
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/348328051

Gold nanoparticles produce transient reactive gliosis in the adult brain

Article  in  Neuroscience Research · January 2021

DOI: 10.1016/j.neures.2020.12.003

CITATIONS

0
READS

97

5 authors, including:

Some of the authors of this publication are also working on these related projects:

biosintesis de nanoparticulas de metales nobles sobre fibras polimericas renovables View project

Molecule-based magnets made of coordination polymers View project

Eduardo Lira

Universidad de Colima

2 PUBLICATIONS   5 CITATIONS   

SEE PROFILE

María G. González- Pedroza

Universidad Autónoma del Estado de México (UAEM)

6 PUBLICATIONS   7 CITATIONS   

SEE PROFILE

Raul Alberto Morales Luckie

Universidad Autónoma del Estado de México (UAEM)

60 PUBLICATIONS   762 CITATIONS   

SEE PROFILE

Oscar Gonzalez-Perez

Universidad de Colima

102 PUBLICATIONS   4,065 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Eduardo Lira on 01 February 2021.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/348328051_Gold_nanoparticles_produce_transient_reactive_gliosis_in_the_adult_brain?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/348328051_Gold_nanoparticles_produce_transient_reactive_gliosis_in_the_adult_brain?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/biosintesis-de-nanoparticulas-de-metales-nobles-sobre-fibras-polimericas-renovables?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Molecule-based-magnets-made-of-coordination-polymers?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eduardo-Lira?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eduardo-Lira?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universidad_de_Colima2?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eduardo-Lira?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria-G-Gonzalez-Pedroza?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria-G-Gonzalez-Pedroza?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universidad-Autonoma-del-Estado-de-Mexico-UAEM?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria-G-Gonzalez-Pedroza?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Raul-Alberto-Morales-Luckie?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Raul-Alberto-Morales-Luckie?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universidad-Autonoma-del-Estado-de-Mexico-UAEM?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Raul-Alberto-Morales-Luckie?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Oscar-Gonzalez-Perez?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Oscar-Gonzalez-Perez?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universidad_de_Colima2?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Oscar-Gonzalez-Perez?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eduardo-Lira?enrichId=rgreq-5e0e1608cd350b1efe4a7ac3cbfd071e-XXX&enrichSource=Y292ZXJQYWdlOzM0ODMyODA1MTtBUzo5ODY0ODM0Nzc0NTA3NjVAMTYxMjIwNzM5Nzg2NQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


ARTICLE IN PRESSG Model
NSR-4472; No. of Pages 11

Neuroscience Research xxx (xxxx) xxx–xxx

Contents lists available at ScienceDirect

Neuroscience  Research

j our na l ho me  page: www.elsev ier .com/ locate /neures

Gold  nanoparticles  produce  transient  reactive  gliosis  in  the  adult  brain

Eduardo  Lira-Diaz a,b,  Maria  G.  Gonzalez-Pedroza c, Clemente  Vasquez d,
Raul  A.  Morales-Luckie c,  Oscar  Gonzalez-Perez a,∗

a Laboratory of Neuroscience, School of Psychology, University of Colima, Colima, 28040, Mexico
b Physiological Science PhD Program. School of Medicine, University of Colima, Colima, 28040, Mexico
c Department of Nanomaterials, Sustainable Chemistry Research Center, National Autonomous University of Mexico/Autonomous University of the State of
Mexico, Toluca, 50200, Mexico
d University Center for Biomedical Research, University of Colima, Colima, 28040, Mexico

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 13 May  2020
Received in revised form 9 December 2020
Accepted 14 December 2020
Available online xxx

Keywords:
Nanoparticles

a  b  s  t  r  a  c  t

Gold  nanoparticles  (GNPs)  have  unique  physical  and chemical  properties  that allow  them  to function  as
a drug-delivery  system  for several  tissues:  skin,  eye,  liver,  and  others.  However,  information  about  the
biological  response  of  brain  tissue  against  GNPs  is  limited.  Astrocytes  and  microglia  cells  are  the  first
line of defense  against  brain  insults  and  proper  indicators  of  the  level  of  brain  damage.  This  study  was
aimed  to evaluate  the  astrocytic  and  microglia  response  after  an  intracerebral  injection  of  polyethylene-
glycol-coupled  GNPs  (PEGylated  GNPs).  We injected  spherical  PEGylated  GNPs  (85  ×  106 nanoparticles
/nl)  with  a glass  micropipette  (inner  diameter  =35  �m)  into  the  striatum  of P60  CD1  mice.  We evaluated
Astrocyte
GFAP
Microglia
Iba1
Astrogliosis

the  cellular  response  of astrocytes  and  microglia  on  days  3, 7, 14,  30, and  90  after  intracerebral  injection.
For both  astrocytes  and  microglia  cells,  our  findings  indicated  that the glial  response  was transient  and
mainly  circumscribed  to the  injection  site.  This  evidence  suggests  that  PEGylated  GNPs  are  well-tolerated
by  the  neural  tissue.  Understanding  the effects  of GNPs  in  the  adult  brain  is  a crucial  step  to  design  proper
pharmacological  vehicles  to  deliver  long-lasting  drugs.

© 2020  Elsevier  B.V.  and  Japan  Neuroscience  Society.  All rights  reserved.
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1. Introduction

Gold nanoparticles (GNPs) are solid structures of nanomet-
ric scale that can be produced with diverse shapes and sizes
(1–100 nm)  (ASTM, 2006; Shah et al., 2014). GNPs have a local-
ized surface plasmon resonance (LSPR), surface functionalization
and low toxicity, which are unique features that make them a safe
tool for biological studies (Miao et al., 2018; Elahi et al., 2018).
The chemical reactivity of GNPs allows them to interact with bio-
logic molecules via covalent and non-covalent bonds (Austin et al.,
2014). GNPs stability can be enhanced by coating their surface with
polyethylene glycol (PEG), a polymer that prevents the uptake of
gold nanoparticles by phagocytic cells and increases the nanopar-
ticle half-life into the body (Amoozgar and Yeo, 2012; Sperling
and Parak, 2010; Howard et al., 2008). These features make GNPs

promising candidates for clinical applications (Shah et al., 2014;
Austin et al., 2014). Malignant brain tumors (glioblastoma and
high-grade astrocytoma), Alzheimer’s disease, multiple sclerosis,

∗ Corresponding author at: Facultad de Psicologia, Universidad de Colima, Av.
Universidad 333, Colima, COL, 28040, Mexico.

