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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 verfugbaren Medikamente
oder ihre Verabreichungsformen nicht gut geeignet, um zahlreiche Erkrankungen des Gehirns adéquat zu
behandeln. Ein wachsendes Verstdndnis Uber die jeweilige Erkrankung kann dazu beitragen, besser
geeignete Wirkstoffe oder Wirkstoffkombinationen zu identifizieren, die die zelluldre Fehlfunktion
mdoglichst passgenau adressieren. Lokale Freisetzungssysteme, beispielsweise Medikament beladene
Implantate, konnen zudem die Wirksamkeit geeigneter Medikamente durch Erhdhung ihrer
Bioverfugbarkeit verbessern oder ihre systemische Toxizitat reduzieren. Da Implantate oder die damit
beladenen Medikamente jedoch Fremdkdrperreaktionen hervorrufen kénnen, miissen vor allem Reaktionen
des gesunden Gehirns auf alternative Wirkstoffe und Implantat-Materialien in geeigneten Testsystemen
getestet werden. Daher wurden in dieser Arbeit ausgewéhlte alternative Wirkstoffe, Kombinationsstrategien
und wirkstoffoeladene Modellimplantate zur Behandlung des als Modell-Erkrankung adressierten
hochmalignen Hirntumors Glioblastoma multiforme in Hinblick auf ihre Wirksamkeit und Vertraglichkeit
untersucht. Ein besonderer Fokus lag hierbei auf der Untersuchung der Fremdkdrperreaktion des Gehirns
auf verschiedene potenzielle Gehirnimplantate und der Méglichkeit diese zu inhibieren.

Unterschiedliche Strategien zur Behandlung des Glioblastoma Multiforme wurden unter Einbezug
alternativer Therapeutika in Kombination mit dem Standard-Therapeutikum Temozolomid (TMZ) verfolgt.
Hierflr wurden Medikamente in simultanen oder sequenziellen Therapieschemata an Monokulturen von
humanen GBM Zelllinien, sowie einer humanen Astrozyten-Zelllinie ilber mehrere Tage getestet. Vor allem
eine sequenzielle Gabe versprach verbesserte Therapieerfolge in GBM Zellen, bei der (iber drei Tage eine
Kombination aus TMZ und dem R-(-)-Enantiomer des Baumwoll-Polyphenols Gossypol (AT101), gefolgt
der Gabe von AT101 (iber weitere drei Tage zur Behandlung eingesetzt wurde. Astrozyten waren bei dieser
sequenziellen Kombinationstherapie weniger unerwiinschten Nebenwirkungen ausgesetzt als durch die
Standardtherapie mit TMZ. In Ko-Kulturen von primdren GBM-Zellen mit gesunden Astrozyten und
Mikrogliazellen, die eine volistdndige und unvolistdndige Tumorresektion wiederspiegeln, war dieses
Therapieschema interessanterweise weniger erfolgreich als in Monokulturen. Astrozyten schienen hier
einen protektiven Effekt auf das Uberleben der GBM Zellen auszuiiben. GleichermaRen erhéhten GBM -
Zellen, in Abhangigkeit ihrer ausgesaten Zelldichte, die toxische Wirkung der Wirkstoff-Kombination auf
Astrozyten. Um die so gewonnenen Erkenntnisse in Hinblick auf wirkstofffreisetzende Gehirnimplantate
anzuwenden, wurden zunéchst biokompatible Polydimethylsiloxan (PDMS) Geriiste mit hochpordsen
tetrapoden-formigen hohlen Mikrokanélen hergestellt und nachfolgend mit AT101 infiltriert. Wir konnten
eine klassische diffusions-basierte Medikamentenfreisetzung mit therapeutisch wirksamer Konzentration
beobachten, die durch Variation der Templat-GréRRe, Porositat, Anzahl der offenen Mikrokanéle 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 I8slich applizierten
AT101, ohne dabei negativ auf Astrozyten zu wirken. Ahnlich der mikrostrukturierten PDMS Matrizes
wurden Graphen-basierte tetrapoden-formige 3D-Gertiste produziert, die fur eine Anwendung als Drug
Delivery System oder aber zur elektrischen Stimulation/Messung geeignet sind. In geeigneten in vitro und
ex vivo Modellen beeinflussten diese hochpordsen Geriiste aus Graphenoxid (GO) und reduziertem
Graphenoxid (rGO) die Viabilitat humaner Mikrogliazellen und Astrozyten, sowie muriner organotypischer
Gehirnschnitte nicht oder kaum. Sie l6sten nur geringe Entziindungs- und Glianarbenreaktionen aus, hierbei
waren die Effekte fur rGO tendenziell etwas starker. 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 Bioverfugbarkeit und Stabilitat des Medikamentes erhéht werden. Das liposomale Curcumin
war nicht nur iber eine Zeit von bis zu sechs Monaten stabil, sondern zeigte auch eine signifikant hdhere in
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vitro Effizienz, sodass es Entziindungsreaktionen und reaktive Gliose in in vitro Modellen effektiv
reduzieren konnte.

AbschlieRend lasst sich zusammenfassen, dass neue Medikamente oder Kombinationen den
Therapieerfolg bei der Behandlung des Glioblastoms signifikant erh6hen und dartiber hinaus zusétzlich die
negativen Medikamentenwirkungen im gesunden Gehirn reduzieren kdnnen. Realistischere in vitro Modelle
wie Ko-Kulturen oder murine organotypische Gehirnschnitte kénnen dabei helfen, neue Medikamente,
Formulierungen oder Drug Delivery Systeme auf ihre Effizienz zu testen und die Fremdkorperreaktion im
Gehirn besser zu verstehen. Drei-dimensionale hochpordse Geriiste aus PDMS, GO und rGO scheinen
geeignete Materialien fir Gehirnimplantate zu sein, da sie einzigartige physiko-chemische Eigenschaften
wie die variable Porositidt, Medikamenten Ladekapazitit oder Leitfahigkeit besitzen, und zugleich nur
geringe Glianarben-Prozesse im gesunden Gehirn auszulésen scheinen. Antiinflammatorische
Medikamente wie Curcumin, beispielsweise in Beschichtungen auf das Implantat aufgebracht, kénnen dabei
helfen Materialreaktionen zu verhindern. Dabei koénnen die Bioverfligbarkeit und Stabilitdt solcher
Medikamente mit Hilfe von einfach herzustellenden Nanoformulierungen, wie Liposomen, im hohen Male
verbessert und damit die Wirkeffizienz erhdht werden.
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CHAPTER

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 Il or
I11 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 chloroguine (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. 2008g;
Bricefio 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.
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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 (Bago 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-Ddrner 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).
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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 unigue 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 Dahlstrém 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 lodine-131 (*3!I) 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 (OngoGel™), 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 (Mendoncga 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; Mendonca 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 (Mdrl), 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 (Ldscher 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).
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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 um 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-1f (IL-1p), transforming growth
factor B (TGF-p), tumor necrosis factor a (TNF-a) 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).

(A) native tissue (B) acute phase (C) early phase (D) chronic phase

microglia %" activated microglia - astrocyte +  reactive astrocyte j oligodendrocyte - neuron 8 implant & cytokines

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 um) become reactive. (C) In the early phase (first seven days), microglia and astrocytes in the larger surrounding (several
hundred pum) 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 Fernandez 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.

A - 5-10 % or glial population B - 20-40% of glial population,
.y - minimal antigen-presenting round nucleus, 10-40nm glycogen
machinery particles
- many long, thin branches : - maintain metabolic and physical
< - CNS maintenance environment of neurons
g/ ram1f1ed - role in CNS development, - role in BBB function and regulation
. . mainenance & homeostatic astrocyte - remove excess neurotransmitters
mlcmgha control and solutes in CSF
C - amoeboid and motile D - hypertroph cell body, irregular
(\A - active in CNS immune response nucleus, increase in mitochondira
4 - upregulation of lytic enzymes - phagocytosis
Ce - release of inflammatory ~ - proliferation & migration
%_v,j cytokines/ chemokines - production of ECM, increase of GFAP
activated/ - phégocytoﬁs . réactive filamentls and glycogell deposits
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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-a or TGF-B. 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 S100B, 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 pum 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 IKVVAV 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
etal. 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 INK/NF-kB/Akt signaling
pathway (Khan et al. 2019). In primary astrocyte in vitro models, 2 uM curcumin could effectively reduce
LPS-induced apoptosis and glial scarring, by inhibition of GFAP, NF-xB 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-«B 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
etal. 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
etal. 2012; Feng et al. 2017).
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Publications

“It always seems impossible until it’s done.”
(Nelson Mandela)

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 uM respective 6 UM and used for constant stimulations of the
single drug or in combination with 50 uM 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”.
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Abstract

Purpose Glioblastoma multiforme (GBM) is a poorly curable disease due to its heterogeneity that enables single cells to
survive treatment regimen and initiate tumor regrowth. Although some progress in therapy has been achieved in the last years,
the efficient treatment of GBMs is still a clinical challenge. Besides the standard therapeutic drug temozolomide (TMZ),
quinoline-based antimalarial drugs such as hydroxychloroquine (HCQ) and BH3 mimetics such as AT101 were considered
as possible drugs for GBM therapy.

Methods We investigated the effects of sequentially applied single and combined TMZ, HCQ and AT101 treatments in a
long-term stimulation GBM in vitro model. We performed all investigations in parallel in human astrocytes and two differen-
tially TMZ-responsive human GBM cell lines and adjusted used drug concentrations to known liquor/plasma concentrations
in patients. We determined amounts of dead cells and still remaining growth rates and depicted our results in a heatmap-like
summary to visualize which sequential long-term treatment schedule seemed to be most promising.

Results We showed that sequential stimulations yielded higher cytotoxicity and better tumor growth control in comparison
to single TMZ treatment. This was especially the case for the sequences TMZ/HCQ and TMZ + AT101/AT101 which was as
effective as the non-sequential combination TMZ + AT101. Importantly, those affected both less and more TMZ-responsive
glioma cell lines, whilst being less harmful for astrocytes in comparison to single TMZ treatment.

Conclusions Sequential treatment with mechanistically different acting drugs might be an option to reduce side effects in
long-term treatment, for example in local administration approaches.

Keywords R-(—)-gossypol - Alternative drugs - Sequential treatment - Quinoline-based drugs - BH3 mimetics -
Autophagocytosis
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GAAD-153 Growth arrest and DNA-damage-inducible
protein

GBM Glioblastoma multiforme

HCQ Hydroxychloroquine

PARP Poly-ADP ribose polymerase

T™Z Temozolomide

QNX Quinacrine

Introduction

Glioblastomas (GBMs) are highly malignant primary intrac-
ranial tumors that are characterized by prompt and infiltra-
tive progression. Despite great improvements in (micro-)
surgery and aggressive upfront treatment, patients’ progno-
sis remains poor due to rapid relapses and a pronounced
resistance to chemo- and radiotherapy (Ohgaki and Kleihues
2005). One major reason for this resistance is the complex
intra- and intertumoral heterogeneity of GBMs. Here, GBMs
are almost never composed of a single tumor cell population,
but rather of a heterogeneous ensemble of cells that differ in
many biological features, such as proliferation rate and drug
resistance (Bonovia et al. 2011). As a result, under selective
pressure (e.g. chemotherapy) individual GBM cell popula-
tions, that have acquired resistant properties, survive and
are responsible for a tumor relapse after treatment (Bonovia
etal. 2011).

To date, temozolomide (TMZ) is the most widely used
first-line chemotherapeutic drug, concomitantly utilized with
radiotherapy, for the treatment of adults with GBMs, as well
as using solely TMZ as a maintenance treatment (Yan et al.
2016). However, to overcome the pronounced chemoresist-
ance of GBMs and in perspective to promote local drug
administration with minor side effects, several alternative
drugs have been developed (Arevalo et al. 2017).

Besides others, quinoline-based antimalarial drugs such
as quinacrine (QNX), chloroquine (CQ) or hydroxychloro-
quine (HCQ) (Golden et al. 2015), as well as BH3 mimetics
such as AT101, the R-(—)-enantiomer of the natural occur-
ring cottonseed-derived polyphenol gossypol (Lu et al. 2017;
Opydo-Chanek et al. 2017) were considered as possible
drugs for GBM therapy. Importantly, in contrast to TMZ
whose therapeutic benefit depends on its ability to alkylate/
methylate DNA most frequently at the N-7 or O-6 positions
of guanine residues, quinoline-based drugs and BH3 mimet-
ics own different mechanisms of action. CQ and HCQ are
able to block autophagy and exert cytotoxic effects not only
by promoting endoplasmatic reticulum (ER) stress, but also
by induction of CCAAT-enhancer-binding protein homolo-
gous protein (CHOP)/growth arrest and DNA-damage-
inducible protein (GADD-153) and poly(ADP-ribose) poly-
merase (PARP) expression (Golden et al. 2015; Yan et al.
2016). AT101 competitively binds to hydrophobic surface
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grooves of pro-survival Bel-2 family members, counteract-
ing their protective effects and facilitating apoptosis in tumor
cells (Opydo-Chanek et al. 2017) and is also able to trigger
antophagic cell death (Voss et al. 2010; Warnsmann et al.
2018). Consequently, when complementing the different
kinds of action of TMZ/quinoline-based drugs or TMZ/BH3
mimetics, this could be a promising approach to overcome
GBM chemoresistance.

Indeed, some of such combined drug treatment strate-
gies were investigated. For instance, Jarzabek and colleagues
(2014) showed that a combined gossypol/TMZ treatment of
GBM was associated with inhibition of tumor-associated
angiogenesis, invasion and proliferation, and Keshmiri-
Neghab et al. (2014) demonstrated that gossypol signifi-
cantly inhibited clonogenic growth of radiation-affected
GBM cells. Further, CQ, HCQ and QNX were able to
enhance TMZ cytotoxicity (Golden et al. 2015) and could
potentiate chemosensitivity of glioma cells to TMZ via
blocking autophagy (Lee et al. 2015, for review; Yan et al.
2016). Consequently, both gossypol and quinoline-based
drugs were included in clinical trials. In detail, gossypol had
a low but measurable response rate in patients with recur-
rent or progressive GBMs (Bushunow et al. 1999), and was
implemented in a non-randomized phase I trial in combina-
tion with TMZ with or without radiation therapy for patients
having newly diagnosed GBMs (NCT00390403). In com-
bination with conventional GBM therapy, CQ revealed the
ability to prolong survival from 11.4 to 25 months in patients
with GBM (Bricend et al. 2007), and the combination of
quinoline-based drugs and TMZ significantly increased
the number of therapy-associated autophagic vacuoles in
the peripheral blood mononuclear cells of GBM patients
(Li et al. 2008). Since studies demonstrated that CQ and
HCQ were equipotent autophagy inhibitors, but HCQ was
characterized by a safer toxicity profile (Gunja et al. 2009),
HCQ was tested also in phase I/II trials in conjunction with
radiation therapy and concurrent and adjuvant temozolo-
mide treatment in patients with newly diagnosed GBMs
(NCT00486603, Rosenfeld et al. 2014) as well as in patients
with advanced solid tumors and melanoma (Rangwala et al.
2014).

Although some of these approaches seem to be promis-
ing, the balance of a useful dose-limiting toxicity versus
a consistent positive therapeutic response is still a clinical
challenge. Recent approaches usually focus on effects of
combined TMZ/quinoline-based drugs or TMZ/BH3 mimet-
ics (accompanied or not by radiotherapy). The therapeutic
response to sequentially long-term applied conventional
GBM drugs (TMZ) and quinoline-based drugs or BH3
mimetics has not been consistently analyzed, yet. Such a
sequential approach could be preferable due to (possibly)
smaller side effects, the application of (possibly) lower
drug concentrations based on a long-term treatment, and,
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finally since it could be transferred to a local drug admin-
istration system with long-term sequential drug release, in
perspective.

Thus, we consistently investigated the effects of sequen-
tially applied single and combined TMZ, HCQ and AT101
treatments in a long-term stimulation GBM in vitro model.
Regarding not only the known toxicity of different drugs
on healthy cells (Bae et al. 2014; Lu et al. 2017; Rangwala
et al. 2014; Rosenfeld et al. 2014), but also the differerential
chemosensitivity of individual GBM cells (Bonovia et al.
2011), we performed all investigations in parallel under
exactly the same conditions in human astrocytes (SVGA)
and two different human GBM cell lines (LN229 and A172).
Referring to published results of our own and other groups
(Adamski et al. 2017; Lee 2016; Parazzoli et al. 2015), both
GBM cell lines are principally TMZ-sensitive but respond to
different extents to TMZ treatment, and have the possibility
to escape from TMZ treatment by switching into a dormant
state (Adamski et al. 2017). Based on our own investigations
and published results, we adjusted used drug concentrations
(as low as possible) to measured liquor/plasma concentra-
tions in treated patients (Ostermann et al. 2004; Rosenfeld
et al. 2014; Zerp et al. 2015). We consistently determined
amounts of dead cells and still remaining growth rates of
all cell types under all treatment schedules in parallel, and
depicted our results in a heatmap-like summary to compre-
hensively visualize the most promising sequential long-term
treatment schedules in our GBM in vitro model.

Materials and methods
Cultivation of cell lines

The human glioblastoma cell lines A172 (ECACC
880624218) and LN229 (ATCC-CRL-2611) were purchased
from the European Collection of Cell Cultures (ECACC,
Salisbury, UK) or the American Type Culture Collection
(ATCC, Manassas, VA, USA). The human fetal astrocyte
cell line SVGA was kindly provided by the group of Chris-
tine Hanssen Rinaldo, University Hospital of North Norway
(Henriksen et al. 2014) with the permission of W. J. Altwood
(Schweighardt et al. 2001). All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Life Tech-
nologies, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS; Invitrogen, Carlsbad, CA, USA or PAN-
Biotech GmbH, Aidenbach, Germany), 1% Penicillin—Strep-
tomyein (10,000 U/ml; Thermo Fisher Scientific, Waltham,
MA, USA), and either 2 mM (A172, LN229) or 6 mM
(SVGA) additional 1-glutamine (Thermo Fisher Scientific).
Cells were routinely checked for mycoplasma contamination
by bisbenzimide staining, and for identity by Short Tandem
Repeat profiling at the Department of Forensic Medicine

(Kiel, Germany) employing the Powerplex HS Genotyping
Kit (Promega, Madison, WC) and a 3500 Genetic Analyser
(Thermo Fisher Scientific, Waltham, MA, USA).

Stimulation of cell lines

For stimulation, the cell lines were seeded with 10% con-
fluency in 6-well culture dishes measured by the deter-
mined size of the cell body compared to the culture-free
area (25,000 cells for SVGA, 20,000 cells for A172 and
45,000 for LN229, respectively). Subsequently, the cells
were stimulated with either 50 M TMZ. [stock dissolved at
100 mM in dimethyl sulfoxide (DMSQ; Sigma-Aldrich, St.
Louis, MO, USA); Sigma-Aldrich], 2.5 pM AT101 (stock
dissolved at 100 mM in DMSO; Tocris, Bristol, UK) or
6 pM HCQ (stock dissolved at 100 mM in ultra-pure H,O;
Sigma-Aldrich) as well as a combination of 50 pM TMZ
plus 2.5 WM AT101 or 50 M TMZ plus 6 uM HCQ, respec-
tively, in DMEM without phenol-red (Life Technologies)
supplemented with 10% FBS for 6 days. In case of sequential
stimulations with different drugs or drug combinations the
treatment was changed after 3 days for another stimulation
period of further 3 days. Controls were stimulated with the
equal volume of either DMSO [0.05% (v/v)] or H,O, respec-
tively. A detailed overview of analyzed treatment schedules
is depicted in Fig. 1 Supplement.

Cytotoxicity assay

To determine the cytotoxic effects the CytoTox-Fluor™
Cytotoxicity Assay (Promega, Madison, WI, USA) was per-
formed according to the manufacturer’s instruction. Briefly,
supernatants of stimulated cells were collected at day 3 and
6 of stimulation and mixed with the fluorogenic bis-AAF-
R110 substrate. The emerging fluorescence was measured
in a microplate reader (GENios, Tecan Group, Maennedorf,
Switzerland) at 485/535 nm. The exact numbers of dead
cells were determined according to different numbers of
digitonin-lysed (82.5 pg/ml; Merck Millipore, Burlington,
MA, USA) cell-dilutions of each cell line. Moreover, the
cell survival was determined by counting of viable cells
with a hemocytometer at day 0, 3 and 6 of the stimulation.
Growth rates were calculated as n-fold amount of alive cells
compared to day 0 of the stimulation (n=3-5 independent
experiments).

Combination index

To analyze the influence of different drug combinations and
their synergy quantification over the influence of their sin-
gle effect, the Chou—Talalay method was used, using the
CompusSyn software (http://www.combosyn.com; Chou and
Talalay 1984; Chou 2010). This analysis determines if the
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effect of a combined treatment with drugs is antagonistic
[combination index (CI)> 1], additive (CI~1), or synergistic
(CI«1).

Statistical analysis

All data have been analyzed with the GraphPad Prism 5
Software (GraphPad Software, La Jolla, CA, USA). To
check for statistical significance, a two-way-ANOVA fol-
lowed by a Bonferroni’s multiple comparison test, compar-
ing all pairs of columns with the control column (=DMSO
or unstimulated control) was employed for data sets (growth
rates/percentage of dead cells) that were constantly treated
with the same drug or drug combination for 6 days, whereas
arepeated one-way-ANOVA followed by Dunnett’s multiple
comparison test, comparing all pairs of columns with the
control column (=TMZ), was employed for all sequential
stimulation schedules at day 6 (growth rates/percentage of
dead cells). Asterisks as well as hashtags indicate statistical
significance: *p < 0.05, *¥p <0.01, ***p < 0.001 respective
#p<0.03, *p <0.01 and #¥p <0.001.

Results

Long-term model for single drug and combined
treatment with temozolomide and alternative drugs

To assess in a first step the effects in our long-term GBM
in vitro model, we performed single (TMZ; HCQ; AT101)
and combined (TMZ + HCQ; TMZ + AT101) drug stimula-
tions for the whole stimulation period, and analyzed cyto-
toxic effects after day 3 and 6. Here, we used drug concentra-
tions adjusted to those measured in liquor/plasma in treated
patients of temozolomide (TMZ, 50 pM) and the alterna-
tive drugs hydroxychloroquine (HCQ, 6 uM) and AT101
(2.5 1M to treat human astrocytes (SVGA) and two different
glioblastoma cell lines (LN229 and A172) for 3 and 6 days.
In general, after 3 days of treatment, amounts of dead cells
were only slightly increased in comparison to control sam-
ples that were left untreated (unstimulated) or obtained the
solvent DMSO in equal volumes as used to solve TMZ and
AT101 (Fig. 1). After 6 days, treatment with TMZ, the gold
standard therapeutic in glioblastoma therapy, yielded signifi-
cantly increased amounts of dead cells for the glioblastoma
cell cultures A172 [9.95-fold +4.29; less TMZ-responsive
(Adamski et al. 2017)] and especially LN229 [12.54-
fold +3.12, more TMZ-responsive (Adamski et al. 2017)],
and also for the astrocytes SVGA (8.12-fold +4.29), but to
lesser extent. In comparison to these cytotoxic effects, single
treatment with HCQ (Fig. 1a) and AT101 (Fig. 1b) were (in
some cases significantly) less effective, yielding at maxi-
mum a 4.98-fold + 3.28 increase of dead cells in LN229 cells
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for AT101. However, in combined treatment of TMZ with
HCQ or AT101, cytotoxic effects were drastically elevated,
yielding a 24.84-fold +7.86 (A172) and 38.77-fold + 16.98
(LN?229) increase of dead cells in glioma cultures after
TMZ + HCQ treatment for 6 days, and 26.11-fold +5.13
(A172) and 33.18-fold +17.92 (LN229) increase of dead
cells after TMZ 4+ AT101 treatment. In comparison to gli-
oma cell cultures, the SVGA astrocytes were less affected,
however drug/combinations partly significantly increased
amounts of death cells [8.12-fold +4.29 (TMZ), 3.52-
fold +2.09 (HCQ), 9.88-fold +3.39 (TMZ + HCQ), 2.55-
fold +1.05 (AT101) and 5.49-fold +0.82 (TMZ + AT101)
increase of dead cells]. To assess the value of combined
drug administration in our treatment schedules, we calcu-
lated combination indices based on the determinations of
cytotoxicity for HCQ and TMZ (Fig. 1¢) and AT101 and
TMZ (Fig. 1d) emploving schedules, respectively. Con-
cerning the non-sequential treatments with TMZ and HCQ
(TMZ/TMZ, HCQ/HCQ and TMZ + HCQ/TMZ + HCQ),
cytotoxic effects act antagonistic in SVGA cells, meaning
the cytotoxicity observed upon TMZ + HCQ treatment was
lower compared to the sum of single TMZ and single HCQ
toxicity. In glioma cells, however, the combined treatment
had additive or even synergistic effects, showing that the
combination of TMZ + HCQ was more effective than the
(expected) effect of the single drugs. Regarding the treat-
ment schedules with AT101, the non-sequential treatments
with the combination TMZ 4+ AT101/TMZ + AT101 yielded
additive effects in SVGA astrocytes and synergistic effects
in A172 and LN229 glioma cells in comparison to the sin-
gle drugs (TMZ/TMZ and AT101/AT101, compare also
Fig. 1b). Thus, we could confirm that our long-term GBM
in vitro model is useful to investigate the effects of different
drug/combinations at concentrations comparable to those
observed in vivo.

Sequential treatment schedules reveal most
effective drug combinations

In a next step, we investigated the cytotoxic effects of TMZ
and the alternative drugs HCQ and AT101 alone or in com-
bination with TMZ in defined sequential treatment schedules
for 6 days, in which the treatment was switched after 3 days
(compare Fig. 1 Supplement). Amounts of dead cells are
shown in Fig. 2a (schemes with HCQ) and Fig. ?b (schemes
with AT101) normalized to single treatment with the gold
standard TMZ for 6 days, so n-fold values in the graphs and
in the following refer to increased amounts of dead cells
in comparison to TMZ. Additionally, we investigated the
proliferation of the remaining cells that were not hit by the
cytotoxic treatment and may therefore model the tumor cell
fraction initializing recurrences (selected growth rates in
Fig. 3a—c, further data in Fig. 2 Supplement). Please refer



Journal of Cancer Research and Clinical Oncology (2018) 144:1475-1485

Publications |27

1479

A SVGA

@
o

S 3d
e 6d ns.

»
-]

(PR
R

n-fold amount
of dead cells
n-fold amount
of dead cells

n-fold amount
of dead cells
n-fold amount
of dead cells

Al172

n-fold amount
of dead cells

o -unstim. = 1

n-fold amount
of dead cells

DMSO = 1

C Combination index for non-sequential D Ci
TMZ+HCQ stimulation

2.0 1.5

1.5

Antaganism

1.04 i Additivity

Synergism 05

Combination index
Combination index

1.07-

0.0-

%
oV
g J
LR @

Fig. 1 Lffect of non-sequential treatments on n-fold amounts of dead
cells compared to control stimulations of astrocytes and two differ-
ent GBM cell lines treated with either TMZ, an alternative drug or
the combination of TMZ plus an alternative drug, Cells were treated
with either 50 pM TMZ, 6 pM HCQ (a) respective 2.5 pM AT101
(h) or the combination of TMZ plus HCQ (a) respective AT101
(b) for 6 days. Cytotoxicity assays were performed at day 3 and 6
of the stimulation {#=3-5). Number of dead cells are depicted as

also to the heatmap in Fig, 4 comprehensively showing ben-
cficial and detrimental effects (n-fold amounts of dead cells
and growth rates of remaining cells) of different treatment
schedules in comparison to TMZ for astrocytes and glioma
cell lines.

