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Abstract 

Despite intensive research, many drugs or application forms are still not efficient enough for the adequate 

treatment of various brain disorders. The increasing knowledge of the respective diseases however can help 

to identify more suitable drugs or combinations to address the specific cellular disorder. The local drug-

administration by drug delivery devices, such as implants, can improve treatment efficiency by increasing 

the bioavailability of a drug or overcoming systemic toxicity due to lower drug concentrations. Since 

implant materials or the infiltrated drugs themselves can elicit brain foreign body reactions of the healthy 

brain, implant materials or alternative drugs need to be investigated in suitable in vitro models. Therefore, 

selected alternative therapeutics, combination strategies as well as drug-loaded implant materials for the, as 

a model disease chosen highly malignant brain tumor glioblastoma multiforme, were investigated for their 

efficacy as well as biocompatibility in this thesis. A special focus was set on the investigation of brain 

foreign body reactions of the healthy brain towards possible brain implant materials and ways to elicit them.  

Different treatment strategies have been tested by combining alternative therapeutic compounds with 

the standard chemotherapeutic temozolomide (TMZ) either simultaneously or sequentially in monocultures 

of human GBM cells as well as human astrocytes over several days. Especially the sequential treatment of 

the three days combination of TMZ and AT101, the R-(-)-enantiomer of the cottonseed-derived polyphenol 

gossypol, followed by the three days single AT101 stimulation, improved the therapy success in GBM cell 

lines significantly, whilst keeping healthy human astrocytes less affected than the standard treatment with 

TMZ. Interestingly, this approach was less successful in co-cultures of human primary GBM cells with 

human astrocytes and microglia mimicking the (in) complete resection of the tumor. Astrocytes and 

microglia seemed to have protective effects on the drug-induced cytotoxic and anti-proliferative effects on 

GBM cells. Likewise, GBM cells increased cytotoxic effects in astrocytes, in function of the GBM cell 

number present.  To further improve the treatment efficiency by local drug administration, AT101 was 

infiltrated in biocompatible polydimethylsiloxane (PDMS) scaffolds with a hollow tetrapodal microtube 

network. We observed typical diffusion-based drug-release profiles with a therapeutic concentration range, 

which could be adjusted by scaffold size, porosity, open microchannels and infiltrated drug concentration. 

In vitro studies showed a sufficient treatment efficiency in GBM cells whilst not affecting astrocytes 

stronger than the free drug. Similar to this material scientific approach, graphene based three-dimensional 

scaffolds were produced for local drug-administration or electrical stimulation/recording applications in the 

brain. In suitable in vitro and ex vivo models of the healthy brain to study biocompatibility as well as brain 

foreign body reaction, we demonstrated that graphene oxide (GO) and reduced graphene oxide (rGO) 

scaffolds did hardly affect survival of human microglia, astrocytes and murine organotypic brain slices. 

Moreover, only moderate effects on material-specific inflammatory and glial scarring reactions occurred, 

however stronger for rGO scaffolds. These effects could be diminished in most cases to control levels by 

pre- and co-stimulations with the anti-inflammatory and fibrotic compound curcumin. Encapsulating 

curcumin into liposomes could significantly improve the long-term storage, bioavailability as well as in 

vitro efficacy to reduce inflammation and glial scarring reactions in in vitro models of reactive gliosis.   

In conclusion, novel drug combinations can improve treatment efficacies in glioblastoma multiforme 

whilst also reducing adverse drug effects in the healthy brain. More realistic in vitro and ex vivo models 

help to analyze the efficacy of novel drugs and drug delivery systems as well as adverse drug effects and 

implant-mediated brain foreign body reactions in the healthy brain. Three-dimensional scaffolds from 

PDMS, GO and rGO seem to be promising materials for brain applications, as they offer unique and 

tailorable physico-chemical properties, drug loading capacity or conductivity with minimal effects on 

reactive gliosis in vitro and ex vivo. Anti-inflammatory drugs such as curcumin can be used as surface 

coatings to elicit brain foreign body reactions towards the materials. Hence, to improve a drugs 

bioavailability and stability, nanoformulations such as liposomes are easily accessible tools which can 

greatly improve a drugs in vitro efficacy.
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Zusammenfassung 

Trotz intensiver Forschung und Weiterentwicklung sind viele der momentan verfügbaren Medikamente 

oder ihre Verabreichungsformen nicht gut geeignet, um zahlreiche Erkrankungen des Gehirns adäquat zu 

behandeln. Ein wachsendes Verständnis über die jeweilige Erkrankung kann dazu beitragen, besser 

geeignete Wirkstoffe oder Wirkstoffkombinationen zu identifizieren, die die zelluläre Fehlfunktion 

möglichst passgenau adressieren. Lokale Freisetzungssysteme, beispielsweise Medikament beladene 

Implantate, können zudem die Wirksamkeit geeigneter Medikamente durch Erhöhung ihrer 

Bioverfügbarkeit verbessern oder ihre systemische Toxizität reduzieren. Da Implantate oder die damit 

beladenen Medikamente jedoch Fremdkörperreaktionen hervorrufen können, müssen vor allem Reaktionen 

des gesunden Gehirns auf alternative Wirkstoffe und Implantat-Materialien in geeigneten Testsystemen 

getestet werden. Daher wurden in dieser Arbeit ausgewählte alternative Wirkstoffe, Kombinationsstrategien 

und wirkstoffbeladene Modellimplantate zur Behandlung des als Modell-Erkrankung adressierten 

hochmalignen Hirntumors Glioblastoma multiforme in Hinblick auf ihre Wirksamkeit und Verträglichkeit 

untersucht. Ein besonderer Fokus lag hierbei auf der Untersuchung der Fremdkörperreaktion des Gehirns 

auf verschiedene potenzielle Gehirnimplantate und der Möglichkeit diese zu inhibieren. 

Unterschiedliche Strategien zur Behandlung des Glioblastoma Multiforme wurden unter Einbezug 

alternativer Therapeutika in Kombination mit dem Standard-Therapeutikum Temozolomid (TMZ) verfolgt. 

Hierfür wurden Medikamente in simultanen oder sequenziellen Therapieschemata an Monokulturen von 

humanen GBM Zelllinien, sowie einer humanen Astrozyten-Zelllinie über mehrere Tage getestet. Vor allem 

eine sequenzielle Gabe versprach verbesserte Therapieerfolge in GBM Zellen, bei der über drei Tage eine 

Kombination aus TMZ und dem R-(-)-Enantiomer des Baumwoll-Polyphenols Gossypol (AT101), gefolgt 

der Gabe von AT101 über weitere drei Tage zur Behandlung eingesetzt wurde. Astrozyten waren bei dieser 

sequenziellen Kombinationstherapie weniger unerwünschten Nebenwirkungen ausgesetzt als durch die 

Standardtherapie mit TMZ. In Ko-Kulturen von primären GBM-Zellen mit gesunden Astrozyten und 

Mikrogliazellen, die eine vollständige und unvollständige Tumorresektion wiederspiegeln, war dieses 

Therapieschema interessanterweise weniger erfolgreich als in Monokulturen. Astrozyten schienen hier 

einen protektiven Effekt auf das Überleben der GBM Zellen auszuüben. Gleichermaßen erhöhten GBM-

Zellen, in Abhängigkeit ihrer ausgesäten Zelldichte, die toxische Wirkung der Wirkstoff-Kombination auf 

Astrozyten. Um die so gewonnenen Erkenntnisse in Hinblick auf wirkstofffreisetzende Gehirnimplantate 

anzuwenden, wurden zunächst biokompatible Polydimethylsiloxan (PDMS) Gerüste mit hochporösen 

tetrapoden-förmigen hohlen Mikrokanälen hergestellt und nachfolgend mit AT101 infiltriert. Wir konnten 

eine klassische diffusions-basierte Medikamentenfreisetzung mit therapeutisch wirksamer Konzentration 

beobachten, die durch Variation der Templat-Größe, Porosität, Anzahl der offenen Mikrokanäle oder der 

infiltrierten AT101 Konzentration angepasst werden konnte. In in vitro Studien lieferten diese eine 

erfolgreiche Kontrolle des Tumorzellwachstums im Vergleich zu Stimulationen mit dem löslich applizierten 

AT101, ohne dabei negativ auf Astrozyten zu wirken. Ähnlich der mikrostrukturierten PDMS Matrizes 

wurden Graphen-basierte tetrapoden-förmige 3D-Gerüste produziert, die für eine Anwendung als Drug 

Delivery System oder aber zur elektrischen Stimulation/Messung geeignet sind. In geeigneten in vitro und 

ex vivo Modellen beeinflussten diese hochporösen Gerüste aus Graphenoxid (GO) und reduziertem 

Graphenoxid (rGO) die Viabilität humaner Mikrogliazellen und Astrozyten, sowie muriner organotypischer 

Gehirnschnitte nicht oder kaum. Sie lösten nur geringe Entzündungs- und Glianarbenreaktionen aus, hierbei 

waren die Effekte für rGO tendenziell etwas stärker. Beobachtete Effekte konnten durch Vor- oder Ko-

Stimulationen mit dem anti-inflammatorischen und -fibrotischen Medikament Curcumin erfolgreich 

verringert werden. Durch das Einkapseln von Curcumin in liposomale Nanoformulierungen konnte im 

Weiteren die Bioverfügbarkeit und Stabilität des Medikamentes erhöht werden. Das liposomale Curcumin 

war nicht nur über eine Zeit von bis zu sechs Monaten stabil, sondern zeigte auch eine signifikant höhere in 
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vitro Effizienz, sodass es Entzündungsreaktionen und reaktive Gliose in in vitro Modellen effektiv 

reduzieren konnte. 

Abschließend lässt sich zusammenfassen, dass neue Medikamente oder Kombinationen den 

Therapieerfolg bei der Behandlung des Glioblastoms signifikant erhöhen und darüber hinaus zusätzlich die 

negativen Medikamentenwirkungen im gesunden Gehirn reduzieren können. Realistischere in vitro Modelle 

wie Ko-Kulturen oder murine organotypische Gehirnschnitte können dabei helfen, neue Medikamente, 

Formulierungen oder Drug Delivery Systeme auf ihre Effizienz zu testen und die Fremdkörperreaktion im 

Gehirn besser zu verstehen. Drei-dimensionale hochporöse Gerüste aus PDMS, GO und rGO scheinen 

geeignete Materialien für Gehirnimplantate zu sein, da sie einzigartige physiko-chemische Eigenschaften 

wie die variable Porosität, Medikamenten Ladekapazität oder Leitfähigkeit besitzen, und zugleich nur 

geringe Glianarben-Prozesse im gesunden Gehirn auszulösen scheinen. Antiinflammatorische 

Medikamente wie Curcumin, beispielsweise in Beschichtungen auf das Implantat aufgebracht, können dabei 

helfen Materialreaktionen zu verhindern. Dabei können die Bioverfügbarkeit und Stabilität solcher 

Medikamente mit Hilfe von einfach herzustellenden Nanoformulierungen, wie Liposomen, im hohen Maße 

verbessert und damit die Wirkeffizienz erhöht werden.
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1st CHAPTER 

Fundamentals 
1. Fundamentals 

“There comes a point in your life when you need to stop reading other people’s books  

and write your own” 

         (Albert Einstein) 

1.1 Introduction 

For the pharmacological treatment of diseases, there are two main ways of drug administration, enteral (e.g. 

oral) or parenteral (e.g. intravenous (i.v.), nasal, inhalational, …), whereas the choice of application route 

influences greatly the bioavailability of a drug concomitant with the numbers of barriers to cross until 

reaching the blood system. While i.v. drug administration is very reliable to deliver a drug systemically by 

reaching a 100 % bioavailability, the most widely used application route remains oral, as it is well accepted 

with an improved patient compliance  (Klueglich et al. 2005). However, orally administered drugs have a 

highly variable bioavailability, influenced by several factors such as food or metabolism (Martinez and 

Amidon 2002; Klueglich et al. 2005). Moreover, most application routes have in common, that only a small 

percentage of the total administered drug finally reaches the target site itself. This effect becomes stronger 

when talking about drug administration to the brain, since only a small amount of systemically administered 

drug reaches the blood-brain barrier (BBB) and can also pass it (Lingineni et al. 2017).  

Besides these conventional ways to administer drugs, more modern forms such as local implants or 

depots have gained interest. These delivery systems offer the advantages of local drug administration with 

smaller therapeutically concentrations due to site-specific drug delivery as well as the option of a tailored 

drug release. Moreover, in applications such as cardiology or oncology, the effectiveness of treatment can 

be improved as well as negative side effects or toxicity and damage to healthy tissue minimized, as the 

systemically application route is bypassed (Kaurav and Kapoor 2017). Especially for brain tumors, whose 

standard treatment by chemotherapeutics causes a huge systemic toxicity, the local application of a drug by 

brain implants can be the favorable choice. Besides this, brain implants offer the possibility to use promising 

drugs with improved therapeutically efficacy for instance, which possibly failed clinical trials, due to low 

bioavailability when applied systemically, or bad transport through the BBB (Bikhezar et al. 2019; Gomez-

Zepeda et al. 2019). To date, there are numerous of brain implants under investigation for either drug 

delivery applications or for deep-brain stimulation respectively microsensing devices (Aum and Tierney 

2018; Patel et al. 2017). Amongst them, there are approaches for the treatment of Alzheimer’s disease by 

Rivastigmine (Bastiat et al. 2010), the treatment of Schizophrenia by Haloperidol or Risperidone depots, 

microparticles and in situ forming implants (ISFI) (Lu et al. 2007; Rainer 2008) but also microelectrodes 

and microsensing devices for epilepsy seizure detection (Patel et al. 2017; Salam et al. 2011). More 

prominent however is the recent increase of drug delivery implants for the treatment of glioblastoma 

multiforme (GBM), a highly malignant brain tumor with a very low five years survival rate after surgery 

and conventional treatment (Ohgaki and Kleihues 2005). Most of them focus on the incorporation of 

alternative pharmaceutical compounds such as the FDA approved Carmustine Gliadel® Wafers that are 

already clinically used (Bota et al. 2007), polymeric microparticles incapsulating paclitaxel  (Elkharraz et 
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al. 2006) or most recently electrospun PVA-Dacarbazine nanofibers (Steffens et al. 2019), instead of using 

the conventional therapeutic agent temozolomide (TMZ).  

However, most studies about novel/alternative drug testing or implant drug delivery in the brain are 

limited on the target cells, such as GBM cells, but disregard the surrounding healthy brain tissues’ response. 

Moreover, the healthy brain tissue is not only influenced by drugs, but also the surgery as well as the implant 

material and its shape, size and microstructure itself. As a matter of central nervous system (CNS) repair, 

glial cells such as microglia and astrocytes but also oligodendrocytes and their precursors respond to injury 

and disease and therefore trigger the so-called foreign body response (Burda and Sofroniew 2014; Cregg et 

al. 2014). In brief, microglial cells, the immune cells of the brain, become reactive, proliferate to the implant 

site and start to release cytokines and chemokines that force astrocytes in the surrounding tissue to become 

reactive as well. Reactive astrocytes migrate to the implant site and build a glial sheath around it, known as 

the glial scar. Used as a physiological protection mechanism of the brain against foreign bodies or damaged 

tissue, this glial scar can cause an alteration of the functionality of an implant, e.g. altered release-kinetics 

to the target tissue. Therefore, when building a brain implant, one must take these reactions of the non-target 

tissue into account as it influences strongly the implants’ efficacy. Ways to avoid or alleviate these reactions 

can be either by tailoring the material-scientific implant properties, such as the shape, microstructure or 

surface functionalization to make the implant itself more biocompatible, but also pharmacologically by the 

use of anti-inflammatory and -fibrotic compounds that can directly diminish the brain foreign body response.  

More information on the current drug delivery approaches for brain applications, in regard of the 

medical application of GBM treatment, as well as the detailed process of brain foreign body response can 

be found in the theoretical background chapters (Chapter 1.3 to 1.4) of this thesis. 

1.2 Aim of the project 

In this project, novel brain implant materials should be evaluated for their suitability in brain applications, 

however focusing especially on the reaction of healthy cells of the brain. As a medical problem/question, 

the highly malignant brain tumor glioblastoma multiforme was chosen as a model disease, which after more 

than 100 years of research only made little proceedings in chemo- and radiotherapy and consequently 

remains with poor patients’ overall survival. The local application of drugs can improve current therapy 

approaches, since smaller concentrations are needed for therapeutically effects concomitant with bypassing 

systemic and off-target toxicity in other tissues and organs. However, as the conventional treatment of GBM 

is accompanied with chemoresistance and recurrences due to the heterogeneity and treatment-escape 

mechanisms of the tumor, novel treatment approaches are needed to improve the overall therapy success. 

Hence, focusing on the to be treated disease, most studies neglect the influence of drugs or implant materials 

on the healthy cells of the brain. Therefore, in this thesis, alternative drugs or drug combinations as well as 

implant-drug combinations for the treatment of GBM are being evaluated and characterized in suitable GBM 

in vitro tissue models, including the healthy brain tissue environment of the brain tumor. Moreover, as brain 

surgeries respective the implantation of materials into the brain cause a natural inflammatory reaction of 

immune cells of the brain and in most cases the encapsulation of implants by glial tissue as a foreign body 

response, the second focus of this thesis lies on the evaluation of foreign body responses of healthy brain 

tissue by the implementation of inflammation respective reactive gliosis in vitro models. In regard of these 

aspects, this project is divided into five major tracks, whereas corresponding publications, that are emerged 

in the framework of this thesis are shown in Chapter 2 Publications: 

To develop safe drug delivery systems (DDS) for the treatment of GBM, not only implant materials, 

but also alternative drugs need to be evaluated on their effects on the healthy surrounding brain tissue. 

Therefore, in the first publication (Chapter 2.1 Effects of sequentially applied single and combined 

temozolomide, hydroxychloroquine and AT101 treatment in a long-term stimulation glioblastoma in 
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vitro model.) novel alternative drugs such as Hydroxychloroquine and AT101 as well as drug-combinations 

of those, for the treatment of GBM have been tested, in function of their improved influence on healthy 

brain cells’ survival and toxicity. 

Since there is the need for more realistic drug testing on in vitro systems, mimicking the in vivo situation 

after resection of a GBM tumor, the most promising drug combination from Chapter 2.1, to treat GBM cells 

whilst keeping healthy brain cells alive, has been tested on a dual co-culture system mimicking the complete 

and incomplete resection of a GBM tumor, which is depicted in Chapter 2.2 Establishment of a 

glioblastoma in vitro (in)complete resection dual co-culture model suitable for drug testing.  

In a first attempt to incorporate the alternative compound AT101 into a size-tunable brain implant, 

highly porous polymeric templates have been produced in a collaborative work with material scientists and 

used as a scaffold for the loading with AT101. The effects of those in combination with the conservative 

therapeutic agent Temozolomide on proliferation as well as on cytotoxicity have been studied on healthy 

brain cells (see Chapter 2.3 Macroscopic PDMS Microchannel Matrix for Tailored Drug Release and 

Localized Glioblastoma Therapy). 

However, not only polymeric drug delivery systems are of interest, but also graphene-based materials 

such as graphene oxide (GO) or reduced graphene oxide (rGO), whose biocompatibility especially for brain 

applications are not well known. Whereas rGO is highly conductive and can be therefore used for biosensing 

devices such as electrodes, GO that is lacking this property, can be used as an easily functionalize drug 

delivery system. Therefore, highly porous scaffolds of GO and rGO as brain implant materials were tested 

on healthy cells of the brain (human cell lines) as well as murine acute brain slices, to evaluate cytotoxicity 

as well as their influence on inflammation and reactive gliosis in vitro. In order to prevent foreign body 

reactions towards the materials, the anti-inflammatory compound curcumin was evaluated for its efficacy 

to alleviate these reactions (see Chapter 2.4 Little, reversible glial scarring responses on tetrapod-shaped 

graphene oxide and reduced graphene oxide 3D scaffolds in brain in vitro and ex vivo models).  