E-mail address: osglez@ucol.mx (O. Gonzalez-Perez).
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arkinson’s disease, and other neurological disorders require long-
cting formulations and a controlled release of drugs in specific
rain regions. Hence, GNPs may  be an appropriate vehicle for drug-
elivery into the brain, but the effects of these nanoparticles in the
eural tissue are not fully known.

Astrocytes and microglia cells are major neuroglial compo-
ents of the CNS and the first cellular responders to brain damage
Sofroniew, 2009; Sofroniew and Vinters, 2010). Microglia cells are
ctivated and guided by chemokines and cytokines released by a
eural injury, where they phagocyte debris and present antigens
Nimmerjahn et al., 2005; Zamanian et al., 2012). Under patho-
ogical conditions, microglia cells suffer morphological changes,
verexpress the ionized calcium-binding adapter molecule 1 (Iba1),
nd promote the activation of other neuroglial cells (Streit et al.,
988; Morioka et al., 1992). Brain injuries also activate astro-
ytes that overexpress the glial fibrillary acidic protein (GFAP).
his activation process involves a gene rearrangement that pro-
uces morphological changes and proliferation (Sofroniew, 2009;
ofroniew and Vinters, 2010). Both microglia cells and astrocytes

re cellular indicators of brain damage and may  also indicate
he magnitude of a neural injury (Burda and Sofroniew, 2014;
ofroniew, 2009). This study aimed to evaluate the astrocytic and
icroglia response after a GNPs administration at different time

uce transient reactive gliosis in the adult brain, Neurosci. Res.,
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points. We  found that GNPs triggered cytoplasmic hypertrophy of
astrocytes and microglia cells that is accompanied by an increase in
the cell population. Microglia cell population returns to basal levels
on the 14th-day post-injection, whereas the astrocyte population
is normalized at 90 days post-injection. Our findings indicated that
gold nanoparticles produced a transient and self-limiting reactive
gliosis in the adult brain. Hence, this evidence suggests that gold
nanoparticles may  represent a safe tool for drug delivery into the
brain parenchyma. This study is an initial approach that provides
new clues for the design of studies that help design long-lasting
drug carriers with clinical purposes.

2. Materials and method

2.1. Animals and housing

P60 CD1 male mice were divided into three groups: the sham
group (craniotomy without dura mater disruption, n = 20), the
control group (microinjection with vehicle solution, n = 20) and
the experimental group (microinjection with gold nanoparticles
(85 × 106/nl, n = 20). Then, animals of each group were divided into
five sub-groups per time-point (n = 4 each), i.e., 3, 7, 14, 30, and
90 days after intracerebral injection. All these experimental proce-
dures were approved and supervised by the Committee of Animal
Care and Use of the University of Colima by following Mexican legal
regulations (NOM-062-ZOO 1999) and N.I.H. guidelines.

2.2. Synthesis and characterization of GNPs

Synthesis and characterization of GNPs were done following a
protocol previously described (González-Pedroza et al., 2017). The
GNPs were synthesized using the citrate reduction method from
a colloidal suspension of 1% HAuCl4 (Sigma, Cat. W302600). First,
100 mL  of deionized water were heated to boiling point and 5 mL  of
0.05 M sodium citrate (Sigma, Cat. W302600) solution were added
and stirred for 20 min. A red solution was obtained and 0.5 mL  of 1
% polyethylene glycol (PEG; Sigma, Cat. 81300, MW = 4000) was
then added and stirred for 10 min  to prevent aggregation. PEG-
GNPs were collected by centrifugation at 16,000 rpm for 30 min,
washed twice with distilled water, and stored at 4 ◦C (Zhang et al.,
2012; Kim et al., 2007).

We  determined the optical properties of GNPs with UV–vis
spectroscopy (Varian Cary 5000 UV–vis-NIR, Agilent Technologies,
UK). Briefly, 1 mL  of GNPs or 1 mL  of PEG-GNPs was  diluted in
1 mL  of deionized water. Each sample was analyzed in a range of
200−800 nm in the absorption mode. These PEGylated GNPs were
then analyzed by Transmission Electron Microscopy (TEM) (JEOL-
2100 200 kV with LaB6 filament, Japan). Approximately, 50 �L of
GNPs and GNPs-PEG were placed on grids and dried at room tem-
perature for 20 min  before TEM analysis. Quantitative analysis of
the size of GNPs was performed by measuring the core diameter
of 600 single nanoparticles of multiple micrographs and high-
resolution transmission electron microscopy (HR-TEM).

