TTAQNS Y @@ RSYERI NNF2YNE

IO & LIaTNE RIOF IS B ¥ ik NP

DAGEAT AT I GA2Yy 2
KeRNRE&f I &S

Fredrik Gullaksen Johannessen

This thesis is submitted in partfalfillment of the requirements for the degree of Mast#rScience
as part of the work during the Master's programme in Nanoscience.

Department of biomedicine, University of Bergen

June 2016






t I NJAyazyQa RAaSIFaAS A& I ASOSNB ySdzZNBPRS3IASYySN
dopaminergic neurons of the substantia nigra. Lack of dopamine causes motor function

problems and cognitive decline. Due to unwanted side effects resulting frertraiditional

treatment of the diseasby L-DOPAthe use offormulations oftyrosine hydroxylas€TH)

the rate limiting enzyme in the biosynthesis of dopamine, could yield an effective treatment

with less side effectshis is due to the high level ofgelation THis subject to compared to

L-DOPATO further increase delivery to the target sitee use of nanoparticles as

nanocarriers can be used. MaltodextnanoparticleYMDNR) and porous silicon

nanoparticles (pSiNgPwere investigated to tlsirespect.

DLS was used as a simple method of confirming or debunking loading it H
and each NPriginateddistinct size peaks (approximately 13 nm for TH, 90 nm for MDNPs
and 120 nm for pSiNIPwhen measured. Loading was easily confirmedtierTH:MDNB
complex, but not for the pSiPwhere DLS measurement in the buffer (50 mM HEPES, pH 6,
50 mM NaCl) and concentrations (0.1 mg/ml in 1:10 000 p$itiBt no longer showed free
TH but wecould not distinguistbetweenpSiNRB peaks and aggregate$ TH A ThioflaviAl
assay was performed in order to find out whether the presence of pSiNPs promoted the
aggregation of TH, or if it hindered it. Through these experiments it became clear that the pH
of the buffer was the most sigingant factorassociatedo aggregation, but that this effect
could be avoided by altering the pH of the complex from pH 6 to pH 7. Since $Jidadihg
was the most successful, the stability of TH:MBWNRs studiedn vitroby using DLS to look
at the dianeter of the average size of particles in the sample solution over time and at
different temperatures. In both cases it was found that a 1:1 w/w ratio of TH:MDBId
prevent aggregation, and also that a 2:1 w/w ratio TH:MDNP would at least delay tlotseffe

of aggregation.

Activity measurements also revealed that TH retained activity in both complexes, but
more so inMDNP. In vivoinjection of TH:MDN&was performed in order to find out if the
complex could be taken up by brain cells. Fluorescent tage wsed, and TH:MDNP
Atto488 and THAlexa568:MDNP was injected, and was located in tissues near the injection
site using fluorescence microscopy. Further investigation using confocal microscopy showed

that the complexes were very likely to have been takerby the cells.



Parkinsons sykdom er en alvorlig nevrodegenersykdom, noe som farer til at de
dopaminergiske nevrecelhe i substantia nigra. Mangel pa dopamin farer til
motorikkproblemer og kognitiv svikt. Pa grunn av ugnskede bivirknsgerfglge av den
tradisjonelle behandlingen av sykdommen kan bruk av tyrogdroksylas€TH) det
hastighetsbegrensende enzymet i biosyntesen av dopamin, gi en effektiv behandling med
mindre bivirkninger. Dette er pa grunn av det hgye nivaet av requgditHer underlagt i
forhold til LDOPA. For ytterligere a gke levering til malstedet kan nanopar{ikies)

benyttes som naabeerere. Maltodekstrimanopartikler(MDNP) og porgst silisium

nanopartikler (pSiN$} ble undersgkt for slik bruk.

DLS ble bruksom en enkel metode for a bekrefte eller avkrefte lasting as, Nllen
TH og de ulike NRsod for forskjellige toppepa grunn av deres starrelse mabDLS (ca. 13
nm for TH, 90 nm for MDN®g 120 nm for pSiNP. Lastingen ble lett bekreftet for
TH:MINP komplekset, men ikke for pS#NRvor DLS maling i den bufferen (50 mM HEPES,
50 mM NaCl, pH 6) og konsentrasjonen (0,1 mg / mli 1:10 000 §SidIR ikke lenger viste
fri THmen hvor vikke kunne skille pSilSRopper fra THhggregater sonble dannet.En
ThioflavinT analyse ble utfgrt for a finne ut hvorvidt neerveeret av pSiNPs fremmet
aggregering av TH, eller hvis det hindret den. Gjennom disse forsgkene ble det klart at pH
verdien i bufferen var den viktigste faktor nar det kom til aggregering, melemne
effekten kunne unngas ved & endrekrdien av komplekset fra pH 6 til pH 7. Siden MNP
lastingen var den mest vellykkedéle stabilitet i THMIDNP undersgkin vitroved hjelp av
DLYor & se pa diameteren til den gjennomsnittligeselse av peikler i pravégsningen
over tid og ved forskjellige temperaturer. | begge tilfeller ble det funnet at en 1:1 vekt/vekt
forhold pa TH:MDNP ville hingelaggregering, og ogsa at en 2:1 vekt/vikhold THMDNP

ville i det minste forsinke virkningene av aggering.

Aktivitetsmalinger avslarte ogsa at TH beholdt aktivitet i begge komplekseri men
stgrre grad i TH:MDN vivoinjeksjonen av TBMDNP ble ogsa utfaert for & finne ut om
komplekset kan bli tatt opp av hjerneceller. Fluorescente fargébtefbenyttet, og
TH:MINPAtto488 og THAlexa568MDNP ble injisert, og la i vev naer injeksjonsstedet,
funnet ved hjelp av fluorescens mikroskopi. Videre undersgkelser ved hjelp

konfokalmikroskopi viste at kompleksene sveert sannsynlig hadde blitt tatt opp aneell
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BBB Bloodbrain barrier

BH, Tetrahydrobiopterin

DDC Dopa decarboxylase

DLS Dynamic light scattering

DPPG Dipalmitoylphosphatidylglycerol
ERT Enzyme replacement therapy
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L-DOPA L-3,4-dihydroxyphenylalanine
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1 Introduction
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that it is characterized by an increasing loss of neurons mainly consisting of the
dopaminergic neurons in a part of the basal ganglia called the sulistaigra[1].

