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Abstract

We studied the effect of gold nanoparticle (AuNP) size, surface charge, concentration and morphology on the integrity of the blood—brain
barrier (BBB) in a well-established in vitro model set-up. We focused on the effect of peptide functionalized hollow gold nanospheres and
gold nanorods, which selectively bind to amyloidogenic f-amyloid structures. These AuNP conjugates have already been successfully tested
as photothermal absorbers for potential application in Alzheimer’s disease (AD) therapy in an in vitro set-up, but may exhibit a low passage
through the BBB due to their overall negative charge. Our results show that: (i) small (1.4 nm) AuNPs strongly affects the BBB integrity, (ii)
negative surface charge impedes BBB passage, and (iii) this charge effect caused by the peptide is compensated by covalent coupling to a

polyethylene glycol ligand stabilizing the particles in diluted manner.

© 2017 Elsevier Inc. All rights reserved.
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Neurodegenerative diseases have become a major health
problem worldwide.' * The development of approaches that can
cure diseases or that can prolong the lifetime of affected people,
is therefore of particular interest.'” However, intravenously
administered treatments are limited by the accessibility of the
drugs to the brain because they have to overcome among others
the blood—brain barrier (BBB) prior to reaching the target. The
BBB is one of the main entrances to the central nervous system.
The barrier is located within the cerebral capillaries at the
interface between the blood circulation and cerebral tissue and
consists mainly of capillary endothelial cells that are closely
connected by tight junctions preventing uncontrolled paracel-
lular flux.* ® Since the transport across the BBB represents the
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rate-determining step of drug delivery into the brain, the
development of most central nervous system drugs is halted
before completion due to their poor brain permeability.” The
characterization of BBB permeability by in vitro models is
therefore crucial and required as early as possible during drug
development. Nowadays, a variety of well-established in vitro
tests based on cultured cell models exists.® One well established
in vitro model set-up, mimicking both the barrier and carrier
functions of the BBB expressed in vivo, is based on the
measurement of the transendothelial electric resistance (TER)
and the capacity (Ccr) of a porcine brain capillary endothelial
(PBCE) cell layer cultured on membrane by impedance
spectroscopy. 6.9-13

Plasmonic gold nanoparticles (AuNP) may be of potential use
for diagnostics and therapy of neurodegenerative diseases is a
very promising approach. AuNPs display localized surface
plasmon resonance (LSPR),'*'" a property that is unique to the
nanostructured form and is absent in the bulk metal. The LSPR
makes the particle absorb and scatter light very efficiently at
certain wavelengths and parts of the absorbed light are dissipated
locally as heat known as the photothermal effect. In this way the
same nanomaterial can be used for diagnostics or therapy and for
the so-called nanotheranostics, which represents a combination
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of both.'® For biomedical purposes, it is important to consider
the high absorbance of biological tissue caused by water,
hemoglobin and lipids. Biological tissue provides a so-called
“spectral window” located in the near infrared (NIR) range where
its auto-absorption is reduced to a minimum. In this region, the
highest penetration depth of light and the highest contrast with
regard to tissue can be achieved.'” By controlling AuNP size and
morphology, the spectral position of the wavelengths of maximum
absorbance can be adjusted to this range. '® NIR-absorbing hollow
gold nanospheres (HAuNS) and gold nanorods (AuNR) were
therefore designed to tackle this issue.'®?" A further benefit of
AuNP is their ability to absorb light of a certain wavelength and to
transform it into heat, which is then delivered to the nearby
surroundings of the particles.'®2°*? The thermal energy can thus
be applied for therapeutic purposes, in particular in photothermal
therapy (PTT) of neurodegenerative diseases such as Alzheimer’s
disease (AD).?*2° The latter context, where the formation of Ap
fibrils starting from amyloidogenic AR structures is reported as one
reason for AD, is of particular importance to develop new
methodologies that would allow an early detection and disaggre-
gation of toxic AP aggregates.”’

