LUND UNIVERSITY

Nanoparticle-based drug delivery systems for neural interfaces - a novel approach for
improved biocompatibility.

Dontsios Holmkvist, Alexander

2020

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):

Dontsios Holmkvist, A. (2020). Nanoparticle-based drug delivery systems for neural interfaces - a novel
approach for improved biocompatibility. [Doctoral Thesis (compilation), Department of Experimental Medical
Science]. Lund University, Faculty of Medicine.

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

« You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/282ffcc2-fcd5-4d0f-adfb-cfa844a47c9b

P 4 r

Nanoparticle-based drug delivery
systems for neural interfaces

a novel approach for improved biocompatibility

.' :? & ALEXANDER DONTSIOS HOLMKVIST
' : DEPARTMENT OF EXPERIMENTAL MEDICAL SCIENCE | LUND UNIVERSITY

e

=

ﬂr, W‘ ‘-_.' .
i .{—.1}

TR 4 v L : { B . % i B e . _. k.
3‘_\ : . e . .‘; X g Qh_ o yo i J ]

U

s L T .

& B #‘$ =
.







Nanoparticle-based drug delivery systems for neural interfaces






Nanoparticle-based drug delivery
systems for neural interfaces

a novel approach for improved biocompatibility

Alexander Dontsios Holmkvist

LUND

UNIVERSITY

DOCTORAL DISSERTATION

by due permission of the Faculty of Medicine, Lund University, Sweden.
To be defended at Medicon Village lecture hall. 19" of November 2020 at 9.00.

Faculty opponent
Professor Jons Hilborn



Organization Document name Doctoral dissertation
LUND UNIVERSITY

Faculty of Medicine Date of issue
Department of Experimental Medical Science | 2020-11-19
Neuronano Research Center

Author Alexander Dontsios Holmkvist Sponsoring organization

Title and subtitle
Nanoparticle-based drug delivery systems for neural interfaces - a novel approach for improved biocompatibility

Abstract

The overall purpose of this thesis was to reduce brain tissue responses around implanted microelectrodes using a
pharmacological strategy. One of the main aims was to develop and evaluate drug delivery systems that allow
local administration of anti-inflammatory pharmaceutics. The drug Minocycline was therefore encapsulated into
biodegradable poly (p -lactic-co-glycolic acid) nanoparticles and thereby also protecting the drug from degradation.
The nanoparticle construct resulted in a sustained release of Minocycline over 30 days. This constitutes a
substantial increase in release time compared to what has until now been achieved for the drug. The drug-loaded
nanoparticles were then embedded in a fast-dissolving gelatin coating surrounding the implant which enabled local
and sustained drug release at the target site. This technique supersedes any of the conventional administration
routes and minimizes the risk for systemic side effects. The developed drug delivery system was found to
significantly attenuate the acute brain tissue responses around implanted microelectrodes in mice. Coatings with
Minocycline-loaded nanoparticles significantly reduced the activation of microglia cells compared to control
coatings with gelatin alone both 3 and 7 days post implantation. This without affecting the overall microglia
population. A significant reduction of the astrocytic response was also found 7 days post implantation in
comparison to control implants. No effect on neurons or total cell count was found which may suggest that the
Minocycline-loaded nanoparticles are non-toxic to the central nervous system. The thesis also presents a novel
nanoparticle-eluting compartmentalized microelectrode that transforms into a flexible tube once implanted.

Key words

Classification system and/or index terms (if any)

Supplementary bibliographical information Language: English
ISSN and key title: 1652-8220 ISBN: 978-91-7619-983-1
Recipient’s notes Number of pages 55 Price

Security classification

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to all
reference sources permission to publish and disseminate the abstract of the above-mentioned dissertation.

Signature 2 //,[/7,’ Date 2020-10-14




Nanoparticle-based drug delivery
systems for neural interfaces

a novel approach for improved biocompatibility

Alexander Dontsios Holmkvist

LUND

UNIVERSITY



Cover photo by Alexander Dontsios Holmkvist 2020

Copyright pp 1-55 Alexander Dontsios Holmkvist 2020
Paper 1 © Open access

Paper 2 © Open access

Paper 3 © by the Authors (Manuscript unpublished)

Faculty of Medicine
Department of Experimental Medical Science

ISBN 978-91-7619-983-1
ISSN 1652-8220

Printed in Sweden by Media-Tryck, Lund University
Lund 2020

oSy,  Media-Tryck is a Nordic Swan Ecolabel
5"/ %@‘ certified provider of printed material
///" Read more about our environmental
"',I, work at www.mediatryck.lu.se
rumese  MADE IN SWEDEN 2=



“It's not who [ am underneath,
but what I do that defines me”

-Batman



Table of Contents

ADDTEVIATIONS .....veeeieiieiieieete ettt ettt ettt et see et e e et et e teseeeneenneas 9
Populédrvetenskaplig sammanfattning ............ccccoeveeevciieecieenie e 10
Papers included in this thesis .........cceeviieiciiiiiiieieecee e 12
INErOAUCHION oueceneeneeiiiiiiitiiiiniiieistnctncaecsecsansssessssassssessssssssssssssssssssssssssss 13
Neural interfaces — applications and limitations .........c.ccccceeevveeecreeerveennnenn. 13
Foreign body reSPONSE .......eevueiruieriiiiieieeie ettt ettt 13
Minimizing the tiSSUE TESPONSE .......eeeveerreerieerieerirerresresreeseereesseesseesseessnens 16
Local drug deliVery SYSteIMS........cccuverveerieerieerieeereeieesieesieesseesnessreeseeseensens 17
Aims 19
Methods and method development 21
Preparation of nanoparticles (I, I, TIT) .....ccccoveeriiniiniiiiiieieeeeeeeeee 21
Gelatin coating and nanoparticle embedding (II).........ccccooeneeiininiennnnnne 25
Surgery and implantation (I1)..........ccccccveeeiieirieciienieieciecre e 27
HiStOIOZY (I1).euvveieiieeiierieieeitesiterire et ere ettt e s eaesebeeebeesseessaesaesnaens 27
Development of the tubular microelectrode (II) ..........cccvveveiieeiiiieniienninne 28
Results and comments 31
1) Minocycline loaded PLGA nanoparticles, in vitro (I) ....c.ccccveeeveeennennee. 31
2) Gelatin coating and nanoparticle embedding (I) ..........cccecvveiieneenenneen. 34
3) In vivo effects on brain tissue responses (II)........coccoeveevieiienienenenenne 35
4) Development of a tubular microelectrode (I11).........cccevvevvenirncieniennen. 38
Discussion 43
TN VItFO VETSUS 17 VIVO ..ttt e 43
In vivo effects of Minocycline loaded nanoparticles............cceeevveereerienenne. 45
Acute response versus Chronic reSPOonSe ........c.eeevvveerveeecreeerieereveenreeeveeenens 46
Concluding remarks and future perspective.........ccecvvveveveeeereeenieesveeecveeennne. 47
Acknowledgments 49

References 51




Abbreviations

AOT
BBB
CNS
DAPI
DLS
DMAB
ESD
FDA
GFAP
GFP
HIP
HPLC
IL
MC-NPs
NHS
NeuN
NMR
Pdi
PFA
PLGA
PVA
ROI
ROS
SEM
TNFa
uv

Bis(2-ethylhexyl) sulfosuccinate
Blood-brain barrier

Central Nervous System
4',6-diamidino-2-phenylindole dilactate
Dynamic Light Scattering
Didodecyldimethylammonium bromide
Emulsification-solvent diffusion

Food and drug administration

Glial fibrillary acidic protein

Green fluorescent protein

Hydrophobic ion pair
High-performance liquid chromatography
Interleukin

Minocycline-loaded nanoparticles
N-hydroxysuccinimide ester

Neuronal nuclei

Nuclear magnetic resonance
Polydispersity index

Paraformaldehyde
Poly(p,1-lactic-co-glycolic acid)
Polyvinyl alcohol

Region of interest

Reactive oxygen species

Scanning electron microscopy

Tumor necrosis factor alpha

Ultra-violet



Populérvetenskaplig sammanfattning

Hjérnan dr vart mest komplicerade organ och det svaraste att studera. Med hjélp av
elektroder inopererade i hjarnan ar det mdjligt att elektriskt stimulera eller registrera
in hjarnans elektriska aktivitet. Hjairnimplantaten ger oss darigenom mojligheten att
tolka vad nervcellerna forsoker &stadkomma 1 form av t.ex. rorelser.
Elektrodimplantat har ocksd manga tillimpningar inom sjukvarden. De kan t.ex.
kopplas till en robotarm eller handprotes som pé s sétt kan styras av en person som
ar forlamad. Informationen kan dven anvindas for att forsta vissa sjukdomstillstand
i nervsystemet och hjélpa personer med olika nerv- och hjérnsjukdomar. Implantat
som elektriskt stimulerar vissa omrdden i hjdrnan anvinds redan framgangsrikt for
att lindra symptom hos patienter som drabbats av Parkinsons sjukdom.