Regarding treatment schedules with HCQ, schedules
starting with 3 days TMZ and then switching to HCQ or
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n-fold amount compared to the respective control [dimethylsul-
foxide (DMSQ) or unstimulated|. Obtained data were further ana-
Iyzed in terms of the combined effect of the different drugs by the
Chou-Talalay method (combination index, ¢ for TMZ+HCQ,
d for TMZ+ ATI01 stimulation). Means of raw dala arc signifi-
cantly different for * or fp<0.03, ** or #p<0.01 respective *** or
Wy <0.001

TMZ+HCQ were not significantly more cytotoxic (Fig, 2a)
for SVGA astrocytes, but the switch to TMZ +HCQ yiclded
slightly reduced proliferation of SVGA in comparison to the
switch to HCQ (Fig. 3a, left). In A172 cells, the subsequent
treatment with HCQ or TMZ +HCQ after an initial TMZ
phase viclded only slightly higher cytotoxicity (Fig. 2a)
and reduced proliferation (Fig. 3b, left) in comparison to
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Fig.2 Lffect of sequential treatments on #-fold amounts of dead cells
compared to the gold standard TMZ of astrocytes and two different
GBM cell lines treated with TMZ in combination with the alterna-
tive therapeutics HCQ and AT101. Cells were treated with either
50 pM TMZ, 6 uM HCQ (a) or 2.5 uM AT101 (b) or their combi-
nations depending on the corresponding treatment schedule used (see

single TMZ. treatment. In LN229 cells, the switching from
TMZ to HCQ yiclded slightly higher amounts of dead cells,
being significantly increased after switching to the com-
bination TMZ + HCQ, and in both schedules, the growth
rale was also lower than for single TMZ treatment (Fig. 3c,
left). Thus, when summarizing these results for all cell
types, starting with TMZ treatment and switching to HCQ
was slightly beneficial, but switching to TMZ +HCQ was
more harm[ul in comparison o the single TMZ treatment.
Sequential stimulations starting with 3 days treatment with
HCQ did not yield any increased cytotoxicity and showed
higher growth rates in comparison to single TMZ treatment
in glioma cells. Thus, sequential stimulations were in some
cascs even significantly less effective, but also less harm-
ful for SVGA astrocytes (Fig. 3a and Supplement Fig. 2).
The combined treatment of TMZ +HCQ had already been
shown to be significantly more cytotoxic to glioblastoma
cells in the 6-day treatment period (Fig. 1a), but is also quite
harmful for astrocytes. In the sequential treatment starting
with TMZ 4+ HCQ and switching to the single drugs TMZ.
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Tig. 1 Supplement) over 6 days. Cytotoxicity assays were performed
at day 3 and 6 of the stimulation (z=3-5). Numbers of dead cells are
depicted as n-fold amounts compared to the single TMZ stimulation.
Means of raw data are significantly different for *p <0.03, **p<0.01

or HCQ, the cytotoxic effects and growth rates were only
slightly affected for glioma cells as well as for astrocytes
compared to the non-sequential treatment with TMZ +HCQ
(Fig. 2a).

Focusing on the treatment schedules with ATI101,
schedules starting with 3 days TMZ and then switching to
AT101 or TMZ 4+ AT101 were both a little less harmful for
SVGA astrocyles showing slightly less dead cells (Fig. 2b)
and higher proliferation rates in case of TMZ/AT101
(Fig. 3a) in comparison to TMZ. In glioma cells however,
they were more ellective (signilicant increases [or the
switch to TMZ+ AT101 especially in A172 cells, and to
lower extents to AT101 and TMZ+ AT101 in LN229 cells)
while the growth rates were comparable to those observed
in single TMZ treatment. Thus, a sequential stimulation
switching from TMZ to AT101 or TMZ + AT101 was
beneficial in comparison to non-sequential single TMZ
treatment. Treatment schedules starting with AT101 were
less eytotoxic than the gold standard TMZ. in glioma cells,
no matter which drug/combination was applied after the
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Fig. 3 Effect of selected sequential stimulations on growth rates of
astrocytes and two different GBM cell lines teated according to the
treatment schedules (rel. Fig. 1 Supplement). The relative growth
rales [or day 3 and day 6 of SVGA (a), A172 (b) and LN229 (c) were

initial 3 days of AT101 treatment. However, these sched-
ules were also less harmful for astrocytes (Fig. 2b, Sup-
plement Fig. 2). Moreover, treatment schedules starting
with a combined TMZ + AT101 stimulation were also
promising. Surprisingly, amounts of dead cells were only
slightly increased in glioma cells in comparison to sin-
gle TMZ treatment when TMZ + AT101 was switched to
TMZ, but the switch from TMZ + ATI101 to AT101 alone
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determined compared to the number of cells at day O of the treatment.
Growth rates of cells treated with the gold standard TMZ are high-
lighted with dashed lines

yielded almost as high cytotoxic effects (Fig. 2b) and low-
ered proliteration rates (Fig. 3b, c) as the non-sequential
combination treatment TMZ + AT101. These effects
were significantly higher than the cytotoxic effect of sin-
gle TMZ wreatment. Sequential treatments starting with
TMZ + AT101 for 3 days were not more or even slightly
less harmtul for SVGA astrocytes (Figs. 2b, 3a).
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n-fold amount of dead
cells (TMZ = 1) growth rate

stimulus | stimulus [l SVGA  A172 LN229 |SVGA Al72 LN229

T™MZ 1.00 1.00 1.00 2.35 1.41 2.01
T™Z HCQ 0.71 1.62 1.20 3.32 0.92 1.35

TMZ+HCQ 1.16 %5 1.79 1.17 1.25

TMZ 0.54 2.65 3.25 2.40
HCQ HCQ 3.20

TMZ+HCQ 0.50 0.50 2.08 3.56 2.07

TMZ 1.62 1.26 1.60 1.01
TMZ+HCQ  [HCQ 1.68 1.20

TMZ+HCQ 1.14

T™MZ 1.00 1.00 1.00 2.35 1.41 2.01
TMZ AT101 0.84 1.64 1.67 1.57 1.84

TMZ+AT101 0.67 1.70 1.10 1.93

T™Z 242 23000279
AT101 AT101 371 2.19

TMZ+AT101 0.50 0.67 0.60 2.89 1.98 1.93

T™MZ 0.84 1.38 141 3.57 1.51 1.80
TMZ+AT101 |AT101 0.72 2.98 1.28 1.22

TMZ+AT101 0.81 2.18 1.19 1.08

Fig. 4 Summarized overview over the effect of (non)-sequential treat-
ment on the #-fold amount of dead cells respective growth rates of
astrocytes and two different GBM cell lines depicted as heatmap.
Dala were evaluated based on the comparison to the TMZ treat-
ment, therefore a yellow color (value~1) indicates an equal effect
in comparison to the gold standard therapy. For astrocytes (SVGA)
red colors indicate more cytotoxic effects or lower growth rates com-

Taking together the summarized data in the heatmap
(Fig. 4), we could show in our long-term GBM in vitro
model that sequential stimulations with TMZ, and alternative
drugs like HCQ or AT101 may yield higher cytotoxicity and
better tumor growth control in comparison to single TMZ,
treatment. This was especially the case for the sequences
TMZ/HCQ and TMZ + AT101/AT101 which was as effec-
tive as the non-sequential combination TMZ + AT101.
Additionally, these treatment schedules affected both less
and more TMZ-responsive glioma cell lines, whilst being
less harmful lor astrocyles. Therelore, the sequential treat-
ment with mechanistically differently acting drugs might be
an option to reduce side effects in long-term treatment, for
example in local administration approaches.

Discussion
The efficient treatment of highly malignant, heterogencously

composed GBMs is still a clinical challenge. Although the
quality of life for GBM patients has been improved after
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pared to TMZ, whereas a green color indicates a less cytotoxic effect
respective higher growth rates compared to TMZ. For GBM cells
(A172 and LLN229) colors indicate the opposite: green colors illus-
trale a higher cylotoxic effect respective lower growth rale, whereas
red illustrates a lower cytotoxic effect respective higher growth rate.
Therefore, most promising stimulations for all cells are predomi-
nantly the ones with greenish color

establishment of concomitant radiation therapy with TMZ
followed by maintenance TMZ (Stupp ct al. 2005) and also
by further other advances in therapy, only limited effects
have been achieved in extending survival times of patients
after diagnosis of the disease. The fundamental problem
in the successlul treatment of these tumors is their highly
infiltrative behavior and their pronounced resistance towards
conventional radio- and/or chemotherapy (Ohgaki and Klei-
hues 2005).

Since autophagy has been demonstrated Lo be an adaplive
response Lo both radiation and TMZ (Kanzawa et al. 2004;
Katayama et al. 2007) and, besides others, Bel-2 proteins
enhance resistance to chemotherapeutic agents, such as TMZ
(Krakstad and Chekenya 2010), targeting both autophagy
and Bel-2 proteins could have therapeutic benefits. Thus,
quinoline-based antimalarial drugs (¢.g. HCQ, CQ, QNX)
and BH3 mimetics like AT101 which are well known to
induce autophagic cell death and/or facilitate apoptosis by
competitive inhibition of Bel-2 proteins (Golden et al. 2015;
Opydo-Chanck ct al. 2017, Voss et al. 2010; Warnsmann
ct al. 2018; Yan et al. 2016) were considered as additional
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GBM therapeutics (Bricend et al. 2007; Golden et al. 2015;
Jarzabek et al. 2014; Keshmiri-Neghab et al. 2014; Lee et al.
2015; Li et al. 2008; Rangwala et al. 2014; Rosenfeld et al.
2014; Yan et al. 2016). However, recent approaches mainly
focus on effects of combined TMZ/quinoline-based drugs or
TMZ/BH3 mimetics (accompanied or not by radiotherapy),
such as the approach of Hsu et al., who investigated the com-
bined effect of temozolomide, sirolimus and CQ (Hsu et al.
2018). Anyhow, HCQ was shown to have a safer toxicologi-
cal profile than CQ (Gunja et al. 2009).

Therefore, we consistently investigated the effects of
sequentially applied single and combined TMZ, HCQ and
AT101 treatments in a long-term stimulation GBM in vitro
model and showed that sequential stimulations yielded
higher cytotoxicity and better tumor growth control in
comparison to single TMZ treatment. This was especially
the case for the sequences TMZ/HCQ and TMZ + AT101/
AT101 which was as effective as the non-sequential combi-
nation TMZ + AT101. Importantly, these treatment sched-
ules affected both the less and the more TMZ-responsive
glioma cell line (A172 respective LN229) and were less
harmful for astrocytes, which were comprehensively ana-
lyzed in parallel.

Concerning the efficiency of HCQ for GBM treatment
different results have been presented in the current litera-
ture. Golden et al. (2015) nicely demonstrated that quino-
line-based drugs blocked autophagy and exerted cytotoxic
effects on drug-sensitive and drug-resistant glioma cells with
varying potency (e.g. QNX <« HCQ > CQ) and also killed
glioma cells that were highly resistant to TMZ. Rosenfeld
et al. (2014) noted in a phase I/II clinical trial of HCQ in
combination with radiotherapy and concurrent and adjuvant
TMZ treatment (NCT00486603) that, indeed, a therapy-
associated increase in autophagic vacuoles and LC3-1I as
an autophagocytic marker could be observed in peripheral
blood mononuclear cells. This effect correlated with higher
HCQ exposure, but, unfortunately, dose-limiting toxicity
prevented escalation to higher doses of HCQ. When looking
at the results of our GBM in vitro model, we could indeed
reconstruct these in vivo results: the combination of HCQ
and TMZ was clearly more effective in inducing glioma cell
death and preventing glioma growth, but also quite harm-
ful for astrocytes. Since we used drug concentrations which
were maximal effective on glioma cells but minimal toxic
on astrocytes, and also adjusted them to known measured
liguor/plasma concentrations (Rosenfeld et al. 2014), our
in vitro conditions were approximately comparable to con-
centrations used in vivo (~600-800 mg/day to ~4.5-6 uM).
Interestingly and in contrast, Rangwala et al. (2014) pre-
sented in a phase [ trial of HCQ with dose-intense TMZ in
patients with advanced solid tumors (e.g. brain metastases)
and melanoma that the combination of high-dose HCQ and
dose-intense TMZ. was safe and tolerable, and was associated

with autophagy modulation in patients. Here, a 2 weeks run-
in of single agent HCQ (200-1200 mg/day) was followed by
a combined therapy with dose-intense TMZ (150 mg/m?/
day). This schedule corresponds roughly to our sequential
stimulations starting with 3 days treatment with HCQ and
e.g. switching to HCQ + TMZ. Though, in this sequential
schedule we did not observe any increased cytotoxicity in
comparison to single TMZ treatment in glioma cells, so that
this schedule was even significantly less effective, but also
less harmful for SVGA astrocytes. However, Rangwala et al.
(2014) themselves stated that their dose escalation trail was
not designed to look at efficiency, so that randomized studies
would be necessary to determine if HCQ followed by TMZ
treatment is an advanced treatment schedule. Therefore, tak-
ing into account that sequential stimulations of HCQ and
TMZ seem to be preferable in contrast to combined strat-
egies, we were able to show now that starting with TMZ,
treatment and switching to HCQ was (slightly) beneficial
compared to single TMZ treatment. Thus, further investiga-
tions focusing on the effects of TMZ and HCQ should also
include an alternating treatment schedule of TMZ and HCQ.

Concerning the efficiency of AT101 for GBM treatment
it has been nicely demonstrated that a combined gossypol/
TMZ treatment was associated with inhibition of tumor-
associated angiogenesis, invasion and clonogenic growth
(Jarzabek et al. 2014; Keshmiri-Neghab et al. 2014), and
that AT101 potentiated cell death induced by TMZ (Voss
et al. 2010). Here, lentiviral knockdown of Beclinl and Atg5
in glioma cell lines strongly diminished the extent of cell
death induced by AT101 and combined treatment with TMZ,
indicating that autophagy contributed to this type of cell
death (Voss et al. 2010). Further, Antonietti et al. (2017)
showed that the HSF1/HSP70/BAG3 pathway played a piv-
otal role for overexpression of pro-survival Bcl-2 proteins
and cell death resistance in glioma. Furthermore, BAG3
silencing could significantly enhance AT101-induced glioma
cell death. Beyond, a treatment with gossypol selectively
increased the hydrogen peroxidase levels and impaired
mitochondrial respiration in GBM cells providing new
insights into functional anti-tumorigenic effects of gossy-
pol (Warnsmann et al. 2018). Thus, gossypol and especially
its R-(—)-enantiomer AT101 seem to affect tumor growth in
several different ways making them promising candidates
for future GBM therapy. Contrary to that, although being
well tolerated, gossypol had only a low (but nevertheless
measurable) response rate in a group of heavily pretreated,
poor-prognosis patients with recurrent gliomas (Bushunow
et al. 1999). Indeed, results from Bushunow et al. (1999) are
in accordance with those found in our GBM in vitro model.
Here, treatment schedules starting with AT101 were not as
effective in killing glioma cells as single TMZ treatment, no
matter which drug/combination was applied after the initial
3 days of AT101 treatment. Anyhow, these schedules were
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also less harmful for astrocytes. However, results from a
phase II study of AT101 in recurrent GBMs to determine
the acute and late toxicity of AT101 and the tumor response
rate (NCT00540722) have not yet been published (Krakstad
and Chekenya 2010).

In our hands, more promising treatment schedules were
the sequential stimulation switching from TMZ to AT101
or TMZ 4+ AT101 and from TMZ + AT101 to AT101 alcne
which yielded almost as high cytotoxic effects and lowered
proliferation rates as the non-sequential combination treat-
ment with TMZ + AT101. These schedules were clearly ben-
eficial in comparison to non-sequential single TMZ treat-
ment. Although results from a phase I trial investigating the
side effects and dosage of AT101 in combination with TMZ
with or without radiation in patients newly diagnosed with
GBM (NCT00390403) have not yet been published (Krak-
stad and Chekenya 2010), phase ITb clinical trials of gos-
sypol tested in combination with chemotherapeutic drugs
for treating prostate cancer and other cancers such as lym-
phocytic leukemia, non-small-cell and small-cell lung can-
cer were completed. Here, different results were obtained.
Whereas AT101 was well tolerated in combination with cis-
platin and etoposide with growth factor support and had anti-
tumor activity in a variety of cancers including extensive-
stage small-cell lung cancer (Schelman et al. 2014), AT101
was tolerable but did not extend overall survival when com-
bined with docetaxel plus prednisone in castration-resistant
prostate cancer (Sonpavde et al. 2012). Moreover, AT101
could not reach beneficial response rates when combined
with topotecan in refractory small-cell lung cancer (Heist
et al. 2010). Thus, and in accordance with the results from
our GBM in vitro model, combined AT101 treatment sched-
ules need not to fit for all types of cancer pointing to the
imperative to comprehensively evaluate sequential treatment
schedules which possibly can overcome tumor resistance
being associated with lower side effects.

Summarized, we showed that especially sequentially
applied single and combined TMZ, HCQ and AT101 treat-
ment yielded higher cytotoxicity and better tumor growth
control in comparison to single TMZ treatment in a GBM
in vitro model and were also less harmful for human astro-
cytes. Additionally, these schedules could be useful for
long-term treatment by e.g. advanced local approaches
which can realize a constant drug release with lower side
effects. Indeed, some initial steps towards this way were per-
formed by producing either molecularly imprinted polymer
structures for selective recognition and adsorption of gos-
sypol (Zhi et al. 2018) or versatile hyaluronic acid modi-
fied AQ4N-Cu(Il)-gossypol infinite coordination polymer
nanoparticles (Shen et al. 2018), as wells as by loading HCQ
into liposomes decorated with a pH-sensitive TH-RGD tar-
geting peptide (Wang et al. 2016). In perspective, managing
GBM chemoresistance in connection with a suitable quality
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of life for treated patients will require both improved treat-
ment strategies and alternative drug delivery systems.
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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:

e Conceptualization and design of study

e Assay development of the in vitro dual co-culture resection models

o Experimental investigations based on the complete dual co-culture resection model
e Analysis of data & visualization

o Discussion and interpretation of results

e Writing of the original draft for submission

The following content in this chapter is reproduced with permission.
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Background; The treatment of glioblastomas (GBM) is still a clinical challenge. Current GBM therapeutic
plans focus on the development of new strategies for local drug administration in the tumor cavity to
realize an efficient long-term treatment with small side-effects. Here, different amounts of residual GBM
cells and healthy brain cells define the microenvironment of the tumor cavity after individual surgical
GBM resection (complete or incomplete).

Methods: We evaluated available in vivo data and determined the required amounts and numerical ratios
of GBM and healthy brain cells for our in vitro (in)complete resection dual co-culture model. We applied a
generic two-drug treatment [Temozolomide (TMZ) in combination with AT101, followed by single AT101

Keywords:
Glioma co-culture in vitre model
R-(—)-gossypol

AT101

Temozolomide treatment] strategy and analyzed the results in comparison with appropriate mono-culture systems to
Sequential treatment prove the applicability of our model.

Resection grade Results: We established a suitable GBM dual co-culture model, mimicking the complete and incomplete

Tumor microenvironment resection in vitro, giving stable and reliable results on drug testing. Both dual co-culture conditions protec-
tively influenced on cell death and growth rates of primary GBMs when treated with TMZ + AT101/AT101,
although the treatment strategy per se was still efficient. Cell death of astrocytes correlated with amounts
of increasing GBM cell numbers in the incomplete resection model upon drug treatment, and probably
GBM-released chemokine and cytokines were involved in this interplay.
Conclusions; Our results suggest that this dual co-culture model provides a biologically relevant platform
for the discovery and compound screening of local GBM treatment strategies.
© 2019 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC
BY-NC-ND license (http://creativecommaons.orgflicenses/by-nc-nd /4.0/).

1. Introduction

Glioblastomas (GBMs) are highly malignant primary brain
tumors characterized by a pronounced resistance to chemo- and
radiotherapy and an infiltrative progression resulting in the devel-
opment of rapid relapses (Ohgaki and Kleihues, 2005). Despite
great improvements in microsurgery and aggressive upfront treat-
ment, patients’ prognosis still remains poor (Ohgaki and Kleihues,

Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; DMSO, dimethyl
sulfoxide; FBS, fetal bovine serum; GBM, glioblastoma multiforme; PC, primary
culture; TAM, tumor associated macrophages; TMZ, Temozolomide.
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Kiel, Germany.

E-mail address: Janka.Held-Feindt@uksh.de (J. Held-Feindt).
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2005). Current guidelines for the treatment of GBMs include tumor
resection followed by a combined radiochemotherapy. Complete
resection of the contrast-enhancing tumor bulk is still a mainstay
of GBM therapy offering the best chance for prolonged patients’
survival (Bette et al., 2018; Grabowski et al., 2014; Kreth et al.,
2013; Trifiletti et al., 2017). However, due to the typical diffuse
tumor extension affecting often eloquent regions and several other
patient-related risk factors {e.g. advanced age, low Karnofsky Per-
formance Scale scores, co-morbidity), the majority of GBM patients
still undergo incomplete resection (Grabowski et al., 2014 Kreth
et al., 2013). As a result, post-surgery chemotherapeutic treat-
ment has to deal with a complex patient-personalized situation
— different sizes and amounts of still existing tumor volumes/cells
have to be ideally eradicated without affecting healthy brain cells.
Indeed, it was shown that the resection grade clearly influences the
chemotherapeutic treatment efficiency. When analyzing cohorts
of GBM patients with low/high residual tumor volume treated

0940-9602/© 2019 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0f).
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Table 1
Calculations on cells for the establishment of the {in)complete resection model.

Mean size [cm?]

Human astrocytes

Human microglia Human primary GBM (PC1/PC2)

3.15*10-° 2.7-5 3310
% cells 1% 29% T0%
Incomplete resection Number of cells in 28.3 cm? 8.9°10° 2.9410° 6*10°
Actual seeded number of cells 2.7°10° 8.7°104 1.8%10°
% cells 80% 10% 10%
Complete resection Number of cells 71810° 1°10° 8.6°10*
Actual seeded number of cells 1.2°10° 1.7¢10* 155104

with/without combined radiochemotherapy, those with low resid-
ual volumes (“complete resection”) and Stupp scheme treatment
showed the best prognosis, whereas patients with high residual
volumes (“incomplete resection”) without Stupp scheme exhibited
the worst prognosis(Bette et al,, 2018 ). Thus, besides itsimportance
for the analysis of patients’ overall survival, this data clearly impli-
cates that GBM resection grade has to be taken into account when
proving the efficiency of current and new drug treatment strategies.

Contrary to this, current GBM in vitre models used for preclini-
cal testing of promising new drugs or treatment strategies mostly
neglect the importance of the complete or incomplete GBM resec-
tion situation. Although a variety of different GBM in vitro models
and novel culture sytems were developed - e.g. 3D organotypic
spheroids, tumor organoids, brain slices, microfluidic systems or
“mini-brains” (Balvers et al., 2017; Caragher et al., 2019; Lenting
et al., 2017; Manini et al., 2018; William et al., 2017) — different
proportions of tumor and healthy cells representing the complete
and incomplete resection are still not common in these models.
This point becomes even more relevant when the applicability of
systems for local drug treatment strategies of GBMs should be eval-
uated. After placement in the resection cavity and according to
the individual resection situation, these systems and the released
drugs influence different proportions of healthy and tumor cells.
Whilst after a complete resection of the tumor the relation of sin-
gle remaining GBM cells is very low compared to healthy cells in
the wall of the resection cavity, the proportion of GBM cells after
an incomplete resection is much higher.

Todeal especially with this point, we now established and tested
the applicability of a GBM dual co-culture model, mimicking in
vitro the complete and incomplete resection, by using different
proportions of healthy and tumor cells and applying an exem-
plary two-drug treatment strategy. Since in our hands GBM cells
influenced on the death of astrocytes in the incomplete resection
dual co-culture model, we analyzed in a first attempt, which GBM-
released soluble factors may be involved in this interplay, and
whether a minimal amount of GBM cells was essential to trigger
this effect.

2. Materials and methods
2.1, Gultivation of primary cells and cell lines

Human primary GBM samples were surgically dissected at
the Department of Neurosurgery (Kiel, Germany) in accordance
with the Helsinki Declaration of 1975 and with approval of the
ethics committee of the University of Kiel, Germany, after written
informed consent of donors (file references: D471/15and D524/17).
Tumors were diagnosed and classified according to WHO criteria by
a pathologist. Cultured human primary GBM cells were generated
by dissociation of tumor material and cultured under non-stem
cell conditions as previously described (Hattermann et al., 2010).
The human fetal astrocyte cell line SVGA was kindly provided
by the group of Christine Hanssen Rinaldo, University Hospital of
North Norway (Henriksen et al., 2014) with the permission of W.

J. Altwood (Schweighardt et al., 2001). The human microglial cell
line HMC3 was purchased by the American Type Culture Collec-
tion (ATCC, Manassas, Virginia, USA). All primary cells or cell lines
were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS; PAN-Biotech GmbH, Aidenbach, Germany),
1% Penicillin-Streptomycin (10,000 U/ml; Thermo Fisher Scientific,
Waltham, MA, USA), and 2mM additional L-glutamine (Thermo
Fisher Scientific). Cells were routinely checked for Mycoplasma con-
tamination by bisbenzimide staining.

2.2. Stimulation of cell lines

For stimulation, primary tumor cells as well as SVGA and HMC3
were seeded in numbers as depicted in Table 1 or as given in the
result part in DMEM without phenol-red (Life Technologies) sup-
plemented with 10% FBS, 1% Penicillin-Streptomycin and 2 mM
L-glutamine (from now on named as stimulation medium) to
adhere overnight at 37°C/5% CO;. Cells which were seeded on
coverslips (@ 18 mm) were allowed to adhere in 30 wL medium
for three hours, prior to the flooding of the cell culture inserts
(Millicell®-CM 0.4 pm, Merck Millipore, Burlington, MA, USA)with
2mL medium. On the following day, cells where washed with
PBS, medium was exchanged to stimulation medium containing
50 LM TMZ [stock dissolved at 100mM in dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St. Louis, MO, USA)] and 2.5uM AT101
(stock dissolved at 100mM in DMSO; Tocris, Bristol, UK), and
cells were cultured up to three days. On day three medium was
exchanged to DMEM without phenol-red including supplements
plus 2.5 .M AT101, and cellswere cultivated for another three days.
This therapeutic plan was shown to be highly efficient in a long-
term glioblastoma in vitro model published by our group before
(Adamski et al., 2018). Controls were stimulated with the equal
volume of DMSQ. Cytotoxicity assay (see below) was performed
after three and six days of stimulation, respectively.

