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A B S T R A C T   

The presence of the blood–brain barrier (BBB) limit gold nanoparticles (GNP) accumulation in central nervous 
system (CNS) after intravenous (IV) administration. The intranasal (IN) route has been suggested as a good 
strategy for circumventing the BBB. In this report, we used gold nanoprisms (78 nm) and nanospheres (47 nm), of 
comparable surface areas (8000 vs 7235 nm2) functionalized with a polyethylene glycol (PEG) and D1 peptide 
(GNPr-D1 and GNS-D1, respectively) to evaluate their delivery to the CNS after IN administration. Cell viability 
assay showed that GNPr-D1 and GNS-D1 were not cytotoxic at concentrations ranged between 0.05 and 0.5 nM. 
IN administration of GNPr-D1 and GNS-D1 demonstrated a significant difference between the two types of GNP, 
in which the latter reached the CNS in higher levels. Pharmacokinetic study showed that the peak brain level of 
gold was 0.75 h after IN administration of GNS-D1. After IN and IV administrations of GNS-D1, gold concen
trations found in brain were 55 times higher via the IN route compared to IV administration. Data revealed that 
the IN route is more effective for targeting gold to the brain than IV administration. Finally, no significant 
difference was observed between the IN and IV routes in the distribution of GNS-D1 in the various brain areas.   

1. Introduction 

Gold nanoparticles (GNP) have been extensively studied for 
biomedical applications due to their interesting physical and chemical 
properties (Bergen et al., 2006; El-Sayed et al., 2005; Karhanek et al., 
2005; Kohler et al., 2005). They possess a high surface area that allows 
adherence of various organic substances, such as drugs, peptides, and 
polymers. This adherence has a role in increasing the solubilization of 
active agents following an improvement in their pharmacokinetic pa
rameters (Ghosh et al., 2008). GNP, like other types of nano-carriers, 
have a potential to specifically accumulate in tumor tissue by an 

enhanced permeation and retention effect (Iyer et al., 2006). However, 
the unique property of GNP is their ability to develop a distinct optical 
property known as ‘localized surface plasmon resonance’ (LSPR), which 
is caused when the surface electrons interact with electromagnetic 
waves. This interaction leads to a huge absorption and dissipation of 
local energy, which can be utilized for the destruction of tumor cells and 
toxic protein aggregates involved in certain pathologies. The LSPR- 
derived wavelength depends on the size, shape and dielectric environ
ment of the nanoparticles (Jain et al., 2008). The LSPR band of gold 
nanospheres (GNS) shifts to a higher wavelength if the diameter in
creases, and it is commonly ranged between 515 and 560 nm (El-Sayed 
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et al., 2005). The LSPR bands in anisotropic GNP, such as gold nanorods 
(GNR) or gold nanoprisms (GNPr), are largely affected by their aspect 
ratio and symmetry (Millstone et al., 2005). GNPr, in particular, show 
two main plasmons; one at 530 nm and the other is located in the near 
infrared region (NIR), which is the most favorable scenario for 
biomedical applications since biological tissues are “transparent” to 
these wavelengths (Weissleder, 2001). 

In previous reports, our group has shown that GNP can be a potential 
therapy for Alzheimer’s disease (AD) by disaggregation of β-amyloid 
(Aβ) protein aggregates and reduction of their toxicity. GNS and GNR 
conjugated with CLPFFD peptide, which selectively recognizes Aβ 
(Hetenyi et al., 2002; Soto et al., 1998), can destroy Aβ’s toxic aggre
gates through the local release of heat produced by GNP when they are 
irradiated with lasers and microwaves (Adura et al., 2013; Kogan et al., 
2006). A family of D-peptides, which specifically binds to Aβ1-42 (Liu 
et al., 2010), has been reported to be resistant to metabolic degradation, 
less sensitive to proteases, and less or even not immunogenic in com
parison to L-series peptides (Findeis et al., 1999). The peptide named as 
“D1” (peptide sequence: qshyrhispaqv) has shown to have ten thousand- 
fold higher affinity to Aβ than CLPFFD peptide. 

Previous studies, which dealt with drug therapy for AD, were mainly 
based on systemic administrations, such as intravenous (IV) injection, 
showing a limited success due to the difficulties of crossing the 
blood–brain barrier (BBB). The BBB is both a defensive and highly se
lective barrier which isolates the central nervous system (CNS), gener
ating a stable environment for neuronal function. Therefore, 98% of 
small molecules and 100% of large molecules (molecular weight > 1 kD) 
are not capable of crossing the BBB and reaching the CNS (Pardridge, 
2007). While many studies have demonstrated a transport of metal 
nanoparticles through the BBB after systemic administration, the 
portion of the injected dose that reaches the brain was relatively low 
compared with other organs, such as the liver and the spleen (Frigell 
et al., 2014; Guerrero et al., 2010; Guerrero et al., 2012; Prades et al., 
2012; Schaffler et al., 2014; Shilo et al., 2014). The low BBB transport of 
metal nanoparticles has also been explained by interaction of plasma 
proteins with the metallic surface of the nanoparticles while distributed 
in the body, forming the so-called ‘protein corona’ (Arvizo et al., 2012; 
Dell’Orco et al., 2010; Lundqvist et al., 2008; Monopoli et al., 2011; 
Tenzer et al., 2011). The protein corona is easily recognized by macro
phages, which capture the nanoparticles and contribute to the loss of a 
major portion after their injection, thus reducing their chance to quan
titatively penetrate into the CNS. Due to this drawback, it is essential to 
explore alternative routes of administration of GNP to target the CNS. 

One solution of bypassing the systemic organs and circumventing the 
BBB is the use of the intranasal (IN) route of administration, which has 
long been considered as an open gate for direct transport of drugs, 
biomarkers, and contrast agents to the brain (Dhuria et al., 2010; Illum, 
2000, 2002, 2003, 2004). It has already been established that the IN 
route for systemic administration of many drugs has an advantage over 
the oral administration, due to the avoidance of the entero-hepatic 
metabolism and the relatively shorter onset time. The direct transport 
for drug from nasal cavity to the brain occurs mainly by two pathways; 
through the trigeminal nerve located in the respiratory region or via the 
olfactory region and subsequent transport into the olfactory bulbs and 
then to the brain (Gao, 2016). However, IN trafficking of GNP into the 
brain (so called ‘nose-to-brain’ drug delivery) has not been thoroughly 
explored yet, and only a few studies have been published thus far and are 
not focused in the effect of the shape on the delivery of particles to the 
CNS (Betzer et al., 2017; Hutter et al., 2010; Salem et al., 2019; Ye et al., 
2018). Assuming IN delivery of GNP to the brain is effective, it would 
also be interesting to comprehend whether the GNP morphology is 
essential in its translocation from the nasal cavity to the CNS, as modi
fications of the physicochemical properties are known to affect the 
biological fate of the nanosystems (Alalaiwe, 2019; Chithrani and Chan, 
2007; Chithrani et al., 2006; Hutter et al., 2010). 

Our present report shows for the first time that GNS and GNPr 

functionalized with D1 peptide can be significantly delivered to the CNS 
after IN administration. Coupling of D1 peptide through formation of an 
amide bond, was made possible by functionalization of GNS and GNPr 
with a polyethylene glycol derivative HS-PEG-COOH (PEG). We also 
described an enrichment protocol for GNPr-PEG, designated to exclude 
the gold nanospheres population produced during the synthesis. The 
enrichment was evidenced by dynamic light scattering (DLS), spectro
photometry and transmission electron microscopy (TEM). The stability 
of both GNPr-D1 and GNS-D1 was assayed, and their influence on cell 
viability was studied in a microglial cell line. The newly developed GNP 
were intranasally administered to grown rats, and the quantities of gold 
penetrated into the brain, the olfactory bulb, and plasma were analyzed 
and compared. Our results showed that the brain uptake after IN 
administration of GNS-D1 was larger than after GNPr-D1. Finally, using 
only GNS-D1, we performed pharmacokinetic studies of GNP after IN 
and IV administration, and compared gold accumulation in brain and in 
various body organs (Fig. 1). 

2. Materials and methods 

2.1. Materials 

Gold (III) chloride hydrate, 1-ethyl-3-(3-dimethylaminopropyl)car
bodiimide (EDC), and N-hydroxysuccinimide (NHS) were purchased 
from Sigma-Aldrich (Deisenhofen, Germany). HS-PEG-COOH MW 5KDa 
was purchased from JenKem Technology (Texas, USA). Isoflurane, USP 
100% was obtained from Piramal critical Care, Inc. (Bethlehem, PA). 
Ketamine solution for injection was obtained from Bremer pharma 
GMBH (Warburg, Germany), and Xylazine (as hydrochloride) 20 mg/mL 
solution was obtained from Eurovet Animal Health B.V. (Bladel, 
Netherlands). 