Ett problem med permanent implanterade elektroder dr dock att de orsakar en
inflammation som kan skada hjarnan. Detta leder till en lokal forlust av nervceller
och dven bildandet av drrvdvnad runt elektroden. Den celluldra inkapslingen &r
elektriskt isolerande och resulterar med tiden i en forlust av den kommunikation
mellan elektroden och nervcellerna man férsdker uppna.

Det overgripande syftet i denna avhandling &r att minska den skadliga
inflammationen i hjarnvdvnaden runt elektroderna med hjilp av ldkemedel.
Minocyklin ar ett ldkemedel som skulle kunna vara lampligt att anvénda i detta
syfte. Lakemedlet &r ett antibiotikum med antiinflammatoriska egenskaper och har
anvints i nistan 40 ar for behandling av olika bakterieinfektioner som klamydia,
svar akne och tandlossning. Mer nyligen har Minocyklin studerats for dess
nervcellsskyddande effekter vid akut hjarnskada, stroke och neurodegenerativa
sjukdomar. Likemedlet maste dessvirre ges i hoga doser for att fi ndgon effekt i
hjarnan. Ett av syftena i den hir avhandlingen var déarfor att utveckla och utvardera
metoder som mojliggdr lokal administrering av antiinflammatoriska lakemedel i
hjdrnan, dvs kunna tillféra ldkemedel direkt till ett specifikt omréde i hjérnan.
Dérmed kan man undvika att ge ladkemedlet via munnen eller direkt i blodet vilket
dven paverkar resten av kroppen.

Minocyklin kapslades dérfor forst in i nanopartiklar som har en diameter pa ca 100
nanometer (1 nanometer = 10” meter, ett harstra r ca 5000 nanometer i diameter)
och ar byggda av ett biologiskt nedbrytbart material. Partiklarna biddades sedan in
i en snabbupplosande gelatinbeldggning som omgav hjarnimplantatet.
Nanopartikelkonstruktionen visade sig ge en ldngsam frisdttning av Minocyklin
under 30 dagar och gelatinbeldggning mojliggjorde en lokal friséttning av
nanopartiklar med lakemedel runt hjdrnimplantatet precis dar det behovs. Denna
teknik kompletterar de vanliga intagsvédgarna for likemedel och minimerar risken
for biverkningar i1 resten av kroppen. De utvecklade nanopartiklarna med
Minocyklin visade sig patagligt ddmpa inflammationen i hjirnvivnaden kring
implanterade elektroder i moss, utan tecken pé toxisk vavnadseffekt. Avhandlingen
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presenterar dven en ny slags elektrod som forvandlas till ett flexibelt ror efter
implantation. Konstruktionen mdjliggor frisldppning av nanopartiklar fran en liten
Oppning i roret, precis dér elektroden har kontakt med nervcellerna.

Sammanfattningsvis Oppnar den nya nanopartikelmetoden upp helt nya mojligheter
att bemdistra den inflammation som vanligen uppstar runt implanterade elektroder.
Detta skulle kunna vara en framtida strategi nir det finns behov av permanent
implantation av hjérnelektroder.
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Introduction

Neural interfaces — applications and limitations

Neuro-electronic interfaces that connect the human nervous system with computers
hold great potential for studying neural mechanisms and helping human patients
suffering from neurodegenerative diseases. For this reason, there is a great interest
in such interfaces [1]. Neuro-electronic interfaces would allow researchers to record
and understand how neuronal networks process information and how this is changed
by for example learning or diseases. By recording the signalling of neural networks
in the brain and interpreting what the cells are trying to achieve in the form of for
example movements, the electrodes can be connected to a robot arm or hand
prosthesis and thus controlled by a person who is paralyzed. The interfaces may also
be used for stimulation-based therapies, improving the quality of life for patients
suffering from neurological injuries or disorders such as chronic pain and
Parkinson’s disease. However, in order to study long-term changes in information
processing and also enabling treatment of neurological disorders, the foreign body
response must be controlled. This response can jeopardize the functions of the
implanted neuro-electronic interfaces and the physiological conditions in the
adjacent tissue.

Foreign body response

The cells most commonly associated with the brain are neurons, but they only make
up for less than 25% of the tissue in the brain. The remaining tissue consists of glial
cells (astrocytes, microglia and oligodendrocytes) and vascular-related tissue. As an
electrode is inserted into the brain, its path cuts capillaries, extracellular matrix, glial
and neuronal cell processes. The mechanical trauma initiates an acute inflammatory
process promoting wound closure, neuronal protection, Blood-brain barrier (BBB)
repair and restriction of central nervous system (CNS) inflammation. Restoration of
the damaged tissue is generally completed within a few weeks after acute
uncomplicated insults. However, the reaction changes when a foreign body is left in
the tissue and it develops into a chronic response instead. Over time, a coating often
referred to as a “glial scar”, forms around the implant that protects the intricate brain
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structure from the foreign body. This glial scar is detrimental for electrode function
and may adversely affect the neuronal population.

Microglia and astrocytes are assumed to be predominantly involved in the immune
response in the CNS [2]. Microglia are resident macrophages of the brain
responsible for clearing cellular debris and toxic substances after injury or during
regular cell turnover, thereby maintaining normal cellular homeostasis. They
normally reside in an inactive, highly branched state surveying the brain tissue
protecting against injury and invasion. When activated, they assume a more compact
morphology with phagocytic activity. Immediately after implanting an electrode,
microglia begin to extend their processes towards the foreign body and damaged
tissue. This fast event is demonstrated by Figure 1, an in-house in vivo two-photon
microscopy time series of a laser induced-injury in the cortex in transgenic mice
with fluorescently labelled microglial cells (B6129P-CX3CR-19"", Jackson
laboratories, USA). Within 30 minutes, the processes of the nearby microglial cells
reach the damaged site and appear to fuse together.

Figure 1. Time series of a laser induced injury in the cortex in CXsCR-1"F mice with fluorescently labeled microglial
cells. Imaged using in-house two-photon microscopy.

Activated microglia up-regulate the production of proteolytic enzymes and pro-
inflammatory cytokines including tumour necrosis factor alpha (TNFa), interleukin
(IL)-1B, and IL-6 [3]. During inflammation, they also release high concentrations of
reactive oxygen species (ROS) including superoxide, hydroxyl radicals, and
hydrogen peroxide, all with potentially neurotoxic effects [4]. The released
cytokines activate and recruit more microglial cells but also astrocytes. Astrocytes
are normally responsible for supplying nerve cells with trophic support, facilitating
synapse formation and function, and maintaining the composition of the
extracellular fluid of the brain. Upon microglia-induced activation of astrocytes,
they may lose many of their normal functions, including the ability to promote
neuronal survival and tissue repair. It has also been suggested that activated
astrocytes secrete a soluble toxin that rapidly kills neurons and mature
oligodendrocytes, but not other CNS cell types [5].
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The unusual demands of a large injury, such as implanting an electrode, may
overwhelm the capacity of microglia and astrocytes. Over the following days and
weeks after implantation, microglia and astrocytes migrate to the surface of the
implant in an attempt to degrade the foreign object. As the electrodes are constructed
to last for a long time and does not simply degrade, it causes a chronic inflammation.
Instead of restoring the damaged tissue, these now reactive phenotypes of glial cells
exacerbate the inflammatory response and create an unnatural environment for the
neurons to function normally. Moreover, aggregated microglia and astrocytes at the
surface of the implant may form an electrically insulating sheath that causes a slow
dislocation of neurons away from the electrode (Fig. 2). The strength and quality of
the recorded electrical signal is highly dependent on the location of the neuron
relative to the electrode recording site. The maximum distance action potentials
from individual neurons can be recorded at rarely exceeds 50 um [6]. Glial
encapsulation together with altered neurochemical environment will result in poor
signal quality and neuronal dysfunction, both detrimental for electrode function.

