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Abstract
Gold nanoparticles (GNPs) have been widely used in medicine such as imaging, drug delivery and therapeutics due to their 
multifunctional properties. Alterations in neuronal function may contribute to various neurological diseases. Transferrin 
plays a primary role in iron transportation and delivery and has recently been utilized for drug delivery to the brain. We 
have investigated effects of transferrin-conjugated GNPs (Tf-GNPs) on anxiety and locomotor behavior in vivo and also 
hippocampal neuronal activity ex vivo. Electrophysiological effects of Tf-GNP on hippocampal neurons were determined 
by patch clamp method. Fifteen male young adult C57BL/6 mice were randomly divided into three groups as control 
(200 µL PBS), GNP (bare GNP; 2.2 μg/g in PBS) and Tf-GNPs (2.2 μg/g Tf-GNP). Animals intraperitoneally received 
the respective treatments for seven consecutive days and were subjected to elevated plus maze (EPM) and open field tests 
(OFT). Ex vivo, firing frequency of the neurons significantly increased by GNP treatment (p < 0.001). In vivo, animals in 
Tf-GNP group showed significantly longer distance in open arms but significantly lower number of entries to the open arms 
in EPM (p < 0.05). Mice received bare GNPs had significantly higher locomotor activity in OFT (p < 0.05), while Tf-GNP 
did not alter the locomotor activity significantly (p = 0.051). Animals in Tf-GNP group spent significantly longer time in 
the peripheral zone in OFT (p < 0.05). The present findings have shown that Tf-GNP induces anxiety-like behavior without 
altering spontaneous firing rate of hippocampal neurons. We suggest that neurobiological effects of Tf-GNP should be pre-
determined before using in medical applications.
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Introduction

Gold nanoparticles (GNPs) are preferred in biological appli-
cations compared to other nano-structured materials due to 
their high biocompatibility and low toxicity properties to 
cells [1]. They are used especially in gene and drug trans-
port, cancer treatment, imaging technologies and neuro-
logical diseases due to their ability to penetrate into tissue 
easier and stimulate the immune system less [1–3]. Moreo-
ver, they are being developed for various other applications 
as diagnostics [4–6], thermal [7–9], radiation [10, 11] and 
photodynamic therapy against cancer [11, 12]. The chance 
of regulating nanoparticle characteristics such as physical, 
chemical, and biological properties brings up several oppor-
tunities to use these nanoparticles in diagnostic drug deliv-
ery studies [13]. In addition, the changes in photoacoustic 
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and photothermal properties and allows the use of light of 
different wavelengths in therapy [9].

It is thought that changes in action potential, which is the 
most basic and important feature of excitable cells, can lead 
to neurological diseases such as epilepsy [14], pain sensation 
[15] and psychiatric disorders [16]. Several exogenous fac-
tors (such as anesthetics and toxicants) and neuromodulators 
have been reported to affect neuronal excitability [17–20]. 
Therefore, it is important to determine possible functional 
changes can be caused by GNPs to be used in medical appli-
cations in neurons and that these changes may be prevented 
with different surface coating strategies [21].

The blood brain barrier (BBB), which plays an important 
role in maintaining brain homeostasis, may prevent drugs 
from reaching the brain in the treatment of cancer and neuro-
logical diseases due to its selective permeability [22]. How-
ever, molecules such as insulin, leptin, insulin-like growth 
factor 1 and transferrin in the plasma can pass the BBB by 
a carrier-mediated method [23, 24]. Transferrin is a 76-kDa 
glycoprotein primarily produced in liver in humans and 
plays important roles in iron delivery throughout the body 
via incorporation through transferrin receptor 1-mediated 
endocytosis [25]. Since transferrin and transferrin receptor 
system show specific properties in the brain endothelium, 
transferrin is more suitable for the development of carrier 
systems in targeting the brain [26].