Curcumin has shown to have promising anti-inflammatory and -glial scarring properties on the healthy 

brain (see Chapter 2.4). However, as the bioavailability due to the instability and light sensitivity of the drug 

remains poor, we encapsulated curcumin into liposomes and performed intensive studies on the long-term 

stability, cytotoxicity and proliferation, as well as on internalization studies or in vitro models of 

inflammation and glial scarring in human cell lines as well as murine acute brain slices, as depicted in 

Chapter 2.5 Liposomal encapsulated curcumin effectively attenuates neuroinflammatory and reactive 

astrogliosis reactions in glia cells and organotypic brain slices.  
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1.3 Theoretical background 

1.3.1 Glioblastoma multiforme (GBM)  

1.3.1.1 Characteristics of glioblastoma multiforme 

Glioblastoma multiforme (GBM) are highly malignant brain tumors, derived from astrocytes and 

characterized by a fast and infiltrative progression (DeAngelis 2001). With an incidence rate of 2.98 cases 

per 100,000 individuals a year, GBM belongs to the most current brain tumors in adults (Ostrom et al. 2018; 

Leece et al. 2017). Although primary tumors of the CNS only represent around 1 % of all new cancer cases 

in western countries, they remain the ones with the highest death rate of around 70 % (American Cancer 

Society 2019). GBMs can be subcategorized into primary and secondary evolving tumors, as they can 

develop de novo in patients within three to six month or from low grade secondary astrocytomas grade II or 

III within two to five years (Ohgaki and Kleihues 2005; Pisapia et al. 2017; Louis et al. 2019). The world 

health organization (WHO) classifies them as grade IV astrocytomas since 2016, however the term 

glioblastoma multiforme was given over 90 years back by Bailey and Cushing due to the heterogeneity of 

the tumor (Bailey, P. and Cushing, H. 1926). Here, GBMs usually compose of more than one tumor cell 

population due to several molecular biological differences in their genetics, and therefore causing a varying 

response rate and resistance to chemotherapy due to versatile escape mechanisms. Those single resistant 

populations are presumably responsible for rapid relapses and therefore the reason for the still poor survival 

rate of only 5.6 % patients after five years (Ostrom et al. 2018; Stupp et al. 2005).  

1.3.1.2 Therapeutically approaches 

After the usual diagnosis via magnetic resonance imaging (MRI), most GBM patients undergo the 

conventional treatment by surgical removal, frequently followed combined radio-/chemotherapy with, as in 

most cases, the standard chemotherapeutic agent temozolomide (TMZ). To date, TMZ remains the most 

widely used first-line chemotherapeutic drug that is used with combined radiotherapy or solely administered 

for maintenance treatment (Yan et al. 2016). Yet, depending on the location of the tumor and the chances 

for a complete removal, either a complete or incomplete resection of the tumor can be performed (Chaichana 

et al. 2014; McGirt et al. 2009). 

1.3.1.3 Alternative treatment approaches 

As one major issue of GBM treatment is the already mentioned heterogeneity of the tumor causing 

chemotherapeutical resistances, there is an increasing need for more alternative drugs and smart drug 

combinations (Arévalo et al. 2017) to make the treatment more effective. One way to address this is by 

applying drugs with different mechanisms of action than the standard therapeutic agent TMZ, or for instance 

the simultaneous or consecutively combination of drugs to bypass chemoresistance. Regarding this, a broad 

variety of different alternative drugs have been already developed (Arévalo et al. 2017). As such, quinoline-

based anti-malaria drugs like chloroquine (CQ) respective hydroxychloroquine (HCQ), as well as the R-(-

)-enantiomer of the cottonseed-derived polyphenol gossypol, AT101, have been shown to be possible 

alternatives to TMZ (Golden et al. 2015) (see Figure 1, Alternative Therapeutics). Whereas the success of 

TMZ is based on its ability to alkylate/methylate deoxyribonucleic acid (DNA) of guanine residues 

(positions N-7 or O-6) yielding DNA string breaks, CQ and HCQ block autophagy and exert cytotoxic 

effects for instance (Golden et al. 2015; Yan et al. 2016). Contrary to that, the B-cell lymphoma 2 (Bcl-2) 

homology domain 3 (BH3) mimetic AT101 causes either autophagic cell death (Voss et al. 2010) or 

apoptosis caused by competitively binding to hydrophobic surface grooves of pro-survival Bcl-2 family 

members and therefore blocking their protective effects (Opydo-Chanek et al. 2017). Combining those 

quinoline- respective BH3-mimetic-based pharmaceutical compounds with TMZ, could be promising 
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approaches to evade chemoresistance and some of these approaches in fact have already been addressed. 

Golden and colleagues for example showed, that CQ and HCQ could improve TMZ cytotoxicity (Golden 

et al. 2015). Other groups could show an increase in chemosensitivity by blocking of autophagy, using CQ 

and HCQ (Yan et al. 2016; Golden et al. 2015). Moreover, a combined gossypol/TMZ treatment caused an 

inhibition of tumor associated angiogenesis as well as invasion and proliferation (Jarzabek et al. 2014). As 

a result of this success, both drug/drug families have been included into clinical trials (Li et al. 2008a; 

Briceño et al. 2007; Bushunow et al. 1999), however, the balance between low cytotoxic effects for healthy 

surrounding tissue and the positive therapeutic response in GBM tissue has not been evaluated yet for drug 

combinations, nor their sequentially application of them with TMZ for a longer period in vitro.   

 
Figure 1: Current treatment approaches for glioblastoma multiforme (GBM) therapy. Besides the conventional 

chemotherapeutics such as carmustine or temozolomide (upper left), alternative drugs that focus on different mechanisms of action 

can be employed (upper right). Besides surgery and systemic drug administration, GBM can be also therapized by local treatment 

approaches (lower left) or by modern nanoparticle-based platforms for drug delivery or thera(g)nostics (lower right). The figure 

was generated using Biorender software.   

Besides these strategies to increase treatment efficacies, other approaches focus on the development of 

novel DDS, such as nanocarriers or the direct administration of drugs via brain implants (Saad et al. 2017; 

Hicks et al. 2019; Cornelison and Munson 2018). Whereas several major clinical trials on new promising 

small molecules (e.g. gefitinib or erlotinib) failed, due to too low final concentrations in the brain, one 

approach to improve BBB permeability of drugs is the encapsulation into nano-formulations (Shergalis et 

al. 2018). By tailoring the particle size, surface charge, functionalization respectively the material itself, 

nano-formulated drugs can have improved BBB-permeability and bioavailability over the free drug (Fang 

et al. 2015; Mo et al. 2016). Therefore, it is no miracle that several clinical trials using liposomes or 

polymers, for brain-drug-delivery to treat GBM, are ongoing or already successfully completed (Clarke et 

al. 2017; Camp et al. 2013; Siefker-Radtke et al. 2016). Other groups however focus on the direct application 

of drugs into the brain, by implantable solid drug delivery devices but also nanocarriers (Bagó et al. 2016; 

La Rocca and Mehdorn 2009; Ranganath et al. 2010). For instance, the Gliadel® wafer, using carmustine as 

chemotherapeutic drug, is the only FDA approved implant for local treatment of GBM, next to the standard 

systemically TMZ therapy (Bota et al. 2007) and therefore yet the only local DDS for the treatment of GBM 

(Ashby et al. 2016) (see Figure 1, Treatment Innovations). However, although the implantation of the 

Gliadel® wafer into the resection cavity of GBM patients has shown great success in the survival, there are 

also negative sides including brain edema or intracranial infections for instance after implantation, which in 

some cases cause the revision of implantation (Ashby et al. 2016; Kuramitsu et al. 2015). Therefore, other 

groups try to approach this issue with different techniques. For instance, Steffens et al. showed, that the 

antitumor agent dacarbazine which effectively treats recurrent GBMs (Fazeny-Dörner et al. 2003) but lacks 

in high toxicity in healthy cells (Di Bei et al. 2009), was successfully incorporated into implantable 
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polymeric nanofibers with high drug loading capacities of around 84 %, a sustained drug release and 

efficient against GBM cells (Steffens et al. 2019). However, by only using monocultures of GBM cells, no 

information is given yet on the toxicity of this interesting approach on healthy cells of the brain. Other than 

solid implant matrixes, Bastiancich et al. respective Zhao et al. focus on the drug delivery via local injected 

hydrogels, however using different drugs such as gemcitabine or paclitaxel (Bastiancich et al. 2017; 

Bastiancich et al. 2016; Zhao et al. 2018). Moreover, Kim and others claim, that the tumors’ non-cellular 

microenvironment plays a key role in tumor development and progression (Kim et al. 2005; Mikhailova et 

al. 2018). To address this issue, Belousov et al. suggest the embedding of brain DDS into brain specific 

matrix materials that include keyplayers of extracellular matrix molecules (ECM), since they not only play 

a structural role in tissues, but also in cell fate, maturation, migration and tumor cell invasion for example 

(Belousov et al. 2019). Taken these facts together, there are different ongoing approaches to develop suitable 

drug delivery devices including the huge variety of drugs that can be of interest when thinking about a non-

systemically drug application, such as in the brain. However, there is a need to focus also on the test methods 

used for those DDS in parallel to the development and design of them, which will be addressed in chapter 

1.3.1.4 Alternative test methods.  

More detailed information about nano-formulations as well as implants as drug delivery devices are 

given in chapter 1.3.2 Biomaterials for the central nervous system.  

1.3.1.4 Alternative test methods 

As already mentioned, several promising drugs that are efficient against novel or recurrent GBM tumors, 

often fail when later being tested in vitro on healthy cells or even in clinical trials, due to the toxicity against 

the healthy brain tissue. Therefore, concomitant with different treatment approaches, new test methods and 

in vitro model systems that more closely mimic the in vivo situation of the heterogenous tumor and its 

microenvironment, are needed to evaluate more efficient suitable drugs and their efficacy, especially also 

on healthy tissue (Cornelison and Munson 2018). Current GBM in vitro models include for example tumor 

organoids, three-dimensional (3D) organotypic spheroids respective mini-brains and microfluidic systems 

(Balvers et al. 2017; Lenting et al. 2017; Caragher et al. 2019; Manini et al. 2018). For example, the 

influence of cell-cell connectivity is well reflected with tumor spheroids that are generated from human 

tumor biopsies and cultured stable in serum-free media with the addition of several growth factors and 

therefore promote the persistence of glioma stem like cell-characteristics (GSLC) (Caragher et al. 2019; 

Balvers et al. 2013; Brewer et al. 1993; Conti et al. 2005). However, Lenting et al. claim that the generation 

of those spherical cultures from patients seems to be challenging due to the highly heterogeneous tissue, as 

it is likely that the generated patient-derived glioma spheroid line only represents a small amount of the 

most aggressive cells from the original tumor (Lenting et al. 2017). In other approaches such as in 

microfluidic systems, GBM cells are cultured in hydrogel containing microfluidic channels, filled with 

circulating media, similar as in the brain (Li et al. 2018a). Nevertheless, while this approach is quite cost-

intensive, it also represents only the mono-cultivation of the cells without the tumor microenvironment.  

However, most of those in vitro models lack the influence of healthy cells on the tumor survival 

respectively the influence of drugs on the survival of healthy cells. Approaches including the tumor 

microenvironment and healthy brain tissue are for example the establishment of mini-brains respective 

organotypic brain slices, whereas patient-derived tumor cells can be implanted into human cerebral 

organoids (Ogawa et al. 2018) or into mouse brains (Eisemann et al. 2018; Sliwa et al. 2007; Marques-

Torrejon et al. 2018), creating potential models for personalized medicine respective allowing interaction 

between tumor and non-tumor cells. Nonetheless, these models are time- and cost-intensive as well as 

foreign body reactions of the mouse host due to human cells can occur (Lenting et al. 2017). Moreover, 

single cell responses cannot be determined yet in those tissue models.  
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In summary, the research on alternative in vitro systems is growing enormous, to provide more efficient 

test methods for anti-glioma therapies, however more studies are needed that include the tumor 

microenvironment and therefore healthy cell responses.  

1.3.2 Biomaterials for the central nervous system 

For more contemporary approaches in the treatment of CNS diseases that do focus on the release of drugs 

from carrier materials or on the sensing and/or stimulation activities of electrodes, suitable biomaterials 

need to be identified. There is a wide variety of biomaterials used for central nervous system applications, 

including the treatment of malignant brain tumors such as GBM, epilepsies, or Alzheimer’s disease for 

example (Aum and Tierney 2018). Amongst them, materials can be either used for neural electrodes to 

restore neurological functions respective micro sensing devices, as drug or gene delivery systems or for 

instance as scaffold materials for the promotion of tissue regeneration (Zhong and Bellamkonda 2008). 

Depending on the fate after injection or implantation, brain implant materials can either be biodegradable 

or non-biodegradable. Whereas in electrode design, the function of the implant needs to be restored and 

therefore non-biodegradable materials are used, drug delivery systems can require biodegradation of the 

scaffold or carrier material after drug-release (Zhong and Bellamkonda 2008). However, all applications 

have the need for materials with low off-target toxicity, high biocompatibility such as low inflammatory 

responses and without influencing neuronal fate for example in common (Donaruma 1988). In the following 

chapter, systemic and local drug delivery approaches such as nanoformulations or local implant materials, 

as well as neuronal electrodes as microsensing devices are discussed. 

1.3.2.1 Drug delivery systems for brain applications 

1.3.2.1.1 Systemic drug delivery systems 

Nanoformulations 

Whereas brain implants are directly placed into the brain, providing a direct drug delivery into the target 

site, nanoformulations can be used for both, the systemic or direct application. In general, nanoformulations 

are small particles with dimensions of 1-1000 nm in at least one dimension with tailorable properties such 

as surface charge, size and surface functionalization (Jeevanandam et al. 2018). As in most cases, 

nanoformulations are used for the delivery of drugs to the target site, however purposes can also be imaging 

as contrast agents, therapeutic applications or the combination of them as thera(g)nostics (Liong et al. 2008). 

Different systems such as polymeric nanoparticles (NPs), liposomes, micelles, ceramic NPs etc. are 

available for drug delivery applications to date (Lian and Ho 2001). Moreover, depending on the physical 

and chemical properties of a drug, the optimal delivery system and its material can be chosen. In fact, one 

major benefit of nanocarriers is the possibility to encapsulate hydrophilic or hydrophobic drugs respective 

the combination of them. Consequently, drugs that lack in efficiency due to low bioavailability, chemical 

instability or light sensitivity for instance, however with promising therapeutic effects can again be 

considered by exploiting nanotechnologies. Thereby, the stability of the drug can be improved as well as 

the drug-release kinetics adjusted. However, for brain delivery applications only lipid based nanocarriers 

including liposomes, solid lipid NPs (SLNs) respective micelles as well as polymeric NPs have been widely 

exploited (Garcia-Garcia et al. 2005; Khan et al. 2018). An overview of current drug delivery systems is 

given in figure 2. Polymer-based nanoparticles offer unique morphology, physicochemical and surface 

functionalization properties (Khan et al. 2018), such as their excellent carrier loading and tailorable release 

kinetics for instance (see figure 2, left). Therefore, they have gained great interest in brain delivery 

applications for example in cerebral disorders (Blasi et al. 2007), however polymer degradation and thereby 

caused toxic chemical production still limit their success in brain delivery applications (Blasi et al. 2007). 

Contrary to that liposomal formulations are biocompatible nanocarriers, with unique membrane 

permeability and long circulation half-life. Liposomes are small self-aggregating vesicles, formed by 
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unilamellar or multilamellar phospholipid bilayers of cholesterol and other non-toxic phospholipids 

(Akbarzadeh et al. 2013; Zhong and Bellamkonda 2008). In brief, lipid headgroups are exposed to the highly 

hydrophilic surrounding due to their polar character, whilst hydrophobic apolar chains promote interaction 

with one another. This amphiphilic character of the liposomal structure allows an encapsulation of drugs 

that are either hydrophilic, hydrophobic or even the combination of both, but also protein-based drugs or 

nucleic acid materials [see figure 2, left (Al-Jamal and Kostarelos 2007)]. Moreover, the change in 

toxicological profiles of a drug due to the encapsulation into liposomes has been highlighted in several 

clinical studies. For instance, by reducing chemotherapy-associated side effects such as nausea, vomiting 

and cardiotoxicity compared to unencapsulated drugs, the patient’s outcome can be improved dramatically 

(Zamboni 2008; Lasic 1998; Silverman et al. 2013; Moen et al. 2009). Furthermore, the biocompatibility 

(Immordino et al. 2006) as well as the biological membrane-like structure with its lipophilic character 

facilitates drug transportation across membranes of brain endothelial cells and therefore excellent 

characteristics for brain uptake through the BBB but also for the distribution through the brain as in non-

systemic applications (Khan et al. 2018; Agrawal et al. 2017).  

 

Figure 2: Nanosystems for brain applications. For brain applications several different nanoformulations or -systems are available 

either for therapeutic purposes, diagnostic purposes or the combination as thera(g)nostics. Regarding the broad variety of materials 
possible, one can divide those materials into organic nanoparticles (NPs, left) or inorganic NPs (right). Organic NPs are mostly 

used for drug delivery purposes of hydrophilic, hydrophobic drugs or combinations of both, either inside of the particle core or in 

the particle membrane. Inorganic NPs are mostly used as contrast agents (iron oxide NPs) but also in therapy such as for gold NPs 

for instance. The figure was generated using the Biorender software.  

The systemic drug delivery is achieved by intraperiphal or intravenous injection of the carrier as a non-

invasive treatment and can be repeated several times as needed. However, large concentrations are needed 

to reach therapeutic concentrations and therefore off-target cytotoxic effects can occur in organs and tissues. 

One approach to bypass this issue is the surface functionalization to selectively target or exploit biological 

molecules, carriers, surface receptors or mechanisms of the brain to enhance permeation through the blood-

brain barrier (Schnyder and Huwyler 2005). For instance, cationized albumin, monoclonal antibodies to the 

insulin receptor or monoclonal antibodies to the transferrin (Tf) receptor are possible surface-

functionalizations for a targeted receptor- or absorptive-mediated transcytosis through the BBB (Schnyder 

and Huwyler 2005; Pardridge et al. 1992). In GBM therapy, the surface decoration of resveratol 

encapsulating liposomes with Tf could extend the drug-release, increase the uptake and cytotoxicity in U-

87 MG cells (Jhaveri et al. 2018). Other approaches in glioma therapy are doxorubicin encapsulating 

polymersomes, decorated with Des-octanoyl ghrelin and folate or SLNs decorated with Aprotinin and p97, 

which could inhibit tumor growth in a glioma mouse model (Yung-Chih und I-Hsuan 2016) respective 

enhanced BBB-passage and tumor growth inhibition efficacy (Yung-Chih and I-Hsuan 2016; Chen et al. 

2014). Moreover, paclitaxel and curcumin encapsulating magnetic guided PLGA NPs decorated with the 
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T7 peptide could inhibit tumor progression and caused significantly higher cell uptake and brain 

accumulation (Cui et al. 2016). Furthermore, camptothecin carrying polymeric nanoparticles decorated with 

adenosine and TGN, a 12 amino acid peptide showed higher BBB transmigration efficiency, however with 

no benefits in survival at maximum tolerated doses (Saucier-Sawyer et al. 2015). Besides brain tumor 

targeting, drug delivery has been exploited also on neurodegenerative diseases for instance. As such, RVG29 

modified liposomes carrying N-3,4-bis(pivaloyloxy)-dopamine have been evaluated for their efficacy to 

amplify therapeutic effects of dopamine derivate in a mouse model of Parkinson’s disease (Qu et al. 2018). 

The group of Qu et al. could show the distribution of the nanocarriers to selective brain parts as well as 

accelerated the therapeutic effect of the drug (Qu et al. 2018). In Alzheimer’s disease, multifunctional 

curcumin decorated liposomes targeting different ligands of the BBB such as amyloid, Tf receptor or LDLR 

have been evaluated in normal and transgenic mice, however curcumin did not significantly improve the 

ligand-targeting performance at the BBB (Papadia et al. 2017). In summary, due to these unique possibilities 

of targeted drug delivery, nanocarriers are therefore the most studied drug carriers for the delivery through 

the BBB into the brain, to date (Khan et al. 2018; Schnyder and Huwyler 2005). A detailed overview of the 

possible targeting-mechanisms for drug delivery through the BBB is described in chapter 1.3.3.1 Blood-

brain barrier and is depicted in figure 3. 

1.3.2.1.2 Local drug delivery systems 

Brain implants for local drug delivery 

The biggest challenge in conventional drug delivery to the brain still remains the passage through the BBB. 

Although many approaches focus on the target specific transport of nanoparticles through the BBB as seen 

in the previous chapter, one way to circumvent this issue is the local drug administration to the target site 

by brain implants. Brain implants offer huge advantages over the systemic application of a drug, as systemic 

side effects or cytotoxicity of systemic applied drugs or carriers can be decreased concomitant with smaller 

drug concentrations that are needed to reach therapeutic effects leading to an increase of treatment efficacies 

(Eccleston et al. 1996; Wang et al. 2002; Dong 2018). Especially in the case of recurrent GBM, the local 

administration of a drug can provide a promising strategy, as 80-90 % recur within the 2 cm tumor margin 

of the original resection (Zhong and Bellamkonda 2008; Wang et al. 2002). Most strategies for drug-loading 

brain implants are based on biocompatible polymeric scaffolds (Jain et al. 2006), which can be either 

biodegradable or non-biodegradable. Whilst with biodegradable polymers such as poly(lactic acid) (PLA), 

poly(lactic glycolic acid) (PLGA), poly(glycolic acid) (PGA), gelatin or collagen for instance (Fournier et 

al. 2003), the scaffold material will break down with the ongoing drug release into non-toxic products that 

can be further eliminated by the body, non-biodegradable scaffold materials will remain their size and shape 

even after full depletion of drug (Zhong and Bellamkonda 2008; Domb 1995). Amongst common non-

biodegradable polymers, ethylene-vinyl acetate copolymers or various acrylate-based hydrogels are 

commonly used in experimental approaches for brain applications (Sawyer et al. 2006; Domb 1995). 

