturing and implantation site decrease mechanical stability of alginate capsules and are 

poorly controlled and documented 6–8. For example in the brain, the pressure is up to 7-15 

mm of Hg, and increases in the presence of a brain tumor. As shown in chapter 5 shear 

forces in the developing brain tumor may lead to rupture of the capsules. 



133	  

	  

2. Pros and cons of using diblock copolymer of PEG454-b-PLL100 for coating 

Lab-to-lab variations associated with poly L-lysine (PLL) coating is a serious limitation for 

wide-spread application of the technique. After PLL coating, PLL can exist in 3 forms – (a) 

helix conformation (b) beta strand conformations and (c) random coil conformations as 

shown in figure 1. However according to thermodynamics, a molecule can exist in only one 

stable form to attain a native structure. This also implies that interaction of alginate with 

PLL is not straightforward and is considered to be a cause for lab-to-lab variations 

associated with biocompatibility 9. In order to overcome these variations, diblock polymer 

of PEG454-b-PLL100 might help to gain more reproducible and biocompatible results as 

shown in chapter 3. The molecular weight of PLL and PEG polymers in a specific 

combination, along with coating time are crucial parameters influencing coating. Coating 

alginate with PEG454-b-PLL100 provides similar permeability and mechanical properties as 

conventional PLL capsules. Unfortunately long incubation times (~60 minutes) are required 

to form the anti-biofouling layer, therefore it might not be applicable to all fields of cell 

encapsulation, where viability of cells is an issue. Moreover because the mechanical 

stability of alginate-PEG454-b-PLL100 capsules is similar to conventional APA capsules it 

does not overcome protrusion of cells. Protrusion of cells from alginate capsules limits its 

clinical application in sides such as the brain. 

 

Figure 1-Interaction of PLL with alginate. PLL exists in 3 conformations (a) helix conformation, (b) beta 

strand conformation, (c) random coil conformation. 
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3. Mechanotransduction of multilayer capsules overcomes protrusion of cells 

The above findings made us decide to apply a different strategy to overcome protrusion of 

cells. To this end we designed a multilayer capsule combining knowledge from chapter 2. 

Alginates with different rigidities were applied. The inner alginate matrix is soft and pliable 

and supports cell survival in the core of the capsules while the outer layer contains extreme 

rigid alginates that obstructs cell survival in the outer layer (chapter 4). Cell survival in 

alginate capsules is based on a process called mechanotransduction. Mechanotransduction 

is the process by which mechanical forces are converted into biochemical signals that 

control cell behavior and survival of cells. When a cell is strained, the membrane bound 

proteins are physically forced to undergo conformational changes. The resulting 

intracellular conformational changes in protein structure lead to binding of signaling 

molecules, initiating a cascade of reactions which ultimately changes cell behavior. 

However the exact pathways through which mechanotransduction occurs are largely 

unknown, it is postulated that integrin signaling plays a major role 10–12. As alginate lacks 

integrin binding site, an integrin independent pathway is postulated for 

mechanotransduction in alginate capsules which needs to be further investigated 13. 

4. Multilayer capsules: a step closer to clinical translation 

Multilayer capsules not only overcome problems associated with protrusion of cells, but 

they also decrease the risk of lab-to-lab variations associated with PLL coating, decreases 

surface roughness, and increase the mechanical stability of capsules (chapter 4). Since 

multilayer capsules overcome major hurdles it has a reasonable perspective for a clinical 

translation. However additional in vivo experimental studies in animals are required before 

approval for clinical trial. It is possible to design a multilayer capsule for each cell type. 

The inner capsule is versatile and can be supplemented with extracellular matrix (ECM) 

components if required. However effects of ECM components on cell physiology remain to 

be addressed, as both positive and negative effects on cell-survival have been reported 
11,14,15.  

5. Importance of alginate purity and mechanical stability for in vivo 

application  

For in vivo application of alginate capsules (chapter 5), we changed the alginate-type for 

producing the inner capsule of the multilayer system. Due to precipitation of an 

unidentified particle in the alginate matrix, possibly associated with contamination 
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problems during purification and filtration of alginate, the 3.4% intermediate-G alginate 

(IG) was abandoned (figure 2). Since the Norlux laboratory already had prior in vivo 

experience with ultrapure, high guluronic acid content low viscosity (HGLV) alginate 

(PRONOVA UP LVG, NovaMatrix - FMC BioPolymer AS, Norway), we used 2% HGLV 

to make inner capsules.  