2.2. Gnpr synthesis and functionalization with PEG 

GNPr were prepared by Na2S2O3 reduction of HAuCl4 by modifying 

Fig. 1. Report summary. (a) Gold nanospheres and nanoprisms functionalized 
both HS-PEG-COOH and D1 peptide (GNS-D1 and GNPr-D1, respectively) were 
physiochemically characterized. (b) Evaluation of cell proliferation in BV-2 
microglial cells at different concentrations of GNS-D1 and GNPr-D1. (c) GNS- 
D1 and GNPr-D1 were administered by the IN route to compare the amounts 
of gold found in brain, olfactory bulbs, and plasma. (d) Larger amount of gold 
was found in brain when GNS-D1 were administered, therefore, a pharmaco
kinetic study was performed with this nanosystem. Results showed that the 
brain peak level was reached after 45 min. Finally, a comparison between IN 
and IV administrations were carried out to determine the accumulation and 
distribution of gold in brain and body organs. 
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the protocol described previously (Pelaz et al., 2012). Briefly, a freshly 
prepared 0.7 mM Na2S2O3 solution was added to an aqueous solution of 
HAuCl4 (2 mM). The mixed solution was allowed to react for 9 min then 
a new volume of Na2S2O3 solution was added. The reaction was 
completed after 30 min, and the final dispersion was characterized. 
GNPr were functionalized with PEG (5KDa) (Morales-Zavala et al., 
2017; Pelaz et al., 2012; Velasco-Aguirre et al., 2017). To achieve the 
chemisorption of the thiol group onto the gold nanoparticle surface, 15 
µL of 0.1 mg PEG solution was added into a vial with GNPr dispersion (1 
OD, pH 12) under mild stirring. The mixture was allowed to react for 3 h, 
and then the vial was sonicated for 5 min. In order to eliminate an excess 
of PEG molecules, the solution was centrifuged at 5,900g for 20 min. The 
supernatant was discarded, and the pellet was resuspended in Milli-Q 
water. 

2.3. GNPr’s purification by centrifugation 

Once GNPr were functionalized with PEG (GNPr-PEG), the samples 
were further purified in order to remove the gold nanospheres which 
had been conjointly formed during the synthesis. To achieve this goal, a 
centrifugation protocol was carried out (Pelaz García, 2012). GNPr-PEG 
dispersion denoted as “P1” was centrifuged for 20 min at 3300g, the 
supernatant was discarded, and the pellet was resuspended in Milli-Q 
water (“P2”). Then, “P2” was centrifuged for 20 min at 1500g, the su
pernatant was discarded, and the pellet was resuspended (now is “P3”). 
The same process was repeated to obtain “P4” (400g, 20 min), “P5” 
(3300g, 20 min), and “P6” (3300g, 20 min). All centrifugations were 
performed at room temperature and the samples were always sonicated 
before being centrifuged. Characterization of GNPr-PEG (“P6”), which 
was carried out by Vis-NIR spectrophotometry and TEM, has confirmed 
that the purification process had been completed. 

2.4. Second functionalization with PEG on GNPr-PEG (P6) 

GNPr-PEG (“P6”) sample was re-functionalized with HS-PEG-COOH 
to ensure accumulation of a high number of PEG molecules on the GNPr 
surface. An aliquot of 150 µL of 0.2 mg PEG solution was added to 1 OD 
solution of “P6” (pH 12). The functionalization was carried out over
night under mild stirring at room temperature. Afterwards, the sample 
was sonicated and centrifuged at 3,300g for 20 min. The supernatant 
was discarded, and the pellet was resuspended in Milli-Q water (GNPr- 
PEGx2). 

2.5. GNS synthesis and functionalization with PEG 

Citrate-coated gold nanospheres (48 nm) were prepared by citrate 
reduction of HAuCl4, according to the Turkevich method (Turkevich, 
1985). An aqueous solution of HAuCl4 (0.01% w/v) was heated to 
boiling, then a warm (50–60 ◦C) aqueous solution of sodium citrate (1% 
w/v) was quickly added. The reaction took place 15 min under magnetic 
stirring until a deep purple solution was obtained. The dispersion was 
cooled down to room temperature, and then characterized. To modify 
the surface with PEG, 1 OD-GNS dispersion was allowed to react with 
300 µL of PEG (5 mg/mL) solution, under mild stirring, for 1.5 h. Then 
the mixture was sonicated for 5 min and centrifuged for 20 min at 
5,900g. The supernatant was discarded, and the pellet was resuspended 
in Milli-Q water. 

2.6. Conjugation of GNPr-PEGx2 and GNS-PEG with D1 peptide 

By a reaction of the gold nanoparticles with EDC/NHS, amide bonds 
were generated between the carboxylate groups of PEG and the amine 
groups of D1 peptide (Morales-Zavala et al., 2017; Velasco-Aguirre 
et al., 2017). D1 peptide was synthesized and obtained as previously 
described (Morales-Zavala et al., 2017). GNPr-PEGx2 and GNS-PEG 
were first centrifuged for 20 min (3300g and 5900g, respectively) and 

the pellets obtained were resuspended in 400 µL of Milli-Q water. Then, 
an aliquot of 100 µL of EDC/NHS was added to activate the carboxylic 
groups. The amounts of EDC/NHS for GNPr-PEGx2 and GNS-PEG were 
0.9/1.35 mg and 1/2.5 mg, respectively. Both samples were allowed to 
react for 15 min under orbital agitation. The samples were sonicated and 
centrifuged for 20 min at 3300g (GNPr) and 5900g (GNS) to remove the 
excess of EDC/NHS molecules. The pellets were resuspended in 700 µL 
of PBS, and then 100 µL of D1 solution (3 mg/mL) were added to the 
activated GNPr and GNS. The samples were sonicated for 5 min and then 
incubated overnight at room temperature under orbital agitation. 
Finally, GNPr-D1 and GNS-D1 were re-centrifuged, pellets were resus
pended in Milli-Q water and stored at 4 ◦C. 

2.7. UV–Visible-NIR spectrophotometry 

Absorption spectra were recorded at room temperature in Milli-Q 
water using a Perkin Elmer Lambda 25 spectrophotometer. Each spec
trum was used to determine and observe the characteristic plasmon 
bands of naked GNPr and GNS, and their respective functionalized 
forms. 

2.8. Dynamic light scattering (DLS) 

Hydrodynamic diameter and colloidal stability of all samples were 
measured using a Malvern ZetaSizer 3000 (Malvern Instruments, UK). 
An aliquot of each sample was placed in a disposable polycarbonate 
capillary cell (DTS 1061) and measures were conducted at a wavelength 
of 633 nm, fixed scattering angle of 173◦, and under precise temperature 
control (25 ◦C). 

2.9. Nanoparticle tracking analysis (NTA) 

Measurements were performed using a NanoSight NS300 instrument 
(Malvern Instruments Ltd, Worcestershire, UK), equipped with a 405 nm 
laser module and 450 nm long-pass filter, and a camera operating at 25 
frames per second, capturing a video file of the particles moving under 
Brownian motion. The software for capturing and analyzing the data 
(NTA 2.3) calculated the hydrodynamic diameters of the particles by 
using the Stokes–Einstein equation. In addition to size measurements, 
the instrument also measures the concentration of the particles in the 
sample (see below). 

2.10. Zeta potential (Z.P.) 

Z.P. measurements were carried out in a ZetaSizer 3000 (Malvern 
Instruments, UK) at 25 ◦C. As samples were in aqueous media, Smo
luchowski approximation was used to calculate Z.P. values. 

2.11. Transmission electron microscopy (TEM) 

The size and morphology of gold nanoparticles were determined by 
electron microscopy using a FEI Tecnai G2 TWIN transmission micro
scope, operating at 120 kV. The grids were prepared by dropping a GNPr 
or GNS dispersion onto a Formvar carbon-coated copper microgrids and 
drying them after 5 min. The samples were stained with phospho
tungstic acid 1% in order to observe the organic material over the 
surface. 

2.12. Determination of gold nanoparticle concentrations 

To determine the number of nanoparticles per milliliter, NTA was 
performed with a NanoSight NS300 (Malvern Instruments, UK), and 
NanoSight software version NTA 3.2 was used for data accumulation 
and analysis. NTA is a fast approach that can be used for quantitative 
measurements. A linear relationship was established between the 
nanoparticle concentrations and the absorbance values of plasmon 
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bands. Five samples of GNPr-D1 or GNS-D1 with different absorbance 
values, ranging between 0.1 and 1.0, were diluted and measured. Data 
were recorded using a camera level of 15, 50-second video clips, and a 
detection threshold of 3. A red laser (642 nm) was used for GNPr-D1 and 
GNS-D1 measurements. All measurements were carried out in Milli-Q 
water at a temperature of 25 ◦C. 

2.13. Number of D1 peptide molecules per nanoparticle 

Amino acid analysis was used to estimate the number of D1 peptide 
molecules in samples of known GNPr or GNS concentrations (Morales- 
Zavala et al., 2017; Velasco-Aguirre et al., 2017). The concentration was 
determined by nanoparticle-tracking analysis (NanoSight, see above). 
Samples were concentrated by centrifugation (5900g × 20 min) to 
obtain 40 µL dispersions. α-Aminobutyric acid (AABA) solution (2.5 
mM, 12 µL) of was added as an internal standard. Samples were hy
drolyzed for 72 h in 6 N HCl, evaporated and resuspended in 20 mM HCl 
to a final volume of 200 µL. For each stock, 20 µL were taken and mixed 
with 60 µL of borate buffer. 