Dopaminergic neurons are neurotigt use dopamine as their main neurotransmitter. A
neurotransmitter is a signaling molecule released into the synapse, the axonal area between
two neurons. This is in order to transfer the electric signal from the axon potential from the
presynaptic neuwn to a chemical signal that can be received by the next neuron in the
signaling circuit, the postsynaptic neuron. The neurons that degenerate in PD patrticipate in
the signaling needed for motor skills, hormone release and rewaotvated behavior. The

most typical symptom of PD is therefore the loss of motor function and uncontrollable
tremor, but in addition to these motor impairments. PD patients could also be subject to
several psychological symptoms, such as depression, apathy, sleep disturbancgesedad
cognitive decline. The cause of the neurodegeneration observed in PD is still unknown, but
GKS LINBaSyOS 27F A y-syiutledi®as eeuflintkeéditokhg rdgussioreoy & 2 F
the diseasd?2]. The available treatments for PD are usually symptomatic, meaning they give
relief for the symptoms that comes with PD, and not thelerlying cause. These

treatments often focus on increasing dopamine levels or enhancing the effect of the
dopamine signaling. There also exist other neurologltsirderscharacterized by low levels

of dopamine like parkinsonisms and dystonias, as ad tyrosine hydroxylase deficiency
(THD), caused by mutations in TH. All these disortiersee symptoms similar to those for

PD but are usually not neurodegenerative, i.e. TH function is affected but neuronal death is

not manifested3, 4].
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1.2 Dopamine in ngotransmission

1.2.1 Dopamine biosynthesi
Dopamine, noradrenaline and adrenaline are a group of neurotransmitters and

hormones called the catecholamines. These compounds are characterized by a benzene ring
with two adjacent hydroxyl groups and an amigr@up. The biosynthesis of the

catecholaminesHKigure 1).
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Figure 1: The catecholamine biosynthesiShe first and ratdimiting step is the reaction
transforming ETyrosine to IDOPA, catalyzed by the enzyme tyrosine hydroxylaBE©RA is
further converted into dopaminieom which the other catecholaminase synthesized. The

enzymes catalyzing the different stego® also showrkigure is taken frorv].
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1.2.2 Dopamine release
Neurons that utilize catecholamines as neurotransmitters are referred to as

monoaminergic neurons or more specifically dopaminergic, noradrenergic or adrenergic

neurons dependingn which neurotransmitter they mainly use. The catecholamines are
A02NBR Ay aeylLWAO @SarldtSazr yR dzZlRry aArayl f
When an action potential reaches the synapse of a monoaminergic neuron, the influX of Ca
causes the vesicles to merge with the synaptic membrane, releasing their contents into the
synaptic space by exocytodk The vesicles are quickly recycled by endocytosis, whereas
dopamine binds to receptors on the postsynaptic side of the synapse and is then either

recycled or degraded.

1.2.3 Dopamine storage
The catecholamines storage in vesicles is energy deperasiehinediated by the

transport protein called vesicular monoamine transporter located in the vesicular
membrane. The energy that is required for this transport is provided by vactygarH-
adenosinetriphosphatasg ATPasegoupled tovesicular monoamingansporter2 (VMAT2)
The first two steps of the catecholamine biosynthesis pathway happen in the cytosol and
thus dopamine is synthesized in the cytosol, but then quickly stored in vedinteagh
VMAT2 Vesicular dopamine can, depending on the typaairon, be used as a
neurotransmitter or be further converted into noradrenaline or adrenaline which happens

inside the vesiclegs]

1.2.4 Dopamine signaling
Catecholamine receptors are G protaiaupled receptors and there are five

dopamine receptors that are categorized into two groups: theikk® receptors and Plike
receptors. The Blike receptors are coupled to adenylyl cyclase via a stimulating GTP
binding protein, and Blike receptors inhibiadenylyl cyclaseShould the sum of signal
molecules on the postsynaptic side of the synapse add up to activation of AC, then cAMP is
formed which in turn affects Protein Kinase A. This leads to a signalirageasche

postsynaptic neurorjg]
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1.3 Tyrosine hydroxylase (TH)

1.3.1 Catalysis performed by TH
In 1964, Nagatsu et. db] described the role of tyrosine hydroxylase (TH) as the

enzyme catalyzing the conversion eifykosine to EDOPA which is the rafémiting step in

the biosynthesis of catecholamines and therefore subject to many levels of regulation. TH is
a homotetramer, meaning that it consists of four identical monomers containing a catalytic,
regulatory and oligomerization domain. In order to cgta the reaction TH needs requires
tetrahydrobiopterin (Bh) and molecular oxygen as-sobstrates and Féin the active site

of each catalytic domain. The importance of TH can be illustrated with the study of TH
knockout mice which showed that mice wibut TH were not viablg9]. In humans, the gene
coding for TH is built up of 14 exons, which gives rise to four different isoforms of human TH
due toalternativeRNA splicin§fL0]. All isoforns are found in the human bra[i1] and the
adrenal medulld12]. Figure 2 shows the crystal structure of the catalgincl

oligomerizationrdomairs of TH.

Figure 2: The crystal structure tétrameric human tyrosine hydroxylase catalytiand

oligomerizationdomains (PDB ID: 2XSN)he image is made withyMOLv0.98
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1.3.2 Regulation of TH
Tyrosine hydroxylase is regulated on several levels, both atdrighi®n, mRNA

levels and postranslationally. Several promoter sequences upstream of the initiation site of
the THgene help control transcription using various transcription facfa8. TH is also
regulated by phosphorylation, dephosphorylation, feedback inhibition by catecholamines
and substrate inhibitioi13]. There are four phosphorylation sitaspositions §19, 31 and

40 in the isoform 1 of human TH, different Ser/Thrresidues in the Merminal of the
regulatory domain of THRhosphorylation of these residues changes the protein stability, its

affinity for binding partners and inhibitors and it can aate the enzyme.

1.3.3 Recombinant TH
The method used for the expression and purification of human TH isoform 1, hTH1,

used throughout the experiments (unless otherwise stated) is described here. TH was
overexpressed ik.Colas a fusion protein, and helistidine and maltose binding protein

(MBP were the fusion partners. After lysis of the bacteria, the fusion protein is purified by
affinity chromatography on amylose resin, and the tags are cleaved off by tobacco etch virus
protease. The TH obtained after the subsequent gel filtration gives &argeint of pure,
non-aggregating, thermally stable and highly active TH with intaigtriinal and iron in its

active site that can be stored in liquid nitrogen until y$d]

1in®m [/ dINNBy i GNBtHdeas§PDi 2F t I NJAyazyQa
PD treatments are usually symptomatic and the most wideslgd drug isdDOPA, also

called levodopa.-DOPA, the precursor of dopamine, is taken orally, and will be converted to
dopamine once it has reached the brain. This raises the levels of dopamntime brain,

counteracting lack of dopamine due to deteriorating dopaminergic neurons. This is the

reason EDOPA is the standard treatment for PD although other or additional drugs are given
RSLISYRAY3I 2y (KS LI GASylQa fthadsedsepRogrdssinyi Ol A 2 ¥ |
[15]. Advantages of-DOPA administration are the increased dopamine production resulting

in higher dopamine levels in the brain and relieve the symptoms from low dopamine levels.
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Problem with this treatment are the many side effects likeQPA induced dyslasia,
involuntary movement, as well as psychiatric disordé&. The development of-DOPA
induced dyskinesia has also been linked to thedaeptor in animal$17]. These recepta
are D-like receptors, which are targeted freatment. In addition to these effects there are
also sile effects from this treatmentaused by the peripheral degradation eDIOPA before
L-DOPA reaches the brain, like nausea and the increasing concentration of levodopa

required to attain the wanted fect.