 

Figure 2-Unknown cause of blackening of multilayer capsule. (a) Inner capsule of multilayer capsule made 

from 3.4% IG alginate. (b) Inner capsule of multilayer capsule made from 2% HGLV alginate. 

 

 

Figure 3- Effect of gelling solution 100 mM CaCl2 on 3.4%intermediate-Galginate (IG) and 2% high-G 

alginate with low viscosity (HGLV). (a) Force and (b) time required to compress IG alginate and HGLV 

beads to 60% deformation. Time for gelling and size of bead was kept constant for 5 min and 500 µm, 

respectively. Values are expressed as mean ± SD, **p<0.01, n=10. 
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The mechanical stability of 2% HGLV was determined to compare the difference with 

3.4% intermediate-G (IG) as described in chapter 2 16. As shown in figure 3, 2% HGLV 

alginate had lower force (strength) values compared to 3.4% IG alginate (p<0.01). The time 

(elasticity) values were not statistically significant. The difference in strength can be 

explained on the basis of viscosity. The 3.4% IG alginate is more viscous than 2% HGLV 

alginate. However the elasticity of both 3.4% IG and 2% HGLV are approximately the 

same. This can be explained by the different binding pattern of G and M blocks to calcium 

ions, since the binding of calcium to G blocks is more stable than M blocks, the difference 

in viscosity compensates for the difference in elasticity values. This difference in the 

mechanical stability of alginate capsule based on viscosity and alginate type did not affect 

cell survival (chapter 5).  Therefore we continued with 2% HGLV alginate to make inner 

capsule of multilayer capsule which can support cell survival.  

6. Cell load not cell line is a major criteria for multilayer capsules                        

In addition to preventing protrusion of baby hamster kidney (BHK) cells at 6x106 per ml of 

alginate with multilayer capsule (chapter 4), we also tested the efficacy of multilayer 

capsule in preventing protrusion with high proliferating human embryonic kidney (HEK) 

cells at higher cell load of 10x106 per ml of alginate (chapter 5).  Initially we aimed to 

increase the cell load to 50x106 per ml of alginate to make multilayer capsule with size < 

350 µm.  The reason for aiming for higher cell load and decreasing the size of the capsule 

was to get high in vivo therapeutic efficacy, by implanting small numbers of capsules in the 

brain, without damaging the brain tissue during implantation. However with the current 

setting used for making multilayer capsules, we were not able to make multilayer capsules 

above cell load of 10x106 per ml of alginate with size < 450 µm. The reason is swelling and 

shrinkage of alginate capsules during PLL coating. Capsule burst during PLL coating if the 

cell load is higher than 10x106 cells/ml of alginate with a size < 200 µm. In order to 

overcome drawbacks of higher cell load and reduction in size of multilayer capsules, a 

novel multilayer capsule with alginates or other biomaterials with lower swelling properties 

has to be characterized and evaluated. One of the most promising biomaterial with higher 

mechanical stability is alginate in combination with polyacrylamide using multivalent 

cations 17,18. However properties like cell proliferation/survival and surface roughness need 

to be addressed before in vivo application. 
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7. Targeted therapy of brain tumor with cell encapsulation technology. 

Identification and better understanding of relevant molecular mechanisms driving the 

aggressive biological behavior of brain tumor is the first step in designing novel molecular 

targeted therapies.  Many different targeted approaches are being investigated for cancer 

treatment like inhibition of growth factor pathways, inhibition of angiogenic pathways, 

apoptosis inducer, and immunotherapies. In any of the above approaches the selection of a 

therapeutic protein suitable for cell encapsulation must meet 2 important criteria (1) the 

therapeutic protein must be secreted from of the cell (2) the molecular weight of the 

therapeutic protein should be below the permeability limit of alginate capsules which 

provides immunoprotection. The first criteria cannot be controlled as it depends on the 

signal peptide of the protein for localization. To meet the second criteria the size of the 

protein should be less than 160 kDa: which approximately corresponds to 1454 amino acids 

(aa). In the past researchers have focused on  local delivery of the angiogenic inhibitor 

endostatin 19,20 and apoptosis inducer S-TRAIL (secretable tumor necrosis factor apoptosis 

inducing ligand) 21 in treating brain tumors using cell encapsulation technology. A previous 

study from our lab have showed efficacy of sLrig1 in inhibiting the EGFR pathway 22 and 

sNrp1(unpublished data) in inhibiting the angiogenesis pathway in brain tumors with cell 

encapsulation technology. Hence we used sLrig1 (chapter 4) and sNrp1 (chapter 5) for 

targeting brain tumors with the novel multilayer cell encapsulation technology. It might be 

interesting to study the efficacy of the apoptosis inducer interleukin-24 (IL-24) 23,24 in 

treating brain tumors using cell encapsulation technology.  