Acute injury Chronic response

% Microglia ﬁ Myelinating oligodendrocyte
Neuron i Activated microglia

Dystrophic neuron * Astrocyte Apoptotic cligodendroycte
My, Activated astrocyte - Myelin debris

Figure 2. lllustration of the foreign body responses to implantable devices in the brain. The acute injury activate
microglia and astrocytes that migrate toward the surface of the device. The chronic response may lead to the
formation of a “glial scar” around the device over time. Reprinted (adapted) with permission from (Wellman SM, Kozai
TDY. Understanding the Inflammatory Tissue Reaction to Brain Implants to Improve Neurochemical Sensing
Performance. ACS Chemical Neuroscience. 2017;8(12):2578-82.) [7]. Copyright (2017) American Chemical Society.
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Minimizing the tissue response

Electrode design

Several studies have demonstrated that electrode design and implantation technique
are important factors effecting the tissue response. The brain is in constant
movement relative to the skull due to arterial pulsations, respiration, and forces
caused by acceleration and rotation of the body. The resulting micro-forces between
anchored rigid electrodes and the brain tissue can therefore be expected to stimulate
and prolong the activation of glial cells [8]. To make electrodes more biocompatible,
highly flexible implants that can follow tissue movements is needed. Implantation
of thin flexible electrodes requires some form of structural support to penetrate the
brain without bending. Various implantation methods have therefore been
developed, for example attaching the implant to a stiffer guide pin that is removed
after implantation [9] or adding a hard coating that later dissolves in the brain tissue
[10]. Even though these measures have shown to reduce tissue responses, the glial
cell responses closest to the electrodes remain to some extent. Using anti-
inflammatory pharmaceutics could be a complementary approach to further reduce
the tissue reactions.

Minocycline

Antibiotic and anti-inflammatory pharmaceutics have widely been used for
implantable medical devices such as prosthetic joints, pacemakers and stents. This
in order to prevent implant- and surgical site infections [11, 12]. This approach
could also be used for neuro-electronic devices as a complementary measure to
further reduce the tissue reactions.

Minocycline is a widely used broad-spectrum antibiotic that has been in therapeutic
use for almost 40 years. It belongs to the second-generation tetracyclines with
improved tissue penetration, prolonged half-time and better intestinal absorption in
comparison to first generation tetracyclines. The drug has most commonly been
used for treatment of bacterial infections such as chlamydia, severe acne, and
periodontitis [13, 14]. More recently, Minocycline has been studied for its
neuroprotective effects in different animal models of acute traumatic brain injury,
stroke and neurodegenerative diseases [15, 16]. It has even shown to be a promising
candidate for improving the outcome of neural recordings obtained from a chronic
neural interface [17]. The effects are coupled to Minocycline’s ability to inhibit
activation and proliferation of microglia [18]. However, to achieve therapeutic drug
concentrations in the brain by conventional administration routes, unacceptably
large systemic dosages may be needed [19] which could have adverse systemic
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effects [20]. To improve the therapeutic efficacy and decrease the drug dose
required, local delivery from biodegradable nanoparticles could be used.

In addition to Minocycline ability to inhibit glial responses, the drug has been in
therapeutic use for many years because of its antibiotic properties. Patients who
undergo neurosurgery also risk bacterial infections that can cause post-
neurosurgical meningitis [21]. Minocycline can therefore play a dual role, both as
an anti-inflammatory agent and as an antibiotic prophylaxis, when used in this
context with implantation of electrodes in the brain.

Local drug delivery systems

Approximately 98% of small molecular weight drugs and almost 100% of larger
molecular weight peptides and proteins do not cross the BBB. In order to deliver
therapeutics to the brain more efficiently, nanotechnology-mediated drug delivery
systems are emerging. The term “nanoparticle” is a collective name for a particle of
any shape with dimensions between 1 and 100 nm [22]. Drug loaded nanocarriers
coated with specific compounds can significantly enhance the BBB penetration. A
small enough particle coated with for example polysorbate 80 enables passive
diffusion over the barrier. If the particles are coated with ligands that bind to proteins
associated with the BBB instead, an active transport over the barrier is achieved and
may also selectively target for example brain tumor cells [23, 24]. To eliminate the
need for repeated administration, the carrier can be made of a degradable material
to give a sustained release over a period of days or even weeks after administration.
Poly(p,-lactic-co-glycolic acid) (PLGA) is the most widely used biodegradable
polymer in the CNS and undergoes hydrolysis in the body to produce the metabolite
monomers, lactic acid and glycolic acid. Since the body effectively deals with these
two monomers, there is minimal systemic toxicity associated by using PLGA for
drug delivery or biomaterial applications [25]. Even though a nanoparticle strategy
for improving BBB permeability offer more effective and non-invasive ways of
delivering pharmaceutics to the brain, there is still a lack of specificity to target the
area surrounding an implanted electrode. A more straight-forward strategy in this
sense would be to deliver the drug-loaded nanoparticles directly from the implant.

Delivering drug-loaded nanoparticles locally from implants has been achieved by
using different nanoparticle- and coating-materials. Kim et al. [26] for example,
used an alginate hydrogel to deliver PLGA particles loaded with the anti-
inflammatory agent Dexamethasone. Even though their study showed no significant
change in impedance with time in vivo, alginate hydrogels are non-biodegradable in
mammalian brains [27]. The coating may thereby create a long-lasting barrier
between the implanted electrode and surrounding tissue, hindering neurons getting
close enough to the implant for high quality recordings. Mercanzini et al. [28] used
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a poly(ethylene oxide) coating with embedded poly(propylene sulfide)
Dexamethasone-eluting nanoparticles. Their study showed reduced tissue reaction
to the implanted microelectrode and that the coating dissolves after implantation.
However, the method used for embedding the nanoparticles into the coating
involved harsh processing parameters, such as high temperatures, which may be
harmful for sensitive molecules. Minocycline for example, degrades easily under
exposure to light, high temperatures or low and high pH [29]. In this thesis, gelatin
is evaluated as the nanoparticle-carrying coating material. Gelatin is a protein
material derived from natural collagen that easily breaks down into amino acids in
the body. The material itself has shown beneficial effects for restoration of the BBB
after acute brain injury [30] and enables mechanical support for implanting highly
flexible electrodes [31].

Therefore, a nanoparticle-based drug delivery system for neural implants should be
designed with regard to the following key aspects, 1) the drug-loaded nanoparticles
should give a sustained release of the drug that matches the inflammatory response,
ii) the particles should be large enough to not diffuse freely in the brain but remain
close to the implantation site where the highest concentration of the drug is needed,
iii) the implant coating should preferably not affect the device function and iv)
processing parameters during preparation of both coating and particles needs to be
mild enough to protect the drug from degradation.
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A1ims

The overall purpose of this thesis was to reduce brain tissue responses around
implanted microelectrodes using a pharmacological strategy. The main aim was to
develop and evaluate nanoparticle-based drug delivery systems, suitable for
implantable neural devices, that allow local administration of anti-inflammatory
pharmaceutics.

The specific goals were:

1) To develop and characterize Minocycline loaded PLGA nanoparticles,
aiming for particle sizes around 100 nm with sustained drug release over 30
days in vitro.

2) To develop a method for embedding minocycline-loaded PLGA
nanoparticles into gelatin-coatings on neural implants.

3) To clarify in vivo whether the addition of these nanoparticles could reduce
the acute brain tissue responses after implantation in mice.

4) To develop and characterize a novel nanoparticle-eluting microelectrode in
Vitro.

19






Methods and method development

This thesis has been a truly interdisciplinary research project that spans organic
synthesis, analytical chemistry, surface and colloidal chemistry, drug formulation,
neuro-electronic interfaces, small animal surgery, cell biology, immuno-
fluorescence staining methods and foreign body responses in the brain. A general
description of the methods and techniques used followed by a short discussion of
key aspects and motivation within each area is given below. For detailed
descriptions of the methods, the reader is referred to the articles this thesis is based
on. The roman numbering refers to the different articles included in this thesis.