Other milder drugs, often given before or together witibDPA, enhance the effect
of the dopamine signaling.hese pharmacological treatments include DDC inhibitors, like
carbidopa or benserazide, that reduce th®DPA degradation. Furthermor®&jch
treatments include many dopamine receptor agonists that increase the sensitivity okthe D

like receptors for dopamingL8].

Some of the other therapies available and under develSpfhi F2NJ t | NJ Ay azy
patients currently include deep brain stimulation, cell transplantation and gene therapy.
Deep brain stimulation is a surgery where small electro shocks are used to revive the
dopaminergic neurons in the substantia nigra. This couldlt@s improved motor function,
and also some improvement of the patients psychological condition, but such a surgery
includes larger risks than pharmacological driig%. Because of this, deep brain stimulation
is often used to relieve levodopa caused dyskinesia, meaninpB&is used after general

levodopa treatmen{19].

Cell transplantation of human fetal dopaminergic neurons into the caudate nucleus
or putamen has been tried and these cells have shown to become functional dopaminergic
neurons in the hosf20]. A challenge with this treatment is the difficulty attaining the

necessary genetic purity from the cells that arébwtransplanted.

Gene therapy is a treatment that utilizes nucleic acid polymers as a drug often using
viral delivery, and this works by acting towards the genetic source for a disease. For PD, a
recent phasézclinical trial using genes falopa decarbaylase(DDQ, TH and GTP
cyclohydrolase which is the enzyme catalyzing the-liatéing step in the Blisynthesis,
showed improved motor behavior in all patierl, 22]. It is difficult for gene therapy to

attain better results than current treatment.

15



14.2 ERT as an alternative treatment for PD
Another alternative which does not require brain surgery and also avoids the side effects

of increased peripheral dopamine concentration seen WibQ@QPA administration, would be
an enzyme replacement therapy (ERT) with TH. This therapy involves adrionsifarH
which could increase the biosynthesis of dopamine in a natural and highly regulated manner

that would be produced from-tyrosine in dopaminergic neurons.

The method of administration will be important in order to increase dopamine levels in
the brain. Intravenous injection or oral administration of-bieded nanocarrieréNCs)
would for instance be preferable to brain surgery. The us@& y ONBS I aSa ¢1 Q& OK
avoid immunoclearance, crossing thiwod-brain barrier BBB and keeping itstructure and
function until it has been delivered intracellularly to the brain célisdothelial cells linked
with tight junctions build up the first component of the blood brain barrier, and is supported
further by astrocytes. This membrane allows hygtdntrolled transport into the brain.
Gases, water and lipid soluble molecules can generally diffuse passively through the
membrane, but specialized complexes also allows for specific transport of some other

molecules as well.

There is currently severaRH's in development for several different diseases, an example
of which is the use of ERT in treatment of lysosomal storage diseases. Recombinant proteins
have been added to the cerebro spinal fluid for use in patients with lysosomal storage
diseaseR23]. Some of the diseases which fall under this category, such as sphingolipidoses,
have been linked to neurodegeneration. Errors in the enzyme lysosomal hydrolase, or other
enzymes used for transport of Igs, lysosomal enzymes or lysosomal membrane proteins,
cause the diseases, and treatment with replacement enzymes have given some symptom
relief[23, 24].

NCsare nanasized devices carrying either drugs, macromolecules or other molecules
used for imaging or diagnosisChican be solid or porous particles, liposomes, spheres,
capsule etc. but are all defined by its scale and need to have a submicron size, typically
between a few to a few hundred nanometers. Two different types of nanoparticles (NPs) as

NG of TH will be discussed.
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1.5.1 Maltodextrin nanoparticles
Maltodextrin NPs are built up of a matrix of crdssgked maltodextrin, a branched

polysaccharide of glucose resulting in positivelivarged NPs. Such cationic nanopatrticles
can absorb large amounts of proteins and phospholipids without there being draages

to particle sizg25]. Dipalmitoylphosphorylglycerol (DPPG) is an anionic phospholipid that
can be loaded into the pores of the NPs without changing the surface charge while

increasing the loading capacity eviemther [25].

Another factor which makes these nanoparticles good candidates tdQses the
findings that even at 4 °C the particles will bind to the cell surface or in the paracellular areas
of the BBB, temperatures of 37 °C showed that the nanoparticle will undergo transcytosis
across the membrane. Filipin, a polyene antibiotic, treattrafrendothelial cells allows even
more NPs to be transported across a model of the BBB, although it is still unknown if the
lipid loading has an effect on the crossing of the BBB. This is becausevitte model of
the BBB failed for this type of NZ]. Filipin binds to sterols in the membrane, and
therefore implicates sterols in the transpoAn illustration of the MDNP with TH can be

seen in Figure 3.

PN /)
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Figure3: The image is anlilstration of a maltodextrin nanoparticle loaded with THThe
maltodexrin matrix has the DPPG at its core (yelloav)d TH is gathered in the outskirts of
the illustration particle (Exactly how the TH enters into complex with MDNPs is unknown).

Thanks to Helene Bustad Johannessen for this illustration.
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15.2 Porous Silicadanoparticles
The use of porous silicon NPsNi&is potentially very beneficial, since these NPs have

been found to have a relatively high capacity for loading different payloads, as well as being
biocompatible and biodegradable. The nanopart&yathesis starts with a silicon wafer,

which is exposed to hydrofluoric acid, Hferes are etched into the wafer after a current is
applied, and the pore size is dependent on the strength of this current. After the etching the
wafer is sonicated. In sunary, the pore size can be controlled by the voltage, and the
nanoparticle size is controlled by the duration and strength of the sonication of the etched

wafer [27].

Mesoporous, silicon membranes, where mesoporous signifies pore size from 2 to 50 nm,
have been shown to act as nhanoreactaascomplex ifior protease[28], which could make
the nanopatrticles previously described a suitable candidateN&at TH. This is due to the
chemical similarities between the porous silicon nanoparticles and the mesopsitas

membrane.In Figure 4 the pSiNPs can be seen.

Figure4: Illustration of the pSiNPs used for this experimegburtesy of Michael J. Sailor

1.5.3 Toxicity
In order forNCgo be a feasible alternative to ensure TH delivery in the brain it is

paramount that the particles themselves are not toxic. The main component in the
maltodextrin NPs are maltodextrin and DPPG which are a polysaccharide and a phospholipid.
Since these arboth nonttoxic organic molecules by themselves it is not expected that they
would themselves induce any toxic effects. However, it is still important to investigate the

possible effects of the FNPs complex as well as potential dose dependent effecis.ih
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why a toxicity study is necessary. The porous silicon NPs agei@ousmedia rapidly
broken down to orthosilicic acid. This is the natural occurring form of silicon in biological

systems and excess is excreted through ufi8}.