The disaggregation of AP toxic aggregates could be achieved
by using AuNP equipped with peptides such as the CLPFFD
peptide which selectively binds to the hydrophobic domains of
amyloidogenic Af structures. CLPFFD bears a cysteine group at
the N-terminus and thus can be covalently bound to gold surface
via an SH moiety, so that the AuNP can selectively bind the
amyloidogenic structures. The sequence LPFFD is a fragment
corresponding to the physiological molecule APR(1-42) and
recognizes a particular (hydrophobic) domain of the P-sheet
structure (the sequence '’LVE°F which is one of the hydrophobic
cores of the native protein Ap. In previous work we demonstrated
that the position of the hydrophobic residues L, F and F is critical to
achieve the selectivity for the binding of the peptide AuNP to the
amyloidogenic structures.”®

Recently, we demonstrated the suitability in disaggregation of
AB in vitro by using HAuNS and AuNR functionalized with
those CLPFFD-peptides in two different ways.z() The peptide
was either directly bound to the particle surface by covalent
binding with its SH moiety to the AuNP surface or indirectly by
binding the peptide covalently to a particle-protecting polyeth-
ylene glycol (PEG) ligand shell. For the indirect functionaliza-
tion, the peptides are covalently coupled to H,N-terminated
thiol-PEG ligands, respectively, which in turn are embedded into
a thiol-PEG-OCHj3 ligand shell. The presence of the PEG ligands
in addition to the peptide on the AuNP surface favors not only
the biocompatibility of the particles but also the interaction with
AR structures since PEG ligands themselves favor this
interaction and can even influence the aggregation of AR.** 2
However, this interaction is not selective and it thus cannot be
ruled out that the PEG interacts with other proteins in the
biological system. These results prompted the question whether
these particles are able to cross the BBB in a way that a
therapeutically needed amount of nanoparticles crosses the
barrier without affecting its integrity and the accurate function of
the brain. Therefore, we carried out in this work basic in vitro
BBB crossing studies in the well established in vitro model
set-up based on the measurement of the transendothelial electric

resistance (TER) and the capacity (Ccp) of a porcine brain
capillary endothelial (PBCE) cell layer cultured on membrane by
impedance spectroscopy. The aim of our performed study was to
evaluate the effect on the BBB integrity and the BBB
permeability of four different parameters: the effect of AuNP
size, AuNP surface charge and functionality, AuNP concentra-
tion and AuNP morphology.

Materials and methods
Nanoparticle preparation and characterization

In the following, AuNPs are denoted by considering their
geometry: AuNS = Au nanospheres, AuNR = Au nanorods and
HAuNS = hollow Au nanospheres. 1.4 nm AuNS functionalized
with negatively-charged monosulfonated triphenylphosphine
(TPPMS) ligands (AuNS1.4-MS) and 15 nm AuNS functionalized
with TPPMS ligands (AuNS-MS) were synthesized as described
previously. -