8. Multilayer capsules may show efficacious results in different implantation sites            

In addition to the efficacy of multilayer capsules in treating brain tumor or neurological 

disease, other therapeutic applications might be targeted too. For example, in the treatment 

of diabetes, it has been reported that different results with alginate based capsules are 

obtained depending on animal models and the implantation sites 25,26. In rats, alginate beads 

in the kidney subcapsular and subcutaneous spaces showed more promising results then 

capsules in the peritoneum site 25. One of the main reasons for the poor biocompatibility of 

the alginate beads in the peritoneal cavity were large numbers of broken beads. Similar 

results were obtained when APA capsules were implanted in the peritoneal cavity of dogs 
26. The loss of long-term mechanical stability of the polyamino acid-coated alginate 

microcapsules is associated with activation of the complement system, degradation of the 

polyamino acid coating, and destabilization of the alginate matrix 26. The kidney 
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subcutaneous space represents an interesting alternative for implantation of alginate 

capsules for diabetes treatment. Similarly, subcutaneous implantation of alginate capsules 

showed promising results in preclinical models for the treatment of colon cancer 27, 

leukemia 28,29, renal cell carcinoma 30 and breast cancer 31. In the case of heart disease, short 

term implantation (3 weeks) of APA capsules carrying Chinese Hamster Ovary (CHO) 

cells secreting VEGF in the anterior wall of left ventricle in rats, increased angiogenesis 

and thereby improved the heart function 32. However continuous massive squeezing forces 

of the heart decreased the mechanical stability of APA capsules, exposing the PLL and 

encapsulated cells to the surrounding tissue and therefore creating a cascade of 

inflammatory reaction 32. Since multilayer capsules have higher mechanical stability than 

traditional APA capsules, they also overcome the risk of PLL exposure and may increase 

the biocompatibility at different implantation sites.  

9. Other applications of encapsulation system 

Mechanical stability of different biomaterials can be used to mimic tumor stiffness. 

Encapsulating tumor cells in stiffer biomaterials can help to create cost effective in vitro 

tumor models. For example Wang et al bioengineered 3D brain tumor model using multi-

arm PEG hydrogel, RGD peptide, and hyaluronic acid 33. Furthermore by controlling the 

size of the 3D model we can study different patterns of tumor proliferation and monitor 

factors released by tumor cells. For example it has been shown that the cancer mass cannot 

grow beyond ~200 µm in diameter without blood supply. Therefore small 3D models of 

size less than 200 µm can mimic angiogenic environments whereas 3D models of size 

larger than 200 µm can mimic hypoxic environments. Furthermore using the concept of 

multilayer capsules, co-encapsulation of tumor cells and endothelial cells in different 

compartment using cell specific biomaterial mimicking in vivo tumor microenvironment 

can help to generate cost effective in vitro 3D tumor models. These 3D models represent a 

bridge between 2D systems and in vivo models. Furthermore, 3D tumor models have the 

potential to provide an alternative to in vivo models, e.g. for studying molecular 

mechanisms of tumor growth, progression and drug action.  

Future perspective 

In the present thesis we have shown how the mechanical stability of alginate capsules can 

be used to create novel multilayer capsules which decreases the risk of lab-to-lab variations 

associated with PLL coating, reduces surface roughness, increases mechanical stability and 
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most important overcomes protrusion of cells. However increased cell load, reduced size of 

the capsules and increasing the mechanical stability of capsules using different biomaterial 

should be addressed to overcome the current limitation of multilayer alginate cell 

encapsulation. The improved multilayer capsules can then be tested using novel therapeutic 

molecules to target several diseases at different implantation sites. To conclude the future 

of cell encapsulation is expected to evolve significantly to achieve clinical translation. 
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Chapter 7 
 

GENERAL SUMMARY and NEDERLANDSE SAMENVATTING 

 

Successful treatment of brain tumors is one of the most challenging tasks in oncology. 