Effects of transferrin-conjugated GNPs (Tf-GNPs) on 
central nervous system neuronal activity and plasticity are 
not known yet. Therefore, in this study, we aimed to inves-
tigate effects of bare GNPs and Tf-GNPs on neural activ-
ity using in vivo behavior and ex vivo electrophysiology 
models. We showed that, bare GNPs, but not the Tf-GNPs, 
elevated the spontaneous firing frequency of hippocampal 
neurons ex vivo. In addition, Tf-GNPs elevated the anxiety-
like behavior without altering the locomotor activity in vivo. 
As a result, the use of Tf-GNPs suggested as less neurotoxic 
for bioapplications but using bare GNPs should considered 
more carefully.

Methods

Preparation of gold nanoparticles

Synthesis of gold nanoparticles

GNPs of 13 nm diameter size were synthesized by Turk-
evich’s citrate reduction method. Briefly, a 200 mL aque-
ous solution of HAuCl4·3H2O (1.1 mM; Sigma-Aldrich, 
#G4022-5G) was boiled on a magnetic stirrer at 1000 rpm. 
Once boiled, a 10 mL of 38.8 mM sodium citrate dehydrate 
(Merck Millipore, #1064321000) was immediately injected 
and the mixture was boiled for another 15 min. The colloid 

was left at room temperature for cooling down before using 
in further experiments.

Transferrin conjugation of gold nanoparticles

GNP surfaces were first modified with cysteamine. A 
100 µM (200 µL) solution of cysteamine was added to 13 mL 
of GNP colloid and left under vigorous shaking at room 
temperature overnight. Then, N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC; Merck Millipore, 
#00907)/N-Hydroxysuccinimide (NHS; Sigma-Aldrich, # 
130672) coupling reaction was initiated by addition of EDC 
and NHS to a final concentration of 1.6 µM EDC, 1.6 µM 
NHS and 1.6 µM apo-transferrin human (Sigma-Aldrich, 
#T4382-500MG) to 10 mL of cysteamine-modified GNPs. 
The reaction continued for 24 h by shaking at room tem-
perature. To remove unbound transferrin and chemicals, the 
colloid was washed three times with deionized water and 
centrifuged 3 × 15 min at 18,000×g.

Characterization of gold nanoparticles

Characterization of bare GNPs and Tf-GNPs were con-
ducted using a UV–Vis spectrophotometer (Lambda 25, 
PerkinElmer, USA), dynamic light scattering (DLS) and 
zeta potential measurements (ZetaSizer Nano ZS, Malvern 
Panalytical, UK). All experiments were performed in the 
water dispersant state at 25 °C. Three repeats for each sam-
ple were conducted to estimate the standard deviation in 
the measurements. TEM images of bare GNP and Tf-GNPs 
were obtained using a standard carbon grid with Jeol JEM-
2100 Plus Electron Microscopy (Japan) in Yeditepe Univer-
sity. FTIR spectra were obtained using Thermo Scientific 
Nicolet iS50 instrument with ATR module.

In vitro toxicity of bare gold nanoparticles 
and transferrin‑conjugated gold nanoparticles

GT1-7 cells that are mouse immortalized gonadotropin-
releasing hormone neurons [27] were used to investi-
gate the in vitro toxicity of bare GNPs and Tf-GNPs. The 
GT1-7 cells were routinely maintained in DMEM (Gibco; 
10569010) supplemented with 10% heat-inactivated fetal 
bovine serum (Gibco, 10500) and penicillin/streptomycin/
neomycin (50 µg/mL/50 µg/mL/100 µg/mL) mixture (Gibco, 
15640055) at 37 °C under 5% CO2 humidified atmosphere. 
For in vitro toxicity experiments, 1 × 105 cells in 500 µL/well 
were seeded in a 24-well plate. After overnight attachment 
cells were treated with either bare or transferrin-conjugated 
GNPs at the doses of 5, 10, 25, 50 and 100 nM for 24 h. Cell 
viability were determined using trypan blue dye exclusion 
assay [28] and counted on an automated cell counter (Coun-
tess™ 3 Automated Cell Counter, Thermo Fisher Scientific). 
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The cell counts were then normalized against the respective 
control group and expressed as percent of control.