2.3. Cytotoxicity assay

To determine the cytotoxic effects, the quantitative CytoTox-
Fluor™ Cytotoxicity Assay (Promega, Madison, WI, USA) was
performed according to the manufacturer’s instruction. Briefly,
supernatants of stimulated cells were collected at day three and
six of stimulation, respectively, and mixed with the fluorogenic
bis-AAF-R110 substrate, at which supernatants were taken from
each compartment in order to measure cytotoxicity for each cell
type separately. The emerging fluorescence was measured in a
microplate reader (GENios, Tecan Group, Maennedorf, Switzerland)
at 485/535nm. The exact numbers of dead cells were determined
according to different numbers of digitonin-lysed (82.5 pg/ml;
Merck Millipore, Burlington, MA, USA) cell-dilutions of each cell
line. The percentage of dead cells on day three and six, respectively,
was determined as described in equation 1 and 2. Moreover, the cell
survival was determined by counting of viable cells with a hemo-
cytometer at day 0, 3 and 6 of the stimulation. Growth rates were
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calculated as n-fold amount of alive cells compared to day 0 of the
stimulation (1 =3-5 independent experiments).

amount of dead cells (day 3)

dead cells (day3)[%] =

amount of dead cells{day 3) + amount of viable cells(day 3)

amount of dead cells(day3 + day6)

% 100 (1)

dead cells(day6)[%] =

2.4, Quantitative reverse transcription-polynierase chain
recation (qQRT-P(R)

RNAs of different mono- and co-culturted cell types were
isolated with the TRIzol® Reagent (Thermo Fisher Scientific)
or with the ARCTURUS® PicoPure® RNA Isolation Kit (Applied
Biosystems, Waltham, MA, USA) according to the manufacturer’s
instructions at day three of stimulation. DNase digestion, cDNA
synthesis, and qRT-PCR were performed as described before
(Hattermann et al., 2010) using TagMan primer probes (Applied
Biosystems): CCL3 (Hs00234142_m1), CCR1 (Hs00174298_m1),
CCR4 (Hs00747615.s1), CCR5 (Hs00152917m1), interleukin-1p
(IL-1B) (Hs01555410m1), interleukin-1 receptor (IL-1BR)
(Hs00991010.m1), interleukin-6 (IL-6) (Hs00985639.m1),
interleukin-6 receptor (IL-6R) (Hs010756641m1), tumor necrosis
factor-a (TNF-at) (Hs00174128.m1), tumor necrosis factor-a
receptor 1 (TNF-aR1) (Hs01042313.m1), glycerinaldehyde 3-
phosphate dehydrogenase (GAPDH) (Hs99999905.m1). Cycles of
threshold (Cr) were determined, and ACr values of each sample
were calculated as CTgene of interest — CTcappH. The induction of gene

expression upon stimulation is displayed as n-fold expression
changes =7 ACTeontrol — ACTstimulus

2.5, Statistical analysis

All data has been analyzed with the GraphPad Prism 5 Soft-
ware (GraphPad Software, La Jolla, CA, USA) and is dispicted as
mean + standard deviation, if not described different. To check
for statistical significance on percentage of dead cells between
treatment and control, a paired student ¢-test (for mono-culture
controls) and a repeated-measures Two-Way ANOVA followed by
Bonferroni’s multiple comparison test (co-cultures)was employed.
To study the effect between culture conditions (mono- vs. co-
culture) on the percentage of dead cells, a repeated measures
Two-Way ANOVA followed by Bonferroni’s multiple comparison
test was applied, comparing all cells on different days of cul-
ture. To compare growth rates of mono- and co-cultures upon
different treatment over the time (three vs. six days), a Two-Way-
ANOVA followed by Bonferroni’s multiple comparison test was
used. To study the differences in gene expression upon treatment
as well as the cultivation technique after three days in PC1 cells,
a repeated-measures Two-Way ANOVA followed by Bonferroni’s
multiple comparison test of the AACT values was used. The native
expression of the respective receptors on SVGA and HMC3 cells
was analyzed for statistical significance by a repeated measures
Two-Way ANOVA followed by Bonferroni’s multiple comparison
test, comparing the ACT values of each cell line in mono- vs. co-
culture. To determine the influence of PC1 cell density on the
growth rate as well as cytotoxicity on SVGA cells in the incom-
plete resection model, a one-tailed correlation analysis by Pearson
was employed. R values are dispicted in the graphs, whereas values
close to 1 respectively —1 indicate correlation respectively inverse
correlation between analyzed parameters. Asterisks indicate sta-
tistical significance: *p<0.05, *p<0.01, ***p<0.001 respective
****p<0.0001.

amount of dead cells(day3 + day6) 4 amount of viable cells(day &)

x 100 (2)

3. Results

3.1. Establishment of the GBM (in)complete resection dual
co-culture model

Glioblastoma tumor tissue does not only consist of tumor cells,
but also of normal brain cells, which are part of the tumor microen-
vironment. To mimic in vitre the in vive influence of the tumor
microenvironment on GBM-treatment strategies, we developed
two in vitro models which either mimic the total resection (com-
plete) or the subtotal resection (incomplete) of the tumor mass. To
estimate the cell numbers needed for the (in)complete resection
models in vitro, different assumptions were made:

(1) Cell amounts and ratios of healthy and GBM cells after the
(in)complete resection of the tumor were determined accord-
ing to published results. The majority of non-tumorus cells in
the tumor microenvironment are glial cells (30% of the bulk
tumor mass), which can be divided into 29% tumor-associated
microgliajmacrophages and 1% reactive astrocytes (Roggendorf
et al., 1996: Matias et al., 2018; Guan et al., 2018). Therefore,
cell ratios were chosen as 70%, 29% respective 1% for primary
GBM cells, HMC3 microglia and SVGA astrocytes respectively,
for an incomplete resection of the tumor. In contrast to that,
the complete resection mimics the ratios of normal brain tis-
sue with little amount of remaining GBM cells. However, the
knowledge of cell ratios in the healthy brain is quite diverse,
with anaverage of around 40% oligodendrocytes, 40% astrocytes
and 20% microglia (Bartheld et al., 2016). Moreover, precise cell
ratios after a complete resection of a GBM tumor are not yet
described in literature, to our knowledge, whereas it is known
that GBM cells strongly interact with the surrounding tissue by
e.g. attracting astrocytes toward the tumor side and therefore
influencing their proliferation(Matiasetal.,2018; Oliveiraetal.,
2017; Quail and Joyce, 2017). Therefore, expecting anincreased
number of astrocytes and a decreased number of microglia (due
to the removal of the direct tumor microenvironment during
the full resection), cell ratios of 80%, 10% and 10% were chosen
for SVGA astrocytes, HMC3 microglia respective GBM primary
cells for the complete resection model of a GBM tumor.

(2) Cell numbers on the surface area of the resection cavity were
determined after calculation of the surface of the resection hole
and the 2D-sizes of the different cell types. The surface area
of the resection hole was calculated as 28.3 cm?, assuming a
typical tumor diameter of 3cm (Murray, 2012; Bette et al.,
2018). Therefore, the volume of the tumor cavity to be filled
with cerebrospinal fluid was calculated to be 14.1 mL for a 3 cm
tumor in diameter. The mean 2D-sizes of primary GBM cells,
HMC3 microglia and SVGA astrocytes were determined by scal-
ing of cells with the Fiji software (Fiji contributors), after taking
phase-contrast images with an Axiovert 200 microscope (Carl
Zeiss AG) and the AxioVision 40 software (Carl Zeiss AG). After
this, the cell numbers to be found on the surface area of the
resection cavity were calculated based on the cell-ratios present
in the different resection models (see Table 1).
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Fig. 1. Effects of the Temozolomide (TMZ) + AT101/AT101 treatment in the incomplete resection model on the percental amounts of dead cells and individual growth rates
of two dilferent mono- vs. co-cultured primary human glioblastoma cultures (PC1 and PC2), associated human astrocyles (SVGA) and microglial cells (HMC3) compared to
appropriate dimethyl sulfoxide (DMSO)-treated control samples (A and B, respectively). Cells were treated with 50 WM TMZ and 2.5 uM AT101 for three days, followed by
2.5 LM AT101 without additional TMZ for another three days. Cyloloxicity assays and cell counting were performed at day three and six of the stimulation (i =3-5). Means
of raw data are significantly different for *p < 0,05, **p <0.01, ***p <0,001 respective ****p < 0,0001,

(3) Cells must survive in our dual co-culture model for up to six
days without any trypsinization (cell de-attachment) process.

According to these three topics, we scaled down numbers and
ratios of different cell types proportionately to be practicable for
in vitro handling, As a result, cell numbers and ratios of the com-

plete and incomplete resection dual co-culture model differed in
the two models at the beginning of experiments (Table 1), but,
this was necessary to approximately represent the in vivo situation.
However, of course they did not differ between control and stim-
ulated samples of the individual complete or incomplete model,
respectively,
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601 - =« growth rate = %dead cells r20 (DMSO)-treated PC1 controls grown in co-cultures were character-
. 507 F18 ized by a slightly slower growth rate vs. mono-cultured ones, and
g 40 16 & this effect was significant between the different culture conditions
> 301 S (p<0.01).
2 204 r= 0.9993, *p<0.05 ri4 g The survival of human astrocytes grown in mono- and co-
2 40 L12 & cultures in the incomplete resection model was also slightly
[ 5o I8 e affected by the treatment, however, this effect was clearly more
- 6 I pronounced in co-cultures pointing to an additi-onal influence
g 3§ g of GBM cells on the treatment-dependent survival of human
Y {__J_‘f_'_o_»_g_g_gsn **p<0.01 r4 2 astrocytes (Fig. 1, A/B middle column, different amounts of dead
[ A E L2 cells statistically significant between varying culture conditions
ol— . . after three days of treatment, p<0.05 and p<0,01 for PC1 and
25000 75000 150000 PC2 mono-/co-cultured SVGA cells). An influence of GBM cells

number of seeded PC1 cells

Fig. 2. Correlation analysis between seeded glioblastoma cell amounts and per-
centages of dead astrocytes and growth rates in the incomplete resection model
determined after three days of treatment with TMZ + AT101/AT101, Variable
amounts (25,000 up to 150,000 cells) of co-cultured primary human glioblastoma
cells (PC1)were chosen, whilst cell amounts of co-cultured human astrocytes (SVGA)
and microglial cells (HMC3) remained constant in the incomplete resection model.
Cells were treated with 50 uM TMZ and 2.5 .M AT101 for three days, and cytotoxi-
city assays and cell counting were performed (n=3). Rvalues close to 1 respectively
—1 indicate correlation respectively inverse correlation between analyzed param

eters, Correlation coefficients r after Pearson are significant for *p < 0,05 respective
**p<0.01.

To finally create the two in vitro co-culture models, cells were
co-cultivated guaranteeing the exchange of molecules (crosstalk),
but without a direct contact between the cell types. Hence, cells
were either seeded in 10 cm culture dishes (greater cell population)
or grown on cover slips (smaller cell populations) in cell culture
inserts (0.4 pm pore size) placed into the culture dish on top of
the greater cell population, To mimic the free cavity volume to be
filled with cerebrospinal fluid after the removal of the tumor, 10 mL
culture medium was added to the 10cm culture dish, whilst 2 mL
medium was added to each insert, yielding total of 14mL in the
system.

3.2. Applicability and biological relevance of the GBM
(in)complete resection dual co-culture model

To prove the applicability and biological relevance of our in vitro
GBM (in)complete resection dual co-culture model, we chose a
therapeutic plan recently published by our group shown to be use-
ful for the treatment of human mono-cultured commercial GBM
cell lines and similarly protective for human mono-cultured astro-
cytes in vitro (Adamski et al., 2018). Here, a sequential treatment
with Temozolomide (TMZ) and AT101, the R-(-)-enantiomer of
the naturally occurring cottonseed-derived polyphenol gossypol,
firstly applied as a combination for three days followed by sin-
gle AT101 treatment for another three days (TMZ + AT101/AT101),
yielded higher cytotoxicity and better tumor growth control in
comparison to e.g. single TMZ treatment.

We applied this therapeutic plan to our GBM (in)complete resec-
tion dual co-culture model using human primary GBM cells and
different portions of normal brain and tumor cells according to
the resection grade, compared our findings to appropriate mono-
cultures of the different cells types and summarized our results in
Figs. 1-4,

When looking at the GBM incomplete resection model (Fig. 1),
TMZ +AT101/AT101 was clearly efficient to kill and inhibit the
growth of two different primary GBMs (PC1 and PC2, Fig. 1, left col-
umn) grown in mono- and co-cultures after six days of treatment.
However, the amounts of dead cells (PC1 and PC2) and the inhi-
bition of proliferation (PC1) were less in co-cultures compared to
mono-cultures even though these effects were not statistically sig-
nificant (Fig. 1, A/B, PC1 and PC2), Interestingly, dimethyl sulfoxide

on SGVA cells was also detectable after three days (PC1 mono-
vs. co-cultured SVGA cells) and six days (PC2 mono- vs. co-
cultured SVGA cells) of cultivation time in DMSO-treated control
samples (p<0.01 and p<0.05). Further, PC1 co-cultured DMSO-
treated astrocytes showed in comparison to mono-cultured ones
an increased growth rate (p<0.001). However, this increased pro-
liferation rate was not observable in PC2 co-cultured astrocytes,
although the TMZ + AT101/AT101 treatment slightly influenced the
growth rate of both PC1 and PC2 co-cultured SVGA cells (Fig. 1,
A/B middle column). Interstingly, when applying different amounts
of PC1 GBM cells (25,000; 75,000; 150,000) whilst cell amounts
of SVGA and HMC3 remained constant in the incomplete resec-
tion model upon drug treatment, a significant positive correlation
between numbers of GBM cells and percentages of dead astro-
cytes was detectable (Fig. 2). Here, increasing amounts of GBM
cells caused a decrease on the survival of co-cultured astrocytes.
Concomitant with these observations, a significant negative corre-
lation was detectable for the growth rate of astrocytes upon rising
PC1 GBM cell concentrations (Fig. 2).

Human HMC3 microglia cells were not notably affected by the
TMZ+AT101/AT101 treatment and the different culture conditions
(Fig. 1, A/B right column). No clear effects were detectable for both
controls and drug-treated samples with exception of a slightly
increased growth rate of PC2 co-cultured HMC3 cells compared to
meono-cultured ones (Fig. 1, B right column, bottom, p <0.05).

To determine in a first attempt, which GBM-released soluble
factors maybe responsible for the influence of GBM cells on co-
cultured healthy brain cells in the incomplete resection situation,
we exemplarily analyzed the mRNA expression of GBM-releasable
factors in PC1 cells after three days of treatment, and vice versa
the expression of possible receptors in astrocytes and microglia
cells as well, Since it is well known that chemokines as well as
cytokines are important mediators in the brain and GBM biclogy
(Matias et al., 2018), we restricted our investigations first of all
on these factors choosing exemplarily interleukin (IL)-1 and IL-6
with their corresponding receptors IL-1R and IL-6R, tumor necro-
sis factor-a (TNF-at) and its receptor TNF-RSF1, and the chemokine
ligand 3 (CCL3) with its receptors CCR1, CCR4 and CCRS5. Results
are depicted in Fig. 3, A-D. Interstingly, IL-1, IL-6, TNF-o and CCL3
mRNA expression was induced in both mono- and co-cultured
TMZ plus AT101-treated GBM cells compared to appropriate con-
trols samples, but to clearly lower amounts in co-cultured GBM
cells compared to mono-cultured ones. These effects (induction
under drug-treatment irrespective of culture conditions and lower
induction in co-cultured GBM cells) were most pronounced and sta-
tistically significant for CCL3 (Fig. 3, D). Further, the corresponding
receptors of investigated cyto- and chemokines were found to be
expressed on both astrocytes and microglia cells with exception of
the CCL3 receptor CCR5 (data not shown). However, basic expres-
sion of different receptors did not differ between different culture
conditions (Fig. 3, A-D).

When looking at the GBM complete resection model (Fig. 4),
TMZ +AT101/AT101 was also efficient to kill and inhibit the growth



6
= 3 IL6R
A G . IL6 in PC1 i, c
2 § ]2 mono-cuure
Z. 2 co-culture
=1 .
10 E1
3 E
s -
§a
%
2. 15
2 g
g, ¢
g, £ 20
¢ " mono-culturs  co-cuitura 2% sven  mmes
3
B el IL1p in PC1 H IL1R D
.‘ £
2% 5 "0 mono-cuture
E 15- - co-culture
8 i
510 i
H E
E 5 E"
3 5
33
e E -
3 g
[T 5
H o g 20
[ sree——— T a——,
H

n

4AC; Relative expression (DMSO

1

A4Cq Relative expression (DMSO

Publications |41

C. Schmitt et al. f Annals of Anatomy 228 (2020) 151440

SVGA  HMCD

svea

HME3

TNFa in PC1 3 TNFRSF1
- co-culture
,_!5 5
3
E
@ 10
H
B
g
]
20
mono-culture  co-culture £ svea  wme
CCL3 in PC1 3 CCR1 3 CCR4
E° (=] It E" (=] ity
§ |2 monccurue § |2 mono-curure
E eo-culture - ca-culture
L z
3 3
ran E E
% g0 i
N e 5 :
. —= 5 s
o g
i < H
o E 20 E

mono-culture  co-culture

Fig. 3. mRNA expression of different chemokines and cytokines in PC1 cells, SVGA and HMC3 in the incomplete resection model. Co- and mono-cultured cells were
treated with 50 pM TMZ and 2.5 uM AT101 for three days, respectively, RNA was isolated and qRT-PCR was performed (n=3). Cycles of threshold (CT) were determined,
and ACT values of each sample were calculated as CTgene of interest - CTgappy. The induction of gene expression upon stimulation is displayed as n-fold expression
changes = 24¢Teontrol- ACTstimulus_Tagq js significantly different for **p<0.01 respective ***p<0.001.

of PC1 and PC2 primary GBMs (Fig. 4, A/B, left column) grown in
mono- and co-cultures — especially after six days of treatment.
However, for PC1 the treatment was less effective in both mono-
and co-cultured cells when comparing the results to the data of
the incomplete resection model (Figs. 1 and 4, A, right column).
Additionally, the treatment was less effective in co-cultured PC1
and PC2 vs. mono-cultured ones in the complete resection model
reflected by less amounts of dead cells (different amounts of PC1
dead cells statistically significant between varying culture condi-
tions after six days of treatment, p<0.01). Moreover, the growth
rates of DMSO-treated control samples were slightly increased
in co-cultured vs. mono-cultured PC1 and PC2 cells, whereas the
growth rates of drug-treated co-cultured samples varied between
in- or decreased effects in comparison to investigated GBM mono-
cultures, However, all these effects were not statistically significant
between different culture conditions.

The survival of human astrocytes grown in mono- and co-
cultures in the complete resection model was only very slightly
affected by the treatment and also less pronounced in compari-
son to the results of the incomplete resection model (Figs. 1 and 4
A/B, middle column). Remarkably, in the complete resection model,
co-culture conditions did not increase the cytotoxic effects of treat-
ment in SVGA cells as it was observed in the incomplete model.
The growth rate of human astrocytes was also slightly influenced
by the treatment, but no differences were detectable between dif-
ferent culture conditions with exception of a minimally decreased
growth rate of PC2 co- vs. mono-cultured SVGA cells in the control
samples (Fig. 4, B, middle column, bottom, p<0.05).

Human HMC3 microglia cells were not notably affected by the
TMZ +AT101/AT101 treatment and the different culture conditions
(Fig. 4, A/B right column). However, slightly increased amounts of
dead HMC3 cells were detectable in DMSO-treated control samples
grown for three days in co-cultures compared to mono-cultures
(Fig. 4, A, right column, top, p<0.001). Additionally, no clear effects
were detectable for the growth rates of the microglia cells with
exception of a slightly decreased growth rate of PC1 co-cultured
control-treated HMC3 cells vs. mono-cultured ones (Fig. 4, B right
column, top, p<0.05).

Summarized, our in vitro GBM (in)complete resection dual co-
culture model was suitable for drug testing giving stable and
reliable results. Here, co-culture conditions clearly influenced the
amounts of dead cells and the growth rates of especially primary

GBMs and - to clearly less extents - normal astrocytes when treated
with TMZ+AT101/AT101, although the treatment strategy per se
was still efficient to kill primary GBM cells, Further, it seems that
GBM cells influenced on the survival of normal astrocytes depen-
dently on their cell amounts in the incomplete resection model,
probably by the involment of different GBM-released chemokines
and cytokines, Both the incomplete and especially the complete
resection co-culture protected GBM cells from the drug treatment.

4. Discussion

The treatment of GBMs, which are known as heterogeneously
composed, chemoresistant and highly malignant brain tumors, is
still a clinical challenge. Although a broad range of different ther-
apeutic strategies were developed in the past years, most drugs
failed to predict clinical efficiency (Caragher et al., 2019). To over-
come this problem, various improved pre-clinical in vitro test
systems were designed. The use of patient-derived GBM cells, the
addition of different growth factors and tumor-secreted mediators,
the imitation of the brain’s unique extracellular matrix and circula-
tuing structures as well as the establishment of complex co-culture
and 3D-culturing systems including normal brain cells and vari-
ous nutrient sources for the tumor metabolism (e.g. organotypic
spheroids, 3D scaffolds, brain slices, cerebral or tumor organoids)
are only some examples for these constant efforts (Caragher et al.,
2019). However, more and more current GBM therapeutic plans
focus on the development of new strategies for placement of
promising drugs directly in the tumor cavity to realize an effi-
cient long-term treatment with small side-effects. In this special
case, different amounts of residual GBM cells and healthy brain
cells define the microenvironment of the tumor cavity according to
the individual surgical GBM resection grade (complete or incom-
plete). Consequently, to prove the treatment efficiency of promising
drugs for their local administration, the development of specialized
in vitro systems are mandatory.

Thus, we established a GBM dual co-culture model, mimicking
the complete and incomplete resection in vitro. To this, we obtained
available in vivo data according to known average GBM sizes, resec-
tion grades, volumes and compositions (Bette et al., 2018; Gieryng
et al,, 2017; Grabowski et al., 2014; Graeber et al,, 2002; Trifiletti
etal, 2017; Quail and Joyce, 2017; Bartheld et al., 2016), calculated
the tumor surface area and measured the mean size of our used
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primary GBM and healthy brain cells, and determined in this man-
ner the required amounts and numercial ratios of GBM and healthy
brain cells for our in vitre (injcomplete resection model.

To date a multitude of different GBM in vitro models were
developed (reviewed in Balvers et al., 2017; Caragher et al.,, 2019;
Lenting et al,, 2017; Manini et al,, 2018), Ideally, they have to deal

with several topics to approximatively reflect the in vivo situation:
e.g. tumor heterogeneity, cellular plasticity, microenvironmental
factors including the brain extracellular matrix, regional differ-
ences in the tumor microenvironment, nutrient availability and
metabolism, and the existence of non-tumor cells, which produced
and are influenced by secreted factors as well as contact-mediated
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interactions (Caragheretal., 2019; Lenting et al., 2017; Manini et al.,
2018). When comparing the dual co-culture model used in this
study to mono-culture systems including e.,g. GBM neurospheres,
or solely GBM-cells containing three-dimensional (3D) scaffolds,
probably, our model will better predict ir vive responses since it
includes the paracrine communication of different cell types in a
surgical-relevant manner. Further, cell retrieval from polystyrene
scaffolds is never 100% effective probably selecting cell subpop-
ulations that are more loosely attached to the matrix (Caragher
et al., 2019). Since we used culture dishes as well as cover slips
in cell culture inserts as basis for cell attachment, we have the
possibility to efficiently retrieve different cell types in our model.
Therefore, although only a parcrine communication between the
different cell types is allowed in our model, we are able to ana-
lyze the response to e.g. drug treatment on the different cell types
separatively. However, the missing of the cell-cell interconnec-
tivity in our dual co-culture model is a clear limitation of our
in vitre system. The influence of cell-cell-interconnectivity is bet-
ter reflected by e.g organotypic spheroids derived from biopsies
or brain tumor slices comprising directly interconnected multiple
cell types (Caragher et al., 2019; Lenting et al., 2017; Manini et al.,
2018). However, using these systems it is not possible tomimick the
complete and incomplete resection situation in vitro since defined
cell amounts and ratios of different cell types could not be easily
obtained. Nevertheless, these systems could be more stable to drug
treatment strategies also under cultivation conditions without or
with only low serum addition. In our system, healthy brain cells
(especially HMC3 microglia cells) were strongly affected already
in control samples without drug treatment when cultured up to
six days only with addition of 0.5% FCS (data not shown). As a
result, cultivation must be realized with 10% FCS supplementation
in our dual co-culture model. Nevertheless, it is kown that high
serum addition does not represent the physiological in vive situa-
tion favoring e.g. epigentic changes as well as alterations in copy
numbers of growth receptors (William et al., 2017), therefore this
limitation of our model should be clearly stated. Further improve-
ments in the co-culture methodologyyielded into the development
of the so-called lab-on-a-chip technology that allowed the cre-
ation of in vitre models mimicking the complexity of the in vivo
environment (Menon et al., 2014). However, it is still rather chal-
lenging to create co-culture systems allowing cell-cell interactions
combined with an easy control of different colonies of cells. Yet,
Menon et al. (2014) published a possibility for discriminative cell
seeding and to induce cellular interaction in a co-culture region.
Further, Lin et al. (2018) developed a biomimetric microsystem
that reconstitutes glioma perivascular niches on a chip to precisely
control stem cell co-culture, Liu et al. (2017) simulated a three-
dimensional tumor-microvascular structure on a microfluidic chip
to study antioxidants effects on glioma cells in vitro, and Marino
et al. (2018) fabricated a 3D real-scale, biomimetic and biohybrid
model of the blood-brain barrier through two-photon lithography
to co-culture endothelial and glioma cells.

To prove the applicability of our model, we applied a generic
two-drug treatment strategy and analyzed the results in compari-
son to appropriate mono-culture systems. In our hands, GBM cells
co-cultured in both model variants, complete or incomplete resec-
tion, responded less (but still efficient) to the TMZ+ AT101/AT101
treatment compared to the corresponding mono-cultured cells.
Consistently, recent studies showed distinct differences between
drug effects on tumor cells cultured in a monolayer vs. a 3D het-
erogeneous cell culture environment (Chadwick et al., 2015; Kenny
et al., 2015). Interestingly, both the complete and the incomplete
culture conditions were protective for the tumor cells irrespective
of the microenvironmental compositions with many tumor cells
and less normal brain cells (incomplete resection) or vice versa less

tumor cells and many normal brain cells (complete resection) in
our model.

