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Abstract: Despite the significant progress in molecular imaging technologies that has been
made in recent years, the specific detection of neural cells still remains challenging. Here,
we suggest the use of gold nanoclusters (AuNCs) modified with a brain-targeting peptide as
a potential imaging candidate for detecting neural cells in vitro and in mice. AuNCs of less
than 10 nm (dynamic light scattering analysis) were first prepared using the “green” synthetic
approach, and then a targeting peptide, rabies virus glycoprotein derived peptide (RDP), was
conjugated to the AuNCs for improving the efficiency and specificity of neural cell penetration.
The conjugate’s mechanism of cellular attachment and entry into neural cells was suggested
to be receptor-mediated endocytosis through clathrin-coated pits. Also, noninvasive imaging
analysis and animal studies indicated that the RDP-modified nanoclusters could concentrate
in the brain and locate in neural cells. This study suggests the feasibility of using targeting
peptide-modified nanoclusters for noninvasive imaging brain cells in vivo.
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Introduction

Noninvasive imaging of the neural cells of the central nervous system is a promising
strategy for theranostics, however, it still remains challenging due to some drawbacks
such as low signal-to-noise ratio resulting from the scattering of fluorescence signals
by thick brain tissues'? and low strict single-cell resolution.® The principal barriers to
detecting neural cells in vivo are the tissue specificity of fluorescence-based imaging
and the poor cell penetration ability of materials used in the neural cell imaging to
blood—brain barrier (BBB).*¢ To address these problems, the coupling of a specific
BBB-penetrating carrier and stable fluorescence payload to achieve live and long-term
imaging of neural cells may provide new insights that will help elucidate the essential
structural and functional information in central nervous system disorders and then to
observe and control the relative diseases.

Gold nanomaterials of sizes less than 10 nm, providing a variety of platforms for
the interaction of nanoparticles with biomolecules,” have been used in various fields
either for diagnostic purposes, including imaging,®’ the turning on and off of the
near-infrared fluorescent bioimaging of cells,'® biological labeling,'! electrochemical
genosensors for DNA,? and for cancer therapy as multifunctional nanomedicines
with noninvasive in vivo near-infrared fluorescence capability.'* Low toxicity and the
ultrafine size of gold nanomaterials have captivated the interest of researchers and are
indicated as potential candidates for passage through the BBB.!* Gold nanoclusters
(AuNCs), especially, one small-size gold nanomaterial, with high quantum yields, have
been used for molecular location research, both in vitro'>!¢ and in vivo.!” However, the
application of AuNCs is limited due to the lack of cell specificity and a widespread
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distribution in vivo,'® so the surface of AuNCs should be
modified to improve cell selectivity in case of bioimaging
applications.

Our group recently developed a brain-targeting peptide,
rabies virus glycoprotein derived peptide (RDP)' — a long
peptide consisting of 39 amino acids, which is derived from
330-357 amino acid sequences of the rabies virus glycopro-
tein, one of the key candidates for mediating the virus into
host cells.?® RDP has been suggested to be able to deliver
several proteins and DNA into the mouse brain, including
brain-derived neurotrophic factor (BDNF), glial cell-derived
neurotrophic factor (GDNF), plasmids containing Lac Z,
and the BDNF gene. Also, repeated administration of RDP
and its conjugates does not produce obvious toxicity or
immunogenicity in the animals.?*> Therefore, we assumed
that RDP could be used as a safe targeting ligand in vivo
after AuNCs surface modification.

In this study, RDP was attached to the surface of AuNCs
for long-term, nontoxic imaging and neural-cell targeting
in living cells and in mice. The novel peptide-conjugated
AuNCs (RDP-AuNCs) were characterized by using Fourier-
transform infrared (FTIR) spectroscopy, dynamic light
scattering (DLS), zeta-potential analysis, gel electrophore-
sis, as well as ultraviolet (UV)-visible spectroscopy. The
localization of RDP-AuNCs in neural cells was determined
by transmission electron microscopy (TEM), and the mecha-
nism of cellular attachment and entry into the neural cells
of the conjugates was determined to be receptor-mediated
endocytosis through clathrin-coated pits. Both noninvasive
imaging analysis and in vivo animal tests suggested that the
RDP-AuNC:s are an effective and specific bioimaging agent
for neural cells.

