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Abstract

The neurovascular unit (NVU) is a complex functional and anatomical structure composed of
endothelial cells and their blood-brain barrier (BBB) forming tight junctions. It represents an
efficient barrier for molecules and drugs. However, it also prevents a targeted transport for the
treatment of cerebral diseases. The uptake of ultrasmall nanoparticles as potential drug delivery
agents was studied in a three-dimensional co-culture cell model (3D spheroid) composed of
primary human cells (astrocytes, pericytes, endothelial cells). Multicellular 3D spheroids show
reproducible NVU features and functions. The spheroid core is composed mainly of astrocytes,
covered with pericytes, while brain endothelial cells form the surface layer, establishing the
NVU that regulates the transport of molecules. After 120 h cultivation, the cells self-assemble

into a 350 um spheroid as shown by confocal laser scanning microscopy. The passage of



different types of fluorescent ultrasmall gold nanoparticles (core diameter 2 nm) both into the
spheroid and into three constituting cell types was studied by confocal laser scanning
microscopy. Three kinds of covalently fluorophore-conjugated gold nanoparticles were used:
One with fluorescein (FAM), one with Cy3, and one with the peptide CGGpTPAAK-5,6-FAM-
NHo:. In 2D cell co-culture experiments, it was found that all three kinds of nanoparticles readily
entered all three cell types. FAM- and Cy3-labelled nanoparticles were able to enter the cell
nucleus as well. The three dissolved dyes alone were not taken up by any cell type. A similar
situation evolved with 3D spheroids: The three kinds of nanoparticles entered the spheroid, but
the dissolved dyes did not. The presence of a functional blood-brain barrier was demonstrated
by adding histamine to the spheroids. In that case, the blood-brain barrier opened, and dissolved
dyes like a FITC-labelled antibody and FITC alone entered the spheroid. In summary, our
results qualify ultrasmall gold nanoparticles as suitable carriers for imaging or drug delivery
into brain cells (sometimes including the nucleus), brain cell spheroids, and probably also into

the brain.
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Introduction

Many diseases affected the human brain. For instance, brain tumors, aneurisms, stroke and
pathological depositions of proteins are of major clinical relevance. The neurovascular barrier
(blood-brain barrier; BBB) efficiently protects the brain from xenobiotics which would
otherwise enter via the blood stream [1-5]. The neurovascular barrier is very selective. It is
mainly composed of endothelial cells connected by tight junctions (TJs) and adherent junctions
(AJs) that restrict the entry of foreign molecules [2, 6-8]. Furthermore, it contains active
transport channels such as permeability glycoproteins that export substances that would be toxic
to the brain parenchyma [9], and enzymes like monoaminooxidases, transpeptidases and
transferases that metabolize possible BBB penetrant toxins [10].

It is challenging to quantitatively assess the penetration ability of therapeutics, hence animal
experiments with complex subsequent evaluation procedures are usually performed. However,
over 95% of therapeutics from animal models fail to show efficiency in clinical trials.
Consequently, different in vitro cell culture models have been developed in the last years to

simulate the blood-brain barrier outside an animal model [11-17]. In trans-well approaches, a



two-dimensional co-culture of relevant cells simulates the blood-brain barrier. Much less
studied, but closer to reality, are three-dimensional spheroid models that consist of three or
more cell types [8, 13, 15-18]. In this case, the blood-brain barrier is simulated by the outer
layer of different spheroid which prevents the transmigration of drugs or particles from the cell
culture medium ("the blood") into the core ("the brain") [8, 15, 17].

The therapeutic application of nanoparticles for drug delivery or imaging in the brain is strongly
restricted by the blood-brain barrier. In the literature different kinds of nanoparticles have been
synthesized and applied in vivo, but the results are not very consistent and range from an almost
unrestricted crossover of large nanoparticles (>100 nm) to very low targeting efficiencies into
the brain (<0.1%) [19-23]. Besides the therapeutic aspect, there is also a considerable interest
in nanotoxicology concerning the unintended transport of nanoparticles into the brain where
they could induce harmful effects [24-26].

There is a broad consensus that particle size, shape, charge, and surface functionalization are
the decisive parameters for the interaction of nanoparticles with cells and tissues [27, 28].
Among nanoparticles, ultrasmall gold nanoparticles have gained particular interest due to their
small size that ranges between molecules and common biomolecules like proteins [26, 29-41].
In contrast to "classical" noble metal nanoparticles with a diameter of 10 nm [29, 31, 32, 42-
44] or polymeric nanoparticles with a size around 70 nm [ 18], ultrasmall gold particles (<2 nm)
have a particular potential to cross the neurovascular barrier due to their small size [37, 45-47].
They are also readily taken up by cells, and in some cases are even found in the cell nucleus
[41, 48].

