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ABSTRACT: A challenge in neurology is the lack of efficient brain-penetrable neuroprotectants
targeting multiple disease mechanisms. Plasmonic gold nanostars are promising candidates to
deliver standard-of-care drugs inside the brain but have not been trialed as carriers for
neuroprotectants. Here, we conjugated custom-made peptide dendrimers (termed H3/H6),
encompassing motifs of the neurotrophic S100A4-protein, onto star-shaped and spherical gold
nanostructures (H3/H6-AuNS/AuNP) and evaluated their potential as neuroprotectants and
interaction with neurons. The H3/H6 nanostructures crossed a model blood−brain barrier, bound
to plasma membranes, and induced neuritogenesis with the AuNS, showing higher potency/
efficacy than the AuNP. The H3-AuNS/NP protected neurons against oxidative stress, the H3-
AuNS being more potent, and against Parkinson’s or Alzheimer’s disease (PD/AD)-related
cytotoxicity. Unconjugated S100A4 motifs also decreased amyloid beta-induced neurodegeneration, introducing S100A4 as a player
in AD. Using custom-made dendrimers coupled to star-shaped nanoparticles is a promising route to activate multiple
neuroprotective pathways and increase drug potency to treat neurodegenerative disorders.
KEYWORDS: S100A4, peptides, mimetic, neuron, gold nanostar, neuroprotection

■ INTRODUCTION
At present, therapeutic opportunities for neurological disorders
(NDs) are severely limited and are mostly directed toward
symptom relief. The major challenge is the complexity of ND
pathophysiology involving several contributing factors such as
disruption of neuronal membranes, inflammation, oxidative
stress, and excitotoxicity. Current therapies predominantly
address isolated ND aspects, alleviating clinical symptoms but
failing to halt disease progression. There is an urgent clinical
need to devise strategies to reduce neuronal damage by
targeting multiple ND mechanisms. However, there is a lack of
easily manufactured multifunctional compounds that could
cross the blood−brain barrier (BBB) and protect neurons with
minimal side effects. Nanoneurotherapeutics are a promising
avenue as they can be engineered small enough to cross the
BBB yet with high surface area to perform multiple orthogonal
functions including delivery of high drug loads, cell targeting,
and bioimaging.1−3

We have previously designed two custom peptide
dendrimers (H3/H6, Figure 1) encompassing active motifs
of the neurotrophic protein S100A4 that we have identified.4,5

Similar to the parent protein, the peptides promoted
neuritogenesis, reduced oxidative stress and excitotoxicity via
multiple pathways, and protected neurons in animal models of
brain trauma, epilepsy, and peripheral neuropathy.4−6 The

peptides are good candidates for multipurpose neuroprotec-
tants because of their ability to target multiple neuroprotective
mechanisms. Importantly, their dendrimeric structure makes
these peptides highly efficient and easy to modify without
affecting the bioactive motifs. However, a limitation is that
despite being detected in cerebrospinal fluid after systemic
administration, they display limited brain penetration and
circulation half-life.4 We have shown that gold nanostars can
cross the BBB at high (up to 40%) rates and closely interact
with the plasma membrane of cells, making nanostars a
promising drug delivery vehicle to treat neurodegenerative
disorders.7 We have also engineered spherical AuNPs that
selectively antagonize extrasynaptic NMDA receptors without
affecting synaptic function and protect neurons from
excitotoxicity.8 Here, we conjugated H3/H6 onto star-shaped
and spherical gold nanostructures (H3/H6-AuNS/AuNP) to
design novel neuroprotectants and investigate whether H3/
H6-AuNSs are more effective as neurotrophic agents than their
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spherical counterparts. This mechanistic insight could be used
to inform design optimizations for future testing in vivo.
A multifunctional trophic factor in the nervous system, the

S100A4 protein,4 is markedly (over)expressed in rodent and
human brains after injury and during neuropathology.4,9−11

S100A4 signals through the interleukin-10 and ErbB
receptors,4,6 which are involved in neuronal plasticity in
brain disorders promoting neurogenesis, neuronal differ-
entiation, and survival12−16 and mediating neuroprotection in
models of cerebral ischemia and Alzheimer’s and Parkinson’s
diseases (AD/PD).13,17−21 Accordingly, we have shown that
S100A4 induces neurite extension22,23 and protects neurons
against oxidative stress, apoptosis, and excitotoxicity in vitro
and in vivo, thus representing a broad spectrum CNS
protectant.4 The beneficial effects of S100A4 are reproduced
by its two peptide mimetics, H3 and H6, encompassing the
neuroactive motifs of the protein. The H3 peptide is highly
homologous within the S100 family, while the H6 peptide (C-
terminal of S100A4) shares little homology with other S100
members (’unique’ motif)4,5 (Figure 1). The peptides bind to
ErbB, induce neurite outgrowth from hippocampal, dopami-
nergic, and motor neurons,4−6 and protect neurons in cell and
animal models of brain trauma and excitotoxicity4 as well as
against PD-associated neurotoxicity in vitro6 and genetically
induced peripheral neuropathy in vivo.5 In contrast to the
parent protein, the peptides do not affect cell proliferation or
motility6 and thus have a specific neurotrophic function.
Little is known about the role of ErbBs in PD and AD;

however, ErbB activation improves neuronal survival and
synaptic function in AD models,13,17,24 and ErbB4 is highly
phosphorylated in the neurons of the AD human brain and of
APP/PS1 mice, a model of early onset AD.25 Furthermore,
oligomeric amyloid beta (Aβ)�a major inducer of neuro-
toxicity in AD�binds to ErbB4,26 presumably increasing Aβ
insertion into neuronal membranes. In our two recent studies,
Aβ disrupted the membrane structure in cell lines and

hippocampal neurons, and this deleterious effect was counter-
acted by the H3-peptide,27,28 representing an important,
though overlooked, aspect of neuroprotection. Thus, the
S100-derived peptides target multiple neuroprotective mech-
anisms by both launching intracellular signaling cascades and,
for AD, counteracting the effects of Aβ on membrane
structures. Therefore, these peptides may be effective for a
range of neurological disorders.
Small peptides offer several advantages over protein/growth

factor-based therapeutics since they (i) specifically encompass
neuroactive motifs of the parent protein, thus minimizing
potential side effects; (ii) are low cost and readily producible;
and (iii) can be easily chemically modified.
Our custom nanoplatform comprises multifunctional S100-

derived peptide dendrimers conjugated to gold nanospheres/
stars and optionally coated with polyethyleneglycol (PEG) to
improve compound stability and half-life.29 We evaluate these
nanostructures in cell models of neurological disorders and of a
blood−brain barrier (BBB), assess their biocompatibility in
vivo, and investigate the effects of the nanostructure geometry
on biological responses. We used transmission electron
microscopy and electron tomography to compare the
interaction of the star and spherical nanostructures with cell
membranes to understand the mechanisms by which the spikes
of the nanostars increase their cell binding properties.