Materials and methods
Preparation of fluorescent gold

nanoclusters and RDP-gold nanoclusters

Bovine serum albumin (BSA)-coated AuNCs were prepared
according to a previous report.?® Briefly, BSA solution
(2mL, 50 mg/mL) was refluxed for 5 minutes at 37°C, and then
HAuCI, aqueous solution (2 mL, 10 mM) was slowly added
under vigorous stirring. Five minutes later, NaOH solution
(0.18 mL, 1 M) was introduced, and the mixture was refluxed
at 37°C for another 12 hours until a deep brown solution
was obtained. The solution was centrifuged at 17,000x g for
30 minutes, then dialyzed (using a 2,000 molecular weight
cut-off [MWCO] dialysis membrane) against Milli-Q® water
for at least 24 hours with periodic changes of the water to
remove any small impurities. Subsequently, the dialyzed

solution was filtered by using 0.22 um syringe filters to
remove precipitates. Finally, the AuNCs product was stored
at 4°C.

To prepare the RDP-AuNCs conjugates, RDP stock
solution (2 mg/mL, 500 puL) was slowly dropped into the
AuNCs solution (2 mL). The RDP/AuNCs mixture was
incubated and gently mixed overnight at 25°C to obtain the
RDP-AuNCs. The conjugate was then centrifuged at 17,000x g
for 30 minutes and filtered using 0.22 um syringe filters.
The mixture was dialyzed against Milli-Q water for 2 days
to remove the excess RDP. The purified RDP-AuNCs were
stored at 4°C for frequent use or freeze-dried for storage.

The same preparation process was followed to produce
gold nanoclusters modified with carboxyfluorescein (FAM)
labeled rabies virus glycoprotein derived peptide (FAM-
RDP-AuNCs), except FAM-labeled RDP (synthesized by
Shanghai Ji’er Biotech Co, Shanghai, China) was used
instead of RDP. As a control for in vivo imaging, a gold
nanoparticle (AuNPs) colloidal dispersion was prepared
based on the classical method of Turkevich—Frens.**

Characterization of gold nanoclusters

The water solution of the particles was used for charac-
terization. The absorption spectra and emission spectra
were obtained with a UV—-visible spectrometer (UV-2450,
Shimadzu Corp, Kyoto, Japan) and F-7000 Fluorescence
Spectrophotometer (Hitachi Ltd, Tokyo, Japan), respectively.
DLS and zeta potential analyses of the AuNCs and RDP-
AuNCs solutions were measured using a Zetasizer Nano ZS
(Malvern Instruments Ltd, Malvern, UK). FTIR spectroscopy
(IR Prestige-21, Shimadzu Corp) was used to verify the
attachment of peptides to the surface of the AuNCs. For the
gel electrophoresis, RDP-AuNCs and AuNCs were loaded
on 1% (w/v) agarose gel for 10 minutes at 100 V in 0.5 Tris
base, acetic acid, and ethylenediaminetetraacetic acid (TAE)
buffer. After migration, the bands were visualized on the gel
with UV illumination at 365 nm.

Cell culture

Human lung adenocarcinoma epithelial cells (A549) were
cultured in Roswell Park Memorial Institute (RPMI)-1640
medium, and human neuroblastoma cells (SH-SY5Y) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
and F-12 medium with the ratio of 1:1. For the glioblastoma
cell line (U87), DMEM was used as the culture medium.
All mediums were obtained from Gibco and supplemented
with 10% fetal bovine serum (FBS), 100 IU/mL penicillin,
100 mg/mL streptomycin, and incubated at 37°C and 5%
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CO, in a humidified environment incubator (CCL-170B-8,
ESCO, Timur, Indonesia).