The amino acids in the hydrolysate were derivatized by adding 20 µL 
of 6-aminoquinolyl-n-hydroxysuccinimide-activated heterocyclic 
carbamate (Waters AccQ⋅Fluor™ Reagent), and allowed to react for 1 
min at room temperature followed by 10 min at 55 ◦C. Samples were 
injected in a HPLC-PDA instrument with a AccQ-Tag column (C18; 4 µm; 
3,9 × 15 mm). Peaks obtained were compared with amino acid stan
dards (Waters Pico-Tag), and the concentration of the peptide was 
determined. 

The number of peptide molecules/mL were divided by the number of 
gold nanoparticles/mL in order to obtain the number of peptide mole
cules per nanoparticle: 

N =
Peptide(μM)

NP(nM)
× 1000   

N: number of D1 peptide molecules per nanoparticle 
Peptide: Concentration of D1 peptide (µM) determined by the amino 
acid analysis. 
NP: Concentration of nanoparticles (nM; GNPr or GNS) determined 
by NanoSight. 

2.14. Raman spectroscopy 

All the Raman spectra of samples containing D1 peptide, GNPr-D1 
and GNS-D1, were registered with a Renishaw InVia Raman spectrom
eter. The micro-spectrometer was equipped with the 785 nm laser line, 
electrically cooled CCD detector and coupled to a Leica microscope 
DMDL. The Raman signal was internally calibrated to the 520 cm− 1 line 
of silicon. The spectral range was set between 200 and 2000 cm− 1 and 
the number of acquisitions was 1 at 10 s of integration time. The laser 
power was 0.2 mW (less than 1%) in order to avoid any photodecom
position. The samples were deposited on a thin sheet of gold to remove 
the intrinsic fluorescence. This surface was prepared by depositing Au 
film in Argon plasma on a glass substrate by the sputtering method. The 
Raman spectra of D1 was registered in the solid state, while the SERS 
spectra of the GNPr-D1 and GNS-D1 were obtained after evaporating the 
solvent without any light exposition. 

2.15. Stability assays 

To determine the colloidal stability of GNPr-D1 and GNS-D1, 
different assays were carried out. All samples were characterized by 
UV–Visible-NIR spectrophotometry, DLS, and Z.P.. Each condition was 
evaluated in independent experiments and in triplicate. GNPr-D1 and 
GNS-D1 dispersions in Milli-Q water were stored at 4 ◦C for a period of 
28 days. Their physicochemical parameters were evaluated on day 1, 7, 
14, and 28. The stability of GNPr-D1 and GNS-D1 were also determined 

when samples were resuspended in Milli-Q water, PBS, or a culture 
medium (RPMI-1640, Biological Industries, Beit HaEmek, Israel) for a 
period of 24 h at 37 ◦C. Physicochemical properties were determined at 
time zero (T0) and after 24 h (T24). Before measurements, diluted 
samples in Milli-Q water, PBS, and RPMI were centrifuged and resus
pended in Milli-Q water for characterization. 

2.16. Cell viability 

To determine the effect of GNPr-D1 and GNS-D1 on cell viability, the 
tetrazolium salt reduction assay (XTT) was performed. This assay es
tablishes a linear relationship between the number of viable cells and 
absorbance. BV-2 microglial cells were seeded on 96-well plates at a cell 
density of 20,000 cells/well. BV-2 cells were seeded using RPMI-1640, 
FBS 10%, and L-glutamine. Then, the cells were treated with 
increasing concentrations of GNPr-D1 and GNS-D1. After 24 h of incu
bation, cell viability was measured (in triplicate) in three independent 
experiments using the tetrazolium salt reduction assay according to 
manufacturer’s protocol. XTT tetrazolium salts were mixed with an 
electron coupling reagent (phenazine methosulfate; PMS). The mixture 
was added to the cells from 1 to 4 h at 37 ◦C. The absorbance at 455 nm 
was monitored on a Multiscan reader with a reference wavelength of 
660 nm. 

2.17. In vivo experiments 

2.17.1. Animals 
All animal treatments and experiments were performed in accor

dance with protocols reviewed and approved by the Institutional & Use 
Committee, Ben- Gurion University of the Negev, which complies with 
the Israeli Law of Human Care and Use of Laboratory Animals. Sprague- 
Dawley rats (male, 350–400 g body weight, Envigo RMS, Ein Karem, 
Jerusalem) were used in this study. All animals were housed in poly
carbonate cages and maintained on a 12/12 h light/dark cycle under 
controlled conditions of temperature and humidity. The rats had free 
access to food and water. 

2.17.2. IN administration of GNPr-D1 and GNS-D1 
Animals were randomly divided into two groups of three animals 

each for GNPr-D1 and GNS-D1. The dose administered to each animal 
was 4.5x1011 nanoparticles/Kg of body weight. The administered vol
ume was 75 µL/Kg of body weight (37.5 µL per nostril/Kg body weight). 
The animals were sedated with isoflurane inhalation just before 
administration. After 30 min from administration, the animals were 
deeply anesthetized with ketamine (80 mg/Kg, i.p.) and xylazine (10 
mg/Kg, i.p.). Then, 0.5 mL of blood was taken from the right atrium and 
transcardial perfusion was carried out with PBS to eliminate residual 
blood from body organ. Brain and olfactory bulb were then removed, 
washed with PBS, frozen at − 80 ◦C, lyophilized overnight, and weighed. 

2.17.3. Pharmacokinetic study of GNS-D1 
Fifteen animals were randomly divided into five groups of three rats 

each. The administered dose used in this experiment was the same as 
described above (4.5x1011 nanoparticles/Kg; 37.5 µL volume per nos
tril/Kg). The rats were sacrificed at 0.75, 2, 4, 8, and 24 h after 
administration following the same procedure described previously. A 
volume of 0.5 mL of blood was collected from the right atrium and brain, 
olfactory bulb, and liver were removed, washed in PBS, frozen at 
− 80 ◦C, and lyophilized. Then, all dried organs were grinded, and a 
known weighted amount was analyzed (see below) to determine the 
gold content. 

2.17.4. Comparison between IN and IV administrations of GNS-D1 
Animals were randomly divided into two groups of three animals 

each for IN and IV administrations. The administered dose (nano
particles/Kg) was the same as applied in the previous experiments. Via 
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the IN route, the volume administered was 75 µL/Kg of body weight 
(37.5 µL per nostril/Kg body weight), whereas via the IV route (tail 
vein), the injected volume was 1,230 µL/Kg of body weight. The animals 
were sedated with isoflurane inhalation prior to IN or IV administration. 
After 0.75 h from administration, the animals were deeply anesthetized 
with ketamine (80 mg/Kg, i.p.) and xylazine (10 mg/Kg, i.p.). Then, 0.5 
mL of blood was taken from the right atrium and transcardial perfusion 
was carried out with PBS to eliminate residual blood from the body 
organs. Brain, olfactory bulb, liver, spleen, and lungs were then 
removed, placed and washed with PBS, frozen at − 80 ◦C, and lyophi
lized until they were completely dry. 

2.17.5. Gold quantification in body tissues 
i) Induced coupled plasma mass spectroscopy (ICP-MS 7500cx, 

Agilent Technologies, The Hebrew University of Jerusalem, Jerusalem, 
Israel) was used to determine the amount of gold in each sample. Freeze- 
dried organs were melted and digested with H2SO4 (96%), HNO3 (70%), 
and H2O2 (30%) until a clear liquid is obtained. To disintegrate the gold 
nanoparticles, samples were digested with aqua regia (HCl:HNO3, 3:1) 
and H2O2. The solutions were then evaporated and diluted with 5 mL of 
distilled water. Gold concentrations were determined according to 
absorbance values, which were correlated with the calibration curves 
(0.1 to 10 ppb). The detection limit of the instrument was 0.01 ppb. 

ii) Only for the pharmacokinetic study, the amount of gold was 
determined by Neutron Activation Analysis (NAA) at the Comisión 
Chilena de Energía Nuclear (CCHEN), as was previously described 
(Velasco-Aguirre et al., 2017). Briefly, the samples were sealed by fric
tion welding and exposed for 17 h to a neutron flux of 0.25–1.3 × 1013 
n/cm2s with a power of 5 mW using a RECH-1 reactor at the CCHEN, 
thereby the conversion of 197Au to 198Au was triggered. After 7–12 days 
of decay, the γ-rays emitted by the samples were measured using a 
germanium detector coupled to a PC-based multichannel γ-ray spec
trometer. The γ-spectra were analyzed using the software SAMPO90 
Canberra. Gold standards were run together with the experimental 
samples to standardize a library of gold element data from which the 
amount of gold content in the unknown samples was calculated. 

2.17.6. Brain distribution of GNS-D1 
To determine the GNS-D1 distribution in brain, four animals were 

randomly divided into two groups of two rats each. One group was 
intranasally administered, whereas the other received an IV bolus in
jection. The same procedures for sedation, administration, and anes
thesia that were previously described were also applied to this 
experiment. After transcardial perfusion with PBS, the brains and ol
factory bulbs were extracted and fixed with 4% formaldehyde solution 
at 4 ◦C overnight. Then, they were washed and placed in 30% sucrose in 
PBS until the tissues sank. Brains and olfactory bulbs were embedding in 
OCT and sectioned (coronary plane) at 4 μm thickness using LEICA CM 
1950 cryostat. The tissue distribution and localization of GNS-D1 was 
carried out using the GoldEnhance™ kit for light microscopy, following 
reports that have used this particular kit (Ng et al., 2015; Talamini et al., 
2017). Under light microscopy, GNS-D1 were identified as black gran
ular pigments, which were not found in control organs (i.e., untreated 
with GNS-D1). Brain localization of each gold cluster were assigned 
using the Waxholm rat atlas as reference (Kjonigsen et al., 2015; Papp 
et al., 2014; Sergejeva et al., 2015). More than four hundred of gold 
cluster were found for each route of administration. The percentage of 
localization was calculated using the total number of clusters per route 
of administration as 100%. 