To investigate this in detail, we prepared and characterized well-defined ultrasmall gold
nanoparticles for application in 2D and 3D cell culture models. We coupled fluorescent dyes
(by click chemistry) and peptides (via cysteine) to their surface. A most useful feature of such
nanoparticles is that they do not cause fluorescence quenching in contrast to "classical" larger
nanoparticles [37], i.e. confocal laser scanning microscopy is well applicable to follow their

pathway.

Experimental

Chemicals

Tetrachloroauric acid (HAuCls) was prepared by dissolving elemental gold (>99%) in aqua
regia. Sodium borohydride (NaBH4, >96%), (+)sodium L-ascorbate (>99%), copper(Il)sulfate
pentahydrate (=99%), and tris(3-hydroxypropyl-triazolyl-methyl)amine (THPTA, >95%) were



obtained from Merck (Darmstadt, Germany). Dipotassium hydrogen phosphate and potassium
phosphate were obtained from Panreac Applichem. Amino guanidine hydrogen carbonate
(>98%) was obtained from Alfa Aesar. Fluorescein alkyne (>95%, FAM-alkyne; 5-isomer) and
sulfo-cyanine-3-alkyne (=95%, Cy3-alkyne) were obtained from Lumiprobe. The tripeptide 6-
azido-lysine-cysteine-asparagine K(N3)CD (=95%) was obtained from EMC Microcollections
(Tiibingen, Germany).

For the synthesis of peptide-functionalized gold nanoparticles, solid tetrachloroauric acid
sodium salt (NaAuCls; Merck, >99%) was dissolved in water. The reduction was performed by
sodium borohydride (NaBH4, >96%) in the presence of the synthetic peptide CGGpTPAAK-
5,6-FAM-NH> (>95%)), that was obtained from Caslo Aps (Kongens Lyngby, Denmark).
Ultrapure water with a specific resistivity of 18.2 MQ (Purelab ultra instrument from ELGA)
was used for all synthesis and purifications. Before use, all glassware was cleaned with boiling

aqua regia and thoroughly washed with ultrapure water afterwards.

Instruments

We performed confocal laser scanning microscopy (CLSM) with a TCS SP8 AOBS system
operated by the LASX software (Leica Microsystems, Wetzlar, Germany). The laser lines used
for excitation were Diode 405 nm (DAPI; detection range 410-460 nm), Argon 488 nm (FAM,
detection range 488-520 nm), DPSS 514 nm (Cy3; detection range 535-561 nm), and HeNe 633
nm (Alexa Fluor 647; detection range 640-720 nm). Images were acquired with HC PL Fluotar
10x/0.3, HC PL APO 20x/0.75 CS2, and HCX PL Apo 63x/1.4 oil objectives. Imaging
conditions: pinhole 1 AU, laser intensity 5%. The spheroid images were all recorded with the
same set of parameters.

The cell viability (live/dead assay, see below) was determined by fluorescence microscopy. A
Keyence Biorevo BZ-9000 instrument (Osaka, Japan), equipped with filters for FITC and
TRITC with 10x and 20x objectives were used. All images were recorded with the BZ-1I viewer

software and further processed with the BZ-II analyzer software.

Synthesis of dye-clicked nanoparticles (Au-Click-FAM and Au-Click-Cy3)
The synthesis and click reaction of the ultrasmall gold nanoparticles were performed as reported
earlier [48]. Briefly, the ultrasmall gold nanoparticles were prepared by a modified one-phase

Brust synthesis, followed by copper-catalyzed azide-alkyne cycloaddition (CuAAC).



For gold nanoparticles terminated with azide groups, the cysteine- and azide-containing peptide
K(N3)CD (4.5 pmol) was dissolved in 6 mL water and the pH was adjusted to 7 by adding
0.1 M sodium hydroxide solution while stirring continuously. The solution was degassed with
argon and 30 pL 50 mM tetrachloroauric acid (HAuCly, 1.5 pmol) was added. After the yellow
color of the HAuCls had disappeared, 22.5 pL of a 200 mM ice-cold aqueous sodium
borohydride solution (NaBH4, 4.5 pmol) were injected to the flask. After adding NaBHa, the
solution quickly turned brown, and the dispersion was stirred at room temperature for another
hour.