Cellular uptake measurement

Inverted fluorescence microscopy (IX73, Olympus Corpo-
ration, Tokyo, Japan) was used to determine the efficiency
of the cellular uptake of AuNCs (without peptide) and
RDP-AuNCs. The SH-SYSY cells were transplanted onto
six-well plates at a density of 2,000 cells per well. When the
confluence of cells reached 60%, AuNCs and RDP-AuNCs
were each added into the respective growth media at differ-
ent times at a final concentration of 0.12 mg/mL.%> Subse-
quently, the growth media were removed, and the cells were
washed with phosphate-buffered saline (PBS) three times,
then 4’,6-diamidino-2-phenylindole (DAPI) was added for
4 minutes for nuclei staining. Finally, the cells were observed
under a fluorescence microscope and pictures taken with a
digital camera.

Localization study of RDP-AuNCs using

transmission electron microscopy?¥
SH-SYSY cells were transplanted onto culture dishes of 8 cm
diameter to form a confluent monolayer and incubated
at 37°C and 5% CO, for 24 hours, and then a certain
amount of RDP-AuNCs was added into the medium and
further incubated for 2 hours. The cells were harvested
with trypsin/ethylene diamine tetraacetic acid (EDTA)
solution and fixed with glutaraldehyde (4% w/v) solu-
tion for 2 hours followed by washing with PBS (pH 7.4)
three times and staining with osmium tetroxide solution
(1% w/v) for 15 minutes. Then the cells were washed with
PBS and dehydrated using an acetone-PBS mixture, in which
the acetone ratio was gradually increased from 50% to 100%.
Subsequently, the cells were embedded into a low viscos-
ity embedding medium (SPON812/acetone [1:1, v/v]) to
remove the cells into the SPON812, and then kept at 60°C for
24 hours for solidification. Sections of 60 nm thick were cut
and loaded onto copper grids, and the samples were stained
with uranyl acetate for 10 minutes. Pictures of cellular loca-
tion of RDP-AuNCs were taken under TEM (H7500, Hitachi
Ltd) at an accelerating voltage of 160 kV.

Internalization mechanism

of RDP-AuNCs

To determine whether the RDP-AuNCs entered cells by
an adenosine triphosphate (ATP)-dependent mechanism,
ATP-depletion assay was performed, since this is an easy
and reliable method for internalization mechanism study

that is certified by Kam et al.?® Briefly, SH-SYS5Y cells
were preincubated with PBS buffer at 37°C, which was
then supplemented with an ATP-depletion buffer containing
10 mM NaN, and 6 mM 2-deoxy-D-glucose. Thirty minutes
later, FAM-labeled RDP-AuNCs conjugates was added into
the cell culture media.

For K*-depletion assay,” the cells were washed with
K*-free buffer containing 140 mM NaCl, 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
1 mM CaCl,, 1 mM MgCl,, and 1 mg/mL D-glucose (pH 7.4)
to deplete K*, and then incubated in hypotonic K*-free buf-
fer (K*-free buffer with 50% H,0) and K*-free buffer for
5 minutes and 20 minutes, respectively. After incubation,
FAM-labeled RDP-AuNCs conjugates was added into the
culture media. The cells were washed and the intensity of
cellular fluorescence was observed under microscope.

MTT assay

The cytotoxicity assay was performed with SH-SYSY
cells and U87 cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Briefty, SH-SY5Y
cells were seeded into 96-well plates at a density of 6,000 cells
per well, and then cells were incubated in 100 uL. DMEM
containing 10% FBS for 1 day prior to adding RDP-AuNCs.
Then 100 pL cell-culturing solutions, a mixture of culture
medium and RDP-AuNCs, with different final concentrations
of RDP-AuNC:s (0.00, 1.25, 2.50, 5.00 mg/mL) were added
and incubated for 24, 48, and 72 hours for each concentration.
The cells were then washed with PBS (100 pL, three times).
10 uL MTT (5 mg/mL in PBS buffer) were added to each
solution and further incubated for 4 hours. Finally, the medium
was removed and 200 puL dimethyl sulfoxide (DMSO) was
added. The absorbance was measured at 490 nm using a
microplate reader (Model 680, Bio-Rad Laboratories Inc.,
Hercules, CA, USA). The relative cell viability was calculated
as cell viability (%) = optical density at wavelength of 490 nm
(OD,,,) (sample-blank)/ (OD,,) (control-blank). The values
were averaged from four independent experiments.