Determining the amount of GNP and Tf‑GNP accumulated 
in mice brains

To determine the brain uptake of bare GNP and Tf-GNP in 
mice, inductively coupled plasma mass spectrometry (ICP-
MS; Perkin-Elmer Nexion 300XX) was used with nickel 
sampler and skimmer cones 3 days after injection (n = 3/
group). A microwave digestion system, Titan MPS Micro-
wave Sample Preparation System (PerkinElmer, USA), with 
a rotor for sixteen Teflon digestion vessels was used for sam-
ple digestion process. Whole mice brains were homogenized 
and used for measurements.

Brain slice preparation, electrophysiology and patch 
clamp

Slice preparation was performed as described previously 
[29]. Briefly, C57BL/6 mice were sacrificed and brains 
were immersed in N-Methyl-d-glucamine (NMDG)-HEPES 
containing artificial cerebrospinal fluid (aCSF) cutting solu-
tion (92.0 mM NMDG, 2.5 mM KCl, 1.25 mM NaH2PO4, 
30.0 mM NaHCO3, 20.0 mM HEPES, 25.0 mM glucose, 
2.0 mM thiourea, 5.0 mM Na-ascorbate, 3. mM Na-pyru-
vate, 0.5 mM CaCl2·2H2O, and 10.0 mM MgSO4·7H2O). 
Brain tissue was kept in 95% O2/5% CO2 aerated ice-cold 
cutting solution and 300 μm fresh slices containing the hip-
pocampus were obtained with vibratome and transferred to 
95% O2/5% CO2 aerated and HEPES containing artificial 
aCSF incubation solution (92.0 mM NaCl, 2.5 mM KCl, 
1.25 mM NaH2PO4, 30.0 mM NaHCO3, 20.0 mM HEPES, 
25.0 mM glucose, 2.0 mM thiourea, 5.0 mM Na-ascorbate, 
3.0 mM Na-pyruvate, 2.0 Mm CaCl2·2H2O, and 2.0 mM 
MgSO4·7H2O). The sections were incubated in this solution 
for at least 1 h and placed in the recording chamber which 
had the recording aCSF solution (124 mM NaCl, 2.5 mM 
KCl, 1.25 mM NaH2PO4, 24 mM NaHCO3, 12.5 mM glu-
cose, 5.0 mM HEPES, 2.0 mM CaCl2·2H2O, and 2.0 mM 
MgSO4·7H2O). Cell-attached loose-seal recordings were 
performed in voltage clamp mode and action currents were 
recorded from hippocampal neurons using electrodes with 
4–5 MΩ tip resistances. Recording aCSF was used as the 
pipette solution for cell-attached recordings. MultiClamp 
700B Amplifier (Molecular Devices, San Jose, CA) and 
Axon™ pCLAMP™ 11.3 software (Molecular Devices, San 
Jose, CA) were used to obtain and analyze the data. After a 
sufficient amount of control recordings were taken from the 
brain slices, bare GNP (0.01 mM) and Tf-GNPs (0.01 mM) 
were added into the bath through perfusion and taken popu-
lation recordings.

Experimental setup and in vivo experiments

Fifteen male C57BL/6 mice (aged between 4 and 6 weeks) 
were obtained from Yeditepe University Medical School 
Experimental Research Center (YUDETAM). They were 
housed under controlled temperatures (21 ± 1 °C) and light-
ing conditions (12/12-h light/dark cycle). Standard mice 
chow and tap water were provided ad libitum. Experimen-
tal procedures were approved by the Yeditepe University 
experimental animal research ethics committee (Number: 
599, Date: 30.03.2017).

Animals were randomly divided into three groups as con-
trol, GNP and Tf-GNP groups (n = 5 animals in each group). 
For seven consecutive days, animals in control, GNP and 
Tf-GNP groups were administered with PBS (200 µL), bare 
GNP (2.2 μg/g body weight in 200 µL PBS) and Tf-GNP 
(2.2 μg/g body weight in 200 µL PBS) intraperitoneally. At 
the end of the administration period, behavioral effects of 
GNP and Tf-GNP were examined.