Preparation of nanoparticles (I, II, III)

Nanoparticles were prepared using a single oil-in-water (o/w) emulsification
method often referred to as the emulsification-solvent diffusion (ESD) technique,
schematically described in Figure 3. In brief, an o/w emulsion is first made from a
partially water-soluble solvent containing both the biodegradable carrier-material
and drug, and an aqueous solution containing a surfactant. Water is subsequently
added to the two-phase system which causes diffusion of the solvent into the
external water phase. This causes the polymer to precipitate in the form of
nanospheres with the drug entrapped throughout the particle matrix. The organic
solvent is finally evaporated resulting in a colloidal suspension stabilized by the
surfactant. All prepared suspensions were lyophilized and stored in a freezer until
used. Mannitol and Pluronic F-127 were added as cryoprotectants before freeze-
drying to enable redispersion and prevent particle aggregation.

7 -
High energy Addition of Solvent
emulsification water evaporation
Drug+Polymer >
Organic phase
Surfactant
Water phase

(O/W emulsion) (Solvent diffusion) (Nanoparticles)

Figure 3. Schematic representation of PLGA nanoparticle preparation by the emulsificaton-solvent diffusion
technique. Reprinted (adapted) with permission from Paper I.
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The choice of using the ESD technique for the preparation of nanoparticles in this
thesis was based on the method’s compatibility with a wide range of pharmaceutics
and its simplicity compared to other existing methods. The method does not require
advanced equipment, such as high-pressure homogenizers [32], and can be done
with standard laboratory equipment such as an ultrasonic water bath and a magnetic
stirrer. It is also known to provide high reproducibility. The resulting nanosphere
composition is a homogenous particle with the drug entrapped throughout the
particle matrix. This type of particle generally generate longer and more stable
release times compared to liposomes or nanocapsules (a solid shell structure that
surrounds a core-forming space) prepared by double emulsion techniques [33].

Poly(p-lactic-co-glycolic acid) (PLGA), an FDA-approved biodegradable
polymer, was chosen as the particulate carrier-material due to its history of safe use
in the CNS [34]. PLGA degrades by hydrolysis of its ester linkages in aqueous
environments to lactic and glycolic acid which are finally eliminated from the body
as carbon dioxide and water. As the polymer degrades and erodes, the drug release
kinetics is a function of polymer degradation as well as drug diffusion through
polymer matrix. PLGA also enables the possibility to tune the release rate by
choosing the composition or ratio between the lactic and glycolic acid monomer.
Glycolic acid is slightly more hydrophilic than lactic acid, leading to increased
hydrolysis rates and therefore faster release rates with increased glycolic acid
content.

Didodecyldimethylammonium bromide (DMAB), a double-chained cationic
quaternary ammonium surfactant, was chosen as the stabilizing agent due to reports
of generating smaller sized nanoparticles compared the more commonly used
stabilizer polyvinyl alcohol (PVA) [35]. DMAB also generate particles with cationic
surface charge which could increase the rate and extent of their internalization
caused from ionic interactions with the negatively charged cell membrane [25].
Different DMAB concentrations were evaluated as a means of adjusting the particle
size, aiming for 100 nm.

Hydrophobic ion pairing (I, IT)

Encapsulating pharmaceutics by the ESD method requires that the drug stays in the
oil phase during the preparation and is thus more suitable for lipophilic substances.
The initial project plan included screening of suitable immunomodulating drugs, of
which many are lipophilic [36, 37], this is the reason why the ESD method was
selected. Minocycline is often referred to in the literature as the most lipophilic
drugs within the tetracycline family [38], but from a drug formulating perspective it
is highly water soluble. In order to encapsulate Minocycline by the ESD technique,
the solubility of the drug was altered by the concepts of hydrophobic ion pairing.
This involves replacement of the polar counter ions with an ionic detergent.
Furthermore, Minocycline is known to be unstable and degrades under e.g. exposure
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to light, which could lead to degradation of the drug during the preparation process.
Advantageously, Minocycline can be stabilized and interacts strongly with calcium
ions (Ca*") [39]. Therefore, a hydrophobic ion pair complex of minocycline, Ca**
and the anionic surfactant bis(2-ethylhexyl) sulfosuccinate (AOT) was developed

(Fig. 4).

(Minocycline)

Figure 4. Hydrophobic ion pair complex of minocycline, Ca?* ions and the ionic detergent bis(2-ethylhexyl)
sulfosuccinate AOT. Reprinted (adapted) with permission from Paper I.

The formation of the hydrophobic ion pair complex was verified using nuclear
magnetic resonance spectroscopy (NMR). The Minocycline/Ca’*"/AOT-complex
and control samples of Minocycline, Minocycline/Ca**, AOT, and
Minocycline/AOT were dissolved in deuterated chloroform. '"H NMR spectra of
each individual sample was recorded on a Bruker Avance 11 400MHz spectrometer.
The recorded spectra strongly suggested that a Minocycline/Ca*"/AOT-complex
was formed and that no interaction occurs between Minocycline and AOT in the
absence of Ca’" ions.

Fluorescently labelled nanoparticles (11, IIT)

Fluorescently labelled nanoparticles were prepared in order to visualize the particles
during the development of the gelatin coating and the tubular microelectrode. A
fluorescent dye was covalently attached to the PLGA chain [40]. The carboxylic
group of PLGA was first activated through the formation of N-succinimide ester
(NHS) (Scheme 1). After the reaction, the precipitated biproduct dicyclohexylurea
(not shown in scheme) was removed by filtration. The activated polymer was then
conjugated with Alexa Fluor 568 cadaverine through an amide bond between the
NHS-activated end group of the polymer and the amine group on the fluorescent
dye (Scheme 2). Drug-free fluorescently labelled nanoparticles were then prepared
according to the particle preparation method described above using fluorescently
labelled PLGA mixed with non-labelled PLGA in the ratio of 1:3 (w:w).
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Scheme 1. N-hydroxysuccinimide (NHS) activation of the carbocylic endgroup of the PLGA-chain through the reaction
with dicyclohexylcarbodiimide (DCC) in anhydrous dioxane.
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Scheme 2. Conjugation of NHS-activated PLGA with the fluorescent dye Alexa Fluor 568 in dimethyl sulfoxide
(DMSO) with excess amounts of triethylamine (TEA).

Characterization of nanoparticles

Particles size and morphology

Dynamic light scattering (DLS) was used for measuring the size, polydispersity
index (pdi) and zeta potential of the prepared nanoparticles. This method offers fast
analysis and requires minimal sample preparation. The method was therefore ideal
for comparing different nanoparticle formulations during the developmental work.
Particles suspended in liquid undergo Brownian motion, and the method measures
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the random changes in the intensity of light scattered from a suspension. The
fluctuation in scattering intensity is then converted to particle size through the
Stokes-Finstein equation [41]. The instrument therefore reports the size of a
hypothetical hard sphere that diffuses in the same fashion as the particle being
measured. In order to validate DLS as an appropriate measuring method for our
particles, the shape of the nanoparticles was investigated by scanning electron
microscopy (SEM).

Drug loading and in-vitro release (I)

The amount of Minocycline entrapped in the nanoparticles was quantified using
high-performance liquid chromatography (HPLC) with ultra-violet (UV) detection.
The in vitro drug release was studied in artificial cerebrospinal fluid using a dialysis
method and quantified by HPLC-UV.

Gelatin coating and nanoparticle embedding (II)

Stainless steel needles were used as a model for neural implants. In brief, the needles
were first insulated with Parylene-C, dipped in warm gelatin and allowed to dry to
create the gelatin coating. The coated needles were then immersed in a nanoparticle
suspension at room temperature, allowing the gelatin coating to swell and absorb
the suspension without dissolving. The thickness of the coating was measured
before and after nanoparticle embedding. The release of fluorescently labelled
nanoparticles from coated needles were studied in vitro in agarose gel, a medium
widely considered to be a viable model of the brain [42].