Although polymers such as PLGA have revealed some negative side effects in systemic applications, the 

tissue response in local injections/administration of PLGA into the brain was moderate, as only non-specific 

inflammatory reactions occurred possibly due to the mechanical trauma after implantation (Menei et al. 

1993; Lillehei et al. 1996; Kou et al. 1997; Emerich et al. 1999; Fournier et al. 2003). Moreover, the drug-

release properties of PLGA polymers can be tailored by the variation of lactic acid to glycolic acid monomer 

ratios (Lewis 1990). In 2007, different PLGA-based scaffolds such as microspheres, microparticles and 

discs for the local drug delivery of paclitaxel and etanidazole in C6 glioma mouse model have been 

evaluated for their in vivo performance (Kumar Naraharisetti et al. 2007). After 21 days, tumor volumes 

shrink upon treatment to up to 59 %, 65 % and 70 % for microspheres, microparticles respective discs 

(Kumar Naraharisetti et al. 2007). However, Wang and others claimed that the drug-release-driven bulk 

erosion of PLGA can cause sporadic dumping of drugs and therefore toxic effects (Wang et al. 2002; Brem 
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and Langer 1996). As a result, a biocompatible polymer whose degradation is based on surface-erosion, 

poly[bis(p-carboxy-phenoxy propane anhydride) sebacic acid] (PCPP-SA), was developed and successfully 

implemented as scaffold material for the release of carmustine, as the already mentioned Gliadel® wafer 

(Bota et al. 2007; Ashby et al. 2016). Since then, similar approaches based on PCPP-SA polymers have 

been followed. As such, cancer-cell specific aerobic glycolysis-inhibitors such as 3-bromopyruvate (3-

BrPA) and dichloroacetic acid (DCA) have been loaded into PCPP-SA wafers and significantly increased 

survival in glioma animal models as well as the combination of 3-BrPA-polymer with TMZ could provide 

synergistic effects (Wicks et al. 2015). Moreover, the combination of carmustine and TMZ loaded in CPP-

SA polymer scaffolds caused improved survival in rodent 9L gliosarcoma and F98 glioma in vivo models 

in combined X-ray treatment (Recinos et al. 2010).  

Hence, Belousov et al. claim, that artificial implants for local drug administration in operation cavities 

should be incorporated into hydrogels that mimic biomechanical properties of the healthy brain tissue for 

vital function support for example (Belousov et al. 2019). In brief, the mechanical support of hydrogels can 

provide structural and functional restoration of damaged brain tissue and influence cell fate. The variety of 

hydrogel polymers, such as hyaluronic acid, collagen type I, alginate, chitosan, self-assembling proteins and 

peptides or poly(ethylene glycol) for instance, that are extensively studies in recent brain applications, offer 

broad tailorable physical, biological or chemical properties (Kornev et al. 2018).  

However, disadvantages of local drug delivery by implants remain, that dosages can up to now be 

adjusted after implantation as well as that drug-release rates may start with an unwanted burst-release 

followed with a decrease over the time, requiring possibly repeated implantation and surgery (Zhong and 

Bellamkonda 2008; Meilander et al. 2003; Dang and Saltzman 1994). Therefore, the right delivery system 

with its properties such as drug loading, drug release kinetics, biocompatibility etc. must be chosen in 

advance for the respective disease.   

Nanoformulations for local drug delivery 

Moreover, also nanoformulations or combinations of nanoformulations in 3D scaffolds can be used for local 

drug administration in the brain. For example, nanocarriers can be incorporated into a scaffold material and 

placed into the resection cavity of the brain after surgery (similar as with brain implants) or used in flexible 

hydrogels that can be injected directly into the CNS via syringes. Several rodent in vivo studies based on 

the local injection of drug-carrying NPs to deliver anti-tumor agents such as mitoxantrone, platelet factor 4 

fragment, carboplatin or hemopexin for instance (Chen et al. 1997; Menei et al. 1996; Benny et al. 2005), 

but also for the treatment of neurodegenerative diseases such as Parkinson’s disease using the application 

of neurotransmitter encapsulated PLGA NPs (McRae and Dahlström 1994) have been performed. In more 

recent studies, drug-loaded PLGA NPs, such as camptothecin-loaded PLGA NPs, have been used for 

convection-enhanced delivery (CED), whereas syringe pumps generate an external pressure gradient for a 

continuous and well distributed drug delivery  and have demonstrated to be effective in an intracranial tumor 

model [see figure 1, treatment innovations (Sawyer et al. 2011; Patel et al. 2017; Bobo et al. 1994)].  

Besides the direct injection of the nanoparticles into the CNS, the incorporation into a hydrogel with 

similar properties as the brain tissue for a longer and more sustained release of the particles/drugs can be of 

interest (Belousov et al. 2019). For example De la Puente et al. could show improved survival and decreased 

tumor sizes of GBM mice, after treatment with Iodine-131 (131I) and TMZ alginate-microparticles, when 

incorporated into hydrogels for chemo- as well as radiotherapy (La Puente et al. 2018). In a similar approach, 

however with different chemotherapeutic drugs such as Gemcitabine incorporated into a lipid nanocapsule-

based hydrogel, Bastiancich et al. obtained over one month a sustained drug release concomitant with a 

significant increase of survival as well as decrease of recurrences in a tumor xenograft model (Bastiancich 

et al. 2017; Bastiancich et al. 2016). Tyler and others demonstrated in pre- and early clinical studies, that 
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paclitaxel loaded PLGA NPs incorporated into hydrogels (OngoGelTM), could moderately increase survival 

in rat gliosarcoma model (Rahman 2014; Tyler et al. 2010). In other approaches, doxorubicin, paclitaxel, 

CRISPR/Cas-mediated DNA and proteins or camptothecin encapsulated in liposomes, micelles or 

polymeric NPs incorporated into hydrogels have successfully reduced tumor growth, increased cytotoxicity 

and elongated survival concomitant with sustained drug release profiles in different in vitro or rodent in vivo 

models (Arai et al. 2010; Tao et al. 2017; Chen et al. 2017; Ozeki et al. 2010; Ozeki et al. 2012; Basso et al. 

2018). Other groups, that focus on the development of implantable scaffolds, that do not cause any 

inflammatory reactions and therefore brain foreign body responses, suggest the use of hydrogels as 

promising “buffer” materials for the incorporation of their scaffold (Maclean et al. 2018). Ashton et al. 

produced alginate hydrogels with adjustable degradation rates and encapsulating polymeric microspheres, 

that allowed neural progenitor cells to grow on and into that scaffold (Ashton et al. 2007) or in another 

approach, Maclean and others used a multifaced anti-inflammatory hydrogel system to reduce glial scarring 

after traumatic brain injury (Maclean et al. 2017). More information on the brain foreign body response and 

ways to alleviate them are discussed in chapter 1.3.3 Challenges in brain drug delivery. 

1.3.2.2 Neural electrodes  

Besides drug delivery approaches, there are many other biomaterial applications for the central nervous 

system. Amongst them are chronic electrode implants for the measurement or stimulation of neuronal 

activity in deep brain stimulation applications or brain-computer interfaces. Whereas recording-based 

devices are used for the control of a mechanical device such as the control of a motorized wheelchair by 

thoughts of a paralyzed person (Donoghue 2002; Pesaran et al. 2006), stimulation-based devices are mainly 

used for the symptom-reduction in Parkinson’s disease or to restore hearing (Zhong and Bellamkonda 2008; 

Benabid et al. 2000; Colletti et al. 2001), to date. In other applications such as for patients with impaired 

movements caused by neurodegenerative diseases like multiple sclerosis respective amyotrophic lateral 

sclerosis or stroke or spine injuries, recording-based cortical neural prosthetics offer great promise, however 

remain still in research stage as of stability problems during long-term recording (Zhong and Bellamkonda 

2008; Ludwig et al. 2006; Santhanam et al. 2006). One major contributing factor that influences the 

recording ability of implants is the formation of a glial scar around the electrodes, concomitant with an 

inflammatory reaction of the brain towards the foreign body and will be discussed in more detail in chapter 

1.3.3.2 Brain foreign body response. Currently, many investigations are based on the development of 

multichannel microelectrode arrays for long-term cortical neuronal recordings, that include polymer 

substrate probes, silicon based micromachined microprobes but also microwires. Typical materials for 

microwire design are with Teflon or polyimide insulated conductive metals such as platinum, gold, iridium, 

tungsten or stainless steel. However, in the past decade, graphene-based materials have become a hot-spot 

so far, due to their remarkable electronic, mechanical, optical and thermal properties (Huang et al. 2012) 

and have been actively investigated to build new composite materials for instance (Wang et al. 2011; Li et 

al. 2008b). To mention some of them, graphene exhibits a large theoretic specific surface area (Stoller et al. 

2008), a high Young’s modulus (Lee et al. 2008) as well as excellent thermal stability and conductivity 

(Balandin et al. 2008; Huang et al. 2012).  Especially its extraordinary conductive behavior makes graphene 

one of the most interesting materials in electrode design for solar cells or light emitting diodes, but also in 

brain applications. Whereas some biological studies on the effects of graphene-based materials, such as 

graphene oxide (GO) or reduced graphene oxide (rGO) are available, still little information is given about 

their in vitro and in vivo biocompatibility in brain applications, as well as their effects on glial scar formation 

and inflammation reactions. As such, Wang and others reported a dose-dependent systemic toxicity of GO 

nanoparticles when injected intravenous in mice (Wang et al. 2011) or on different cell lines (Liao et al. 

2018; Pelin et al. 2018), Li et al. investigated the influence of GO/rGO surface chemistry among the lipid 

membrane and reported that hydrated GO micro sheets can cause membrane lysis and the destruction of cell 

integrity due to lipid oxidation (Li et al. 2018b), respective the investigation of macrophage immune 
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responses towards GO materials (Ma et al. 2015; Russier et al. 2013; Mendes et al. 2015), whereas 

macrophages induced several pro-inflammatory cytokines and chemokines upon contact with GO (Zhang 

et al. 2016), however rGO provoked higher levels of cytokine induction (Wu et al. 2018). In the few 

available reports on brain applications, Mendoza and colleagues investigated cytotoxic effects of rGO on 

cells of the blood-brain barrier (Mendonça et al. 2016a), however systemically applied rGO that passed the 

blood-brain barrier did not cause cytotoxic effects in mice, nor inflammation in rat hippocampus (Cherian 

et al. 2020; Mendonça et al. 2016b). Contrary to that, GO nanoparticles, when applied systemically, induced 

oxidative stress and therefore genomic instability and mutagenicity in mice liver and brain tissues 

(Mohamed et al. 2019), but showed promising results in neuron-encapsulation applications for the 3D tissue 

growth (Sakai et al. 2019), the differentiation and proliferation of neural stem cells (Fu et al. 2019) as well 

as nerve-tissue engineering (Ginestra 2019). 

Exactly these contradictory findings enhance the necessity to investigate brain-graphene-based material 

interactions more deeply, to produce safe implants for brain applications.  

1.3.3 Challenges in brain drug delivery 

The drug delivery for the treatment of CNS diseases still remains a challenge due to the inability of 

therapeutic agents to cross the blood-brain barrier (BBB) (Patel et al. 2012; Yang 2010). In brief, there are 

two main criteria for lipid mediated free diffusion across the BBB, namely the size of the transport molecule 

which needs to be below 500 Da (molecular weight), as well as a high lipid solubility concomitant with low 

hydrogen bonding (Pardridge 2012). However, almost no drugs fulfill these criteria, increasing the need for 

alternative drug delivery approaches to the CNS. Whereas some approaches are based on the development 

of reengineered drugs or transport carriers such as the in chapter 1.3.2.1.1 Systemic drug delivery systems 

discussed nanoformulations, others focus on the local drug delivery via brain implants (chapter 1.3.2.1.2 

Local drug delivery systems). However, also the local administration of drugs via implants requires careful 

consideration of the potentially damaged healthy brain tissue as well as surgery- and implant-mediated 

inflammatory reactions of the brain.  

In this chapter, two biological challenges such as the BBB as well as the brain foreign body response 

for systemic respective local drug delivery are being highlighted.   

1.3.3.1 Blood-brain barrier 

The blood-brain barrier is a physiological barrier between the blood and the brain, whose function is to 

regulate CNS homeostasis as well as the protect the CNS from inflammation, toxins and pathogens but also 

injury and diseases (Daneman and Prat 2015).  Therefore, BBB dysfunction which can be caused by 

neurological diseases or brain traumas, can lead to altered signaling homeostasis, the dysregulation of ions 

or the entry of immune cells into the brain and therefore lead to degenerative processes and neuronal 

dysfunction (Daneman and Prat 2015). 

The BBB consists of two epithelial membranes, the abluminal and luminal membrane of the brain 

capillary endothelial cells, with an around 200nm thick gap of endothelial cytoplasm (Pardridge 2012). 

Moreover, the BBB is supported by immune cells, two basement membranes (BM; inner vascular and outer 

parenchymal BM, also called vascular glia limitans perivascularis (Del Zoppo et al. 2006)) of different 

extracellular matrix compositions as well as of astrocytes. Astrocytes are one major glial cell type of the 

brain with various functions such as metabolic and physical support of neurons, regulation of energy 

metabolism respective reaction to injury (Polikov et al. 2005). They play a role in BBB function and 

regulation by secreting several factors and provide a cellular link between the neuronal circuit and blood-

distribution, due to the sheathing of blood vessels by astrocyte-endfeet (Daneman and Prat 2015). 

Consequently, astrocytes are enabled to regulate blood flow, such as the contraction/dilation via secretion 
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of signaling molecules as response to neuronal activity (Daneman and Prat 2015; Attwell et al. 2010; Gordon 

et al. 2011). However, although some studies highlight astrocytes function in BBB-formation, such as the 

induction of BBB properties in non-CNS vascular systems (Janzer and Raff 1987), others claim that the 

formation of BBB already happens before the generation of astrocytes (Daneman et al. 2010). Other 

important functions of astrocytes in the CNS are discussed in Chapter 1.3.3.2 Brain foreign body response. 

 Other than in the peripheral vascularization, the endothelial cells of the BBB are connected with each 

other by high resistance tight junctions with substantial transendothelial electrical resistance (TEER) and 

therefore creating a physical barrier for the paracellular transport of ions, molecules, cells and 

therapeutically substances to the brain (Patel et al. 2012; Zlokovic 2008; Daneman 2012). Besides this 

physical barrier, the BBB also contains metabolic barriers such as the minimal allowed pinocytosis of 

endothelial cells, for instance, which limits the highly nonspecific transcellular transport (Brightman and 

Reese 1969). Moreover, extracellular enzymes of BBB-endothelial cells can inactivate compounds in their 

try to pass the BBB and many efflux transporters are available on the capillary endothelium (Patel et al. 

2012). Hence, efflux transporters such as multi-drug-resistance-gene 1 (Mdr1), breast cancer resistance 

protein (BCRP) or multidrug resistance proteines (MRPs) (Ha et al. 2007), which are polarized on the 

luminal surface of the epithelial cells, transport actively under hydrolysis of adenosine triphosphate (ATP), 

lipophilic molecules from the CNS towards the blood (Löscher and Potschka 2005; Cordon-Cardo et al. 

1989; Thiebaut et al. 1989; Daneman and Prat 2015) and therefore strongly influence the success-rate of 

BBB-passaging substances (see figure 3, efflux transport). 

As the para- and transcellular transport of substances is greatly inhibited physically by tight junctions 

respective metabolically by efflux transporters, only few other but also highly regulated pathways are 

available for the transportation of molecules or drugs to the CNS (figure 3). In brief, drugs can only enter 

the CNS via passive diffusion or by carrier/receptor mediated transport actively through the BBB. The 

passive diffusion of lipophilic or lipophobic drugs is controlled via concentration gradient, however 

paracellular pathways of lipophobic substances is negligible due to the tight junctions between epithelial 

cells (figure 3, right). Conversely, the receptor- respective carrier-mediated transport is controlled actively. 

As such, there are highly specific protein transporters available on epithelial cells such as glucose, lactate 

or pyruvate transporters (Daneman 2012; Zlokovic 2008), which allow the transport of nutrients across the 

BBB into the brain but also function in the clearance of waste products from the CNS into the blood 

(Mittapalli et al. 2010). Last, drugs can also pass the BBB via different endocytosis pathways, for instance 

the receptor-, adsorptive- or cell-mediated pathway (see figure 3, left). While proteins like insulin or 

transferrin can bind specifically to their membrane receptor and be transported through the epithelial cells 

by receptor-mediated endocytosis, albumin is transported via adsorptive-mediated transcytosis. Moreover, 

in case of inflammation due to neurological diseases for example, drugs or nanocarriers can be uptaken by 

immune cells and transported via cell-mediated transcytosis to the brain. A detailed overview of the different 

BBB-passage mechanisms is depicted in figure 3.  

All these different transport mechanisms influence strongly the design of drugs or drug-carriers. 

Although many investigations to successfully transport drugs through the BBB are currently pursued, such 

as the targeted drug delivery via endothelial surface receptors and other examples highlighted in Chapter 

1.3.2.1.1 Systemic drug delivery, nanoformulations, the BBB transport still remains a challenge. On the 

one hand, only 2 % of all small molecules which are supposed to cross freely the BBB also pass it in reality. 

On the other hand, substances that freely pass the BBB still have to be administered in systemically high 

concentrations to obtain blood concentrations high enough to allow a concentration gradient-dependent 

diffusion (figure 3, right). Likewise, high concentrations which may have therapeutically effects in the brain, 

can cause systemically toxicity in other organs. Moreover, with progressing age as well as 

neurodegenerative diseases such as Alzheimer’s or Parkinson’s disease but also brain tumors such as GBM, 
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the BBB structure and function changes, which complicates the universal fabrication of a drug delivery 

system (Pandit et al. 2019).  

 

Figure 3: Possible transport mechanisms of drugs through the blood-brain barrier (BBB). The blood-brain barrier consists of 

endothelial cells and their tight junctions (green), immune cells, two basement membranes as well as of astrocytes, which are 
sheathing the blood vessels with their end feet and therefore play an important role in BBB function and regulation. Transport 

mechanisms can be divided into active (left) and passive (right) transport mechanisms. Whereas in passive mechanisms, the 

transport is regulated by a concentration gradient that allows hydrophobic drugs to transcellular pass and hydrophilic drugs 

paracellular pass the blood-brain barrier, several different ways in active transport are possible. The active diffusion of drugs can 
be mediated by transport proteins or energy-consuming efflux transport, as well as by different types of endocytosis, depending on 

the molecular structure. Modified by Georgieva and van Rooy (Georgieva et al. 2014; van Rooy et al. 2011).  

1.3.3.2 Brain foreign body response 

Especially in such medical cases, in which a patient anyway must undergo brain surgery (e.g. GBM tumor 

resection), the implantation of a local drug delivery device can be a promising tool to successfully 

circumvent the challenging drug-transport through the BBB and to locally treat remaining GBM-cells in 

lower concentrations post-surgery. Hence, an inflammatory reaction of the brain in response to surgery 

remains as well as the possibility of a brain foreign body response towards the implanted material.  

In general, the brain foreign body response can be divided into three phases, as depicted in figure 4: the 

acute, the early and the chronic phase.  

The insertion of a neuroimplant causes a brain injury which can impact nearby cell functions (Wellman 

and Kozai 2017). In fact, next to the disruption of the blood vessels concomitant with an influx of blood-

derived immune cells and proteins (Spataro et al. 2005; Polikov et al. 2005), also nearby glial cells and 

neurons are damaged. In response to that, neurons and glial cells release several pro-inflammatory cytokines 

such as macrophage colony stimulating factor (M-CSF) respective ATP and therefore cause the activation 

of microglial cells in the direct surrounding of around 50 µm of the injury site (compare Figure 4 B) 

(Groothuis et al. 2014; Davalos et al. 2005).  