Elevated plus maze

The elevated plus maze (EPM) test measures anxiety-like 
behavior in mice [30]. Mice were individually placed in the 
central-open area within the EPM. Testing was done for 
5 min. Mice were placed into a Plexiglass chamber, which 
was with a height of 50 cm from the ground consisted of 
plus-shaped arms (length: 50 cm, width: 10 cm) and con-
sisted of a labyrinth with open and closed areas. Scoring 
was based on time spent in the open versus close arms 
and entries into the close versus open arms. Behavior was 
recorded using the EthoVision system (Noldus).

Open field test

The open field test (OFT) was used to assess locomotion 
and anxiety-like behavior in mice as previously reported 
[31]. Locomotor activity of all mice was measured after 
the injection at the end of seven days by OFT to deter-
mine the anxiety-like behavior of the animals. Mice 
were placed into a Plexiglass chamber (length x width x 
height = 60 cm × 60 cm × 42 cm) and allowed to acclimate 
to the chamber for about 3 min. Their activity was tracked 
for 10 min (n = 7 mice). The total distance traveled, the num-
ber of crossings into the middle portion of the area (center 
quadrant, 20 cm × 20 cm), total time spent in the center and 
corners, and velocity were determined by offline analysis 
(EthoVision, Noldus).

Statistical analysis

Data were analyzed using GraphPad Prism v7.0 (GraphPad 
Software, USA). Distribution of the data was examined 
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using Kolmogorov–Smirnov test. Data of two dependent 
groups were analyzed using Student’s paired t test in case of 
the data were normally distributed. Data of groups with nor-
mal distribution were analyzed using One-Way analysis of 
variance (One-way ANOVA) followed by Tukey’s multiple 
comparison tests or two-way ANOVA followed by multiple 
comparison tests. The data without normal distribution were 
analyzed with Kruskal–Wallis, followed by Dunn’s multi-
ple comparison tests. P < 0.05 was considered to be statisti-
cally significant. Data were represented as mean ± standard 
deviation.

Results

Characterization of GNPs

The UV–Vis spectroscopy of bare GNPs and Tf-GNPs 
revealed peak maxima at 519  nm and 528  nm, respec-
tively (Fig. 1a). DLS measurements resulted in that the 
mean diameter of the bare GNPs were 13.54 ± 3.73 nm 
(min–max = 8.7–37.8  nm), while the mean diameter of 
the transferrin-conjugated GNPs was 30.44 ± 6.64  nm 
(min–max = 21.04–68.06 nm; Fig. 1b). The zeta potentials 

of bare GNP and Tf-GNP were -26.17 ± 2.15  mV and 
-28.00 ± 0.55 mV, respectively (p = 0.22). TEM image meas-
urements were similar to the DLS measurements with the 
mean diameter of the bare GNPs were 13.09 ± 4.36 (Fig. 2a) 
and the mean diameter of the transferrin-conjugated GNPs 
was 17.9 ± 8.3 nm (Fig. 2b). The change in the diameter size 
of the particles proves the successful conjugation of trans-
ferrin protein. To confirm Tf conjugation to GNPs, FTIR 
spectra of both bare and Tf-conjugated GNPs were obtained 
(Fig. 3a, b). As a comparison, FTIR spectra of sodium cit-
rate (Fig. 3c) that has been used in GNP synthesis as well 
as commercial powder of Tf (Fig. 3d) used in conjugation 
were obtained. Compared to bare GNPs, a slight increase in 
protein Amide region in GNP-Tf was observed at 1663 cm−1.
Although all the characterizations of GNPs were performed 
in water, their stability might be different in PBS. There 
are studies reported that citrate stabilized gold nanoparticles 
might not be stable in physiological environment [32, 33].