Development of the dip-coating method included numerous initial studies on the
gelatin solution, including evaluation of different concentrations, temperatures and
dipping speed. The absorption of nanoparticles was initially developed by using a
casted gelatin rod that was immersed in a suspension of fluorescent nanoparticles in
order to visualize how far and fast the nanoparticles were absorbed. A small section
of the gelatin rod was then cut and placed between two cover glasses and the cross
section was imaged using confocal microscopy (Zeiss LSM 510 with an Acroplan
40%/0.8W objective). Two laser lines, 488 nm and 543 nm were used for sequential
excitation of gelatin and the fluorescent nanoparticles, respectively. Figure 5 shows
the cross section of a dry gelatin rod after absorption of a nanoparticle suspension
with the immersion time of two minutes.
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Figure 5. Confocal image of fluorescently labelled nanoparticles (A) absorbed in a gelatin rod (B). (C) is the merged
image of (A) and (B).

However, when absorbing particles into gelatin on the coated needles using the same
immersion time, the gelatin coatings became deformed after drying. This led to the
suspicion that the immersion time was too long for the needles with considerably
thinner gelatin coating, causing the gelatin to detach (but not dissolve) from the
needle and then dry in a deformed conformation. To find the optimal immersion
time, the swelling behavior of gelatin when on needles was therefore studied using
light microscopy. Figure 6 shows a time series of a gelatin coated needle after
addition of an aqueous solution containing cryoprotectants. The swelling study
showed that the coating swelled approximately ten times its original size already
after 20 seconds and did not swell substantially more until the coating started to
detach from the needle after 45 seconds. The immersion time was therefore set to
30 seconds for absorbing of the nanoparticle suspension.

The amount of nanoparticles absorbed in the coating was estimated from the
following assumptions: i) the nanoparticles diffuse unhindered into the gelatin
coating during swelling and ii) the swelled gelatin coating contained the same
concentration of nanoparticles as the surrounding suspension the implant was
immersed in.

100 pm
Os 30s 60 s

Figure 6. Time series for the swelling of a gelatin coating on a needle. The coating has swelled approximately 10
times its original size after 30 seconds and has started to deform and detach from the needle after 60 seconds.
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Surgery and implantation (II)

Approval for the animal experiments was obtained in advance from the
Malmoé/Lund Animal Ethics Committee on Animal Experiments (ethical permit
M61-13) and all experiments in this work conform to the regulatory standards of
this approval.

Transgenic mice (both male and female) that express green fluorescent protein
(CX5CR-19") in brain microglia were used for the in vivo study on brain tissue
responses to implanted needles. The mice were anaesthetized with isoflurane,
shaved, and given subcutaneous injection of local analgesia. Small craniotomies (1
mm diameter) were carefully drilled midways between bregma and lambda, around
1 mm laterally of the midline. The coated needles were cut to 3 mm and placed
inside a glass capillary filled with paraffin oil to avoid water uptake and swelling of
gelatin before entering the cortex. Bilateral implantations of a gelatin-coated needle
(control) and a gelatin-coated needle with embedded Minocycline-loaded
nanoparticles were done in each mouse. The needles were implanted using a
hydraulic micropositioner at the speed of 500 um/s to a depth of 3 mm below
cortical surface.

Histology (II)

The brain tissue responses to the implanted needles were evaluated at 3 or 7 days
after implantation. In brief, the mice were deeply anaesthetized by an intraperitoneal
injection of pentobarbital and transcardially perfused with saline and
paraformaldehyde (PFA). The brains were subsequently removed and post-fixated
in PFA overnight. Needles were explanted before the brains were horizontally
sectioned (16 um) on a cryostat.

Immunohistochemistry

Two sections from a depth of approximately 400-500 um into the cortex at each
implantation site were then stained using the following primary antibodies: rabbit
anti-CD68 to identify activated microglia, rabbit anti-NeuN to identify neurons and
chicken anti-GFAP to identify astrocytes. All tissue sections were also stained with
4',6-diamidino-2-phenylindole dilactate (DAPI) to visualize cell nuclei. As already
mentioned, the transgenic mice express green fluorescent protein (GFP) for all brain
microglia (that is both resting and activated), characterized by high expression of
the chemokine receptor CX3CR-1. Secondary antibodies conjugated to Alexa Fluor
647 and Alexa Fluor 594 were therefore used to enable differentiation of four colors
in each section.
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Image acquisition and analysis

The stained sections were imaged using fluorescence microscopy. Regions of
interest (ROIs) were set to 0-50 um and 50-100 pm from the border of the
implantation site. The response for all microglia (CX;CR-1°"), activated microglia
(CD68) and astrocytes (glial fibrillary acidic protein (GFAP)) was quantified by
measuring the proportion of stained area within each ROI. The number of neurons
(neuronal nuclei (NeuN) (with a DAPI-positive nucleus as an inclusion criteria) and
all cell nuclei (DAPI) were manually counted within each ROI.

Mann—Whitney test was used to compare the experimental groups within each ROI
and time point, p-values < 0.05 were considered significant.

Development of the tubular microelectrode (III)

The nanoparticle eluting microelectrode was developed from an already existing
electrode construction developed in our laboratory. The original microelectrode
consisted of a gold wire coated with an electrospun layer of glucose and an
insulating Parylene-C coating. The probe has a hole opening in the distal part,
allowing fluidic connection with the surrounding tissue. The structure provides
sufficient mechanical strength during insertion into the brain but transforms into a
flexible tube once implanted.

To embed the nanoparticles into the compartmentalized construction, four potential
designs (illustrated in Fig. 7) were initially considered and evaluated with regard to
electrode function and manufacturing process. All designs comprised a gold wire as
the core registering lead and an insulating Parylene-C coating as the outer layer. The
designs were the following: A) a glucose compartment with embedded
nanoparticles, applied by electrospinning of a glucose solution with suspended
nanoparticles. B) electrophoretic deposition of the nanoparticles directly onto the
gold lead (inspired by stent technology [43] and making use of the nanoparticles’
positive surface charge) and an outer electrospun compartment of glucose. C) a
gelatin compartment with embedded nanoparticles. D) an inner compartment of
gelatin with embedded nanoparticles and an outer compartment of electrospun
glucose.

Characterisation of the tubular electrodes was done using SEM imaging, impedance
measurements and fluorescent microscopy. The in vitro release of fluorescent
nanoparticles was studied in agarose at 37 °C.
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Nanoparticles in glucose Nanoparticles Nanoparticles in gelatin Nanoparticles in gelatin

Figure 7. Tubular electrode designs containing nanoaparticles. All designs comprised a gold wire as the core
registrating lead and an insulating Parylene-C coating as the outer layer. A) A glucose compartment with embedded
nanoparticles. B) Nanoparticles deposited directly of the onto the gold lead with an outer glucose compartment. C) A
gelatin compartment with embedded nanoparticles. D) An inner compartment of gelatin with embedded nanoparticles
and an outer compartment of glucose.
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Results and comments

1) Minocycline loaded PLGA nanoparticles, in vitro (I)

The first aim in this thesis was to develop and characterize Minocycline-loaded
PLGA nanoparticles with sizes around 100 nm and an in vitro drug release over at
least 30 days. The size of the particles was chosen based on the idea that the particles
would remain relatively stationary and not diffuse freely in the brain extracellular
space once deposited. The ‘“pore size’’ of the extracellular space is considered to be
~40 nm [44, 45]. The released drug would thereby be concentrated to the region
near the implants where it is most needed. The drug release duration was chosen to
match the progression of the brain tissue responses after injury [46]. It has been
suggested that Minocycline should be administered at high doses initially for 7 days
to attenuate the acute inflammatory response, followed by a lower dose for 3-6
weeks to attenuate the chronic response [47].

Development of the particles started with preparation of drug-free PLGA
nanoparticles using the emulsification-solvent diffusion (ESD) technique.
Formulations with different concentrations of the surfactant DMAB were evaluated
and finally set to 0.10% which resulted in 150 nm sized monodisperse nanoparticles
with a positive zeta potential. Lower concentrations resulted in unsuccessful
emulsions or larger particles with broader size distributions and negative zeta
potentials. Figure 8 A shows the size distribution curves generated from dynamic
light scattering (DLS) measurements of blank and drug-loaded nanoparticles.