2.3. Glass needles obtaining and preparation for microinjection

Glass needles were made with capillary glass tubes of 1−5 �l
(Drummond; Wiretrol, Cat. 5-000-1001) by heating (2.90 V) and
stretching in a Vertical Pipette Puller (Stoelting, No. 51210) as pre-

viously described (Gonzalez-Perez et al., 2010). The needle tip was
cut and beveled until a 25−30-�m inner diameter tip was obtained.
Then, the needle was secured in a microinjector holder (Narishige;
Mod. MO-10) attached to a stereotactic device (RWD Life Science).

c
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.4. Microinjection of GNPs

Intracerebral injections were done by following a previously
escribed procedure (Gonzalez-Perez et al., 2010). All animals were
nesthetized with ketamine (90 mg/kg i.p. PiSA®) plus xylazine
10 mg/kg i.p. PiSA®). The mouse head was shaved and secured in a
tereotactic device (RWD Life Science) and head skin was cleaned
ith an antiseptic solution (MicrodacynTM, Oculus) and a longitu-

inal incision was  done with a surgical blade from the interaural
ine to the Lambda line. A cotton swap was used to pull the skin out
f the surgical field. We  then set the anterior-posterior and lateral
oordinates (0 mm and −2 mm from Bregma, respectively) (Paxinos
nd Franklin, 2004). At these coordinates, the skull was  carefully
rilled. We  introduced a pre-loaded glass needle with GNPs or vehi-
le solution into the striatum (Z coordinate = −2.5 mm)  and injected
00 nl of GNPs (85 × 106/nl) or vehicle solution at rate of 1 nl/sec. To
inimize solution reflux, we  kept the needle into the brain for two
inutes. After needle removal, the wound skin was closed with sur-

ical glue (VetbondTM). For anesthesia recovery, all animals were
laced in a clean pre-warmed cage and received 5 mg/kg s.c. ketoro-

ac (Senosiain) for post-surgical analgesia. The surgical procedure
as done under a surgical microscope (Zeiss Surgical OPMI pico).

.5. Tissue processing

Animals were anesthetized with sodium pentobarbital
50 mg/kg i.p. PisabentalTM, PiSA). The transcardial perfusion
as done with 0.9 % NaCl solution followed by 4 % paraformalde-

yde (Sigma, Cat. P6148) dissolved in 0.1 M phosphate buffer
nd post-fixed overnight at 4 ◦C with the same fixative solution.

e then cut 30-�m-thick coronal sections with a vibratome
Leica VT 1000S) between coordinates +1.50 mm and –1.50 mm
anterior-posterior from Bregma). These sections encompassed
he injection site and perilesional area in the striatum.

.6. Immunohistochemistry

Brain sections were rinsed three times for 10 min  in 0.1 M PBS.
ndogenous peroxidases were inactivated with 3% H2O2 dissolved

n 0.1 M PBS for 30 min. The sections were then washed in 0.1 M
BS (10 min  × 3) followed by incubation in a blocking solution
0.1 M PBS + 0.1 % Triton-X + 10 % fetal bovine serum) for 40 min
t room temperature. Astrocytes were labeled with rabbit IgG anti-
FAP, dilution 1:1000 (Dako, Cat. Z0334), whereas microglia cells
ere labeled with rabbit IgG anti-Iba1, dilution 1:1000 (Wako, Cat.
R117789-10) incubated overnight at 4 ◦C in blocking solution. We

hen washed three times the brain sections with 0.1 M PBS for
0 min  and incubated with biotinylated secondary antibody (anti-
abbit IgG + 0.1 M PBS + 10 % fetal bovine serum), dilution 1:200
or 60 min  at room temperature in darkness. After, brain sections

ere washed with 0.1 M PBS (10 min  × 3) and incubated in darkness
ith avidin-biotin complex (Vectastain ABC Kit, Elite Cat. PK-6101)

or 60 min  at room temperature. Brain sections were washed with
.1 M PBS (10 min  x 3) and the chemical reaction was  revealed with
.03 % 3,3’-diaminobenzidine (Aldrich, No. 261890) for 1 min. We
ashed all samples with 0.1 PBS (10 min  x 3), mounted on glass

lides, dehydrated and sealed with mounting medium (DPX Mount-
ng Medium; Sigma, Cat. 06522).

.7. Quantification and cytoplasmic transformation

To analyze astrocytes (GFAP + cells) or microglia cells (Iba1+

ells), at least five 30-�m thick brain sections were selected for
ach marker. These sections encompassed the lesion and perile-
ional area in the striatum (∼ 150 �m). We  used a 40x objective
field area = 0.15 mm2) and quantified only the cells with their
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soma found in a single focal plane. We  analyzed at least 80 focal
planes per time point for each group. Astrocytic and microglia cyto-
plasmic transformation provides an estimation of reactive gliosis
(Gonzalez-Perez et al., 2001). Cytoplasmic complexity was deter-
mined as described previously (Campos-Ordonez et al., 2015). We
used a stereological grid, a template with 10 concentric circles
(3.33 �m apart). From each group, we randomly selected 160 astro-
cytes and 160 microglia cells with clearly discernible nuclei in a
single focal plane. Under a 40x magnification, we overlapped the
stereological grid with every cell image. The cell body of astro-
cytes or microglia cells was placed in the central circle and the
total number of intersecting points of cytoplasmic processes with
the concentric grid lines were counted (Campos-Ordonez et al.,
2015). These histological analyses were done in the perilesional site
(0–500 �m)  and brain parenchyma referred to as the distal region
(500–1600 �m away from the injection site). All microphotographs
and histological evaluations were done with a Zeiss Axio-Observer
D1 optical microscope (Göttingen, Germany) and the Axio-Vision
4.8.1 acquisition Software (Göttingen, Germany).

2.8. Statistical analysis

All data are expressed as median and interquartile range (IQR:
Q3 - Q1). We  used the Mann-Whitney “U” test to determine differ-
ences between groups. The p < 0.05 value was selected to establish
statistically significant differences.

3. Results

3.1. Gold nanoparticles synthesis and characterization

First, we characterized PEGylated GNPs and non-PEGylated
GNPs by using UV/Vis analysis (Fig. 1A, curve 1). Our data indi-
cated that PEGylated GNPs showed an emission peak of 523 nm,
whereas non-PEGylated GNPs reached a plasmon resonance peak of
520 nanometers (Fig. 1A, curve 2). The number of peaks in the spec-
trum represents the morphology of the nanoparticles, in this case,
a single peak suggested a spherical morphology (González-Pedroza
et al., 2017; Liz-Marzán, 2004). Then, we did a TEM analysis to cor-
roborate the morphology and size of PEGylated GNPs (Fig. 1B). Our
findings indicated that the size of GNPs was 8.09 ± 3.60 nm (Fig. 1B,
inset). TEM microscopy also confirmed the spherical form and
narrow-size distribution of our nanoparticles (Fig. 1B). According
to the file 004-0784 of the Joint Committee on Powder Diffraction
Standards (JCPDS), the interplanar distance of GNPs was 2.08 Å,
which indicates that GNPs have a crystalline structure that cor-
responds to the family of crystalline planes (200) (Fig. 1C).