Despite of advanced treatment options of debulking tumor mass by surgery, radiation, and 

chemotherapy; tumor reoccurrence is inevitable with overall survival rates of less than 15 

months. Systemic brain tumor chemotherapy is seriously hampered by presence of blood 

brain barrier (BBB) which limits drug delivery to the brain. In chapter 1 we focus on 

various encapsulation options for chemical and biological therapeutics for either systemic 

or local delivery in the fight against brain tumors.  Encapsulating drugs in nanocarriers like 

liposomes, micelle, and nanoparticles have shown promising result. However these 

nanocarriers are suffering from major drawbacks such as low encapsulation efficacy, 

limited stability, difficult synthesis of polymer and high cost of preparation. Circumventing 

the BBB by local delivery using alginate cell encapsulation is a promising way to treat 

brain tumor. In this thesis we focus on alginate cell encapsulation technology as an 

alternative approach to treat brain tumors. Recent data from pre-clinical work indicate that 

this approach merits consideration for future clinical translation for brain tumor treatment. 

However several crucial issues like mechanical stability of capsules, lab-to-lab variations in 

coating, and more importantly protrusion of cells are obstacles hampering clinical 

application. These issues have been addressed step by step in this thesis with the aim for 

successful translation of this approach into clinical application. 

 

In chapter 2 we highlight factors influencing mechanical stability of alginate capsules. 

Capsules should be strong enough to withstand the shear forces associated with the 

implantation and is therefore an essential factor in success and failure of encapsulated cells. 

Despite years of intensive research it is still not completely understood which factors have 

to be controlled and documented for achieving adequate mechanical stability. We 

investigated and documented the effect of commonly applied variations in the 

encapsulation procedures on the mechanical stability of capsules prepared from 3.4% 

intermediate guluronic acid content alginate and 2% high guluronic acid content alginate. 

Also we describe a novel method of quantifying mechanical stability of alginate 
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microcapsules based on force and time required for 60% compression. Force determines the 

strength and time determines the elasticity of microcapsules. Together these values 

determine stability of microcapsules. It is demonstrated that the alginate viscosity, the size 

of the beads, the alginate type, the gelling time, the storage solution, and the cell load are 

dominant factors in determining the final strength of alginate-based microcapsules while 

the type of gelling ion, the polyamino acid incubation time, the type of polyamino acid and 

the culturing time determines the elasticity of the alginate-based microcapsules.  

 

In chapter 3 we focused on overcoming large lab-to-lab variations in polyamino acid 

coating. Even minor variations in the polyamino acid coating procedure have a large impact 

on the biocompatibility properties of capsule. This is one of the key considerations for 

future application of the alginate cell encapsulation as the low reproducibility is considered 

a major hurdle in clinical application of encapsulated cells. This study was undertaken as a 

first effort to overcome the complexity polyamino acid coating procedure by proposing a 

simple one step procedure to create in a non-laborious way a reproducible surface. To make 

the process of polyamino acid coating more reproducible we propose to cover the surface 

of alginate-capsules with di block copolymers of poly-ethylene-glycol and poly-L-lysine 

(PEG-b-PLL) that can form polymer brushes. We describe the step-wise considerations for 

successful application of diblock copolymer of polyethylene glycol and poly-L-lysine on 

the surface of alginate-beads. Also we show that the length and coating time of PEG-b-PLL 

influences the formation of immunoprotective polymer brushes on the capsule surface. The 

capsules prepared with diblock copolymers consisting of either short PEG or short PLL 

blocks are quite unstable. Longer time periods, i.e. 30-60 min are required to form polymer 

brush. The PEG454-b-PLL100 coated capsules are impermeable to immunoglobulin G and 

have similar mechanical and immunological properties as PLL coated capsules. The study 

shows that we can successfully apply di block copolymers on the surface of hydrophilic 

alginate beads without interfering with the physicochemical and mechanical properties.  