In vitro toxicity of GNPs

Bare and Tf-conjugated GNPs did not cause any morpho-
logical alterations in vitro (Fig. 4a). Moreover, none of the 
GNPs showed toxic effects on GT1-7 cells (Fig. 4b).

Fig. 1   Physical characteristics of bare GNPs and Tf-GNPs. a UV/Vis spectrum and b size distribution in diameter by DLS

Fig. 2   TEM images of a 
bare GNPs and b Tf-GNPs. 
Particle size in diameter 
was 13.09 ± 4.36 before and 
17.9 ± 8.3 after transferrin 
conjugation
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The amount of GNP and Tf‑GNP in mice brain

The amount of GNP three days after injection was deter-
mined by ICP-MS in mice brain. The GNP concen-
trations of brains of the mice administered with GNP 
(374.11 ± 5.03 ppb) and Tf-GNP (401.78 ± 35.12 ppb) 
were similar, indicating that the ability of the bare and Tf-
GNP to cross the blood–brain barrier are similar (Fig. 5).

Electrophysiological effects of GNP and Tf‑GNP 
on hippocampal neuronal activity ex vivo

We examined the electrophysiological effects of GNP and 
Tf-GNP upon the electrophysiological activity of hippocam-
pal neurons ex vivo by patch clamp technique (Fig. 6a, b). 
GNP (0.01 mM) was applied to the bath mice brain slice 
ex vivo significantly increased the spontaneous firing fre-
quency in hippocampal neurons compared to the control 
group (p < 0.001; Fig. 6c, d), while Tf-GNP caused no sig-
nificant alterations in spontaneous firing frequency (Fig. 6c, 
d).

In vivo effects of GNP and Tf‑GNP

Body weight and food intake

Body weight of the animals did not differ between the groups 
for seven days (Fig. 4a). However, animals received Tf-GNP 
had significantly higher food intake compared to the animals 
receiving bare GNP (p < 0.05) on day 4. However, on day 
5, control group had significantly higher food intake in the 
control group of animals compared to the animals receiving 
bare GNP (p < 0.05), while there were no significant dif-
ferences between GNP and Tf-GNP groups or control and 
Tf-GNP groups (Fig. 7b). Notably, there was a slight but 
significant decrease in the food intake in Tf-GNP group on 
day 5 compared to day 4 (p < 0.05; Fig. 7b), but there were 
no significant differences in food intake during the experi-
mental period in other groups.

Anxiety‑like behaviors determined by elevated plus maze

Animals received Tf-GNPs had significantly lower fre-
quency of entry into open arms compared to closed arms 
(p < 0.05), while there were no differences in the animals 
in control and GNP groups with regards to the number of 
entries into both open and closed arms (Fig. 8a). The time 
spent in both arms did not significantly differ among the 

Fig. 3   FTIR spectra of conjugated and bare GNPs. FTIR spectra of 
(a) Tf-conjugated GNPs, (b) bare GNPs, (c) sodium citrate that has 
been used in GNP synthesis as a stabilizing and reducing agent, and 
(d) powder form Tf. The grey shaded area is the Amide region of Tf

Fig. 4   In vitro toxicity of bare GNPs and Tf-GNPs. a Representative microscopy images and b viability of the cells



1818	 Molecular and Cellular Biochemistry (2023) 478:1813–1824

1 3

groups (Fig. 8b). Tf-GNP group of animals had significantly 
higher mobility in the open arms compared to closed arms 
(**p < 0.01), however, there was no differences in mobility 
of the animals in control groups and animals that received 
bare GNP in both arms (Fig. 8c). On the other hand, mean 
speed of the animals during the experimental procedure was 
similar (Fig. 8d).