3.2. Gold nanoparticles induces transient astrogliosis

A brain injury generates an increase in the number and cytoplas-
mic  configuration of astrocytes, i.e. astrogliosis or reactive gliosis
(Sofroniew, 2015; Bardehle et al., 2013). To evaluate the magnitude
of astrogliosis that a single injection of PEGylated GNPs produced
into the brain, we quantified the number of GFAP+ cells and their
cytoplasmic processes in the perilesional area and 500-�m outside
the injection site (n = 4 per group) at all time points: 3-, 7-, 14-, 30-,
and 90-day post-injection (Fig. 2). On day 3, we found a significant
increase in the number of GFAP+ cells in the GNPs group in compari-
son with the sham-operated group, but not with the control-vehicle
(C–V) group (Fig. 3A). In the analysis of cytoplasmic transforma-
tion, we found a decrease in the number of grid intersections with

GFAP+ processes in the GNPs group when compared to the C–V
group, but not with the sham group (Fig. 3B). We  identified a minor
increase in the cytoplasm complexity between the C–V group and
the sham group, but no statistically significant differences were

T
e
p
7

3
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ound (Table 1). At day 7 post-injection, we  observed an important
ncrease in the GFAP+ cell population in the GNPs group in compari-
on with the sham group and the C–V group (Fig. 3A). Interestingly,
o statistical differences were found in cytoplasmic transformation
mong all groups (Fig. 3B). At day 14 post-injection, the number of
FAP+ cells remained high in the GNPs group as compared to the

ham and the C–V group (Fig. 3A). In contrast, the number of inter-
ections in the C–V group decreases in comparison to the sham
roup and the GNPs group. We  did not find statistically significant
ifferences between the sham and the GNPs groups (Fig. 3B and
able 1). At day 30 post-injection, the number of GFAP+ cells in the
NPs group was still elevated when compared to the sham group
nd the C–V group (Fig. 3A). Interestingly, the number of grid-cell
rocess intersections in the GNPs group was  not statistically sig-
ificant when compared to the sham group and the C–V group
Fig. 3B and Table 1). At day 90 post-injection, we observed that
he number of GFAP+ cells in the GNPs group was not statistically
ignificant when compared to the sham group and the C–V group
Fig. 3A). A similar finding was found in the analysis of cytoplasmic
omplexity, where the GNPs group did not show significant differ-
nces as compared to the sham group and the C–V group (Fig. 3B
nd Table 1).

To determine whether astrogliosis was limited to the injection
ite or affected distal parenchymal regions, we analyzed astroglio-
is parameters in the brain parenchyma (500 �m away from the
njection site). Our data indicated that the number of astrocytes
Fig. 3C) and cytoplasmic transformation (Fig. 3D) showed sim-
lar patterns respect to the perilesional analysis, i.e. the GNP
roup showed a rapid increase in astrocytic response that reached
ontrol-vehicle levels on day 90 (Table 2). In summary, the astro-
ytic population increased in the first time points (3–7 DPI) but,
ventually, it decreased and reached similar levels to those found in
ontrols and no significant morphological changes were identified.
o confirm our previous findings, we included an additional statis-
ical analysis of morphometric data and compared the perilesional
ite and the distal brain parenchyma (Supplemental Table 1). On
ay 90, we found that GNP-induced astrocyte reactivity observed

n the injection site did not show statistically significant differ-
nces as compared to distal regions. Interestingly, the C–V group
id show statistically significant differences between these regions.
ecause the astrocytic response found between distal regions of
he C–V and GNP groups was similar and the astrocytic response
ound in the injection site of the C–V group was higher than that
ound in the GNP group, we  confirmed that GNPs produce fewer
strocytic response than the vehicle. Taken together, these findings
uggest that astrogliosis induced by GNPs is transient and mostly
elf-limited.

.3. Gold nanoparticles induces a transitory activation of
icroglia cells

Microglia cells contribute to glial scar formation and activate
strocyte response after brain damage (Liddelow et al., 2017;
dams and Gallo, 2018). To investigate whether a single admin-

stration of AuNP generated microglia activation, we  analyzed the
umber and cytoplasmic transformation of microglia in the perile-
ional area and 500-�m outside the injection site (n = 4 per group)
t all time points: 3-, 7-, 14-, 30-, and 90-day post-injection (Fig. 4).
hree days after injection, the number of Iba1+ cells in the GNPs
roup did not show a significant increase as compared to the C–V
roup (Fig. 5A). However, the GNPs group showed a certain trend
oward significance when compared to the sham group (Table 3).

he analysis of cytoplasmic complexity indicated that Iba1+ cells
xhibited a highly branched morphology in the GNPs group in com-
arison to the C–V group and the sham group (Fig. 5B). At day

 post-injection, the number of Iba1+ cells showed an important
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Fig. 1. UV–vis spectra and TEM observations of Gold nanoparticles (GNPs). A. PEGylated GNPs (curve 1) and non-PEGylated GNPs (curve 2). B. Micrograph of GNPs; inset
shows the size distribution of nanoparticles, B) high resolution (HR-TEM) show an interplanar distance of 2.08 Å. Scale bar = 50 nm (B) and 2 nm (C).

Table 1
GFAP+ cells and their cytoplasmic transformation in the perilesional area after GNPs administration. Data are expressed as the median and interquartile range (IQR = Q3-Q1);
Mann-Whitney “U” test. * p < 0.05. C-V: control vehicle group; GNPs: gold-nanoparticles group.