The CuAAC was performed with the unpurified azide-terminated gold nanoparticle dispersion
as follows: 112.5 uL of 20 mM alkyne fluorophore solutions (either FAM-alkyne or Cy3-
alkyne) were mixed with the dispersed azide-terminated nanoparticles. To avoid by-products
of an undesired side reaction of reactive carbonyl compounds, 2.7 mL of a 20 mM solution of
aminoguanidine in potassium phosphate buffer (0.05 M, pH 8) were added to the reaction
mixture. Then, 600 pL of the solution were injected into a mixture of 200 pL of 20 mM
copper(I1) sulphate and 400 puL of 50 mM THPTA. Finally, the addition of 500 puL of 100 mM
sodium ascorbate solution produced the catalyzing Cu(I) complex for the click reaction. The
dispersion was stirred overnight at room temperature in inert atmosphere (argon). The
dispersion was then passed through an ultrafiltration spin column (MWCO 3 kDa, 15 mL;
Amicon®; Merck) for 20 min at 14,000 g to remove all unreacted compounds. After
centrifugation, the filter was rinsed with potassium phosphate buffer (0.05 M, pH 8) until the
filtrate was clear. The concentrated gold nanoparticles (~1 mL) were recovered from the filter

with a pipette.

Synthesis of peptide-functionalized nanoparticles (Au-CGGpTPAAK-FAM)

The synthesis was done under full inert gas atmosphere (argon). For gold nanoparticles coated
with the synthetic fluorophore-labelled peptide CGGpTPAAK-5,6-FAM-NH, (5,6-
carboxyfluorescein; denoted short as CGGpTPAAK-FAM in the following), 1.5 pmol of
peptide was dissolved in 2 mL degassed water and the pH was adjusted to 8. Then, 0.02 mL of
NaAuCls (0.5 pmol) was added to the peptide solution under stirring. After 10 min of cooling
the mixture in an ice bath, 0.01 mL of NaBH4 (2 umol, freshly dissolved in 4 °C cold water)
was added and stirred for another hour. Purification was done by spin filtering with an Amicon
spin filter (MWCO 3 kDa, 0.5 and 2 mL; Amicon®; Merck) for 15 min at 14,000 g. The
nanoparticles were washed with potassium phosphate buffer solution (0.05 M, pH 8) until the



filtrate was colorless (the dispersed gold nanoparticles had a slightly brown color). The resulting
volume of concentrated nanoparticle dispersion was in the range of 0.05-0.06 mL. Recovery

was accomplished by centrifugation at 1,000 g for 2 min [49].

Quantification of the amount of nanoparticle-conjugated molecules

The concentration of the clicked FAM-alkyne, Cy3-alkyne, and fluorophore-labelled peptide
was determined by quantitative UV spectroscopy and fluorescence spectroscopy after a
calibration with the free fluorophore-labelled ligands at the following wavelengths: FAM-
alkyne (Lex=485 nm), Cy3-alkyne (lex=550 nm), and CGGpTPAAK-FAM (Jex= 485 nm).
Based on a particle diameter of 2 nm (solid core by HRTEM), the following numbers of attached
molecules per nanoparticle were computed: 9 FAM-alkyne molecules and 5 Cy3-alkyne
molecules by UV-vis spectroscopy, and 5 CGGpTPAAK-FAM molecules by fluorescence
spectroscopy. UV-vis spectroscopy was carried out with a Varian Cary 300 instrument in
Suprasil® quartz glass cuvettes with a sample volume of 600 pL. Fluorescence spectroscopy
was carried out with an Agilent Technologies Cary Eclipse Spectrophotometer from 500 to 700
nm. A 96-well black flat bottom microplate with a sample volume of 300 puL was used. For
control experiments, the same concentrations of dissolved dye molecules as delivered in gold-
conjugated form were applied. Absorption and fluorescence spectra are given in the

Supplementary Information (Figures S1, S2, S3).

Cells and cell culture conditions

Human primary brain microvascular endothelial cells (hpBECs; Creative Bioarray, New York
USA) were expanded in plates pre-coated with gelatin-based coating solution (Creative
Bioarray) for 2 min and cultured under normal growth condition (37 °C with 5% CO3) in
endothelial cell growth medium (ECM) with 5% FBS, endothelial growth supplements
(ScienCell Research Laboratories, Carlsbad, USA) and penicillin-streptomycin. Human
primary pericytes (hpPs; ScienCell Research Laboratories) were expanded in plates coated with
15 pg mL™! poly-L-lysine (Merck) for 2 h and cultured under normal growth conditions in
pericyte medium (PM; ScienCell Research Laboratories) supplemented with 2% FBS, pericyte
growth supplements (ScienCell Research Laboratories) and penicillin-streptomycin. Human
primary astrocytes (hpAs; ScienCell Research Laboratories) were expanded in plates coated
with 15 pg mL-! poly-L-lysine (Merck) for 2 h and cultured under normal growth conditions in
astrocyte medium (AM; ScienCell Research Laboratories) supplemented with 2% FBS,



astrocyte growth supplements (ScienCell Research Laboratories) and penicillin-streptomycin.
hpBECs, hpPs and hpAs were used in the experiments between passages 2 and 4.