Today there is clear potential for improving treatment of low dopamine levels in PD
in order to find a longer lasting treatment with less side effects than those currently
availableThe overall goal of this project was to get further insights on the pciéfor
stabilizationof THin vitroin NPs of different compositicior potential use as NCs in an ERT.
and on the potential treatment is the administration of -Tdédded NPs in order to have a
more regulated production of dopaminursuinga new typeof treatment which
potentially could give the same or higher symptomatic efecthe current treatmentbut

without the same side effects, is favorable.

There are some challenges that need to be addressed in this regard, and the main
one is related tdiodistribution. In order to attain the highest efficiency of the treatment
most of the TH needs to reach the bralin.order to transport TH to target the braiNG can
be used. The NPs used to carry TH need to deliver an active enzyme to the brain. The
preferred method of administration would be intravenous injection of the T¥HPcomplex,
since this would represent a smaller intervention for the patient than full brain surgery.
However, in order to enter the central nervous system (CNS), the complarewdlto cross
the BBB after administration, which can result in the need for further specialization of the

NPs. Additional challenges are also represented by the possibility of toxicity.

1.6.1 Stabilization of Tid vitro
Thein vitro experiments allow study of the loading of TH into the two types of NPs.

Studying this interaction between nanoparticle and enzyme should alfmnization with
regards to loading capacity, the surface properties of the NPs and TH activity and enzymatic

stability.
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1.6.2 Stabilization of Tid vivo
Stabilization studies of the NFH complex will be conducted vivobecause this

allows us to investigate the biodistribution. If TH stays in the extracellular matrix or is
delivered intracellularly. Furthermer how long it takes before TH is inactive or cleared are

some of the things that need to be investigated.

Through this master thesis different methods were used in order to look into the
guestions raised in the previousdion. In order to study the loading ontand release of
TH from NPs somia vitro experiments were carried out. In order to study the-WNR
complex the potential size effects were studied with Dynamic Light Scattering (DLS).
Furthermore, it was necessato find out if the TH can be recovered once the enzyme has
entered the complex. SBFAGE was utilized to this respect. In order to look at
biodistribution the BL¥6 mouse model was used to investigate what happens to the
enzymenanoparticle complex in vo. All animal experiments were carried out by proficient
personnel, and approved by the appropriate board of ethics. Fluorescent probes were used
to identify distribution in cryosections of NP and-NR injected mouse brains. Mouse brains
were also homogeized and the lysate used for radioactive activity assay in order to
determine activity of the enzyme. Furthermore this will be used to compare the efficiency of
only the TH versus TNP injections on-DOPA production in the brain over a 24 h period
before the animals were euthanized. In order to also determine potential toxicity of the

complex a toxicity study was performed.
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2 Methods

Theoretical parameters of TH were obtained by insertirggdamino acid sequenasf
TH (UniProt accession number PO7-B)into the wéd-based ProtParam Tool (ExPASy). The
theoretical molar extinction coefficiert ¢ | & 3 M@ WM cin2andaSheretical
absorbance at 0.1% A w8s732, which were then used to calculdtel €bacentration in
mg/ml. For the conversion to molar concentratiomet molecular weight of TH was also

given to be 55611.9 Day the ProtParam Tool

2.1.1 Expression and purification
The method used for the expression and purification of human TH isafphiiH1,

used throughout the experiments (unless otherwise stated) is described here. TH was
overexpressed il coliBL2XCodonPlus(DE3)Rdells using a pEMIBR1a vector as a fusion
protein. Hexahistidine and maltose binding protein were the fusionras. After lysis of

the bacteria, the fusion protein is purified by affinity chromatography on amylose resin, and

the tags are cleaved off by tobacco etch virus protease.

The TH obtained after the subsequent gel filtration gives large amount of pane,
aggregating, thermally stable and highly active TH with intaterhinal and iron in its
active site that can be stored in liquid nitrogen until §$2]. The MBPTH fusion proteirwas
kindly purified by Ali Javier Sepulveda MuiBoKhanh Kim Da@Jniversity of Bergenjrom
clarified cell lysateandcleaved by Maa Teresa Bezem dfarte Innselset FlydalUniversity
of Bergenlsing tobacco etch virus protease as described (Begtaat);in revison) and

stored in liquid nitrogen.

2.1.2 Protein concdration using Nanodrop
The Nanodrop is a small volume spectrophotometer which can be used to determine

the absorbance at 280 nm {&). At this wavelength, the aromatic amino acids in the protein
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have an absorbance maxima, and by using the nmttinction coefficient{ or theoretical

absorbance at 0.1% (A) the concentration (c) can be calculated by the following formula:
« O 0
0 —
The nanodrop method presents a strong advantage in that utilizing hgtdAmeasure the
protein concentation does not require adding outside reagents that could potentially
interfere with the protein solution. £, the wavelength at which ultra violet radiation is
absorbed by amino acids with aromatic ringan only be used for proteins containiagch
amino acids The method is relatively quick, and does not require large amounts of protein.

The method is generally not as well suited for mixtures or protein samples witiosld

2.1.3 Protein concentration using Direct Detect
Direct Detect is an infrarespectrometry system for analyzing biological samples on

sample cards with a hydrophilic polytetrafluorethylene membrane, which is transparent in
the infrared spectral region. The stretching vibration of the amide bonds in the protein
absorbs infrared radiion at wavelengths in 1600700 cni* region. The instrument is
calibrated with a known concentration of bovine serum albumin and therefore gives the
protein concentration directly after buffer subtraction in mg/rlince this method allows

for measuremenof protein concentration only dependent on the always present amide
bonds, Direct Detect does not have the same requirementléacontent of aromatic amino

acids in theprotein samplesvhich are required foNanodrop

2.1.4 SDPAGE
The SDS content the Laemmli sample buffen which the protein is heate&nsures

the denaturation, so that theroteinsrun linearized through the gel and are separated
according to the molecular siz€his method also provides a way of identifying potential

contaminans in the protein samples.

The DLS is a method that can be used for approximating the size of particles
suspended in a solution based on the scattering of light sent through the sample. Particles
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aggregates or moleculas the suspension will scatter some of the light goingptigh the
detectors, and how much, and how frequently is detected, and using Einstein Stokes, and
the assumption that the particles are spherical and in Brownian motion the size can be
approximated.The DLS records the rates of decay of the fluctuations due to scattering light,
and the rate of this fluctuation is closely correlated to tiaée of diffusion of the particle
[30]. It is this relation between th®LS can be used to determine the size of nanoparticles in
solution based on the Einstelbtokes equation.
0"y
¢ -'Y

0O

Here, the diffusion coefficient for naparticles in a suspensiqQm, is fand
dependent on the Boltzmann constany, khe temperature(T) of the solutionthe viscosity

of the suspensionH) and the hydrodynamic radius of the nanoparticld&].