■ RESULTS
Synthesis and Physicochemical Characterization of

H3/H6-AuNP/AuNS. The fabrication protocol for the H3/
H6-nanostructures is schematically shown in Figure 1 (see
Materials and Methods for details). H3/H6-AuNSs were
synthesized via a surfactant-free seed-mediated wet chemical
approach using 12 nm Au seeds as previously described.2,30 A
surfactant-free method does not use polymers or surfactants in
synthesis and thus results in highly biocompatible AuNS that
can be easily functionalized with cargo drugs for biomedical

Figure 1. Synthesis of (+/−PEG)-H3/H6-conjugated gold nanostructures. (A) Schematic representation of PEG- and peptide-conjugated
spherical and star-shaped Au nanostructures (AuNP/AuNS). Inset, cargo peptides (H3/H6) synthesized as tetramers composed of four monomers
coupled to a lysine backbone. Thiol modification for conjugation to gold (-SH) resides on a lysine backbone not affecting neuroactive motifs. The
location of the H3 and H6 motifs in the 3D structure of the parent protein (S100A4) is shown. (B) Scheme summarizing the fabrication protocol
and structures synthesized at each step of the protocol to fabricate (+/−PEG)-H3/H6-AuNP/AuNS.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c14220
ACS Appl. Mater. Interfaces 2022, 14, 47445−47460

47446

https://pubs.acs.org/doi/10.1021/acsami.2c14220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c14220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c14220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c14220?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c14220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


applications. Both spherical (AuNP) and star-shaped (AuNS)
nanostructures were prepared. AuNSs had the conventional
multibranched morphology of a spherical core with multiple
protruding spikes (TEM images, Figure 2A). The morpho-
logical properties of the AuNP/NS including core size, the
number of visible spikes, and the overall (tip-to-tip) AuNS size
were quantified from multiple transmission electron micros-
copy (TEM) images (Figure 2A). The ellipticity index of
AuNP was 1.21, which is within the range for spherical
nanoparticles (1.05−1.25)31 and consistent with a previous
report showing that the AuNP had an ellipticity of 1.16 for the
citrate reduction method32 (see Materials and Methods for
details). The sphericity indices calculated as described in
Materials and Methods were 0.97 ± 0.03 and 0.22 ± 0.11 for
AuNP and AuNS (mean ± SD), respectively.
The AuNP/NS surface was coated with either thiol-modified

H3/H6 alone or with a mixture of thiol-modified peptides and
alkyl polyethylene glycol (PEG2000) thiols (see Materials and
Methods for details). In all peptide formulations, thiol
modifications were localized in the lysine backbone of each
peptide, thus not affecting neuroactive peptide sequences
(Figure 1A, bottom). PEGylation of polypeptide drugs is
widely used in pharmaceutics, protecting them from
degradation by proteolytic enzymes, preventing generation of
neutralizing antibodies, and increasing compound half-life.33 In

agreement with previous reports,34 naked AuNPs had a UV−
vis absorption maximum around 530 nm, and functionalization
with thiol-modified peptides resulted in a minor (ca. 3 nm)
shift of the absorption maximum (Figure S1).34 No major
spectral changes were observed in H3/H6-AuNP/NS,
indicating that the nanostructures did not aggregate following
peptide functionalization. UV−vis spectrophotometry of the
nanostructure’s stability in deionized water over 3 weeks
(Figure S2b, H3/H6 nanospheres) showed that less than 2% of
the AuNP-immobilized peptides was released after 18 days,
confirming the stability of our nanocompounds, and the H3
nanospheres (ca. 0.5% peptide released) appeared more stable
than the H6 nanospheres (ca. 1.4% peptide released).
Accordingly, the dynamic light scattering (DLS) analysis of
H3 nanospheres (Figure S2c) showed a slight increase of
hydrodynamic diameter over 16 days (from 76.4 ± 0.4 nm at
day 0 to 101.6 ± 1.7 nm at day 16) but no detectable peptide
dissociation from the nanospheres.
The zeta potential of the coated AuNP/NS at pH 7 was

mildly negative in the RPMI 1640 and neuronal Neurobasal
media as well as in the 1% bovine serum albumin solution
(BSA, Figure 2B). The zeta potentials did not vary significantly
depending on the media types, particle geometry, or
PEGylation, remaining in the range of −30 to −10 mV.

Figure 2. Characterization of the (+/−PEG)-H3/H6-conjugated gold nanostructures. (A) Low-magnification TEM image of the AuNP/NS
structures (left) and morphological characteristics of gold nanostructures (AuNP/NS), determined by TEM (right, n = 40−60, means ± SD, fitted
to lognormal distribution). (B) Zeta potential of the Au NP/NS in various media (RPMI, RPMI 1640 growth medium; NB, Neurobasal neuronal
growth medium; BSA, 1% bovine serum albumin); (C) quantification of gold content per PEG or peptide dose in the (+/−PEG)-H3/H6-AuNP/
AuNS. (B,C) three independent experiments; values are shown as means ± SEM.
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To estimate the relative peptide load of our particles, we
measured the gold content in the samples of peptide and/or
PEG-conjugated AuNP/NS using inductively coupled plasma−
optical emission spectrometry (ICP-OES). Since no detectable
amounts of free peptide/PEG were present in any of the
AuNP/NS suspensions, the ICP measurements provided a
good estimate of the amount of gold corresponding to a given
peptide dose for AuNP/NS and thus of the efficiency of
functionalization. The unconjugated spherical AuNP bound
PEG more efficiently than the AuNS (lower Au content for a
given PEG dose, Figure 2C, left). There was no significant
difference between Au content for peptide-conjugated AuNP
formulations of different geometries with the exception of
spherical H3/H6-PEG-AuNP, which had a lower functional-
ization efficiency (Figure 2C, middle and right). Thus,
PEGylated nanostars had more peptide immobilized on their
surface than their spherical counterparts of the same mass.
Evaluation of the H3/H6-PEG-AuNP/NS Formulations

by X-ray Photoelectron Spectroscopy.We next used X-ray
photoelectron spectroscopy (XPS) to quantify the presence of
H3/H6 and PEG on AuNP/NS. All samples showed the
signals expected from their synthesis as well as from the Si/
SiO2 substrate used (Figures S3 and S4). The main core-level
spectra of AuNP and AuNS are shown in Figure 3. The Au 4f
core levels for both sample sets (Figure 3A,D) are typical for
metallic gold, as expected from AuNP/NS. Small shifts in the
binding energy (BE) on the order of 0.1 eV (AuNP) and 0.3

eV (AuNS) can be caused by either binding to H3/H6/PEG
or be minor effects from sample charging. All spectra were
aligned to the Si 2p3/2 core level of the substrate, which does
not account for differential charging of the drop-cast
nanostructures. The C and N 1s spectra were used to
determine the presence of the peptides and the PEG through
contributions specific to their intrinsic chemical states.
To aid identification of the chemical environments,

reference measurements of H3, H6, and PEG were performed
(Figure S3). Au nanostructures conjugated with H3/H6
showed three BE contributions to the C 1s core level (Figure
3B,E), typical for their amino acid constituents: 285.1 eV
(aliphatic carbon) and 286.4/288.2 eV, which stem from the
amine (N−H) and carboxyl (COO) functional groups,
respectively. The BE for these chemical environments agree
well with previous reference data of amino acid spectra.35,36

Samples with PEG showed an increased intensity around 286.4
eV associated with the C−O environments, which overlap in
BE with the N−H feature from H3/H6. The N 1s core levels
(Figure 3C,F) showed significant amounts of nitrogen only for
samples including H3/H6 at a binding energy of 400.0 eV
typical of the amine group (NH2). The unconjugated and
PEG-only conjugated nanostructures only had trace amounts
of nitrogen. In addition, the AuNS samples show an additional
feature at higher BE (402.0 eV), which agrees with NH3
environments. Thus, the XPS data confirmed specific
immobilization of H3, H6, and/or PEG on the nanostructures.