Before application the cells were analyzed by flow cytometry to validate their mesenchymal or
endothelial origin. The measurements were performed on a CytoFlex instrument (Beckman
Coulter, Krefeld, Germany) and analyzed by FlowJo (BD Biosciences, Heidelberg, Germany).
Briefly, the cells were stained for 30 min at 4 °C using panels of different antibodies (see
Supplementary Information, Figure S4 and Table T1). Dead cells were excluded by 7-AAD
staining (Beckman Coulter). All cells showed the expected mesenchymal/endothelial cell

surface phenotypes.

3D spheroid culture

We followed the protocol reported earlier in refs. [8, 13, 15, 17] to prepare 3D spheroids.
hpBECs, hpPs and hpAs were harvested using TrypLE select enzyme (1X, Thermo Fisher,
Dreieich, Germany). To demonstrate the self-assembly of spheroids, the hpBECs were labelled
by CellTracker™ Green CMFDA (Thermo Fisher), the hpPs were labelled by CellTracker™
Red CMTPX (Thermo Fisher) and the hpAs were labelled by CellTracker™ Deep Red (Thermo
Fisher) according to the manufacturer's instructions. The cells were cultured in ultra-low
attachment 96-well plates (ULAPs; Corning, Germany). The spheroids were allowed to form
in spheroid medium, containing 3000 cells (1000 hpBECs, 1000 hpPs, and 1000 hpAs) per
spheroid. 60 uL of the cell suspension supplemented with 0.3% rat tail collagen type I solution
(BD Bioscience) was dispensed into each well of the 24 well ULAPs. Plates were then
incubated under standard conditions for 72-120 h. Spheroids were harvested and fixed (4%

paraformaldehyde; Merck) before CLSM.

Cell Viability

The cell viability was evaluated by a Live/Dead™ Cell Imaging Kit (Thermo Fisher) according
to the manufacturer's protocol. Human brain spheroids were harvested for cell viability analysis
after 120 h of incubation. Spheroids were incubated at room temperature for 10 min in
Dulbecco's phosphate-buffered saline (DPBS) containing 2 uM calcein AM solution (green:
living cells) and 4 uM ethidium homodimer-1 solution (red: dead cells). After washing once
with DPBS, the spheroids were imaged with a Keyence Biorevo BZ-9000 instrument (Keyence,
Osaka, Japan).



Immunostaining

The spheroids were collected in 2 mL Eppendorf tubes. After aspirating the media, the
spheroids were fixed in 4% paraformaldehyde (Merck) for 15 min at 4 °C and washed 3 times
with cold DPBS. The spheroids were exposed to 0.1% Tween-20 in PBS for 30 min followed
by 3 washing steps with cold DPBS. Blocking was performed with 10% normal donkey serum
in PBS/0.025% Tween-20 for 1 h at RT. The spheroids were incubated at 4 °C overnight in
DPBS/0.025% Tween-20 containing the primary antibodies, i.e. anti-CD31 (1:100, Abcam),
anti-ZO-1 (1:100, Invitrogen), PDGF-R-B (1:50, Cell Signaling Technologies), GFAP (1:100,
Invitrogen), B-Catenin (1:100, Cell Signaling Technologies), P-gp (1:50, Invitrogen), and
Desmin (1:100, abcam). The spheroids were subsequently washed 3 times and incubated with
AF488 donkey anti-rabbit, AF555 donkey anti-mouse and AF647 donkey anti-rat (for triple
staining) or AF488 donkey anti-rabbit and AF594 donkey anti-rat (for double staining) (1:600,
Thermo Fisher) in blocking solution for 2 h at room temperature including Hoechst33342
solution (1:1000, Thermo Fisher) for nuclear staining. The spheroids were washed and
transferred to 8-well chamber slides. Images were collected by CLSM using a Zeiss
AxioObserver.Z1 combined with an LSM 710 confocal instrument. At least three randomly

chosen spheroids were imaged for each stain.

Permeability assay

One group of spheroids was incubated in media under normal growth conditions with a FITC-
conjugated anti-mouse F4/80 antibody (1:200, BioLegend, Germany) or 100 nM FITC solution
(Merck) for 30 min. In a control group, the spheroids were treated with 4.5 mM histamine
solution (Merck) 15 min prior to incubating with FITC-conjugated anti-mouse F4/80 antibody
or 100 nM FITC for 30 min. The spheroids were washed three times before imaging by CLSM.