The acute phase follows the early inflammatory phase of the brain tissue (see Figure 4 C) against the 

implant, which takes place in the first week after insertion. Due to the released cytokines and chemokines 

from activated microglial cells such as interleukin-6 (IL-6), interleukin-1β (IL-1β), transforming growth 

factor β (TGF-β), tumor necrosis factor α (TNF-α) or the monocyte chemotactic protein-1 (MCP-1), but 
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also reactive oxygen species (ROS) such as hydrogen peroxide, or reactive nitrogen intermediates such as 

nitric oxide (NO) (Woodroofe et al. 1991; Giulian et al. 1994a; Giulian et al. 1994b; Chabot et al. 1997; 

Babcock et al. 2003; Polikov et al. 2005; Zielasek et al. 1996), astrocytes become reactive and proliferate 

towards the implant site so that a loose sheath is built by activated glial cells. Further, these 

cytokines/chemokines also introduce additional stress on neurons and therefore causing neuronal apoptotic 

cell death (Wellman and Kozai 2017), but also negatively influence endothelial cells (Kozai et al. 2015). 

Lastly, in a process over several weeks, the chronic phase takes place (Figure 4 D). A dense glial sheath 

is formed around the implant site, with special physical properties. The activated microglial cells still remain 

near the implant materials surface, which can be associated with microglial “frustrated phagocytosis” 

(Weldon et al. 1998) and are surrounded by a compact astrocyte layer. Since it has been shown that acute 

inflammation in investigations of stab wound studies can disappear after the healing of the tissue without 

the onset of chronic tissue responses, one can suppose that chronic inflammatory responses of the brain 

tissue are in line with the implantation of a foreign body and not due to the brain injury while implantation 

(Wellman and Kozai 2017). 

 

Figure 4: Simplified visualization of the brain foreign body response after the insertion of a brain implant. (A) Cellular 

components in the native tissue. (B) In the acute phase of injury post implantation (several hours), vessel walls are disrupted, 

neurons and glial cells are damaged and therefore cause an influx of blood-born immune cells as well as release of pro-
inflammatory cytokines from damaged cells. As inflammatory response, microglia and astrocytes of the direct implant surrounding 

(≈50 µm) become reactive. (C) In the early phase (first seven days), microglia and astrocytes in the larger surrounding (several 

hundred µm) become reactive due to the release of more pro-inflammatory cytokines by microglial cells. More astrocytes and 

microglia cells proliferate to the implant site and build a loose sheath around it. (D) The chronic phase (several weeks) is 
characterized by a dense glial sheath around the implant site. Although microglial cells are still associated to the implant-

surrounding, the dense glial scar with its mechanical integration is caused by the reactive astrocytes. The figure was created with 

Biorender.com 

Consequences of these reactive tissue responses can be the encapsulation of the implant by glial cells 

and the thereby caused severe influence in implant function and performance of both drug delivery devices 

and electrodes. Since there is a long history in electrode design for brain applications more information is 

available on tissue reactions against those. In fact, electrodes are insulated from nearby neurons due to the 

glial sheath which is formed around it which in particular can cause an increase in impedance, hindering 

diffusion (Biran et al. 2005) as well as diminishes the ability to record and/or stimulate in long-term 
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applications (Marin and Fernández 2010; McConnell et al. 2009). Moreover, it has been shown that device 

implantation leads to an altered neurochemical signaling, which vice-versa also influences implant-

performance (Kozai et al. 2015). In other studies on rigid silicon microelectrodes a multiphasic 

neuroinflammatory response after long-term insertion in rats has been observed (Potter et al. 2012), which 

in return could be prevented by antioxidant release with resveratol (Potter et al. 2013).  

1.3.3.2.1 Neuroinflammation 

A major key player of the brain foreign body response are microglial cells which constitute around 5-10 % 

of the glial cells in the CNS (Gaudet and Fonken 2018). They find their origin in the brain via prenatal 

infiltration by blood-borne hematopoetic cells (Polikov et al. 2005; Ling and Wong 1993) and remain as 

resident macrophages of the brain. In the healthy brain inactive microglia have a ramified morphology with 

many branches (Nimmerjahn et al. 2005) and minimal antigen-presenting machinery compared to peripheral 

macrophages (Ransohoff and Perry 2009). Moreover, microglia in vivo and in vitro differ morphologically, 

since cultured microglia can be rounder and less branchy than in vivo (Jeong et al. 2013). The function of 

microglia are quite divers: They are versatile orchestrators of nervous system development and homeostatic 

control [(Qingyun and Barres 2018), for review see (Gaudet and Fonken 2018) and figure 5, A] and as such 

use the complement system to influence synaptic activity (Zhang et al. 2014), they remove synapse or define 

circuits (Paolicelli et al. 2011; Schafer et al. 2012; Stevens et al. 2007), produce trophic factors for neuron 

survival (Ueno et al. 2013) and axon growth (Pont-Lezica et al. 2014) during development, but also play a 

role in CNS maintenance including the phagocytosis of cellular (Sierra et al. 2010; Brown and Neher 2014) 

or myelin components (Safaiyan et al. 2016) as well as in vascular complicity by regulation of endothelial 

cells (Fantin et al. 2010). Upon damage, toxic substances or material contact, microglia become reactive 

and are active key players in the wound-healing process and the immune response of the brain (Gaudet and 

Fonken 2018). As a result of activation (figure 5, C) , microglia change to an amoeboid morphology with 

less branches, however a highly motile and phagocytotic phenotype and release proinflammatory cytokines 

and chemokines (as mentioned above), which in response can active astrocytes.  

 

Figure 5: Schematic overview of physiology and functions of resting microglia (A) respective astrocytes (B) and their 

transformation after activation as response to disease, damage or brain implant materials (C, D). Figure was generated using 

Biorender.io software 
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1.3.3.2.2 Reactive astrogliosis 

The reactive gliosis as a response to neuroinflammatory processes in the brain, is part of the brain foreign 

body response but also in brain injuries to protect healthy tissue from harmful/toxic outside influences and 

causes in chronic progression the formation of a glial scar respective glial sheath (Nathaniel and Nathaniel 

1981; Landis 1994). The easy to visualize scar tissue is derived by changes in proliferation, morphology 

and gene and protein expression levels in astrocytes as response to pro-inflammatory cytokines and 

chemokines such as IL-1, IL-6, TNF-α or TGF-β. Astrocytes constitute around 20-40 % of all cells in the 

mammalian CNS, with a starshaped morphology in healthy brain and interact with nearly all other cell types 

in the brain (see figure 5, B). Besides their functions already mentioned in chapter 1.3.3.1 Blood-brain 

barrier and also depicted in figure 5 B, astrocytes control neuron health and activity (Nortley and Attwell 

2017; Rose and Chatton 2016) and play a role in the removal of excess neurotransmitters from the 

extracellular space (Filosa et al. 2006; Petr et al. 2015) or solutes in the cerebrospinal fluid (Iliff et al. 2012) 

in the healthy brain. In response to inflammatory processes, damage or foreign bodies however, astrocytes 

become hypertrophic and produce different extracellular matrix molecules due to overexpression of certain 

genes (figure 5 D). The by far most described glial scarring marker is the glial fibrillary acidic protein 

(GFAP), whose overexpression is a hallmark of gliosis (Fawcett and Asher 1999; Fitch and Silver 2008; 

Gaudet and Fonken 2018). However, it has been shown, that the upregulation of certain genes in astrocytes 

is on the one hand dependent on the distance from the lesion/implant site, but also on the ontological identity 

of the cells. Hence, astrocytes are a heterogeneous cell population, which can be classified by their genetic 

variation, location in the brain or their origin and therefore do react differently in the process of glial scarring 

[for review see ley (Chaboub and Deneen 2012)]. In brief, whereas GFAP overexpression may extend 

around 1cm from the injury (Abnet et al. 1991; Eng et al. 1987), astrocytes that are more close to the lesion 

site upregulate nestin and vimentin for instance (Fawcett and Asher 1999). Vimentin, in particular, can be 

expressed in reactive astrocytes however not in mature astrocytes (Fitch and Silver 2008). Aside from that, 

neuronal stem cell derived astrocytes in fact express less GFAP in comparison to vimentin. Wang and Walz 

have described different areas of fibrotic tissue around a lesion core in adult rats, which could be classified 

with distinct expression of glial scarring markers such as S100β, GFAP and vimentin (Wang and Walz 

2003). Moreover an increase of chondroitin sulfate proteoglycans (CSPGs) and extracellular proteins such 

as tenascin-c are part of the glial scar tissue (Gaudet and Fonken 2018; McKeon et al. 1991), however 

ependymal-derived astrocytes in the lesion penumbra do not synthesize CSPGs (Meletis et al. 2008). 

Besides the induced expression of extracellular matrix molecules, reactive astrocytes also upregulate the 

secretion of cytokines such as TGF-b, IL1-b or IL-6 for instance [(Karimi-Abdolrezaee and Billakanti 2012), 

for review see (Gaudet and Fonken 2018)]. 

Indeed, the glial scar tissue serves as a major barrier for the regeneration of axons as well as the function 

of an implant device such as the drug-release or electrode performance in drug delivery respective 

microsensing devices. Likewise, the heterogeneity of astrocyte population and their response upon 

reactivation increase the need for more realistic in vitro models to study the complex brain-implant material 

reactions. 

1.3.3.3 Strategies to attenuate inflammatory and reactive gliosis reactions in the CNS 

One way to address inflammatory and reactive gliosis reactions in the CNS is by the application of anti- 

fibrotic and -inflammatory drugs, such as the already mentioned drug resveratrol, which improved neuronal 

viability around implanted intracortical microelectrodes in rats (Potter et al. 2013),. Besides this, a strategy 

to attenuate those reactions can be by the adaption of implant design, material and microstructure for 

instance, which will be discussed in the following chapters.   
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1.3.3.3.1 Implant design and modification 

Different strategies for the maintenance of implant as well as brain tissue integrity have been investigated. 

Amongst them, different size, shape and cross-sectional area (Polikov et al. 2005) as well as texture or 

electrode tip geometry (Szarowski et al. 2003) have been modified to minimize tissue reactions towards 

implants. In particular, Thelin et al. demonstrated that size and also fixation of implants strongly influences 

tissue reactions towards electrodes in rats in vivo. In brief, comparing implants of 50 to 200 µm in diameter 

with and without fixation to the scull, smaller and untethered implants could cause less tissue reactions 

(Thelin et al. 2011). Szarowski and others have shown that the reactivity of astrocytes is proportional with 

the increasing device diameter in rats over 12 weeks post implantation (Szarowski et al. 2003). Next to the 

physical parameters of the implant, other approaches are based on the surface modification of implants such 

as by biocompatible coatings or bioactive surfaces. Focusing on the survival and growth control of neurons, 

peptide modifications that are based on cell adhesion protein motifs such as RGD (Kam et al. 2002), or 

YIGSR (Cui et al. 2003) and IKVAV in extracellular matrix proteins such as in laminin (Kam et al. 2002) 

have been successfully exploited in in vitro and in vivo models. As such, the modification of polyimide 

microwires by the peptide KHIFSDDSSE which can be found on neural-cell adhesion molecules, caused 

astrocytes adhering within 24 hours and could effectively improve the tissue integration of active microglial 

cells on the device surface (Sridar et al. 2017). In a similar attempt, other groups focus on the attraction or 

repel of glial cells, rather than on neurons themselves (Polikov et al. 2005). In particular, Eles and others 

have shown, that the biomimetic surface coating of neural electrodes with the cell adhesion molecule L1 

successfully attenuated microglial ensheathment towards the implanted probes in mice brain in vivo (Eles 

et al. 2017). Moreover, the embedding of brain implants into hydrogel systems, which was already discussed 

in chapter 1.3.2.1.2 Local drug delivery systems can be another strategy to diminish brain foreign body 

responses towards implants (Maclean et al. 2017).  

1.3.3.3.2 Anti-inflammatory drugs in the CNS repair 

Besides implant design and material, other approaches to reduce cellular reactions towards implant materials 

can be the use of anti-inflammatory respective -oxidative substances or the release of growth factors and 

chemoattractants (Polikov et al. 2005; Groothuis et al. 2014). In the past years, especially the corticosteroid 

anti-inflammatory drug dexamethasone (DEX) has shown great promises to reduce brain foreign body 

reaction in vitro and in vivo. Whereas DEX has a variety of negative side effects when applied systemically 

(Zhong and Bellamkonda 2007), many investigations focus on the incorporation of DEX into implant 

coatings (Zhong and Bellamkonda 2007) or by encapsulation of DEX into nanoparticles which can then be 

incorporated into polymer coats of implants (Mercanzini et al. 2010; Kim and Martin 2006) for local drug 

delivery. In 2007, Zhong and others could reduce astrocyte response as well as microglial reactivity and 

neuronal cell loss by surface coatings of implants with DEX-nitrocellulose after one to four weeks in rats in 

vivo (Zhong and Bellamkonda 2007). In retrodialysis application of DEX parallel with the implantation of 

implant probes in mice, DEX had profound effects on microglia morphology and activation (Kozai et al. 

2016). 

Curcumin 

Amongst other possible anti-inflammatory compounds, the hydrophobic polyphenolic compound curcumin 

has gained significant interest in many studies as it is considered as an effective therapy for various diseases 

such as epilepsy, diabetic wound healing or even cancer (Babu et al. 2019; Djiokeng Paka et al. 2016). In 

particular, curcumin is a widely used food spicery and coloring agent, derived from the plant curcuma longa, 

which was found to be a very potent antioxidant and therefore its protective effects in different normal and 

cancer cells were evaluated previously [for review see (Lopresti 2018; Tejada et al. 2016; Di Meo et al. 

2019)]. Systemically applied single doses of curcumin as food-supplement could halt lipopolysaccharide 
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(LPS)-induced neuroinflammation-associated neurodegeneration in rats via the JNK/NF-κB/Akt signaling 

pathway (Khan et al. 2019). In primary astrocyte in vitro models, 2 µM curcumin could effectively reduce 

LPS-induced apoptosis and glial scarring, by inhibition of GFAP, NF-κB and poly(ADP-ribose)polymerase 

(PARP) (Nedzvetsky et al. 2017). Others have shown, that curcumin alleviates oxidative stress and 

mitochondrial dysfunction in astrocyte cell lines in vitro (Daverey and Agrawal 2016) or curcumins anti-

inflammatory and -oxidative properties on rat primary astrocytes by interference with toll-like receptor 4 

(TLR4) and its downstream effectors such as NF-κB for instance (Yu et al. 2016). Moreover, in a clinical 

trial for the treatment of Alzheimer’s disease, the systemically application of curcumin in oral doses up to 

4 g/day over six months did not cause any chronic adverse effects nor effect patients’ tolerability (Carroll 

et al. 2011). 

However, curcumin is a highly hydrophobic and light sensitive drug, limiting its potential due to its 

low oral bioavailability and instability (Djiokeng Paka et al. 2016). Addressing this issue, the encapsulation 

of curcumin into nanoformulations as well as the local application of the drug can increase bioavailability 

and has been therefore shown in numerous publications (Djiokeng Paka et al. 2016; Basnet et al. 2012; Chen 

et al. 2012; Feng et al. 2017). 
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2nd CHAPTER 

Publications 
2. Publications 

“It always seems impossible until it’s done.” 

         (Nelson Mandela) 

 

 

2.1 Effects of sequentially applied single and combined temozolomide, 

hydroxychloroquine and AT101 treatment in a long-term stimulation 

glioblastoma in vitro model. 

 

In this collaborative work, two potentially interesting drugs for the treatment of glioblastoma multiforme 

were employed for efficacy studies on two distinct TMZ-responding human glioblastoma cell lines (LN229, 

A172) as well as on human astrocytes (SVGA). Therefore, the BH3-mimetic AT101 as well as the quinoline 

based antimalarial drug HCQ were chosen, as their efficacy on GBM-treatment is based on different 

mechanisms of action than the standard therapeutic agent TMZ and therefore might positively influence 

GBM treatment considering tumor regression and treatment escape mechanisms. In brief, AT101 and HCQ 

were applied in drug concentrations of 2.5 µM respective 6 µM and used for constant stimulations of the 

single drug or in combination with 50 µM TMZ over six days.  In comparison to that, sequential applied 

drug combinations of these alternative therapeutics and TMZ were employed by switching on day three 

either from a single drug (AT101,HCQ) to TMZ until day six and vice versa, or by switching from single 

drugs (AT101, HCQ or TMZ) to the combination of TMZ and the respective alternative drug and vice versa. 

The treatment efficacy and advantage over standard TMZ treatment was evaluated by comparing the 

cytotoxicity as well as effects on proliferation after three and six days of each drug combo in comparison to 

six days simultaneous stimulation with TMZ. To quantify the efficacy of sequentially applied drug 

combinations over the single drugs, combination indices were determined.  

We could show, that sequentially applied single drugs, with the exception of HCQ/TMZ, are not 

favorable over the standard therapy using TMZ, as cytotoxic effects were less prominent as with TMZ 

solely. However, starting with HCQ and switching after three days to TMZ (HCQ/TMZ) gained slightly 

higher cytotoxicity levels and an improved growth control in GBM cell lines whilst not affecting healthy 

astrocytes, compared to TMZ standard treatment. Moreover, drug combinations starting with TMZ either 

continuously or when sequentially applied, did significantly increase cytotoxicity and reduce proliferation 

in in GBM cells and caused mostly similar effects in SVGA astrocytes compared to TMZ treatment, 

especially for the continuous simultaneous stimulation of TMZ+AT101 over six days or the sequential 

stimulation with TMZ and TMZ+AT101. However, while most stimulations with HCQ and its combinations 

also affected relative growth rates in healthy astrocytes, combinations with AT101 seemed to be the most 

promising ones as they did not or even positively affected growth rates in astrocytes, whilst having a better 
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tumor growth control in GBM cells comparted to TMZ treatment alone. Therefore, sequential treatment-

combinations of drugs with different mechanisms of action seem to be promising strategies to reduce 

negative side effects for healthy astrocytes while maintaining efficient tumor cell toxicity in the long-term 

treatment of GBM patients. 

 

The article is published in the “journal of cancer research and clinical anatomy”. 

 

Own contribution, presented in this article: 

• Conceptualization and design of study  

• Performing of in vitro experiments on human astrocyte cell line (SVGA)  

• Analysis of data 

• Discussion and interpretation of results on healthy and glioblastoma cells 

• Editing of manuscript 

The following content in this chapter is reproduced with permission.
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2.2 Establishment of a glioblastoma in vitro (in)complete resection dual co-culture 

model suitable for drug testing. 

 

In this work, we addressed the challenge of in vitro drug testing for GBM therapeutics regarding the in vivo 

situation after complete or incomplete resection of a tumor as well as its microenvironment. Besides 

endothelial cells, especially astrocytes and microglial cells are part of the tumor microenvironment and have 

been shown to influence therapy approaches (Manini et al. 2018; Gieryng et al. 2017a; Matias et al. 2018). 

To realize an effective long-term drug treatment of GBM patients with small side effects which focusses on 

the local application of drugs in the tumor cavity after resection, we evaluated the numeric tumor and healthy 

cell ratios after complete and incomplete resection on available in vivo data. Therefore, two human primary 

GBM cultures (primary culture 1 and 2, PC1 and 2) with different respond-rates on TMZ treatment were 

chosen and co-cultivated with healthy human astrocyte (SVGA) as well as human microglia (HMC3) cell 

lines. We applied a generic drug treatment of three days combined TMZ and AT101 stimulation, followed 

by three days single AT101 stimulation, which was evaluated in our previous study as effective for the 

treatment of GBM cells whilst not affecting healthy human astrocytes [(Adamski et al. 2018) see previous 

publication in chapter 2.1].To be able to analyze effects of co-cultivation as well as drug-treatment on the 

respective single cell population, cells were kept in a dual co-culture, allowing the exchange of signaling 

molecules however without direct contact with each other. Our investigations show that in both models, 

GBM primary cultures are highly affected by the sequentially applied treatment of TMZ and AT101 on 

survival as well as their relative growth rate, however in smaller extend than in monocultures, indicating a 

protection mechanism of GBM cells from treatment. Moreover, whereas human microglial cells are not 

affected by the treatment in both co-culture models, cytotoxic effects on astrocytes are significantly 

increased upon co-cultivation with GBM cells and microglia cells in the incomplete resection model. To 

analyze more detailed the correlation between tumor size respective growth and astrocyte survival, different 

amounts of primary GBM cells (PC1) were seeded in the dual co-culture model of incomplete resection 

whilst keeping astrocytes and microglial cell numbers fixed. Moreover, the influence of signaling molecules 

on astrocytes in the incomplete resection model has been evaluated at the timepoint of biggest distinction 

between mono- and co-culture results, namely after three days stimulation. Our results suggest high 

correlations between PC1 cell number and overall astrocyte growth rate and survival, as the influence of 

GBM cells on astrocytes increases with the increase of GBM cell number. Concomitant with this, different 

cytokines and chemokines which are induced upon chemotherapeutic stimulation in PC1 cells, and of which 

astrocytes have proven to have surface receptors, are reduced upon co-cultivation in the dual co-culture of 

the incomplete resection model, enhancing the importance to include the tumor microenvironment in 

approaches to develop efficient treatment strategies for GBM therapy.  