 

Although the PEG454-b-PLL100 coated capsules overcomes lab-to-lab variations in 

polyamino acid coating and have similar permeability, mechanical and immunological 

properties as PLL coated capsules we hypothesize that the polymer brush is not rigid enough 

to prevent cell protrusion from alginate capsules. Therefore in chapter 4 we focused on 

overcoming issues related to cell protrusion which is a major hurdle limiting clinical 
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application for alginate cell encapsulation. To this end we developed a novel multilayer 

encapsulation system that prevents cells from protruding from capsules. The multilayer 

encapsulation system is based on mechanotransduction properties of alginate with different 

mechanical stability. Mechanotransduction is a process by which mechanical forces acting 

on cells influence biochemical cell-behavior and viability. We tested the survival and 

function of Baby Hamster Kidney (BHK) cells engineered to overproduce soluble leucine-

rich repeats and immunoglobulin like domain (sLrig1), a protein with anti-tumor growth 

activity in different types of alginate (3.4% intermediate-G alginate and 2% high-G 

alginate). The 3.4% alginate is very flexible and facilities cell survival, while 2% high-G 

alginate is less flexible and has higher mechanical stability, which does not support cell 

survival. Based on this we designed a novel multilayer encapsulation system in which the 

cell-containing core of the multilayer capsule is formed by 3.4% intermediate-G alginate; 

surrounded by a poly-L-lysine layer the flexible core is subsequently enveloped in a 2% 

high-G alginate matrix. The cells in the multilayer secrets sLrig1 for prolonged periods of 

time (70 days). The multilayer capsule not only increases the mechanical stability of 

capsules but also eliminates the issue of lab-to-lab variations in polyamino acid coating and 

decreases surface roughness associated with protrusion. 

 

In chapter 5 we focused on validating both the in vitro and in vivo efficacy of novel 

encapsulation system with high proliferating human embryonic kidney (HEK) cell line and 

at high cell load to treat angiogenesis using preclinical brain tumor mice models. The 

multilayer capsule showed in vitro efficacy to avoid protrusion from HEK cells at high cell 

load. We tested the efficacy of soluble neuropilin1 (sNrp1) in treating brain tumor by using 

U87 cell line based mice model. However being faced with unexpected experimental 

problems and with current setup, cell protrusion was not efficiently prevented in vivo. 

Based on this we point out the major technical issues of cell line selection, cell load, 

numbers of implanted capsules, and adequacy of animal models related to the encapsulation 

technology. The multilayer cell encapsulation approach supported with these technical 

considerations may point to the right direction for clinical application in near future. 

 

In chapter 6 we focus on general discussion and future prospective. 
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Nederlandse Samenvatting 
 

Eén van de grootste uitdagingen in de oncologie is het vinden van een succesvolle 

behandeling tegen hersentumoren. Ondanks geavanceerde behandelingsmogelijkheden, 

zoals tumormassa debulking door middel van bestraling en chemotherapie, is tumor 

recidief onvermijdelijk, met een overleving van minder dan 15 maanden. De aanwezigheid 

van de bloed-hersen barrière (BBB) bemoeilijkt behandeling. Dit proefschrift richt zich op 

de technologie van alginaat-gebaseerde cel inkapseling als een alternatieve 

behandelingsmethode voor hersentumoren. 

 

Hoofdstuk 1 focust op inkapseling van geneesmiddellen door middel van nano-carriers, 

zoals liposomen, micellen en nanodeeltjes. Deze technieken zijn bedoeld om de slechte 

transport over de BBB te overwinnen. Deze strategieën kampen echter met grote nadelen, 

zoals een lage inkapselingsefficiëntie, beperkte stabiliteit, moeilijke synthese van 

polymeren en de hoge kosten van de productie. De BBB is te omzeilen door plaatselijke 

toediening van de nano-carriers. Dit hoofdstuk behandeldt ook de mogelijkheid om de 

alginaat-gebaseerde cel inkapseling technologie lokaal toe te dienen. Deze technologie 

blijkt een effective behandeling tegen hersentumoren in preklinische modellen, maar 

mechanische stabiliteit van microcapsules, variatie tussen-laboratoria in coating en met 

name het uitsteken van cellen staan klinische toepassing in de weg. Deze cruciale 

problemen worden stap voor stap in dit proefschrift aangepakt, met als doel een nieuw 

inkapselingssysteem te ontwikkelen die klinische toepasbaar is. 