Nanoparticle uptake studies in a 2D co-culture cell model

For the uptake studies, hAs, hPs and hBECs were trypsinized and seeded in a Nunc™ Lab-
Tek™ II 4-Chamber Slide™ System (Thermo Fisher) with a density of 9000 cells per well:
3000 hpBECs, 3000 hpPs and 3000 hpAs in 180 uL. medium. Before seeding cells for the
experiment, they were labelled with CellTracker dyes (Thermo Fisher) according to the
manufacturer's instructions. After 120 h of incubation, the nanoparticle dispersions were added
to the 2D co-cultures (Table 1). As control, the cells were incubated with the dissolved dye at

the same concentration. After 24 h, the whole cell culture medium was removed with a pipette



and the cells were fixed with 4% paraformaldehyde solution at room temperature for 10 min,
followed by washing for three times with DPBS. For labelling nuclei, the cells were then stained
with DAPI and washed three times with DPBS. Finally, the cells were studied by CLSM. To

identify the location of the nanoparticles within the cells, z-stacks were acquired (step size 0.2

pum).

Table 1: Parameters of gold nanoparticles applied to 2D and 3D cell culture models. The first
value applies to 2D cell culture (9000 cells per well), and the second value applies to 3D cell
culture (3000 cells per well). For control experiments with the dissolved dyes, the same dye

concentrations as with the nanoparticles were used. Pep-FAM = CGGpTPAAK-FAM.

Au-Click-FAM  Au-Click-Cy3 Au-Pep-FAM

2D /3D 2D /3D 2D /3D
c(Au stock dispersion) / ug pL! 0.50 0.50 0.25
V(medium) per well / pL 180/ 60 180/ 60 180/ 60
V(Au stock dispersion) per well / uL 9/3 9/3 18/6
m(Au) per well / pg 45/1.5 45/1.5 45/1.5
c(Au) in well / pg pL™! 0.025 0.025 0.025
Particles (¢=2 nm) per well 5.6:10%/1.9-10"  5.6:10%/1.9-10"  5.6-10'3/1.9-10"
Particles per cell 6.2-10° 6.2-10° 6.2-10°
Dye molecules per nanoparticle (d=2 nm) 9 5 5
Dye molecules per well 5.0-10'/1.7-10"*  2.8-10'/9.5-10"° 2.8-10'4/9.5-10"
Dye molecules per cell 5.6-10" 3.1:10" 3.1-10"

Nanoparticle uptake studies in 3D cell culture model (spheroids)

Multicellular 3D spheroids of hAs, hPs and hBECs were established for 120 h as described
above (3000 cells per well: 1000 hpBECs, 1000 hpPs and 1000 hpAs in 60 pL). After 120 h of
spheroid generation, the gold nanoparticles or the corresponding controls (dye alone) were
added and incubated for 24 h at 37 °C (Table 1). The spheroids were then washed with DPBS,
fixed with 4% paraformaldehyde (Merck), followed by washing for three times with DPBS.
Actin was stained with AlexaFluor™647 according to the manufacturer's recommendation
(Thermo Fisher), followed by washing for three times with DPBS. Then the cells were stained
with DAPI, washed three times with PBS and imaged by CLSM. To identify the location of the

nanoparticles within the spheroids, z-stacks were acquired (step size 5 um).



Statistics

All cell culture experiments, including spheroids, were performed with at least two independent
cell culture experiments with at least three cell samples run in parallel. Data are expressed as
the average+standard deviation of the mean for each group. Student's #-test was used to compare

groups; p values less than 0.05 were considered as significant.

Results and Discussion

To track the cellular uptake of the ultrasmall gold nanoparticles, they were first fluorescently
labelled. To this end, ultrasmall gold nanoparticles were surface-functionalized by click
reaction or by direct functionalization (Figure 1). The reduction of tetrachloroauric acid in the
presence of the cysteine-containing azide-modified tripeptide (6-azido-lysine)cysteine-
asparagine led to the formation of azide-terminated ultrasmall gold nanoparticles to which the
dye was attached in a second step by copper-catalyzed azide-alkyne cycloaddition (CuAAC)
[48]. UV-vis spectra of dispersed Au-Click-FAM and Au-CGGpTPAAK-FAM nanoparticles
showed the absorption band of fluorescein at 495 nm and for Au-Click-Cy3 nanoparticles the
absorption band of Cy3 at 560 nm (see Supplementary Information, Figures S1-S3). Differential
centrifugal sedimentation (DCS) gave a hydrodynamic diameter of 1.574+0.62 nm for Au-Click-
FAM nanoparticles, 1.53+0.75 nm for Au-Click-Cy3 nanoparticles, and 1.96+£0.67 nm for Au-
CGGpTPAAK-FAM nanoparticles (Figure 2). The size of the gold core and its shape were
assessed by high-resolution transmission electron microscopy (HRTEM). HRTEM analysis of
Au-Click-FAM, Au-Click-Cy3 and Au-CGGpTPAAK-FAM nanoparticles showed well-
separated mostly spherical nanoparticles with an average size of 2.28+0.38 nm, 1.9040.18 nm
and 1.9940.59 nm (Figure 3). The strong covalent gold-sulfur bond efficiently prevents a
dissociation of the dye ligand from the nanoparticle core, also in biological environment [48,
49]. Note that the hydrodynamic diameter is generally underestimated by DCS for
functionalized nanoparticles due to the smaller effective density in dispersion [50].