Time
Point

Group
GFAP+ Cell Population

Group
GFAP+ Cell Intersections

M (Q3 – Q1) Comparison
(versus)

U test P value M (Q3 – Q1) Comparison
(versus)

U test Pvalue

3
DPI

Sham 2.10 (2.47−1.47) C–V 0.000 *0.021 Sham 22.02 (24.65−18.27) C–V 2.000 0.083
C–V  22.72 (29.55−19.27) GNPs 2.000 0.083 C–V 29.71 (33.47−25.96) GNPs 0.000 *0.021
GNPs 33.17 (40.20−29.07) Sham 0.000 *0.021 GNPs 17.02 (18.97−14.95) Sham 3.000 0.149

7
DPI

Sham 2.72 (2.02−2.60) C–V 0.000 *0.021 Sham 22.90 (24.19−22.29) C–V 8.000 1.000
C–V  19.12 (27.35−15.95) GNPs 1.000 *0.043 C–V 22.23 (28.42−17.00) GNPs 8.000 1.000
GNPs 43.02 (46.92−31.52) Sham 0.000 *0.021 GNPs 22.12 (27.70−17.32) Sham 8.000 1.000

14
DPI

Sham 1.70 (2.02−1.45) C–V 0.000 *0.021 Sham 23.97 (26.61−22.61) C–V 0.000 *0.021
C–V  7.47 (8.37−5.50) GNPs 0.000 *0.021 C–V 19.55 (19.74−19.24) GNPs 0.000 *0.021
GNPs 36.25 (39.07−32.70) Sham 0.000 *0.021 GNPs 21.81 (23.34−20.76) Sham 3.000 0.149

30
DPI

Sham 3.00 (3.57−2.05) C–V 0.000 *0.021 Sham 20.70 (22.65−20.21) C–V 1.000 *0.043
C–V  14.85 (16.97−11.05) GNPs 0.000 *0.021 C–V 26.23 (27.45−23.74) GNPs 2.000 0.114
GNPs 31.37 (35.35−26.62) Sham 0.000 *0.021 GNPs 21.12 (24.74−17.52) Sham 8.000 1.000

90
DPI

Sham 4.47 (5.60−3.42) C–V 0.000 *0.021 Sham 22.58 (23.92−20.89) C–V 4.000 0.248
C–V  12.67 (17.67−8.42) GNPs 5.000 0.486 C–V 24.13 (25.22−22.60) GNPs 5.000 0.386
GNPs 8.90 (15.12−5.05) Sham 2.500 0.110 GNPs 24.37 (28.43−23.53) Sham 4.000 0.248

4
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Fig. 2. Astrogliosis in the perilesional and distal area. Astrocytes (GFAP-expressing cells) in the sham-operated, control-vehicle (C-V) and GNPs groups at 3, 7, 14, 30, and
90  days post-injection (DPI). After GNPs injection, the number of astrocytes increases since day 3 and remains elevated for 30 days, until it decreases on day 90 after GNPs
administration. Larger images show the injection site where needle track was  identified (dotted lines). Insets show cells found in the perilesional area (0–550 �m; upper
panels) or distal areas (500 - 1600 �m;  lower panels). Scale bar =500 �m;  inset scale bar =20 �m.
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Fig. 3. Gold-nanoparticles (GNPs) produce transitory astrogliosis. A. Around the injection site, astrocyte population decreases to reach basal levels on day 90 in the GNPs
groups. B. The cytoplasmic complexity of astrocytes appeared to be unaffected around the needle track in all time points. C. Astrocytes population quantified in distal regions
(500-1600 �m away from the injection site). The GNPs group showed a transient increase that reached the levels of the C-V group. D. The cytoplasmic complexity in distal
areas  was unaffected in all groups. Data are expressed as the mean and ES; n = 4. Symbols (*, & and #) represents P < 0.05; Mann-Whitney “U” test. * (Sham vs. GNPs); & (Sham
vs.  C-V); # (C-V vs. GNPs).

Table 2
GFAP+ cells and their cytoplasmic transformation in the distal area after GNPs administration. Data are expressed as the median and interquartile range (IQR = Q3-Q1);
Mann-Whitney “U” test. * p < 0.05. C-V: control vehicle group; GNPs: gold-nanoparticles group.

Time
Point

Group
GFAP+ Cell Population

Group
GFAP+ Cell Intersections

M (Q3 – Q1) Comparison
(versus)

U test P value M (Q3 – Q1) Comparison
(versus)

U test P value

3
DPI

Sham 0.66 (0.93−0.36) C–V 2.000 0.083 Sham 31.27 (32.83−28.62) C–V 4.000 0.248
C–V  1.30 (1.93−0.93) GNPs 1.000 *0.043 C–V 29.55 (30.36−29.03) GNPs 0.000 *0.021
GNPs 3.39 (3.69−2.73) Sham 0.000 *0.021 GNPs 26.00 (27.20−24.14) Sham 2.000 0.083

7
DPI

Sham 1.49 (1.79−1.43) C–V 7.000 0.773 Sham 31.39 (33.64−29.20) C–V 6.000 0.564
C–V  1.26 (1.99−0.49) GNPs 2.000 0.083 C–V 27.22 (33.00−21.87) GNPs 6.000 0.564
GNPs 14.86 (17.30−8.23) Sham 1.000 *0.043 GNPs 25.20 (26.74−22.63) Sham 1.000 *0.043

14
DPI

Sham 0.83 (0.96−0.57) C–V 4.000 0.248 Sham 21.12 (31.20−24.97) C–V 4.000 0.248
C–V  1.23 (2.76−0.69) GNPs 0.000 *0.021 C–V 29.04 (30.35−27.68) GNPs 1.000 *0.043
GNPs 10.06 (15.78−8.19) Sham 0.000 *0.021 GNPs 24.72 (26.51−23.54) Sham 6.000 0.564