In vivo imaging

Noninvasive fluorescent imaging was performed using an
In-Vivo Imaging System Fx Pro (Carestream Health Inc.,
Rochester, NY, USA). Null mice (SCXK [Jing 2009-0015])
were purchased from Chongqing Medical University,
Chonggqing, People’s Republic of China. Animals were main-
tained and used for experiments according to the guidelines of
the Institutional Animal Committee of Southwest University,
Chongqing, People’s Republic of China.
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AuNPs, AuNCs, and RDP-AuNCs were injected into
mice via tail veins at a dose of 10 mg per kilogram of body
weight.*® Then, the mice were anesthetized with 4% chloral
hydrate 1 hour following injection. Afterwards, each mouse
was placed in the cassette of an imaging instrument, and
images were captured with X-ray and fluorescence (exci-
tation wavelength [EX]=610 nm; emission wavelength
[EM]=790 nm), and then overlaid according to the protocol
of the manufacturer.

Fluorescence co-localization assay

in mouse neural cells

Healthy, male, 8-week-old Kunming species mice were
purchased from the Chongqing Medical University (SCXK
[Yu2012-0001]). Animal studies were performed according
to the guidelines of the Institutional Animal Committee of
Southwest University.

The mice were injected with RDP conjugates via tail
veins. Two hours after the injection, the mice were euthanized
and the brains were dissected out. The brains were fixed
with 4% paraformaldehyde for 2 hours, and then gradually
dehydrated in 0.1 M phosphate buffer containing 10%, 20%,
and 30% sucrose overnight at 4°C. Frozen coronal sections
of the cerebrum of 30 um thickness were cut and rinsed in
PBS with a cryostat microtome and mounted on slides with
DAPI (4,6-diamino-2-phenyl indole) for nuclear staining.
The sections were observed with inverted fluorescence
microscopy.

Results and discussion

Appearance and characteristics

of AUNCs and RDP-AuNCs

AuNCs and RDP-AuNCs of less than 10 nm in diameter were
synthesized according to previous reports for the preparation
of long-life fluorescence clusters.’! The RDP peptide might
attach to the AuNCs by electrostatic force, since RDP is a
cationic peptide with isoelectric point (pI) 12.7, and BSA on
the AuNCs is a negatively charged protein with pl 4.6. The
aqueous solution of AuNCs appeared brown under visible
light and the freeze-dried powder emitted reddish-brown
fluorescence under UV light (Figure 1A), while the FAM-
RDP-AuNC:s solution showed a yellowish-brown color and
the powder emitted a yellow fluorescence under UV light
(Figure 1A). Additionally, the results of gel electrophoresis
indicated that FAM-RDP-AuNCs have a lower mobility than
AuNCs, which is perhaps related to the larger size and posi-
tively charged RDP of the FAM-RDP-AuNCs (Figure 1B).

DLS and zeta-potential analysis were determined through
cumulant fit, and the material refractive index (RI) and dis-
persant RI were 1.59 and 1.33, respectively. The material
absorption of both AuNCs and RDP-AuNCs was 0.01. The
results also showed that the average size of the AuNCs was
8.0020.72 nm (Z-average) with a polydispersity index (PDI) of
0.332 and zeta potential of —17.50£1.25 mV, while the RDP-
AuNCs had an average size of 10.00+2.85 nm (Z-average),
PDI of 0.346, and zeta potential of —5.92+3.16 mV
(Figure 1C). The curve of FTIR spectra suggests that the
structure of the RDP-AuNCs conjugates had changed from
that of the AuNCs (Figure 1D). Theoretically, if the size of
the AuNCs is 10 nm, an average of about 33 RDPs will attach
to each particle. Additionally, the maximum peaks of both
the AuNCs and FAM-RDP-AuNCs was 670 nm when the
excitation wavelength was 510 nm, while the fluorescence
intensity markedly increased as the RDP linked with the
AuNCs (Figure 1E).