3. Results and discussions 

3.1. GNPr synthesis and functionalization 

GNPr were synthesized following a modified protocol described 
previously (Pelaz et al., 2012). The protocol was based on a two-step 

process, in both the gold (III) salt solution is reduced by reacting with 
Na2S2O3. After 9 min of the first step, a second addition of Na2S2O3 (0.7 
mM) is performed, yielding GNPr. Fig. 2 shows the GNPr spectrum, in 
which two plasmon bands are observed, one at 530 nm and other in the 
NIR at 845 nm. As described by Pelaz et al., 2012, the former plasmon 
corresponds to the plasmon associated with the nanoprism’s width and 
with the gold nanospheres (a byproduct), whereas the latter is related to 
the nanoprism’s length. GNPr size was measured by DLS, obtaining an 
average hydrodynamic diameter of 52 ± 4 nm, and an average Z.P. of 
− 44 ± 2 mV (Table 1). 

The next process, which was carried out after GNPr synthesis, was 
their functionalization with PEG (Mw 5 kDa). The process stabilized the 
colloid and enabled D1 peptide to bind on the surface through a reaction 
with –COOH groups. The thiol groups interact with the gold surface 
producing a chemisorption of PEG molecules. After 3 h of functionali
zation under mild stirring, GNPr-PEG were obtained. Table 1 shows the 
spectra obtained after the addition of PEG and PEG-D1. An increment of 
16 nm in the hydrodynamic diameter of GNPr-PEG (P1) resulted in a 
red-shift of 3 nm in the NIR-plasmon band. The shift was gradually 
grown during the purification/enrichment process (more details are 
provided in the following section 3.2). The Z.P. of P1 turned to be 
slightly less negative, with a value of − 36 ± 2 mV. 

3.2. GNPr-PEG enrichment 

Due to the high quantity of gold nanospheres, which was produced 
during the synthesis of gold nanoprisms, a purification protocol was 
carried out to reduce this byproduct. The process was adapted from 
Pelaz García, 2012 that involved six successive centrifugations in which 
the supernatant was discarded, and the pellet was re-suspended in milli- 
Q water. Every step was monitored by spectrophotometry, DLS, and 
TEM to follow up the enrichment of GNPr-PEG. It should be noted that it 
is necessary to functionalize GNPr with PEG before the enrichment 
process because the naked GNPr are unstable and tending to aggregate 
when the solvent is replaced. To follow up the enrichment process, we 
monitored each centrifugation step by Vis-NIR spectrophotometry. As 
shown in Fig. 3a, we observed a red-shift of the plasmon after each 
centrifugation step, moving from 848 (P1) to 910 nm (P6). In addition, 
we observed a decline in the intensity of Vis-band plasmon of the GNPr- 
PEG from one centrifugation step to the next. Since the Vis-band plas
mon is attributed to the GNS signal, its drop indicates how GNPr 
enrichment is progressed, evidenced by a reduced GNS in P6 compared 
to P1. As a consequence of the decay in the Vis-band at 530 nm, the 
nanoparticles changed their color from purple to gray-green in P1 and 
P6, respectively (Fig. 3b). Evidently, as the proportion of the red–purple 
colored GNS in the system was reduced, the gray-green colored GNPr 
became more dominant. In addition, a statistical analysis of the GNPr- 
PEG population was performed (Table 1), showing that the proportion 
of prisms/spheres increased from 42/58 to 79/21 for P1 to P6, respec
tively. This analysis confirmed that the decrease in the intensity of the 
Vis plasmon band was related to the percentage of GNS population in the 
system. Considering a significant enrichment of GNPr-PEG in P6, further 
functionalization was therefore carried out. 

Every step of GNPr-PEG enrichment process was also followed up by 
measurements of hydrodynamic diameters of the particles as well as 
their Z.P. (Table 1). Measurements have shown an increase in the hy
drodynamic diameter from 68 ± 7 to 89 ± 1 nm for P1 and P6, 
respectively. This tendency of increase in the mean size of the GNPr-PEG 
during the enrichment process was consistent with the Vis-NIR spectra 
and the bathochromic shift of the GNPr’s NIR-plasmon through this 
process. The Z.P. obtained for P1 and P6 showed values of − 36 ± 2 and 
− 33 ± 4 mV, respectively, and actually remained constant through the 
enrichment process from P1 to P4, then dropped to 32 and 33 mV in P5 
and P6. This negative charge on the GNPr surface of P1 or P6 was due to 
ionization of the carboxylic acid end-groups at the PEG moieties. 

TEM imaging of GNPr-PEG for each centrifugation/enrichment step 
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was created to visualize the presence of GNPr-PEG and to statistically 
analyze the size and population proportions of GNPr-PEG (Figs. S1 & 
3c–d). Interestingly, TEM images of samples P1-P6 showed an increase 
in the mean particle length of the GNPr-PEG from 51 to 70 nm of P1 and 
P6, respectively. This increase in GNPr size is associated with the shift of 

the NIR plasmon band, which means that as larger the GNPr is, the 
greater are the bathochromic and hydrodynamic changes. 

3.3. Double-PEG functionalization and D1 conjugation 

After the enrichment process, GNPr-PEG was re-functionalized for 
the second time to ensure the presence of a higher surface density of PEG 
molecules (Huang et al., 2010; Liu et al., 2015). This additional step was 
carried out since a large portion of PEG molecules had actually been 
wasted by binding onto GNS and removed during enrichment. There
fore, it was essential to attach more PEG molecules on the GNPr surface 
that would create more binding sites for D1 peptide. GNPr-PEG were 
incubated with a PEG solution and then centrifuged and resuspended in 
water (GNPr-PEGx2). Vis-NIR spectrum showed a gradual shift in the 
longitudinal plasmonic band (Fig. 2a and Table 1) from 845 (GNPr) to 
910 (GNPr-PEG), and to 915 nm (GNPr-PEGx2). DLS measurements 
showed an increase in the hydrodynamic diameter from 89 to 92 nm, 
whereas Z.P. decreased towards more negative value, from − 33 to − 41 
mV from GNPr-PEG to GNPr-PEGx2 (Table 1). The bathochromic shift, 
the increase in the hydrodynamic diameter, and the decrease in the Z.P. 
value suggest that the second functionalization process enhances the 
surface density of PEG on the GNPr. To determine the size and popu
lation of GNPr-PEGx2, TEM images were used to complete the charac
terization of this sample. According to TEM observations, the mean 
length enhances from 70 (GNPr-PEG) to 79 nm (GNPr-PEGx2) (Figs. 3d 
and 2c). The population of GNPr-PEGx2 in a dispersion remained at the 
same proportion as had been before the second functionalization 
(Table 1). 

The incorporation of D1 peptide onto the GNPr-PEGx2 surface was 
performed by a reaction with the carboxylate end-groups of the PEG. 
These end-groups and the amino groups of D1 peptide were reacted in an 

Fig. 2. Characterization of the GNPr functionalization steps from GNPr to GNPr-D1. (a) Normalized absorbance spectra of GNPr, GNPr-PEGx2, and GNPr-D1. (b), (c), 
and (d) show TEM images of GNPr after synthesis, GNPr-PEGx2, and GNPr-D1, respectively. Histograms show the size distribution and the length’s mean after each 
step of functionalization. 

Table 1 
Physicochemical characterization of GNPr, GNPr-PEG (from P1 to P6), GNPr- 
PEGx2, and GNPr-D1. Nanoprisms were characterized at each functionaliza
tion and purification step, and the values for plasmon bands, hydrodynamic 
diameter, and Z.P. were determined. Percentage of GNPr and GNS were deter
mined according to TEM images.  

Sample Plasmon 
Band (nm) 

Hydrodynamic diameter 
(nm) 

Z.P. 
(mV) 

GNPr/GNS 
ratio 

Vis NIR 

GNPr 530 845 52 ± 4 − 44 ±
2 

35/65 

P1 530 848 68 ± 7 − 36 ±
2 

42/58 

P2 530 849 70 ± 7 − 35 ±
4 

54/46 

P3 531 860 66 ± 8 − 37 ±
4 

56/44 

P4 531 876 69 ± 5 − 36 ±
5 

58/42 

P5 531 905 81 ± 8 − 32 ±
9 

70/30 

P6 531 910 89 ± 1 − 33 ±
4 

79/21 

GNPr- 
PEGx2 

531 915 92 ± 5 − 41 ±
1 

80/20 

GNPr-D1 531 920 108 ± 3 − 25 ±
2 

70/30  
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aqueous medium to form amide bonds. As a consequence of this 
conjugation, a shift in the NIR plasmonic band was observed from 915 to 
920 nm, the hydrodynamic diameter (according to DLS analysis) was 
increased from 92 to 108 nm, and the Z.P. had a notable change from 
− 41 to − 25 mV (Table 1). These data confirm that the binding reaction 
of D1 peptide on the surface of GNPr-PEG occurs since the measure
ments of Z.P. were performed at pH 5.5 while the isoelectric point of the 
peptide is 8.76. Interestingly, the size of GNPr-D1 as observed by TEM 
was 78 ± 18 nm (average length) (Fig. 2d), which was similar to the size 
of its precursor GNPr-PEGx2, implying that the new functionalization 
with D1 peptide is not observable by TEM. The reason for the discrep
ancy between TEM observation and DLS analysis is explained by the 
image obtained by TEM correspond to the gold core of the nanoparticle 
as compared to the hydrodynamic method of the DLS. Also, the GNPr-D1 
population (compared to GNPr-PEGx2 population) decreased from 80% 
to 70%, which was due to the covalent coupling with EDC/NHS causing 
to adherence of some activated GNPr onto the surface of centrifuge 
tubes. The results have clearly demonstrated that D1 peptides were 
anchored and functionalized to the PEG on the GNPr surface. 