15 nm AuNS functionalized with neutral methoxy terminated
polyethylene glycol (mPEG) ligands (AuNS-mPEG) were
prepared by a ligand exchange reaction starting from citrate
stabilized 15 nm AuNS (AuNS-Cit), which are themselves
obtained following the well-known Turkevich method.?>
HAuNS functionalized with mPEG ligands (HAuNS-mPEG)
or directly (HAuNS-CLPFFD) and indirectly with
CLPFFD-peptides (HAuNS-mPEG-CLPFFD) were obtained
by a ligand exchange reaction starting from HAuNS-Cit,
synthesized as described previously via a sacrificial galvanic
replacement reaction starting from cobalt nanoparticles.*®-’
AuNR functionalized with mPEG ligands (AuNR-mPEG) or
directly (AuNR-CLPFFD) and indirectly with CLPFFD-peptides
(AuNR-mPEG-CLPFFD) were prepared by a ligand exchange
reaction starting from cetyltrimethylammonium bromide
(CTAB) stabilized AuNR (AuNR-CTAB) synthesized as
described previously via a seed-mediated growth reaction.”*’
The ligand exchange reaction leading to AuNR-mPEG is in
analogy to HAuUNS-mPEG preparation and has been described in
detail previously.”” AuNR-CLPFFD were synthesized as
described previously.”® HAuNS-CLPFFD were obtained in a
homogeneous ligand exchange reaction starting from the crude
HAuNS-Cit with a larger ligand excess. AuNR-mPEG-CLPFFD
are as well obtained in analogy to HAuNS-mPEG-CLPFFD
preparation and the synthesis is descried in detail in our previous
paper.29 For this indirect functionalization of HAuNS and AuNR
with CLPFFD-peptides, particles with a mixed PEG ligand shell
composed of MPEG (95%) and amino terminated mPEG ligands
(PEG-NH,), to which the peptide is bound covalently via an
SMCC coupling chemistry, were prepared. Those particles,
denoted as HAuNS-mPEG-NH, and AuNR-mPEG-NH, were
listed here only as intermediate state in order to show the
successful peptide functionalization of the particles. The
dimensions of the prepared AuNP were obtained either by
transmission electron microscopy (TEM) in the case of the
AuNS1.4MS or for the larger particles by scanning electron
miscropscopy in transmission mode (SEM-T) measurements.
Moreover, the conjugates were characterized by optical
extinction spectroscopy (OES), dynamic light scattering (DLS)



Table 1

Optical extinction and ligand composition of the investigated AuNP.
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Dimensions [nm] dH [nm] Absorbance maximum [nm] Zeta-potential [mV]

AuNS1.4-MS d=14+02 / / /

AuNS-MS d=143+1.1 / 524 —64

AuNS-Cit d=148+ 1.5 23 519 —42

AuNS-mPEG d=148+15 42 521 -13

HAuNS-Cit douter = 38.0 £ 8.1 52 885 —42
dinner =279 £ 7.0

HAuNS-mPEG douter = 37.1 £ 7.7 66 849 -0.3
dipner = 27.2 £ 7.0

HAuNS-mPEG-NH, / 67 828 +0.1

HAuNS-mPEG-CLPFFD douter = 35.8 £ 9.0 dipper = 26.8 £ 8.8 67 825 —-16

HAuNS-Cit (batch 2) douter = 45.0 £ 9.8 dipper = 36.8 £ 8.9 61 889 —47

HAuNS-CLPFFD douter = 44.8 £ 9.4 65 855 —67
Aipner = 32.0 £ 9.2

AuNR-CTAB [=572+38.0 96 510/805 +33
w=143+3.0

AuNR-mPEG =602 +38.0 120 510/814 -2
w=153+3.1

AuNR-CLPFFD =433 +8.0 / 515/732 +56
w=11.7+£23

AuNR-mPEG-NH, / 114 511/812 -16

AuNR-mPEG-CLPFFD 1=60.1£9.0 100 510/815 -26
w=137+25

Regarding the dimension, for AuNS the outer diameter, for AuNR the length and width and for HAuNS the outer and inner diameter as well as the respective
standard deviations in all cases are given together with the hydrodynamic diameter dH and the zeta-potential. Regarding the optical extinction, for AuNS and
AuNR the absorbance maximum and for AuNR the longitudinal and transversal absorbance maximum are given.

and zeta potential measurements (§-pot) in order to prove the
successful ligand exchange reaction. More detailed information
on the nanoparticle preparation and characterization methods is
reported in the supplementary material. The obtained values are
shown and discussed in the Results section.