The curve of absorption spectra of RDP-AuNCs showed
that the plasmon band of absorbance increased slightly, and
the maximum absorbance appeared red-shifting when RDP
was conjugated to AuNCs (Figure 1F), which could be related
to the slight increase in the size of the RDP-AuNCs, and
indicates the successful synthesis of RDP-AuNCs.

RDP-AuNC:s specifically enter

the neural cells

To determine whether RDP-AuNCs could enter the neural
cells, we first compared the cellular transport efficacy of
AuNCs with that of RDP-AuNCs. The results showed a
strong red fluorescence appearing in the RDP-AuNCs-treated
SH-SYS5Y cells, whereas a relatively weak fluorescence
was detected in the AuNCs-treated cells after 40 minutes
of co-incubation (Figure 2A), suggesting that RDP, a type
of cell-penetrating peptide (CPP), has the capability to
increase cellular uptake of its payload. We assume that
the presence of RDP on the nanoparticle surfaces is what
promoted the cellular transport, which is consistent with a
previous report.’? To further identify the cell specificity of
the RDP-AuNCs, one type of non-neuronal cell, human lung
A549, was used to compare the internalization efficacy with
that of a neural cell, SH-SY5Y. The results showed that the
fluorescence intensity of RDP-AuNCs-treated A549 cells
was far lower than that of RDP-AuNCs-treated SH-SYSY
(Figure 2B). The intrinsic high affinity of RDP to neural cells
has been suggested in previous reports, in which rhodamine
labeled RDP can enter into the neural cells, probably due
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Notes: (A) Appearance and electrophoretic analysis of AuNCs and FAM-RDP-AuNCs. Aqueous solution and powder under visible and ultraviolet light (365 nm). (a) AuNCs;
(b) FAM-RDP-AuNC:s. The left figure is aqueous solution, the middle is powder under visible light, and the right figure is powder under ultraviolet light. (B) Electrophoretic
mobility of AuNCs (Lane 1) and FAM-RDP-AuNCs (Lane 2) in agarose gel. (C) Size distribution of AuNCs and RDP-AuNCs determined by dynamic light scattering. (D)
Fourier-transform infrared spectra of AuNCs and RDP-AuNCs. (E) Fluorescence of AuNCs and RDP-AuNCs (Aex=510 nm). (F) Absorption spectra of AuNCs and RDP-

AuNCs. Red curve: AuNCs; green curve: RDP-AuNCs.

Abbreviations: AuNCs, gold nanoclusters; FAM, carboxyfluorescein; RDP, rabies virus glycoprotein derived peptide.

to interaction between RDP and the gamma aminobutyric
acid (GABA) receptor of the cell membrane.?! The time
course of FAM-RDP-AuNCs in SH-SYSY cells suggested
that FAM-RDP-AuNCs can enter into the cells within
30 minutes, and the fluorescence was distributed throughout
the whole cells. However, the fluorescence was relatively
stronger in the cytoplasm than the nucleus after 1 hour’s
incubation. There was very weak fluorescence that could be
detected after 72 hours, which suggests that the conjugate
can last for a long time in the cells (Figure 2C). Additionally,
glioma cell line (U87) imaging was also undertaken in this
study because gliomas are the most common brain tumor.
The results show that the RDP-AuNCs could internalize to
U87 cells with high efficiency (Figure 3).