3.4. GNS preparation and functionalization 

GNS were synthesized by using the Turkevich’s method of reducing a 
gold salt solution with sodium citrate (Turkevich, 1985). The obtained 
nanoparticles showed a plasmon band at 532 nm and had a hydrody
namic diameter of 65 ± 9 nm and a Z.P. of − 21 ± 1 mV (Table 2). Like 
GNPr, GNS were functionalized with PEG by mixing of a GNS dispersion 
with PEG solution. After centrifugation and reconstitution of the pellet, a 
GNS-PEG dispersion was obtained, showing a red shift of 1 nm in the 
plasmon band (Fig. 4a and Table 2). The hydrodynamic diameter 
increased by 27 nm and the Z.P. was turned to be more negative with a 
value of − 34 ± 1 mV (Table 2). D1-peptide molecules were function
alized as described above for GNPr-D1. A red-shift of 1 nm in the 

plasmon band was observed in GNS-D1 compared to GNS-PEG, and 2 nm 
shift compared to non-functionalized GNS (Fig. 4a and Table 2). In 
addition, the hydrodynamic diameter increased to a value of 99 ± 5 nm, 
and the Z.P. became more positive (from − 34 ± 1 to − 31 ± 2 mV, 
Table 2). TEM images were also taken to evaluate the morphology, size 
distribution, and diameter of the nanoparticles (Fig. 4). GNS exhibited a 
mean diameter of 47 ± 9 nm (Fig. 4b). Unlike naked GNS, images of 
GNS-PEG and GNS-D1 were observed with a “halo” circled around the 
spheres. Taking the “halo” layer into consideration, the mean diameter 
of GNS-PEG was 54 ± 8 nm (Fig. 4c), and GNS-D1 diameter was 57 ± 11 
nm (Fig. 4d). The mean diameter of the gold core remained constant 
after the functionalization steps. After the functionalization with PEG, 
the mean diameter (with the halo) increased by 7 nm only. According to 
DLS measurements, the length of a completely stretched-out PEG 
molecule (5 kDa) is 27 nm (Cauda et al., 2010). That means that the 
difference of 20 nm observed between the stretched-molecular length 
and the mean halo length as observed by TEM may be explained by 
folding and entanglements of PEG chains over the nanoparticle surface 
(Steinmetz and Manchester, 2009). After the binding of D1 peptide, 
nanoparticles increased in size by additional 7 nm in diameter according 
to the DLS measurement, while TEM observation revealed only an in
crease of 3 nm in diameter, which is approximately fitted with the 
peptide’s length (3.8 nm). Like the GNPr production, the 

Fig. 3. Summary of GNPr-PEG’s enrichment pro
cess. (a) Normalized absorbance spectra for GNPr- 
PEG, from P1 to P6, where a displacement of the 
plasmon band to NIR is observed as GNPr-PEG are 
centrifuged and resuspended. (b) Image for GNPr- 
PEG P1 (left) and GNPr-PEG P6 (right). Both 
samples have the same absorbance for the NIR 
plasmon. (c) and (d) TEM images from enrichment 
process for P1 and P6, respectively. Each sample 
was analyzed, and its respective size distribution 
histogram and mean length was calculated.   

Table 2 
Physicochemical characterization of GNS, GNS-PEG, and GNS-D1. The values for 
plasmon bands, hydrodynamic diameter, and Z.P. were evaluated for each 
nanosystem.  

Sample Plasmon band (nm) Hydrodynamic diameter (nm) Z.P. (mV) 

GNS 532 65 ± 9 − 21 ± 1 
GNS-PEG 533 92 ± 4 − 34 ± 1 
GNS-D1 534 99 ± 5 − 31 ± 2  
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physicochemical changes of functionalization were monitored as an 
indication for process follow-up and for verification that each step had 
been completed. When GNS were functionalized with PEG, the Z.P. 
received a significant negative value due to the contribution of the 
additional HS-PEG-COO− groups to the triple negatively charged groups 
of the citrate molecules (used for reduction of the gold salt). Since the 
number of the bound citrate molecules after GNP are formed as well as 
the number of PEG molecules after functionalization are unknown, 
thereby the large decline in the Z.P. after the addition of PEG molecules 
onto the GNS surface can be used as an important in-process informa
tion. In comparison to the functionalization of GNPr-PEGx2 to GNPr-D1, 
in which the Z.P. increased from − 41 to − 25 mV (16 mV difference), the 
observed change in Z.P. from GNS-PEG to GNS-D1 was relatively minor 
with only 3 mV increase (from − 34 to − 31 mV). Therefore, amino acid 
analysis was carried out to ascertain the conjugation of D1 peptide 
molecules to the GNS-PEG surface (see section 3.5 below). 

3.5. Disposition of D1 peptide over the surface of GNPr and GNS 

To evidence that functionalization and disposition of D1 peptide 
really occurred on the surface of GNPr and GNS, amino acid analysis and 
Raman spectrometry were performed. According to the nanoparticle 
concentration obtained by NTA and the amino acid analysis, the number 
of peptide molecules per one gold nanoparticle was determined and 
calculated, 1300 and 4800 molecules per GNPr and GNS, respectively. 
According to the mean length and width of GNPr and the diameter of 
GNS obtained by TEM, we calculated their surface areas, which were 
approximately 8000 nm2 for GNPr and 7235 nm2 for GNS. Based on 
their similar surface areas, and as the number peptide molecules de
pends on the number of PEG molecules on the surface, it seems that the 
degree of functionalization of PEG on each type of nanoparticles was 

different, i.e., higher functionalization of D1 peptide on GNS than on 
GNPr. 

To determine the disposition of the D1 over the gold surface, Raman 
spectrum was first obtained for D1 peptide (Fig. 5a–i), which exhibited 
characteristic signals at 1440, 1274, 1212, 854, 837, 725, 643, 598 and 
407 cm− 1 with a medium-strong relative intensity. Proposed bands 
assignment is detailed in Table S1 and based on published related data 
(Aliaga et al., 2011; Aliaga et al., 2010; Culka et al., 2010; Garrido et al., 
2012; Long, 2004; Vera et al., 2015; Zhu et al., 2011). According to these 
publications, the guanidino group of arginine (R) is observed at 1440 
cm− 1, while other bands of the same amino acid are observed at 1051, 
991 and 924 cm− 1 with variable intensities. Vibrations of tyrosine (Y) 
are observed at 1274, 837, and 643 cm− 1. In particular, the band at 837 
cm− 1 with a strong relative intensity is assigned to a CCN vibration of Y. 
The signal associated with serine (S) with medium relative intensity is 
observed at 1212 cm− 1. A coupling vibration of identical modes of 
tyrosine and alanine (A) is observed at 854 cm− 1; A also displays a weak 
band at 598 cm− 1 which is assigned to the carboxylate deformation 
group. Other amino acids bands belonging to glutamine (Q) and histi
dine (H) are observed in the Raman profile of D1. Characteristics bands 
of Q are located at 1677 and 1620 cm− 1 while H is inferred from the 
appearance of the band at 725 cm− 1. Finally, the band at 407 cm− 1 is 
ascribed to deformation modes involving the CN structural moiety. 