Indeed, Osswald et al. (2015) stated that glioma cells are
able to communicate and cooperate with each other in a com-
plex but ordered manner like a functional organ. It was shown
that microtube-connected glioma cells were protected from cell
death induced by radiotherapy and increased both their micro-
tube number and their calcium communication as a reaction to
the therapy (Osswald et al., 2015). Besides, it is well known that
microglial cells and astrocytes play a critical role in promoting
GBM growth (Matias et al,, 2018). Microglial cells activated sev-
eral pro-invasive signaling pathways (Gieryng et al., 2017; Manini
et al., 2018), and tumor associated macrophages/microglia (TAMs)
tended to be pro-tumorigenic, accumulated with higher tumor
grade and produced different levels of pro- and anti-inflammatory
cytokines (Hattermann et al., 2014). Further, glioma-secreted
CX3CL1 enhanced the expression of different matrix metallopro-
teases in TAMSs favoring the migratory and invasive potential of
GBM cells (Held-Feindt et al., 2010). However, the effects of target-
ing TAMs in brain tumors were more context-regulated depending
on different preclinical models tested (Pyonteck et al., 2013;
Quail et al., 2016; Quail and Joyce, 2017). For astrocytes, several
mechanisms are known in which way they favored GBM growth,
chemoresistance, invasion and proliferation (for review: Brandao
et al., 2019; Guan et al., 2018). For example, it was shown that
glioma cells co-cultured with astrocytes were protected against
apoptosis in response to TMZ and vincristine by establishing func-
tional gap junctions for bidirectional communication (Brandao
etal,, 2019; Chen et al., 2016). Interestingly, in our hands, increasing
amounts of GBM cells caused a decrease on the survival of co-
cultured astrocytes upon drug treatment. Contrary, the complete
resection microenvironment had no or only a minimal protective
effect on the survival of astrocytes. Anyhow, a bi-directional com-
munication between astrocytes and GBM cells is well known to be
caused by several mediators (for review: Brandao et al., 2019; Guan
etal., 2018). Thus, this effect could be possible mediated by different
chemokines and cytokines, which arereleased by the GBM cells and
due to expression of potential corresponding receptors are prob-
ably able to activate co-cultured astrocytes and microglial cells.
Here, beside others, chemokines and cytokines are well known to
beinvolved inthe interplay of gliomacells, astrocytes and microglia
cells (Matias et al., 2018). Indeed, in our hands, 1L-1, [L-6, TNF-c
and CCL3 were upregulated in GBM cells during dug-treatment,
however, to smaller exents in co-cultured GBM cells. Interest-
ingly, the pre-exposure of glial cells to conditioned medium from
GBM cells led to the upregulation of several proteins related to
inflammatory response, cell adhesion and extracellular structure
organization within the secretome of the glial cells. Vice versa, con-
ditioned medium of these primed glial cells promoted viability of
GBM cells pointing to the modulation of GBM cells particularly by
a paracrine activity (Oliveira et al., 2017). Additionally, microRNAs
from astrocyte-derived exosomes were capable to favor outgrowth
of brain metastatic cells (Zhang et al., 2015), and melanoma-derived
cells within the brain became surrounded by astrocytes result-
ing in the suppression of apoptosis in response to several types
of chemotherapy (Lin et al., 2010). However, Valiente et al. (2014)
demonstrated that astrocytes reduced the survival of metastatic
cells within the brain pointing to the assumption that astrocytes
may play distinct roles in tumor-stroma interactions (Quail and
Joyee, 2017). Summarizing all these different aspects, glioma biol-
ogy includes a sophisticated interplay of different cell types with
various functions, activation grades, paracrine and autocrine as
well as direct communication skills yielding to a complex tumor
ecosystermn, which complicates the development of efficient teat-
ment strategies.
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5. Conclusion

In summary, we were able to etablish an (in)complete GBM
resection dual co-culture model. Furthermore, our results suggest
that drug discovery using this dual co-culture model for the human
GBM disease is practical. Thus, our complex in vitro model may help
to reduce the need for animal testing, since it provides a biclogi-
cally relevant platform especially for screening compounds which
are estimated for local treatment strategies.
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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:

o Conceptualization and design of study

e Experimental part about in vitro analysis on human astrocytes
o Data analysis and visualization

o 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.
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Abstract

Localized therapy of the highly malignant brain tumor Glioblastoma multiforme (GBM) could
help to drastically improve the treatment efficiency and increase the patient’s median survival.
Here, a macroscopic PDMS matrix composed of interconnected microchannels for tailored drug
release and localized GBM therapy is introduced. Based on a simple bottom-up fabrication
method using a highly versatile sacrificial template, the presented strategy solves the scaling
problem associated with the previously developed microchannel-based drug delivery systems,
which were limited to two dimensions due to the commonly employed top-down
microfabrication methods. Additionally, tailoring of the microchannel density, the fraction of
drug-releasing microchannels and the macroscopic size of the drug delivery systems enabled
precise adjustment of the drug release kineticsfor more than 10 days. As demonstrated in a long-
term GBM in vitro model, the release kinetics of the exemplarily chosen GBM drug AT101
could be tailored by variation of the microchannel density and the initial drug concentration,
leading to diffusion-controlled ATI101 release. Adapting a previously developed GBM
treatment plan based on a sequential stimulation with AT101, measured anti-tumorigenic
effects of free versus PDMS-released AT101 were comparable in human GBM cells and

demonstrated efficient biological activity of PDMS-released AT101.
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1

2

Z 1. Introduction

2 The clinical need for localized cancer therapy has led to extensive research in the field of local
; drug delivery systems (DDS) during the last decades!!. Various material strategies have
9

1? already emerged which rely on different release mechanisms, e.g. drug release based on solvent-
g activated hydrogels or osmotic pumps[®>%], chemically controlled biodegradable materialsl"21,
1: and diffusion-governed matrices and reservoirsl®11]. Among these approaches, which all offer
1? different pros and cons, micro- and nanofluidics based DDS have attracted increasing attention
18

;3 in recent years owing to the rapid development in nano- and microfabrication technology.[11:12]
;;I, Particularly, micro- and nanochannel based systems have been developed which show
543'. improved control of the drug release kinetics, including zero-order and pulsatile release.[13-17]
25

5? However, the fabrication of these DDS is cost- and time-effective as several steps are typically
;S involved in the commonly applied lithography process. In addition, the existing fabrication
i? approaches do not allow for the formation of macroscopic 3D microchannel systems, since the
32

?j maximum height (few 100 um) of the structures is restricted by the utilized techniques like spin
ig coating, reactive ion etching, or sputtering.[!1.1218] Consequently, the amount of loadable drug
i; is also limited and represents a considerable constraint in view of the intended use as a local
39

40 DDS for cancer treatment over long time periods.

2

43 Glioblastoma multiforme (GBM) is the most common primary brain tumor in adults and
44

32 characterized by its highly invasive potential and heterogeneity, leading to chemoresistance and
:; rapid tumor relapse.['%2°] Despite a typically quite aggressive clinical treatment consisting of
gg surgical tumor resection and successive combined radio- and chemotherapy, the median
31

ii patient’s survival is only 12-15 months.2!1 Hence, there is an urgent need for alternative, more
g: advanced treatment strategies in order to improve the patient’s long-term survival. Compared
i? to the conventional systemic therapy, localized treatment with DDS could entail major
g% advantages, including increased drug efficacy, reduced side effects, and higher patient

3
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compliance. Several DDS for GBM treatment have already been proposed — most of them based
on biodegradable polymeric systems — and showed promising results.?221 The most well-
studied system is probably the Gliadel® wafer, a biodegradable polyanhydride implant
containing the chemotherapeutic carmustine, which has already been investigated in multiple
clinical trials and has been approved by the U.S. Food and Drug Administration (FDA).[2526]
However, the anti-tumorigenic effects of the wafer are still insufficient to significantly improve
current GBM treatment strategies and alternative drug delivery strategies for the local treatment

are required.

For the first time, we introduce a macroscopic 3D microchannel matrix for local drug delivery
and GBM treatment. In contrast to the existing top-down methods, the presented fabrication
method is based on a bottom-up approach and enables the preparation of macroscopic PDMS

matrices with high control over the release properties (Scheme 1).

4
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37 Scheme 1. 3D PDMS matrix of interconnected microchannels for drug release: Illustration
38 of the concept of this work, introducing (a) a macroscopic PDMS matrix which constitutes a
39 3D network of interconnected, hollow microchannels for diffusion-driven drug release. The
40 release kinetics can be tailored by varying (b) the size of the macroscopic PDMS matrix, (c)
the number of microchannels for a given volume, (d) the fraction of open (accessible) channels
which release the drug, and (e) the concentration of the dissolved drug.

As illustrated in Scheme 1a, the DDS constitutes a network (diameter and height few mm) of
47 interconnected, hollow microchannels (length ~ 25 pm, diameter ~ 2 pm) which, after drug
49 loading, act as diffusion pathways for the drug molecules and lead to prolonged release. Since
51 the fabrication is based on a highly versatile sacrificial templatel?”], the drug release kinetics
54 can be tailored by varying various material parameters, including the macroscopic size of the
56 DDS (Scheme 1b), and the number of microchannels for a given matrix volume (Scheme 1c¢).
58 Additionally, variation of the fraction of accessible (open) microchannels utilizing laser surface

structuring further enhances the control of the release kinetics (Scheme 1d). Combined with the
5
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variation of drug concentration within the microchannels (Scheme 1e), this toolbox allows for

controlled tailoring of the release kinetics.
2. Results and Discussion

The individual fabrication steps for the DDS are schematically shown in Figure 1a. The process
is based on a highly versatile sacrificial template which consists of interconnected tetrapod-
shaped ZnO (t-ZnO) microparticles (length ~ 235 um, diameter ~ 2 um). The fabrication of the
t-ZnO template follows a bottom-up approach and has already been described more detailed in
previous works.[27-2%] Tn brief, t-ZnO microparticles are synthesized with high yield using the
flame transport synthesis, and the resulting loose powder is pressed into macroscopic tablets of
any desired shape (cylinders, cubes, rings, efc.) and size (up to several cm? volume), as shown
in Figure S1 (Supporting Information). Importantly, high-temperature annecaling of the
templates at 1150 °C leads to interconnections between the individual tetrapods (Figure S2,

Supporting Information) and, therefore, ensures interconnectivity of the entire network.
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42 Figure 1. Fabrication of drug delivery system: (a) Schematic drawing of the preparation
43 steps for fabrication of the PDMS-based drug delivery system. (b)-(d) Scanning electron
microscopy (SEM) images with increasing magnification showing (b) the t-ZnO template and
(€)~(d) the cross-section of a PDMS matrix with 48% porosity. (e)-(f) Schematic representation
47 of (¢) PDMS matrix with open microchannels (used for in vitro experiments due to the required
48 relatively fast initial drug release) and (f) 3 types of PDMS matrices with increasing surface
49 fraction of closed microchannels (detailed fabrication steps in Figure S2, Supporting
50 Information).

52 The template exhibits an open porous framework-like structure constituting interpenetrating
54 ZnO microrods, resulting in a highly accessible free volume (Figure 1b). This is crucial for the
subsequent infiltration of the t-ZnO template with a PDMS solution, in order to fill the entire

59 free volume of the network. After curing of PDMS and wet-chemical etching of the t-ZnO
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template, the final PDMS-based matrix represents the inverse structure of the sacrificial
template and features a 3D network of interpenctrating microchannels. Figure 1c shows a
scanning electron microscopy (SEM) image of the cross-section of a prepared sample, revealing
a clear difference between the non-structured and the microstructured PDMS. As demonstrated
by the high-magnification SEM image in Figure 1d, the microchannels adopt the characteristic
rippled surface morphology of the t-ZnO template, which proves highly uniform filling of the
entire free volume with PDMS. In the final step, the porous PDMS matrix is loaded with the

drug by vacuum-assisted infiltration of the microchannels with the drug solution.

The template-based fabrication method directly allows to tailor the release kinetics of the DDS.
For instance, the porosity of the t-ZnO template can be adjusted between ~ 50% and ~ 98% by
changing the initial amount of t-ZnO powder for a given volume of the tablet. In particular, a
decreasing porosity of the template corresponds to an increasing porosity of the resulting PDMS
microchannel matrix due to an increased microchannel density (Figure S3, Supporting

Information).

In addition to the microchannel density, the fraction of open (i.e. drug-releasing) microchannels
of the macroscopic DDS can be tailored to adjust the release kinetics. In general, a PDMS
matrix with entirely open microchannels (Figure 1¢) exhibits a faster drug release compared to
PDMS matrices with increased surface fractions of closed (ie. not drug-releasing)
microchannels (Figure 1f). To control the fraction of open microchannels, a simple laser
structuring process was utilized, which is illustrated in Figure S4 (Supporting Information) and
described in more detail in the experimental section. Briefly outlined, the approach allows for
the fabrication of a multitude of cylindrical samples from a larger PDMS/t-ZnO composite by
employing a CO; laser. While the ZnO microrods at the top and bottom side of the cylindrical
sample remain covered with PDMS, they become exposed at the laser cut sides. Consequently,
after wet-chemical etching of the ZnO template a DDS with open and drug releasing

8
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1

2

Z microchannels at the sides is formed. Additionally, the laser can be used to precisely ablate a
2 thin layer of the PDMS (~ 50 um) from the top or bottom side of the sample to expose additional
; ZnO microrods. Employing this method, three different types of PDMS matrices were
?? fabricated for this study, which possess a decreasing surface fraction of open microchannels
g (type 1-3, Figure 1f). Type 1 with sealed bottom (37.5% sealed surface fraction), type 2 with
1: sealed top and bottom (75%), and type 3 with almost entirely sealed surface except a circular
E pattern (3 mm diameter) on the top side (90.6%). SEM images of the cross-section of a partially
;3 sealed microchannel matrix are shown in Figure S5 (Supporting Information).

21

;i To study the release kinetics of the laser structured DDS, the microchannel matrices
;: were loaded with the hydrophilic model drug methylene blue (MB). The MB release profiles
5? of the different types are presented in Figure 2a. Strikingly, all types revealed characteristic
28

ig release profiles for diffusion-controlled releaseP%], exhibiting a relatively fast initial release
g; which slowed down with progressing time and finally saturated. The initial release rate,
ii however, differed considerably and decreased with increasing surface fraction of closed
gg microchannels (type 1-3). Consequently, most of MB was already released within relatively
i g short time (~ 5 hours) from type 1 whereas the MB release was prolonged for the types 2 and 3
:? and saturates after more than 2 days. Hence, tailoring the amount of open microchannels affects
jé the drug release kinetics. Particularly, the observed decreased release rate with reduced fraction
44

32 of open microchannels can be associated with partly longer diffusion pathways for the MB
:; molecules close to the sealed channels. Besides temporal control of the drug release, the surface
gg structuring approach also enables spatially controlled release by adjusting the regions with open
% (drug-releasing) microchannels. This might be especially relevant for the desired in vivo
g: applications which require temporally and spatially controlled release kinetics at the tumor site
i? to ensure maximum efficacy.

58

59

60
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Figure 2. Tunable release kinetics: MB release profiles of microstructured PDMS matrices
with (a) 3 different surface fractions of open (accessible) microchannels (type 1-3, all samples
with 48% porosity), (b) different porosities (i.e. microchannel densities), (¢) different sample
heights (32% porosity), and (d) different concentrations of infiltrated MB solutions (48%

porosity). Except for the height variation m (c), cylindrical samples with diameter = 6 mm and
height = 1 mm were used.

As stated above, in addition to tailoring of the accessible surface fraction of the DDS, the
porosity (microchannel density) of the PDMS matrices can also be tuned in order to adjust the
release kinetics. Figure 2b shows the MB release profiles from microchannel matrices with two
different porosities (16% and 48%), revealing both a considerably higher release rate and
amount of released drug for the DDS with 48% porosity. This is directly linked to the higher
microchannel density which enables more drug loading and offers more diffusion pathways
combined with increased surface fraction of drug-releasing microchannels.

10
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1

2

Z Owing to the high versatility of the employed sacrificial template for the DDS fabrication,
5 . . . . . .

6 macroscopic PDMS matrices with any desired shape and size can be prepared. This represents
7

8 a big advantage compared to other DDS for local therapyl3738], as it allows to adapt to the
9

10 specific requirements or limitations especially in 7 vivo experiments. For instance, the size of
11

g the remaining cavity after tumor resection can vary strongly depending on the tumor
14

15 progression and, thus, requires DDS with varying size in order to fill the particular cavity and
16

17 maximize the efficacy of the treatment. Figure 2¢ depicts the MB release profiles from two
18

;3 microstructured PDMS matrices with two different macroscopic volumes (0.03 cm? and 0.17
21 . .. L

99 cm?). While both DDS revealed a similar initial release rate, the MB release was prolonged for
23

24 the larger sample and lasts for more than 10 days (> 2 days for small DDS) until it saturated.
25

26 Naturally, increasing the macroscopic volume of the DDS enables loading of more drug and,
27

28 . .

29 thus, drug release over a longer time period.

30

g ; Besides tailoring of the material properties, the initial concentration of the loaded drug solution
33

34 affects the release kinetics as well. As depicted in Figure 2d, the MB release from PDMS
35

36 matrices with ~ 10% open microchannels (type 3) was measured for three different MB
37

i g concentrations. The initial release rate increased with the concentration of the loaded drug. This
40

41 observed correlation can be qualitatively explained with Fick’s first law of diffusion, which
42

43 states that the flux of particles is proportional to the concentration gradient of the diffusing
44

32 species.’”]  Analogously, an increased initial MB concentration implicates a larger
47 . . . . . ..
48 concentration gradient at the boundaries between the DDS and the surrounding medium, giving
49

50 rise to a higher release rate. With progressing time, the concentration gradient declines due to
31

52 decreasing MB concentration within the microchannel matrix and increasing MB concentration
53

g: in the surrounding medium, slowing down the drug release which finally stops when the
56 . .

57 concentration gradient approaches zero.

58
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To evaluate the release kinetics and the biological activity toward human GBM cell lines
and human astrocytes in vitro, microstructured PDMS matrices (diameter = 6 mm,
height = 1 mm) were loaded with the exemplarily chosen GBM drug AT101, visual by a color
change from white to yellow characteristic for dissolved AT101 (Figure 3a). This drug, which
is the R-(-)-enantiomer of the naturally occurring cottonseed-derived polyphenol gossypol, has
recently emerged as a promising alternative drug for GBM therapy®32]. The release of AT101
was performed in artificial cerebrospinal fluid (aCSF) at 37 °C/5% CO;, under continuous planar
rotation at 25 rpm and analyzed spectrophotometrically at 290 nm as one of the specific

absorption peaks of AT101B334 after different time periods ranging from 30 min to six days.
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Figure 3. AT101 release kinetics: (a) Photograph of cylindrical microstructured PDMS matrix
(6 mm diameter, | mm height). The inset photograph shows the sample before (left) and after
infiltration with a 5 mM AT101 solution. (b) AT101 release protile from PDMS matrices with
different microchannel densities (porosities). For both samples, the concentration of the
infiltrated drug solution was 25 mM AT101. (¢) AT101 release from PDMS matrices (48%
porosity) using different concentrations of infiltrated drug. (d) AT101 release profile for PDMS
matrix with 48% porosity and drug loading concentration of 6.5 mM AT101. The same sample
type was also used for in vitro experiments. The shaded area marks the range which is given by
the standard deviation.

Figure 3b shows the AT101 release from PDMS microchannel matrices with different porosities
(16% and 48%) and same concentration of infiltrated AT101 solution (25 mM). For both DDS,
nearly half of the infiltrated drug was released within the first 6 hours, and almost the entire

amount was released after six days (compare to estimated maximum AT101 release in Table

1.
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Table 1: Calculated maximum AT101 release based on porosity of microchannel matrix and
concentration of infiltrated AT101 solution.
Porosity (%) | Loaded AT101 (mM) Calculated maximum released AT101 (nM)

16 25 7.8
48 25 23.4
48 10 9.3
48 75 7
48 6.5 6.1
48 5 4.6

The release rate and the maximum released drug amount, however, were both considerably
higher for the microchannel matrix with 48% porosity. This is directly linked to the higher
microchannel density (i.e. more free volume) which allows for more drug loading and provides
more diffusion pathways for the drug molecules, resulting in a faster AT101 release and higher
final AT101 concentration. Besides the porosity of the DDS, the concentration of the infiltrated
AT101 was also varied to tailor the release kinetics. Increasing the AT101 concentration from
5 mM to 25 mM AT101 resulted in a higher initial release rate and a higher final AT101
concentration (Figure 3c). This is expected, since the release mechanism is dominated by
diffusion and, therefore, concentration-dependent. It is worth noting that the drug release from
the microchannel matrices was feasible for both hydrophilic (MB) and hydrophobic (AT101)
drugs. The solubility of the respective drug, however, has to be considered as is strongly affects
the release kinetics. Generally, hydrophilic drugs are expected to show faster release rates in
water based media compared to hydrophobic drugs.

Summarized, the AT101 release could be measured at early time points (30 min), was
continuous over several days, and could be tailored by adjusting the porosity of the
microchannel matrix and the concentration of the infiltrated drug solution in a controlled
manner. This data is in line with previously published studies demonstrating that other
techniques, such as 3D printing of PDMS layers cross-linked by UV light, were suitable to

14

ACS Paragon Plus Environment

Page 14 of 31



Publications |62

Page 15 of 31 ACS Biomaterials Science & Engineering

1

2

Z achieve a long-term drug release, e.g. 20% release of prednisolone within 28 daysBSl.
5 . . . .

6 Furthermore, solvent casting and leaching methods yielded 85% porosities and prolonged
7

8 release of dexamethasone for 30 days[?¢-37], However, burst effects were not prevented®3]. For
9

10 gossypol, the sustained release from a chitosan-coated nanofibrous poly(L-lactide-co-D,L-
11

g lactide) implant after 7 hours was adjusted by introducing PEG into the matrix promoting a
14

15 maximum release of 153% or respective 55% after approx. 2-4 hours accompanied by a
16

17 plateaul®>#°1. This fits well to the presented results showing an initial release of the half amount
18

;3 of infiltrated AT101 after 6 hours. Another possibility to establish a sustained release is the
21 . . . .

53 usage of degradable polymers including implants as the Gliadel® wafer* 4l Here, the
23

24 sustained release of the drug carmustine was guaranteed by the degradation of the polymer.
25

5? Indeed, manifold formulations of polymers and liposomes were investigated aiming at a
;S controlled and sustained drug release superior to the approved Gliadel® wafers*>46], However,
30

31 despite innovative ideas, for example to grow hydrogel within the tumor cavity by
32

33 photopolymerization*!l, and even though some promising attempts showed an improved tumor
34

33 rowth control2441.444547] 3 comparative clinical study to standard therapy is still missing,.

36 g P Y Py g

37

i g Next, to proof the anti-tumorigenic effects of drug-loaded microchannel matrices we used a
40

41 long-term GBM in vifro model. Since the in vitro model required drug treatment over six days
42

43 with relatively fast release of ~ 4.5 uM AT101 within the first 24 hours, a microchannel matrix
44

32 with 48% porosity loaded with 6.5 mM AT101 was selected due to the suitable release kinetics
47 . . . . o

48 (Figure 3d, shaded area marks the range which is given by the standard deviation, n = 3
49

50 independent experiments). It should be noted that the relatively high release rate favorable for
31

52 in vitro conditions does not resemble the optimal in vivo conditions which require a prolonged
53

g: and sustained release. The latter could be achieved by reducing the number of open (drug-
56

57 releasing) microchannels using the aforementioned laser structuring approach.

58

59

60

15
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For the investigation of the anti-tumorigenic effects of drug-loaded microchannel
matrices (48% porosity, 6.5 mM infiltrated AT101, ~ 4.5 uM released AT101 after 24 h), two
different GBM cell lines (ILN229 and A172) and normal human astrocytes (SVGA) were
stimulated with a combined temozolomide (TMZ; always manually added and ATI101
(manually added versus PDMS-released) treatment plan. In detail, different cell lines were
stimulated for the first three days with a combination of TMZ and AT101, followed by
stimulation with AT101 alone. This sequential treatment plan was previously shown to be
highly sufficient yielding high eytotoxicity and good tumor growth control, whilst being less
harmful for astrocytes 8l To compare whether AT101 released from the microchannel matrix
(ATI101 concentration ~ 4.5 uM) is as efficient as free AT101 added manually to cell culture
medium (AT101 concentration 4.5 uM), two parallel approaches (manually added/free versus
released AT101) were performed for all investigated cell lines together with appropriate control
samples [manually added/free versus released AT101 solvent (DMSQ:aCSF; 2:1)]. The results

are depicted in Figure 4.

16
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30 Figure 4. Cytotoxicity and proliferation of astrocytes and GBM cell lines: Effect of
31 sequential treatment consisting of TMZ+ATI101 stimulation followed by single ATI101
32 stimulation on cytotoxicity of (a) SVGA (astrocytes), (b) LN229 (GBM), and (¢) A172 (GBM)
3 cell lines, and relative growth rates of (d) SVGA, (e) LN229, and (f) A172 cell lines. AT101 is
g: either added manually (f) or released from the microchannel matrix (t). Means of raw data are
36 significantly different for * or “p<0.05, ** or *p<0.01 and *** or #*p<0.001.
g; Both GBM cell lines were affected to similar statistically significant extents by the sequential
39 . .
40 TMZ+AT101 treatment plan irrespective whether AT101 was added manually to the cell
4
42 culture medium or released by the microchannel matrix. In particular, for both LN229 and A172
43
:: cell lines, 50-60% dead cells were detectable after six days of treatment, and this effect was
47 statistically significant compared to both individual DMSO control samples and percentages of
48
49 dead cells after three days of treatment (Figure 4 b-c). In contrast, human SVGA astrocytes
50
51 were affected to only small and equal amounts by both treatment approaches (Figure 4a). In
52
2431 accordance with this, the relative growth rate of both LN229 and A172 GBM cells was clearly
55
56 reduced by the sequential TMZ+ATI101 plan (AT101 free/manually added or released)
57
58 compared to appropriate control samples with both approaches reaching similar efficiency,
59
60

whereas the growth rate of SVGA cells was influenced only moderately (Figure 4d-f).
17
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These results are in good accordance with previous published ones showing that a sequentially
applied or combined TMZ+AT101/single AT101 treatment was highly efficient and showed an
inhibition of GBM proliferation**#%]. Here, TMZ and AT101 are mechanistically different,
synergistically acting drugs*8]. While the therapeutic benefit of TMZ depends on its ability to
alkylate/methylate DNA most frequently at the N-7 or O-6 positions of guanine residues,
AT101 competitively binds to hydrophobic surface grooves of pro-survival Bel-2 family
members, counteracting their protective effects and facilitating apoptosis in tumor cellsP?], and
is also able to trigger autophagic cell deathl*>*°]. Recently, to further improve the anti-cancer
potential of AT101, liposome-based delivery of gossypol has been used®1-531. Tnterestingly,
these nanoparticle approaches with AT101-loaded liposomes, micelles or polymeric capsules
were not able to show increased cytotoxicity of encapsulated compared to free drug in prostate,
ovarian and breast cancer cell linesB!525%55] Complementing these results, we demonstrated
tunable AT101 release from the 3D microchannel matrices, inducing significant anti-
tumorigenic effects in human GBM cell lines whilst leaving the human astrocytes largely
unaffected.

3. Conclusion

In summary, a simple and versatile bottom-up fabrication of a macroscopic PDMS-based 3D
microchannel matrix for diffusion-controlled drug release has been introduced. In contrast to
the existing microchannel based DDS relying on microfabrication techniques in the clean room,
the presented approach eliminates the associated scaling problem and allows for simple
fabrication of macroscopic samples without any spatial limitations. Due to the high control over
the macrosecopic and microscopic properties of the employed sacrificial template, the drug
release kinetics of the final microchannel matrix could be precisely tailored by changing the
macroscopic size of the DDS, the microchannel density, the fraction of open (drug-releasing)

microchannels, and the concentration of the loaded drug. The direct impact of these parameters
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on the release kinetics was demonstrated in release measurements with the model drug MB,

revealing tunable release rates and MB release up to 10 days. The potential use for localized

0~ 0y b N =

GBM therapy was proven in in viiro experiments which showed adjustable AT101 release over
10 several days and significant anti-tumorigenic effects in human GBM cells. Combined with the
facile fabrication allowing high drug-loading capacity, the developed 3D microchannel matrix

15 represents a promising strategy for local drug delivery and localized GBM therapy.