To determine the cytotoxicity, the RDP-AuNCs were
added into cell media to be different final concentrations
of 0.00, 1.25, 2.50, and 5.00 mg/mL. The different groups
of each concentration were then incubated for 24, 48,
and 72 hours, the absorbance was recorded according to
the MTT method. The results indicate that cell viability
decreased following increase in RDP-AuNCs concentra-
tion, but cell viability was 85.7% and 86.6% for SH-
SYSY and U87, respectively, after 72 hours’ incubation
when the concentration reached 1.25 mg/mL (Figure 4).
Compared with the high concentration of RDP-AuNCs in the
cytotoxicity study, a concentration of only 0.12 mg/mL was
used in imaging, which means that the particles are biosafe
for application.
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RDP-AuNCs observed under fluorescence microscopy.

Abbreviation: AuNCs, gold nanoclusters; FAM, carboxyfluorescein; RDP, rabies virus glycoprotein derived peptide.

Internalization mechanism of RDP-AuNCs
Generally, there are two types of internalization mechanism
that are involved in the cellular uptake of high-molecular-
weight compounds: direct penetration and endocytosis,
where the former is ATP independent and the latter is not.*
In this study, we used ATP-depleted buffer as cell culture

Optical light FAM-RDP-AuNCs

medium at 4°C to determine whether the uptake is dependent
on energy. It was found that the fluorescence intensity of
RDP-AuNCs-treated ATP-depleted cells was significantly
decreased, as observed by the fluorescence microscopy,
resulting from the NaN, that disturbed the production of
ATP (Figure 5A).

DAPI

Merge

Figure 3 Cellular uptake of FAM-RDP-AuNCs in gliomas cell lines (U87) after 8 hours’ incubation. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI).
Abbreviations: AuNCs, gold nanoclusters; FAM, carboxyfluorescein; RDP, rabies virus glycoprotein derived peptide.
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Figure 4 In vitro cytotoxicity assay of RDP-AuNCs in (A) SH-SY5Y cells and (B) U87 cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Note: Data are expressed as mean + standard error of the mean (n=4).

Abbreviations: AuNCs, gold nanoclusters; RDP, rabies virus glycoprotein derived peptide.

Since receptor-mediated endocytosis through clathrin-

coated pits is the most common manner of endocytosis,* and

previous studies have shown that the K* depletion of cells

will lead to the disappearance of coated pits from the cell

surface by disassembling the clusters of receptors with coated
pits, and then inhibiting receptor-mediated endocytosis,*
here clathrin-dependent endocytosis was identified using
K*-depleted medium for cell culture. The results are shown

Figure 5 Internalization mechanism of RDP-AuNCs.
Notes: (A) Pretreatment with ATP-depletion buffer; (B) treatment with K*-depletion buffer. In (A,B) the arrows point to the attachment of RDP-AuNCs on the cell
membrane; (C) normal; (D) RDP-AuNCs entrapped in the endosome under transmission electron microscopy (TEM). The arrows point to the RDP-AuNCs trapped in the
endosome. (E) no endosome was observed in the cells after 2 hours. The arrows point to the RDP-AuNC:s dispersed in the cytoplasm.

Abbreviations: AuNCs, gold nanoclusters; ATP, adenosine triphosphate; N, nucleus under TEM; RDP, rabies virus glycoprotein derived peptide.
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in Figure 5B. The fluorescence of RDP-AuNCs-treated K*-
depleted cells can be seen to be much lower than that of the
normal treated cells (Figure 5C), and the pictures show that
the RDP-AuNCs conjugates only bound to the cell membrane
and lost its cell penetration ability.

To further confirm the internalization mechanism of
RDP-AuNCs, TEM was used to determine the location of
the RDP-AuNCs in cells. Previous reports have suggested
that an endocytosis-mediated mechanism is involved in the
internalization of AuNPs with a ligand shell containing CPPs,
and the stable particles were observed in the endosome in the
early period of cellular uptake, and then the particles were
rapidly released into the cytoplasm, as the positive charge
of CPPs destroy the endosome membrane.*>3¢ In this study,
TEM revealed that the RDP-AuNCs conjugates was taken
up by the cells, and trapped in the endosome 10 minutes after
incubation with cells (Figure 5D). At the 2-hour time point,
they were distributed in the cytoplasm (Figure SE), which
we assumed the reason of this phenomenon was because of

A  RDP-AuNCs

Figure 6 In vivo imaging of RDP-AuNCs.

the conjugate being released from the endosome due to the
strong positive charges of RDP (pl 12.7).