Transcellular electrical resistance measurements and permeability
measurements

Endothelial cells form tight junctions, which minimize the
paracellular diffusion and act like an ohmic resistor increasing the
TER, the transendothelial or transepithelial electrical resistance.
Therefore, the TER measurement is a reliable tool to analyze the
integrity and tightness of a cellular monolayer. During transfer
studies, the integrity of the BBB model was monitored using a
cellular impedance spectrometer, the CellZscope device from
Nanoanalytics (Miinster, Germany). In impedance spectroscopy
the frequency of an applied AC voltage is swept while measuring
the amplitude and the phase of the resulting AC, the transendothe-
lial or transepithelial electrical resistance current. The resulting
total impedance, Z, contains information not only about the TER,
but also the capacitance (Ccr ) of the cell layer can be extracted and
provided as a readout parameter for the integrity of the cell layer.
This non-invasive method can be applied to living cells without
markers and allows them to be monitored during growth and
differentiation. Details are given elsewhere.'""?

Prior to the measurements, PBCE cells were seeded on rat tail
collagen coated (Matrigel™-coated) microporous polycarbonate
membrane filters (Corning, Wiesbaden, Germany, 0.4 um pores;
1.13 cm? growth area) and cultured as describe by Cramer et al.®
Only PBCE cells with capacitance between 0.45 pF/cm? and
0.6 pF/cm?, revealing a confluent cell monolayer and resistance

higher 500 )/cm? were used. AuNPs at different NP concentrations
were added to the filters and the TER and C¢y of the cells were
monitored in a triplicate during 24 h with the CellZscope device. The
obtained TER values were normalized to their corresponding starting
TER in the absence of AuNP. To investigate the permeability of the
AuNP through the BBB, the medium from the apical and the
basolateral side was collected and analyzed regarding the
respective gold content by atomic absorption spectrometry
(AAS). The passage of the AuNP through the BBB after 24 h,
expressed in %, is obtained from the ration between the initial NP
concentration and the determined basolateral NP concentration.

Results

In order to explore the effect of AuNP size, AuNP surface charge,
AuNP concentration and AuNP morphology on the BBB integrity,
differently functionalized AuNPs have been prepared. AuNS1.4MS
and AuNS-MS were prepared in accordance to literature
protocols.?>*37 For further details see the supplementary material.
HAuNS-mPEG, HAuNS-CLPFFD and HAuNS-mPEG-CLPFF of
about 40 nm in diameter and AuNR-mPEG, AuNR-CLPFFD and
AuNR-mPEG-CLPFFD with 60 nm length and 15 nm width, were
synthesized according to procedures previously described.?**7**
Dimensions, zeta-potential and corresponding optical extinction
properties of the samples are summarized in Table 1, whereas the
corresponding figures and images are shown in the supplementary
material. For larger particles the absorbance is dominated by the
surface plasmon resonance. For particles smaller than 2 nm, a
broad band absorption extending across the whole visible region
from about 250 nm to 1350 nm is observed. Therefore, no surface
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Figure 1. Schematic illustration of an in vitro BBB model and the electric circuit applied to analyze the data. Endothelial PBCE cells are grown on a permeable filter
forming an interface mimicking the basolateral (brain) and apical (blood) side in vivo. The layer properties are characterized by the transepithelial electric resistance
(TER) and the capacity (C¢y ) by measuring the frequency-dependent total impedance (Z*(w)) of the system. The cell culture medium in both compartments is modeled
by simple ohmic resistance (Rysp) and the interface between the electrodes and the cell culture medium is described by a constant phase element (CPE). The electric
equivalent circuit is developed to analyze the data and to separate the impedance contribution from the cells from the rest of the system. The figure is not drawn to scale.

plasmon resonance absorbance maximum is given in the case of
the AuNS1.4-MS.