The Raman spectrum of GNS-D1 displayed just a few signals of the 
amino acids that constitute the D1 peptide (Fig. 5a-ii). In this sense, R, Y, 
H, S, and A were the amino acids identified in the spectrum, providing 
information about the sequence part of the D1 peptide that interacted 
with the gold surface. Therefore, the qshyrh sequence was the most 
representative fraction of D1 and its orientation was closer to the gold 
surface than the sectional tail composed by the spaqv sequence (Fig. 5b, 
right). Additionally, wavenumber shift of some bands suggests a new 

Fig. 4. Characterization of GNS functionalization steps from GNS to GNS-D1. (a) Normalized absorbance spectra for GNS, GNS-PEG, and GNS-D1. (b), (c), and (d) 
show TEM images for GNS, GNS-PEG, and GNS-D1, respectively. All samples were stained with 1% phosphotungstic acid. Size distribution and mean diameter were 
measured taking into consideration the “halo” around the surface. 
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conformation of D1 on the GNS surface, as in the case of Q that appeared 
at 1620 cm− 1 in the Raman spectrum of D1 and at 1604 cm− 1 in the 
Raman profile of GNS-D1. Similarly, the Raman band of D1 located at 
1440 cm− 1, which corresponds to R, underwent an important wave
number shift toward 1472 cm− 1 in the GNS-D1 spectrum. Based on the 
expression of R and Q, it is reasonable to determine that the qshyrh 
sequence has an important role in the interaction with the GNS surface. 
In contrast to the structural behavior of GNS-D1, a different Raman 
spectrum was observed in the system composed of D1 peptide linked on 
a GNPr surface (Fig. 5a-iii), in which Y, H, R, S, and A were identified in 
the profile. The presence of the characteristic bands with particular 
relative intensities of amino acids that constitute the complete sequence 
of D1 indicates that the peptide was placed plane-parallel to the GNPr 
surface (Fig. 5b, left); however, the orientation of a functional group of 
each amino acid must be perpendicular or tilted toward the surface 
according to the SERS selection rules (Moskovits, 1985). As can be seen 
from Fig. 5, the bands at 1442, 840 and 643 cm− 1 that are attributed to 
R, Y/A and Y in the Raman profile of D1, respectively, appeared at 1450, 
839 and 640 cm− 1 in the spectrum of GNPr-D1. These slight wave
number shifts in the signals of R, Y/A and Y indicates that the confor
mation adopted by D1 functionalized to GNPr was quite similar to the 
conformation of D1 without any nanostructured surface in the proxim
ities. Finally, the fluorescence background observed in the entire Raman 
profile of GNPr-D1 system indicates that the D1 peptide was more 
proximal to the gold surface of GNPr than to the GNS surface, resulting 
in fluorescence augmentation of Y and H. The fluorescence phenomenon 
occurred due to a formation of molecular space between the metal 
surface and the analyte in the presence of a capping agent, which 
enhanced the emission signal formed by the plasmonic effect of the 
nanoparticle. This plane-parallel disposition of D1 peptide over GNPr 
surface might block the active carboxyl groups during the functionali
zation process, avoiding a higher degree of conjugation and explaining 
the difference in the number of D1 peptide molecules between GNPr-D1 
and GNS-D1. In summary, except the differences found in the number of 
peptide molecules per nanoparticle and their disposition over the sur
face, the final nanosystems present similar hydrodynamic diameters, Z. 
P. values, and surface areas, which makes them comparable. 

3.6. Stability 

Prior to the bioassays, GNPr-D1 and GNS-D1 were tested for their 
stability. The plasmonic bands, hydrodynamic diameters, and the Z.P. 
values were measured during a period of 28 days. Fig. S2 shows that 
both systems were stable during the whole period of study. GNPr-D1 
showed some decline in the absorbance of the NIR plasmon band on 
day 14 and 28, but no changes were monitored in the maximum 
wavelength (920 nm). The hydrodynamic diameter and the Z.P. did not 
change significantly, starting from values of 108 nm and − 24 mV and 
ending at 109 nm and − 20 mV on day 28. Likewise, GNS-D1 showed no 
changes in the wavelength and the absorbance of their plasmonic band 
(534 nm), as well as in the Z.P. value (− 32 mV). However, the hydro
dynamic diameter slightly increased from 96 to 103 nm. The stability of 
GNPr-D1 and GNS-D1 dispersions was also evaluated in three media: 
milli-Q water, PBS, and RPMI medium at 37 ◦C during a period of 24 h. 
Fig. S3 shows that both NP systems were stable in milli-Q water after 24 
h at 37 ◦C, with no differences in their parameters, but a decline in the 
absorbance of their plasmon was observed in PBS or RPMI, and espe
cially when GNPr-D1 had been incubated in PBS. In both PBS and RPMI 
medium, the hydrodynamic diameter of GNPr-D1 and GNS-D1 remained 
constant. The Z.P. of nanoparticles incubated in PBS increased by 10 and 
15 mV for GNPr-D1 and GNS-D1, respectively, while no changes were 
observed in RPMI medium during time. As noted, the reduction in the 
NIR plasmon band absorbance without changes in the plasmon band 
wavelength was particularly observed in samples containing GNPr-D1. It 
may be explained by a tendency of GNPr to interact with the plastic 
centrifuge tubes, which might be intensified when samples are under
gone processes such as centrifugation, increasing temperature (even to 
37 ◦C), or changing the ionic strength of the medium (e.g., PBS). It is 
interesting to note that even using centrifuge tubes that are usually 
considered and claimed to be inert (e.g., Eppendorf LoBind®), a grey 
layer of GNPr was accumulated on the walls even after several minutes 
of sonication. When GNS-D1 were dispersed in PBS or RPMI, a signifi
cantly lower decrease in the plasmon absorbance was observed after 
incubation compared to GNPr-D1. 

The colloidal stability can also be influenced by the degree of func
tionalization and by the type of orientation of the bound peptides. The 

Fig. 5. Disposition of D1 peptide over the gold surface. (a) Raman spectrum of D1 peptide (i), GNS-D1 (ii) and GNPr-D1 (iii). (b) Schematic representation of the 
disposition of D1 over the surface of GNPr-D1 (left) and GNS-D1 (right). 
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steric repulsion or attraction between the molecules functionalized on 
the gold surface may result in various collisions and interaction that 
increase or decrease the stability of the nanoparticles, as previously 
described (Olmedo et al., 2008). As mentioned above, GNPr-D1 had less 
peptide molecules per nanoparticle compared to GNS-D1 (1300 vs. 
4800, section 3.5), and the orientation and proximity of the peptides on 
the nanoparticles’ surface were different. While the peptide was 
completely parallel onto the surface of GNPr, it was protruded on GNS 
surface by an interaction of only one edge of the sequence (qshyrh) with 
the gold surface. The lower disposition of the peptide on GNPr as well as 
its major proximity to the surface compared to GNS-D1 may be the 
reason why GNPr-D1 were relatively less stable under these specific 
conditions. 

3.7. Cell viability 

The evaluation of the effect of nanotechnology-based systems on cell 
viability in vitro has been an essential step in assessing cell penetrability 
and toxicity of nanoparticles. The effect of GNPr-D1 and GPS-D1 on cell 
viability were evaluated at various gold concentrations. The molar 
extinction coefficients for GNPr-D1 and GNS-D1 were determined from 
the plasmon-bands absorbance measurements and the particle concen
trations (as determined by NTA, Fig. S4). The values obtained by linear 
regression were 8.6 nM− 1cm− 1 and 10.8 nM− 1cm− 1 for gold nanoprisms 
and gold nanospheres, respectively. 

BV-2 cells have been widely used due to their suitability as an in vitro 
model of primary microglia cultures used for studying the inflammatory 
and toxic effects of drugs and dosage forms, as well as of nanoparticles 
designed for neurodegenerative disorders, such as Alzheimer and Par
kinson’s diseases (Duffy et al., 2016; Mrvová et al., 2015; Stojiljkovic 
et al., 2016; Xue et al., 2019). BV-2 cells were derived from raf/myc- 
immortalized murine neonatal microglia and are the most frequently 
used substitute for primary microglia (Henn et al., 2009; Stansley et al., 
2012). A culture of microglial cell line BV-2 was incubated 24 h with 
GNPr-D1 or GNS-D1 at concentrations ranged from 0.05 to 1 nM and 
analyzed by XTT assay for cell viability (Fig. 6). XTT assay evaluates cell 
proliferation in cell cultures via measurement of formazan dye, a 
colorimetric compound that is produced enzymatically in a living cell’s 
mitochondria (Riss et al., 2004). As presented in Fig. 6, GNPr-D1 had no 
effect on cell proliferation at this range of concentrations, while a 
gradual decline in viability was observed at elevated concentrations of 
GNS-D1. Below a concentration of 1 nM, the inhibition of the prolifer
ation was not statistically significant, and only at 1 nM the proliferation 
was significantly inhibited (p < 0.05, Kruskal-Wallis test). Similar re
sults have been published, where cytotoxic effects of different shapes of 
GNP (spheres, rods, and urchins) in a culture of microglia cell line N9 
were evaluated (Hutter et al., 2010). This report showed that GNS 
functionalized with PEG were significantly cytotoxic at concentrations 
≥ 109 NP/mL (0.017 nM approximately), whereas the gold nanorods 
and urchins were innocuous. It is well known that the shape of the 
nanoparticle (and not just its size) influences cellular penetration and 
accumulation, which may trigger the inhibition of cellular proliferation 
through different mechanisms that do not necessarily involve cellular 
death, as previously studied in BV-2 cells (Gusain et al., 2012; Mrvová 
et al., 2015). Another report that compared the cell internalization of 
spheres and rods (Chithrani and Chan, 2007) has shown that spheres 
accumulated at higher proportions compared to rods. One explanation is 
that nanoparticles with an aniosotropic shape can interact with the cell 
membrane through different axis. If this interaction occurs through the 
longitudinal axis of gold nanorods, the contact area that covers the 
membrane is larger compared to the area covered by gold nanospheres, 
and limits the cellular surface available for the internalization process. A 
similar scenario could happen when GNPr-D1 interacts with the cell 
surface through their triangular faces, limiting their cellular penetration 
compared with GNS-D1 interaction. Furthermore, the mean diameter of 
GNS-D1 was 47 nm, which is an optimal size for membranal penetration 

as previously determined (Chithrani et al., 2006). This publication [37] 
has demonstrated a higher cellular uptake of gold nanospheres with 50 
nm in diameter compared with various nanospheres at different sizes. 
Understanding of the mechanism by which nanoparticles penetrate 
across cell membrane and internalize into the cells has remained to be 
explored. 