30
DPI

Sham 1.01 (1.34−0.71) C–V 1.500 0.059 Sham 27.17 (27.43−26.55) C–V 1.000 *0.043
C–V  2.03 (3.16−1.46) GNPs 3.500 0.191 C–V 29.21 (30.46−28.25) GNPs 3.000 0.149
GNPs 5.63 (18.33−2.73) Sham 1.500 0.059 GNPs 26.43 (28.06−25.66) Sham 6.000 0.564

.081 

.773 

.042 

d
g
u
t

90
DPI

Sham 1.10 (1.83−1.00) C–V 2.000 0
C–V  3.16 (4.29−1.66) GNPs 7.000 0
GNPs 3.16 (4.59−2.43) Sham 1.000 *0

increase in the GNPs group regarding the sham group (Fig. 5A and
Table 3). Remarkably, gold-nanoparticles only produced a marginal
significance in the microglia response when compared to the C–V
group. Interestingly, we did not find statistically significant differ-

ences in the cytoplasmic transformation of microglia cells among
groups (Fig. 5B and Table 3). At day 14 post-injection, the num-
ber of microglia cells in the GNPs group showed an important

w
T
d

6

Sham 30.71 (34.56−27.20) C–V 2.000 0.083
C–V 26.24 (28.56−25.44) GNPs 3.000 0.149
GNPs 28.69 (30.75−28.19) Sham 8.000 1.000

ecrease that reached similar levels to those found in the other
roups (Fig. 5A). The morphology of Iba1+ cells seemed to remain
nchanged in mice with GNPs as compared to the sham group and
he C–V group. At this time point, statistically significant differences

ere only found between the sham and the C–V group (Fig. 5B and

able 3). At day 30 post-injection, the number of microglia cells
id not show statistically significant differences among all groups
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Fig. 4. Microglia response after GNPs injection. Microglia cells (Iba1-expressing cells) found at 3, 7, 14, 30, and 90 days post-injection. After the GNPs injection, the population
of  microglial cells increases significantly on day 7 and decreases progressively on day 14 to remain stable until day 90. Morphologic changes were evident only at 3rd day
post-injection. These changes were not evident in the following time points. Larger images show the injection site where needle track was  identified (dotted lines). Insets
show  cells found in the perilesional area (0–550 �m;  upper panels) or distal areas (500–1600 �m;  lower panels). Scale bar =500 �m; inset scale bar =20 �m.
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Fig. 5. Microgliosis in the injection site and distal areas. A. Around the injection site, the number of microglia cells (Iba1+ cells) of the GNPs group normalizes on day 14. B.
Morphologic changes of microglia cells are evident only on day 3. C. In the distal area (500–1600 �m away from the injection site), microglia cells appeared to be unaffected
by  GNPs. D. Morphologic changes of distal microglia cells are present only from day 3 to day 14 after GNPs administration. Data are expressed as the mean and ES; n = 4.
Symbols (*, & and #) represents P < 0.05; Mann-Whitney “U” test. * (Sham vs. GNPs); & (Sham vs. C-V); # (C-V vs. GNPs).

Table 3
Iba1+ cells and their cytoplasmic transformation in the perilesional area after gold nanoparticle administration. Data are expressed as the median and interquartile range
(IQR  = Q3-Q1); Mann-Whitney “U” test. * p < 0.05. C-V: control vehicle group; GNPs: gold-nanoparticles group.

Time
Point

Group
Iba1+ Cell Population

Group
Iba1+ Cell Intersections

M (Q3 – Q1) Comparison
(versus)

U test P value M (Q3 – Q1) Comparison
(versus)

U test P value

3
DPI

Sham 42.20 (49.35−36.60) C–V 2.000 0.083 Sham 16.31 (16.83−14.57) C–V 0.000 *0.021
C–V  51.60 (54.25−49.32) GNPs 2.000 0.083 C–V 25.06 (25.84−22.20) GNPs 7.000 0.773
GNPs  52.02 (58.35−49.15) Sham 7.000 0.773 GNPs 22.72 (26.07−21.28) Sham 0.000 *0.021

7
DPI

Sham  38.27 (42.67−36.20) C–V 8.000 1.000 Sham 18.71 (20.02−18.11) C–V 7.000 0.773
C–V  33.90 (51.37−19.17) GNPs 2.000 0.083 C–V 14.85 (21.41−8.58) GNPs 7.000 0.773
GNPs  54.92 (61.55−50.67) Sham 0.000 *0.021 GNPs 19.09 (20.58−16.82) Sham 8.000 1.000

14
DPI

Sham  38.22 (41.65−35.35) C–V 1.000 *0.043 Sham 17.22 (18.06−14.89) C–V 0.000 *0.021
C–V  45.27 (47.07−43.25) GNPs 4.000 0.248 C–V 20.76 (23.10−19.58) GNPs 7.000 0.083
GNPs  51.57 (57.32−40.47) Sham 4.000 0.248 GNPs 20.58 (22.73−18.65) Sham 2.000 0.773

30
DPI

Sham  42.00 (46.05−39.10) C–V 7.000 0.773 Sham 16.93 (18.53−16.22) C–V 0.000 *0.021
C–V  41.20 (42.52−40.45) GNPs 8.000 1.000 C–V 22.36 (22.91−20.78) GNPs 6.000 0.686
GNPs  41.15 (43.50−37.85) Sham 7.000 0.773 GNPs 20.82 (23.13−18.93) Sham 2.000 0.083

.083 

0.021
.564 

g
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90
DPI

Sham  34.25 (38.32−31.60) C–V 2.000 0
C–V  29.37 (32.00−23.80) GNPs 0.000 *
GNPs  36.60 (38.82−34.35) Sham 6.000 0

(Fig. 5A). Besides, the number of Iba1+ intersections in the GNPs
group did not show statistical significance (Table 3). At day 90
post-injection, the Iba1+ cells in the GNPs group showed statistical
differences in comparison to the C–V group (Fig. 5A). Remarkably,
the GNPs group did not show significant differences when com-

pared to the sham-operated group (Fig. 5A). The number of the
grid-cell process intersections did not show statistical differences
between the GNPs and the sham-operated groups but, the C–V

f
c
l

8

Sham 18.99 (21.88−16.61) C–V 0.000 *0.021
 C–V 13.26 (13.92−12.73) GNPs 0.000 *0.021

GNPs 17.01 (16.17−18.12) Sham 5.000 0.386

roup showed significant differences when compared to the other
roups (Table 3).