19
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4. Experimental Section

Fabrication of sacrificial t-ZnO template

For fabrication of the sacrificial templates, the tetrapodal ZnO (t-ZnO) microparticles were first
synthesized using the flame transport synthesis which is described detailed in previous
works[27:60611 Briefly, a mixture of polyvinyl butyral (PVB) and zinc powder (grain size 1-5
um) was prepared with mass ratio 2:1 and subsequently heated in a muffle furnace for 30
minutes at 900 °C (heating rate of 60 °C min'!). Using a cylindrical mould, the obtained fluffy
t-ZnO powder was pressed into cylindrical pellets (6 mm diameter, 1 mm height) with desired
porosity of the formed network. After sintering of the template at 1150 °C for 5 hours,
interconnections between the tetrapods were formed, resulting in a macroscopic framework.
Fabrication of PDMS microchannel matrix

For preparation of the silicone solution, a two-part PDMS solution (Sylgard 184) was mixed
with mass ratio 10:1 of base and curing agent. Subsequently, the prepared mixture was stored
in the desiccator for 30 minutes to remove remaining gas bubbles. Afterwards, the template was
immersed in the PDMS solution under low vacuum (in the desiccator) for 10 minutes to
facilitate filling of the entire free volume of the t-ZnO template with the PDMS solution. After
that, the infiltrated template was rinsed in hexane to remove excess PDMS solution and stored
in the furnace for 2 hours at 80 °C for polymer curing. Then, the sacrificial template (t-ZnO)
was removed by wet-chemical etching in 4 M HCI for 7 days. After etching of the template, the
resulting PDMS microchannel matrix was thoroughly washed in water (1x) and absolute
ethanol (5x) to remove any remaining acid.

Laser structuring of PDMS microchannel matrices

For preparation of microchannel matrices with tailored surface fraction of open microchannels,
a COy, laser cutter (GS 6090 PU, GS Laser Systems) was used. The individual processing steps
are illustrated in Figure S4 (Supporting Information). In detail, a large t-ZnO template (several
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1

2

Z cm? surface area, 1 mm height) was infiltrated with PDMS (followed by curing of polymer),
2 and cylindrical samples (6 mm diameter, 1 mm height) were cut out using the laser cutter. These
; samples were then etched in 4 M HCI for 7 days and thoroughly washed in absolute ethanol
?? (5x). After drying, the samples represent type 2 with open microchannels at the side and closed
g microchannels on top and bottom side. Starting from type 2, the other two types were fabricated.
1: For type 1 (bottom side sealed), the top side of the microchannel matrix was ablated with the
E laser cutter, resulting in opening of the microchannels. For type 3 (small surface area on top
;3 side with open microchannels), the sides of then microchannel matrix (type 2) were first sealed
;;I, manually with PDMS. Afterwards, the laser cutter was used to create a surface pattern on the
543'. top side (circular shape, 3 mm diameter), resulting in open microchannels. After treatment with
25

5? the laser cutter, the PDMS samples were sonicated in isopropanol for 15 minutes in order to
;S remove residuals.

30

31 Determination of AT101 release

g% In order to determine the release kinetics of AT101 from different cylindrical microstructured
ig PDMS matrices, AT101 concentrations were quantitatively determined by ultraviolet/visible
i; (UV/Vis) spectroscopy with the Libra UV/Vis spectrophotometer S60 (Biochrom GmbH,
E; Berlin, Germany) using QS High Precision Cell cuvettes (Hellma GmbH, Miillheim, Germany).
fé In detail, different concentrations of AT101 (5 mM, 6.5 mM, 7.5 mM, 10 mM, 25 mM), diluted
3: in a 2:1-mixture of dimethylsulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) and
:? artificial cerebrospinal fluid (aCSF) containing 124 mM NaCl, 5 mM KCIl, 26 mM NaHCOs;,
3% 1.3 mM MgCl,, 2 mM CaCl,, 10 mM D-Glucose in aqua bidest, pH 7.3, were loaded by wet-
g; chemical infiltration under low vacuum on cylindrical shaped PDMS matrices (1 mm in height
;31 and 6 mm in diameter) of different porosities (16% and 48%). AT101-loaded PDMS matrices
Eg were placed into Millicell® cell culture inserts (0.4 um, Merck Millipore, Burlington, MA,
gg USA) containing 1.5 ml aCSF plus 0.05% (w/v) bovine serum albumin (BSA) and placed into
60

a 10 cm cell culture dish with 13 ml aCSF plus 0.05% (w/v) BSA solution. The release of
21
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AT101 was monitored under sterile conditions at 37 °C/5% CO, under continuous planar
rotation at 25 rpm with the KM CO,-FL. small shaker (Edmund Biithler GmbH, Tiibingen,
Germany). Released amounts of AT101 were analyzed spectrophotometrically at 290 nm after
different time points ranging from 30 min to ultimately six days, and determined according to
defined standard AT101 dilutions. AT101 standards were prepared freshly on each day of
quantification, whereas the drug was diluted in aCSF solution that was incubated at 37 °C/5%
CO, for the exact time periods just as the samples.

Cultivation of cell lines

Human glioblastoma cell lines A172 (ECACC 880624218) and LN229 (ATCC-CRL-2611)
were acquired from the American Type Culture Collection (ATCC, Manassas, Virginia, USA)
or the European Collection of Cell Cultures (ECACC, Salisbury, UK). The human fetal
astrocyte cell line SVGA was kindly provided by the group of Christine Hanssen Rinaldo,
University Hospital of North Norway($2] with the permission of W. I. Altwood[%]. Cell lines
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, Carlsbad,
CA, USA) with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA or PAN-Biotech
GmbH, Aidenbach, Germany), 1% Penicillin-Streptomycin (10,000 U/ml; Thermo Fisher
Scientific, Waltham, MA, USA), and 2 mM additional L-Glutamine (Thermo Fisher Scientific).
Cells were routinely checked for Adycoplasma contamination using the Venor®GeM Classic
Mycoplasma detection kit for conventional PCR (Minerva Biolabs, Berlin, Germany), and for
identity by Short Tandem Repeat profiling at the Department of Forensic Medicine (Kiel,
Germany) employing the Powerplex HS Genotyping Kit (Promega, Madison, WC) and a 3500
Genetic Analyser (Thermo Fisher Scientific).

Stimulation of cell lines and cytotoxicity assay

For stimulation, 150,000 LN229, A172 or SVGA cells were seeded in 10 ¢cm culture dishes in
DMEM supplemented with 10% FBS. On the next day, after washing with phosphate-buffered

saline (PBS), medium was changed to DMEM without phenol-red (Life Technologies)
22
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1

2

Z supplemented with 10% FBS. Cells were either stimulated for the first three days with 50 pM
5

6 temozolomide (TMZ; stock dissolved at 100 mM in DMSO; Sigma-Aldrich) combined with
7

8 manually added free 4.5 uM AT101 (stock dissolved at 100 mM in DMSO; Tocris, Bristol,
9

1? UK) or with 50 uM TMZ combined with a cylindrical microstructured PDMS matrix infiltrated
12

13 with 6.5 mM AT101 (appropriate to ~4.5 uM released AT101). After three days, media were
14

15 exchanged and cells were stimulated for another three days with solely free AT101 or with a
16

17 PDMS matrix infiltrated with 6.5 mM AT101 (corresponding to ~4.5 uM released AT101).
18

;3 Here, cylindrical microstructured PDMS matrices were placed in Millicell® cell culture inserts
21

22 (0.4 um, Merck Millipore), controls were stimulated with the equal volume of either free
23

24 DMSO (0.05% (v/v)) or DMSO-loaded microstructured PDMS matrices, and experiments were
25

5? performed under continuous planar rotation at 25 rpm with the KM CO,-FL. small shaker
28

29 (Edmund Bithler GmbH). To determine cytotoxic effects, the CytoTox-Fluor™ Cytotoxicity
30

31 Assay (Promega) was performed according to the manufacturer’s instruction and as described
32

?j beforeMSl. The emerging fluorescence was measured in a microplate reader (GENios, Tecan
35 .

36 Group, Maennedorf, Switzerland) at 485/ 535 nm. The exact numbers of dead cells were
37

38 determined according to different numbers of digitonin-lysed (82.5 ug/ ml; Merck Millipore)
39

:? cell-dilutions of each cell line (n = 3-4 independent experiments). Percentages [%] of dead cells
fé in relation to the total amount of measured cells were calculated as described in equations 1 and
44

45 2 after 3 respective 6 days of stimulation.

45

47 number of dead cells (day 3)

:S [1] [%] dead cells (day 3) = number of dead cells (day 3) + vital cells (day 3) X100

50

51 number of dead cells (day 3 + day 6)

52 [2] [%] dead cells (day 6) = number of dead cells (day 3 + day 6) + vital cells (day 6) % 100

53

54

55 The cell survival was determined by counting viable cells at day 0, 3 and 6 of stimulation. Cell
56

37 viabilities were calculated as n-fold numbers of alive cells compared to the initial cell number
58

Zg counted at day 0, respectively.

23
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Statistical analysis

All data was analyzed with the GraphPad Prism 5 Software (GraphPad Software, La Jolla, CA,
USA). To check for statistical significance, a One-Way-ANOV A followed by a Bonferroni’s
multiple comparison test was performed to study the effects on day 3 or day 6 between different
stimulations, whereas a Two-Way-ANOVA followed by a Bonferroni’s multiple comparison
test was employed to study the effects of the different stimulations over the time (3 days vs. 6
days treatment). Asterisks as well as hashtags indicate statistical significance: * p < 0.05, ** p

<0.01, ¥** p < 0.001 respective # p < 0.01 and #* p < 0.001.

Determination of MB release

After fabrication of the laser-structured microchannel matrices, the samples were infiltrated
with a 5 mM MB (Sigma-Aldrich) solution (in water) under low vacuum in a desiccator, leading
to filling of the microchannel network. After carefully rinsing the samples with water to remove
excess MB solution, the MB release was measured in 14.5 ml deionized water after 0.5 h, 1 h,
1.5h,2h,25h,3,4h, 5h, 6, 24 h, 48h and 8 days with a UV-VIS spectrometer (Lambda
900, Perkin Elmer). After each measurement, the measured solution was poured back into the
container to maintain a constant release volume. The containers were stored in a dark

environment to prevent degradation of MB.
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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:

e Design of the study

e Performance of in vitro experiments

e Data analysis and visualization

e Discussion and interpretation of results
e 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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Abstract

Brain implants are promising instruments for a broad variety of nervous tissue diseases with a
wide range of applications, e.g. for stimulation, signal recording or local drug delivery. Recently,
graphene-based scaffold materials have emerged as attractive candidates as neural
interfaces, 3D scaffolds, or drug delivery systems due to their excellent properties like flexibility,
high surface area, conductivity, and lightweight. To date, however, there is a lack of appropriate
studies of the foreign body response, especially glial scar formation, towards graphene-based
materials. In this work, we investigated the effects of macroscopic, highly porous (>99.9%)
graphene oxide (GO) and reduced graphene oxide (rGO) (conductivity ~ 1 S m!) scaffolds on
human astrocyte and microglial cell viability and proliferation as well as expression of
neuroinflammation and astrogliosis associated genes. In this in vifro model, as well as ex vive
in organotypic murine brain slices, we could demonstrate that both GO and rGO based 3D
scaffolds exert only slight effects on the glial cell populations which cause glial scarring.
Additionally, these effects were in most cases completely abolished by curcumin, a known anti-
inflammatory and anti-fibrotic drug that could in perspective be applied to brain implants as a

protectant.

Key words

Brain implant materials, glial scar, graphene oxide, reduced graphene oxide, curcumin,

neuroinflammation
Abbreviations

BEB, blood brain barrier; CT, cycle of threshold; Cur, curcumin; DBS, deep brain stimulation;
div, days in vitro; dos, days of stimulation; FDA, U.S. Food and Drug Administration; GAPDH,
glyceraldehyde 3-phosphate; GFAP, glial fibrillary acidic protein; GO, graphene oxide; ICC,
immunocytochemistry; IL, interleukin; MBP, myelin basic protein; NF, neurofilament; qRT-
PCR, quantitative reverse transcription PCR; rGO, reduced graphene oxide; SEM, scanning

electron microscopy; TGFB, tumor growth factor-; TNFa, tumor necrosis factor-a
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Introduction

Therapy of brain disorders remains a great challenge, as successful treatment with
systemically applied drugs often fails. This can in parts be attributed to the blood brain barrier
(BBB) that effectively protects the central nervous system (CNS) from the periphery, affording
high systemic drug concentrations to reach therapeutic concentrations in the brain or even
shielding almost completely a majority of drugs from the central nervous system '. On the
other hand, neuronal networks cooperate in a highly complex manner, and local dysfunctions

can hardly be restored specifically by pharmacological approaches.

Facing the problems of systemic treatment, the idea of local therapeutic concepts —apart from
surgery - has been pursued for decades for a variety of different brain disorders. These
approaches include for instance the chronical implantation of electrodes to apply electrical
currents to distinct cortical or deep brain areas 2 ® and novel strategies for local administration
of chemotherapeutics into the resection cavities of brain tumor, e.g. by micropumps or drug-
loaded polymers (for review: 4). As an initial but limited success in local drug administration, a
biodegradable polymer (Polifeprosan 20) wafer impregnated with carmustine (Gliadel®) has
been shown to be safe and effective in the treatment of newly diagnosed and recurrent high
grade gliomas %7, and approved by the FDA as an adjunct to surgery or surgery and radiation
in 2003. However, there are also severe concerns about the local toxicity and the complication
rate when using carmustine impregnated polymers & °. In contrast, the non-pharmacological
approach of chronic electrode implantation to stimulate (and within irritate) distinct brain
regions by cortical or deep brain stimulation has been very successfully established for several
neurological disorders, for example in the treatment of advanced Parkinson’s disease by
subthalamic nucleus stimulation 9, and specific modes of tremor and epilepsy by stimulation

of distinct thalamic nuclei .12,

Post-mortem analyses of the electrode-tissue interface after long-term deep brain stimulation
in human patients revealed, however, extensive histological changes including fibrous sheaths

around the electrodes, fibrillary gliosis and reactive astrocytes, infiltration of immune cells and
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neuronal loss, which seem to be independent from the duration of the deep brain stimulation
1314 These acute and chronic reactions on the implantation of foreign materials to the brain
have also been described as a major problem for intracortical recording electrodes, where the
glial scar formation considerably impairs sensitivity and function of the recording devices ' 18,
Being thus one of the major obstacles for the clinical application of recording electrodes, the
tissue foreign body response is also a limiting factor for the applicability of novel drug-releasing
devices. While the fibrous sheath may influence the diffusion capability and thereby drug
release, the infiltrating immune cells may additionally change the microenvironment and the
metabolism of applied drugs. Hence, it is crucial to develop implants which meet the complex
material-based requirements such as mechanical flexibility, easy bio-functionalization, or high
physicochemical stability, and do not induce significant inflammatory response in the
surrounding tissue. In recent years, the 2D carbon nanomaterial graphene and its derivatives
have emerged as promising materials for biomedical applications in the brain due to their
outstanding properties ' '8, For instance, the high electrical conductivity, flexibility and
biocompatibility of graphene makes it a suitable material for neural brain electrodes and
substrates for neural cell growth % 20, Additionally, the extremely high specific surface area
(~2600 m? g") 7 allows for high drug loading capacity, which is desired for drug delivery
applications. In particular, the derivative graphene oxide (GO) — chemically modified graphene
with several oxygen-containing functional groups like hydroxyl, epoxy, and carboxyl — has
already been explored for several drug delivery applications, as it enables efficient drug loading
via hon-covalent bonding like -1 stacking 2!, electrostatic interaction 22, or hydrogen bonding
23, Despite the reported /n vitro biocompatibility of graphene-based substrates in neuronal
tissue %2425 only few studies have investigated the glial scar formation induced by graphene
scaffolds 26 27. Particularly, the reports lack investigation of macroscopic graphene-based
structures, which are required in the final application as e.g. 3D scaffolds, electrodes, or long-

term drug delivery systems.

Apart from the choice of brain implant materials, also medifications and designs have been

adjusted to alleviate foreign body responses 28, As a further possibility to reduce e.g. glial scar

4
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formation, brain implants could release specific compounds as already proposed 2. Curcumin
is such a compound, that has recently been described to prevent glial scar formation in spinal
cord and brain injuries 3%33_ In experimental studies on spinal cord injuries, curcumin could in
vitro and in vivo reduce the production of pro-inflammatory mediators (e.g. NO, TNFa, IL1)
and reduce the reactive expression of gliosis/fibrosis markers (e.g. glial fibrillary acidic protein,
GFAP) and deposition of chondroitin sulfate proteoglycans, presumably by modulating
different signaling pathways 31-34. However, the compound curcumin, which is also prominently
discussed as an anti-cancer agent 35, is hydrophobic, quite instable in agueous solutions,

sensitive to light and hardly bioavailable in experimental studies 3637,

In this study, we investigate glial scarring responses of human astrocyte and microglia cell
lines towards highly porous (>99%) macroscopic 3D scaffolds based on interconnected, hollow
GO and reduced GO (rGO) microtubes 38, and analyzed the rescuing effect of curcumin. In
addition, we incubated the scaffolds with and without curcumin on murine acute brain slices to
investigate their biocompatibility and the glial scar preventing effects of curcumin in the

complex tissue composition in vitro. A graphical summary is depicted in Figure 1.
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Figure 1: Graphical summary of study design (A) and experimental procedures using human glial cell lines (B) and
organotypic mouse brain cultures (C) to investigate foreign body response to graphene oxide and reduced graphene

oxide brain implant 3D scaffolds. The figure was generated using the Biorender.com software.
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Experimental
Fabrication of graphene oxide dispersion

Graphene oxide (GO) was prepared according to previously reported procedures 39 40,
Subsequently, the as produced GO powder was dispersed in deionized water assisted by tip

sonication to achieve a homogeneous and stable dispersion.

Fabrication of GO/rGQO scaffolds

To fabricate the GO/r-GO scaffolds, as a starting material we used highly porous ZnO
templates consisting of interconnected, tetrapod-shaped zinc oxide (t-ZnO) microparticles that
were prepared by flame transport synthesis as explained in detail in previous works 442, Briefly
summarized, a mixture of zinc powder (grain size 1-5 pm) and polyvinyl butyral powder with
mass ratio 1:2 was prepared in a crucible and heated in a muffle furnace for 30 minutes at
900°C (heating rate 60°C). Afterwards, the obtained fluffy t-ZnO powder was harvested and
pressed into cylindrical tablets (diameter = 6 mm, height = 2 mm) and sintered for 5 h at

1150°C, resulting in highly porous (94%) networks of interconnected t-ZnO microparticles.

In the next step, the t-ZnO templates were coated with a thin (~ 25 nm) GO film using the
recently introduced wet-chemical infiltration technique 8. In short, an aqueous GO dispersion
(2 mg/mL) was dripped on the hydrophilic and highly porous t-ZnO template, until the entire
free volume was filled. Afterwards, the infiltrated template was dried at 50°C for 5 h to allow
evaporation of the solvent (water) which resulted in simultaneous assembly of the individual
GO flakes on the surface of the t-ZnO network. To prepare a reduced graphene oxide (rGO)
coating, the infiltrated and dried templates were reduced chemically in diluted L-ascorbic acid
(Merck KGaA, Darmstadt, Germany; 0.1 mg/mL) for 24 h (at 50°C). After that, the sample was
washed thoroughly in deionized water. To remove the sacrificial t-ZnO templates, the coated
samples were etched in 1 M HCI for 24 h, and subsequently washed in deionized water (1
time) and absolute ethanol (5 times). Thereafter, the GO and rGO scaffolds (99.9% porosity)

were dried by critical point drying using an EMS 3000 (Tousimis, Rockville, MD).
7
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Scanning electron microscopy (SEM) analysis of t-ZnQO templates and scaffolds

Prior to the characterization, the samples were mounted on sample holders using conductive
carbon tape (Agar scientific, Stensted, UK). The SEM analysis was carried out using a Zeiss

Supra 55VP (Zeiss, Oberkochem, Germany) with an acceleration voltage of 8 kV.

Cell lines and cell culture

The human fetal astrocyte cell line SVGA was kindly provided by the group of Christine
Hanssen Rinaldo, University Hospital of North Norway 43 with the permission of W.J. Altwood
4 The human microglia cell line HMC3 was obtained from the American Type Culture
Collection (ATCC, Manassas, Virginia, USA). Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM,; Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; PAN-Biotech GmbH, Aidenbach, Germany), 1% Penicillin-Streptomycin (10,000
U/ml; Thermo Fisher Scientific, Waltham, MA, USA) and 2 mM additional L-Glutamine (Thermo
Fisher Scientific). To exclude Mycoplasma contamination, cells were routinely checked by

nuclei staining and mycoplasma-specific PCR.

Cell incubation with materials and cell stimulations

For the analysis of acute brain-foreign body reactions of human microglia (HMC3) and
astrocytes (SVGA) on GO and rGO scaffolds in vitro, 150.000 cells/well were seeded in 6-wells
one day prior the stimulation to adhere over night at 37°C/5% CO,. On the same day, GO and
rGO scaffolds were sterilized in 70% ethanol (abs.) for 15 min, air-dried for 30 min and stored
for 24 h at 4°C in DMEM without phenol red (Life Technologies, Paisley, UK) supplemented
with 10% fetal bovine serum, 1% Penicillin-Streptomycin and 2 mM additional L-Glutamine
(from now on named stimulation medium). On day of experiment, cells were washed once with

phosphate buffered saline (PBS) and medium was exchanged to 1.5 mL stimulation medium

8
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supplemented or not with 1 pM curcumin (Sigma-Aldrich/Merck). Cell culture inserts
(PICMO3050, Millicell®-CM 0.4 um, Merck Millipore, Burlington, MA, USA) were placed into 6-
wells, materials were added in the center of the inserts and inserts were filled with 1.5 mL
stimulation medium (with or without curcumin), to obtain a total of 3 mL stimulation medium in
both compartments. To study the influence of microglial cells on the acute foreign body reaction
of astrocytes, the supernatants of HMC3 cells (lower compartment of transwell) were
centrifuged after 24 h for 5 min, 300xg at 4°C, to separate microglia cells from conditioned
HMC3-material medium, and put for another 24 h on one day prior seeded SVGA astrocytes.
Cytotoxicity assay and cell counting were performed for indirectly incubated cells (HMC3 and
SVGA) as well as conditioned HMC3-material medium incubated SVGA cells after 24 h. In
brief, the cell survival was determined by counting of viable cells with a hemocytometer after
24 h of incubation. Growth rates were calculated as n-fold amount of the unstimulated control.

Cell pellets of all stimulations were kept for gPCR analysis.

Generation and stimulation of organotypic brain slices

For the preparation of organotypic brain slices, female Sox10flox hGFAP:creeRT2 mice
(16-24 weeks old; the genetic modification was not relevant for the experimental procedure)
were sacrificed by cervical dislocation. All experiments were performed in compliance with the
author’s institute’s policy on animal use and ethics, and with the agreement of the local Ethics
Committee: V 242-70056/2015(91-7/15). Brains were carefully removed from the scull and
rinsed in artificial cerebrospinal fluid (aCSF, 2 mM CaCl,, 10 mM D-Glucose, 1.3 mM MgCl,, 5
mM KCI, 124 mM NaCl, 26 mM NaHCO,) and dissected to obtain the cerebral cortex regions
from both hemispheres. These tissues were placed on wet filter papers, which were fixed below
the blade of a digital tissue slicer (Stélting, Wood Dale, IL), and tissue slices of 400 pm were
cut. The blade was wetted with aCSF before every cut to lower the surface tension 45. Slices
were prepared, separated, controlled under a binocular microscope and placed on membrane

inserts (PICM03030, Millicell®-CM 0.4 um) in 6-well plates. To allow the brain slices to be
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provided with nutrients from the bottom and CO, from the top, wells below the insert were
supplemented with 1.2 mL of MEM/HEPES (Thermo Fisher Scientific) containing 24% horse
serum (Sigma Aldrich/ Merck), 1% glutamine, 1% penicillin and streptomycin, 6 mg/mL glucose
and 168 pg/mL sodium hydrogen phosphate (modified protocol based on 4>47). To study
curcumin effects, cultivation media were supplemented with 1 UM curcumin (or not for controls)
starting from the day O in vitro (O div), this procedure will be termed “pre-stimulation” in the
following, although the curcumin concentration was maintained during the whole incubation
period. For indirect incubation of brain slices with materials (GO and rGO), implant materials
were placed next to the brain slices on cell culture inserts on day 2 in vifro (2 div), without
allowing a direct contact between brain tissue and materials themselves. Cytotoxicity assays
were performed on day 5 and 8 in vitro (3 and 6 days of stimulation, dos) and brain slices were

harvested on 8 div (6 dos) for gPCR analysis and immunohistochemical staining.

Cytotoxicity assay

To analyze cytotoxic effects of materials and the protective effects of curcumin, cells and
brain slices were incubated indirectly for either 24 h (cell lines) or 3 respective 6 days (brain
slices) with GO and rGO scaffolds, with or without pre-incubation with 1 M curcumin. As
positive controls, different amounts of digitonin-lysed cell-dilutions as well as digitonin-treated
brain slices (83.2 ng/mL, Merck Millipore) were used to determine the exact number of dead
cells, respective the n-fold percentage of dead brain slices compared to the unstimulated
control. In brief, supernatants of cell cultures and brain slices were collected after 24 h
respective 5 and 8 div (3 or 6 dos) and cytotoxicity was analyzed using the the CytoTox-Fluor™
Cytotoxicity Assay (Promega, Madison, WI) as described previously . Moreover, the cell
survival was determined by counting of viable cells after 24 h indirect incubation with materials

or after 24 h incubation with conditioned HMC3-material medium, respectively.