3.8. IN administration 

3.8.1. Comparison between GNPr-D1 and GNS-D1 
The general goal of this research was to test the ability of gold 

nanoparticles to be trafficked into the brain via the ‘nose-to-brain’ route. 
Sprague-Dawley rats were grouped and administered with GNPr-D1 or 
GNS-D1 (4.5x1011 nanoparticles/kg of body weight). Brain and olfac
tory bulb were removed separately, and blood samples were taken by 
cardiac puncture. All samples were digested, and the amount of gold was 
determined by ICP-MS (Fig. 7). Fig. 7a shows that major quantities of 
gold were found in the brain after IN administration of GNS-D1. There 
was a significant difference between the amount of gold found in the 
brain after GNPr-D1 (0.54 ± 0.08 ng Au/g tissue) and GNS-D1 (3.01 ±
0.84 ng Au/g tissue) (p < 0.05). GNS-D1 also penetrated at high levels 
into the olfactory bulbs, supporting the general statement that they are 
considered as the open gate to the brain. In the olfactory bulbs, GNPr-D1 
was accumulated at a lower average concentration relative to GNS-D1, i. 
e., 12.80 ± 3.02 vs. 67.69 ± 48.95 ng Au/g tissue (Fig. 7b). Similarly, 
GNS-D1 presented a higher absorption into the systemic circulation 
reaching a mean plasma level of 1.45 ± 0.78 ng Au/mL as compared to 
GRPr-D1, which reached only 0.78 ± 0.29 ng Au/mL (Fig. 7c). 

Fig. 6. XTT viability assay on BV-2 cells. Results are expressed as % of cell 
viability (relative to medium control) after 24 h incubation with GNPr-D1 (a) or 
GNS-D1 (b) at various concentrations of gold nanoparticles. Results are pre
sented as mean ± standard deviation of 3 independent experiments (triplicate). 
**p < 0.05, One-way ANOVA, Kruskal-Wallis. 
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Nevertheless, and unlike brain levels, the differences between the levels 
found in the olfactory bulbs and plasma were not statistically significant. 

There are currently a few studies dealing with ‘nose-to-brain’ de
livery of metal nanoparticles. Most studies associated with CNS exposure 
to metal nanoparticles have been focused on the neuronal toxicity as a 
result of environmental pollution of metals rather than on neurological 
therapeutics or diagnostics (Elder et al., 2006; Liu et al., 2014; Wu et al., 
2013; Yin et al., 2015a; Yin et al., 2015b; Ze et al., 2013). The first study 
with GNP, published 50 years ago, reported that gold was detected in the 
cerebro-spinal fluid of the anterior cranial fossa after a colloidal 198Au 
was applied to the mucosa of the olfactory region in rabbits (Czer
niawska, 1970). To this date, the exact mechanism involved in the direct 
transport of nanoparticles from nose to brain is still not completely 
understood, and only two pathways that innervate the epithelium of the 
nasal cavity have been described. The two pathways are the olfactory 
nerve and the trigeminal nerve, which enter into the brain through the 

olfactory bulb and pons, respectively (Lochhead and Thorne, 2012). 
Hutter et al., 2010 studied the effect of the morphology of gold nano
particles (spheres, rods, and urchins - coated with PEG or CTAB) on the 
brain by evaluating the microglial response after IN administration. The 
transgenic mouse model was used to evaluate the transient toll-like re
ceptor 2 (TLR-2) upregulation in the olfactory bulb after IN adminis
tration. The results have shown that the morphology and the surface 
chemistry influenced the microglial activation. Although they did not 
evaluate the amount of gold that reached the CNS, in vitro experiments 
revealed that the extent of internalization for anisotropic shape, espe
cially for urchins, was greater compared to spheres, and the researchers, 
therefore, suggested that nanourchins were preferentially taken up by 
microglial cells rather than by the neurons. These previous results are 
apparently in contrast to the results presented in the present report. 
Although nanoprisms is different from nanourchins, the in vitro data 
suggested that nanospheres did internalize cells to a greater extent than 
nanoprisms. Taking this into consideration, we reasonably hypothesize 
that a similar scenario may occur when the nanosystems were intrana
sally administered, namely, GNS-D1 would penetrate cells in a higher 
ratio than GNPr-D1, facilitating their translocation from the nasal cavity 
to the CNS (brain and olfactory bulb) and to systemic circulation 
(plasma). In addition to the olfactory bulb, gold nanoparticles can be 
transported through the trigeminal nerve. A recent study evaluated the 
nose-to-brain delivery of gold nanoclusters with a hydrodynamic size of 
approximately 6 nm after administration to C57BL/6 female mice (Ye 
et al., 2018). By using a focused ultrasound radiation combined with 
microbubbles (FUSIN), they have shown that nanoclusters were present 
in trigeminal nerve and reached the CNS after IN administration and the 
delivery was enhanced by FUSIN. However, since the researchers 
measured radioactivity and fluorescence intensity instead of direct 
quantification of gold (by ICP-MS for instance), and since isolation of the 
trigeminal nerve was beyond the scope of this paper, the extent of GNS- 
D1 and GNPr-D1 delivery through the trigeminal nerve could not be 
estimated in this study, and should be further explored. 

The difference that was observed between the brain uptakes of GNS- 
D1 and GNPr-D1 after IN administration may be explained by the dif
ference in their way of interaction with cell membranes. Another 
explanation might be a difference in their absorption from the nasal 
cavity into the systemic circulation, and thereby through the BBB to 
brain (the indirect systemic route). However, although we cannot 
completely discard this process, it seems unlikely. First, no significant 
difference in gold levels were monitored in plasma after 0.5 h, and 
secondly, neither GNS-D1 nor GNPr-D1 has a recognizable transporter 
or known to have a physicochemical feature (such as hydrophobicity), 
which would facilitate their passage through the BBB. Due to the higher 
amount of gold found in the CNS after GNS-D1 administration compared 
to GNPr-D1 administration, further pharmacokinetic experiments were 
set up with GNS-D1 only. 

3.8.2. Pharmacokinetic study of GNS-D1 after IN administration 
Since bioaccumulation of GNS-D1 in the brain after IN administra

tion was the main goal of this study, it was important to determine when 
this specific nanosystem would reach a peak level in the CNS (tmax), and 
when it would be eliminated from plasma and from various body organs. 
To evaluate this, a pharmacokinetic study was carried out in rats (Fig. 8). 
The animals were sacrificed after 0.75, 2, 4, 8, and 24 h following IN 
administration of GNS-D1 (n = 3 for each time group). The perfused 
organs were lyophilized, triturated, and homogenized. Samples were 
analyzed by neutron activation to determine the amount of gold, which 
is relatively more sensitive than ICP-MS analysis. Fig. 8a-d shows the 
obtained gold levels in brain, olfactory bulb, plasma, and liver versus 
time for a period of 24 h. The highest concentrations of gold were found 
at 0.75 h in the brain, olfactory bulb, and plasma after IN administra
tion. These concentrations were significantly higher than those pre
sented in Fig. 7, which were determined after 0.5 h from GNS-D1 
administration, so they are considered as peak levels (Cmax), although 

Fig. 7. Gold quantification at 0.5 h after IN administration of GNPr-D1 or GNS- 
D1. Gold was found in brain (a), olfactory bulbs (b), and plasma (c). The 
amount of gold found in brain after use GNPr-D1 or GNS-D1 was significantly 
different. * = p < 0.05, Student’s T-test, n = 3. Results are represented as mean 
± SEM. 
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the precise peak might be between the range of 30–45 min. During this 
15 min interval, the gold level in the brain increased 35-fold to 106 ± 19 
ng Au/g tissue, whereas in the olfactory bulb and plasma it increased by 
3- and 15-fold (175 ± 55 ng Au/g tissue and 21 ± 4 ng Au/mL), 
respectively. From 0.75 h to 2 h after administration, a fast elimination 
phase was noted in brain, olfactory bulb and plasma. The gold elimi
nation in the brain was followed by an additional lower uptake rate of 
gold that remained constant up to 24 h. Unlike the small elevation of 
gold in the brain, a second peak was observed 8 h after the adminis
tration in both olfactory bulb and plasma, which was declined to a 
relatively low levels at 24 h. In the liver, however, gold levels were 
slowly elevated during 8 h and then a faster accumulation of the gold 
was observed from 8 h to 24 h, a 100-fold increase that reached a value 
of 450 ± 370 ng Au/g of tissue. 

The data indicates that the translocation of nanoparticles to the brain 
after IN administration occurred in two peaks - the first one is charac
terized by a great “burden” of GNS-D1 reaching the brain during a short 
period of time (45 min), followed by a slow nanoparticle absorption 
resulting in low uptake levels of gold. This interesting phenomenon may 
be explained by: (1) two possible mechanisms having different CNS 
penetrability or existence of two different anatomical routes for ‘nose-to- 
brain’ delivery of gold nanoparticles (one faster than the other), and (2) 
direct delivery of nose-to-brain delivery followed by an indirect systemic 
transport of gold nanoparticles via the BBB into brain tissue. An asso
ciated example for the second explanation can be the IN administration 
of sumatriptan, which exhibited a two-peak pharmacokinetic behavior 
of systemic absorption (Djupesland et al., 2013). Sumatriptan is a se
lective agonist acting on vascular 5-hydroxytryptamine (5-HT1B/1D) 
receptors, used for treatment of migraine attacks. It has been found that 
a more pronounced early peak represents direct nasal absorption, and a 
reduced late peak represents predominantly an indirect gastrointestinal 
(GI) absorption. 