Figure 3. XPS core level spectra of AuNP (A−C, upper panel) and AuNS (D−F, lower panel) including Au 4f (A, D), C 1s (B, E), and N 1s (C,
F). The spin orbit splitting (SOS) of the Au 4f core level is also included in panels (A) and (D).
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Quantitative ratios of AuNP/AuNS to peptide and PEG
were determined from peak fit analysis to the respective core-
level spectra (Table 1). Area ratios (Au 4f7/2 to N 1s core

levels, Au:N) were used to determine the amount of surface-
bound peptide in all samples. On average, H3/H6-AuNP/NS
had Au:N = 2:1. In PEGylated samples, lower amounts of
peptides were detected (Au:N between 2:1 and 3:1). From the
ratios of the COO contribution from peptides and the C−O
contribution from PEG to the C 1s core level, we determined
ratios of peptide:PEG in the PEGylated samples (see the
Supporting Information for details). PEG H6-AuNP/NS
showed a slightly higher peptide load compared to PEG-H3
samples (Table 1).
Binding of H3/H6-AuNP/NS to Cultured N27 Cells

and Hippocampal Neurons. We next evaluated AuNP/NS
binding to N27 cells, immortalized dopaminergic neurons.
Cultured N27 cells (confluence 80%) were incubated with
PEG- or H3/H6-AuNP/NS conjugates (2−20 μg/mL) for 24
h, and the cells were dislodged, spun down, and lysed. The Au
content was measured in cell lysates using inductively coupled
optical emission spectrometry (ICP-OES). Only a minor (5−
10%) fraction of PEG only-conjugated AuNP/NS was bound
to cells at any nanocompound concentration (Figure 4, PEG),
whereas 40−80% of peptide-conjugated AuNP/NS was
detected in the cell-associated fraction (Figure 4). PEGylated
versions of the H3/H6-AuNP/NS at 10 μg/mL also interacted

with N27 with binding ratios comparable to those of non-
PEGylated versions (Figure 4, H3, H6), thus confirming that
the H3/H6-functionalized nanocompounds efficiently bound
to cell membranes. However, the PEGylated H3 formulations
showed slightly lower cell-binding efficiency than non-
PEGylated H3-AuNP/NS (Figure 4). The actual binding
rate of the nanocompounds could be underestimated in our
experimental design since cells were dislodged by trypsiniza-
tion. Thus, the cell-associated fraction mostly contained
membrane-embedded and internalized AuNP/NS; the nano-
structures bound to cell surface receptors but not internalized
or embedded were not expected to be present in this fraction.
We next examined the interaction of non-PEGylated S100

nanocompounds (20 μg/mL, 24 h treatment) with membranes
of cultured hippocampal neurons using TEM. Individual and
clustered H3- and H6-AuNP/AuNS were abundantly detected
in the vicinity of neuronal plasma membranes (Figure 5A).
They localized adjacent to neurons and on the cell surface
(Figure 5Aa,b,f,k,i,l) or were embedded into (Figure
5Ac,d,g,m,n) and/or piercing (Figure 5A g,h,i) the neuronal
membranes as both individual species and small aggregates. On
single occasions, the AuNP/NS aggregates were internalized
inside vesicular structures within neurons (Figure 5Ae,j,o).
There was no significant difference between the cellular
localization of H3- and H6-conjugated nanostructures.
Since our previous studies in non-neuronal cells showed that

nanostars had a higher probability of binding to cell surface
and/or internalization due to their multispiked geometry,7 we
also tested this hypothesis in hippocampal neurons. To
investigate the effect of AuNP/NS geometry on their
(sub)cellular distribution, we focused on H6-conjugated
compounds as H6 is a unique motif in the sequence of its
parent protein, S100A4, and S100A4 has both extra- and
intracellular receptor targets and, moreover, is internalized in
several cell lines.37 For both geometries, we quantified the H6-
AuNP/NS distribution across four compartments: extracellular
(AuNP/NS not interacting with cell membranes), surface-
associated (interacting with cell membranes without changes in
membrane curvature, no embedding or piercing), membrane-
embedded (embedded into and/or piercing cell membranes), or
internalized (detected within cells). Since the samples
represented sections of dissociated hippocampal cultures with
low cell confluence (<10%), most H6-AuNP/NS were, as
expected, detected extracellularly adhered to the polylysine
substrate (Figure 5B) with more nanospheres than nanostars
found in this compartment (86.5% vs 73.6%, respectively,

Table 1. Quantification of the AuNP/NS and
Functionalization Group Ratios from Peak Fit Analysis of
XPS Core-Level Spectraa

sample NP/NS:peptide peptide:PEG

H3 AuNP 64.9:35.1 (1.85:1.00)
H6 AuNP 64.5:35.5 (1.82:1.00)
H3 PEG AuNP 75.7:24.3 (3.12:1.00) 26.8:73.2 (1.00:2.73)
H6 PEG AuNP 70.0:30.0 (2.33:1.00) 35.9:64.1 (1.00:1.79)
H3 AuNS 67.5:32.5 (2.08:1.00)
H6 AuNS 64.9:35.1 (1.85:1.00)
H3 PEG AuNS 74.5:25.5 (2.92:1.00) 30.5:69.5 (1.00:2.28)
H6 PEG AuNS 66.4:33.6 (1.98:1.00) 36.0:64.0 (1.00:1.78)

aThe NP/NS:peptide ratio was determined from the peak areas of the
Au 4f7/2 and N 1s core-level spectra. The peptide:PEG ratio is based
on the contributions from COO groups from the peptides and C−O
contributions from PEG to the overall C 1s core-level spectra. See
Materials and Methods for details. Ratios are given in percent as well
as relative to one (in brackets).

Figure 4. Binding of the +/−PEG-H3/H6-AuNP/NS to cultured N27 cells. In each graph, the ratio (%) of total gold content is detected in the
cell-associated fraction for two nanostructure geometries. Three independent experiments. Results are expressed as means ± SEM. *H3-PEG-
AuNS vs H3-AuNS; p = 0.051, H3-PEG-AuNP vs H3-AuNP, one-way ANOVA.
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Figure 5B, extracellular). However, the H6 nanostars were ca. 2
times more often associated with neuronal surface or
internalized compared to H6 nanospheres (Figure 5B,
surface-associated and internalized). Furthermore, the ratio of
the membrane-embedded particles was approximately 2.5
times higher for H6 nanostars than for nanospheres (7.4% vs
2.9%, Figure 5B, membrane-embedded). The H3 nanospheres
had a compartmental distribution similar to the H6 nano-
spheres (Figure 5B), thus supporting the hypothesis that the
particle geometry per se can govern cellular distribution of
nanocompounds.
Finally, to confirm that the AuNSs were able to embed into

the plasma membrane of neurons, we employed 3D electron
tomography of the H3-AuNS-stimulated sections (Figure 5C).
Orthoslices through the representative tomography recon-
struction of hippocampal neurons exposed to H3-AuNS
illustrated that spikes of the AuNS appeared embedded within
the plasma membrane (Figure 5C, depth of 198 nm, inset).
The envelope opening can be seen at 198 nm depth (arrow)
and is no longer present at 264 nm.

S100-Derived Nanocompounds Induce Neurite Out-
growth from Cultured Hippocampal Neurons. Since the
S100A4 derivatives, the H3 and H6 peptides, are neuritogenic
in vitro,4−6 we tested whether the H3/H6-functionalized
nanocompounds can trigger neurite outgrowth from hippo-
campal cultures. Three nanoformulations of either peptide
were tested: AuNS, PEG-AuNS, and spherical AuNP (Figure
6A,B). As a positive control, we used unconjugated H3 in its
most effective concentration, 10 μg/mL (Figure 6B); as
negative controls, either PEG only-conjugated AuNS or
supernatants from the last AuNS centrifugation step (SN,
Figure 6B) were employed.
All peptide nanocompounds induced neurite extension from

hippocampal neurons (Figure 6), whereas the PEG-only
conjugated AuNS did not. The potency or efficacy of H3-
and H6-functionalized AuNS was not significantly affected by
PEG conjugation. However, the nanostructure shape had a
marked effect: both for H3- and H6-based nanocompounds,
AuNSs were ca. 2 times more efficient as neurite inducers and
also had higher potency (H3-AuNS vs H3-AuNP, 2.4 vs 4.0
μg/mL and H6 AuNS vs H6-AuNP, 4.3 vs 5.1 μg/mL, see