Quantitative Reverse Transcription PCR (GPCR)
10



Publications |90

Page 11 Biomaterials Science

Cells were harvested and tissues homogenized using the QlAzol lysis reagent (Qiagen, Hilden,
Germany) and total RNA was isolated following the manufacturer’s protocol. Using RNase-free
Dnase (1 U/uL, Promega), genomic DNA was digested, and cDNA was synthesized with the
RevertAid™ H Minus M-MuLV Reverse Transcriptase (200 U/pL, Thermo Fisher Scientific).
TagMan primer probes and TagMan™ Gene expression Master Mix (Thermo Fisher Scientific)
were employed to analyze samples with the ABlI PRISM 7500 Sequence detection system.
Analyzed genes were gapdh (human: Hs99999905_m1, mouse: Mm99999915 g1), if6
(human; Hs00985639_m1, mouse: MmO00446190_m1), infa (human: Hs00174128_m1,
mouse: Mm00443258_m1), tgf8 (human: Hs00171257_m1, mouse: Mm01178820_m1),
tenascin (human: Hs01115665_m1), nestin (human: Hs0070120_s1), and fibronectin (human:
Hs00277509_m1). Cycle of Threshold values (CT) were determined, and ACT values = CT
[gene of interest] — CT [GAPDH] were calculated. Due to the logarithmic reaction mode, a AC+
value of 3.33 corresponds to one magnitude lower gene expression compared to GAPDH. For

material-induced mMRNA regulation AACT values were calculated: AACT = 2 —ACTlstimulus] -

ACT[control])

Immunohistochemistry

After cultivation of brain slices for 8 days (6 dos), slices were briefly rinsed with PBS, fixed in
4% paraformaldehyde (in Tris-buffered saline, TBS) over night, equilibrated in 30% sucrose
(in TBS, until sinking to the bottom), embedded and frozen in Shandon Cryomatrix (Thermo
Fisher Scientific) and cut in 10 um cryosections. Sections on glass slides were washed with
0.1% Tween in TBS (TBS-T), blocked for autofluorescence with 1% sudan black (Merck, in
70% ethanol) and for unspecific antibody binding with 0.5% glycine/0.5% bovine serum
albumin (BSA, in TBS-T). The incubation with primary antibodies was performed at 4°C
(overnight), afterwards, slices were washed 3x, incubated with Alexa Fluor 488 or 555 labelled
secondary antibodies against respective host species (donkey IgG, 1:800, Thermo Fisher

Scientific) at 37°C for 1 h, washed (2x, TBS-T, 1x TBS), and nuclei were counterstained with

11
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DAPI (Sigma-Aldrich). Slides were embedded with Shandon Immu-Mount™ (Thermo Fisher
Scientific) after washing in TBS-T and water. For secondary antibody controls, primary
antibodies were omitted (Figure S2, Supporting Information). Commercially available primary
antibodies were anti-GFAP (glial fibrillary acidic protein; rabbit, 1:100; DAKO, Glostrup,
Denmark, Z0334), anti-fibronectin (rabbit, 1:400; Novus biologicals, Wiesbaden, Germany;
NBP1-91258), anti-MBP (myelin basic protein; mouse, 1:400; Novus, NBP2-22121), anti-
nestin (mouse, 4D11, 1:200; Novus, NBP1-92717) and anti-vimentin (chicken, 1:200; Novus,
NB300-223). The monoclonal antibody against neurofilament-M (clone 2H3) developed by T.M
Jessell and J. Dodd, HHMI/Columbia University was obtained from the Developmental Studies
Hybridoma Bank, created by the NICHD of the NIH and maintained at The University of lowa,
Department of Biology, lowa City, |1A 52242. Sections were inspected and documented using

an Axiovert 200M Fluorescence Microscope (Zeiss).

Statistical analysis

All values are shown as mean values * standard deviation (SD). Statistical analysis was
performed using GraphPad Prism® 5, (GraphPad Software, Inc.Version, CA). Asterisks or
rhombs indicate statistical significance, whereas p values < 0.05 were considered as
significant. Different statistical analyses were applied in function of experiments and are stated

in the figure legends.

12
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Results
Preparation and analysis of templates

The fabrication of the 3D scaffolds follows a simple bottom-up approach which allows for
precise control over both microstructure (porosity, pore size) and macrostructure (shape, size)
of the resulting graphene-based scaffolds 3. The process is based on a highly porous (up to
94%) sacrificial template, which consists of interconnected, tetrapod-shaped zinc oxide (t-ZnO)
microparticles (SEM images in Figure S1, Supporting Information). As schematically shown in
Figure 2A, the template was infiltrated with an agueous dispersion of graphene oxide (GO)

sheets, resulting in filling of the entire free volume of the porous and hydrophilic t-ZnO network.

After drying of the infiltrated template, the individual GO sheets assembled uniformly on the
surface of the ZnO tetrapods and formed a nanoscopic thin (~ 25 nm) coating. In the final step,
the sacrificial template was removed wet-chemically by HCl and, to prepare reduced graphene
oxide (rGO)-based scaffolds, reduced in ascorbic acid. Figure 2B shows a photograph of the
employed template and the prepared GO and rGO scaffolds which exhibit an extremely high
porosity (>99.9%) and a low density similar to air (~ 2 mg/cm?). As revealed by the SEM
images in Figure 2C-D, the tetrapodal morphology of the template was perfectly adopted by

the final scaffolds which constitute networks of interconnected, hollow GO or rGO microtubes.
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Figure 2. Highly porous graphene based 3D scaffolds: A) Schematic presentation of the bottom-up fabrication of
the GO and rGO based 3D scaffolds. As illustrated, a sacrificial template composed of interconnected ZnO
microrods was infiltrated with an aqueous GO dispersion, resulting in wet-chemical assembly of the GO sheets on
the surface of the ZnO microrods. After chemical reduction and/or wet-chemical etching of the coated template,
highly porous (>99.9% porosity) scaffolds are formed, consisting of interconnected, hollow GO or rGO microtubes.
B) Photograph of employed t-ZnO template and the fabricated GO and rGO scaffolds. C)-D) SEM images of rGO
scaffold, revealing perfect adoption of the tetrapodal template morphology and the nanoscopic wall thickness of the

hollow microtubes.

Human microglia and astrocyte response on 3D scaffolds and reversibility by curcumin

In a next step, we investigated the effects of the GO and rGO scaffolds on brain cells that
contribute to tissue foreign body responses. We also performed co-stimulations with curcumin,
to show that material effects can putatively be reversed by gliaprotective drugs. Curcumin is a
a well-known anti-inflammatory and neuro- and gliaprotective drug serving here as a model

drug to attenuate implant caused foreign body reactions.

In this experimental setting, we analyzed the material induced cytotoxicity in microglia and

astrocyte cultures after 24 h challenge with the materials (Figure 3A, left and middle). In
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addition, we analyzed cytotoxicity in astrocytes incubated for 24 h with conditioned medium
from material challenged microglia (Figure 3A, right). Materials only slightly increased the
percentage of dead cells (from ~ 2% to ~5% depending on cell type), and these effects were
completely abolished by co-stimulation with curcumin. Moreover, we determined the growth
rates of differentially stimulated cells by cell counting at the beginning and after 24 h of
stimulation (Figure 3B). Growth rates of microglia were only slightly reduced by GO and rGO,
however these effects could be restored by co-stimulation with curcumin. In fact, astrocytes
were more sensitive, they showed significantly reduced growth rates after GO and rGO
challenge, and these effects could not be restored significantly by co-stimulation with curcumin.
However, astrocyte cultures did not show any differences between growth rates when exposed
to conditioned media from microglia that were exposed or not to material for 24 h (experimental
procedure described in Figure 1B). In this experimental setting, material effects seemed to be
ameliorated by microglia influence, and co-stimulation with curcumin did not yield any further

reduction.

Further, we analyzed the expression of inflammatory related genes by microglia cells as well
as reactive gliosis related genes by astrocytes after incubation with GO and rGO (Figure 3C
respective D) or on astrocytes after incubation with conditioned medium, generated from
microglia incubation with GO and rGO (Figure 3E). Interestingly, although GO and rGO
scaffolds did not cause cytotoxic effects in HMC3 microglial cells, inflammation related genes
such as interleuking (IL8) or tumor necrosis factor-a (TNFa) were clearly induced after 24 h,
depending on material and gene to up to ~ 30 fold, and with high variations between
independent experiments. However, whilst IL6 and TNFa overexpression was more
pronounced for rGO scaffold materials, transforming growth factor-g (TGFB) expression was
stronger for cells challenged with GO. SVGA astrocytes challenged with materials for 24h
showed slightly induced expression of glial scarring related genes tenascin C and nestin after
challenging with rGO and GO, however to a lesser extent (up to ~ 3-fold) than inflammation
related markers, and high variations did hardly allow for any detection of significance.

Fibronectin, however, was not at all regulated. Moreover, when SVGA astrocytes were
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stimulated with conditioned-material medium from HMC3 microglia, glial scarring related genes
were not significantly induced upon stimulation. Overall, the pre-incubation with curcumin could

significantly restore these effects completely to the control level.
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Figure 3: Responses of human HMC3 microglial cells and SVGA astrocytes towards graphene oxide (GO) and
reduced graphene oxide (rGO) with or without co-stimulation with curcumin regarding cytotoxicity (A), proliferation
(B) as well as mRNA regulation of pro-inflammatory cytokines (C) and astrogliosis associated genes (D, E).
Materials were either incubated with HMC3 microglia (A,B left, C) and SVGA astrocytes (A,B middle, D) directly for
24 h, or SVGA were incubated with conditioned medium (CM) of material challenged HMC3 for 24 h (A,B right, E)
with or without co-stimulation with 1 pm curcumin (cur). (A) The percentage of dead cells in cultures of material
challenged microglia (left), astrocytes (middle) and astrocytes incubated with CM from material challenged microglia
was measured by cytotoxicity assay of supernatants from n = 7 independent experiments after 24 h. (B) The growth
rate of differentially stimulated cells was determined by cell counting at the beginning and after 24 h of stimulation
from n = 6 independent experiments. (C) Relative gene expression HMC3 microglia (up) and SVGA astrocytes
(middle) on GO and rGO materials, as well as of SVGA astrocytes, challenged with conditioned HMC3-material
medium (right) for a choice of typical inflammation related (n = 5-8) as well as reactive gliosis genes (n = 4-8). Data
is depicted as mean * standard deviation. Significant differences between material stimulations and the co-
stimulation with curcumin were determined by (if applicable repeated measures) Two-Way-ANOVA followed by
Bonferroni's multiple comparison test. Differences between unstimulated controls and material stimulations were
determined by (if applicable repeated measures) One-Way-ANOVA followed Dunn’s multiple comparison test. Data

is significant for *p<0.05, **p<0.01 and ***p<0.001

In summary, GO and rGO did hardly influence viability of human microglia and astrocytes or
of astrocytes via conditioned microglia-material media. Moreover, material-induced slight
effects on cell viability, proliferation and expression could largely be reduced by curcumin or in

case of astrocytes by the conditioned media from microglial cells.

Celiular responses on 3D scaffolds in organotypic brain slices and reversibility by curcumin

Due to the fact, that monocultures lack the information of the complex microenvironment of a
tissue, we decided to use organotypic brain slices as a 3D approach, which more closely
resembles the in vivo situation. Organotypic brain slices preserve the different neuronal and
glial cell types in their tissue environment, enabling us to investigate the effects of GO and rGO
scaffolds, pre-incubated or not with curcumin, on this comprehensive brain tissue model for a
period of 6 days (Figures 4 and 35).
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Figure 4: Responses of murine organotypic brain slice cultures towards graphene oxide (GO) and reduced
graphene oxide (rGO) with or without curcumin pre-incubation regarding cytotoxicity (A) and mRNA regulation of
pro-inflammatory cytokines (B) and astrogliosis associated genes (C). Brain slices were pre-incubated with 1 uM
curcumin for 2 div, and co-incubated with materials for 3 (A left) or 6 further days (A right, B,C). (A) The cytotoxic
effects were measured from supernatants and normalized to unstimulated controls (=1) in n = 3-4 independent
experiments. (B,C) Relative gene expression of organotypic brain slices for a choice of typical inflammation related
(B) as well as reactive gliosis genes (C) from n = 3-9 independent experiments. Data is depicted as mean + standard
deviation. Significant differences between material stimulations and pre-incubation with curcumin were determined
by Two-Way-ANOVA followed by Bonferroni's multiple comparison test. Differences between unstimulated controls
and material stimulations were determined by (if applicable repeated measures) One-Way-ANOVA followed

Tukey’s multiple comparison test. Data is significant for *p<0.05, **p<0.01 and **p<0.001
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First, we could show that both materials, GO as well as rGO, had only very small effects in
cytotoxicity analyses of organotypic brain slices compared to the control levels at early (3 dos)
and late (6 dos) time points of incubation (Figure 4A). At most, GO did slightly increase
cytotoxicity after 3 dos (Figure 4A, left), and the addition of 1 uM curcumin could reduce this

effect, but in general, measured cytotoxicity was very low.

Furthermore, we analyzed the expression of IL6, TNFa and TGFB as examples for pro-
inflammatory cytokines (Figure 4B), and tenascin C, nestin, fibronectin and glial fibrillary acidic
protein (GFAP) as examples for reactive gliosis related markers (Figure 4C) on mRNA level at
6 dos. Whereas GO had no or only little effects on the expression of IL8, TNFa or TGF (Figure
4B), and these effects could be alleviated by curcumin pre-incubation, rGO vyielded significant

induction of IL6 to ~ 3 fold (Figure 4B, left).

However, the pre-incubation with curcumin could significantly restore this effect completely to
the control level. TNFa and TGFB where not induced by rGO and therefore curcumin did not
show any alleviating effects. Comparable results were obtained for the regulation of reactive
gliosis markers. Whereas rGO induced tenascin C, nestin and GFAP expression significantly
(up to ~25, ~6 and ~3 fold, respectively), GO did not influence reactive gliosis associated gene
expression. Fibronectin was again neither induced by GO nor by rGO. Curcumin could
successfully restore the expression of (almost) all regulated genes to the control level. At this
point, one has to keep in mind that the microglial as well as astrocyte cell populations in a brain
slice only represent respective parts of the total cell population, leading to possibly smaller
effects and higher standard deviations than in monocultures. On the other hand, less or more
pronounced effects might be caused by regulatory effects of the cellular neighbors and

microenvironment, which are well preserved in this brain slice model.

Finally, GO and rGO-mediated cellular changes in organotypic brain slices and the restoration
by curcumin pre-incubation, was visualized using fluorescence immunohistochemistry (Figure
5). Stainings of neurons (NF, neurofilament) and oligodendrocytes (MBP, myelin basic protein)

revealed, that the neuronal network and oligodendrocytes were clearly unaffected by GO or
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rGO incubation after 8 dos. Curcumin did either not affect or positively influence the neuronal
network as well as oligodendrocytes (Figure 35). The glial fibrillary acidic protein (GFAP),
specific for astrocytes and elevated in reactive astrocytes, showed strong immunoreactivity
upon GO and rGO incubation compared to unstimulated and curcumin pre-incubated control
slices, whereas the pre-incubation with 1 yM curcumin could mostly alleviate this response.
Moreover, the number of cells positively stained for nestin, a marker of glial precursors and
reactive glial cells, did not visually differ from control slices upon GO and rGO stimulation.
However, the cell size of nestin positive cells did increase upon material incubation, and this
effects was again reduced by curcumin for rGO incubated slices to the control level (Figure 5).
Staining of fibronectin revealed slightly more positive cells upon GO and rGO incubation,
whereas curcumin pre-incubation could alleviate these effects. Vimentin, a further key player
in reactive astrogliosis, showed strong immunoreactivity in GO and rGO challenged slices with
a higher number as well as increased cell size of vimentin positive cells, compared to
unstimulated or curcumin pre-incubated brain slices after 6 dos. By pre-incubating brain slices
with curcumin prior to the incubation with GO and rGO, the higher numbers of vimentin positive

cells could almost be alleviated to control level, but enlargement of cell bodies persisted.

In summary, GO and rGO did only slightly increase cytotoxicity in murine organotypic brain
slices for a period of 3 - 6 dos. GO and rGO treatment provoked only slight or distinct induction
of inflammation and reactive gliosis related genes on mRNA levels, and similar effects could
be visualized on protein level. The pre-incubation with curcumin could restore GO/rGO-
induced effects on cytotoxicity, mRNA expression and protein expression of cellular markers

to (almost) control levels for all stimulations.
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Figure 5: Responses of murine organotypic brain slice cultures towards graphene oxide (GO) and reduced
graphene oxide (rGQO) with or without curcumin pre-incubation regarding immunoreactivity. Murine acute brain slices
were pre-incubated with 1 pM Curcumin (Cur) until 2 div and challenged with GO and rGO for 6 dos, slices were
cut in 10 pm cryosections and immunostained with antibodies against neurofilament-M (NF, neurons), MBP
(cligodendrocytes), GFAP and nestin (astrocytes, glial precursors, reactive astrocytes) as well as fibronectin and
vimentin (reactive astrocytes, glial scaring). Representative images from n = 2 independent experiments. Scale
Bars indicate S0pm, inserts have different magnifications. Please refer to the supplement to Figure 5 for secondary

antibody controls.
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Discussion

During the last decades, great efforts have been made to develop novel treatment strategies
to overcome the various difficulties in the treatment of brain disorders. Besides improvements
in drug delivery, including specific drug design (pro-drugs, chimeric peptides), the use of vector
vehicles (viral and nanoparticles, exosomes) and the manipulation of the BBB 4% 59,
approaches for local manipulations have been pursued and in case of stimulation electrodes
successfully made the step to clinical application 2. In this study, we present two putative
nanostructured GO and rGO based implant materials and investigated their influence on

healthy brain cells and tissue with a special focus on the glial scarring reaction.

Recently, a high multiplicity of graphene based nanomaterials have been developed for brain
applications such as biosensors, interfaces, drug delivery systems 17 20. 51. 52 or the
differentiation of neurons by electrical stimulation 5 due to their outstanding properties.
Besides the extremely high specific surface area and low weight of the 2D materials, the high
conductivity of graphene (and also reduced graphene oxide rGO) is one of the major
advantages over other materials as it can significantly improve electrode performances 5.
Graphene oxide (GO) on the other hand, lacks this conductive behavior, but can be easily bio-
functionalized via its hydrophilic functional groups and therefore can be used for other
approaches such as the surface functionalization for increased biocompatibility or improved
drug loading capacities for the use as a (pH-sensitive) drug delivery system 2185 %, To use the
carbon 2D materials as macroscopic implant materials in the described applications, they have
to be assembled into 3D structures, which retain the unique properties of the 2D building
blocks. Several approaches have already been developed for the wet-chemical assembly of
individual GO flakes into macroscopic GO and rGO (by subsequent chemical reduction of GO)
networks, which are mostly based on template-free gelation of GO dispersions followed by
freeze drying or critical point drying 57. The here presented scaffolds, however, were fabricated
using a highly versatile template with an open-porous framework-like structure, resulting in
lightweight scaffolds (~ 2 mg/cm?®) with both tailorable macrostructure (shape, size) and

microstructure (porosity, pore size) %7. This is crucial in order to adjust the properties for to the
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intended application. For instance, the high and tunable free volume of the scaffolds combined
with large (several ym) and interconnected pores favor applications in 3D tissue engineering.
In fact, similar scaffolds based on carbon nanotubes (CNTs) have already been successfully
used for 3D cellular growth of fibroblast or osteoblast cells 8 5. Additionally, the good electrical
conductivity of the rGO scaffolds (~ 1 S/m') 3 makes them attractive for applications as neural

implants as this is favorable for more efficient cellular signaling and function 0.

Concerning biocompatibility and/or toxicology of GO and rGO, several studies are available in
general 19 24,25,61-65 however, little is known about their effects in the CNS, especially regarding
inflammation and reactive gliosis processes as a major force of glial foreign-body responses
impairing the major functions of brain implants. Systemically applied rGO, although passing
the blood-brain barrier, neither caused any cytotoxic effects in mouse and rats, nor did it cause
any effects on inflammation in serum or hippocampus in rats % € However, GO and rGO
nanoparticles have been used to study their effects on ocular toxicity in vitro and in vivo. In the
eye, GO caused intraocular inflammation and cell apoptosis in the cornea and in corneal
epithelial cells in a duration-dependent manner, whilst rGO remained without any toxic effects
88, |In the brain, nanosheets of GO were observed to reduce the activity of synapses, whilst not
affecting cultured hippocampal neurons survival 8 70, GO nanoribbons induced reactive
oxygen species (ROS) production and autophagy in neuroblastoma cells, but did also not
increase cell death 7. Giving these heterogeneous observations from different neuronal and
neuronal-related cell entities, more research is necessary to produce safe graphene based
implants for brain applications that gives not only information about their toxic effects on
neurons, but also of the glial cells as main promotors of the brain-foreign body response. First
attempts to study the glial and neuro-glial response upon GO nanosheets or flakes have been
made on primary astrocytes and primary astrocyte-neuron-co-cultures 72 as well as on primary
rat glial cell cultures and 3D murine organotypic spinal cultures, that keep the normal presence
and distribution of neurons and glial cells alive %. In the latter study, a GO nanosheet long-
term stimulation for two weeks slightly (but not significantly) increased the microglia related

cytokine and chemokine production by organotypic spinal cultures. The shorter GO nanosheet
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stimulation of rat primary glial cells for 5 days, yielded a clear phenotypical switch of microglial
cells to their amoeboid shaped, activated, pro-inflammatory state. This study also showed the
cellular uptake of the soluble sheets. Likewise, cellular uptake of soluble GO flakes was also
observed for astrocytes and identified as a major cause for alterations in membrane
permeability, cytoskeleton rearrangement and differentiation status of astrocytes, and in
neuron-astrocyte co-cultures also affecting excitability and synapse density 72. Since we were
interested in the use of 3D tetrapod-shaped scaffolds of GO and rGO for the use as brain
implant materials, which had not yet been tested for their biocompatibility in the brain or with
brain cells, we also used different in vitro models that give information about viability, and
especially inflammation and reactive gliosis processes in the CNS. Therefore, either mono-
cultures of human astrocytes and microglia or 3D tissue cultures of organotypic brain slices of
mouse heuro cortices were challenged with GO and rGO templates, to analyze the single cell
response as well as of complex tissue, preserving all different cell types. Comparing our results
to the observations with GO nanosheet effects on microglial cells 54, we did hardly see any
effects on microglia proliferation or survival in human microglial monocultures, but we detected
more pronounced and robust induction of pro-inflammatory cytokines, while cytokine
expression was hardly affected in murine organotypic brain slices (except for IL6 upon rGO
challenge). Focusing on the GO/rGO template effects on astrocytes, we observed again hardly
any effects on viability or proliferation, and only slight effects on the expression of intracellular
(nestin) and extracellular markers (fibronectin, tenascin C) for reactive gliosis in cultured
human astrocytes. These effects were even less when astrocytes were incubated with a
conditioned medium from material challenged microglia. In organotypic brain slices, material
challenge yielded more robust induction of intracellular cytoskeleton molecules GFAP,
vimentin and nestin as well as the extracellular matrix component tenascin C, well-known
markers for glial scaring 7>76. Interestingly, in mRNA expression analyses, rGO provoked
clearly higher effects than GO, but these findings were not corroborated on the
morphology/protein expression level, where GO and rGO yielded almost the same

impressions. These might be due to the fact that activation of glial cells is time dependent and
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reversible, and different read outs may be differentially sensitive at different time points. While
starting from a completely different question and using different methods, these results are at
least in part in line with those of Chiacchiaretta and colleagues 72 when focusing on the GO
induced remodeling processes within astrocytes, but also contradictive as some of our results
(induction of nestin, vimentin positive cells) emphasize a switch of some astrocytes to a less
differentiated, reactive state. For a short notice, not concerning the inflammatory and gliosis
responses, neurons and oligodendrocyte were not impaired by GO/IGO challenge in our
experimental model of organotypic brain slices, supporting the overall acceptable tolerance of

GO and rGO by brain tissue observed by other studies 5 6870,

Facing distinct effects of only a part of pro-inflammatory or reactive gliosis associated
genes/proteins by the challenge of glial cell cultures or organotypic brain slices with GO or rGO
scaffolds, we investigated, if an anti-inflammatory compound — we used the food additive
curcumin as a model drug - can alleviate effects eventually caused by both materials. Curcumin
is known to reduce successfully inflammation and glial scarring processes after spinal cord
injury 3. 34 77 and, in a first approach, curcumin loaded intracortical implants could improve
neuronal survival and positively influence the stability of the blood-brain barrier for a period of
4 weeks 8. Accordingly, in our study, the addition of curcumin alleviated the cytotoxic,
inflammatory or glial scarring effects of both GO and rGO after 24 h in mono-cultures as well
as after 6dos in murine organotypic brain slices effectively. Single stimulations with curcumin
(without GO/rGO scaffolds) did not yield any effects, so that curcumin could alleviate potential
glial cell responses towards brain implants.

Amongst many other approaches to improve brain implant biocompatibility, coatings for
example with the interleukin 1 receptor antagonist (IL1Ra) have been implemented on
chronically implanted neural electrodes, which could successfully reduce glial scarring already
1 week post implantation 7°. The application of IL1Ra was further improved by embedding the
antagonist in protease-degradable poly(ethylenglycol) hydrogel coatings 8. However, although
microgel coatings on neural implants reduced astrocytic recruitment around the implant,

microglial response and neuronal cell loss were not significantly improved 8'. In perspective,
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curcumin as a promising anti-inflammatory and anti-glial scarring compound could be used in

such coatings, to minimize the implant-induced foreign body response of the brain.

Conclusion

In summary, the GO and rGO scaffolds did not show pronounced effects on viability
(cytotoxicity and proliferation) of human microglia and astrocyte cell lines as well as on murine
organotypic brain slices. Moreover, both materials did not affect neurons as well as
oligodendrocytes in organotypic brain slices. Although GO and rGO scaffolds both showed
comparably mild responses, rGO caused stronger effects than GO on the expression of
inflammation and glial scarring related genes in cell lines and slice cultures. However, most
effects could be reduced to almost control level by curcumin pre- or co-incubation. Thus, highly
porous, tetrapod-shaped GO and rGO scaffolds proved to be promising candidates as brain
implants, e.g. conductive electrodes or drug delivery systems due to their high surface area

for loading or coating with foreign body response attenuating drugs like curcumin.
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Supporting Information

Figure $1, Supporting Information: SEM images of sacrifial -ZnO template which is composed of interconnected,

tetrapod-shaped microparticles (length of one tetrapod leg ~ 25 pm, diameter ~ 2 um).

Secondary ab control

anti mouse

Figure S2, Supporting Information: Secondary antibody controls for immunohistochemical stainings shown in
Figure 5. The primary antibodies were omitted during the staining procedure. Representative images from n = 2

independent experiments.
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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 uM.
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-o, TGF-§3 and IL-
1B 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 uM) 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-1B or TNF-a, 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:

o Design of the study

e Performance of experiments

o Data analysis and visualization

o Discussion and interpretation of results
e 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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Abstract

The polyphenolic spice and food coloring ingredient curcumin has beneficial effects in a broad variety
of inflammatory diseases. Amongst them, curcumin has been shown to attenuate microglia reaction and
prevent from glial scar formation in spinal cord and brain injuries. However, like a variety of other drugs,
curcumin is quite instable and hardly bioavailable upon oral administration. Here, we describe a protocol
for the efficient encapsulation of curcumin as a model for anti-inflammatory drugs vielding long-term
stable, nontoxic liposomes with favorable physicochemical properties. In experimental models for
neuroinflammation and reactive astrogliosis, we could show that liposomal curcumin can efficiently
reduce reactivity of human microglia and astrocytes and preserve tissue integrity of murine organotypic
cortex slices. In perspective, we want to administer this curcumin formulation in brain implant coatings
to prevent from neurocinflammation and glial scar formation as foreign body responses of the brain

towards implanted materials.