The DLS method measures the random intensity changes of light scattered from a
suspension. The fluctuation in scattering intensity is then used to calculate the size,
poly dispersity index (pdi) and zeta potential of particles within the sample. The zeta
potential gives information on how well the particles tend to repel each other and
thereby withstand aggregation. Particles with zeta potentials over +30 mV or less
than -30 mV will form stable colloidal suspensions. The pdi is a dimensionless
measure of the broadness of the size distribution and ranges between 0 and 1. A
dispersion may be considered monodisperse (pdi < 0.1) if 90% of the distribution
lies within £5% of the average size.
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Figure 8. A) DLS size distribution curves and SEM micrographs of blank and Minocycline-loaded PLGA
nanoparticles. B) In vitro release in artificial cerebrospinal fluid from minocycline loaded PLGA nanoparticles and
control curves of minocycline only and minocycline together with cryoprotectants. Reprinted (adapted) with permission
from Paper I.

The DLS method reports the size of a hypothetical hard sphere that diffuses in the
same fashion as that of the particle being measured. In order to validate the size
results obtained with DLS, the shape of the nanoparticles was also investigated by
SEM imaging. The SEM micrographs (Fig. 8A) confirm that both the drug-free and
drug-loaded nanoparticles were spherical and therefore it was concluded that DLS
was an appropriate method to use for characterizing the prepared nanoparticle
suspensions.

The second step was to encapsulate Minocycline using the ESD technique, a
preparation method generally more suitable for encapsulation of lipophilic
substances. A novel hydrophobic ion pair (HIP) of Minocycline, Ca** and the
anionic surfactant bis(2-ethylhexyl) sulfosuccinate (AOT) was developed which
enabled encapsulation of the hydrophilic drug using the ESD technique. The
formation of the HIP-complex was verified using nuclear magnetic resonance
spectroscopy (NMR). The "H NMR spectra of the HIP-complex and control samples
are shown in Figure 9. Preparation of nanoparticles with the encapsulated drug-
complex resulted in particle sizes around 220 nm, a drug content of 1.12%, and an
entrapment efficiency of 43%. The formulation showed a sustained drug release in
vitro over 30 days in artificial cerebrospinal fluid (Fig. 8B).
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Figure 9. "H NMR spectra of (A) Minocycline (MC); (B) MC/Ca?*; (C) AOT; (D) MC/Ca?**/AOT; (E) MC/AOT.
Comparison of spectra (A) and (B) show changes in intensity and shape for minocycline’s characteristic peaks at
5.95, 6.83, 7.31, 9.50, 11.53 and 14.87 ppm, which indicates minocycline complexation with Ca?* ions. Comparison of
spectra (C) and (D) show a broadening of AOT’s characteristic peaks at 3.74— 3.98 ppm in the presence of the
Minocycline/Ca?* chelate, strongly suggesting that a Minocycline/Ca?*/AOT-complex has formed. Spectrum (E) of
AOT and Minocycline in the absences of Ca?* appears as a combination of spectra (A) and (C), indicating no
interaction occurs between Minocycline and AOT in the absence of Ca?*. Reprinted (adapted) with permission from
Paper I.
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2) Gelatin coating and nanoparticle embedding (II)

The second aim in this thesis was to develop a method for embedding the
nanoparticles into gelatin-coatings on neural implants. In order to visualize the
particles during the development work (Paper II and III), a fluorescent dye (Alexa
Fluor 568) was covalently attached to the PLGA chain before preparing
nanoparticles. DLS measurements showed that the fluorescently labelled
nanoparticles had similar size, polydispersity index (pdi) and zeta potential as of the
nanoparticles prepared in Paper I. The different nanoparticle formulations and
characteristics are summarized in Table 1. The similar characteristics between the
formulations suggest that the fluorescent dye did not interfere with the formation of
nanoparticles and that the fluorescent nanoparticles were a useful surrogate for drug-
loaded nanoparticles during the development work.

Table 1

Summary of Size, PDI and zeta potential of the prepared nanoparticles used in this thesis (mean * s.d., n = 3).
Nanoparticle formulation Size (d. nm) PDI Zeta pot. (mV)
Drug free 150 + 10 0.06 + 0.020 +57 +7
Minocycline-loaded 220t 6 0.07 + 0.004 +55+4
Fluorescently labelled 150 £ 2 0.07 £0.010 +62+3

An absorption method was developed to embed the nanoparticles into the gelatin
coating. Mixing the particles directly into gelatin would have been easier, but as the
gelatin solution needs to be heated at 50 °C during the dip-coating step, there would
be a risk of melting the particles, degrading the drug and/or causing the drug to be
released. The absorption method developed permitted the nanoparticle suspensions
to be embedded into the gelatin coating at room temperature. The method also
allowed minimal consumption of the laboriously prepared nanoparticle suspension.

The final gelatin coatings with embedded nanoparticles had a dry thickness of 9.1 =
1.2 pm (mean + standard deviation, n = 7). This thickness was almost doubled
compared to the initial gelatin coating alone (4.8 + 0.9 um). The amounts of
nanoparticles absorbed in the coating was estimated to a total amount of 1 ug
nanoparticles on a 3 mm part of the implant. This would correspond to a
Minocycline content of 34 ng. Figure 10A shows a needle with fluorescently
labelled nanoparticles embedded in the gelatin coating. Figure 10B shows a time
series of the in vitro release study in agarose gel and it was concluded that the gelatin
coating would stay intact during implantation and that the nanoparticles spread
radially ~850 um from the implant over 10 minutes.
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Figure 10. A) A stainless steel needle coated with gelatin and fluorescent nanoparticles. B) Time series of the in vitro
release of nanoparticles in agarose gel. Reprinted (adapted) with permission from Paper II.

3) In vivo effects on brain tissue responses (II)

The third aim of this thesis was to clarify in vivo whether the addition of
Minocycline-loaded nanoparticles could reduce the acute brain tissue responses
after implantation in mice. A study with bilaterally implanted free-floating needles
was used as a model for brain implants. The implanted needles had either been
coated with gelatin only (control) or gelatin and embedded Minocycline-loaded
nanoparticles (MC-NP). The tissue response was quantified in an inner (0-50 pm
from border of implant) and an outer (50-100 pum) region of interest (ROI)
surrounding the implantation site. Figure 11 and 12 shows representative
immunofluorescent images of the brain tissue responses around implantation sites
at 3 and 7 days after implantation.
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Reduced microglia activation

Coatings with MC-NPs was shown to significantly reduce the activation of
microglia cells (CD68) both 3 and 7 days after implantation compared to the control
implants (Fig. 11A-D). After 3 days, the reduction was significant in both inner (p
= 0.0079) and outer (p = 0.0052) ROIs. The response had almost disappeared in
both groups after 7 days (Fig. 11C, D), but was still significant around implants with
MC-NPs compared to the control implants in the inner ROI (p = 0.0289). The overall
microglia population (CX3CR-1%?) (Fig 11E-H), however, showed no significant
difference between the groups at either time point. These observations suggest that
the MC-NPs selectively attenuates the activation of microglial cells without
effecting the overall population of microglia.

3 days post implantation 7 days post implantation
Control MC-NPs Control MC-NPs
Cc

Figure 11. Representative immunofluorescent images of the microglial response. Tissue surrounding gelatin-
coated needles with or without embedded MC-NPs at 3 days (two left columns) and 7 days (two right columns) post
implantation. Images show activated microglia (CD68) (A-D), CX3sCR-1°" positive microglia (GFP) (E-H), cell nuclei
(DAPI) (I-L), and merge (M—P). Scale bar = 100 um. Reprinted (adapted) with permission from Paper II.
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Reduced astrocytic response

Both control and MC-NPs implants showed an overall increase in the astrocytic
response after 7 days compared to 3 days (Fig. 12A-D). Implants with MC-NPs
however, was shown to significantly reduce the astrocytic response in the inner ROI
(p = 0.0401) at 7 days compared to the control. It remains to be determined, if this
delayed reduction is a direct effect from Minocycline or a secondary effect from the
decreased microglia activation at earlier time points.

3 days post implantation 7 days post implantation
Control MC-NPs Control MC-NPs
Cc

Figure 12. Representative immunofluorescent images of the astrocytic and neuronal response. Tissue
surrounding gelatin-coated needles with or without embedded MC-NPs at 3 days (two left columns) and 7 days (two
right columns) post implantation. Images show astrocytes (GFAP) (A-D), neurons (NeuN) (E-H), cell nuclei (DAPI) (-
L), and merge (M—P). Scale bar = 100 ym. Reprinted (adapted) with permission from Paper II.