Figure 5. TEM showing interactions of H3 and H6 nanocompounds with cultured hippocampal neurons. (A) Individual and clustered H3/H6
nanoparticles (all 20 μg/mL, 24 h treatment) are predominantly detected adjacent to neurons and on cell surface (a,b,f,g,k,i,l) or embedded into
(c,d,g,m,n) and/or piercing (g,h,i) the neuronal membranes. In rare cases, the aggregated nanoparticles were seen internalized in vesicle-like
structures within neurons (e,j,o). (B) Quantification of AuNP distribution across cell compartments. See Materials and Methods for details. Total
number of AuNP analyzed: H6 spheres, n = 1458; H6 stars, n = 984; H3 spheres, n = 1396. AuNP/NS counts in each compartment are normalized
to the total AuNP/NS count for each particle type (set to 100%). (C) Orthoslices through the tomogram show an H3 nanostar embedded in the
membrane of a neuron at a depth of 66 to 198 nm. The envelope opening can be seen at 198 nm depth (arrow) and is no longer seen at 264 nm.
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Materials and Methods for the potency estimation) (Figure
6B).
Similar to (+/−PEG)-H3-AuNS, the (+/−PEG)-H6-AuNS

promoted neurite extension, which was comparable with that
induced by non-PEGylated compounds (Figure 6B). However,
the H6-conjugated NP/NS demonstrated a higher degree of
time-dependent aggregation in the stock solution and culture
medium than H3-based formulations. Therefore, for neuro-
protection and BBB crossing studies, we have focused on the
H3-based nanocompounds.
H3-Functionalized AuNP/NSs Are Neuroprotective in

Cell Models of Oxidative Stress and PD. Unconjugated
S100-derived peptides efficiently protect neurons in several in
vitro models, including oxidative stress- and PD-related
neurodegeneration.4,6 We therefore examined whether H3-
AuNP/NSs were also neuroprotective in these assays.
The nanocompounds were first tested in a neuronal model

of oxidative stress, which is a key neurodegeneration factor in
several brain disorders.38,39 As a model neurotoxin, we used
hydrogen peroxide (H2O2), an oxidant commonly employed in
oxidative stress models39−41 and in our previous reports shown
to induce neurodegeneration in multiple cell types.4,6 H2O2
treatment profoundly decreased neuronal viability (ca. 4-fold,
H2O2, Figure 7A,B). All three H3 nanocompounds efficiently
protected neurons from H2O2-induced death in a dose-
dependent manner, with the potency of the H3-AuNS being
higher than that of the spherical H3-AuNP (1.7 vs 4.5 μg/mL
peptide, see Materials and Methods for details).
We have previously shown that H3 and H6, as well as their

parent protein, S100A4, induce neurite extension in
dopaminergic neurons6,42 and protect them from cytotoxicity
induced by the model PD neurotoxin, 6-hydroxydopamine (6-
OHDA).6 6-OHDA evokes several pathological hallmarks of
PD in animals: dopamine depletion, selective degeneration of
DA neurons, neurological deficits,43 and triggers cell death in
cultured primary and immortalized DA neurons (N27
cells).6,44−46 Similar to dopaminergic neurons, N27 cells are
positive for DA marker tyrosine hydroxylase (TH) and
dopamine transporters47,48 and are widely used as an in vitro
PD model.49−51

In agreement with previous studies, 6-OHDA decreased
viability of N27 cells by ca. 30% in our experimental setup
(OHDA, Figure 7C,D), and all three H3 nanoformulations had
a significant pro-survival effect in this model. There was no

significant difference in either potencies or efficacies of the
three tested compounds (Figure 7D).
H3, H6, And Their Nanoderivatives Decrease ROS

Generation Following Oxidative Stress in Hippocampal
Neurons. Reactive oxygen species (ROS) are produced during
several neurological disorders, including PD and AD, as a result
of mitochondrial/genetic dysfunction, neuroinflammation, and
impaired cellular homeostasis,52 and prominently contribute to
neurodegeneration. In our model, challenging hippocampal
neurons with extracellular H2O2 resulted in a notable increase
in ROS generation after 24 h (Figure 8), which was strongly
diminished by the peptides alone in a dose-dependent mode
and also by the H3/H6-AuNP/AuNS. Nanocompounds that
had not been functionalized with the peptides did not affect
ROS generation (Figure 8B). Thus, H3/H6 and their
nanoderivatives could robustly counteract the rise of the
intracellular ROS levels known to cause damage to lipids,
proteins, and DNA in neurological disorders.53 Importantly,
this, to our knowledge, is the first demonstration that
neuritogenic motifs of the S100A4 protein can suppress ROS
production, suggesting that the parent protein may also be able
to modulate neuronal ROS levels.
H3-AuNPs Protect Cultured Hippocampal Neurons

from Toxicity Induced by Oligomeric Amyloid β (Aβ).

Figure 6. S100 peptide-functionalized AuNP/NS are neuritogenic in
vitro. (A) Representative micrographs of hippocampal neurons
treated with three different formulations of H3-conjugated nano-
compounds (5 μg/mL). Scale bar, 10 μm. (B) H3- and H6-
functionalized AuNP/NSs promote neurite outgrowth from hippo-
campal neurons. CTL, untreated cells; H3 − unconjugated peptide
only (10 μg/mL); SN − centrifugation supernatants (no measurable
peptide content, added to 10% of the total volume). One-way
ANOVA vs CTL, four independent experiments. Results are expressed
as means ±SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 7. S100 peptide-based AuNPs are neuroprotective in vitro.
(A,C) Representative images of Hoechst-stained hippocampal
neurons (A) or N27 cells (C) left untreated (CTL) or treated with
H2O2/6-OHDA (A or C, respectively) in the absence or presence of
H3-AuNS (10 μg/mL). Scale bar, 20 μm. (B,D) H3-functionalized
AuNP/NS protect cultured hippocampal neurons and N27 cells
against the H2O2- (B) and 6-OHDA-induced (D) neurotoxicity. CTL,
untreated cells; H2O2/6-OHDA, neurotoxin only-treated (60 and 100
μM, respectively) cells. Naked AuNP or PEG-AuNS (B, black filled
circles/stars) does not affect basal neuronal survival. One-way
ANOVA vs H2O2 (B) or 6-OHDA (D), three to four independent
experiments, *p < 0.05; **p < 0.01; ***p < 0.001.
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Our previous data6 suggests that S100A4 and its peptide
derivatives (H3/H6) interact with and exert neuroprotection
via ErbB family receptors and prevent the Aβ-induced
disruption of the neuronal membrane structure. Thus, they
may launch intracellular pro-survival pathways and/or compete
with the deleterious interactions of the Aβ with ErbBs and the
membrane bilayer.27 However, the effect of S100 derivatives or
nanocompounds on neuronal survival in the in vitro AD model
has not been studied.
We therefore evaluated the neuroprotective effect of H3, H6,

and H3+/-PEG-AuNP/NS in hippocampal neurons subjected
to oligomeric Aβ. The Aβ1‑42 treatment strongly (ca. 2.5-fold)
reduced neuronal viability after 48 h (Figure 9A−C), and this

decrease was counteracted by both H3 and H6 peptides in a
dose-dependent manner (Figure 9B). H3 nanoformulations,
both +/−PEG, robustly increased survival of Aβ-challenged
neurons (Figure 9C) with no significant differences in the
neuroprotective effect between nanocompound geometries.
PEG-only conjugated AuNP/NS did not affect the death rate
of Aβ-treated neurons (Figure 9C, right, PEG). Thus, both
unconjugated S100-derived peptides and the +/−PEG H3
nanocompounds were efficient in the neuronal model of AD.
S100 Nanomaterials Cross a Model Blood−Brain

Barrier and Are Not Toxic In Vivo. Our previous studies
have shown that AuNS can cross the plasma membrane of
brain endothelial cells in high amounts (ca. 20% efficiency of
BBB transport in vitro7). We tested H3-AuNP/NS in a three
component co-culture Transwell BBB model comprising
human brain endothelial cells (HCMEC/D3), pericytes
(HBVPs), and astrocytes. This model more closely resembles
the in vivo BBB compared to one-component BBB models (ref
54 and references therein). This three-component system has
also been shown to have greater barrier strength than single
HCMEC models54 and has been used to study drug
penetration through the BBB in vitro55 and the modulation
of the BBB function by antioxidants during experimental
hyperglycaemia.56 A schematic representation of a triple-co-
culture model of the BBB used in our study is shown in Figure
S5. The integrity of the BBB was assessed by measurement of
its permeability to dextran-rhodamine B (70 kDA). The
calculated apparent permeability coefficients for dextran
(Figure S5c) were comparable with previous BBB studies
using Transwell models.57,58 Thereafter, H3-conjugated
spheres or stars were added to the corresponding insert and
the plates were incubated for 48 h. Aliquots of media from the
inserts and from the wells were collected for UV−vis
measurements, and H3-AuNP/NS BBB crossing rates were
calculated (Materials and Methods). Both the H3-AuNP and
H3-AuNS crossed the model BBB with efficiencies of 10.9 ±
1.9% and 16.9 ± 3.7% (mean ± SEM), respectively (Figure
10A). The rate of H3-AuNS crossing was comparable with our
previously published data7 and higher than that of the H3-
AuNP but this trend did not reach statistical significance (p =
0.22).
We then tested whether H3- or H6-conjugated nanomateri-

als were toxic in vivo. Healthy mice were treated with either a
saline vehicle or with H3 or H6 nanospheres (D ≈ 50 nm),
and blood biochemistry was analyzed for the clinical markers
of liver or kidney injury. In our previous studies, unconjugated
H3 or H6 was cytoprotective and did not cause detectable side
effects in vivo.4−6 Accordingly, H3- or H6-conjugated
nanospheres did not significantly affect plasma levels of liver
or kidney injury markers (Figure 10B), thus confirming that
our nanocompounds were not toxic in vivo.