The results have been published in the journal “Annals of Anatomy: Anatomischer Anzeiger”. 

Own contribution, presented in this article: 

• Conceptualization and design of study  

• Assay development of the in vitro dual co-culture resection models 

• Experimental investigations based on the complete dual co-culture resection model 

• Analysis of data & visualization 

• Discussion and interpretation of results 

• Writing of the original draft for submission 

The following content in this chapter is reproduced with permission. 
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2.3  
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2.3 Macroscopic PDMS Microchannel Matrix for Tailored Drug Release and 

Localized Glioblastoma Therapy  

In a collaborative work between the technical faculty, the university hospital (UKSH) as well as the institute 

of anatomy in Kiel, macroscopic PDMS microchannel matrixes were produced for the drug loading with 

the previously used alternative drug AT101 (see chapters 2.1-2.2) and the perspective of local drug delivery 

with tailorable release kinetics in GBM therapy. Micro- and nanochannel based systems for drug delivery 

applications have gained interest in recent investigations, as they offer improved control over drug release 

and in fact provide the possibility of a zero-order drug release (Celia et al. 2014; Yang et al. 2018). However, 

scaling problems of most systems remain, since their top-down microfabrication limits their applicability 

with only two dimensions. Respecting this, our approach to produce macroscopic PDMS matrixes composed 

of interconnected microchannels is based on a bottom-up approach using a highly sacrificial ZnO template 

as reported previously (Mishra et al. 2013; Gedamu et al. 2014; Mishra et al. 2015). We could demonstrate 

a tailorable release-kinetic of methylene blue (as model molecule) over 10 days by adjustment of template 

size, microchannel density and surface fraction of open microchannels as well as the drug concentration. 

Moreover, for long-term efficacy studies over six days on human GBM cell lines as well as healthy human 

astrocytes in vitro, a sustained drug release profile which will reach therapeutically concentrations in the 

respective time frame was mandatory. For this approach, different concentrations of AT101 were 

incorporated into our templates of various microchannel densities (porosities) and release-kinetics were 

measured photometrically over six days. 

Hence, we were able to produce a diffusion-controlled polymer matrix with unique tailorable physical 

properties by bottom-up fabrication, which when loaded with AT101 and adapted to our previously 

developed GBM-treatment plan by sequential stimulation of AT101 and TMZ, could effectively reduce 

proliferation and provoke cytotoxic effects in tumor cells as by free drug stimulations. Moreover, healthy 

astrocytes were equally affected by stimulation of AT101-relasing polymer matrixes in combination with 

free TMZ, indicating no additional material-induced negative side effects. Therefore, our investigations 

proof an efficient biological activity of PDMS-released AT101 vs. free drug, and in perspective these PDMS 

microchannel matrixes can be interesting and useful drug delivery systems in brain drug delivery, especially 

for GBM treatment.  

 

 

 

 

 

Own contribution, presented in this article: 

• Conceptualization and design of study  

• Experimental part about in vitro analysis on human astrocytes 

• Data analysis and visualization 

• Editing of original draft 

The following content in this chapter is submitted to a journal and is under review during the submission 

of this thesis. The journal in concern applies Creative Commons Attribution License (CCAL) as copyright 

policy to all the work.  



P u b l i c a t i o n s  | 48 

 



P u b l i c a t i o n s  | 49 

 



P u b l i c a t i o n s  | 50 

 



P u b l i c a t i o n s  | 51 

 



P u b l i c a t i o n s  | 52 

 



P u b l i c a t i o n s  | 53 

 



P u b l i c a t i o n s  | 54 

 



P u b l i c a t i o n s  | 55 

 



P u b l i c a t i o n s  | 56 

 



P u b l i c a t i o n s  | 57 

 



P u b l i c a t i o n s  | 58 

 



P u b l i c a t i o n s  | 59 

 



P u b l i c a t i o n s  | 60 

 



P u b l i c a t i o n s  | 61 

 



P u b l i c a t i o n s  | 62 

 



P u b l i c a t i o n s  | 63 

 



P u b l i c a t i o n s  | 64 

 



P u b l i c a t i o n s  | 65 

 



P u b l i c a t i o n s  | 66 

 



P u b l i c a t i o n s  | 67 

 



P u b l i c a t i o n s  | 68 

 



P u b l i c a t i o n s  | 69 

 



P u b l i c a t i o n s  | 70 

 



P u b l i c a t i o n s  | 71 

 



P u b l i c a t i o n s  | 72 

 



P u b l i c a t i o n s  | 73 

 



P u b l i c a t i o n s  | 74 

 



P u b l i c a t i o n s  | 75 

 



P u b l i c a t i o n s  | 76 

 



P u b l i c a t i o n s  | 77 

 



P u b l i c a t i o n s  | 78 

 

 



P u b l i c a t i o n s  | 79 

 

2.4 Little, reversible glial scarring responses on tetrapod-shaped graphene oxide 

and reduced graphene oxide 3D scaffolds in brain in vitro and ex vivo models   

In this collaborative work with Florian Rasch (technical faculty Kiel), two macroscopic graphene-based 

matrixes of interconnected microchannels out of graphene oxide (GO) respective reduced graphene oxide 

(rGO) were produced in a similar approach as previously described in chapter 2.3 and tested for their brain-

biocompatibility on human astrocytes and microglia in vitro models as well as on a murine organotypic 

brain slice model. With their unique physical properties, the two highly porous material-scaffolds can be 

either used for biofunctionalization in drug delivery applications (for GO) or for electrode design and 

sensing/recording (for rGO), respective. Since the biocompatibility as well as brain foreign body reaction is 

highly dependent on the material but also its size, shape and microstructure, no information on brain-

reactions is available yet regarding highly porous GO/rGO material scaffolds with tetrapodal microstructure. 

Therefore, cell dependent reactions of astrocytes (SVGA) as well as microglia (HMC3) on both materials 

were evaluated after indirect incubation with the material for 24h. In addition, the possible protective effect 

of conditioned media from material challenged microglial cells on astrocytes was analyzed after 24h. We 

investigated effects on proliferation, cytotoxicity as well as on gene expression level to determine 

neuroinflammatory or glial scarring reactions in vitro and prospectively evaluated the effects of the anti-

inflammatory compound curcumin in pre-/co-stimulations with both materials in its efficacy to alleviate 

material-specific reactions on cells. In HMC3 and SVGA only slight effects of the percentage of dead cells 

as well as growth rates were detectable after GO and rGO incubation, however more pronounced in 

astrocytes and stronger upon GO incubation. Moreover, the gene expression of typical inflammation or glial 

scarring related genes were slightly to moderately upregulated upon material-incubation, however in most 

cases more pronounced for rGO scaffolds than for GO.  Hence, effects were diminished for SVGA cells 

when incubated with material challenged microglia media as well as when pre-/co-stimulated with 

curcumin. Since the conditioned HMC3 material-media affected positively material-induced reactions of 

single cell populations in astrocytes, we investigated also effects of both materials in a highly preserved 

cell-microenvironment in murine acute brain slices over six days in vitro, whereas also here the protective 

effect of curcumin on the tissue reactions was evaluated. GO and rGO challenged brain slices only slightly 

showed cytotoxic effects over three and five days, however inflammation and glial scarring related genes 

such as IL-6, tenascin or nestin were upregulated upon rGO incubation whilst not upon GO. Moreover, in 

immunohistochemical stainings of brain slices GO and rGO did not seem to negatively affect neurons and 

oligodendrocytes however showed similar effects on the induction of glial scarring as on messenger 

ribonucleic acid (mRNA) level, in this setting to almost equal extends for GO and rGO.  In conclusion, we 

were able to produce highly porous microstructured GO/rGO-templates with unique physical and 

mechanical properties and various promising possibilities in brain-applications, such as the loading or 

coating with foreign body reaction attenuating drugs like curcumin. 

Own contribution, presented in this article: 

• Design of the study 

• Performance of in vitro experiments 

• Data analysis and visualization 

• Discussion and interpretation of results 

• Writing of original draft 

The following content in this chapter is submitted to a journal and is under review during the submission 

of this thesis. The journal in concern applies Creative Commons Attribution License (CCAL) as copyright 

policy to all the work.
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2.5 Liposomal encapsulated curcumin effectively attenuates neuroinflammatory 

and reactive astrogliosis reactions in glia cells and organotypic brain slices 

In this manuscript, the antifibrotic and anti-inflammatory compound curcumin, which has been shown to 

effectively reduce glial scarring in spinal cord and brain injury in recent investigations (Bondan et al. 2017; 

Yuan et al. 2019) as well as to reduce GO and rGO material-induced neuroinflammation and glial scarring 

in different in vitro models (see our previous study in chapter 2.4), was encapsulated into a liposomal 

formulation of 80.6 % cholesterol, 15.6 % 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) as well as 

3.8 % curcumin (cur), to increase long-term stability as well as bioavailability of the drug. In a first 

experiment, we could show that liposomes were adequately uptaken by both human immortalized astrocytes 

and microglial cells within 24 hours and did not cause any cytotoxic effects up to concentrations of 1 µM. 

To further prove the efficacy of our cur nanoformulation we developed two in vitro models to analyze neuro-

inflammatory and glial scarring responses which may become alleviated under liposomal curcumin 

(LipoCur) pre-stimulation. In brief, monocultures of human microglia respective astrocyte cell lines were 

pre-stimulated with LipoCur, free cur as well as empty liposomes in the same corresponding concentrations 

prior to the addition of lipopolysaccharide (LPS) respective a cytokine cocktail of TNF-α, TGF-β and IL-

1β for 24 hours. Whereas LPS is known to induce inflammation in microglial cells (Rosé et al. 1996; Heese 

et al. 1998), the cytokine cocktail used for the activation of astrocytes corresponds to the cytokines which 

were released by microglial cells upon inflammation. Upon LPS/cytokine stimulation, LipoCur and free cur 

in concentrations 100-times smaller (0.01 µM) then in our previous study could effectively reduce the 

expression of inflammatory and glial scarring markers on mRNA level within 24 hours. However, since the 

brain microenvironment strongly influences inflammatory and reactive gliosis reactions in vivo, we 

performed respective efficacy studies of LipoCur in a long-term stimulation model of murine organotypic 

cortex slices in vitro, which preserves the natural cell complexity in the brain. Brain slices were stimulated 

with LPS after pre-incubation with LipoCur, free cur or empty liposomes for eight days and cytotoxicity 

assays were performed on days two and eight, as well as gene expression levels of inflammatory related 

genes (representing microglial cell responses) were evaluated after eight days in vitro. Moreover, the effects 

of LPS and its pre-/co-stimulations with cur and liposomes have been evaluated on protein level by 

immunohistochemical (IHC) fluorescence staining of neurons, oligodendrocytes, astrocytes or extracellular 

matrix molecules for instance. We could show that LPS-induced cytotoxicity was significantly reduced by 

cur and LipoCur, whereas solely incubation with LipoCur, free drug or empty liposomes did not affect the 

brain slices’ survival. Moreover, pro-inflammatory cytokines such as IL-1β or TNF-α, as well as glial 

scarring related molecules such as GFAP or tenascin-C were overexpressed upon LPS stimulation and could 

be alleviated significantly by LipoCur pre-incubation. Overall, the liposomal formulation of cur did reduce 

cytotoxic, inflammation- or glial scarring reactions in human cell lines and murine organotypic brain slices 

in vitro, and in most cases performed with higher efficacy and significance then the corresponding 

concentration of free drug.  

Own contribution, presented in this article: 
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• Writing of original draft 
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3rd CHAPTER 

Discussion 
3 Discussion 

“Nothing in life is to be feared, it is only to be understood. Now is the time to understand  

more, so that we may fear less.” 

         (Marie Curie) 

 

The treatment of brain disorders, such as the highly malignant brain tumor glioblastoma multiforme remains 

to date challenging due to the low five years survival rate with only five out of 100 patients surviving in 

ages above 45 years (American Cancer Society 2019). Following the classical systemic drug administration 

as in most cases of the chemotherapeutic agent temozolomide in combination with radiotherapy (Stupp et 

al. 2005), patients continue to undergo multiple surgeries and poor prognosis, due to the heterogeneity of 

the tumor. Besides new therapeutically approaches such as alternative therapeutics, also the devotion of 

local drug administration systems such as brain implants raise hope. Thus, as part of the GRK 

“Materials4Brain” and in collaboration with Vivian Adamski (UKSH, Kiel) and Florian Rasch (technical 

faculty, Kiel), new treatment strategies were developed and tested in a new in vitro model to mimic distinct 

tumor resection statuses, as well as a polymeric drug delivery device for the local drug administration in the 

brain has been developed for the treatment of GBM. In this concern, it is noteworthy to mention, that my 

focus in this collaborative work was the investigation of effects of drugs and material-drug combinations on 

healthy cells of the brain, whilst Florian Rasch produced the material templates and Vivian Adamski 

investigated effects on GBM cells. Likewise, since surgeries and the implantation of drug-loaded materials 

can elicit brain foreign body responses of the healthy brain microenvironment, investigations on material-

induced neuroinflammation and reactive astrogliosis have been studied in detail and been tried to alleviate 

by the application of anti-inflammatory drugs such as curcumin. 

3.1 “The development of novel therapeutics, which inhibit more than one ‘hallmark of 

cancer' (e.g., angiogenesis, GBM cell invasion, proliferation and/or apoptosis) and 

which act synergistically with standard treatment regimens, remains a critical 

objective” (Jarzabek et al. 2014)  

As stated above, GBM patients’ overall prognostic remains poor, due to the miscellaneous 

heterogeneity of the tumor mass which consists of cell subpopulations with different abilities to respond or 

escape to/from treatment (Yeh and Ramaswamy 2015). In fact, some of these subpopulations are able to 

enter a resting state called cellular dormancy, in which they do not respond to treatment and therefore may 

be the cause for recurrences of the tumor after resection. One approach to circumvent chemoresistance in 

tumors can be the use of drug combinations that act through different mechanisms of action or by 

sequentially applying them (Keith et al. 2005). If patients are not part of clinical trials in which alternative 

treatment approaches are being evaluated, the standard therapy persists the treatment with radiotherapy 

concomitant with adjuvant temozolomide oral systemic application (Zhang et al. 2012). Temozolomide is a 

prodrug which at physiological pH is converted to its active compound MTIC, that as an alkylating agent 

induces cell cycle arrest at G2/M phase and therefore apoptosis (Alonso et al. 2007). Besides apoptosis, also 

autophagy as another mechanism of action can be a promising target in tumor therapy (Paglin et al. 2001). 
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Respecting this it has been shown recently, that GBM cells not only uphold proliferation by oxidative 

phosphorylation and aerobic glycolysis but also by autophagy (Rabinowitz and White 2010; Kriel et al. 

2018). Hence, regarding the molecular crosstalk between regulators of apoptosis and autophagy, recent 

investigations focus on the combination of chemotherapeutics with either autophagy inhibitors such as 

quinoline-based therapeutics or autophagy inducers such as AT101 (Rangwala et al. 2014; Arcella et al. 

2013). Indeed quinoline-based drugs such as CQ and HCQ as well as the naturally occurring BH3 mimetic 

AT101 have gained interest in various cancer therapy approaches to date (Maclean et al. 2008; Dutta et al. 

1994; Rosenfeldt et al. 2013; Qiu et al. 2002; Mohammad et al. 2005; Wolter et al. 2006; Meng et al. 2008). 

As such, Hu et al. have combined bevacizumab with CQ in mice GBM models (Hu et al. 2012), or Shen 

and others used vandetanib-CQ combinations (Shen et al. 2013) in similar in vivo approaches and could 

significantly suppress tumor growth [for review see (Verbaanderd et al. 2017)]. Conversely, AT101 could 

decrease proliferation in in vitro and in vivo studies in the treatment of GBM (Voss et al. 2010; Coyle et al. 

1994) since it binds to the BH3 groove of Bcl-2, Bcl-XL respective Mcl-1 (Qiu et al. 2002) and therefore 

decreases proliferation of cancer cells. However, Jarzabek and others stated in 2013, that there is the need 

for novel therapeutics that in fact inhibit more than one “hallmark of cancer”, by addressing different 

mechanism of action such as angiogenesis, proliferation and/or apoptosis or GBM cell invasion for instance 

(Jarzabek et al. 2013). 

Hence, many studies on drug combinations for GBM treatment are available. As such, Golden and 

others were the first to demonstrate that the simultaneous treatment of TMZ with CQ can cause 

protein/growth arrest and DNA damage in U87MG mice models (Golden et al. 2014). Likewise, the efficacy 

of TMZ and concomitant HCQ therapy was studied in combination with radiotherapy in 92 GBM patients, 

whereas high maximum tolerated doses pf 600 mg/day were indicated, however without consistent response 

on autophagy inhibition (Rosenfeld et al. 2014). However, previous studies are deficient in sequentially 

application of drugs in combination with standard radio-chemotherapy. Therefore, our study (chapter 2.1) 

focusses on the comparison between simultaneous and sequentially applied treatment regimen of the 

standard therapeutic agent temozolomide, concomitant with the autophagy inhibitor HCQ respective the 

autophagy-induced apoptosis inductor AT101. In addition, to provide efficient tumor growth control 

however keeping negative side effects as low as possible, the drug combinations were not only tested on 

GBM cells (as performed by Vivian Adamski) but also on healthy astrocytes. Hence, multiple GBM cell 

lines are available, amongst which it is known that they differently respond or even are naturally resistant 

to TMZ treatment. Therefore, adapted GBM cell lines with resistances to TMZ have been developed to 

study more deeply the mechanism of TMZ resistance (Lee 2016). To address this issue, in our studies the 

two GBM cell lines LN229 and A172 have been employed as they in principal respond to TMZ however 

with different extend (Adamski et al. 2017; Lee 2016) and have shown to be able to escape treatment by 

switching into a dormant state (Adamski et al. 2017). Therefore, cells were stimulated with drug 

concentrations of 50 µM TMZ, 6 µM HCQ and 2.5 µM AT101 similar to liquor/plasma concentrations in 

vivo (Rosenfeld et al. 2014) for a period of six days and cytotoxic effects as well as on proliferation were 

determined after days three and six.  

In a first attempt, cells were stimulated with the single drugs TMZ, HCQ respective AT101 or 

simultaneously with combinations of TMZ+HCQ or TMZ+AT101 for six days, to evaluate the single effects 

as well as combined effects over three and six days (see figure 6, A). Whereas the therapeutically standard 

TMZ caused 9.95-fold ± 4.29 dead cells in A172, respective 12.54-fold ± 3.12 in LN229 and up to 8.12-

fold  ± 4.29 in SVGA, the single administration of either HCQ or AT101 were less effective on both GBM 

cell lines and therefore also less harmful for healthy astrocytes. These results are in line with the 

investigations of Wolpin and others, who demonstrated in phase II study of pancreatic cancer a negative 

efficacy of single applied HCQ [(Wolpin et al. 2014) for review see (Chude and Amaravadi 2017)]. 

Moreover similar investigations on the response of astrocytes have been made with an alternative Bcl-2 



D i s c u s s i o n  | 155 

 

inhibitor, ABT-737, which has also shown to be less harmful in low concentrations than on GBM cell lines 

(Vidomanova et al. 2016). Further, Jarzabek et al. have reported, that AT101 solely did not beneficially 

improve tumor growth control in an in vitro long-term stimulation model as well as in a mouse in vivo model 

(Jarzabek et al. 2014). However, Voss and others as well as Coyle et al. demonstrated that AT101 could 

decrease proliferation in GBM cells in vitro (Voss et al. 2010; Coyle et al. 1994).  

Interestingly, the combined therapy of TMZ+HCQ caused with significance an up to two times higher 

number of dead cells in A172 and around three times higher amount in LN229 after six days compared to 

TMZ solely, however also with significant increasing cytotoxic effects on SVGA. In contrast to that, 

Rosenfeld et al. demonstrated in a clinical trial that a concomitant therapy of TMZ with high doses of HCQ, 

however below the maximum tolerated dose with 600 mg/day, in combination with radiotherapy did not 

consistently inhibit autophagy and therefore not cause significant improvement in GBM therapy (Rosenfeld 

et al. 2014). Moreover, in maximum tolerated doses of 800 mg/day, HCQ in co-stimulation with TMZ did 

cause many negative side effects in patients, such as grade three and four neutropenia and thrombocytopenia 

(Rosenfeld et al. 2014). In contrast to that, CQ combined with classical GBM therapy was reported to have 

positive effects on GBM growth control in  humans (Briceño et al. 2003; Briceño et al. 2007), however it is 

known that HCQ causes less negative side effects and therefore allows higher doses of HCQ compared to 

CQ in vivo (Schroeder and Gerber 2014; Sundelin and Terman 2002). 