In order to find the previously mentioned rate of decay of scattered [ig6y, the
time correlation function is usedhich is the raw data presented, and is used to find the

diffusion constant, and then the approximate patrticle size

However, there are factors that affect the measured sizerithistion, which need to
be taken into accounfThe viscosity of the sample medium, the temperature at the
measurement and the refractive index of the sample medwithall affect the diffusion of
the suspended patrticles in such a way that they need to be taken into account in the
calculations, and need to be entered into the softwf3é]. The refractive index of the
suspension is the ratio of velocity of light in vaculbynthe velocity of the light in the sample
solution, and the viscosity could be described asrtmstance to flow of a liquigB1]. The Z

average islao a DLS term that nestb be definedwhichis theaverage particle diameter.

Especially iteresting for the topic of this project was the fact that in the>dven if
concentrations of agggates are low, their contribution to detected intensitylasge. This is
due to Rayleig® law, which tells us that the scattered intensity scales with the size of the

particle the light was scattered off80].
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Utilizing fuorescence and fluorescent microscdmys been Bown to be very
advantageou# several branches of cellular and molecular bioldgye methods yield
relativelyhigh resolution andlue to the many different fluorophores availableet method

can be usedd label andvisualizeseveralprocesgsat a cellular leve[32, 33]

2.3.1 Fluorescent dyes
Themethod used for looking at the dispersion of our compou(dBs)of interest in

the tissue samplewas detecting fluorophores conjugated to the MDNP and TH respectively
A fluorophore will be excited by light of specific wavelengths, and will in turn emit light of a

longer wavelengthi34].

Alexa 568, with an excitation maxima at 578, and an emission maxima ate&&0he tag
used to detect TH, andltto488was used to detect MDNPALtto488 has an excitation
wavelength maxima at 504 nm, and an emission maxint&atnm in 0.1M phosphate pH
7.0.

The complexes with the fluorescent tags wargected into the mouse brains in order
for the dyes to show the potential distribution of tieH:NRcomplexes A major advantage
with fluorescence microscopy over traditioright microscopy is the fact that the use of
fluorophores allove marking and detection of very specific targets, even at an intracellular

level.

2.3.2ThioflavinT assay
ThioflavinT (ThT) isa benzothiazole dythat emitsfluorescencewith a maximum at 482

nm upon binding toamyloid fibrilswhichare the results of misfolded, or partly unfolded,

proteins with exposed hydrophobic residudsore specifically, T binds the cross

structure in amyloid fibrils formed as TH aggregd85. Amyloid fibrils are found in amyloid
RSLI2aArAida Ay GKS OSYidNIf ySNW2dza aeadasSYy Ay RA
diseasq?2]. Fluorescence monitoring of Ihbindings typically used as andicator offibril

formation, butcan also be detectenh the formation of nonfibrillar soluble oligomers that

contain cross beta interactiorj86, 37]. In the case of THy Th-T assay can provide insight
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into the formation of soluble aggregates that precegestein aggregatn which would

prevent loading into NPs due to the increase in size and eventually a loss of activity.

2.3.3Fluorescence and confocal imaging
Using the Leica SP5 confocal microscope the slides prepared earlier were imaged for

higher level of detail, antbr the possibility of preparing-Z&acks Confocal microscopy

collects lights from small sections of a sample, which allows examination of parfmce
planes[33]. Because of thisonfocal microscopy allows for eliminating out of focus
fluorescence, whitc would be detected in a normal fluorescence microsc[g§# 34]. This is
important, because the obtained&tacks could, and was, used for a 3D projection of the
sample.The confocal microscopy uséat the imaging in this thesis was the Leica SP5, a
laser scanning confocal microscope, which utilizes lasers which are swept over the field of
view by a scanning mirror and directing optics. The beam is focused on a single point in the
sample by an objeote, and the emitted light that passes through a pinhole is collected and

analyzed at the detectd32]

TH catalyzes the reaction theynthesize L-DOPA fromltyrosine(Fig. 1) The
specific activityof TH can be measured by controlling the time period in which the protein is
allowed to be active and determining the amount eDDPA produced. The latter is
obtained by separation from-Lyrosine using the High Performance Liquid Chromatography
(HPLCHPLC is a method used to separate components in a mixture, in this-€88A and
L-Tyrosine, by sending them through a column under high pressure (up to 35Q-BEDPA
and LTyrosine are chemically very similar and the buffer concentrations were optinsia
that the fluorescent signal of the HPLC elution returned to baseline between the peaks. If
that had not been sufficient, it would be possilbéelower the run speed, although this

would yield wider peaksyhich wouldnot be as easily analyzg@8].
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2.5.1 Direct injection
The purposes of these injections were tesualize distribution of proteimanoparticle

complex in the tissue, and an injection site was chaeehe cortex in the fronbf the brain
which is an area to whiamany dopaminergic neurorextend their axons and there is a local
need for dopamineTheNPprotein complexes were injected directly into the brain instead
of potentialy injecting them intravenously as this was a pilot study to see what would
happen to the NPs within the brain before future studies with intravenous injection are

performed.

2.5.2 Cryosectioning
Cryosectioning is a method of slicing tissue samples into thin samples in order to

further investigate them using histological or microscopical metH88k This method was
used to obtain 12 pum thickorizontalsections for further analysigl0]. One of the
weaknesses with this particular method is the error of the slice thickness due to the
apparatus itself, being a problem if one were to estimate the thickness of the slices post
sectioning[41]. Also the thinner the sections, the easier to stain them, but the more difficult
to handle as there is an increased risk of losing the section due to disbiasgnmm washing

steps.
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3 Experimental Procedures

3.1.1 Preparation of TH
An aliquot ofTHwas except wherotherwiseindicated,thawn right beforeeach

experiment dilutedto 2 mg/mlin FPLC buffd20 mM HEPEZ0 mM NaQbH 7.0 and
centrifugedfor 15 min at 4 °C and 200 gto remove aggregated he supernatant was kept

on ice until use, andhe exact protein concentration was determined using either a
Nanodropl1000(Thermo Scientificor Direct DetectNlerck). When using théNanodrop, he
absorbance of TH at 280 nm is measured by applying 2 pl TH in solution after sample stage
cleaning and measuring buffer as blaMkhen using Direct Detect, the infrared absorbance

is measured by applying 2 pl sample or buffer onto the memérand inserting the sample

card(Millipore).