■ DISCUSSION
Here, we designed an effective neuroprotective platform
combining multifunctional S100A4-derived dendrimers H3
and H6 with nanostars/spheres that can be further surface-
functionalized to increase BBB crossing and cell targeting.
NSs can potentially offer several benefits over spherical NPs

in (neuro)theranostics. First, the multispiked morphology of
nanostars provides an easy access to target molecules on cell
membranes and a large supporting surface to which neuro-
active agents and sensors can adsorb. In this study, both
spherical and star-shaped H3-AuNPs were neurotrophic in

Figure 8. H3- and H6-functionalized AuNP/NS decrease ROS
generation following oxidative stress. (A) Representative images of
ROS staining of hippocampal neurons left untreated (CTL), treated
with H3-AuNP only (CTL + H3-AuNP), or treated with H2O2 in the
absence or presence of H3 (10 μg/mL) or of H3-AuNP (10 μg/mL
peptide). Scale bar, 20 μm. (B) H3, H6, and the peptide-
functionalized AuNP/NS reduce ROS levels in the H2O2-treated
hippocampal neurons. CTL, untreated cells; H2O2, neurotoxin only
(60 μM)-treated cells. AuNP/AuNS, negative control (filled circles/
stars, PEG only-functionalized nanostructures). One-way ANOVA vs
H2O2, three to four independent experiments, *p < 0.05; **p < 0.01.
(C) Representative micrographs of hippocampal neurons left
untreated (CTL) or treated with H2O2, H3, naked, or H3-conjugated
AuNP/NS (20 μg/mL peptide) in the indicated combinations for 24
h. Double staining for GAP-43 to visualize neuronal morphology and
Hoechst to detect pyknotic nuclei. Scale bar, 20 μm.
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cultured neurons and the neuritogenic effect of the nanostars
was markedly higher (Figure 6). The H3/H6-AuNS had a
potency and efficacy similar to those of unconjugated peptides
and was 1.5−2 times more efficient than its spherical
counterparts. This could be explained by the higher measured
AuNS binding to/embedding into the neuronal surface (Figure
5) compared to the spheres, resulting in strong activation of
neuritogenic signaling and robust neurite adhesion to the
substrate. Additionally, interaction of the AuNS with plasma
membranes is known to induce a slight increase of neuronal
electrical activity59 and thus local Ca2+ ‘hotspots’, which can
promote neurite extension.
The H3-AuNP/NS also protected neurons against the

oxidant- or PD toxin (6-OHDA)-induced cytotoxicity (Figure
7), with the H3-AuNS having the highest potency in the
oxidative stress model. Similarly, both unconjugated H3 or H6
and the H3 nanoconjugates improved survival of hippocampal
cultures subjected to the AD toxin Aβ (Figure 8). These results
align with our previous data showing that H3 and H6 peptides
launch multiple neuroprotective pathways by activating plasma

membrane receptors such as ErbB6 and/or preventing toxin-
induced plasma membrane disruption (Aβ).27,28 This multi-
factorial neuroprotection may be an important advantage for
future translational studies providing therapeutic effects for a
broad spectrum of pathological conditions. ErbBs are known to
be overexpressed at lesion sites in AD,60 and ErbB activation
improves neuronal survival and synaptic function in AD
models.17,24 Furthermore, given that some S100 proteins are
associated with Aβ plaques and can affect formation of Aβ
aggregates,61 it is possible that H3 and/or H6, as well as
S100A4 itself, may interact with Aβ and exhibit similar
properties, presenting a fascinating field of future research.
Importantly, the finding that peptides encompassing S100A4
motifs decreased the AD-related neurodegeneration for the
first time involves S100A4 in AD development.
Our nanomaterials did not affect markers of liver and kidney

damage in vivo, confirming their biocompatibility. PEGylation
did not significantly alter the efficiency of our compounds
adding a component to increase the half-life and circulation
time of our hybrids in vivo, where it is known to decrease NP

Figure 9. S100A4 mimetic peptides and peptide-conjugated AuNP/NSs protect hippocampal neurons against Aβ-induced neurotoxicity in vitro.
(A) Representative images of Hoechst-stained hippocampal neurons left untreated (CTL) or challenged with oligomeric Aβ1‑42 (Aβ) in the absence
or presence of H3/H6 peptides, H3-AuNP (nanospheres), or H3-AuNS (nanostars, all 10 μg/mL). Scale bar, 10 μm. (B,C) H3 and H6 peptides
(B) and (+/−PEG)-H3-functionalized AuNP/NSs (C) protect cultured hippocampal neurons against Aβ-induced death. CTL, untreated cells; Aβ
(8 μM) − neurotoxin only-treated cells. H3-PEG, H3 and PEG-functionalized AuNP/NS. PEG, PEG-only conjugated AuNP/NS. One-way
ANOVA vs Aβ, three to four independent experiments, *p < 0.05; **p < 0.01, ***p < 0.01.

Figure 10. Peptide-conjugated nanostructures cross a model BBB and do not affect liver and kidney function in vivo. (A) Crossing rates of H3-
conjugated nanospheres and nanostars in a triple-co-culture Transwell BBB model, 48 h, number of inserts n = 3/3 (spheres/stars), two-tailed t
test. (B) Blood plasma levels of markers of liver and kidney injury in mice treated with the vehicle (Veh), H3-nanospheres (H3sph, 5 mg/kg), or
H6-nanospheres (H6sph, 5 mg/kg) for 24 h. ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; BUN,
blood urea nitrogen. No statistically significant difference was found between the groups, one-way ANOVA vs Veh, number of animals n = 5/5/5
(Veh/H3 spheres/H6 spheres).
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phagocytosis and non-specific distribution.62 PEG has been
approved by the FDA as safe and biodegradable;63 moreover,
PEGylation reduces systemic NP toxicity as well as nano-
neurotoxicity,64 and several PEGylated NPs are currently used
in humans as drug carriers for actively targeted cancer therapy
(ref 63 and references therein).
Interestingly, some features of the neuroprotective and anti-

oxidative effects of our nanocompounds were similar to those
of other promising biocompatible nanomaterials, tetrahedral
framework nucleic acids (tFNAs), whose beneficial effects in a
model stroke are mediated by downregulating the Toll-like
receptor signaling pathway and activating PI3K-AKT (refs 65
and 66 and references therein). This suggests that flexible
nanoplatforms targeted at several neuroprotective mechanisms
can be a basis for efficient multipurpose neuroprotectants.
A potential strength of using nanostars as drug delivery

vehicles is their ability to cross the BBB. Recently, we have
shown that the AuNS conjugated with a non-targeting ligand
4-ethylcatechol can cross the plasma membrane of brain
endothelial cells in high amounts (ca. 20% efficiency of BBB
transport in vitro7) and can be functionalized with BBB-
targeting molecules almost doubling the transport efficiency
(up to 40%).7 Accordingly, other studies show that nano-
particles can cross the BBB by multiple mechanisms (refs
67−69 and references therein). In this study, H3-conjugated
nanostars crossed a triple-co-culture model of the BBB at ca.
17% efficiency, demonstrating the potential of nanostars as
drug carriers. Interestingly, functionalization with H3 could
also contribute to the ability of the nanocompounds to cross
the model BBB. S100A4 is known to bind receptor for
advanced glycation end products, RAGE (ref 4 and references
therein), with the H3 motif reportedly involved in binding. In
studies from other groups, RAGE-interacting compounds
efficiently crossed the BBB and robustly increased the brain
delivery of AuNPs by a RAGE-mediated transcytosis.70,71