The influence of AuNS on the BBB integrity was evaluated
with the well established in vitro model set-up'' ™" by
measuring the TER and the Ccp of a PBCE cell layer cultured
on membranes during 24 h. In Figure 1 the used model set-up as
well as the electric circuit applied to analyze the data is
schematically drawn according to that reported.'' "

In this in vitro model set-up the recorded total impedance
(Z*(w)) includes the TER and the Ccp. Additionally, the cell
culture medium and the interface between the medium and the
electrodes contribute as well to Z*(w). The TER establishes a
direct correlation between the permeability of a cell layer and its
electric resistance. From the capacity information about the cell
layer properties itself are gained. Thereby tight cell layers exhibit
high electric resistance and vital cell low capacities. By modeling
the system by basic elements, i.e., the cell culture medium by a
simple ohmic resistance (Rygp) and the interface between the
electrodes and the cell culture medium by a constant phase element
(CPE), a simple non-linear frequency dependency of the total
impedance of the system was found. By fitting the experimental
data by an algorithm function, the TER and C¢ of living cell were
obtained.''"* In principle a decreased TER indicates a breakup of
the barrier properties whereas an increase of the C¢p arises from a
change in the cell morphology or the removal of the cells from the
membrane up to the cell death. The amount of AuNP passed
through the barrier is expressed in percentage and evaluated by the
ratio between the initially applied gold concentration and the
basolateral gold concentration determined by AAS.

Effect of TPPMS, mPEG and CLPFFD ligands on the BBB
integrity and the PBCE cells

First, the influence on the integrity of the BBB and the PBCE
cells of the pure ligands stabilizing the AuNP was investigated in
the in vitro model set-up. Therefore, PBCE cells were incubated
in the presence of two different ligand concentrations. First was
with 3.3 uM TPPMS, 400 uM mPEG or 25 pM CLPFFD-
peptide, respectively, corresponding to the concentration range
in which the ligands are present on the AuNP surface.
Additionally, in order to evaluate the effect of higher ligand
concentration, the PBCE cells were incubated with the 10-fold
concentration of TPPMS, mPEG and CLPFFD, respectively. In
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Figure 2. The influence of the ligands TPPMS, mPEG and CLPFFD on
PBCE cells and BBB integrity. TER and Cc|. values after treatment of PBCE
cell monolayers with TPPMS, mPEG or CLPFFD applied at a respective
concentration of 3.3 pM, 400 pM or 25 pM and 33 uM, 4000 pM or 250 uM.
The values are expressed relative to their respective starting value prior to NP
addition and as means, n = 3. The absolute TER ranged between 250 Q) - cm?
and 500 Q - cm® The ordinate is given in a logarithmic scale for a better
overview.

Figure 2 the mean TER and the Cc after 24 h (time needed for
re-equilibration; cf. Ref. 12) regarding the respective starting
values prior to ligand addition from n = 3 experiments are
shown. All recorded values for the TER and the C¢ during the
24 h are displayed in the supplementary material.

The TER and the Ccp values recorded after 24 h show that
TPPMS induces a concentration-dependent strong decrease of the
TER from 100% to 3.6% and an increase of the C¢ by factor 10.
This indicates that TPPMS at a concentration of 33 uM influences
the BBB integrity and initiates cell death. In contrast, mPEG and
CLPFFD show at both investigated concentrations no significant
influence on the BBB integrity and the cell morphology.

Effect of AuNP size and surface charge on the BBB integrity and
the PBCE cells

AuNS1.4-MS (1.4 nm) and AuNS-MS (15 nm) were applied
at the equal gold concentration of 75 mg Au/L in the in vitro
set-up. These two particle species are expected to follow a
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Figure 3. The influence of AuNP size and surface charge on PBCE cells and BBB integrity. TER and C¢;, values after treatment of PBCE cell monolayers with
(A) AuNS1.4-MS and AuNS-MS at the same gold concentration of 75 mg Au/L and (B) AuNS-MS and AuNS-mPEG at the same NP concentration of 0.36 nM.
The values are expressed relative to their respective starting value prior to NP addition and as means, #n = 3. The absolute TER ranged between 250 () - cm? and