In vivo imaging of RDP-AuNCs

Although nanoparticles of about 10 nm can permeate through
the BBB, they have no tissue specificity and only a small
amount can be detected in the brain.’” In this study, we exam-
ined whether RDP-AuNCs were capable of concentrating
in the mouse brain and being used as an imaging candidate.
The mice were injected with either RDP-AuNCs, AuNCs, or
AuNPs via the tail vein, and images were taken 1 hour after
administration. Here, the AuNPs without native fluorescence,
which were were fabricated by the Turkevich—Frens method
and had a size of 18 nm and zeta potential of =39.26 mV,
were used as the blank control. Strong signals were detected
in the brains of RDP-AuNCs-treated mice, relatively weak
signals appeared in the corresponding AuNCs-treated mice,
and there were no signals in the AuNPs-treated mice, though
the studies were performed in parallel (Figure 6A).

777.14

Notes: (A) Noninvasive imaging | hour after intravenous (IV) injection into the tail vein of RDP-AuNCs, gold nanoclusters (AuNCs), and gold nanoparticles (AuNPs),
respectively. (B) The mouse brain was dissected to take slices at 2 hours after IV injection with FAM-RDP-AuNCs. Green spots represent the fluorescence from FAM of
FAM-RDP-AuNCs; red spots represent fluorescence from nanoclusters of FAM-RDP-AuNCs; 4’,6-diamidino-2-phenylindole (DAPI)-stained nuclei appear blue. Merge of
images; (C) magnification of circles of merge images. The arrows point to FAM-RDP-AuNC fluorescence.

Abbreviations: AuNCs, gold nanoclusters; FAM, carboxyfluorescein; RDP, rabies virus glycoprotein derived peptide.
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Targeted delivery of gold nanoclusters into the brain

Notably, the distribution of RDP-AuNCs in vivo showed
that there was a high fluorescence signal in the eyes of mice
(arrows in Figure 6A), suggesting that the conjugate can pass
through the blood-retinal barrier. This finding is similar to that
of a previous study, in which 20 nm AuNPs could pass through
the blood-retinal barrier and distribute in all retinal layers.*®

To further determine if neural cells could be imaged with
RDP-AuNCs, the fluorescence co-location of the RDP (green)
and AuNCs (red) of the FAM-RDP-AuNCs conjugates was
identified. The results indicated that FAM-RDP-AuNCs
crossed the BBB and entered the neural cells (Figure 6B), and
the fluorescence was located in the cytoplasm 2 hours after
injection (white circles in Figure 6C). Another advantage of
RDP-AuNCs in imaging was that near-infrared fluorescence
emitted by AuNCs could significantly improve the signal-
to-background ratio and enhance the fluorescence intensity
of deep tissues.*® Additionally, it is possible for RDP-AuNCs
to be used in brain-tumor (including glioma) imaging due to
passive targeting (vascular proliferation of tumors).*

Conclusion

In this study, the feasibility of RDP-AuNCs for neural-cell
imaging was determined in cell to animal studies. Noninvasive
imaging of, and biodistribution in, the brain show that these
clusters can be delivered into the brain with high efficiency.
All these results show that the RDP-AuNCs can be a potential
candidate for imaging. RDP-AuNCs can increase cellular
uptake, and the internalization mechanism of neural cells
was detected by K*-depletion assay and ATP-depletion assay,
suggesting that the receptor-mediated clathrin-coated pits
could be one intrinsic pathway for RDP-AuNCs penetration.
The time course of RDP-AuNC:s in neural cells also indicated
that this conjugate can be maintained in the cells for 3 days.
Therefore, RDP-AuNCs might be an effective and specific
imaging candidate for neural cells.
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