RAGE is also upregulated in AD and serves as an ‘influx
receptor’ for Aβ (ref 72 and references therein), suggesting
that S100A4 compounds may have increased efficiency under
AD conditions. Optimization of our peptide nanomaterials as
the ‘BBB shuttles’ is a promising area for future research and
drug development.
Gold nanostars are also plasmonic and absorb near infrared

(NIR) light for photothermal therapy73 and can, in future, also
be used for bioimaging employing label-free, non-invasive X-
ray computed tomography74 or fluorescence, making them
candidates for both therapy and imaging in the clinic. Finally,
due to its modular structure, our platform can be easily
modified, with, e.g., Au substituted for FDA-approved
materials that degrade into non-toxic products, and can pave
the way for future preclinical studies. Based on the design of
our H3/H6 gold nanostructures, these biodegradable nano-
particles should be promising candidates for translation into
therapy.

In conclusion, our results indicate an advantage of using
nanostar drug delivery vehicles over regularly shaped spherical
NPs to improve the potency and efficacy of cargo drugs and
decrease effective drug doses. These effects may be more
pronounced for physiological processes involving a ’mechan-
ical’ component, such as plasma membrane remodeling or
changes in cell adhesion during neurite outgrowth. In
combination with our neurotrophic peptides, nanostars hold
promise as a theranostic platform with multiple orthogonal
functions, such as neuroprotection, and delivery of high drug
loads across the BBB. Additional applications may include
photothermal therapy (AuNP) and bioimaging. Since our
peptides are neurotrophic in several neuron types, we expect
them to be effective in treating multiple neurodegenerative
conditions, including oxidative stress, excitotoxicity, PD, and
AD. An important feature of our nanoplatform is use of
multibranched peptide dendrimers, which increases the
compound potency and allows functionalization without
affecting bioactive motifs. Thus, our peptide-NS platform has
the potential both as a versatile neuroprotectant and as
technology to improve the efficiency for small molecule drugs
that cannot cross the BBB, which may improve treatment of a
broad spectrum of neurological diseases.

■ MATERIALS AND METHODS
Materials and Peptides. Tetraethylorthosilicate (TEOS),

cetyltrimethylammonium bromide (CTAB), sodium hydroxide
(NaOH), chloroauric Acid (HAuCl4), silver nitrate (AgNO3),
hydrochloric acid (HCl), sodium citrate dibasic trihydrate, gold
chloride trihydrate (HAuCl4·3H2O), sodium citrate tribasic dihydrate,
silver nitrate (AgNO3), L-ascorbic acid (AA), hydrogen peroxide
solution (H2O2, 30 wt %), (3-mercaptopropyl)trimethoxysilane
(MPTMS, 95%), phosphate-buffered saline (PBS, pH 7.4), DMEM
tissue culture medium, and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich, UK. Hydrochloric acid (HCl, 37%),
sulfuric acid (H2SO4, 96%), acetone, and 2-propanol were obtained
from VWR International, UK. Deionized (DI) water was purified
using the Millipore Milli-Q gradient system (>18.2 MΩ).

Peptides (sequences H3: KELLTRELPSFLGKRT, H6: NEF-
FEGFPDKQPRKK) were synthesized as tetramers composed of
four monomers coupled to a lysine backbone (Schafer-N, Denmark).
Tetramerization was previously found to be necessary for the
neuritogenic activity of S100A4.23

Gold Nanostar Synthesis and Peptide Conjugation. The
synthesis scheme of the nanostructure preparation (+/−PEG-H3/H6-
AuNP/NS) is shown in Figure 1. Gold nanostars were synthesized
using a surfactant-free seed-mediated method,75 as reported in our
previous work.3

Briefly, spherical citrate-stabilized Au nanoparticle (AuNP) seeds,
with average sizes of 12 nm, were prepared by heating 100 mL of a
0.25 mM aqueous HAuCl4·3H2O solution in a 250 mL Erlenmeyer
flask, under magnetic stirring. Once the solution reached the boiling
point, 1 mL or 0.25 mL (for AuNP 50 nm) of a 3% (w/v) aqueous
sodium citrate solution was rapidly added, under vigorous stirring.
Color started appearing in the solution after 1−3 min, and heating
was continued until it became a stable bright red color (within 10

Table 2. Peptide:PEG Ratios for Gold Nanostars (AuNS, Left Panel) and Nanospheres AuNP (Right Panel)

conjugation
peptide volume, 2 mg/mL

(μL)
PEG volume, 1 mM

(μL) conjugation
peptide volume, 2 mg/mL

(μL)
PEG volume, 1 mM

(μL)
AuNS PEG 125 AuNP PEG 250
AuNS H3 50 AuNP H3 100
AuNS H6 50 AuNP H6 100
AuNS H3 + PEG 37.5 31.2 AuNP H3 + PEG 75 62
AuNS H6 + PEG 37.5 31.2 AuNP H6 + PEG 75 62
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min). The solution was then cooled in an ice bath and washed by
centrifugation, its volume was made up to 100 mL with Milli-Q water,
and it was stored at 4 °C. Then, 100 μL of 3 mM AgNO3 and 50 μL
of 100 mM ascorbic acid were quickly added. The color of the
solution changed from faint red to blue-green as soon as AA was
added, and stirring was stopped after 30 s. For AuNS synthesis, 200
μL of the 12 nm Au seeds was added to 10 mL of 0.1 mM HAuCl4·
3H2O with 10 μL of 1 M HCl at RT, under moderate stirring. Then,
100 μL of 3 mM AgNO3 and 50 μL of 100 mM ascorbic acid were
quickly added. To fabricate PEG-AuNS, 125 μL of 1 mM
polyethylene glycol (PEG) was added after completion of synthesis.
To fabricate the +/−PEG-H3/H6-AuNP/NS, the H3 or H6 peptide
was added either alone or with the peptide:PEG volume ratios as
shown in Table 2 and incubated at RT while stirring for 24 h. +/−
PEG-H3/H6-AuNP was prepared using the 50 nm Au nanospheres
with the peptide/PEG ratios as shown in Table 2. Following
conjugation, all nanostructures were washed by centrifugation−
resuspension three times and final peptide concentrations in the
obtained suspensions were quantified using a Nanodrop (Thermo-
Fisher Scientific, UK). Thereafter, nanostructures were aliquoted and
stored in the dark at 4 °C until use (1−14 days after the preparation).
For in vivo studies, commercially available AuNPs (50 nm, Sigma-
Aldrich) were used. For biological studies, nanostructures were
sonicated (30 s) before use. For the particle stability studies, the H3-
or H6-conjugated nanospheres (100 μL) were pelleted (8000 rpm ×
10 min), and the peptide concentration in supernatants was measured
using a Nanodrop and expressed as a percentage of the initial peptide
concentration in the nanoparticle suspension. The measurements
were performed on days 0, 5, 11, and 18 after the nanoparticle
preparation.