500 Q - cm?. The ordinate is given in a logarithmic scale for a better overview.

different pathway during BBB passing, due to size-effects: the
small AuNS1.4MS might be able to cross the BBB by a
paracellular pathway through the tight junctions, whereas the
AuNS-MS are supposed to follow a transcellular pathway
mediated by endocytosis of the NP. The effect of the AuNP
surface charge on the BBB integrity and the PBCE cells was
investigated by applying negatively charged AuNS-MS (15 nm)
and neutrally charged AuNS-mPEG (15 nm) at the same NP
concentration of 0.36 nM in the in vitro set-up. In Figure 3 the
overview of the recorded mean from n = 3 experiments TER and
Ccy values after 24 h regarding the respective starting values prior
to NP addition as well as the amount of passed AuNP through the
barrier is shown. The corresponding recorded TER and Cc| curves
during 24 h are displayed in the supplementary material.

As shown in Figure 3, 4, the AuNS1.4-MS induce a decrease
of the TER from 100% to 2.3% and an increase of the C¢p by a
factor of 8. AuNS-MS display no change in the TER and Ccp
values compared to the control sample. This indicates that the
AuNS1.4-MS affect the BBB integrity and provoke cell death,
whereas the AuNS-MS have no influence on the BBB integrity at
the investigated concentration. The pronounced effect of
AuNS1.4-MS on the BBB integrity is in agreement with the
high toxicity reported for these particles.>*** In the case of
AuNS1.4-MS no amount of passed AuNP through the BBB was
determined. The collapse of the tight junctions and correlated
break-up of the membrane allows the NP to pass unhindered
through the membrane.

Figure 3, B shows the effect of surface charge on the BBB
integrity. For the two investigated particles, namely AuNS-MS
(15 nm) and AuNS-mPEG (15 nm), the TER and C¢ values are
equal with the control sample for both investigated particle
species. This indicates that neither the AuNS-MS nor the
AuNS-mPEG showed an influence on the BBB integrity or the
PBCE cells at the investigated NP concentration. As shown in
Figure 3, B, the AuNS-mPEG provides with 2.8% a higher
amount of passed NP through the BBB compared to the
AuNS-MS with 0.8%. The TER remaining at high values around
100% relates to closed tight junctions, indicating a transcellular
pathway by endocytosis of both NP species.*” In general,
positively-charged particles have been demonstrated to more
effectively pass the BBB compared to neutral and
negatively-charged ones.'> The negatively-charged particles
are even repelled from the negatively-charged cell membrane

due to electrostatic repulsion. The protein corona formation
allowing faster cell internalization is higher for charged particles
than for neutral PEGylated particles. This leads to a high cellular
uptake of the negatively-charged AuNS-MS which is in
accordance to literature.”’ However, the electrostatically-
stabilized AuNPs experience only a low stability in biological
medium and consequently aggregate very fast in the in vitro
model set-up compared to the PEGylated particles because the
set-up is filled with cell culture medium. This could be observed
visually for AuNS-MS by the formation of a black precipitate in
the filter after the 24 h incubation time. This shows that small
(1.4 nm) AuNPs strongly affect the BBB integrity, while for
larger ones (15 nm and above), which are stabilized by
negatively charged MS, show limited stability in cell culture
media and the negative surface charge impedes BBB passage,
both being in contrast to PEGylated particles.

Effect of AuNP concentration on the BBB integrity and the
PBCE cells

AuNS-mPEG (15 nm) particles showed highest stability in the
in vitro model set-up. Therefore, these particles were taken in order
to explore the effect of the AuNP concentration on the BBB
integrity and NP passing through the BBB, as a proof of concept.
One might assume that equilibrium between the upper and lower
filter compartment is aimed at with increasing incubation time.
Therefore, a higher amount of NP going through the barrier is
expected at higher NP concentration.

AuNS-mPEG (15 nm) at a NP concentration of 0.14 nM,
0.36 nM, 4.2 nM and 8.5 nM were applied in the in vitro set-up.
In Figure 4 the mean TER and the C¢p after 24 h from n =3
experiments regarding the respective starting values prior to NP
addition as well the amount of AuNS passed through the barrier
are shown. All recorded values for the TER and the C¢ during
the 24 h are displayed in the supplementary material.