Contrary to that we could demonstrate, that the co-stimulation with AT101 does positively influence 

the survival of healthy astrocytes, as stimulations of TMZ+AT101 over six days increased cytotoxic effects 

of TMZ around four times in A172 and three times in LN229 whilst being less toxic to SVGA astrocytes. 

This effect of AT101 to sensitize TMZ-induced cell death in GBM cells has been confirmed already some 

years ago (Voss et al. 2010; Jarzabek et al. 2014). Concomitant with these findings, the synergy 

quantification after Chou-Talalay (Chou 2010; Chou and Talalay 1984) proofed that the combined treatment 

of TMZ+HCQ as well as TMZ+AT101 had additive or even synergistic effects in human glioma cell lines, 

however on human astrocytes being either less effective or as theoretically expected. Moreover Golden and 

others  could demonstrate that combined therapy of gossypol and TMZ inhibits tumor-associated 

angiogenesis, proliferation as well as invasion (Golden et al. 2015).  

In a second step, single drugs or drug combinations were given sequentially, so that the treatment 

scheme was switched on day three, as described in figure 6, A. Overall, we could show that sequentially 

applied treatment-schedules are more efficient than simultaneously applied, however with some extinctions. 

For instance, stimulations starting with TMZ for three days and switching to HCQ, AT101 or the 

combination of TMZ+HCQ respective TMZ+AT101, stimulations did not cause stronger cytotoxic effects 

on healthy astrocytes than the standard TMZ therapy, nor did it affect the relative growth rate of astrocytes 

negatively. Conversely, effects on the growth rates as well as cytotoxicity of both A172 and LN229 GBM 

cell lines were moderate. Interestingly, the exact same combinations, however in a different order starting 

with HCQ or AT101 and switching to TMZ or the TMZ-drug combination did not cause any effects on 

cytotoxicity as well as on proliferation on astrocytes as well as GBM cell lines, showing that in some cases 

sequential stimulations being significantly less effective on GBM cells, however less harmful on healthy 

cells. In comparison to our findings, in a phase I clinical trial starting with an initial HCQ administration 

followed by a dose-intense combination of TMZ+HCQ a good tolerance in patients with advanced solid 

tumors has been shown, however with only moderate improvement on the progression-free survival of the 

patients (Rangwala et al. 2014). In addition, treatment schedules starting with the combined treatment of 

TMZ+HCQ for three days and switching to HCQ did significantly increase the n-fold amount of dead cells 

in A172 and LN229 to similar levels as the simultaneous combined treatment of TMZ+HCQ over six days 

as well as decrease the relative growth rate tremendously, however being also very toxic for healthy 

astrocytes. Contradictory to these findings, combinations starting with TMZ+AT101 and switching to 

AT101 significantly increased the n-fold number of dead cells in both GBM cell lines whilst being as/ or 
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less effective on healthy human astrocytes. More interestingly, while this sequentially applied drug 

combination did decrease proliferation in both GBM cell lines, we could demonstrate even an induction on 

proliferation on SVGA astrocytes.  

 

Figure 6: Treatment schedule of simultaneous or sequentially applied drugs or drug combinations over three respective six days 

(A), as well as a simplified overview of the most promising treatment regimens as a heatmap (B). Healthy human astrocytes as 

well as two GBM cell lines (A172 and LN229) were stimulated with the standard therapeutic agent temozolomide (TMZ) or an 
alternative drug such as hydroxychloroquine (HCQ) or AT101, respective the combination of TMZ with HCQ/AT101 for three days. 

On day three, stimulation regimen either stayed the same (continuous stimulation) or switched to either the single drug TMZ, HCQ 

or AT101 or the combination of TMZ with alternative drug (sequential stimulation). Cytotoxicity and proliferative effects of 

drugs/drug combinations on cells was determined after days three and six (A). The most promising drug combinations after six days 
stimulation are highlighted in a heatmap, compared to the response to TMZ (yellow). The greener the heatmap, the more 

advantageous was the treatment over TMZ standard therapy, with a better tumor growth control whilst keeping healthy human 

astrocytes as unaffected as possible (B). This figure was generated using the Biorender software. 

A summary of the most efficient drug treatment schedules for the improved growth control and 

cytotoxicity on GBM cells, combined with the smallest negative side effects on healthy astrocytes is 

depicted in the heatmap of figure 6, B. Respecting this, the most promising drug combinations were 

sequences of TMZ/HCQ, TMZ+AT101/AT101 as well as the simultaneous treatment 

TMZ+AT101/TMZ+AT101 over six days. Moreover, we could demonstrate the necessity to not only 

readout a drugs’ cytotoxic effects upon stimulation, but also to investigate the proliferation of cells, as their 

response can be quite distinct to the same stimulus. Proliferation data especially implicates the amount of 

remaining tumor cells after treatment, that in perspective could be the tumor fraction responsible for 

recurrences. Therefore, it is necessary to develop treatment strategies that do include both factors in GBM 

treatment and recurrence. Our investigations show, that our long-term in vitro model comparing drug-effects 

on different drug-responding GBM cells in comparison to healthy human astrocytes is a suitable model to 

investigate drug-combinations for the treatment of GBM. The fact, that some stimulations seemed to be very 

promising in the treatment of GBM cells, but indeed also more drastically affected healthy SVGA astrocytes, 

emphasizes the need to investigate drug-effects not only on target cells but also on the target-cell 

microenvironment.  

3.2 “Novel in vitro models can help to predict the in vivo efficacy of new therapeutics 

in brain tumors” 

The previous discussed results emphasize the need for better test methods of suitable drug candidates and 

drug concentrations in GBM therapy, as the tumor is characterized by a highly heterogeneous tumor cell 

population and since its therapeutic success is highly influenced by the tumor microenvironment. Moreover, 

some interesting drug candidates might fail in in vivo studies or in clinical trials due to too strong side effects 

on healthy brain tissue. Indeed, several GBM in vitro models have been developed such as GBM 
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neurospheres, the cultivation of GBM monocultures in a 3D system or  patient derived 3D microtumors 

which can be used for prediction of the clinical outcome of patients (Laks et al. 2009) respective as recently 

shown the high-throughput screening of drugs (Gilbert et al. 2018). However, these systems lack the 

influence of the tumor microenvironment as well as the cytotoxic effects of drug candidates on healthy brain 

cells. Moreover, the patient’s prognosis highly depends on the success rate of the tumor removal: Whilst 

the total resection of the tumor is the preferred scenario, the reality in most cases stays the subtotal resection 

of the tumor mass in consequence to an impracticable location of the tumor.   

Therefore, to take the different scenarios of tumor resection, the heterogeneity of the tumor as well as 

the tumor environment into account, we developed a dual co-culture model mimicking the total and subtotal 

resection of an average GBM tumor which is suitable for local applied drug or drug/implant combination 

testing (see figure 7, A). In brief, the average size of a resection cavity of 3 cm diameter was consulted to 

calculate the overall surface fraction of around 28.3 cm2 which can get into direct contact with locally 

applied drugs or brain drug delivery systems (Murray 2012; Bette et al. 2018). Moreover, the relative ratio 

between tumor cells and healthy brain cells was determined based on published data. In the healthy brain, 

the knowledge about cell ratios is quite diverse, however Bartheld et al. describe numbers of around 40 % 

oligodendrocytes, 40 % astrocytes respective 20 % microglia (Bartheld et al. 2016). Likewise, there are no 

case reports about the cell ratios in GBM patients after a total resection of the tumor, whereas it is known 

that GBM cells strongly interact with their microenvironment leading to an increase of astrocyte migration 

towards the tumor tissue as well as tumor infiltrating microglia/macrophages and therefore change the ratios 

of cells in the direct tumor surrounding (Matias et al. 2018; Oliveira et al. 2017; Quail and Joyce 2017). 

Thus, regarding the increase of astrocytes in the direct tumor microenvironment as well as a decrease of 

tumor-infiltrating microglial cells due to the tumor resection, we calculated the ratio of cells for the complete 

resection model with 80 % astrocytes, 10 % microglia and 10 % remaining tumor cells (see figure 7, C). 

Conversely, for the incomplete resection – as this represents the majority of cases – more data is available 

on the remaining cell populations after resection. It has been described by Roggendorf and others that the 

tumor microenvironment consists of 30 % glial cells which can be divided up into 1 % reactive astrocytes 

as well as 29 % tumor associated microglia respective macrophages (see figure 7, B), therefore we chose 

these cell ratios for the incomplete resection model.  Final cell numbers were determined dividing the surface 

area of the resection cavity by the respective cell ratio and each cell types’ average size. Moreover, to also 

include the aspect of tumor heterogeneity, we employed two different primary cultures (PC) of human GBM 

cells for both in vitro models that respond differently to TMZ treatment.  

To evaluate the applicability of the in vitro dual co-culture, we compared data on proliferation and 

cytotoxicity of monocultures versus dual co-culture upon stimulation with the most promising drug 

combination of TMZ+AT101 over three days followed with three days single AT101 stimulation which was 

evaluated previously. Interestingly in the incomplete resection model, we could demonstrate that effects 

(growth rate as well as cytotoxicity) on HMC3 microglial cells upon drug stimulation are comparable 

between mono cultivation as well as in co-cultivation, whereas both primary GBM cell cultures responded 

slightly less to the treatment with higher proliferation rates and smaller amounts of dead cells compared to 

mono cultivation. Likewise, SVGA astrocytes, when cultivated in the incomplete dual co-culture were 

affected more in respect of cytotoxic effects upon drug-stimulation but also in controls compared to 

monocultures. This effect was significantly higher after three days of cultivation with an almost two times 

higher death rate compared to mono cultivation. Contrary to that in the complete resection model, no effects 

of co-cultivation were detectable for SVGA astrocytes as well as HMC3 microglial cells when cultivated 

with both primary GBM cell types, however both glioblastoma primary cultures responded less on the drug 

treatment schedule when cultivated in co-culture.  
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Figure 7: Illustration of the implemented in vitro dual co-culture model for the incomplete and complete resection of an average 

size GBM tumor. The direct tumor microenvironment consists besides blood vessels of around 30 % glial cells, such as microglia 

and astrocytes which are also partially infiltrating the bulk tumor mass (A). Based on literature the ratios of glial cell types and 

GBM cells in respect of the resection state (incomplete resection, B and complete resection, C) were determined. This figure was 

generated with Biorender.com 

Concomitant with these findings, we demonstrated on the one hand the influence of the GBM-

microenvironment on the survival of GBM cells upon treatment, and vice versa the influence of GBM cells 

on the overall survival of the healthy tumor surrounding. To analyze in more detail the factors influencing 

the undergoing of astrocytes especially in dual co-cultures of the incomplete resection (as they were more 

prominent), we evaluated on the one hand the effects of GBM population-size on the survival and growth 

rate of astrocytes and on the other hand the mRNA expression of different chemokines and cytokines in 

PC1 glioblastoma cells after co-cultivation with SVGA astrocytes and HMC3 microglia cells. In brief, we 

could determine a significant positive correlation between increasing amounts of seeded PC1 GBM cells 

and the percentage of dead SVGA astrocytes cells. Conversely, we observed a negative correlation between 

the amount of GBM cells and the growth rate of astrocytes. The more GBM cells are present in the 

incomplete dual co-culture, the higher the percentage of dead cells as well as the lower the growth rates of 

SVGA astrocytes. Indeed, distinct reactions of tumor cells upon drug-stimulation have been described 

comparing monocultures or two-dimensional (2D) culture systems with 3D networks of heterogeneous cell 

populations (Imamura et al. 2015). As such, Imamura et al. observed drug resistances and protective effects 

from paclitaxel-induced apoptosis in 3D breast cancer models compared to 2D models (Imamura et al. 

2015). Similar, other studies have demonstrated distinct effects of tumor cells on drug treatment when 

cultivated in monocultures or in 3D networks such as in organotypic brain slice models (Chadwick et al. 

2015; Kenny et al. 2015). Moreover, the protective effect of microglia and astrocytes on the survival of 
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GBM cells has been already described by others [(Hattermann et al. 2014; Matias et al. 2018), an overview 

of the influence of the microenvironment in GBM is given in figure 8].  

 
Figure 8: Simplified illustration of the rescuing effects of microglia and astrocytes in the GBM-microenvironment on the 

survival of GBM cells. The figure was designed using the Biorender software and is adjusted to (Matias et al. 2018) and our own 

results (shown in italic).  

In fact, tumor associated macrophages and microglia are represented in higher numbers with increasing 

tumor grade and have tended to act pro-tumorigenic (Hattermann et al. 2014). Therefore, we analyzed 

possible soluble factors in GBM cells (PC1) after three days, which when released may be responsible for 

the effects on healthy brain cells in the incomplete resection model. Therefore, the gene expression of 

several cytokines and chemokines in GBM cells was determined and likewise the expression of possible 

receptors on astrocytes and microglia. Interestingly we could show, that cytokines such as IL-1β, TNF-α 

and IL-6 are upregulated in monocultures upon stimulation, however either less regulated or even down 

regulated upon co-cultivation in the incomplete dual co-culture. This effect was more prominent for the 

chemokine CCL3 which was even significantly upregulated for both, the mono as well as co-cultivation, 

however significantly less upregulated in co-culture. In line with our findings, it has been described in 

literature that glioma cells can induce the anti-inflammatory phenotype in microglial cells by the release of 

several cytokines and chemokines and therefore in turn cause microglia to release factors which have shown 

to stimulate tumor growth (Hambardzumyan et al. 2016; Lisi et al. 2017). In this context, the influence of 

the anti-inflammatory microglia phenotype on the aggressiveness and prognosis of GBM patients has been 

mentioned (Mieczkowski et al. 2015; Iglesia et al. 2016; Gieryng et al. 2017b). Likewise, other studies 

revealed the ability of tumor cells, by releasing factors such as IL10, to stimulate the anti-inflammatory 

phenotype of astrocytes [(Guan et al. 2018), for more information revise (Matias et al. 2018)]. 

In summary, we were able to establish an in vitro model for the complete and incomplete GBM 

resection that allows to study responses of each single cell population towards drug stimulation as for 

cytotoxicity, proliferation but also on mRNA level. Moreover, comparing our dual co-cultures to current 

mono-culture systems, our model reflects closer the in vivo conditions and responses towards treatment 

since it allows paracrine communication between different cell types. In addition, we focused on the 

development of a surgical-relevant in vitro test system, as to date no in vitro models are available which 

mimic the different resection scenarios and also give the opportunity to analyze single cell responses in 

detail. However, we are aware that our dual co-culture systems only allow paracrine crosstalk and exchange 

of molecules due to the separate growing in cell culture inserts. Moreover it has been described, that 

monolayer-cultivation of cells such as colorectal cancer or cardiac cells, does not mirror responses towards 

cytotoxic treatments as observed in patients, due to a profound phenotypical change upon cultivation 

(Caragher et al. 2019; Zschenker et al. 2012; Luca et al. 2013; Pontes Soares et al. 2012). Therefore, to study 

the cell-cell interconnectivity more detailed, other already implemented models can be employed that may 
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reflect better the endocrine crosstalk (Caragher et al. 2019; Lenting et al. 2017). As such, biopsy-derived 

organotypic spheroids or organotypic brain slice models that comprise the interconnectivity between 

different cell types might be of interest (Kenny et al. 2015; Chadwick et al. 2015; Caragher et al. 2019), 

which  might be also more stable to culture conditions without serum addition. In particular, it is well 

described that serum addition does not represent physiological in vivo conditions (William et al. 2017), 

nevertheless in preliminary experiments on cultivation conditions, HMC3 microglia were clearly affected 

in low/no serum conditions (data not shown), therefore clearly limiting our in vitro co-culture models. 

However, other culture systems do on the one hand not allow to mimic the resection state of the tumor as 

precise cell numbers and ratios between different cell types cannot be obtained, and on the other hand limit 

the possibility to investigate single cell responses on proliferation, cytotoxicity as well as on gene expression 

level upon the influence of cell-cell interaction. As such in a very recent approach, patient derived tumor 

cells were co-cultivated in 3D scaffold matrices containing brain-ECM components with healthy astrocytes, 

whereas GBM cells as well as astrocytes were incubated with different stains individually to allow real-time 

imaging of the differentiated cells (Sood et al. 2019). However, although this approach delivers great 

improvements in the co-cultivation of healthy brain tissue with GBM cells in vitro, cell dependent responses 

are still hard to quantify in these systems as well as patients’ tumor resection-scenarios are challenging to 

reflect. 

In perspective, there is the need to develop and employ better in vitro test systems that allow 

biologically relevant investigations of drug-cell interactions which mimic more closely the in vivo situation. 

With the development of our GBM (in)complete dual co-culture model we believe that our in vitro platform 

can help to analyze drug-efficacies more detailed especially for the application in local drug delivery 

systems.  

3.3 “Local drug administration into the brain can improve patients’ outcome due to 

site-specific therapy and non-systemic in vivo toxicity” 

The previous described investigations imply the necessity to develop on the one hand new treatment 

strategies that can significantly influence the tumor growth control as well as prevent tumor recurrences and 

on the other hand reduce negative side effects in patients as well as increase patients’ compliance towards 

treatment. However, many chemotherapeutics are administered systemically with concomitant negative side 

effects, as such also the standard chemotherapeutic compound temozolomide. Whilst TMZ is able to pass 

the blood-brain barrier, other molecules or possible drug candidates for GBM therapy struggle due to their 

size, structure or chemical properties and therefore are limited in their in vivo efficacy. Therefore, 

approaches to successfully transport drugs through the BBB include the surface functionalization of NPs 

with proteins to target specifically glucose-transporters for instance respective the targeting of surface 

receptors such as the neonatal Fc receptor or insulin receptor. Other strategies are based on the use of suitable 

sizes and surface charges of drug-carriers, as the uptake of molecules through the BBB is highly size-

dependent (Bozzuto and Molinari 2015). However, although small molecules are supposed to be freely 

transported through the BBB, only 2 % of them really manage the transport across the BBB (Pardridge 

2005). In fact, the permeation of molecules decreases 100-fold when the molecular weight increases from 

300 Da to only 450 Da (Fischer et al. 1998).  

One promising approach to circumvent the challenging drug delivery through the BBB is by local 

administration of the drug to the target site using brain implants. Major advantages besides the direct 

application towards the target site is the tailorable release kinetic, such as an immediately release, the option 

to lengthen the release or even to establish a pulsatile drug release in function of the disease condition and 

the mechanism of action of the drugs (Sanjay et al. 2018). In fact, many strategies to develop drug delivery 

devices have been introduced, all based on several different release-mechanisms such as chemically 

controlled biodegradable materials (Makadia and Siegel 2011; Kumari et al. 2010; Zeng et al. 2003), 
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diffusion-based drug release (Langer and Folkman 1976; Stevenson et al. 2012) or by drug loaded hydrogels 

or osmotic pumps for instance (Bastiancich et al. 2016; Verma et al. 2004). As such, the FDA approved 

Gliadel® wafer, consisting of biodegradable polyanhydride loaded with carmustine is one of the most well 

studied local drug delivery devices for GBM treatment to date, however still not sufficiently improving 

GBM patients’ outcome. Moreover, Brem and others have demonstrated that TMZ-loaded polymer wafers 

could decrease the TMZ-associated negative side effects in local applications, as lower plasma 

concentrations where also measured due to a degradation-dependent drug release (Brem et al. 2007).  

Besides this, micro- and nanochannel derived systems have gained interest in recent years, as they offer 

improved control mechanisms of the drug release kinetics, for example offering zero-order or pulsatile 

release kinetics (Celia et al. 2014; Duan et al. 2013; Yang et al. 2010; Yang et al. 2018). Yang and others 

for instance developed a reservoir-based microchannel system of PDMS which by tailoring microchannel 

length, width, number and straightness is able to release drugs with a zero-order release kinetic (Yang et al. 