Due to their small size, ultrasmall gold nanoparticles are well-suited to transport synthetic
molecules (like drugs) or biomolecules into the cell and possibly also across the blood-brain
barrier. Fluorescent labelling of the nanoparticles allows to localize them inside a cell or a
spheroid. First, uptake studies in a 2D co-culture cell model (hBECs, hAs and hPs) were
performed with Au-Click-FAM, Au-Click-Cy3 and Au-CGGpTPAAK-FAM nanoparticles,

respectively, to study the nanoparticle interaction will the three cell types. In 2D culture, we do
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not have a functional blood-brain barrier but only the individual cell types in co-culture.
Confocal laser scanning microscopy (z-stack across the cells) showed a strong fluorescence of
Au-Click-FAM nanoparticles and Au-Click-Cy3 nanoparticles, also inside the nuclei of all cell
types tested as indicated by the colocalization of particle fluorescence and DNA (DAPI) in the
focus plane (Figure 4). In contrast, Au-CGGpTPAAK-FAM nanoparticles were taken up by all
tested cell types, but they did not enter the nucleus (Figure 5). This indicates that the
nanoparticle surface functionalization plays a role for the intracellular processing. Control
experiments with the dissolved dyes FAM-alkyne, Cy3-alkyne, and CGGpTPAAK-FAM did
not show any cellular uptake, i.e. the dyes alone cannot penetrate the cell membrane (Figure 6).
Additional images are shown in the Supplementary Information (Figures S5-S8).

After validating the uptake of the ultrasmall nanoparticles into hBECs, hAs and hPs, their
potential to penetrate the three-dimensional spheroid model was assessed. In the first steps,
spheroids were generated and their structural properties characterized. Their generation took
place in ultra-low attachment plates (ULAP), i.e. completely free of any supporting scaffold
material for cell organization [7, 17]. The endothelial cells form an outer cell monolayer
representing the lumen side, the pericytes line up in between, and the astrocytes accumulate in
the core of the spheroids that could be perceived as the parenchymal space. Such spheroids
mimic the morphological arrangement of the three cell types in the neurovascular unit (Figure
78, 13,15, 17].

To show the self-assembly of spheroids with three cell types, hpAs, hpPs, hpBECs were
individually labelled with CellTracker and cultivated in the ULAPs for 72-120 h. By variation
of the incubation time, we generated spheroids with a diameter between 200 um and 350 pm
(Figure 8). After 120 h of generation the spheroids reached a diameter of about 350 um with a
distinct hierarchical structure where hpBECs were localized at the periphery of the spheroid,
hpPs were near the surface, and hpAs formed the core (Figure 9). To evaluate the cell viability
in the spheroids, a live/dead assay was performed. The spheroids consisted almost exclusively
of viable cells (Figure 9). Nzou ef al. have shown for a similar spheroid model that the fraction
of dead cells remains low until at least 21 days [17].

Immunofluorescent staining for the specific markers, i.e. CD31 (for endothelial cells; hBECs),
-Catenin (for cell-cell contacts), PDGF-r} (for perictyes, hpPs), GFAP (for astrocytes, hpAs),
and ZO-1 (tight junction marker), was performed to study the arrangement of cells and the
functionality of the blood-brain barrier (Figure 10; see also Supplementary Information, Figures

S9-S12). Fluorescent immunostaining reveals the assembly of the different cell types within the
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organoids and shows the localization of marker proteins for the cell types used here. The
localization of B-catenin at sites of cell-cell contacts and the expression of the efflux pump P-
gp that is specific for endothelial cells was confirmed with the corresponding antibodies. The
expression of the tight junction protein ZO-1 was shown by immunostaining (Figure 11).

We studied the integrity and dynamic properties of the barrier formed in the spheroids by
incubation with a FITC-conjugated anti-mouse F4/80 antibody or with FITC dye alone. At first,
the permeability was evaluated in untreated spheroids. For comparison, we added antibodies or
dye after pretreatment with histamine. Histamine is a chemical reagent that can transiently open
the BBB [51]. Green fluorescence was detected in organoids after pretreatment with histamine
by confocal laser scanning microscopy (Figure 12), but no fluorescence was detected in
untreated spheroids, showing that a vascular barrier was indeed present in the spheroids.