 

Hoofdstuk 2 behandelt de belangrijkste factoren die de mechanische stabiliteit van 

microcapsules beïnvloeden. Hoewel de stabiliteit van de microcapsules essentieel is voor 

het succes van deze technologie, heeft het tot nu toe weinig aandacht gekregen. Dit is het 

eerste onderzoek dat factoren identificeert dat de mechanische stabiliteit van microcapsules 

beinvloed. Daarnaast wordt er een nieuwe methode beschreven om stabiliteit te 

kwantificeren, die gebaseerd is op de compressie-weerstand, gemeten in tijd en kracht. Met 

kracht wordt de sterkte van de microcapsules bepaald en met tijd de elasticiteit. Deze 

waarden bepalen samen de stabiliteit van de microcapsules. De viscositeit van alginaat, de 

grootte van de bolletjes, het type alginaat, de geltijd, de opslagoplossing en de hoeveelheid 

cellen blijken de overheersende factoren te zijn die de uiteindelijke sterkte van de 
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microcapsules bepalen, terwijl het type gelvormende ionen, de incubatietijd met het 

polyaminozuur, het type polyaminozuur en de kweekduur de elasticiteit van de 

microcapsules beinvloeden.  

 

Hoofdstuk 3 beschrijft een nieuwe methode om variaties in coating van polyaminozuren 

tussen laboratoria te vermijden. Dit is gedaan door di block copolymers of poly-ethylene-

glycol and poly-L-lysine (PEG-b-PLL) toe te passen. Dit wordt gebruikt als alternatief voor 

PLL. De lengte en de coating-tijd van PEG-b-PLL beïnvloedt de vorming van immuno-

protectieve polymeer op het capsule oppervlak. De PEG454-b-PLL100-gecoate 

microcapsules zijn impermeabel voor immunoglobuline G en hebben vergelijkbare 

mechanische en immunologische eigenschappen als PLL-gecoate microcapsules. 

Bovendien kunnen di block copolymers succesvol op het oppervlak van hydrofiele alginaat 

beads aangebracht worden, zonder de fysisch-chemische en mechanische eigenschappen te 

veranderen. Echter, op basis van de mechanische eigenschappen van alginaat 

microcapsules veronderstellen we dat de polymeer niet rigide genoeg is om cel uitgroei te 

voorkomen. Het voorkomen van uitsteken van cellen is een vereiste voor alle cel 

gebaseerde therapieën. In hoofdstuk 4 ligt de focus op de ontwikkeling van een nieuw 

meerlagig inkapselingsysteem, dat uitsteken van cellen kan voorkomen. De meerlagige 

inkapseling dekt de cellen af maar heeft daarnaast mechanotransducerende eigenschappen. 

Mechanotransductie is een  proces waarbij mechanische krachten die op cellen werken de 

overleving en het biochemische gedrag van cellen beïnvloed. Alginaten die in hoofdstuk 2 

getest zijn, zijn hier toegepast. Het meerlagige systeem is in vitro gevalideerd op cel 

overleving en secretie van bioactieve stoffen vanuit de kapsels met behulp van baby 

hamster kidney (BHK) cellen, die soluble leucine rich repeats en immunoglobulin like 

domain (sLrig1, een eiwit met anti-tumor groei activiteit) tot overexpressie brengen. Naast 

het voorkomen van uitsteken van cellen, verlaagt de nieuwe meerlagige inkapseling lab-tot-

lab variatie. Bovendien vermindert de polyaminozuur coating de oppervlakteruwheid van 

alginaat microcapsules en verhoogt het de mechanische stabiliteit van de microcapsules. 

 

Hoofdstuk 5 beschrijft in vivo testen van het nieuwe inkapselingssysteem, zowel in vitro 

als in vivo, met behulp van een snel delende human embryonic kidney (HEK) cellijn. We 

hebben ervoor gekozen de werkzaamheid van soluble neuropilin1 (sNrp1) als behandeling 

voor hersentumoren te testen in de U87 muis cellijn. Hoofdstuk 5 benadrukt de belangrijke 

technische problemen van cellijn selectie, de hoeveelheid cellen in een kapsel, het aantal 
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geïmplanteerde microcapsules en dierlijke modellen met betrekking tot de inkapseling 

technologie. De meerlagige cel inkapseling, ondersteund door deze technische 

overwegingen, kunnen de juiste richting aangeven voor een klinische toepassing in de 

toekomst. 

 

Hoofdstuk 6 geeft een samenvatting van het proefschrift met een algemene discussie en 

een toekomst perspectief.  
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