2018). However, most approaches are time- and cost-intensive and limited in their size due to the fabrication 

process (Stevenson et al. 2012; Sanjay et al. 2016; Martin et al. 2005). Therefore, in collaboration with the 

technical faculty Kiel as well as the UKSH Kiel, macroscopic 3D microchannel matrixes of PDMS have 

been produced for the local delivery of alternative therapeutically compounds to treat GBM. Whereas the 

production and physicochemical analysis of the templates were performed at the technical faculty, release-

studies of AT101 were determined at the UKSH and efficacy studies of drug-loaded templates were 

performed in vitro on glioblastoma cells (UKSH) and on healthy cells by me (institute of anatomy). In brief, 

highly sacrificial Zinc Oxide (ZnO) tetrapodal templates have been produced in a bottom-up approach as 

described before (Mishra et al. 2013; Mishra et al. 2015; Gedamu et al. 2014), followed by an infiltration 

with PDMS. After curing of PDMS and removal of ZnO by wet-chemical etching, a 3D hollow 

microchannel network of PDMS with inverse structures of the former ZnO tetrapodal network remains, 

which was used for vacuum-infiltration of AT101 (see figure 9 B).  

Figure 9: Illustration of the in vitro and in vivo applicability of AT101-releasing highly sacrificial PDMS templates in co-

stimulation with temozolomide. Human SVGA astrocytes as well as LN299 and A172 glioblastoma cell lines were stimulated by 

template releasing AT101 as well as free temozolomide (TMZ) application in therapeutic concentrations in vitro (A). The PDMS 

template consists of a 3D hollow microchannel matrix with a diameter of around 2 µm which can be infiltrated with hydrophilic as 

well as hydrophobic drugs and shows a classical diffusion-controlled drug release (B). In perspective in vivo applications, AT101 
can be locally administered by brain-implants in concomitant systemic application of TMZ via oral drug administration (C). Figure 

was created using the Biorender software and adapted to our submitted work.  

By adjusting the size of the DDS, the number of microchannels, variation of the open microchannels 

employing laser surface structuring or the drug-concentration used for infiltration, the release kinetics of 

AT101 could be easily adapted and tailored. Characteristically, the AT101 release could be tailored in 

function of infiltrated AT101 concentration as well as porosity of the implant and did match with typical 

diffusion-driven release profiles starting with a fast increasing concentration followed by a slower release 

until finally saturation of the drug (Pedraza et al. 2013). In line with this, other drug delivery based systems 

such as 3D printed PDMS layers cross-linked by UV light as well as solvent casting and leaching methods 

to release anti-inflammatory drugs such as prednisolone or dexamethasone were able to achieve a long-term 
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drug release over four weeks (Holländer et al. 2018; Jiang et al. 2017). In 2010, Ranganath et al. have 

described a diffusion-controlled release of paclitaxel from PLGA nanofiber discs as well as PLGA-

microspheres entrapped in hydrogel matrixes for over 42 days, and could demonstrate significant tumor 

inhibition in glioblastoma xenograft mouse models in vivo (Ranganath et al. 2010).  

Consequently, as the drug-loaded DDS should be tested for its efficacy in the treatment of GBM cells 

whilst not affecting the healthy brain microenvironment, a relatively fast increasing drug concentration of 

≈ 4.5 µM AT101 within the first 24 hours was necessary to be able to reach therapeutically concentrations 

for in vitro applications. Therefore, using a final infiltrated concentration of 6.5 mM AT101 and a porosity 

of 48 %, a concentration of ≈ 4 µM AT101 was released after 24 hours and a calculated maximum release 

of 6.1 µM was determined after six days in vitro, which in fact represents more than 90 % of the total 

infiltrated drug-concentration. These results are in line with recent approaches, were AT101-releasing 

chitosan coated nanofibrous implants have been produced and tested for their efficacy on HeLa cells in vitro 

as well as on Graffi myeloid tumor model in vivo (Ignatova et al. 2012; Ignatova et al. 2014), whereas after 

two and four hours 15 % respective 55 % of the total infiltrated drug was released. Moreover,  as the release-

control of drugs remains a major obstacle due to possible cytotoxic burst release, Wrzeszcz et al. have coated 

their PDMS filament-based dexamethasone-loaded chochlear implant with a biodegradable hydrogel to 

reduce the initial burst (Wrzeszcz et al. 2014). Furthermore, hydrogel implant-encapsulation can prevent 

cell and protein adhesion and therefore minimize inflammatory reactions due to brain foreign body 

responses (Wrzeszcz et al. 2014; Dalu et al. 2000; Xue et al. 2017).  

Further, for efficacy studies, monocultures of two different TMZ-responding GBM cell lines have been 

chosen as well as healthy astrocytes to study the influence of our drug delivery system on cytotoxic effects 

as well as on growth rates over six days in vitro. Hence, as we already demonstrated the advantage of 

sequentially applied simultaneous treatment of TMZ and AT101 for three days followed with three days of 

single AT101 treatment (see previous two chapters), cells were stimulated locally by the AT101-releasing 

PDMS template and systemically by free TMZ co-stimulation for three days followed by the solely 

stimulation with an AT101-releasing PDMS template for another three days. In brief, the drug-loaded 

implants were placed into cell culture inserts with a pore diameter of 0.4 µm, allowing a diffusion dependent 

release through the pores towards the underneath cultured cells (figure 9 A). Thereafter, treatment success 

as well as the influence of the templates themselves were determined on days three and six via cytotoxicity 

assay as well as proliferation by comparing percentage of dead cells and growth rates of template-treated 

cells with free drug stimulation-controls. Interestingly, controls of respective DMSO concentrations either 

freely added or by release from the PDMS template did not affect GBM cell lines as well as SVGA 

astrocytes differently after three and six days, indicating no negative side effects due to the material itself. 

These results are in line with previous publicized works highlighting the biocompatibility of PDMS (Chou 

et al. 2013; Guo and Deweerth 2009; Lacour et al. 2010). In fact, Ereifej et al. demonstrated that 

nanopatterning of PDMS increases inflammatory and glial scarring reactions of glial cells in brain in vitro 

(Ereifej et al. 2013). Moreover, when infiltrated with AT101 and co-stimulated with TMZ, only moderate 

effects on cytotoxicity and growth rates could be detected for SVGA astrocytes. Contrary to that, GBM cells 

responded similarly as in our previous studies towards the treatment schedule with around 50-60 % dead 

cells and clearly reduced growth rates after six days of treatment. Hence, the percentage of dead cells was 

in trend even higher for GBM cells when treated with AT101-DDS combined with free TMZ therapy and 

therefore more efficient than the free drug administration. In other studies, the encapsulation of AT101 into 

polymeric nanoparticles did not increase the in vitro efficacy of AT101, as the growth inhibition of human 

prostate cancer PC-3 cells in vitro was similar as the free drug (Jin et al. 2015; Liu et al. 2014). However, 

Liu and others could demonstrate the improved efficacy of the nano formulated drug in in vivo studies with 

a more enhanced tumor-suppression effect and reduced systemic toxicity compared with free AT101 (Liu 

et al. 2014). Similar effects were determined earlier by Li and others who encapsulated AT101-enriched 

cottonseed oil in liposomes and were not able to improve AT101 efficacy in in vitro models of breast cancer, 

however clearly stated an improved efficacy of the formulation in an in vivo xenograft mouse tumor model 

(Li et al. 2011). In addition, similar studies to increase treatment efficiencies by synergistically stimulating 

GBM cells with hydrogel-releasing combinations of TMZ and paclitaxel have revealed promising results 
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with a sustained drug release over one month in mice in vivo (Zhao et al. 2019). In particular, the co-delivery 

efficiently suppressed tumor growth in a U87MG orthotopic tumor model. In other studies, using 3D 

bioprinted hydrogels loaded with ATRA-polymeric particles, a sustained drug release with tunable release 

kinetics was ensured as well as the potential to induce apoptosis in U87 GBM cells (Mirani et al. 2019). 

However, as our recent studies only represent first in vitro data on GBM tumor growth control as well as on 

effects on healthy astrocytes upon AT101-releasing PDMS templates, there is the need to study the 

potentially advantageous effects of the AT101 template over free AT101 stimulation in in vivo systems. 

Especially since we are aiming to locally apply the drug by non-toxic sustained releasing PDMS-templates 

directly towards tumor cells, the systemic negative side effects of the drug can be reduced. In particular, for 

the in vivo applicability of this system, one could think about a systemically oral administration of TMZ 

concomitant with a local drug administration of AT101 by drug loaded brain implants (figure 9 C). 

Nonetheless, whilst for in vitro assays a comparably fast increase of concentration is necessary, the 

requirements for DDS for in vivo application is different. Here, the favorable release profile can be described 

by a prolonged respective sustained- or zero-order-release profile. In fact, in a very recent study of gossypol 

as a male contraceptive, the drug was released successfully over 20 days in rats in vivo from gossypol/PEG 

layer-by-layer films (Wen et al. 2018). However, this approach is very time consuming and is limited when 

thinking about upscaling. Our bottom-up approach however is easily to fabricate with no spatial limitations. 

Here, homogeneous PDMS scaffolds with high drug-loading capacities and sufficient short-term release of 

AT101 were produced which can be easily adapted by tailoring to the macroscopic size, the microchannel 

density (porosity) or the fraction of open microchannels. In perspective, to achieve sustained or zero-order 

release profiles in our highly porous microchannel PDMS-scaffolds, the number of open microchannels 

could be reduced via laser structuring approach and consequently allowing in next steps to include the 

testing  in our dual co-culture in vitro system as well as in vivo (performed by the group of Prof. Dr. Dr. 

Held-Feindt) in GBM-xenograft animal models. 

3.4  “The choice of implant materials and their design is critical for the brain foreign 

body response and can be alleviated by anti-inflammatory/fibrotic compounds” 

Besides the necessity to study the in vitro and in vivo efficacy of drug delivery devices for the local drug 

administration in the brain, it is also important to investigate the single material-induced responses, in 

particular under consideration of the healthy brain tissue. In fact, besides the application as drug delivery 

systems, especially brain foreign body reactions towards long-term electrodes and micro-sensing devices 

have been extensively studied to date (Gulino et al. 2019; Ludwig et al. 2006; Polikov et al. 2005). In this 

regard, graphene-based materials have gained interest in the past years for applications in drug delivery, 

brain electrodes as well as the differentiation of neurons under electrical stimulation for example (Huang et 

al. 2012; Li et al. 2008b). Amongst them, GO can be easily surface-functionalized due to its hydrophilic 

functional groups, whereas rGO offers an extraordinary conductivity. Hence, nanoparticles of GO and rGO 

as well as nanosheets of GO have been studied for their toxicity in vitro and partly in vivo, indicating diverse 

reactions of biological systems towards these materials (Bramini et al. 2018; Cheon et al. 2016; Dasari 

Shareena et al. 2018). However, since the biocompatibility of a material is highly influenced also by the 

materials’ shape, porosity, size etc. (Mendes et al. 2015), it is noteworthy to notice that GO and rGO scaffold 

materials of a highly porous microstructured tetrapodal networks have not been tested yet for their 

biocompatibility and probability of causing brain foreign body reactions in vitro. Therefore, our study 

focused on the evaluation of two putative nanostructured GO and rGO based scaffold materials on glial cell 

reactions as well as on organotypic brain slices with the special focus on the inflammatory and glial scarring 

reaction.  

In brief, GO and rGO highly porous and easily size-tunable scaffolds were produced in a collaborative 

work with Florian Rasch (technical faculty Kiel), in a similar approach as the previous described PDMS-

microchannel templates (see figure 10 A for the microstructure of rGO and GO, exemplary shown for rGO).  
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Figure 10: Schematic overview of a possible in vivo application of tetrapodal-structured highly porous GO and rGO scaffolds 

(A) for their local administration in brain disorders (here exemplary shown for GBM therapy) under prevention of material-

induced inflammatory and glial scarring responses (D).  Materials are loaded with anti-cancer drugs (A) and incorporated into 

curcumin-loaded hydrogels (B,C) to dually targeting cancer cells with material-specific as well as drug-releasing properties and 
specifically reducing material-induced brain foreign body response by additional curcumin release (C,D). This figure was 

generated using the Biorender software. 

To study the effects of both materials on the healthy brain microenvironment, we investigated effects 

on cell proliferation, cytotoxicity and mRNA level for the expression of inflammatory- or glial scarring 

related genes in human astrocytes and microglial cells as well as in murine organotypic brain slices where 

protein level and morphology were also assessed by immunohistochemistry. In short time incubation models 

using SVGA astrocytes as well as HMC3 microglia, cells were indirectly incubated with the respective 

materials for 24 hours. In brief, with ethanol sterilized materials were placed in cell culture inserts above 

the cell carpet, allowing only an indirect contact with cells. Interestingly we could observe only slight effects 

on the percentage of dead cells after 24 hours incubation with materials in HMC3 microglia as well as 

SVGA astrocytes, however a bit more prominent for SVGA. Concomitant with these findings only slight 

reductions in growth rates were detectable, however significantly reduced for astrocytes and stronger for 

GO materials. Contrary to that, when analyzing the gene expression of inflammatory and glial scarring 

related genes, effects were overall stronger for rGO incubations in microglial cells as well as in astrocytes 

than for GO. These results are in line with studies of Li et al. who have exposed GO and rGO particles to 

different mammalian cells in vitro as well as the respiratory tract in vivo (Li et al. 2018b). In fact, they could 

show that rGO did not affect cell viability in both models, however GO in function of the surface oxidation 

state and carbon radical content did (Li et al. 2018b). Moreover, it is well known that cell interactions 

between microglia and astrocytes strongly influence inflammation and glial scarring reactions. Therefore, 

in a next step GO/rGO-incubated HMC3 microglia conditioned media was used to stimulate SVGA 

astrocytes for 24 hours. Surprisingly we could determine that material-induced reactions towards 

percentages of dead cells, influences on the growth rate of astrocytes as well as their gene expression of 

glial scarring-related genes such as tenascin-C, nestin and fibronectin were completely reversed to baseline 

levels, indicating a protective effect of microglial cells on material-induced effects in astrocytes. Indeed, it 



D i s c u s s i o n  | 165 

 

is well known that activated microglia provoke astrocytes reactivity (Liddelow et al. 2017), however the 

potentially protective effect of the crosstalk between microglia and astrocytes in gliosis processes is less 

well described. In fact, Armbrust and Röhl have demonstrated that the co-incubation of astrocytes with 

conditioned media from LPS-activated microglia reduces oxidative stress in astrocytes when challenged 

with hydrogen peroxide (Armbrust and Röhl 2008). Moreover, they were also able to show that astrocytes 

co-stimulated with conditioned microglia media without LPS stimulation was also able to weaken oxidative 

stress in astrocytes, however in lesser extent. Therefore, these results indicate together with our own 

findings, that activated microglia play also a key role in the prevention of astrogliosis processes.  

These findings pronounce the need for in vitro test systems that more closely mimic the in vivo 

condition, as cell-cell communication plays as crucial role in neuroinflammation and gliosis as well as brain 

foreign body reactions. Indeed, Polikov et al. have developed an in vitro model of glial scarring around 

neuroelectrodes in the CNS (Polikov et al. 2006). Cultivated astrocytes, neurons and microglial cells, 

derived from mechanically dissociated embryonic midbrains, were either injured (control) or co-cultivated 

with an electric microwire and showed similar responses as to be expected in in vivo applications (Polikov 

et al. 2006). Amongst others, technologies such as electrospun microfiber scaffolds or hydrogels are used 

to better reflect the 3D microenvironments of cells in vitro [for review see (Watson et al. 2017)]. Hence, 

several groups have reported the more “in-vivo-like” morphology and properties of astrocytes cultivated in 

a 3D hydrogel compared to the rather flat and polygonal growth in 2D cultures (East et al. 2013; 

Balasubramanian et al. 2016), however lacking the co-cultivation with different cell types. Therefore, since 

we wanted to investigate material-induced reactions in the complex brain tissue, we employed murine 

organotypic brain slice cultures that preserve the cell-cell interconnectivity over a long period of time in 

vitro.  

In our experimental setting, similar to the in vitro data on monocultures of SVGA astrocytes and HMC3 

microglia, the cytotoxic effects of GO and rGO challenged murine organotypic brain slices were moderate 

after three and six days of stimulation (dos) and only significantly increased for stimulations with GO after 

three dos. These results are in line with other investigations. Whilst rGO nanoparticles systemically applied 

and also locally on cornea cells did not cause any toxic effects, GO induced inflammation and time-

dependent apoptosis (An et al. 2018). In other approaches using nanosheets of GO, no significant effects on 

the inflammatory response of murine organotypic spinal cord slices occurred after long-term stimulation 

(Musto et al. 2019), however in cultures of rat primary glial cells inflammatory reactions occurred after 

short-term application (Musto et al. 2019). Nonetheless, when investigating material-mediated effects on 

inflammation and glial scarring related genes, effects were more pronounced after rGO incubation. Whilst 

GO did not cause any effects on inflammation and glial scarring, rGO clearly induced IL-6 expression as 

well as tenascin-C and nestin expression after six dos. In 2015, 3D porous scaffolds of GO have been 

implanted in spinal cord injured rats, without showing any negative effects on local or systemic cytotoxicity 

nor biocompatibility after chronic implantation (López-Dolado et al. 2015). In fact, rolled GO fibers have 

been used as biocompatible materials for the drive of neuronal growth and differentiation in neuronal stem 

cells in vitro [(Akhavan et al. 2016), for review see (Bramini et al. 2018)]. Whereas these findings are similar 

with our in vitro data on HMC3 microglia and SVGA astrocytes when cultivated as monocultures, rGO-

induced inflammatory processes in the brain have, to my best knowledge, not been described yet in 

literature. However, Bengtson and others have demonstrated that pulmonary exposure to GO and rGO 

particles causes acute inflammation reactions towards GO, whereas causing a chronic and more prolonged 

reaction towards rGO exposure in mice (Bengtson et al. 2017). Despite, surface functionalized nanosheets 

of rGO with albumin have been produced and loaded with doxorubicin for cancer treatment (Cheon et al. 

2016). Indeed, they demonstrated an efficient near-infrared induced photothermal therapy in brain tumor 

cells, however without cytotoxic effects upon dose-dependent uptake without infrared stimulus. Hence, we 
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were able to demonstrate in immunohistochemical stainings of organotypic brain slices after six days of 

stimulation with GO and rGO highly porous scaffold materials, that neurons as well as oligodendrocytes 

were not affected negatively. However, protein expressions of GFAP or vimentin for example clearly 

indicated an induction of reactive astrogliosis upon both materials. 

Since inflammatory and glial scarring reactions towards GO and rGO are not beneficial in terms of 

implant function, we wanted to investigate in a next step if material-induced effects can be alleviated by co-

stimulation with an anti-inflammatory therapeutic compound. Besides others, there are a broad variety of 

targeting mechanisms/signaling pathways to reduce neuro-inflammatory and astrogliosis processes. During 

glial reactions, certain receptors, transcription factors or signaling molecules become activated such as toll-

like-receptor (TLR), NF-κB, nuclear factor E2-related factor (Nrf2), activator protein 1 (AP-1) or P38 

mitogen-activated protein kinases (p38MAPK), c-Jun N-terminal kinases (JNK), Janus kinase/signal 

transducers and activators of transcription 3 (JAK/STAT3) pathway etc. which are common for 

inflammatory processes. Moreover, inflammatory processes also cause an alteration in protein expression 

such as GFAP, vimentin in astrocytes or enzymes like nitric oxide synthase (NOS) in microglial cells [for 

review see (Glass et al. 2010; Colangelo et al. 2014)]. In particular, NF-κB translocation in reactive 

astrocytes causes inflammatory responses and glial proliferation (Colangelo et al. 2014), or the JAK/Stat 

pathway for instance is actively transducing inflammatory signals which are mediated by gf or cytokines 

such as IL-6, E ciliary neurotrophic factor (CNTF), epidermal growth factor (EGF) or tumor growth factor 

alpha (TGF-α). Therefore antioxidant molecules such as curcumin can inhibit NF-κB or STAT3 (Okada et 

al. 2006; Karlstetter et al. 2011) and therefore reduce aspects of astrogliosis  (Colangelo et al. 2014). In fact, 

using curcumin in pre- or co-stimulation with the GO or rGO incubation in HMC3 microglia and SVGA 

astrocyte cell models as well as in murine organotypic brain slices, we were able to alleviate successfully 

material-induced reactions in respect of cytotoxic effects or on proliferation as well as on mRNA and protein 

level (almost) to control levels. Further, we could show that curcumin after eight days of stimulation did not 

negatively influence neurons, oligodendrocytes or active proteins in the glial scarring response in 

organotypic brain slices. These glia-protective effects are in line with recent studies, as such curcumin 

caused reduced neurotoxicity and the upregulation of proinflammatory genes upon LPS stimulation in BV2 

microglia, as well as influenced the migration behavior of activated microglia (Karlstetter et al. 2011). 