The uptake of nanoparticles in 3D cell culture was then tested with 3D BBB spheroids. The
main factors that can influence the cellular uptake of nanoparticles and the penetration in
spheroids are nanoparticle size, shape, composition and surface functionalization [27, 52-55].
We found that the three kinds of ultrasmall gold nanoparticles (Au-Click-FAM, Au-Click-Cy3
and Au-CGGpTPAAK-FAM) were all able to enter the spheroid, i.e. to cross the vascular
barrier. In contrast, the dissolved molecules did not enter the spheroid, in agreement with the
2D experiments (Figure 13 and Supplementary Information, Figures S13 and S14). In the 2D
cell culture experiments, it was found that two out of three kinds of nanoparticles also entered
the cell nucleus. This is also very likely for the spheroids but cannot be microscopically resolved
due to the optical limits of the CLSM for the large spheroids.

The mechanism of the nanoparticle uptake was beyond the scope of this investigation.
However, Cho et al. examined these BBB spheroids for efflux pump activity, which is
responsible for the active transport of a variety of drugs. The transport of brain-penetrating
drugs into the spheroids was due to receptor-mediated transcytosis [15]. Whether this is the
case in our experiments is not known.

From a toxicological point of view, gold nanoparticles have been extensively investigated [18,
24-26, 41, 47, 56-58]. Depending on size and surface functionalization, the gold nanoparticles
can show different effects on cell viability. For instance, Leite et al. have demonstrated that
some types of gold nanoparticle can promote neurotoxic effects such as neuroinflammation and
neurodegeneration in the central nervous system in animal models [ 18]. However, in most cases
gold nanoparticles are considered as safe due to their chemical inertness associated with the

noble character of gold [29, 31, 32, 35, 38, 43, 44].
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Conclusions

We have presented the synthesis of three kinds of fluorescent ultrasmall surface-functionalized
gold nanoparticles. They were applied to two-dimensional and three-dimensional cell cultures
(spheroids) of human primary astrocytes, pericytes, and brain endothelial cells. Ultra-low
attachment plates were used to generate 3D spheroids with a size of 350 um. In a 2D co-culture,
the three kinds of fluorescent ultrasmall gold nanoparticles were efficiently taken up by the
three kinds of primary cells, and they also easily entered the 3D spheroids. The surface
functionalization clearly plays a role as it appears to determine whether such nanoparticles can
enter the cell nucleus or not. However, it did not influence the passage into spheroids. As a
future perspective, ultrasmall gold nanoparticles can serve as carrier system for biomolecules
and dyes across the blood-brain barrier. Our results clearly show that dissolved dyes alone did
not cross the blood-brain barrier, so that it is easily conceivable that a soluble drug can be
transported after attachment to an ultrasmall nanoparticle (instead of a dye as shown here).
However, given the small size of the nanoparticles, it is unlikely that they can act as carriers for
biomolecules like proteins, DNA, or antibodies which are larger than the carrier itself. An in
vitro model for such a neurovascular unit is also a valuable platform for the development and
testing of new therapeutics in brain neurosciences, e.g. for stroke research. From a
nanotoxicogical point of view (biodistribution), it is remarkable that such nanoparticles can

enter the brain, the brain cells, and even their nucleus.
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Figure captions

Fig. 1. Synthesis pathways of clicked and peptide-functionalized ultrasmall gold nanoparticles.
In both cases, the strong covalent bonds between gold, sulfur, and ligand lead to a persistent

attachment of the ligand to the gold core.

Fig. 2. Differential centrifugal sedimentation (DCS) data of water-dispersed nanoparticles.

Fig. 3. HRTEM images of Au-Click-FAM, Au-Click-Cy3 and Au-CGGpTPAAK-FAM

nanoparticles. Scale bar of the overview image: 10 nm; scale bar of the inset image: 1 nm.

Fig. 4. A: Confocal laser scanning microscopic images to demonstrate the uptake of red-
fluorescing Cy3-labelled ultrasmall gold nanoparticles (NPs) by human brain endothelial cells
(hBECs, unstained), human astrocytes (hAs, cyan), and human pericytes (hPs, green) after 24
h of incubation in 2D co-culture (metal concentration 25 ug mL-!, i.e. 4.5 ug in each well). The
particles easily entered all three cell types, including the nucleus. Blue: nuclear staining by
DAPI; red: Au-Click-Cy3 nanoparticles. B: The reconstruction of z-stacks (20 slices) in a 3D
representation of a human brain endothelial cell after the uptake of Au-Click-FAM
nanoparticles demonstrates that the nanoparticles were present inside the cell and the nucleus.

Similar images have been recorded for the two other cell types. Scale bar 20 pm.