Introduction

Curcumin is a natural polyphenolic compound that can be obtained from the rhizome of turmeric,
Curcuma longa ', and is widely used as a spice and food coloring ingredient, but also in Ayurvedic
medicine. Apart from its use as a food additive, beneficial effects of curcumin, its derivatives and
analogues have been investigated in vitro and fn vivo up to clinical trials in a broad variety of diseases,
for example in cancer (e.g. breast, colorectal, pancreatic cancer) and inflammatory diseases [e.g.
inflammatory bowel disease, osteocarthritis and rheumatoid arthritis 27. In addition, the effects of
curcumin and its derivatives have been studied in the context of neurodegenerative diseases, e.g.
Alzheimer's and Parkinson’s disease 81, pathological pain '3, epilepsy ' and cerebral ischemia 1516,
These and other studies revealed, that curcumin may influence on several intracellular signaling
cascades, including the mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K),
nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NFkB), janus kinasefsignal transducers
and activators of transcription 3 (JAK/STAT3) and nuclear factor E2-related factor 2 (Nrf2) pathways "7
21 yielding neuroprotective and anti-inflammatory microglia-attenuating effects 202225 |n recent studies,
curcumin has also been described to prevent from glial scar formation in spinal cord and brain injuries

2623 |n experimental studies on spinal cord injuries, curcumin could reduce in viiro and in vivo the
2
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production of pro-inflammatory mediators (e.g. nitric oxide, NO; tumor necrosis factor a, TNFq;
interleukins IL1B and IL2; chemokines CCL3, CCLS and CXCL10), the reactive expression of
dliosisffibrosis markers (e.g. glial fibrillary acidic protein, GFAP, or a smooth muscle actin, a-SMA) and
the deposition of chondroitin sulfate proteoglycans, presumably by medulating STAT3-, NFkB-,
TGFB1/2- and SCX9-signaling pathways 27-30, Studies on loccomotor and sensory recovery after spinal
cord injury also showed beneficial effects mediated by curcumin alone 3 or in combined therapettic
approaches with mesenchymal stem cells ¥, However, curcumin is hydrophobic, quite instable in
aqueous solutions, sensitive to light and hardly bioavailable in experimental studies 323 These facts,
and the failure of some recent clinical trials evoke a controversial debate on the usefulness of further
experimental and clinical studies on the one hand side %, but also paved the way for the development
of better bicavailable and more stable curcumin formulations, for example by the use of micro-
emulsions, nanofibers or nanoparticles 8338 |n particular, drug-loaded nanoparticles offer several
advantages over the bulk materials such as a high surface to volume ratio, a tailorable particle size or
the ability to change chemical properties by surface functionalization. Moreover, they are known since
years to be good carriers for the encapsulation, transportation and release of drugs with tailorable
release kinetics of the pharmaceutical compound to the target side as well as enhanced solubility and
stability of most drugs, resulting in improved pharmacokinetic profiles 3341, Especially liposomal
formulations have successfully climbed the step from experimental concept to clinical application as an
FDA approved nano-carrier for a variety of drugs 42 and liposomes have also been shown to be a
promising formulation strategy for curcumin, due to their biocompatibility and biodegradable properties
4% Liposomes are artificial membrane-like hilayer structures, consisting of cholesterol and other non-
toxic phospholipids #, that are formed by exposing the lipid headgroups to a highly hydrophilic agueous
surrounding 45 The amphiphilic character of the liposomal structure therefore not only allows the
encapsulation of hydrophilic but also hydrophobic drugs, such as curcumin 46, or even a combination of
different drugs. Several reports show beneficial effects of liposomal curcumin formulations, for example
improved effects on growth-inhibition and pro-apoptotic effects on cancer cells, higher anti-inflammative
and -oxidative effects in vaginal inflammation models, increased bioavailability upon oral administration
and improved skin-penetration in melanoma treatment 4751, However, only little has been shown yet for
liposomal curcumin applications in the brain. In this context, nano-formulated curcumin has been shown

to attenuate microglia activation and to protect the blood-brain barrier integrity 5253,
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The idea behind this study was to develop a liposomal nano-carrier formulation that may be
suitable for local brain administration, for example in coatings of brain recording or stimulation electrodes
or brain implants for drug delivery in order to alleviate foreign body reactions. The glial scarring process,
evoked by foreign materials in the brain very frequently, leads to the formation of a fibrous sheath and
immune cell infiltration, therefore impairing the function (or drug delivery) of brain implants %55, The (co-
Jadministration of an anti-inflammatory drug such as curcumin in a stable formulation could help to
reduce the glial foreign body response. Thus, we developed a protocol for the encapsulation of curcumin
in liposomal nano-carriers (we termed them LipoCur) and evaluated their physiochemical properties,
long-term stability and /n vitro drug release kinetic. As microglia promoted neuroinflammation and
astrocyte mediated reactive gliosis mainly contribute to the brain foreign body response (compare Figure
1A) we focused in our first experimental approaches on these cell types. Using human microglia and
astrocytes, we compared the effects of liposomal and free curcumin on cell viability. To experimentally
mimic the foreign body response i vitro, we challenged human microglia with lipopolysaccharide (LPS)
to induce neuroinflammation (Figure 1B) and stimulated human astrocytes with a cytokine cocktail to
induce reactive gliosis (Figure 1C). In these experimental settings, we analyzed the effects of both
liposomal and free curcumin on the expression of pro-inflammatory markers in microglial cells, and on
the expression of glial scarring associated genes in cytokine-activated astrocytes. Additionally, we
tested the effects of liposomal and free curcumin on LPS challenged acute brain slices obtained from
mouse cortex to verify our observations in the complex tissue composition of the murine brain (Figure

1D).



Publications |118

Material and Methods

Preparation of liposomal nano-carriers

Briefly, lipids and curcumin were dissolved in 3mL absolute ethanol at a total concentration of
1.34mg/mL dipalmitoylphosphatidylcholine (DPPC, 16:0 PC, Avanti Polar Lipids, Alabaster, AL),
0.26mg/mL cholesterol (Sigma-Aldrich / Merck, Darmstadt, Germany) and 0.063mg/mL curcumin
(Sigma-Aldrich) respectively and mixed by slightly shaking of a 100mL round bottom flask. The organic
solvent was then removed using a rotary evaporator (Buchi R200, Flawil, Switzerland) for 1h at 37°C.
The lipid film was rehydrated with 2mL ultrapure water, vortexed and directly extruded through a
polycarbonate membrane (200 nm and 100 nm, Whatman®, Fisher Scientific, Merelbeke, Belgium) at
51°C. Thereafter, liposomes were purified by centrifugation to separate free curcumin from the nano-
formulation. In brief, a first centrifugation step for 15min at 9,000 xg at room temperature (Centrifuge
5418, Eppendorf AG, Hamburg, Germany) separated free curcumin agglomerates (pellet) from the
liposomal formulation (supernatant), whereas two ultracentrifugation steps for 1h at 100,000 xg at 4°C
(OptimaTM L-80K, Beckman-Coulter, Brea, CA) separated the liposomal formulation (pellet) from the
remaining free drug (supernatant). The final pellet was resuspended in 1.2mL ultrapure water. The pellet
from the first centrifugation as well as the supernatants from the ultracentrifugation steps were kept for
indirect quantification of the encapsulated curcumin concentration by high-performance liquid

chromatography (HPLC, see below).

For freeze-drying of the liposomes (see paragraph Freeze-drying of liposomal formulations), the
ultrapure water for the rehydration of the lipid film as well as the resuspension of the liposomal pellet
after centrifugation were supplemented by 10% trehalose in the final protocol. To evaluate the most
suitable condition for freeze-drying, at first different concentrations of trehalose were tested against each

other and evaluated by their physico-chemical properties.
Freeze-drying of liposomal formulations

Freshly produced liposcmes were freeze-dried using a vacuum freeze-dryer (Drywinner 8, Heto-Holten
AJS, Allerod, Denmark). In brief, the samples were frozen from room temperature to -45° (cycle 1) under
1bar over a period of 3h and 30min. After that, primary drying was performed at -45°C for 15min (under

0.8bar pressure), at -15°C for 3h (under O.1bar pressure) and then at -10°C for 12h (under O.1bar
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pressure). Finally, the secondary drying was carried out at 10°C for 5h (under 0.1bar pressure). The
entire freeze-drying cycle took 23h and 45min. Freeze-dried samples were kept at 4°C under vacuum

until further usage.

The mass yield of curcumin loaded liposomes was determined by gravimetric analysis of the
dried liposomes dispersions. Briefly, liposome formulation without the addition of trehalose were freeze-
dried as described before. The weight of the dried liposomes was measured and the mass yield (%)

was calculated using equation 1.

weight of 200ul liposomes x 100

1] mass yield (%) =

theoretical weight of 200UL liposomes

Physico-chemical properties of liposomes

Dynamic light scattering (DLS) and laser-Doppler electrophoresis

All samples of liposomes (empty or curcumin loaded) were analyzed three times for the size (nm),
polydispersity index and zeta potential (mV) by Dynamic Light Scattering (DLS) (BIC 90 plus,
Brookhaven Instruments Corp., Holtsville, NY) followed by Laser Doppler Anemometry, based on the
electrophoretic mobility (Zetasizer Nano ZS, Malvern, UK), right after production. The measurements
were performed following a 1:100 dilution of all the samples with ultrapure water, at 25°C. For long-term
stability tests, aliquots of freeze-dried samples, stored at 4°C under vacuum, were rehydrated and

analyzed over the time for up to © months in storage with three technical replicates, n=3.
High-performance liquid chromatography (HPLC)

The percentage of encapsulation efficiency (%EE) was determined indirectly (see equation 2) of the
curcumin content lost during the centrifugation respective ultracentrifugation steps by a previously
validated HPLC methed (Agilent LC1100 Series, Agilent Technologies Santa Clara, CA, with OpenLab
CDS LC ChemsStation version C.01.05 as the software). Moreover, the drug loading capacity was
determined by direct quantification of encapsulated curcumin in the final liposomal formulations, as
described in equation 3. The elution was carried out in an isocratic mode with sample volumes of 10pL
and a flow rate of 0.8 mL/min at ambient temperature and a wavelength of 427 nm. The separation was

performed on a Xterra RP8 column (5um, 4.6x250 mm, endcapped Waters® Zellik, Belgium) and a
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mobile phase consisting of 10% ultrapure water and 90% phase E1 (41% acetonitrile, 23% methanol
and 36% acidified ultrapure water). Curcumin concentrations were calculated on the basis of linear
calibration functions and with regard to the dilution factor. Standards as well as the curcumin pellet
(centrifugation) were prepared in absolute ethanol and the supernatants (ultracentrifugation) and the
liposomal formulation were diluted 1:3 with ethanol respective 1:10 with ethanol supplemented with 0.5%

Triton-X. All samples were run as duplicates.

total amount of curcumin)—(free curcumin
2] %EE = & L ) (e 2+ 100%
total amount of curcumin

. . curcumin amount of curcumin in 200uL liposomes*
[3] drug loading capacity (“g ) = s L lip [uo]

mg liposomes weight of 200uL liposomes [mg]

Transmission Electron Microscopy

The morphology of the freeze-dried liposomes, empty as well as curcumin loaded, was analyzed by
Transmission Electron Microscopy (TEM) after 9 months of storage as described before 5. In brief, 3uL
of diluted sample were added on a freshly glow discharged continuous carbon coated copper grid
(Electron Microscopy Sciences, Hatfield, PA) and lipcsomes were allowed to adhere to the surface for
10 sec. The excess sample was blotted off from the side with filter paper, SuL of half saturated uranyl
acetate solution were added twice and removed two sec after each incubation. After drying at room
temperature, grids were transferred to a JEOL JEM 1400Plus TEM operating at 100kV (Tokyo, Japan).

Images were digitally recorded on a 4kx4k digital camera (F416, TVIPS, Germany).

In vitro curcumin release from liposomes

The in vitro drug release profiles of liposomes were studied with the dialysis method. In brief, freeze-
dried curcumin loading liposomes were rehydrated in a final volume of 400uL ultrapure water and
vigorously vortexed. To determine the total amount of curcumin available at time t=0 (X1), 10pL sample
volume was kept for HPLC quantification. In parallel, 50uL of the sample were taken to quantify free
curcumin outside the liposomes. For this, the S0uL were diluted in 950uL ultrapure water and centrifuged
15min at 9,000xg at room temperature. The remaining pellet, considered to be free curcumin, was
diluted in 1mL ethanol and the free curcumin content (X2) was quantified via HPLC. Therefore the
difference of concentration between X1 and X2 represents the actual amount of curcumin present inside

the liposomes at t=0.
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Then, the remaining 340uL of rehydrated samples were taken in dialysis bags (Biotech CE
Tubing, MWCQO 20kDA, Fisher Scientific) and dialyzed against 5mL ultrapure water containing 20%
ethanol and 0.5% Tween-80 (1:50 acceptor/donator volume ratio to obtain sink condition) at 37°C,
stirred at 25rpm for 7 days. At certain time points (Oh, 1h, 3h, 6h, 8h, 10h, 24, 48h, 72h, 96h and 120h,
respectively) 250uL sample volume was taken from the receptor compartment and replaced by the same
volume of fresh receptor compartment media. The concentration of curcumin was then determined via
HPLC and the accumulated drug release over the time was calculated taking X2 into account (as it will

be directly released from the dialysis bag).

Cell lines and cell culture

The human fetal astrocyte cell line SYGA was kindly provided by the group of Christine Hanssen
Rinalde, University Hospital of North Norway $7 with the permission of W.J. Altwood %8 The human
microglia cell line HMC3 was purchased from the American Type Culture Collection (ATCC, Manassas,
Virginia, USA). Cells were cultured in Dulbecco’'s modified Eagle’s medium (DMEM; Life Technologies,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; PAN-Biotech GmbH, Aidenbach,
Germany), 1% Penicillin-Streptomycin (10,000 U/ml; Thermo Fisher Scientific, Waltham, MA, USA) and
2mM additional L-Glutamine (Thermo Fisher Scientific). Cells were routinely checked for Mycoplasma

contamination by nuclei staining and mycoplasma-specific PCR.
Cell stimulations

Cells were seeded in 6 well plates (Sarstedt, Nurnbrecht, Germany) cne day prior to stimulation. For all
stimulations, 0.01uM curcumin or the corresponding amount of liposomal encapsulated curcumin (or
empty liposomes) were added to the cells 30min prior to further stimulation and maintained for the whole
stimulation period. This procedure is termed “pre-incubation” in the following. Inflammatory reaction of
microglia was induced by stimulation with 100ng/mL lipopolysaccharide (LPS) of Salmonella
typhimurium (Sigma-Aldrich) for 24h. Astrocytes were stimulated for 24h with each 10ng/mL
recombinant human tumor necrosis factor a (TNFa), transforming growth factor B1 (TGFB1) and
interleukin 1B (IL1B3) (all Immunotools, Friesoythe, Germany) to induce gliosis reaction. Supernatants
were collected for viability assays, cells were counted to determine effects on proliferation, and cells

were lysed to isolate RNA (for quantitative reverse transcription PCR, gPCR).
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Brain slices were pre-incubated with 0.01uM curcumin or the corresponding amount of
liposomal encapsulated curcumin (or empty lipesomes) 30min prior to further stimulation with 100 ng/mL
LPS to induce inflammatory conditions for 8 days, while media and stimuli were changed on days 1, 2
and 5, and supernatants collected for subsequent cytotoxicity analysis on days 2 and 8 in vitro (div).
After 8 days of stimulation, slices were either lysed for RNA isolation or fixed and embedded for

immunochistochemistry.
Liposome cell uptake assay

Liposomes were stained with 0.25% nile red (Sigma-Aldrich) for 24h at room temperature. Free nile red
was removed from liposomes by centrifugation at 3,000xg for 30min in filter membranes (Amicon,
Sigma-Aldrich, molecular cutoff: 10,000 MWCO). 108 HMC3 or SVGA cells were seeded on glass cover
slips and grown for 24h. Stained liposomes (or the nile red staining solution for control) were applied to
the cells for 24h in concentrations corresponding to 0.01uM free curcumin. Cells were fixed with 4%
paraformaldehyde (PFA, in phosphate buffered saline, PBS), rinsed with PBS (3x), incubated with Alexa
Fluor 647 labelled wheat germ agglutinin (Thermo Fisher scientific, 1:200) for 1h, rinsed with PBS (3x).
Then, nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 30min) and
cover slips were embedded after rinsing with PBS and distilled water using Shandon Immumount
(Thermo Fisher scientific). Cover slips were inspected and documented using an Axiovert 200M

microscope with Apotome (Zeiss, Oberkochem, Germany).
Cell viability

To measure viability, 7,000 HMC3 or SVGA cells/well were seeded on 96 well plates and grown for 24h.
Then media were changed to DMEM containing 10% FBS plus respective stimuli or alone as positive
control. After 72h incubation, proliferation was determined by the measurement of tetrazolium salt WST-
1 cleavage (Roche, Mannheim, Germany) regarding 1ISO 10993-5 and normalized to unstimulated
control (2 individual wells for each stimulus, as technical replicates, biological replicates as indicated in

the respective figure legends).
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Organotypic brain slices

For the generation of organotypic brain slices, female Sox10flox hGFAP:creeRT2 mice (16-24 weeks
old, local Ethics Committee, agreement: V 242-70056/2015(91-7/15); the genetic modification was not
relevant for the experimental procedure), were sacrificed by cervical dislocation and brains were
carefully removed from the scull and rinsed in artificial cerebrospinal fluid (aCSF, 2mM CaCl2, 10mM
D-Glucose, 1.3mM MgClz, 5mM KCI, 124mM NaCl, 26mM NaHCOC3). Tissue slices of 400pm were
obtained using a digital tissue slicer (Stolting, Wood Dale, IL). In brief, brains were dissected to obtain
the cerebral cortex regions from both hemispheres, placed on wet filter papers, which were fixed below
the blade of the slicer using adhesive film. To ensure minimal surface tension, the blade was wetted
with aCSF before every cut % Slices were prepared, separated and controlled under a binocular
microscope and placed on membrane inserts (PICM03050, Millicell®-CM 0.4pm, Merck Millipore,
Burlington, MA, USA) in 6-well plates. Wells contained 1.2mL of MEM/HEPES (Thermo Fisher
Scientific), supplemented with 24% horse serum (Sigma Aldrich), 1% glutamine, 1% penicillin and
streptomycin, 6mg/mL glucose and 168ug/mL sodium hydrogen phosphate | allowing brain slices to be

provided by nutrients from the bottom and CQO2 from the top [protocol based and adjusted on 561,

Cytotoxicity assay

To analyze the protective effects of liposomal and free curcumin on murine brain slices, slices were
challenged with 100pg/mL LPS, in combination or not with 0.01uM free or liposomal curcumin respective
empty liposomes. As positive control, brain slices were treated with 83.2ng/mL Digitonin solution instead
of stimulation. Supernatants were collected and cytotoxicity was analyzed using the the CytoTox-Fluor™

Cytotoxicity Assay (Promega, Madison, WI) as described previously 62 on day 2 and 8 in vitro.
Immunohistochemistry

After stimulation (8 days), brain slices were briefly washed in PBS, fixed in 4% paraformaldehyde (in
Tris-buffered saline, TBS) over night, equilibrated in 30% sucrose (in TBS, until slices sink down),
embedded and frozen in Shandon Cryomatrix (Thermo Fisher Scientific) and cut in 10um cryosections.
Sections were washed with 0.1% Tween in TBS (TBS-T), blocked for autofluorescence with 1% sudan
black (Merck, in 70% ethancl) and for unspecific binding with 0.5% glycine/0.5% bovine serum albumin
(in TBS-T), incubated with primary antibodies over night at 4°C, washed 3x, incubated with Alexa Fluor
488 or 555 labelled secondary antibodies against respective host species (donkey 1gG, 1:800, Thermo

10
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Fisher scientific) at 37°C for 1h, washed (2x, TBS-T, 1x TBS), nuclei were counterstained with DAPI
(Sigma-Aldrich) and slides embedded after washing in TBS-T and water with Shandon Immumount
(Thermo Fisher Scientific). For secondary antibody controls, primary antibodies were omitted (compare
Supplement to Figure 6). Commercially available primary antibodies were anti-GFAP (glial fibrillary
acidic protein; rabbit, 1:100; DAKQ, Glostrup, Denmark, Z0334), anti-fibronectin (rabbit, 1:400; Novus
biologicals, Wiesbaden, Germany; NBP1-91258), anti-MBP (myelin basic protein; mouse, 1:400; Novus,
NBP2-22121), anti-nestin (mouse, 4D11, 1:200; Novus, NBP1-92717) and anti-vimentin (chicken,
1:200; Novus, NB300-223),. The monoclonal antibody against neurofilament-M (clone 2H3) developed
by T.M Jessell and J. Dodd, HHMI/Columbia University was obtained from the Developmental Studies
Hybridoma Bank, created by the NICHD of the NIH and maintained at The University of lowa,
Department of Biology, lowa City, |A 52242, Sections were inspected and documented using an Axiovert

200M Fluorescence Microscope.

Quantitative Reverse Transcription-PCR

HMC3 or SVGA cells were harvested and tissues homogenized using the QlAzol lysis reagent (Qiagen,
Hilden, Germany) and total RNA was isolated following the manufacturer’s protocol. Genomic DNA was
digested by RNase-free Dnase (1U/uL, Promega, Madison, W, USA), and cDNA synthesis was
performed using RevertAid™ H Minus M-MuLV Reverse Transcriptase (200U/uL, Thermo Fisher
Scientific, Waltham, MA, USA). TagMan primer probes and TagMan™ Gene expression Master Mix
(Thermo Fisher Scientific) were used to analyze samples with the ABI PRISM 7500 Sequence detection
system. Analyzed genes were gapdh (human: Hs99999905 m1, mouse: Mm99999915 _g1), i/6 (human:
Hs00985639_m1, mouse: Mm00446190_m1), #18 (human: Hs01555410_m1, mouse:
Mm00434228 m1), tnfa (human: Hs00174128 _m1, mouse: Mm00443258_m1), tgfB (human:
Hs00171257_m1, mouse: Mm01178820_m1), fenascin thuman: Hs01115665_m1), nestin (human:
Hs0070120_s1), and fibronectin (human: Hs00277509_m1). Cycle of Threshold values (CT) were
measured, and ACT values = CT [gene of interest] — CT[GAPDH] were calculated. Due to logarithmic
reaction mode, a ACrvalue of 3.33 corresponds to one magnitude lower gene expression compared to

GAPDH. For stimuli-induced mRNA regulation AACT values were calculated: AACT = 2 ~(ACTIstimulus] -

ACT[control])

11
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Statistical analysis

All values are shown as mean values z standard deviation (SD). Statistical analysis was performed
using GraphPad Prism® 5, (GraphPad Software, Inc.Version, CA). Asterisks or rhombs indicate
statistical significance, whereas p values < 0.05 were considered as significant. Different statistical

analyses were applied in function of experiments as reported in each figure legend.

Results

Preparation and characterization of liposomes

For the development of an effective curcumin delivery system for the alleviation of brain implant-induced
foreign body reactions in the brain, a liposomal formulation using 80.6% (w/v) DPPC, 15.6% (w/v)
cholesterol and 3.8% (w/v) curcumin was employed. Empty and curcumin loaded liposomes were
produced by hydration of the lipid-thin film technique, followed by multiple times extrusion. Particle size
analysis of liposomes encapsulating curcumin showed a size, Pdl and Zeta Potential (ZP) of 180 =

34nm, 0.170 + 0.040 respective -26.1 £ 14.0mV (Table 1) on the day of preparation.

For long-term storage of liposomal formulations, trehalose was added to the final formulation as a cryo-
protectant. To evaluate the most suitable trehalose concentration that does not alter the size, ZP or Pdl
after freeze-drying, different trehalose concentrations have been added to the liposomal formulations
and physico-chemical properties have been evaluated before (Figure 2A) and after freeze-drying (Figure
2B). With the final concentration of 10% trehalose, sizes of 153 + 48nm and 164 + 22nm, Pdl of 0.11 +
0.05 and 0.25 £ 010, as well as ZP of -22.6 + 6.2mV and -29.3 + 3.8mV have been measured of
curcumin loaded liposomes before respective after the freeze-drying process. Empty liposomes show a
slightly bigger size and Pd| as well as less negative ZP than curcumin loaded liposomes with 219 %

82nm, 0.30 £ 0.10 and -17.2 + 3.8mV respectively (Table 1).

With this final formulation, the curcumin encapsulation efficiency (EE) and drug loading capacity (DL)
were evaluated by HPLC guantification on the day of preparation. As seen intable 1, EE values and DL

of 68 = 6 % respective 21.4 £ 1.8 % were obtained for liposomes without trehalose, and an EE 46 £ 9

12
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% for liposomes containing trehalose. The total mass yield that was determined by HPLC and

lyophilization was 78 + 18 % (Table 1).

Regarding the long-term stability of fabricated liposomes, freeze-dried samples were stored in a vacuum
at 4°C for up to 180 days and analyzed for their size, Pdl and ZP and compared to the values directly
after freeze-drying process (Figure 2C - E). Sizes slightly increased over the time from 180nm to 240nm
(directly vs 180 days after freeze-drying), whereas only after 120 days significant changes to the fresh
freeze-dried formulation could be noted. However, the ZP (Figure 2D) and the size distribution (Figure
2E) of the liposomal formulations did not vary over the time. In summary, 180 days old liposomes did
not significant differ from freshly produced formulations in their size, Pdl and ZP. Thereafter using the
dialysis method, the /n vifro drug release of curcumin was performed and evaluated by HPLC. The
individual drug release profile of n=3 technical replicates is depicted in Figure 2F. After 10 hours,
liposomes released 26.9% + 4.5 of their curcumin cargo and a maximum with 34.8% + 5.9 was released

after 24 hours, which was followed by a sustained release drug profile over the time.

Concomitant with the above described physico-chemical characterization, we analyzed the morphology
of the freeze-dried liposomes (LipoCur as well as empty LP) by Transmission Electron Microscopy
(TEM) after 180 days of storage, and similar sizes could be evaluated visually (Figure 3A and B) as
previously measured by DLS (Figure 2C). All vesicle types tended do have a spherical shape, with
similar size distributions. Some of them seemed to be dented or hollow, putatively due to the preparation

process with uranyl acetate for TEM.

Taken together, we could successfully establish a protocol for the encapsulation of curcumin into
liposomes, yielding favorable physico-chemical properties, efficient encapsulation efficiencies and long-

term stability of the liposomal formulation.

Cellular uptake and effects of liposomal curcumin on viability of

human astrocytes and microglia cells

To study the uptake of liposomes by cells, empty liposomes (LP) and curcumin loaded liposomes

(LipoCur) were fluorescently labeled with nile red and incubated with human microglia cells (HMC3) and

13
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astrocytes (SVGA) for 24h. The final liposome concentration of 0.18ug/mL corresponded to a final
concentration of 0.01uM curcumin. VWe observed that both cell types efficiently incorporated labeled
liposomes (Figure 3C). Using infrared labelled wheat germ agglutinin which binds to and marks cell
membranes, we could clearly demonstrate that red labelled liposomes were located within the cell

boundaries in the cytoplasm.

Next, we investigated to what extend empty and curcumin loaded liposomes influenced on the viability
of cultivated brain cells. Therefore, we stimulated microglia and astrocytes with empty LP, LipoCur and
for comparison free curcumin (free Cur) for 3 days with concentrations ranging from 0.0001uM to 20pM
curcumin (and corresponding amounts of loaded or empty liposomes). As shown in Figure 3D,
concentrations up to 1uM did not significantly impair cell viability in both cell types. Empty and curcumin
loaded liposomes showed widely comparable effects in this well tolerated concentration range, but
liposomal curcumin was slightly less toxic in higher concentrations. Free curcumin was even well

tolerated at higher concentrations (5 — 10uM), but was also toxic at 20pM for both cell lines.