Neuroprotection

Reduction of both activated microglia and reactive astrocytes should be beneficial
for neuronal survival as these are known to release components with neurotoxic
effects. In this study, we found no difference in neuronal density between the groups
at either time point (Fig. 12E-H). This may be due to the gelatin coating itself [48,
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49] and the study design using free floating implants [50], both of which are
beneficial for neuronal survival. Furthermore, there was no significant differences
found between groups for all cell nuclei at either time point (Fig. 111-L and 12I-L).

Altogether, the combined findings point to the conclusion that neither the number
of neurons, overall microglia population nor the total number of cells are changed
by the nanoparticles during the 7-day period. This may suggest that the MC-NPs are
non-toxic.

4) Development of a tubular microelectrode (I11I)

The last aim in this thesis was to develop and characterize a novel nanoparticle-
eluting microelectrode in vitro. The four hypothetical designs presented in Figure 7
were evaluated with regard to electrode function and manufacturing process. Design
D was found to be the only construction that met the criteria of not affecting
electrode function and had a mild enough manufacturing process that did not
compromise the integrity of the embedded nanoparticles or drug load. A short
comment on each design is given below.

Design A was never evaluated due to a risk of compromising the integrity of the
nanoparticles and drug during the electrospinning process. The process would use a
glucose solution in ethanol and water with suspended nanoparticles which then
would be electrospun onto the gold wire. The electrospinning method developed in
our laboratory requires high temperature (45-50 °C) for 40 minutes plus additional
preheating time. PLGA with a glass transition temperature of 40-45 °C [51] would
most likely be affected by the high temperature and might cause the nanoparticles
to aggregate and/or release their drug load into the solution [33]. Hence, the strategy
of using nanoparticles as a means of sustained release would be lost/compromised
and it would also risk that Minocycline would degrade as it is known to be even less
stable in solution than a dry powder [39, 52].

Design B was prepared by dragging a gold wire (attached on a frame) through a
drop of nanoparticle suspension. Direct current was applied over the syringe needle
(cathode) and the wire (anode) and then characterized using fluorescence
microscopy. Control experiment using the same setup without current were also
made. Preliminary results showed that the nanoparticles were deposited in greater
extent when direct current was applied. The full development of this technique was
however not completed as characterization or estimation of the deposited amounts
of nanoparticles and drug would be challenging and time consuming.

Design C was prepared by dip coating the gold wire in gelatin, insulating it with
Parylene-C and making a hole opening. Studies on the coating’s integrity was done
by immersing the tubes in saline. SEM images (Fig. 13A, B) revealed that the
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insulation and hole opening of these tubes were compromised due to forces created
by the swelling of the gelatin compartment when it absorbs water.

A
.
‘\

“

SU1510 5.00kV 11.0mm x1.30k SE 40.0um SU1510 5.00kV 11.0mm x1.00k SE

Figure 13. SEM images of tubular microelectrode after immersed in saline. (A) Shank and (B) hole opening of
the tubular design with only gelatin as inner compartment. (C) Shank and (D) hole opening of the tubular design with
an inner gelatin- and an outer glucose compartment. Modified from Paper III.

Design D was prepared by dip coating the gold wire in gelatin, followed by
electrospinning of a glucose layer before insulating with Parylene-C. The design
passed the initial integrity test in saline (Fig. 13C, D). It was hypothesised that the
quickly dissolving glucose compartment created a space in which gelatin could
swell which prevented rupture of the Parylene-C coating. The nanoparticles were
embedded into the gelatin layer by absorption as in Paper II. As the wires were held
by a frame, the whole frame would need to be immersed into the nanoparticle
suspension. This would require a large volume (~30 mL) of suspended nanoparticles
and a lot of material would be wasted by absorption into the gelatin coating on the
frame’s edges. In order to minimize the consumption of the laboriously prepared
nanoparticles, a new method was developed. The wires were instead dragged
through a single drop (10 pL) of the nanoparticle suspension. After drying, the outer
compartment of electro spun glucose was applied before insulating with Parylene-
C.
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Impedance measurement on the tubular electrode design D showed a quick decrease
in impedance, stabilizing at 110 & 20 kOhm (n = 5) at 1 kHz. It was concluded that
the gelatin/nanoparticle coating did not compromise the electrodes functionality and
that the design is suitable for electrophysiological recording.

Gelatin + Fluorescent-NPs + Glucose

Border

3.5mm

100 um

Figure 14. Brightfield and fluorescent images of a gold wire after coating with gelatin (a, d); absorption of
fluorescent nanoparticles (NPs) (b, e); and electrospinning of glucose with one layer of Parylene-C (c, f). The images
were taken at the gelatin dip border (a-c) and at 3.5 mm distance from the dip border (d-f). From Paper IIl.

Fluorescent and brightfield images of each applied layer (Fig. 14) shows that dip
coating the gold wires resulted in a drop shaped layer of gelatin (Fig. 14a, d). The
average dry drop diameter of was 22.2 + 2.2 pm (mean + standard deviation, n =9)
at the dipping boarder and 19.3 = 1.7 um at a 3.5 mm distance from the border.
Figure 14(b, e) shows that the fluorescent nanoparticles were successfully absorbed
into the gelatin coating without deforming the structure. Electrospinning of glucose
and insulating with Parylene-C (Fig. 14c, f) resulted in a wavy outer structure. The
gelatin/nanoparticle drops seemed to have increased in size, but this was however
rather an optical effect from the rounded structure. It was concluded that the inner
gelatin/nanoparticle layer had preserved its structure and that the added glucose had
created an outer layer on top of the gelatin.
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The in vitro release of the fluorescent nanoparticles was studied in agarose at 37 °C.
The time series in Figure 15 shows that the fluorescent intensity becomes weaker in
both directions from the tube opening as the inside of the tube gets wetted with time.
It took approximately 1 hour for the tubes to be completely emptied. It was proposed
that water from the surrounding enters the tube and quickly dissolves the glucose
followed by gelatin swelling and release of nanoparticles inside the tube. As the tube
continues to be filled with water, the gelatin coating dissolves and nanoparticles are
released into the surrounding tissue.

1 min 2 min 5 min 10 min 30 min

|
1

Figure 15. Image series of the in vitro release of fluorescently labeled nanoparticles from the tubular microelectrode in
agarose. From Paper I

Tube
opening
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Discussion

The hypothesis in this thesis was that the biocompatibility of implanted
neuroelectronic interfaces could be improved by a pharmacological approach. To
this end, novel nanoparticle-based drug delivery systems were developed and
evaluated in vitro and in vivo. In the first step, the drug Minocycline was
encapsulated into biodegradable PLGA nanoparticles and thereby protected from
degradation. This resulted in a sustained release for more than 30 days in vitro. In
the next step, the drug-loaded nanoparticles were embedded in a fast-dissolving
gelatin coating surrounding the implant thereby enabling local and sustained drug
release at the target site. The developed drug delivery system was found to
significantly attenuate the acute brain tissue responses around implanted micro-
electrodes in vivo. In the last step, a novel nanoparticle-eluting compartmentalized
microelectrode that transforms into a flexible tube once implanted was developed.
Overall, the presented work brings a novel complementary strategy for improving
biocompatibility of implanted neuro-electronic interfaces.

In vitro versus in vivo

Before evaluating the effects of the developed drug delivery systems in an animal
study, the implants and nanoparticles were characterized in vitro. This was done in
order to get a prediction on how the implants and drug delivery systems would
behave in vivo and because some experiments are basically unfeasible to do in vivo.
An in vitro study also enables comparison to work done by others. The drug content
and entrapment efficiency of the nanoparticles developed in this work compares to
what others have accomplished for Minocycline-loaded polymeric nanoparticles but
the in vitro release time constitutes a substantial increase compared to what has been
achieved until now [53, 54]. Comparison of in vitro drug-release profiles with others
may however be misleading, as no standard testing procedures are used which may
affect the release kinetics.