Zeta (ζ) potentials of the coated nanocompounds were measured
in RPMI cell growth medium (RPMI), neurobasal medium (NB), and
1% BSA. For each condition, 40 μg/mL (peptide concentration) of
the respective nanocompound was added to 1 mL of the medium and
ζ potentials were measured using the Zeta sizer Nano (Malvern
instrument 2000) at RT. Size distributions of the naked and H3-
conjugated nanospheres in deionized water were measured by DLS
(Zeta sizer Nano). Each measurement was performed in triplicate,
with the arithmetic mean reported.
Transmission Electron Microscopy (TEM). The morphology of

(+/−PEG)-H3/H6-AuNP/NS was examined by TEM using Holey
carbon 300 Cu TEM grids. High-resolution TEM was performed
using a Jeol 2100 TEM operated at 200 kV. The AuNP ellipticity was
calculated from TEM images, defined as the ratio of the average major
axis/average minor axis of AuNPs obtained by Gaussian fitting of the
particle size distributions (n = 62). The average sphericity indices (SI)
of AuNP/AuNS (n = 62/31) were calculated as SI = 4πS/P2, where S
is the TEM projection area and P is a perimeter of a given
nanosphere/nanostar, as previously described.76

To study AuNP interaction with neurons, 7 DIV cultures of
dissociated hippocampal neurons grown on poly-L-lysine coated
Thermanox coverslips (Thermo Fisher, UK) were treated with
selected nanocompounds (H3/H6 nanospheres or nanostars) for 24
h, rinsed with 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (pH 7.2), fixed with 2.5% glutaraldehyde in
HEPES for 2 h at 4 °C, and washed 3 × 10 min with HEPES. The
samples were then bulk-stained with osmium tetroxide (1% OsO4 in
HEPES × 1 h at RT) to enhance contrast from cellular organelles.
After washing six times with deionized (di) H2O, cells were
dehydrated in a graded ethanol concentration (50%, 70%, 95%, and
dry 100%, volume ratio of ethanol to diH2O), 3 × 5 min followed by
3 × 10 min in acetonitrile (Sigma-Aldrich, UK). The samples were
then progressively infiltrated with 50%, 75%, and 100% solutions of
Taab 812 resin (Sigma) in acetonitrile at RT (2 h × 50% resin,
overnight × 75% resin, and 3 × changes of 100% resin over 3 days)
and cured at 60 °C for 24 h. The embedded neurons were cut using a
Leica UC7 ultramicrotome (Leica, Austria) with a 35° diamond knife
(Diatome, CH) to a thickness of 70 nm for TEM and 400 nm for
STEM. Sections were immediately collected on 2 × 1 mm slot grid
Formvar and carbon-coated TEM copper grids (Agar Scientific, UK),

dried, and stored until TEM analysis. TEM imaging of hippocampal
neurons was done at 120 kV (JEOL JEM 1400Plus, JEOL, Japan)
with a 2k by 2k format CCD camera (JEOL Ruby CCD Camera,
JEOL, Japan). Tilt series were collected at 200 kV (JEOL JEM F200
JEOL, Japan) with the Recorder software in STEM mode using the
bright-field imaging detector (JEOL, Japan) from −60 to +60°, with
1° increments.

To quantify AuNP/NS interaction with neuronal membranes, a
total of 28 (H3 nanosphere, H6 nanostar) or 32 (H6 nanosphere)
non-overlapping TEM images from multiple neurons were generated
and examined for localization of each AuNP/NS, with the total
number of AuNP/NS analyzed n = 1000−1500 for each particle type.
Nanostructures were assigned to four compartments: extracellular
(not interacting with cell membranes), surface-associated (interacting
with cell membranes without changes in membrane curvature, no
embedding or piercing), membrane-embedded (embedded into and/or
piercing cell membranes), and internalized (detected within cells).
AuNP/NS counts in each compartment were normalized to the total
count (extracellular + surface-associated + membrane-embedded +
internalized) for each particle type (set to 100%).

Image alignment and tomographic reconstruction using the
weighted back-projection reconstruction technique was performed
using Etomo (part of IMOD Version 4.11).77,78 Visualization of the
three-dimensional reconstruction was performed using Avizo software
(v9.1, FEI, USA).
X-ray Photoelectron Spectroscopy (XPS). Gold nanoparticles

and their binding to PEG and H3/H6 were investigated using X-ray
photoelectron spectroscopy (XPS). Survey and core-level spectra
were recorded on a K-Alpha+ XPS system (Thermo Fisher) using its
monochromated, microfocused Al Kα X-ray source (hν = 1486.7 eV)
with a base pressure of 2 × 10−9 mbar and X-ray spot size of 400 μm.
Data were collected at 200 eV pass energy for survey and 20 eV pass
energy for core-level spectra. The nanoparticles were drop-cast onto
Si wafer substrates (Si/SiO2), which were mounted on the sample
holder using conducting carbon tape. A flood gun was used to
minimize sample charging throughout. The data were analyzed using
the Avantage software package (Thermo Fisher), and for peak fit
analysis, Voigt functions with Shirley-type backgrounds were used.

The ratios of the peptides to the PEG were determined based on
peak fits of the C 1s core levels. The areas of the COO contribution
and the overlapping C−O/C−N contribution were extracted. To
remove the contribution of C−N states from the C−O contribution
specific to PEG, a ratio of 1:1 was assumed between COO and C−N
and the equivalent area was subtracted. The resulting area ratios were
then corrected for the number of environments for each peptide/
PEG. The PEG used had an MW of 2100 Da, with 47 PEG subunits
each containing two C−O environments and two C−O end groups,
yielding a total of 94 C−O carbons. Both H3 and H6 were used in a
tetramer form containing 16 and 15 amino acids for each strand,
respectively. The connecting entity of the tetramer is formed of 5
further amino acids. This gives a total of 69 and 64 COO
environments for H3 and H6, respectively. The peak areas were
corrected for this unequal ratio of functional C environments, and the
resulting ratios were scaled to 100%.
Cell Lines and Animals. The rat immortalized mesencephalic

dopaminergic neuronal cells 1RB3AN27 (N27) were used, derived
from day 12 rat fetal mesencephalic tissue and positive for tyrosine
hydroxylase.47 N27 cells were grown in RPMI 1640 medium
supplemented with 10% FBS, penicillin (100 U/mL), and
streptomycin (100 μg/mL). All experiments were performed between
passages 10 and 20 and at 50−80% confluence in RPMI 1640 with 1%
serum.

Animals were handled in accordance with European Union
legislation (European Directive 2010/63/EU). Pregnant Wistar rats
(E18) were from Charles River (Denmark or UK).
Blood−Brain Barrier Studies. Astrocytes were obtained from

Biobank (HDBR) under license HTA Relevant Material, the human
pericyte (HBVP) cell line was from ScienCell Research Laboratories
(CA), and the human blood−brain barrier cell line (HCMEC/D3)
was from Merck, Germany. Specialized cell culture medium
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(Dulbecco’s modified Eagle’s medium (DMEM; Corning, UK),
pericyte medium (PM, ScienCell), and EndoGROTM-MV complete
media kit (Millipore) were used for astrocyte, pericyte, and
endothelial cell culture, respectively. Collagen I was from Sigma-
Aldrich. Collagen-coated inserts (3.0 μm pore diameter, 12 mm
membrane diameter) were from Corning. All types of cells were
maintained at 37 ° C in a humidified incubator with 5% CO2 and used
up to 10 passages for the experiments. Transwells contained 750 μL of
medium in the basolateral compartment and 150 μL in the apical
compartment.

The BBB model was used based on a modified triple-co-culture
Transwell protocol developed by Stone54 (Figure S5a). Briefly, the
upper side of 24-well Transwell inserts was coated with 150 μg/mL
collagen-1 for 1 h at 37 °C. A mix of HBVP (104/insert) and
astrocytes (5 × 104/insert) was then seeded on the basolateral side of
the membrane, and cells were allowed to adhere for at least 4 h in the
incubator. Thereafter, hCMEC/D3 cells (2.5 × 104/insert) were
seeded on the apical side of the membrane. Cells were allowed to
grow in 150 μL (apical chamber) and 750 μL (basolateral chamber)
of the BBB medium, composed of 50% HCMEC medium and 50%
HBVP medium, for 6−7 days to reach confluence. Thereafter, the
BBB integrity was assessed by measuring its permeability to dextran-
rhodamine B. Briefly, the culture medium in the upper chamber was
replaced with the BBB medium supplemented with 0.5 mg/mL 70
kDa dextran-rhodamine B (Life Technologies). After 4 h, the
fluorescence intensity in the collector was measured using a Synergy
2 multimode microplate reader (Biotek). Samples displaying dextran-
rhodamine B permeability higher than 20% of the empty control
insert were discarded as previously described.79 The dextran
concentrations in the basolateral space were determined with the
measured fluorescence intensity values using a standard calibration
curve, and dextran permeability coefficients were calculated (Figure
S5c) using a previously described equation:58,80

=P V
A C

C
T0app (1)

where V is the volume of the sampled solution (750 μL), A is the
surface area of the model BBB barrier (0.33 cm2), ΔC/ΔΤ is the
concentration change in the basolateral space along time (4 h), and
C0 is the concentration difference across the barrier (500 μg/mL).