Fig. 5. Confocal laser scanning microscopic images to demonstrate the uptake of green
fluorescing CGGpTPAAK-FAM-conjugated ultrasmall gold nanoparticles (NPs) by human
brain endothelial cells (hBECs, red), human astrocytes (hAs, cyan) and human pericytes (hPs,
unstained) after 24 h of incubation in co-culture (metal concentration 25 pg ulL-, i.e. 4.5 pug in
each well). The nanoparticles were taken up by the three cell types but did not enter the nucleus.

Blue: nuclear staining by DAPI; green: Au-CGGpTPAAK-FAM nanoparticles.

Fig. 6. Confocal laser scanning microscopic images to analyze the uptake of green fluorescing
dissolved CGGpTPAAK-FAM molecules (NP channel) by human brain endothelial cells
(hBEC:s, red), human astrocytes (hAs, cyan) and human pericytes (hPs, unstained) after 24 h of

incubation in co-culture (2.8-10'* dye molecules per well). No fluorescence was detected, i.e.
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the molecules did not enter the cells. Blue: nuclear staining by DAPI; green: CGGpTPAAK-
FAM molecules. See SI for the data of the uptake of dissolved FAM-alkyne and Cy3-alkyne.

Fig. 7. Schematic representation of a three-dimensional brain spheroid (diameter about 400 pm)
as in vitro model for the blood-brain barrier. The spheroid core is composed mainly of human
primary astrocytes (hpAs), covered with human primary pericytes (hpPs), while human primary

brain endothelial cells (hpBECs) form the surface layer.

Fig. 8. Confocal laser scanning microscopy images of 3D BBB spheroids after 72 h, 96 h, and
120 h of cultivation. The organoids increase in diameter from 200 um to 350 um, and the three
cell types arrange according to their natural spatial localization in the neurovascular unit.
Human astrocytes (hAs, cyan), human pericytes (hPs, red) and human brain endothelial cells

(hBECs, green) form the spheroid.

Fig. 9. Representative confocal images showing the organization of human astrocytes (hAs,
cyan), human pericytes (hPs, red) and human brain endothelial cells (hBECs, green) after
organoid co-culture for 120 h. The images show the organization of the cells at 30 um depth
(z-stack) from the surface of the organoid (A). Reconstruction of all z-stacks (20 slices) in a 3D
representation of one organoid (B). Characterization of organoids: The reconstruction of z-
stacks (20 slices) in a 3D representation of a core of organoid consisting of astrocytes (blue, C),
covered by pericytes (red, D) and an outer layer of endothelial cells (green, E), and the overlay
image of all channels (F). Live/dead assay of 3D BBB organoids after 120 h of generation time
imaged by fluorescence microscopy (G) and bright field microscopy (H). Living cells are
stained green fluorescent calcein-AM and dead cells are stained by red by EthD-1. Only very

few cells in the spheroid are dead. Scale bar 100 pm.
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Fig. 10. Representative confocal images of spheroids stained for the specific markers, i.e. CD31
(for hBECs), GFAP (for hpAs), B-Catenin (sites of cell-cell contacts), PDGF-rf3 (for hpPs), ZO-
1 (for tight junctions), and P-gp (endothelial specific efflux pump) after a generation time of

120 h. See SI for additional immunostaining images. Scale bar 100 um.

Fig. 11. Representative confocal images show the presence of the tight junction marker Zona
occludens-1 (ZO-1) on the surface (A, B) and in 30 um depth (z-stack) from the surface of the
spheroid (C, D). Generation time 120 h.

Fig. 12. Permeability assessment was done by incubating the 3D BBB spheroids with FITC-
labelled antibodies (Ab-FITC; A) and dissolved FITC (C). The upper row represents spheroids
with an uncompromised vascular-type barrier (control), and the lower row shows spheroids that
were treated with histamine to transiently open the vascular-type barrier. The blood-brain
barrier is impermeable for the antibody (B) and for the dissolved dye (D) but becomes

permeable in the presence of histamine. Scale bars 100 um.

Fig. 13. Representative confocal images of 3D organoids (120 h cultivation time), showing
actin (magenta), Au-Click-FAM nanoparticles (green), and DAPI (cyan). The distribution of
the nanoparticles at 30 pm depth (z-stack) from the surface of the spheroid is shown in A and
C. The reconstruction of all z-stacks (20 slices) in a 3D representation is shown in B and D.
Au-Click-FAM nanoparticles readily enter the spheroid, i.e. they penetrated the vascular barrier
(A and B). For FAM-alkyne alone, no green fluorescence was detected, indicating that the
dissolved dye alone cannot enter the organoid (C and D). Scale bar 100 um. See SI for the
corresponding experiments with Au-Click-Cy3 and Au-CGGpTPAAK-FAM nanoparticles.
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