Taken together, empty and curcumin loaded liposcmes were efficiently taken up by microglia and

astrocytes and did not impair cell viability at concentrations up to 1uM.

Effects of liposomal and free curcumin on neuroinflammation and

reactive astrogliosis in vitro

Qur concept of liposomal encapsulation of curcumin aimed to provide a drug formulation for local brain
administration to attenuate foreign body reactions towards brain implants. Therefore, we tested ina next
step if lipesomal curcumin can alleviate neurcinflammatory and reactive astrogliosis processes in vitro.
As an experimental model for neurcinflammation (Figure 1B) we stimulated microglia cells with
lipopolysaccharide from S. typhimurium (100ng/mL), with or without pre-incubation with LipoCur and,
for comparison, free curcumin or empty LP for 24h. LPS stimulation yielded a typical change to
amoeboid morphology (Figure 4A) and induced expression of the cytokines IL6, IL1B, TGFB and TNFa
(Figure 4B, black bars). These effects could be clearly reduced by pre-incubation with free curcumin or
LipoCur. However, due to high variations in the extent of microglia activation (compare error bar of LPS
stimulation and LPS + empty LP), effects were not always significant, but stimulations with LPS and
LipoCur frequently yielded less induction of inflammatory cytokines than LPS stimulations alone or LPS

14
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together with empty LP. In comparison, mRNA expression of these cytokines was much more robust in
controls that were not challenged with LPS, and neither free nor liposomal curcumin nor empty

liposomes had any effect on expression levels.

As an experimental model for astrocyte reactivity, we used a cytokine cocktail (IL18, TGFB and TNFa,
10ng/mL each, 24h) to stimulate human astrocytes (Figure 1C). This cocktail affected astrocyte
morphology, yielding for example nuclear deformation and alteration in cell size and shape. Again, this
effect was almost completely abolished by pre-incubation with LipoCur (Figure 4C). As a choice of gliosis
associated genes we analyzed mRNA expression of tenascin C, fibronectin and nestin, and observed
that cytokine-mediated induction of these genes could be significantly reduced by pre-incubation with
LipoCur or free curcumin, reaching or reaching almost levels of controls without cytokine cocktail (Figure

4D).

Taken together, our liposomal curcumin formulation was as effective as or even more potent than free

curcumin in reducing microglia and astrocyte reactivity.

Effects of liposomal and free curcumin on viability and LPS response

of organotypic murine brain slices

As cellular reactions are strongly influenced by their local tissue environment and cell neighbors, we
decided to investigate in a next step the beneficial effects of LipoCur in comparison to free curcumin
and empty LP in LPS-challenged organctypic brain slices (Figure 1D). Using 400 um slices from one
murine brain cortex region, the reactions of a whole brain tissue with all its cells types towards various

stimuli could be analyzed.

First, we could show that LipoCur and free Cur could restore LPS-reduced viability of organotypic brain
slices to control levels at early (2 div) and late (8 div) time points of incubations (Figure 5A). In a next
step, we analyzed expression of inflammatory markers IL1B, IL6, TNFa and TGFB on mRNA levels at 8
div. IL1B, IL6 and TNFa were induced upon LPS stimulation, and these effects were in trend or even
significantly mildened by pre-incubation with LipoCur, and to lesser extend free Cur (Figure 5B). When
interpreting these results, one has to keep in mind, that the microglial cells represent only one small

portion of cells within the slices, so that smaller effects and higher variations should be expected. The
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cytokine TGFB was not induced by LPS stimulation at 8 div, so that pre-incubation with LipoCur or free

Cur did not yield any effects.

Finally, we used fluorescence immunohistochemistry to visualize LPS-mediated cellular changes and
restoration by pre-incubation with LipoCur or free curcumin (Figure 6). Stainings of neurofilament (NF)
revealed that the neuronal network was clearly affected by LPS stimulation at 8 div, and these effects
could be almest completely diminished by pre-incubation with LipoCur or free curcumin, but not by empty
LP. Furthermore, markers for reactive astrogliosis (GFAP, nestin, fibronectin, vimentin) showed strong
immunoreactivity in LPS-stimulated slices, and again these effects were alleviated by LipoCur and free
curcumin, but not empty LP. However, stainings for oligodendrocytes (MBPF, myelin basic protein),
showed hardly any differences between LPS stimulations and controls, and within there were no effects

observed upon stimulation with LipoCur or free curcumin.

Taken together, we could establish a protocol for the liposomal encapsulation of curcumin, yielding
liposomes with favorable physiochemical properties, efficient drug encapsulation, in vitro drug release
and long term stability. These liposomes (we termed them LipoCur) were taken up into the cytoplasmic
cell compartment, and were well tolerated by human microglia and astrocytes as well as murine
organotypic brain slices. In experimental models for neurcinflammation and reactive astrogliosis,
LipoCur could efficiently reduce microglia and astrocyte reactivity, in some settings even more effective

than free curcumin.

Discussion

The natural compound curcumin is a traditional coloring and flavoring food ingredient, and has attracted
broad scientific interest due to its possible anti-oxidative and anti-inflammatory properties. In search of
a drug, that may alleviate foreign body reactions provoked by brain implant materials, we gave a chance
to curcumin as several previous reports had shown that curcumin treatment reduces the extent of
experimental brain and spinal cord injuries. In animal models of spinal cord injuries, curcumin provided
neuroprotection and attenuated microglial and astrocyte reactivity as shown by reduced GFAP-
expression levels 223 and Nestin+/GFAP+ glial scar regions 27 as well as reduced expression of pro-

inflammatory cytokines like IL1B, IL6, TNFa, TGFBR1 and 2 27228 involving different intracellular
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signaling pathways, including STAT3, NFkB and TAK1/p38-MAPK activation. Additionally, curcumin
reduced reactive gliosis in the rat brain stem after ethidium bromide injection yielding smaller GFAP+

glial scar regions 26.

However, like a multitude of other drugs, curcumin is quite instable and poorly bicavailable so that
systemic application of the native drug will hardly achieve therapeutically relevant local concentrations
35 In first attempts to apply curcumin locally to the brain, poly (vinyl alcohol) (PVA) based implants were
loaded with curcumin and implanted into the rodent brain . In comparison to neat implants, curcumin
improved neuronal survival and blood brain integrity 4 weeks after implantation, but after 12 weeks
curcumin benefits were lost . Due to its known beneficial effects in CNS injuries, we chose curcumin
as a model drug to develop a formulation that may attenuate glial scarring processes. To improve drug
stability and compatibility with long-term administration implants (e.g. entrapping in slowly biodegradable
coatings) we chose to encapsulate curcumin into liposomes, as these nano-carriers are widely used
444786 and can be easily adapted to specific requirements. As an example, the physico-chemical
properties of liposomes can be tailored by changing the phospholipids themselves or the ratio between
them. As so, increasing the cholesterol concentration of liposomes can lead to a decrease of Zeta
Potential (ZP) due to a reduction in sodium ion binding for example 8. The ZP in general gives insight
about the stability of the dispersion, as it influences the electric repulsion between particles.
Furthermore, the stability and half-life of a liposome formulation can be strongly affected by pH as well
as temperature 8. In fact, increasing the pH and temperature can lead to higher membrane-fluidity and
therefore to a decrease of drug-liposome aggregate stability 8%7°. Consequently, the physico-chemical
properties, such as size, surface charge, membrane fluidity or lipid-transition temperature are important
parameters to build a stable liposomal nano-carrier for curcumin. In previous work, Roy et al. have
analyzed the impact of temperature, pH and composition of different biomimetic lipids and lipid-
combinations such as eggphosphatidylcholine (EPC), dipalmitoylphosphatidylcholine (DPPC) or
dipalmitoylphosphatidylglycercl (DPPG) on the stability of curcumin encapsulated into liposomes 7.
Amongst them, DPPC was the most pH-stable one with a sustained drug release at physiclogical pH.
Pre-experiments in our laboratory comparing DPPC with EPC (data not shown) revealed, that higher
encapsulation efficiencies of curcumin, as well as smaller Pdls could be obtained using DPPC as main

phospholipid. Consequently, we chose DPPC as the backbone of our lipesomal formulation.
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Nonetheless, the right cryo-protectant must be chosen for the individual phospholipid combination upon
freeze-drying. Amongst the huge variety of protectants reviewed in 2018 72, there is no precise
recommendation for our exact lipid combination available, yet. Based on the work of van Winden and
Crommelin as well as Mohammed et al. 3™ we chose to work with trehalose as cryo-protectant, to
ensure stable curcumin nancformulations with a sufficient EE% as well as drug release kinetic. With the
final supplementation of 10% trehalose we could produce a stable liposomal formulation that can be
stored up to 6 months at least. Moreover, the sustained release profile of our liposomal formulation at
physiological temperatures and pH with a maximum of only 35% released curcumin cargo after 24h is
well aligned with the findings of Roy et al, who highlighted the connection between the lipid transition
temperature of DPPC and the slower release kinetics of curcumin liposomes 7'. Using other lipids than
DPPC, such as EPC or SPC for example, Chen et al reported releases of 45-50% of their total curcumin
cargo already after 24h 48 Also Zhao et al. claim that their liposomal formulation of curcumin using soy
lecithin released =50% after 24h and already 80% of their cargo after 78h 7®. Consequently, the surface
charges as well as phase-transition temperatures of the bilayer lipid membranes clearly influences its
liquidity and consequently its curcumin release, indicating that we produced a sufficient nano-carrier
with favorable release kinetics for a long and sustained drug release of curcumin, using 80.6% (w/w)

DPPC and 15.6% (w/w) cholesterol.

Concluding these aspects, we could successfully establish a protocol for liposomal curcumin
formulation, yielding beneficial physico-chemical properties, efficient drug loading and long-term stability

of the liposomes.

To investigate effects of liposomal encapsulated curcumin, we chose human cell lines of the two major
cell types that contribute to glial scar formation, microglia and astrocytes. Therefore we experimentally
split the reactive processes in two steps by activating microglial cells with LPS to analyze pro-
inflammatory cytokine expression, and activating astrocytes with a pro-inflammatory cytokine mixture
typically expressed in glial scarring 7® to analyze glial scarring associated genes. /n vitro, curcumin has
previously been shown to reduce the expression of pro-inflammatory mediators and cytokines in
activated microglial cells 22577 and these effects depended on the PI3K/AKt and
HSP&O/TLR4/MyD88/NFKB pathways 881, Curcumin stimulaticn could also reduce reactivity/activation
in astrocytes or astrocytic cell culture models upon different challenges %83, For example, H202

mediated oxidative stress induced astrogliosis associated markers like GFAP and vimentin, which could
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be attenuated by curcumin 8. In accordance with these findings, we could show that our liposomal
curcumin formulation could inhibit LPS-induced cytokine expression by human microglial cells at least
as efficient as free curcumin. Furthermore, we simulated reactive astrogliosis by stimulating human
astrocytes with a cytokine cocktail, and liposomal curcumin could efficiently reduce the cytokine-
mediated upregulation of gliosis associated genes, exemplarily ECM components tenascin C and

fibronectin, and the intracellular structure protein nestin.

Very recently, different other approaches have also shown that nanoformulations may improve curcumin
stability and applicability, for example in cancer therapy 3%8% and brain disease models %% In a spinal
cord injury model, Lipodisg-formulated curcumin was shown to be effective in reducing the glial scar
formation 87, and in a demyelination model, curcumin nancparticles reduced GFAP expression, signs of
inflammation and demyelination even a bit more effective than free curcumin . We could also show
that our liposomal formulation of curcumin was more effective in inhibiting most of the analyzed pro-
inflammatory and astrogliosis reactions, although differences between free and liposomal curcumin
where quite faint in some aspects. This might be further improved by advanced design of the liposome
composition. However, the efficacy of curcumin nanoformulations needs to be carefully evaluated as
sometimes simple monolayer (2D) cell culture models are more susceptible than more complex 3D in
vitro models . Therefore, we used murine brain acute slices from the cerebral cortex as a second test
system. We induced reactivity by application of LPS and observed induction of pro-inflammatory
cytokines and reactive gliosis associated genes. In comparable brain slice models, curcumin has
previously been shown to protect from AB1—42-induced toxicity % employing B-catenin and PI3K
signaling %°, to prevent cell death 2 as well as bilirubin-induced cell damage %2, and to reduce seizure-
like events % In our brain slice model, we could show that our liposomal curcumin formulation could
alleviate cytotoxic effects of LPS stimulations, induction of pro-inflammatory cytokines and restore
cellular loss and with reactive astrogliosis, being at least as effective as free curcumin. Thus, we could
show in two different test systems (even from different species) that liposomal encapsulated curcumin

(LipoCur) can effectively prevent reactive processes that occur in glial scar formation.

Conclusion
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Curcumin can effectively reduce glial scarring associated microglia and astrocyte reactions in human
cell culture models as well as murine acute brain slices. VWe developed a liposomal encapsulation
protocol that may favor long-term stability of the drugs — here curcumin as an example- and compatibility
to brain implant materials (e.g. biodegradable coatings or hydrogels). Liposomal curcumin is suitable for
long-term storage (< 6 month), well tolerated by healthy cells in relevant concentrations and at least as
effective in alleviating glial scarring reactions in human astrocytes and microglia as well as in murine

acute brain slices.
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curcumin; LP, liposomes; LPS, lipopolysaccharide; qPCR, quantitative reverse transcription polymerase
chain reaction; MAPK, mitogen-activated protein kinase;, MBP, myelin basic protein; MY, mass vield;
NF, neurcfilament; NFkB, nuclear factor 'kappa-light-chain-enhancer' of activated B-cells; NO, nitric
oxide; PdI, Polydispersity Index; PI3K, phosphoinositide 3-kinase; SD, standard deviation, STATS,
Signal Transducers and Activators of Transcription 3; TEM, Transmission Electron Microscopy; TGFp1,

transforming growth factor B1; TNFa, tumor necresis factor a; ZP, zeta potential
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Tables

Table 1 Characterization of empty and curcumin loaded liposomes (LipoCur), before and after freeze-

drying

Size Pdl ZP DL MY EE

[nm] [mV] [%] [“] [*]

LipoCur
180+34 0172004 -261+140 214+18 78+18 68 +6
(wo Tre, before FD)

LipoCur

153+48 011+005 -226+62 * * 46+ 9
(w Tre, before FD)
LipoCur

164+22 025+010 -293+38 * * *

(w Tre, after FD)

Empty liposomes
219+82 03012010 -17.2+38 - - -
(w Tre, after FD)
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Table and Figure legends

Table 1 Curcumin loaded liposomes (LipoCur) were analyzed prior to freeze drying (FD) with or without
substitution of 10% trehalose (Tre), and with trehalose substitution after freeze drying regarding size
(hydrodynamic diameter), polydispersity index (Pdl), zeta potential (ZP), for comparison, data of empty
liposomes are shown below. Drug loading (DL), mass yield (MY) and encapsulation efficacy (EE) were
measured in freshly prepared liposomes, DL and MY only in freshly prepared liposomes without

trehalose (* not determined). Mean values of n = 3 measurements from one batch + SD are shown.

Figure 1 Graphical depiction of brain cell activation and the experimental cell culture based models. (A)
Activated by tissue damage, microglial cells enter their activated state characterized by an amoeboid
shape and the production of pro-inflammatory cytokines such as IL13, IL6, TNFa and TGFB. These
cytokines exert neuroinflammatory reaction and turn astrocytes to a reactive state in which they
upregulate the expression of gliosis specific genes. (B) Human microglial cells HMC3 were stimulated
with LPS to induce an inflammatory reaction, which is amongst others represented by the production of
inflammatory cytokines like IL13, IL6, TNFa and TGFB1. Expression of these mediators was analyzed
on mRNA level by gPCR to investigate modulating effects of liposomal encapsulated curcumin (LipoCur)
in comparison to free curcumin and empty liposomes on the inflammatory response of microglial cells.
(C) In order to transfer the inflammatory response to astrocytes, human SVGA astrocytes were
stimulated with a combination of the microglia produced cytokines IL13, TNFa and TGFB1 (with or
without co-stimulation with LipoCur or free curcumin), and analyzed genes that are known to contribute
to reactive gliosis and glial scar formation (Nestin, Vimentin, Tenascin-C, Fibronectin) by gPCR. (D) To
study the cellular reactions in their tissue environment, we stimulated murine organotypic brain slices
with LPS and analyzed by cytotoxicity assay, gPCR and immunohistochemistry whether LPS effects

could be ameliorated by co-incubation with LipoCur or free curcumin.

Figure 2 Physicochemical properties of curcumin loaded liposomes. Hydrodynamic diameter,

polydispersity index (Pdl) and zeta potential were determined of curcumin loaded liposomes substituted
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with different concentrations of trehalose before (A) and after (B) freeze drying (n=3 batches). Long-
term analysis of hydrodynamic diameter (C), zeta potential (D) and Pdl (E) of the freeze-dried liposomes
using 10% trehalose revealed stability for at least 180 days. (n = 3 batches) (F) Curcumin loaded
liposomes showed efficient sustained drug release over 96h. The instability of curcumin is mirrored by
decreasing cumulative curcumin concentrations after prolonged time periods. (n=3). The statistical
significance of the long-term stability was determined by One-Way-ANOVA followed by Bonferroni’'s
multiple comparison test, comparing all days after freeze-drying with each other. A two-tailed paired t-
test was employed to test for significance between liposomes before and directly after freeze-drying.

*p<0,05, **p<0.005, *p<0.001.

Figure 3 Ultrastructure of curcumin loaded and empty liposcmes, cellular uptake and cell viability of
HMC3 microglia cells and SVGA astrocytes upon incubation with liposomal and free curcumin. (A)
Curcumin loaded liposomes and (B) empty liposomes were visualized by transmission electron
microscopy (TEM) at different magnifications. Similar average sizes and size distributions could be
obtained as with DLS measurements after 180 days. (C) Liposcmes were labelled red using nile red,
and cellular uptake was monitored after 24h incubation with human microglia cells HMC3 or human
astrocytes SVGA. Nuclei were counterstained with DAPI (shown in cyan) and membrane structures with
Alexa Fluor-847 labelled wheat germ agglutinin (shown in blue) to visualize the localization of the red
labelled liposcmes within the cell boundaries. Representative images from n = 2 independent
experiments, scale bars indicate 20pm. (D) To test the influence of liposomal curcumin on cell viability,
human microglia cells (HMC3, left) or astrocytes (SVGA, right) were incubated with different
concentrations of free curcumin (free Cur), curcumin loaded liposomes (LipoCur) containing the same
amounts of curcumin (a final concentration of 1uM curcumin corresponds to 18ug/mL loaded liposomes)
or the corresponding amounts of empty liposomes (empty LP) for 3 days. Viability was determined in
duplicates using a WST-assay for n= 4-10 independent experiments, graphs show mean values + SD.
For HMC3 microglia, there was no significant reduction in viability to be observed up to 10uM for free
curcumin (IC50 19.6uM), and up to 1uM for liposomal curcumin (IC50 5.3uM). Empty liposomes only
reduced microglia viability starting from 90ug/ml (IC50 86.4ug/mL). SVGA cells showed quite similar
results while being a bit more sensitive, with |C50 values of 11.6uM for free curcumin, 2.1uM for

liposomal curcumin and 36.4ug/mL for empty liposomes. Statistical significant differences to
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unstimulated controls (corresponding to 100%) were analyzed by One-Way-ANOVA followed by
Dunnett’s multiple comparison test and are indicated by rhombs (# p<0.05, ## p< 0.01, ### p<0.001),
while differences between free and liposomal curcumin are analyzed by Two-Way-ANOVA followed by

Bonferroni's multiple comparison test and marked by asterisks (**p<0.01).

Figure 4 Effects of liposomal and free curcumin on an experimental models of neuroinflammation (A, B)
and reactive gliosis (C,D). (A) Upon stimulation with 100ng/mL LPS for 24h, HMC3 cells showed the
typical amoeboid morphology of reactive microglia, which could be alleviated by pre-incubation with
0.01uM liposomal curcumin (LipoCur). Representative images of n = 2 independent stimulations, scale
bar indicates 20um. (B) Stimulation with 100ng/mL LPS for 24h also induced expression of pro-
inflammatory cytokines IL8, IL16, TNFa and TGFB, as monitored by gPCR. These effects could be
reduced by pre-incubation with 0.01pM curcumin and, in trend even more effective, by corresponding
amounts of LipoCur. Please note that due to high variations of LPS-induced cytokine expression
curcumin and LipoCur mediated reduction is not always significant, but trends can be seen for all
investigated cytokines. Graphs show AACT values representing the n-fold expression in comparison to
unstimulated controls. In non-inflammatory conditions (without LPS stimulation), neither curcumin, nor
LipoCur, nor empty liposcmes induced any changes in expression of these genes. (C) Stimulation with
a combination of IL1B, TNFa and TGF (10ng/ml each) for 24h served to induce activation of human
astrocyte cell line SVGA. Cells show nuclear deformations as a sign of cellular stress. Effects were
almost completely abolished upon pre-incubation with 0.01uM LipoCur. Representative images from n
= 2 experiments, scale bar indicates 20um. (D) As representatives for reactive astrogliosis associated
genes, expression of nestin, tenascin C and fibronectin was analyzed by gPCR and found to be induced
upon stimulation with IL1B3, TNFa and TGFB (10ng/ml each) for 24h. These effects were significantly
alleviated by pre-incubation with 0.01uM curcumin or LipoCur. LipoCur showed higher significance
levels compared to scluble curcumin, and was in case of tenascin C even significantly more effective.
In “normal” conditions (without cytokine stimulation), neither curcumin, nor LipoCur, nor empty
liposomes induced any changes in expression of these genes. Shown are mean values = SD from n=
5-15 independent experiments, asterisks indicate significant changes of stimulations compared to LPS
control (B) and cytokines (D) or between the groups under the brackets. Data has been analyzed by

Two-VWay-ANOVA followed by Bonferroni’'s multiple comparison test (*p<0.05, **p<0.001, **p<0.001).
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Figure § Effects of liposomal and free curcumin on LPS-challenged organotypic brain slices, regarding
cytotoxicity (A) and alteration of MRNA expression of pro-inflammatory cytokines (B). (A) Murine acute
brain slices were treated with 100 pg/ml LPS with or without pre-incubation with 0.01uM free curcumin
or LipoCur for 8 days, and cytotoxicity was measured from supernatants after 2 and 8 div by Cytotoxicity
assay. LPS stimulation induced cytotoxicity (black bar) was completely abolished (compare
unstimulated control: white bar) by simultaneous stimulation with LipoCur or free Cur, but not by empty
liposomes (empty LP, grey bars). Neither curcumin nor LipoCur nor empty LP had significant effects on
cytotoxicity in single stimulations (without LPS, grey bars). Measured extinctions were normalized to
unstimulated control (=1), and mean values of 3 respective 5 independent experiments (= SD) are shown
for cytotoxic effects after 2 respective 8 div. Asterisks indicate significant changes to LPS-stimulated
slices (*p<0.05, **p<0.001, **p<0.001), analyzed by Two-Way-ANOVA followed by Bonferroni's
multiple comparison test (B) Analyses of effects of LipoCur and free Cur on expression of cytokines
revealed that both could at least in trend reduce LPS induced upregulation of inflammatory genes IL1j,
IL8, and TNFa. TGFB was not induced by LPS at 8 div, and consequently not affected by LipoCur or
free Cur. Graphs show mean AACT values + SD representing the n-fold expression in comparison to
unstimulated controls. Data has been analyzed for statistically significance by Two-Way-ANOVA
followed by Bonferroni's multiple comparison test. Asterisks indicate significant changes to LPS-

stimulated slices or between stimulations (*p<0.05, *p<0.001, **p<0.001).

Figure 6 Effects of liposomal (LipoCur) and free Curcumin on LPS-challenged organotypic brain slice
morphology. Murine acute brain slices were treated with 100ug/ml LPS with or without 0.01uM free
curcumin or LipoCur for 8 days, slices were cut in 10um cryosections and immunostained with antibodies
against neurofilament-M (NF, neurons), GFAP and nestin (astrocytes, glial precursors, reactive
astrocytes), fibronectin and vimentin (reactive astrocytes, glial scaring) as well as MBP
(oligodendrocytes). These exemplary pictures of n = 4 individual experiments show that LipoCur and
free curcumin (but not empty liposomes) can effectively restore LPS-mediated loss of neurofilament and
attenuate induction of reactive gliosis associated markers like GFAP, nestin, fibronectin and vimentin.

Oligodendrocytes marked by MBP staining, however, were hardly affected by LPS stimulation and co-
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stimulation with LipoCur or free curcumin. Scale Bars indicate 50um, please refer to the supplement to

Figure 6 for secondary antibedy controls.

Supplement to Figure 6 Secondary antibody controls to fluorescence immunostainings in Figure 6. For
secondary antibody controls, primary antibodies were omitted in the staining procedure, and sections
were inspected with fluorescence exposure times identical to photographs in Figure 6. Representative

examples of the unstimulated controls from n = 4 independent experiments.
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" CHAPTER

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.

“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, Bel-X, 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 uM TMZ, 6 uM HCQ and 2.5 uM 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 Il 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
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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, VVoss 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 (Bricefio et al. 2003; Bricefio 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
guantification 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 | 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.

stimulus n-fold amount of
growth rate
1 n dead cells
SVGA A172 LN229 SVGA A172 LN229
T™MZ T™Z
T™Z HCQ

TMZ+AT101 TMZ+AT101

TMZ+AT101  AT101

P, S cell death > TMZ cell death < TMZ
healthy cells proliferation < TMZ healthy cells proliferation > TMZ
days 0-3 davs 3-6 survival > TMZ cell death > TMZ
\ y y proliferation > TMZ .tumor cells proliferation < TMZ/

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.

“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 cm? 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: Hlustration 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].
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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-1p3, TNF-a
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.

“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 vacuume-infiltration of AT101 (see figure 9 B).
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Figure 9: lllustration 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 um 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 (Hollander 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 uM 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 UM AT101 was released after 24 hours and a calculated maximum release
of 6.1 uM 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 um, 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
(Lietal. 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.

“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
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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 R6hl 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 R6hl 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 (Lopez-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-kB, 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-xB 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-a). Therefore antioxidant molecules such as curcumin can inhibit NF-xB 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-kb and SOX-9 signaling pathways and therefore reduced SOX-9-induced CSPG
deposition, alpha smooth muscle actin (a-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



Discussion |167

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 | 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
aprolonged 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).
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“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; Maet 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].
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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 Liége, 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, Pdl 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 UM 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 uM 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 uM 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-a, TGF-B or IL-1f 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 uM (Karlstetter et al. 2011). We further developed an in vitro glial scarring model by challenging SVGA
astrocytes with inflammatory cytokines such as TNF-a, TGF-f and IL-1p 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 a-SMA and GFAP
expression in astrocytes as well as altered astrocyte phenotype upon pre-stimulation of TNF-a, TGF-B; and
2 as well as IL-1B-challenged astrocytes with 1 uM 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 uM 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 uM 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-1p 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- 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-f 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 uM compared to our used concentration of
only 0.01 uM. 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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