3.1.2 SDPAGE
The purity of the TH samples were verified using-BRSE95 ul 2X_.aemmlisample

buffer (BioRad)and 5 pl6 MDDT was mixed, and then added to the protein samples. The
volumes of sample buffer and protein sample were equal, in order to dilute the 2X sample
buffer to a 1X sample buffer. Afterwards tpeotein-buffer mix was heated at 95 °C for 5
min, and then loade onto aMini-PROTEAN 10% polyacrylamide(Be+Rad) 20 mA was
chosen to run a single gel, and 40 mA for two gethe same tank. Finally the gels were

stained with G250 Coomassie bl{&igmapndimagedwith a ChemiDoc.

3.2.1Loading of TH into MDNPs
Samples were prepared at RT. After the concentration of the TH sample was found,

and 2 mg/ml stocks were prepared in FPLC buffer, 20 mM HEPES, 200 mM NacCl, the
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necessary amounts for 1:1 and 2:1 w/w ratio with MDNPs veateulated. The stock

solution of MDNPs with lipid DGGP+ core was provided by our collaborator Prof. Didier
Betbeder from the University of Lille 2, and was 5 mg/ml. Usually 0.5 mg/ml, 1.0 mg/ml TH
was used for 0.5 mg/ml MDNP. Once the NPs and TH are thixéolading occurs on its

own in the mixture.

3.2.2.Stabilityof THloaded MDNPs
In order to determine if thel Hloaded MDNPsmained stable over timat

physiological temperatureDLS measurements two ratios of TH:MDNPs, performed at
regular intenals for a period of time at 37 “@ere compared to free TH (0.5 mg/ml) and
non-loaded MDNPs (0.5 mg/ml). The samples were prepar@® imM Hepes, 200 mM
NacCl, pH 7.0 ialow volume quartzuvette (Malvern)and contained 0.5 mg/ml TH and 0.5
mg/ml MDNPs for the 1:1 TH:MDNPs and 1 mg/ml TH and 0.5 mg/ml MDNPs for the 2:1
TH:MDNPs. The samples were immediately measured @Simgnsof 15 secondsvith 10

min intervals.The experiment was repeategix times, thee times petatch ofTH to

account fordayto-day and batcko-batch variations.

3.2.3 TH loading intpSIiNRB
pSINPs were a gift from Maria Teresa Bezem who had prepared them in the lab of

Michael J. Sailor at the University of California, San Ditgaks of pSiNPs are stable in
ethanol for years, but the concentration of the pSiNPs stocks is not known and all
experiments are performed on dilutions of the stocRseliminary experiments tdetermine
the loading capaity of pSiNRincludeda diltion titrations (1:1061:10000 pSiNPs and 1 Qg
1 mg TH) that were carried out in a range of buffer concentratiofg0(BaM Hepes, 5Q00
mM NaCl, pH 7.0).

To see if loading was obtained at pH 6.0, samplds500 of pSiNgand/or 0.2
mg/ml TH weregorepared in 50 mM Hepes, 50 mM NaCl at both pH 6.0 and pH 7.0 and
incubatedl.5 h on ice. The sample in pH 6.0 buffer was adjusted to pH 7.0 before size
distribution was analyzed with DLS. The sample in pH 7.0 buffer acted as a dilution control,
so water wa added so that the sample volumes would stay the sddh&measuremens
were performedin triplicatesin a low volume quartz cuvette (Malvern) at room temperature

using an automatic run time
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3.2.4ThoflavinT assay
In order to confirm probable loadingf TH onto the pSiNPs observed in DLS,-& dabsay

was performedo monitor the formation of oligomersThree samples giSINPs (at a 1:180
dilution from stock(Here 1:1800 were the final dilutionyvere loaded with 0.56 mg/ml TH in
50 mM Hepes, 50 mM NG at pH 6.0 for 1.5 h and then pH was adjusted tdéfore

samples were transferred ta black Lumox multiwell plate with clear bottoms (Sarstedt)

Threeidentical control samplewere also loaded at pH 7.@ther controls of only TH or
only pSiNPs weralso prepared, and a positive control®8 mM liposomes (kind gift from

Anne Baumannyith 0.56 mg/ml TH was also included.

Aglass bead and Th was added to each well to a final concentration of 20 puM &hd
the plate was sealed with foil (Rochedht before measuring fluorescence every 5 min for 9
hin a K2 Synergy H1 hybrid reatleough well bottoms Excitation wavelength was 440
nm, emission 482 nm, gain was set to 50 and shaking was oilaaks ofTh-T inbuffers
with or without pSiNPgave little or no fluorescence intensity and were substracted from

the respective measurements, to correct for background signal.

SpecificTH activity wasneasuredafter 0.1 mg/ml THvasloaded into MDNPs or
pSiNPs angre-incubated with 1 % BSA (w/v) on ibg a protocol described by Fossbakk
pl aliquotsof the samplesvere incubated for 1 min at 37 °C in 40rgdctionmaster mix
containing 50 pM 4Tyrand0.1 mg/mL catalas® 40 mM NaHEPES pH 7ahid 10 uM F&
freshly pre@red from (NH).Fe(SQ).-6H:0.

The reaction was started by addibgul of BH4 to final concentrations of 200 pM.
The reaction wastopped after 5 min witlb0 pl stop solution containing % aceti@cid in
ethanol (v/v) and transferred to ice. Two TH samples were run in triplicates at the same time

accordng to the set timetable (Table).1
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Table 1:Protocol for iming of activity assayThe reaction of two samplese measured
simultaneously in triplicates by starting each reaction with an offset of 20 seconds between

parallels.

Minutes Seconds Action

0 0 ¢l MM YAEM

0 20 ¢l MM YAEH

0 40 ¢I MM YAEO

1 0 BHM YAEM

1 20 'BHIH YAEH

1 40 BHM YAEoO

2 0 ¢l HMD YAERM

2 20 ¢l HMH YAEpP

2 49 ¢l HlMh YAEC

3 0 BHM YA ER

3 20 BHM YAEpP

3 40 BHM YAEc

6 0 {¢ht {h[® b
6 20 {¢ht {h[ P I
6 40 {¢ht {h[® b
8 0 {¢ht {h[ P I
8 20 {¢ht {h[® b
8 40 {¢ht {h[ P I

The samples were subsequently frozenr24l °C for at least 30 min and centrifuged 15
min at 4 °C and 18,000 x g, before the supernatants were analy2edising a Zorbax 360
SCX column (Agilent) using a flow of 2 ml/min and a running buffer of 5 mEIADH, 2 %
1-propanol, pH 3.50 diluted with-B0% MilkQ water. The amount ofFDOPA was measured
with fluorescence detection as described (Haavik et al 1990) The peak ar€0# A in the
chromatography was compared to standard samples containing eithg2RDOPA + 10
MM L:=Tyr, 10 uM IDOPA + 5 pM-TLyr or 2 uM IDOPA + 1 pM-Tyr.