The in vitro test conditions in Paper I (in artificial cerebrospinal fluid at
physiological pH and temperature) were chosen to mimic the prospective
environment the nanoparticles were intended for. However, since the brain is an
extremely complex environment it is difficult to cover all aspects.
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The in vitro study in Paper Il (in an agarose gel at room temperature) showed that
the gelatin coating could withstand an implantation and also gave an idea of the
nanoparticle release from the implant. The choice of doing the study at a lower
temperature instead of at physiological temperature was done with regard to
suggestions that the brain surface temperature is closer to room temperature during
a craniotomy were the insulating layer of hair and skin has been removed [55]. No
attempt was made to characterize the drug release in detail.

The in vitro study in Paper Il was also done in an agarose gel, but in this study at a
physiological temperature to mimic the brain environment around an implant after
surgery. The study showed the nanoparticle release from the tubular electrode and
that the implant could withstand implantation at an elevated temperature. Even
though agarose gels are widely considered to be a viable in vitro model of the
mechanical strength of the brain [42], it should be noted that diffusion of
nanoparticles might differ substantially in the extracellular space compared to that
in agarose [56, 57]. The “pore size” is bigger in agarose compared to in the
extracellular space and the particles will therefore diffuse more freely in the model
compared to in a live situation.

We also tried to examine the in vivo spreading of nanoparticles in a pilot study using
gelatin coated implants with embedded fluorescent nanoparticles and looking for
them 3 days after implantation. However, they were not to be found with either
fluorescent or confocal microscopy. It was hypothesized that the amount of
nanoparticles became too small in the tissue and the emitted fluorescence was below
detection limits. Videos from the in vitro release studies of nanoparticles in agarose
in paper II and III supported this notion. In paper II, it was clearly seen that the
fluorescence became weaker the further away the particles came from the implant.
In paper 111, the particles could not even be seen after leaving the gelatin. Another
possible “fate” in vivo is that the particles are phagocytosed by nearby microglia in
which degradation of the particles might be faster compared to the in vitro milieu
which would give a faster drug release kinetic.

As evident, there are a number of possibilities and aspects to consider when setting
up in vitro studies. It comes to a point where further in vitro tests, evaluations and
predictions will not give more insights for proving the hypothesis. A faster and
perhaps more valid approach thereafter may be to study the effects in vivo instead.
The overall purpose of this thesis was nevertheless to reduce brain tissue responses
around implanted microelectrodes using a pharmacological strategy. In Paper 11 we
showed that the developed nanoparticle drug delivery system indeed reduced the
acute tissue reactions around implanted microelectrodes. The mechanisms behind
the effects will however need further studies.
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In vivo effects of Minocycline loaded nanoparticles

In Paper II it was shown that the Minocycline-loaded nanoparticles significantly
reduced the microglial activation both after 3 and 7 days, and the astrocytic response
after 7 days. These findings confirm and extend previously reported effects of
Minocycline on microglia [58] and astrocytes [17]. It remains to be determined
however, if the delayed effects on astrocytes found is a direct effect from
Minocycline or a secondary effect from the decreased microglia activation at earlier
time points.

It has been suggested that activated microglia polarize into two distinct functional
phenotypes, pro-inflammatory (M1) and anti-inflammatory (M2). The MI-
phenotype is associated with production of proinflammatory cytokines and
chemokines that are involved in cytotoxicity and microbial killing. The M2-
phenotype is associated with the expression of scavenger receptors and pro-
angiogenic factors that promotes tissue repair and functional recovery [59, 60].
Minocycline’s inhibitory effects on microglial activation has been readily studied
and reports have also shown that Minocycline selectively inhibit microglial
polarization into the M1 subgroup, thereby increasing the relative importance of the
anti-inflammatory subgroup M2 [61, 62].

Evidence for that astrocytes also polarize into at least two types of phenotypes with
different properties is emerging [63]. These are termed Al and A2, one type being
harmful and the other helpful for CNS recovery and repair. Al astrocytes are
neurotoxic and upregulate cascade genes shown to be destructive to synapses. A2
astrocytes upregulate neurotrophic factors that are shown be protective after injury.
It has further been suggested that activated microglia induce A1 astrocytes [5].

The antibody (CD68) used to detect activated microglia in our study, stain both the
M1 and the M2 microglial subgroups, but not unactivated microglia. The reduction
of activated microglia is therefore likely related to a reduced number of Ml
microglia given the established pharmacological mechanism of Minocycline. As a
consequence, the number of activated astrocytes would also be reduced. Given the
enormous complexity of the neuronal tissue, while possibly catching some of the
mechanisms, this explanation of Minocycline’s effects is likely to be too simplistic.
The situation is probably even more complex if other efforts involving changes in
configuration and size of the electrodes [48, 64] are undertaken in order to reduce
the acute tissue responses.
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Acute response versus chronic response

Minimizing tissue responses from implanted neuroelectronic devices is necessary
for obtaining high quality recordings that are stable for long periods of time. Studies
have shown that the mechanical properties such as shape, flexibility and anchoring
of the electrode are of great importance for lessening the chronic responses [1].
Moreover, the initial injury caused by the surgery and implantation itself has proven
to be an important factor on the later chronic response [7]. Kumosa et al. [30] for
example demonstrated that the astrocytic response in rat cortex can be seen for at
least 6 weeks after a stab wound injury in the absence of a chronic implant. The
study also showed that a gelatin coating could reduce this response significantly.
The recently developed tubular microelectrode that is stiff enough to be implanted
and then transforms into a flexible probe has proved to be highly biocompatible and
essentially eliminates the loss of nearby neurons (Agorelius et al., 2020
unpublished). However, 6 weeks after implantation some remnants of astrocytic and
microglial cells were observed around but also inside the tubes.

To further reduce the acute responses using a pharmaceutical approach as presented
in this thesis brings in an additional factor. Paper II focused on responses that
occurred during the first 7 days after implantation and both free floating implants
and a gelatin coating were used in the study. As already mentioned, these two
measures have proved to be important factors in reducing both acute and chronic
responses [10, 50, 64]. The study demonstrated that Minocycline inhibited microglia
activation and reduced the astrocytic response but showed no observable effects on
neuronal survival. The lack of observable effects on neuronal survival might be due
to that the neuroprotective effects of Minocycline are masked by improvements
related to electrode design or that the effects of Minocycline on neuronal survival
occur at later time points. The long-term effects of pharmaceutically reducing the
acute responses needs to be evaluated further. One could speculate that the situation
could be altered in the chronic phase. Minocycline and other anti-inflammatory
drugs interfere after all with the CNS’s own protective and repairing mechanisms.
Under normal circumstances, it might be harmful to disturb these balances. The
brain may lose its own ability to for example fight off infections or remove
dysfunctional neurons to preserve neuronal circuit functions. However, it is no
longer a normal situation when an electrode is in the brain. Then it may be an idea
to pharmaceutically modulate these mechanisms with the aim of maintaining that
balance. Another speculation is that to much of M2 and lack of M1 microglia may
lead to an excessive reconstruction of the tissue and result in an even thicker scar
around the implant. These speculative scenarios would most likely also be dose
dependent.
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Concluding remarks and future perspective

The novel drug-delivery-systems for neural interfaces developed here provide
highly localized effects in the tissue at the very electrode contact. By practically
eliminating risks for systemic side effects this greatly improves the drug’s
therapeutic efficacy as compared to systemic administration. Moreover, the tubular
electrode construction developed in Paper III offers controlled release of
biologically active compounds into the surrounding tissue directly outside the
tubular orifice and recording site. This may be used to pharmacologically preserve
the tissue of interest and inhibit migration of glial cells into the electrode to reduce
the risk of clogging. While focusing on minocycline in this thesis, it is obvious that
a similar approach may also be useful for other pharmaceutics and/or applications
for which a highly localised effect is advantageous. The design also opens the
possibilities to deliver and analyze highly localized effects of other drugs such as
neurotrophic factors, with reduced confounding factors. From a drug development
point of view, the hydrophobic ion pairing concept presented in Paper I may also be
applicable to other water-soluble drugs and thereby enable use of preparation
methods which are otherwise only suitable for lipophilic substances.

As a final note, it should be kept in mind that the brains immune system is truly an
extraordinary complex system, developed through many years of evolution.
Pharmaceutically altering this system should be done with great caution and with
the aim of helping the brain maintain its ability to protect and repair itself.
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