Further, Lee and others claim that the neuroprotective effect of curcumin is mainly mediated by inhibition 

of microglial cell activation (Lee et al. 2007).Very recently Yuan and others demonstrated that curcumin 

inhibits glial scar formation by dual-targeting of inflammation and fibrosis (Yuan et al. 2017). As such 

curcumin regulated NF-κb and SOX-9 signaling pathways and therefore reduced SOX-9-induced CSPG 

deposition, alpha smooth muscle actin (α-SMA) expression in astrocytes and glial scar formation of both 

intracellular and extracellular glial scar components in spinal cord injured rats (Yuan et al. 2017; Yuan et 

al. 2019). Indeed, we could also demonstrate in our in vitro models, that not only material-induced 

inflammation can be regulated by curcumin but also fibrosis processes. Apart from that, most studies are 

focusing on the anti-glial scarring effects of curcumin on spinal cord injury (Yuan et al. 2019; Machova 

Urdzikova et al. 2015; Ruzicka et al. 2018). Despite, Bondan et al. have shown that curcumin can reduce 

astrocytic reactions upon gliotoxic injuries in the rat brainstem (Bondan et al. 2017) or in other studies its 

therapeutic effects in the treatment of Parkinson’s or Alzheimer’s disease (Motawi et al. 2020; Liu et al. 

2020; Voulgaropoulou et al. 2019), making aware of the multitude of applications possible with curcumin.   

Hence, we were able to produce highly porous tetrapodal-structured GO and rGO scaffolds with unique 

physical and mechanical properties, such as the conductivity for rGO materials, the high surface to volume 

ratio,  a good capacity for drug loading as well as surface functionalization. In fact, both material scaffolds 

provoked either only moderate inflammatory or glial scarring reactions, or reactions which were reversible 

by pre-/co-stimulation with curcumin in vitro. Moreover, in contrast to studies on GO/rGO nanoparticles or 

-sheets in which cytotoxic effects have been explained due to particle-uptake by cells, our tetrapodal 
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microstructured GO/rGO materials represent stable scaffold materials which show a clear advantage in 

biocompatibility over these systems. At this point one has to mention that this work is indeed dealing with 

very heterogeneous topics such as the material-choice as well as its shape and microstructure, the in vitro 

biocompatibility in different in vitro models, analyzing the effects of the brain foreign body reaction with 

regard on anti-inflammatory and -glial scarring therapies but also mentioning possible biological 

applications as in cancer therapy. This is also reflected by the interdisciplinary collaboration with Florian 

Rasch (technical faculty), so that I decided to highlight several possible aspects of application in this 

discussion, without allowing me to mirror/discuss all different topics and approaches in detail.  

In perspective, by adjusting the stiffness of a brain implant material, for example by surrounding it with 

a hydrogel of the same mechanical properties as of the healthy brain, may help to elicit brain foreign body 

reactions towards the implant material [see figure 10, B-D, (Moeendarbary et al. 2017)]. Likewise, Nguyen 

and others have produced mechanical-adaptive implants of PVA which when inserted become compliant 

and were able to reduce neuroinflammatory responses in vivo compared to stiff systems (Nguyen et al. 

2014). Moreover, to increase biocompatibility of rGO materials, the reduction of GO to rGO is a crucial 

step, as it is usually maintained by micromechanical methods, epitaxial growth method, thermal reduction 

or chemically (Muthoosamy et al. 2015). However, most commonly used chemicals such as hydrazine 

highly toxic and have been shown to tend to agglomerate irreversibly and convert into graphite (Perera et 

al. 2012). To address this, Muthoosamy et al. have produced thin-layered reduced graphene oxide, reduced 

by an ecofriendly mushroom extract strategy, has been shown to be biocompatible and non-toxic in colon 

and brain cancer cell lines in vitro (Muthoosamy et al. 2015). Moreover, to respond directly after 

implantation in vivo on possible occurring surgery- or material-induced inflammatory or glial scarring 

responses, one could think about an encapsulation of curcumin into the implant-surrounding hydrogel with 

a prolonged curcumin release. Interestingly, Potter et al. combined the strategy of mechanical-adaptive brain 

implants with the anti-inflammatory properties of curcumin (Potter et al. 2014). They were able to produce 

curcumin-releasing softening polymer implants, which caused over four weeks minimal brain foreign body 

reactions concomitant with lower neuron-toxicity and higher BBB stability than neat polymers.  

Moreover, curcumin-releasing graphene-based implants could not only be interesting for the regulation 

of implant-induced neuroinflammatory and glial scarring responses, but also in the treatment of 

glioblastoma multiforme for example (see figure 10). Yet the therapeutic potential of curcumin in the 

treatment of brain tumors is a steadily increasing field of research (Shabaninejad et al. 2020). Is has been 

shown that curcumin has radio sensitizing properties in different cancers (Sak 2019), affects migration and 

invasion (Park et al. 2019), induces autophagy (Maiti et al. 2019), promotes TMZ-induced apoptosis (Huang 

et al. 2019) as well as increases tumor growth control in combinations with AT101 (Mehner et al. 2019) in 

GBM cells in vitro (see figure 11, left). Interestingly, graphene-based materials have gained interest in GBM 

therapy as well. Likewise it has been shown, that nano-GO downregulates genes of oxidative 

phosphorylation in U87 GBM cells and may be the reason for GO’s anti-proliferative and -migrative effects 

in GBM cells (Szmidt et al. 2019). Further the pro-apoptotic properties of rGO plates upon U87 and U118 

GBM cells has been evaluated (Jaworski et al. 2013). Recently, the same group also demonstrated that 

apoptosis in U87 upon rGO-flake incubation is related to the presence of oxygen-containing functional 

groups and electron clouds, therefore indicating that the cytotoxicity of graphene-based materials decreases 

with the amount of oxygen-containing functional groups and therefore is smaller for rGO than for GO or 

graphene (Szczepaniak et al. 2018). Thus, investigating the effects of curcumin-releasing GO and rGO 

tetrapodal shaped scaffolds might be on the one hand site an interesting approach for the local treatment of 

GBM and on the other hand for the alleviation of implant-induced inflammatory and glial scarring reactions 

in the healthy brain (see figure 10 D).  



D i s c u s s i o n  | 168 

 

3.5 “The bioavailability and efficient delivery of curcumin can be made possible in 

the form of nano-curcumin which preserves the properties of curcumin and 

ascertains that it reaches the affected tissue” (Gera et al. 2017)  

We could successfully demonstrate that curcumin can attenuate implant-induced inflammatory and glial 

scarring reactions in human astrocyte and microglia cell lines as well as organotypic brain slices towards 

highly porous GO and rGO microchannel templates after short (24 hours in cell lines) and long-term 

administration (six days in organotypic brain slices). However targeting neuro-inflammation as well as glial 

scarring by curcumin remains a challenge due to its low bioavailability as well as instability (Kharat et al. 

2017; Ma et al. 2019). A simple way to solve limiting factors of curcumin can be the use of novel curcumin 

derivates or new formulations, such as by encapsulation into polymeric nanoparticles or liposomes 

[(Hussain et al. 2017; Liao et al. 2019), for review see (Yallapu et al. 2012) and figure 11].  

Figure 11: Schematic overview of the investigated influence of curcumin on cellular pathways and mechanisms important for 

the treatment of cancer cells (left) as well as for its anti-inflammatory and -oxidative effects preserving the healthy cell-

microenvironment (right). Besides the tremendous advantages of curcumin, it has a very low bioavailability and stability which 
when encapsulated into nanoformulations such as liposomes can be significantly improved. The represented effects (inhibitory or 

inductive) were collected from several different references (Yallapu et al. 2012; Krupa et al. 2019; Hao et al. 2017; Liu et al. 2016; 

Yu et al. 2018; Caillaud et al. 2018; Sharma et al. 2019; Hatcher et al. 2008; Kunnumakkara et al. 2008; Landis-Piwowar et al. 

2006; Yallapu et al. 2010). The figure was generated using the Biorender software.  

Therefore, we decided to encapsulate curcumin into biocompatible liposomes which allow long-term 

storage and increased in vitro efficacy. This work was partly performed in the laboratory of pharmaceutical 

technology and biopharmacy in Liège, Belgium during my stay abroad, however in vitro efficacy studies 

were performed in the institute of anatomy in Kiel, Germany. In brief, liposomes with a final formulation 

of DPPC/Chol/Cur in a molar ratio of 80.6/15.6/3.8, have been produced by the classical lipid-thin film 

hydration method followed by extrusion at 51 °C (10 °C higher the lipid transition temperature of DPPC) 

and analyzed physico-chemically for their size, polydispersity and zeta potential as well as curcumin 

encapsulation efficiency. In first attempts, different lipids such as egg phosphatidylcholine (EPC) and DPPC 
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as well as variations of lipid-ratios have been evaluated for the successful encapsulation of curcumin. 

However, using formulations of DPPC increased the encapsulation efficiency of curcumin from around 45 

% (data not shown) to 68 %, as well as allowed a robust reproducibility of sizes, PdI and zeta potential of 

ca. 250 nm, 0.3 respective -25 mV (average over six month). These results were in line with previous 

published data from Roy et al., who have evaluated the influence of different lipids on the physico-chemical 

properties of curcumin-encapsulating liposomes as well as their release-kinetics and pH and temperature-

dependent stability (Roy et al. 2016). In fact, DPPC amongst other lipids or lipid combinations was able to 

reach the highest curcumin entrapment efficiencies concomitant with a sustained release profile releasing 

less than 10 % of the total incorporated drug over 80 hours at 25 °C. Contrary to that, we have performed 

our drug-release studies under physiological conditions at 37 °C, whereas around 35 % of the total 

incorporated curcumin was released from our nanoformulations after 24 hours. Other studies employing 

liposomal formulations show similar sustained release profiles of curcumin, however releasing over 70 % 

of the total encapsulated drug after 24 hours (Jin et al. 2016). Conversely Thakur Choudhury et al. as well 

as Tefas et al. obtained a release-kinetic similar to our formulation by releasing around 30 % of curcumin 

after 24 hours in vitro (Choudhury et al. 2016; Tefas et al. 2017). Moreover, since the planned efficacy 

studies on the produced liposomes needed to be performed in Kiel, liposomes’ long-term stability was a 

crucial factor. Therefore, different cryoprotectants have been evaluated for their capability to lyophilize the 

final liposomal formulation without changing its physico-chemical properties. By supplementing the final 

liposomal formulation with 10 % trehalose in its aqueous solution, we were able to produce liposomal 

formulations with stable physical properties over up to six months, with a sustained drug release profile. 

Contrary to our observations, Hinrichs and others claim that oligosaccharides as cryoprotectants are more 

promising than disaccharides such as sucrose or trehalose, due to their higher glass transition temperature 

(Tg) and therefore storing capability at higher temperatures (Hinrichs et al. 2005). However, they have only 

used lipid combinations of DOTAP:DOPE:DSPE-PEG which due to their lipid-specific properties cannot 

be directly compared with our formulation. In another approach, doxorubicin encapsulating liposomes of 

DPPC:DPPG:Chol (10:4:1) were lyoprotected with either lactose, maltose or trehalose and represented 

easily reconstitutable formulations with up to six months stable physical and chemical parameters in storage 

up to 30 °C (van Winden and Crommelin 1997). Concomitant with these findings Kim and Jeong could 

preserve properties of freeze-dried liposomes with trehalose over 12 months storage at 4 °C (Kim and Jeong 

1995). However, one has to clearly state that the lipids used as well as the lipid-ratio and 

hydrophobicity/hydrophilic character of a drug influences the success of lyoprotectants for the freeze-drying 

process. Hence, liposomal formulations using DPPC:Chol:Cur with exact the same molar ratios of 

80.6:15.6:3.8 used in our study are not yet described in literature, therefore limiting the comparability of 

our results.  

However, since the encapsulation efficiency of lyophilized liposomes has not been evaluated over the 

time, this shows a clear limitation of our study. Nonetheless, our in vitro efficacy data which was collected 

over a period of up to six months clearly indicates the efficiency of the liposomal formulation even after six 

months in storage at 4 °C.  In brief, rising concentrations of empty and cur loaded liposomes in comparison 

to free cur were evaluated for their biocompatibility in HMC3 microglia and SVGA astrocytes after three 

days by WST-1 assay. We could demonstrate that liposomal formulations do not cause any negative effects 

on cell viability up to concentrations of 2 µM or the respective amount of empty liposomes. Moreover, 

fluorescent-labeled liposomal formulations were effectively uptaken by cells during 24 hours of incubation. 

Hence, in our studies on GO and rGO materials concentrations of 1 µM free cur were used to alleviate 

material-induced inflammation and glial scarring reactions. However, pre-experiments of cur loaded 

liposomal formulations revealed that LPS-induced inflammatory reactions in microglial cells could be 

significantly reduced by 100-fold smaller concentrations of curcumin (data not shown). Similarly, Hoppe et 

al. produced curcumin loaded lipid-core nanoparticles which in animal models of Alzheimer’s disease 

allowed the reduction of the administered dose from 50 mg/kg (i.p.) to its 20-times lower concentration of 

2.5 mg/kg, to reach therapeutically neuroprotective effects (Hoppe et al. 2013). Therefore, concentrations 

of 0.01 µM cur were used in this study, to evaluate the efficiency of liposomal encapsulation of cur vs. the 

free drug.  
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In a well-described model of microglia-inflammation, HMC3 microglia cells were challenged with 

LPS for 24 hours to induce inflammatory reactions, which may be reversed by pre- and co-stimulations 

(further named as co-stimulations) of free cur or LipoCur. We could show, that LPS induced the expression 

of typical inflammatory related genes such as IL-6, TNF-α, TGF-β or IL-1β and that the expression was 

reduced by co-stimulation with cur as well as LipoCur, whereas with increasing significance using LipoCur. 

Concomitant with these findings, morphological changes of microglia upon LPS stimulations to their 

activated state were reversed by LipoCur formulations. In fact Karlstetter et al. have demonstrated that NO-

levels were reduced as well as anti-inflammatory genes were upregulated in LPS-challenged BV2 microglia 

upon curcumin co-stimulation, however using in our point of view quite high curcumin concentrations of 

20 µM (Karlstetter et al. 2011). We further developed an in vitro glial scarring model by challenging SVGA 

astrocytes with inflammatory cytokines such as TNF-α, TGF-β and IL-1β overexpressed by activated 

microglia (further named cytokine stimulation) to induce reactive astrogliosis in astrocytes. In fact, typical 

glial scarring related genes were upregulated upon cytokine stimulation as well as morphological changes 

were visible, however could be significantly alleviated by cur and LipoCur, whilst in a greater extend for 

liposomal formulations to almost control levels. These results are in line with the findings of Yuan and 

others who observed reduced signs of reactive astrogliosis, like CSPG deposition and α-SMA and GFAP 

expression in astrocytes as well as altered astrocyte phenotype upon pre-stimulation of TNF-α, TGF-β1 and 

2 as well as IL-1β-challenged astrocytes with 1 µM free curcumin after 48 hours (Yuan et al. 2017). For a 

summary of anti-inflammatory and neuroprotective effects of curcumin, please revise figure 11. Apart from 

that, Yoo and others implemented an in vitro glial scarring model to mimic the chemical spinal cord injury 

(Yoo et al. 2016). By challenging rat spinal cord astrocytes with rising concentrations of kainite, instead of 

– as in our case – proinflammatory cytokines, they could show the induction of astrogliosis markers such as 

GFAP, vimentin or CSPG upon 50 µM kainate incubation, which was reversible by co-stimulation of a 

kainate-inhibitor.  

Besides the evaluation of LipoCur efficacy in easily performable and reproducible in vitro models of 

human microglia and astrocyte monocultures we wanted to investigate anti-inflammatory and -glial scarring 

properties of LipoCur also in a 3D in vitro model of murine organotypic brain slices which preserves the 

cell-interconnectivity in their in vivo-like microenvironment. Therefore, brain slices were challenged with 

LPS, assuming an activation of microglial cells and as a domino effect by the microglia-specific release of 

inflammatory molecules also the induction of reactive gliosis. By pre-stimulation of LPS challenged slices 

with 0.01 µM LipoCur, free cur or the respective amount of empty liposomes, not only the LPS-induced 

cytotoxic effects on brain slices but also LPS-induced inflammatory-related gene expression could be 

inhibited after two and eight days in vitro. In fact, we were able to demonstrate that cur or liposomal 

formulations solely do not affect negatively brain slices survival as well as inflammatory responses over 

eight days. Similarly, in in vivo studies of spinal cord injury, nanoformulated curcumin could reduce glial 

scarring as well as inflammatory-related genes after local administration in the first two weeks (Krupa et al. 

2019). In a rat epilepsy model curcumin supplementation could significantly reduce pro-inflammatory 

cytokine and chemokine expression as well as GFAP-expression in rat hippocampus and cortex (Kaur et al. 

2015) as well as reduce IL-1β gene expression in a rat epilepsy hippocampal cortex slice culture model 

(Drion et al. 2019). Interestingly, other than in our HMC3 microglia cell model, TGF-β was not upregulated 

upon LPS stimulation in organotypic brain slices and therefore no effects of cur and its nanoformulations 

were detectable. Similar, Drion and others observed no induced TGF-β expression in their epilepsy model 

and therefore cur did not affect its expression (Drion et al. 2019). At this point one has to mention that our 

organotypic brain slice model cannot mirror single cell responses on gene expression level, as it preserves 

the whole latter of cells present in the mouse cortex. Therefore, cell-specific effects might be less 

pronounced regarding the ratio between the respective cell type and the total amount of cells present, or also 

mechanistically mildened by the influence of other cells. However, it has been shown that in vitro brain 

slice models express selected genes and proteins in similar extend as in vivo and therefore deliver results 

that are more comparable to the in vivo situation (Bahr 1995; Mielke et al. 2005).  

At last, effects of cur and LipoCur on LPS-challenged murine organotypic brain slices after eight days 

were also determined on protein level by immunohistochemical stainings of neurons, oligodendrocytes as 
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well as for extra- and intracellular proteins that play a role in glial scarring process. We could successfully 

prove that the LPS-dependent undergo of neurons and oligodendrocytes can be completely prevented by co-

stimulation with LipoCur as well as free drug. In line with our findings, a study in 2014 demonstrated the 

specifically axon protective effect of curcumin on primary neurons via the inhibition of MyD88/p38 MAPK 

[see figure 11 and (Ghasemi et al. 2019; Tegenge et al. 2014)]. Moreover, it has been shown that curcumin 

protects pre-oligodendrocytes from cytotoxic effects of LPS-activated microglia in rats in vitro and in vivo 

(He et al. 2010), however in relatively high concentrations of 10 µM compared to our used concentration of 

only 0.01 µM. In addition, LPS-induced protein expression of GFAP, nestin, fibronectin as well as vimentin 

was reduced to baseline upon co-stimulation with LipoCur as well as free drug in a similar extend as on 

gene-expression level in our SVGA astrocyte monoculture model. 

In summary, we were able to produce a long-term stable liposomal formulation of curcumin with 

appropriate encapsulation efficiency and drug-release profile. In particular, in different in vitro models of 

neuro inflammation and glial scarring the liposomal formulation improved the in vitro efficacy of the drug 

to reduce inflammation- respective glial scarring-related gene expression levels to their baseline as well as 

in murine organotypic brain slices also on protein-level. In fact, LipoCur prevented organotypic brain slices 

from LPS-induced cell death as well as LPS-induced undergo of neurons in a greater extent than free cur. 

Further, since some effects such as on gene expression level were less pronounced in organotypic brain 

slices as well as vice-versa more profound such as in immunohistochemically stainings than in monocultures 

of human microglia and astrocytes, the limitation of 2D monolayer cultures over 3D models is clearly 

visible. Similar findings were reported by Kolter et al. in 2019, who have stated the limitations of monolayer 

cultures in the prediction of drug and nanocarrier interactions, as curcumin had a clearly reduced in vitro 

efficacy in their 3D culture models than in 2D (Kolter et al. 2019). Therefore, 3D cultures such as our murine 

organotypic brain slice model, which preserves the whole variety of brain cells in vitro for a prolonged 

period of time in their natural microenvironment are necessary and suitable tools to study drug-, nanocarrier- 

as well as brain foreign body reactions in vitro. Our study confirms the neuroprotective and anti-

inflammatory and -glial scarring effects of curcumin (Yuan et al. 2017; Bondan et al. 2017) as well as its 

increased efficiency upon encapsulation into nanoformulations (Djiokeng Paka et al. 2016; Gera et al. 2017; 

Dende et al. 2017), however in much smaller effective concentrations than in other studies. Further, our 

work shows, that liposomal formulations are suitable carriers for (chemically instable) drugs, and that our 

formulation efficiently helped to prevent glial scarring reactions in different brain in vitro and ex vivo 

models, without any formulation-related negative side effects. Therefore, also other possible drug 

candidates with a poor bioavailability could be tested, employing our nanoformulation, to efficiently prevent 

brain foreign body reactions with an improved drug efficacy.  
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