To determine whether microglia activation was restricted to the
njection site or affected parenchymal regions, we analyzed the

icroglia cell population within brain parenchyma (500 �m away

rom the injection site). We  found that the number of microglia
ells increased on day7 in the GNP group, but it returns to basal
evels from day 14 (Fig. 5C). In contrast,
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Table  4
Iba1+ cells and their cytoplasmic transformation in the distal area after GNPs administration. Data are expressed as the median and interquartile range (IQR = Q3-Q1);
Mann-Whitney “U” test. * p < 0.05. C-V: control vehicle group; GNPs: gold-nanoparticles group.

Time
Point

Group
Iba1+ Cell Population

Group
Iba1+ Cell Intersections

M (Q3 – Q1) Comparison
(versus)

U test P value M (Q3 – Q1) Comparison
(versus)

U test P value

3
DPI

Sham 42.40 (47.50−38.63) C–V 8.000 1.000 Sham 18.76 (19.40−16.36) C–V 0.000 *0.021
C–V 42.39 (46.36−40.29) GNPs 4.000 0.248 C–V 21.71 (22.06−20.63) GNPs 3.500 0.191
GNPs  37.43 (41.46−35.39) Sham 5.000 0.236 GNPs 22.36 (23.13−21.91) Sham 0.000 *0.021

7
DPI

Sham  38.06 (41.69−35.76) C–V 6.500 0.663 Sham 19.65 (21.65−18.13) C–V 7.000 0.773
C–V  38.03 (42.36−31.76) GNPs 2.000 0.083 C–V 20.21 (22.84−16.22) GNPs 7.000 0.773
GNPs  46.06 (51.40−41.03) Sham 2.000 0.083 GNPs 20.76 (19.01−21.14) Sham 6.000 0.564

14
DPI

Sham  41.83 (48.66−36.13) C–V 8.000 1.000 Sham 17.80 (18.85−16.94) C–V 0.000 *0.021
C–V 41.73 (44.26−40.33) GNPs 2.000 0.083 C–V 21.35 (22.73−20.31) GNPs 7.000 0.773
GNPs  37.40 (39.70−36.16) Sham 5.000 0.386 GNPs 20.91 (21.91−20.36) Sham 0.000 *0.021

30
DPI

Sham  35.36 (37.26−33.73) C–V 2.000 0.083 Sham 21.73 (22.31−20.79) C–V 5.000 0.386
C–V  38.89 (40.33−37.36) GNPs 0.000 *0.021 C–V 22.35 (23.36−21.45) GNPs 5.500 0.468
GNPs  32.96 (34.46−31.50) Sham 3.000 0.149 GNPs 21.28 (23.33−19.33) Sham 8.000 1.000

0.021
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90
DPI

Sham  36.96 (40.60−34.06) C–V 0.000 *
C–V  30.46 (31.00−27.53) GNPs 3.000 0
GNPs  34.78 (36.03−31.23) Sham 5.000 0

The analysis of cytoplasmic transformation indicated that the
C–V group and GNPs had similar patterns and both of them reached
the control level on day 30 (Fig. 5D). The numerical data and sum-
mary statistics are shown in Table 4. As done for astrocytic analysis,
we compared the microglia response in the injection site vs. dis-
tal regions in all time points (Supplemental Table 2). In general,
we found that microglial reactivity did not show statistically sig-
nificant differences between the injection site and distal regions,
which suggests that microglial response was mainly circumscribed
to the injection site and it remained stable throughout the study.
Altogether, our results showed that the cellular immune response
induced by the intracerebral injection of gold nanoparticles is self-
limited, decays rapidly, and is primarily confined to the injection
site, predominantly.

4. Discussion

To the best of our knowledge, this is the first study that anal-
yses the long-term effects of GNPs delivered into the brain on
the glial response. Herein, we show that the intracerebral injec-
tion of spherical GNPs increases the number of astrocytes and
microglia cells, and their cytoplasmic complexity in the perilesional
area. Remarkably, these cellular changes are transient, moderate
and predominantly circumscribed to the injection site. The cellular
enlargement, the high cytoplasmic complexity, and the increase
in glial populations are suggestive of reactive gliosis (Sofroniew,
2015; Bardehle et al., 2013; Adams and Gallo, 2018; Liddelow et al.,
2017), which are indirect indicators of the magnitude of a brain
insult (Sofroniew, 2009; Sofroniew and Vinters, 2010). Therefore,
our data indicate that GNPs produce a very limited tissue disruption
in the brain homeostasis.