Thein vivoexperiments were kindly carried out by prof. Lars Herfindal, to prove the

ability of MDNPs to deliver TH into brain cells in intact animal#n &iVoexperiments were
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approved Norwegian Animal Research Authority and conducted according to the European

Convention for the Protection of Vertebrates Used for Scientific Purposes.

The mice were kept in cages ab4nice/cage with a 12/12 light/dark cycle, and had
access to standard chow and water ad libido. Before injection, the mice amergthetized
with isoflurane (3mg/min induction, 1.5mg/min maintenance dose), fixed in a stereotactic
frame, and given 100 pL Temgesic (0.3 mg/ml) subcutaneous in the scalp. After one minute,
the scalp was opened by a longitudinal section from between the ears to the atka of

occipital bone to expose the scull.

The bregma was located, and the site of injection marked 1mm anterior and 1.5mm
lateral to the right side. At this point, a hole (Imm diameter) was made by a dental drill. The
meninges were perforated by a needlefbre the injection started. The injection was done
using a 10 pL Hamilton syringe with a flat needle. This was inserted 3.5 mm down from the
outer surface of the scull, and 3 pL of solution was injected over a period of 1 minute. The

needle was then retreted while observing that no liquid leaked from the hole in the scull.

The scalp was next closed by three to four sutures, and the mice left to recover alone
in a cage. After 24 hours, the mice were euthanized bya®@ the brain removed, and snap

frozenin liquid nitrogen or fixed in 2% formaldehydePBS, pH 7.4.

3.5.1 Fixatiorof tissue samples
The excised brains were fix@& formaldehyde in PBS, pH %448 hours at 4 °C in

the dark. Afterwards all liquid wakecanted from the sample tube, and 80 sucrose was
added, and the brains left in the sucrose solution until subsidence. The brains were then
transferred to small piees of paper and frozen at 80,°@hd stored frozen until cryo

sectioning.

3.5.2 Cryesectioning
Tissue Tek was applied to tekample holder onto which the brain is placed with

ventral side down. The brains were mounted onto a sample holder using Tissue Tek, all the
time ensuring that the brain was kept frozdérorisontal ections were made a0°C and

the thickness was 12 urithe sections were transferred to a water bath to spread, and then
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to a glass slide. These slides were then allowed to dry in a dark environment at RT for 24

hours before frozen at20 °C for storage.

3.6.1 Sample preparation
Sectiorson glass slidewere washed three times in PB8d mounted with 6 pl

Prolong Gold with DARtounting medium (Life Technologigse)a coverslipFor some

sections, nembranes were stainedvith DiOor WGA before mounting. In the case of DiO,

200 L1 uM and 2 puMpreparations of DIO were added to parafiand the section was
incubated upside down in this droplé&ir 5 min, andvashed two more times carefully in
PBSefore mounting. In the case of WGA staining, sections were permeabilized as indicated
washed three times in PB®en stained with 200 pl 5 mg/ml Alex&#68-labeledWGA and
washed again three times in PBS before mounting. Mounted sections were left to harden

overnight in the dark at Rdefore imaging.

The ettingsfor excitation and emissiofor both these two dyesvere optimized on
several samples before saving them and using them for all the brain sections examined
Fluorescent images of the mouse brain section were takigihn an AxioCam HRm camera
(Zeiss) on théxioplan 2Zeissusing oth the 2.5x, 10x and 20x objectives farerview
imagesand closer looks ahjection sites, as well as mapping the sectidfikers for
DAPI(blue), GFP(Green) and Cy 3.5(Red) were used respectively in the fluorescence
microscopyFor the brain maps, after the imaging, the image files were merged in the

panorama function with blend iRhotoshopCS4Adobe).

3.6.2 Confocal microscopy
High magnification confocal images were taken of the mouse brain sections using a TCS SP5

laser sanning confocal microscope (Leica) at a working distance of 0.1A®H5 nm UV
laser was used texciteDAPI, a 488 nm gonlaserfor Atto 488, and a 543 nm HeNe laser
for Alexa568. The laser intensity, gain, and detectors were tuned in the softwagvie the
best picture in each case, except for cases where it was necessary to compare different

slides to each other. In these circumstances the same settings were found and used for all
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imagesFor imaging immersion oil was applied to the coverslip pladed face down onto

the sample holder. The images were taken using a HCX PL APO 63x 1.4 Oil objective.

33



4 Results

4.1 Prepration of tyrosine hydroxylag&H)
Recombinant TH was provided after fusion piatcleavage of WMMPBTH with

tobacco etchvirusprotease. Thesuccess of the cleavagad thepurity of TH were assessed
by SDSAGE, and both were found to be satisfactdhpugh a minor band with MBP could
be observed in the TH samm@ealyzed Figureb).

1 2 3 4
<«— his-MBP-TH
97 P
TH
66 | . -
- «— MBP
45 .
31 N
21 R
14

Figure5: SDSPAGE analysis of THtaf hisMBRTH cleavagelane 1: Low molecular weight
standard (BioRad). Lane 2: Uncut®MBRTH. Lane 3: Cut AMBRTH. Lane 4: Purified TH.

4.2 Loading capacity of two nanopatrticle types

4.2.1 TH loading in lipicbre maltodextrin nanoparticlé®DNFR)
Earlier titration experiments have shown that MDNPs have a large loading capacity

and that up to 2 mg TH could be absorbed by 1 mg MDNPs before saturation occurs (Bezem
et al.; in revision). This was verified by TH loading into the MDNPs atd 22 A TH:MDNPs

(w/w) ratios. Subsequerty, size distributionsvere obtained by DLS (Figu8eand show no

peaks forthe THtetramer of about 15 nmin both the 1:1 and 2:1 TH:MDNPs samples,

indicating that all TH must be absorbed by the nanopatrticles.
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Figure6: Size distribution of THbaded MDNPs Intensitybased size distribution was

obtained by dynamic light scattering to confirm loading below saturation.

4.2.2 Loading of TH onto pSiNPs
DLS was used as a primary methoéssessoading of THnto pSiNR. Preliminary

loading experiments with different concentration combinations of TH and pSiNPs in 20 mM
Hepes, 200 mM NacCl, pH 7.0 buffer, which is the standafiér used inTHpreparations,
did not show any sigaf TH peaks disappearing from the size distribution plots obtained by
DLS (data not shown). In order to achieve loading, other buffers were prepared with lower
NaCl concentration (50 mM instead of 200 mM) and lower pH (5.5, 6.0, 6.5 instead of 7.0).
The nost promising results were obtained with buffers of pH 6.0 andl®&ding atpH 6.0
was compared with pH 78nd their respective control samplé&gure7).