In Figure 4 no significant decrease of the TER and the C¢p.
values after 24 h compared to the control samples is observable
at any concentration. This indicates that the particles show no
significant influence on the BBB integrity at the investigated
AuNS concentrations. The highest amount of AuNS passed
through the BBB with 2.8% is reached at a concentration of
0.36 nM followed by an amount of 0.08% at 0.14 nM, 0.5% at
4.2 nM and 0.6% at a NP concentration of 8.5 nM.
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Figure 4. The influence of AuNP concentration on PBCE cells and BBB integrity.
TER and C¢ values after treatment of PBCE cell monolayers with AuNS-MPEG
at the NP concentrations of 0.14 nM, 0.36 nM, 4.2 nM and 8.5 nM. The values are
expressed relative to their respective starting value prior to NP addition and as
means, 7 = 3. The absolute TER ranged between 250 Q - cm? and 500 € - cm”.
The ordinate is given in a logarithmic scale for a better overview.

With increasing concentration of applied AuNS from 0.14 nM
to 0.36 nM the amount of passed AuNS first increases from 0.08%
to 2.8%. However, by further increasing the AuNS concentration,
the detected amount of passed AuNS through the BBB decreases,
which represents an unexpected finding. Previously reported
studies on the crossing potential of silica NP through the BBB
reported enhanced silica NP entrance upon high silica NP
concentration (1 mg/mL). The authors of this study ascribed the
high transport at high particle concentration to a damage of the
tight junction resulting in a break-up of the barrier properties.* In
our studies, the tight junction and the cells are still intact because no
increase in the capacity is recorded. We assume that the low
amount of passed NP through the BBB at high AuNS
concentrations (4.2 nM and 8.5 nM) is related to a saturation of
the cell monolayer with the AuNS lowering further uptake.

Effect of AuNP morphology and peptide coupling on the BBB
integrity and the PBCE cells

NIR-absorbing AuNPs are promising candidates in nanome-
dicine. NIR-absorbing AuNPs are obtained by changing the
AuNP morphology to HAuNS or AuNR. Therefore, we
compared AuNS, HAuNS and AuNR with same surface
functionalization, which are mPEG ligands, in the in vitro
model set-up. AUNS-mPEG, HAuNS-mPEG and AuNR-mPEG
were applied in the in vitro model set-up at the equal NP
concentration of 0.14 nM. In Figure 5 the overview of the
recorded mean TER, the Ccp from n =3 experiments with
respect to the corresponding starting values prior to NP addition
and the amount of NP passed through the BBB after 24 h is
given. All recorded values for the TER and the C¢y during the 24
h are displayed in the supplementary material.

The AuNS-mPEG, HAuNS-mPEG and AuNR-mPEG show
constant TER and C¢y values of 100% after 24 h. The constant
TER and C¢ values indicate that different AuNP morphologies
have no influence on the BBB integrity and the PBCE cells. The

highest amount of AuNP passed through the BBB is obtained for
AuNS-mPEG with 0.08% followed by the AuNR-mPEG with
0.02% and the HAuNS-mPEG with 0.01%. This behavior is in
accordance to literature findings, reporting high BBB transport
of 18 nm AuNS.*' HAuNS-mPEG of 43 nm in diameter showed
a similar low BBB permeability in vivo as well.*?