For cell treatment, the H3-AuNP/AuNS suspended in water and
ultrasonicated for 1 min wase diluted in the BBB medium to a final
working concentration of 80 μg mL−1 and further vortexed for 5 min.
The model BBB was then incubated with the H3-AuNP/NS for 48 h.
Since the absorption maximum of the AuNS is highly sensitive to the
spike morphology, which can vary between the batches, the spectrum
of the H3-AuNS dissolved in diH2O was taken as a reference prior to
BBB studies and used for further measurements (Figure S5b).
Samples of the medium from the upper (apical) and lower
(basolateral) chambers were collected and analyzed by UV−vis at
wavelengths corresponding to the maximal absorbances of the H3-
AuNP/AuNS batches (535 nm/730 nm, respectively). The
absorbance values blanked against the BBB medium were corrected
for the sample volumes, and the absorbance ratios Abasolateral/Aapical ×
100% were calculated for each insert and averaged for the H3-AuNP
and H3-AuNS.
Neuronal Survival and Neurite Outgrowth Assays. Rat

hippocampal (E19) cultures were prepared as described in our
previous articles (refs 4, 6, 81, and 84). To evaluate neuroprotection
in the oxidative stress and 6-OHDA models, hippocampal neurons (7
DIV) or N27 cells plated in poly-L-lysine coated 8-well LabTek
Permanox slides (NUNC, Denmark or UK) were treated with
unconjugated peptides or H3/H6-based nanoformulations, challenged
with H2O2 (60 μM, hippocampal neurons) or 6-OHDA (100 μM,
N27 cells, both from Sigma), further cultured for 24 h, fixed, and
stained with Hoechst 33258 (1:1000; Invitrogen). Each slide also
included a well with untreated cells as a control. For ROS
quantification, cells were incubated with the CellROX Deep Red
Reagent (5 μM; ThermoFisher Scientific, Denmark) for 30 min, fixed,
and counterstained with Hoechst 33258. For the Aβ neurotoxicity

assay, mature hippocampal cultures (14−15 DIV) were used and
previously shown to be a reliable cell model to study AD-associated
neurodegeneration.82,83 Dried pellets of synthetic Aβ1‑42 (rPeptide,
USA) prepared as described in our previous publications27,28 were
dissolved in DMSO, vortexed, incubated at 37 °C for 24 h, and
applied (8 μM) to cultured hippocampal neurons either alone or in
combination with serially diluted peptides or nanocompounds.
Neurons were further cultured for 48 h, fixed, and stained with
Hoechst 33258. For fluorescence imaging, neurons were stained with
polyclonal rabbit anti-growth-associated-protein-43 (GAP-43; 1:1000;
Millipore, Denmark) overnight at 4 °C followed by incubation with
secondary Alexa-conjugated antibodies (Invitrogen, Denmark). Cells
were counterstained with Hoechst 33258 and images were acquired
with an epifluorescence Olympus BX61 microscope equipped with an
Olympus DP71 camera.

To evaluate neuronal survival, images of 1000−1200 cells were
recorded in systematic series of fields of view across the whole area of
a well for each group in each experiment employing a Nikon Eclipse
E800 microscope with a Nikon Plan ×20 objective (Nikon, Tokyo,
Japan) coupled to a video camera (QImaging, Surrey, Canada). For
the AD model or ROS analysis, a Zeiss Axiovert 100 microscope with
a Zeiss ×20 objective coupled to the AxioCam MRm camera (Zeiss)
was used. Images were acquired using ImagePro (Media Cybernetics,
Rockville, USA) or ZEN 2012 (Zeiss). Neuronal survival or ROS
levels were evaluated as the ratio of live (non-pyknotic) or ROS-
positive neurons, respectively, to the total number of cells using the
PlabApp software (Protein Laboratory, University of Copenhagen,
Denmark, 2002) as previously described (ref 6 and references
therein). The obtained viability levels were normalized to those in
untreated controls (CTL, set to 100%).

The neurite outgrowth assay was performed as in our previous
studies.4,6,84 Freshly isolated hippocampal neurons were plated in 8-
well LabTek Permanox slides (NUNC) at a density of 10,000 cells per
well, stimulated with serially diluted peptides or nanocompounds, and
grown for 24 h. Each slide also included a well with unstimulated cells
and a well with the unconjugated H3 or H6 peptides as controls.
Thereafter, hippocampal cultures were fixed with 4% formaldehyde
for 30 min and stained with Coomassie Blue R250 and neurite
outgrowth was evaluated using computer-assisted microscopy as
described elsewhere.4,84

Estimation of AuNP/NS Potency. For estimation of the H3/H6-
AuNP/NS potencies in the neurite outgrowth assay (Figure 6),
experimental data (neurite length vs NP/NS concentration) were
fitted to the first-order Langmuir equation using Mathematica 8.0
software (Wolfram Research, USA):

= _ +
× [ ] + [ ]

neurite length basal length efficacy

NP /(potency NP ) (2)

where efficacy (the maximal neuritogenic effect of a given nano-
compound) and potency (the median effective compound concen-
tration) are the estimated parameters, basal_length is the basal length
of neurites in the absence of stimulation (corresponding to [NP/NS]
= 0, Figure 6), and [NP] is the nanocompound concentration ([NP/
NS], Figure 6).

To estimate the H3-AuNP/NS potency in the H2O2-induced
neurototoxicity assay (Figure 7B), a similar first-order Langmuir
equation was used:

= _ +
× [ ] + [ ]

survival rate basal survival efficacy

NP /(potency NP ) (3)

where efficacy (the maximal prosurvival effect of a given nano-
compound) and potency are the estimated parameters, basal_survival
is the basal survival of the H2O2-treated neurons in the absence of
nanocompounds (corresponding to [NP/NS] = 0, Figure 7B), and
the rest of the parameters are defined as in eq 2.
Evaluation of Nanocompound Toxicity In Vivo. Animal

experiments were conducted in accordance with the guidelines of the
Danish Animal Experimentation Inspectorate (license number: 2021-
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15-0201-01036) and approved by the local institutional animal care
unit. Male c57/Bl6j mice (Janvier, Denmark, 24−25 g at arrival) were
housed under standard climate-controlled housing conditions with a
12 h light cycle and free access to water and chow. After 1 week of
acclimatization, mice were injected with probe-sonicated samples of
H3/H6 spheres (i.p., 5 mg/kg) or a vehicle saline. Animals were
euthanized 24 h post-injection, and blood was collected via cardiac
puncture immediately after euthanasia. Blood plasma for biochemistry
was obtained by a heparinized blood vacutainer (BD Diagnostics,
Oxford, UK), centrifuged (2500g, 4 °C for 10 min), and analyzed
using the ADVIA 1800 Chemistry System (Siemens Healthcare,
Ballerup, Denmark) for standard markers of liver (ALT, AST, ALP)
and kidney (BUN) damage.
Statistics. Statistic analysis was performed using Origin 8 software

(OriginLab) and GraphPad Prism 6 (GraphPad software, Inc., La
Jolla, CA, USA) by two-tailed t test, one-way ANOVA or two-way
ANOVA with Tukey’s, and Dunnett or Sidak post-tests to identify
statistically significant groups. Unless indicated otherwise, results are
expressed as means ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001.
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PD, Parkinson’s disease
PEG, polyethyleneglycol
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