The peak around 15 nm corresponding to tetrameric TH still in solution, is still visible
afterloading into pSiNPs at pH 7.0 (FigédBs orange curve) although it is much lower than
free TH at this pH (Figu, brown curvelb2 FNBS ¢ Il FAISNI F2dzyRR Y 3 Ay i
F0J EBHNI GKS ¢1 f2FRSR Ayd2 LYAbta AYyRAOIFNGAY3
LX Abtad | 26SOSNE FENI BKRNR ggy1 OQANASNE fy 20 GA 3 dzBES 1
SAOUKSNE AYRAOFGOAY3 GKFG ¢1 Ydzad KF@S FT2NX¥SR
[ 2 FOREKRIZAG 0SS ORYBANNVIR Al OFyy2i RAAGAYIdzA
F3I3INBIFLGSR ¢l o
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Figure7: Size distribution of TH loading into pSiNPs based on intensity signals from
dynamic light scattering A Size distribution afteloading at pH 6.0. BSize distribution
after loading at pH 7.0.

4.3 Stability of THoaded MDNPs
Successfubading of THnto MDNPded to the investigatiorof the stability of TH

loaded MDNPs both with regards to incubation at physiologically releeamperature and

to the rate oftemperaturedependent denaturation.

4.3.1 Timedependent stability measurements using DLS
The timedependent stability of THbaded MDNPs was analyzed at°€7by monitoring the

Z-average diameter obtained from D(Bgure8). TH quickly agggates within 100 min
(Figure8, orange curvg whereas the MDNPs seem to prevent (in the case ofFiguires,
yellow curve or delay (in the case of 2:Eigure8, green curvgaggregation depending on

the TH:MDNPs ratio
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4.3.2Temperaturedependent stability of THbadedMDNPB
Stability dependent on temperature in a range 6E60 °Cwas alsanonitored bychanges in

the size measured HYLJFigure9). Both the zaverage diameter of TH (Figu®8, orange
curve) and the peak 1 intensity diameter of TH (Fi@Bgeorangecurve) increases from a
temperature of 35°Cshowing that TH rapidly aggrega from about physiological
temperature. None of the two THbaded MDNPs show an increase in size befor&C4and
thereby showing that they improve the thermal stability of TH by a few degieexidition,
we can see that for the 1:1 (w/w) TMIDNRs the aggregatiorgoessloweras the slope of the

curve is less steep (Figued, yellow line; Figur&B, yellowline).
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4.3.3ThT assay of TH with pSiNPs
ThT bindingo THafter incubations at pH 6.0 and pH 7.0 for loading into pSikd3s

monitored byfluorescencgFigurel0), to determine ifTH aggregateduring loading This

could explain whahappens to the TH peak that disappears from the size distribution by DLS.
The rapid increase in intensity of positive control shows that liposomes inducertination

of soluble aggregates within 300 min (Fige greendata points).The intensity of the TH
loading into pSiNPs usimpdd 6 bufferincreases quicker when the Jlhassay is also

performed in this buffer thanvhen the pH is adjusted before the assayoading is

performed at pH 7Thisconfirms the DLS assumption that the reason no free TH was

observedisdue to aggregatioffFigurel0A, yellowand orangedata points)

Since no compartment membrane marker, or appropriate staining method to visualize
this was found the complex entering the cells could not be confirmed beyond the fact that

utilizing the confocal microscopic methods discussed, this remained very likely

An interesting point, however, is that in the presence of pSiNfPaggregates less pH
6 than when without pSiNP$hiscould indicatesome sort of protection from aggregatipn

whereas this effect could not be seen when ugiity7 buffer
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4.4 Activity measurements
TH activity assays were performefind out ifloading procedures havan effect on

the function of THThe TH reaction was timed and the amountleDOPA produed by TH
loaded NPsvas measured using HPad compared to nofoaded TH both at initial mixing
of TH and NPs and after 1.5 h incubation on ice (Fijliré/Ne carsee that MDNBseem to
stimulate THactivity both at the initialtime and after 1.5 h (FigurglA). For pSiNRshere
might bea slight stimulation of TH activity at pH 7 but not at pH 6 (Figui. In general
there is arend in that measuring the same sample afteb h the overall IDOPA production

is lesghan at the start
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In vivoexperiments were performed to see if Fdhded MDNPs can enter brain cells.
These experiments were only performed with MDNPs as they are able to load a considerable
amount of TH and seem to stabilize TH thermally and over time. In order to detect the
locdization of THoaded MDNPs within the brain tissue, fluorescent dyes were kindly
attached to TH (Alexa568) and nanoparticles (Atto488) by Maria Teresa Bezem and Didier
Betbeder, respectively. The dyes were not used simultaneously due to preliminary

examiration showed that using both dyes at the same time induced aggregation.

4.51 Fluoescence microscopy brain maps
Fluorescence images at low magnification were taken using a 2.5x objective of the

whole with 50% overlap between each image. In this way, @evimap could be constructed
to show the distribution in théorain (Figurel2). None of these sections westained;

instead the system was tuned so that autofluorescence would show the normal tissue, and
then using the same settings for each brain méle section of the mouse brain injected

with PBS (Figur&2A) was upside down on the microscope slide and the whole after the
injection can therefore be seen at the top left of the brain. The A88-labeled MDNPs
(Figurel2B) and Alexa568labeledTHloaded MDNP$§Figurel2C) arelocated inthe area

close to injection and do not distribute far into the brain.
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4.5.1 Fluorescent microscopyinjection sites
Sections of mouse brasnwvere imaged using 20x magnificatioto determine thelocal

biodistribution of the injected MDNR&igurel3). Both the green Attel88-labeled MDNPs

and the red Alex®68-labeled THoaded MDNPs were observed close to the injection site,

penetrating the tissue immediately surrounding the injection site.

Figurel3: Fluorescence images of thiljection sites of mouse brain sectionBrain section of mice
that had been injected with A) PBS, B) Al@8labelled MDNPs in green or C) Alé&s-labelled TH
loaded MDNPs in red were imaged using a 20X objective at their respective injection lebarSca

are 50 um and cell nuclei are stained with DAPI shown in blue.

4.5.4 Confocal imaging of brain sections
Using the Atack function of the confocal microscope the section could be examined layer

by layer from a top view, examining a single layea titne. THIoadedMDNP can be seen
in such a proximity to DAPI stained cell nuclei, that the notion that théodgedMDNP

has entered cells seems feasilffegurel4). This however, shows only a singlgelected
stack. Using the entire stack a BEhdering of the section was madeFiji (Figurel5). Here
the localization othe THloaded MINPs could be clearly seen surrounding the immediate

outside of nuclei, once agasupporting the notion that thegnter cells.
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DAPI TH merged

Figurel4: Confocal images of parts of injection sites of mouse brain secti@main section
of mice that had been injected with A) PBS, B)-A8®&labelled MDNPs in green or C) Alexa
468labelled THoaded MDNPs in red were imaged using a 63x objective at their respective

injection site Scalebars are 10 um awell nuclei are stined with DAPI, shown in blue.
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