3.8.3. Comparison between IN and IV administration of GNS-D1 
The measure of absorption of IN gold nanoparticles into the systemic 

circulation and from the blood into the brain through the BBB (the in
direct route), can be estimated by IV bolus administration. Both IN and 
IV routes were compared at 0.75 h, which has considered to be the peak 
brain level after the nasal application (Fig. 9). The brain, plasma and 
other organs (olfactory bulb, liver, spleen, lungs) were analyzed for gold 
exposure. The levels of gold found in the brain, olfactory bulb, and 
plasma were significantly greater after IN administration compared to IV 
administration. A concentration of 106 ± 19 ng Au/g tissue were found 
in the brain after IN administration while only 1.9 ± 0.9 ng Au/g tissue 
were found after IV injection (p < 0.01). Similarly, 175 ± 55 ng Au/g 
tissue were analyzed in the olfactory bulbs after 45 min following IN 
administration compared to only 7 ± 5 ng Au/g tissue after IV injection 
(p < 0.05). The elimination rate of the gold nanoparticles in the plasma 
was indicated by a significant elevation of gold in the liver after IV 
administration, i.e., 2500 ± 950 ng Au/g tissue, whereas only 1.7 ± 0.6 
ng Au/g tissue were detected in the liver after nasal administration. 
Similar difference in gold levels were found in the spleen, i.e., 2300 ±
770 ng Au/g tissue (IV) and 2.2 ± 0.7 ng Au/g tissue (IN). Very small 
amounts of gold reached the lungs after both administrations, where the 
difference between them was 30 ± 16 ng Au/g tissue (IV) and 0.9 ± 0.4 
ng Au/g tissue (IN) (Fig. 9). The gold levels in the plasma after IN 
administration were significantly higher than those obtained after IV 
administration, i.e., 21 ± 5 ng Au/mL (IN) and 0.7 ± 0.4 ng Au/mL (IV) 
(p < 0.05), indicating that gold nanoparticles were cleared from the 
brain and the nasal cavity into the blood. Since the elimination from 
these depot sites has occurred in a timed-release manner, it can explain 
the lower levels of gold found in the liver after IN administration in 
comparison to the IV bolus. The higher levels observed in brain by the IN 
route could be explained mainly by two phenomena: bypassing the BBB 
allows a direct transport of GNS-D1 from the nasal cavity to the brain, 
and reduced systemic exposure that avoid the retention by liver and 
spleen, which consequently reduce the bioavailability of GNS-D1. It 
should be pointed out that the percentage of the administered dose of 
gold in brain was 0.05% (IN) compared to 0.001% (IV) (see Fig. S5), 
which is similar to previous reports (Guerrero et al., 2010; Velasco- 

Fig. 8. Pharmacokinetic profiles of gold after IN administration of GNS-D1. Gold levels were determined in brain (a), olfactory bulbs (b), plasma (c) and liver (d) at 
0.75, 2, 4, 8, and 24 h after IN administration of GNS-D1. Results are represented as mean ± SEM. 
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Aguirre et al., 2017). However, the percentages of the dose in the liver 
and the spleen were extremely lower compared to these reports, 80% vs 
0.01% and 15% vs 0.001%, respectively. It was also notable that the 
maximal level of gold found in liver after 24 h was only 2%, (Fig. 8d). 
These results clearly show that by using the IN route rather than the IV 
route, a fast and significant delivery of gold nanoparticles to the CNS is 
obtained while avoiding systemic exposure and possible adverse effects. 

3.8.4. Brain distribution of GNS-D1 after IN and IV administration 
The difference in the total uptake of gold in the brain between IN and 

IV administrations is interesting by itself but it does not provide an in
formation as to the way gold is distributed relative to the route of its 
delivery. It had been obviously hypothesized that the IN route would 
result in a concentration gradient from the olfactory region along the 
cerebellum, while more uniform distribution would be observed after IV 
administration. To determine the distribution of GNS-D1 in brain and 
olfactory bulb, rats were administered intranasally and intravenously 
with the same dose of GNS-D1, and the brain was extracted after 0.75 h, 
sectioned (coronary plane) and analyzed for gold by visibility 

enhancement as described in the experimental section. Fig. 10 shows the 
localization of GNS-D1 in different brain cuts, from the olfactory bulb to 
the cerebellum (a detailed list of data can be found in Table S2). The 
results show that there was generally not much difference in bio
distribution of gold between the IN and IV routes, except the olfactory 
bulbs. These distribution results are apparently in contrast to the 
quantitative results, a phenomenon that has also been reported (Tala
mini et al., 2017). The difference between the qualitative and the 
quantitative methods may be explained by fast accumulation and crea
tion of gold clusters inside the parenchyma cells after IN administration, 
while IV injected GNS (already covered by protein corona) cannot create 
clusters and distribute between the cells, thus developing more intense 
staining. 

Finally, we calculated the percentage of gold loci for each region. It 
was revealed that a greater percentage of GNS-D1 was observed in the 
basal forebrain, thalamus, and cerebellum after IV injection rather than 
after IN administration, whereas a major percentage of the nanoparticles 
after IN administration was observed in the periaqueductal gray, peri
rhinal and entorhinal cortex, olfactory bulb, and hippocampus region. 

Fig. 9. Gold quantification 0.75 h after IN or IV administration of GNS-D1. Gold accumulations were analyzed in brain (a), olfactory bulbs (b), plasma (c), liver (d), 
spleen (e), and lungs (f). For brain ** = p < 0.01, and for the rest of organs * = p < 0.05, Student’s T-test, n = 3. Results are represented as mean ± SEM. 
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Neocortex region showed the highest percentage of gold after either IN 
or IV administration, with values of 28% and 34%, respectively. It 
should be pointed out that the results of brain distribution of gold were 
specific for tmax only (0.75 h), when the concentration of gold nano
particles in the brain after IN administration is at maximum. Future 
experiments should be designed to study the distribution pattern in time 
course, using more advanced technologies, such as computed tomog
raphy. A recent publication has described a technique for in vivo neu
roimaging of exosomes labeled with gold nanoparticles which were IN 
administered to C57BL/6 male mice (Betzer et al., 2017). The re
searchers detected a sustained quantity of labeled exosomes in the stroke 
region of the brain by ICP-MS and computed tomography up to 24 h 
after IN administration. 

The therapeutics and/or diagnostic efficacy of GNP are dependent on 
the ability of the nanoparticles to target a specific site where the disease 
is developing. The brain biodistribution analysis done by the gold visi
bility enhancement has shown that GNS-D1 is located in the cortex and 
hippocampus areas, which are the sites in brain where accumulation of 
Aβ plaques occurs. These zones have been widely studied in transgenic 
murine models for Alzheimer disease (Cohen et al., 2013; Garcia-Alloza 
et al., 2006; Jackson et al., 2016; Jankowsky et al., 2004). In a future 
research, nose-to-brain delivery of GNS-D1 should be studied in a 
transgenic model for Alzheimer disease (e.g. APP mouse), tracing the 
preferential localizations of the nanoparticles in brain areas where Aβ1- 

42 accumulates. It is presumed that site localization in Alzheimer disease 
may be achieved due to the interaction between D1 peptide on the 
surface of the nanoparticles with the toxic aggregates that typify the 
disease. 

4. Conclusions 

The present research has further clarified the advantages of the IN 
route in targeting nanosystems to the CNS for the treatment and/or 
diagnosis of different pathologies, such as Alzheimer Disease and 
parkinsonism. In this study we have developed two new nanosystem 
based on GNPr or GNS functionalized with PEG and D1, and demon
strated that both were stable in different conditions and did not affect 
BV-2 cell viability for concentrations ranging from 0.05 to 0.5 nM. IN 
administration revealed that despite both nanosystems had similar 
features such as surface area, hydrodynamic diameter, and surface 
charge, their different shape significantly influenced their translocation 
from the nasal cavity to the brain, being greater for nanospheres (GNS- 
D1). The use of other nanomaterials and shapes may help in the un
derstanding of how different physicochemical features affect the uptake 
of nanomaterials from the nose to CNS. Data obtained from a 

pharmacokinetic study with GNS-D1 indicated that the translocation of 
nanoparticles from nasal cavity to the brain occurs in two phases, which 
may be attributed to the existence of two mechanisms of transportation, 
or the presence of both direct/indirect transport. Future mechanistic 
studies that address the IN route of delivery are important and necessary 
to comprehend the mechanisms involved in nose-to-brain transport. 
Through the comparison of IN and IV administration of GNS-D1, we 
obtained results that strongly support the use of IN administration as a 
promising route for drug and GNP delivery to the CNS, while avoiding 
systemic exposure. More studies with transgenic models should be car
ried out to evaluate the accumulation of the newly developed nano
system in Aβ plaques, and to elucidate the feasibility of using GNP for 
neurodegenerative diseases. 
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