The cellular response and cytotoxicity of GNPs not only depends
on the size, shape, and other physical properties of each nanopar-
ticle but also on the targeted tissue (Madhusudanan et al., 2017;
Rizvi et al., 2018). GNPs may  trigger cytotoxic responses in a size-
dependent manner in several cell types (Pan et al., 2009, 2007; Xia
et al., 2019), and the cytotoxic mechanism is triggered by caspase-3,
oxidative stress, mitochondrial disruption, cytokine releasing (IL-6
and IL-1a) and overexpression of TLR-2 (Pan et al., 2009, 2007; Xia
et al., 2019). In the brain, small GNPs (diameter ≤ 5 nm)  can induce
strong glial reactivity in the cortex (Lee et al., 2016; Liu et al., 2013b)

and enhance the damage progression of cerebral ischemia in rats
(Liu et al., 2013b). In our study, we used 8-nm GNPs and evalu-
ated the glial response in the long-term at different time points.
We  observed that the astroglial response increased on day 3 and
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 Sham 21.13 (21.44−19.75) C–V 4.000 0.248
C–V 18.75 (20.03−18.14) GNPs 3.000 0.149
GNPs 20.71 (21.21−20.55) Sham 7.000 0.773

eached its highest point on day 7; eventually, astroglial response
eaches a plateau between days 14 and 30 that finally normalizes
n day 90. These findings indicate that GNPs produces a transient

ncrease in astrocytic population. In the brain parenchyma located
00 �m away from the injection site, these cellular events showed
ery similar a time course, which confirms that GNPs produces a
ransitory and limited astroglial response in the adult brain. We  did
ot find statistically significant differences at the final time point
day 90) between the C–V and GNP group in astrogliosis, which sup-
orts the notion that glial reactivity found in the GNP group was
ainly due to the surgical manipulation.

We  used GFAP expression to label astrocytes, GFAP is an
ntermediate filament protein that is overexpressed in astrocytes
fter damage (Hol and Pekny, 2015). Interestingly, the analysis
f cytoplasmic transformation showed that astrocytes had fewer
rocesses when GNPs were injected and acquired a normal mor-
hology from day 7 to the end of the study, which suggests that
-nm GNPs per se did not produce an additional glial response
Fig. 4B). These beneficial effects of GNPs have been associated with

 high expression of anti-apoptotic genes, IL-10, IL-4, and NF-�B,
s well as a decrease in the expression of pro-apoptotic genes and
NF-� levels (Liu et al., 2013b; Mytych et al., 2015). However, these
ffects are not desirable for all body organs and tissue cells, in con-
equence, the local administration of GNPs may be mandatory to
void the spread of GNPs throughout the body.

Microglia cells are the first line of defense against brain dam-
ge by increasing their phagocytic activity (Li and Barres, 2018).
hus, the level of microglia activity may  reflect the magnitude
f damage to the brain. Microglia cells can uptake GNPs with-
ut compromising their viability (Ji et al., 2019; Stojiljković  et al.,
016; Hutter et al., 2010). The capacity of microglia for inter-
alizing GNPs depends on the formation of the protein corona
urrounding the GNPs (Kuschnerus et al., 2020). The protein corona
s formed when the GNPs enter in a biological medium (García-
lvarez et al., 2018) and increase the GNPs uptake by microglia

Kuschnerus et al., 2020). PEG prevents aggregation and forma-
ion of a prominent protein corona that, in turn, inhibits cellular
ptake (González-Pedroza et al., 2017; Mosquera et al., 2018).
e found that upon intracerebral injection of PEGylated-GNPs,

he number of microglia increases and peaks on day 7 and tend
o normalize in all subsequent time points (Fig. 4C). Microglia
ells acquire a highly branched morphology with an enlarge soma

t 3 days, but this cellular enlargement is normalized at 7 days
Fig. 4D). This evidence indicates that microgliosis is transient and
urns to basal levels faster than astrocytes, which may  limit the
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pro-inflammatory microenvironment in the brain. Our results also
showed that microglia response observed in distal brain regions
(550–1600 �m)  very limited and brief, which suggests that GNPs
did not significantly increases the immunological response medi-
ated by microglia cells.

There are different types of metallic nanoparticles such as iron
oxide, titanium dioxide, zinc oxide, and silver nanoparticles, which
seem to be more toxic than GNPs for the neural tissue because
they promote Fe2+ releasing (Luther et al., 2013), increase the lev-
els of reactive oxygen species (Petters et al., 2016), and promote
autophagy with mitochondrial damage (Long et al., 2006; Wilson
et al., 2015; Pérez-Arizti et al., 2020; Wang et al., 2014; Sharma
et al., 2017; Song et al., 2019). These pathological changes are medi-
ated by microglia cells that release IL-6, IL-1�, and TNF-� (Xue
et al., 2012; Liu et al., 2013a). In our study, the microglia pop-
ulation was increased in the GNPs’ group, but only between the
third and seventh days. Most importantly, GNPs did not induce
a chronic microglia response as observed on days 30 and 90.
This evidence contrasts with that obtained with silver nanopar-
ticles that compromise the cell viability (Luther et al., 2011, 2012),
activate microglia cells (Huang et al., 2015; Xu et al., 2015), and
induce oxidative stress (Sun et al., 2016; Haase et al., 2012). Thus,
our findings suggest that GNPs induce either a transitory pro-
inflammatory microenvironment or activate anti-inflammatory
mechanisms in vivo as suggested with in-vitro approaches (Liu et al.,
2013b; Mytych et al., 2015). Interestingly, the type of polymer
coat and shape of GNPs seem to be crucial to trigger the microglia
response as observed in the olfactory bulb of adult mice (Hutter
et al., 2010). Our findings confirmed that PEGylated and spheri-
cal GNPs produce a limited expression of Iba1+ cells in the long
term. Besides, PEGylated and spherical GNPs are slowly internal-
ized by microglia cells as compared to other shapes or polymer
coats (Hutter et al., 2010). A slow clearance of PEGylated GNPs
allows them to remain in the brain parenchyma, which is a crucial
characteristic for the design of long-lasting pharmaceutical vehi-
cles.

In summary, the intracerebral administration of GNPs produces
transitory and self-limited astrogliosis and microgliosis. This evi-
dence indicates that GNPs have low deleterious effects for the brain
and may  be suitable candidates for pharmacological applications,
specifically as drug reservoirs/carriers for the treatment of neuro-
logical diseases. Thus, GNPs may  be a promising pharmacological
vehicle for delivering long-lasting drugs into the brain.
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