The overall very low amount of AuNP passed into the brain can
be explained by the previously discussed concentration-dependent
BBB permeability.*' According to the reported suitability in AD
therapy of HAuUNS and AuNR directly or indirectly functionalized
with CLPFFD-peptides®® a main part of the here reported study
focuses on the ability of these particles to cross the BBB in a way
that a therapeutically needed amount of nanoparticles crosses the
barrier without affecting its integrity and the accurate function of the
brain. HAuNS-CLPFFD, HAuNS-mPEG-CLPFFD, AuNR-
CLPFFD and AuNR-mPEG-CLPFFD were applied in the in vitro
model set-up at the equal NP concentration of 0.14 nM. This
concentration was chosen to be suitable for a comparison with the
AP-fibrillation study previously reported in the literature.”* In
Figure 5 the overview of the recorded mean TER, the C¢p. from
n = 3 experiments with respect to the corresponding starting values
prior to NP addition and the amount of NP passed through the BBB
after 24 h is given. All recorded values for the TER and the Ccp
during the 24 h are displayed in the supplementary material.

First looking at the directly functionalized particles:
HAuNS-CLPFFD show a decrease of the TER to 52% but no
increase of the Ccp value and AuNR-CLPFFD show a strong
decrease of the TER to 3% and a pronounced increase of the Ccr,
value. The collapse of the BBB and induced cell death can be
attributed to the high toxicity of these particles. Especially, the
AuNR-CLPFFD have a high cytotoxicity in HeLa cells and
SH-SYS5Y cells originating from remaining CTAB molecules
after functionalization.?*°*” The amount of HAuNS-CLPFFD
passing the BBB is only half of the amount for HAuNS-mPEG
which is in accordance to the heretofore shown results for
AuNS-MS and AuNS-mPEG. For the AuNR-CLPFFD no
amount of passed NP was determined, reflecting the complete
collapse of the barrier.

Second looking at the indirectly functionalized particles, we
found that when the CLPFFD-peptides are coupled in a diluted
manner to the PEG ligand shell as in the case of HAuNS-
mPEG-CLPFFD and AuNR-mPEG-CLPFFD, no difference in the
BBB integrity, cell morphology or passage rate compared to the
fully mPEG functionalized HAuNS-mPEG and AuNR-mPEG
particles, respectively, is noticeable.

Overall the amount of nanoparticles passing the BBB at the
dose applied in our studies is very low and far from being enough
for an application in the brain. For applications in clinical
settings, the passage of the conjugates must be significantly
enhanced. This can be reached for example by longer
circulations times in vivo or a peptide which causes the active
transport of the AuNP conjugates through the BBB.*

Discussion

Our experimental results demonstrate that the integrity of the
BBB is strongly affected by small (1.4 nm) AuNP; they affect the
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Figure 5. The influence of differently functionalized HAuNS and AuNR on PBCE cells and BBB integrity. TER and Cc; values after treatment of PBCE cell
monolayers with AuNS-mPEG, HAuNS-mPEG, HAuNS-CLPFFD or HAuNS-mPEG-CLPFFD as well as AuNR-mPEG, AuNR-CLPFFD or
AuNR-mPEG-CLPFFD at a NP concentration of 0.14 nM. The values are expressed relative to their respective starting value prior to NP addition and as
means, n = 3. The absolute TER ranged between 250 Q - cm? and 500 Q - cm”. The ordinate is given in a logarithmic scale for a better overview.

BBB integrity and provoke cell death. This pronounced effect of
AuNS1.4-MS is in agreement with the high toxicity reported for
these particles before. For all larger particles, negative surface
charge impedes BBB passage mainly caused by the negative
surface charge of the cells. However, this impeding effect can be
compensated in the specific case of negatively charged peptides
selectively binding to amyloidogenic P-amyloid structures,
when the peptide is covalently coupled to a PEG ligand
stabilizing the particles in diluted manner. This is, regarding
the huge potential of these NIR-absorbing AuNP in nanomedi-
cine, especially in AD therapy, of high relevance. In future
studies, the functionalization of HAuNS and AuNR with
peptides in order to increase the BBB permeability and the NP
concentration in the brain is of particular interest. Thereby,
multivalent peptides which selectively bind to Af-amyloid fibrils
and cause the active transport of the AuNP conjugates through
the BBB are most promising. Furthermore, in vivo studies have
to be conducted.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nan0.2017.02.013.
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