Locomotor activity and anxiety‑like behaviors determined 
by open field

There were no significant differences between the groups 
in terms of total number of crossing the lines (Fig. 9a). 
Although there was a tendency of animals in all groups to 
spend time in the peripheral zone, only the animals in Tf-
GNP group spent significantly higher time in the peripheral 
zone compared to central zone (p < 0.01; Fig. 9b). Animals 
received bare GNP traveled significantly higher distance 
(p < 0.05; Fig. 9c) and had a significantly higher mean speed 
(p < 0.05; Fig. 9d) compared to the control group of ani-
mals. However, although there was a tendency of the ani-
mals received Tf-GNP traveling longer distance and having 
a higher mean speed compared to control group of animals, 
the difference was not significant (p = 0.051; Fig. 9c, d).

Discussion

In the present study, we investigated the effects of trans-
ferrin-conjugated GNPs on spontaneous firing frequency 
ex vivo and on anxiety-like behavior and locomotor activity 
in vivo. In recent years, nanoparticles have gained atten-
tion for diagnostic, imaging, and therapeutic use due to their 
superior beneficial properties than traditional approaches. 
However, it has been reported they may exert neurotoxic 

effects [34–36]. Changes in the electrical activity of the neu-
rons may lead to various neurological conditions, therefore, 
it is of great importance that nanoparticles to be used in 
medicine do not lead to alterations in neuronal function. As a 
noble metal, gold is more frequently preferred more because 
of its inertness, high biocompatibility and low toxicity [37, 
38]. On the other hand, although the improvements in the 
synthesis procedures of GNPs, potential neurotoxic effects 
of GNPs are still present [39]. Therefore, altering the surface 
properties of GNPs is an alternative to prevent their adverse 
effects on neuronal functions and improve their beneficial 
activities in medicine.

Surface modifications of GNPs may both improve their 
bioavailability when brain is targeted [40] and may reduce 
the functional neurotoxicity [38]. In our study, we observed 
that transferrin conjugation of GNPs led to more negative, 
but not significantly, zeta potentials than bare GNPs. Previ-
ously, it was reported that the nanoparticles with more nega-
tive zeta potentials have a higher interaction with neurons 
and regulate the neuronal excitability in neural networks 
[41]. Apart from the zeta potential, physical adsorption 
which is happened as a results of high surface volume and 
instability of energy levels in surface atoms of nanoparticles 
might be the explanation of finding different effects of GNPs 
on firing frequency of neurons in vivo. The functional neu-
rotoxicity studies in which GNPs were used are limited. It 
has been shown that star-shaped GNPs with an average size 
of 180 nm elevated the spontaneous firing frequency of hip-
pocampal neurons via blocking K+ channels [42]. In another 
study, different surface modifications of GNPs having differ-
ent surface charges were tested on ex vivo hippocampal neu-
rons and report variations at properties of action potentials of 
hippocampal neurons due to different surface charges [43]. 
A more recent study also showed the elevated spontaneous 
firing rate in hippocampal neurons when treated with bare 
GNPs [44]. In the present study, we also observed signifi-
cantly higher spontaneous firing frequency in hippocampal 
neurons ex vivo when treated with bare GNPs. However, it 
has been reported they may exert neurotoxic effects [32–34]. 
Changes in the electrical activity of the neurons may lead 
to various neurological conditions, therefore, it is of great 
importance that nanoparticles to be used in medicine do not 
lead to alterations in neuronal function.

The hydrodynamic diameter change determined by DLS 
upon Tf conjugation indicates that Tf covers the GNP sur-
face and created around 8.5 nm thick layer. The change in 
the diameter size of the particles indicates also the success-
ful conjugation of transferrin protein. The slight increase of 
about 2 mV in zeta potential value shows that the particles 
are slightly more stable in colloidal form compared to bare 
GNPs. To confirm Tf conjugation to GNPs, FTIR spectra 
of both bare and Tf-conjugated GNPs were obtained and 
a slight increase in protein Amide region in GNP-Tf was 

Fig. 5   Brain GNP and Tf-GNP concentrations. The concentration 
of gold (ppb) was measured in brain 3  days after injection of GNP 
and Tf-GNP (2.2 µg/g body weight in 200 µL PBS) intraperitoneally. 
Data are mean ± standard deviation. (Statistical analyses: Student’s 
unpaired t-test)
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Fig. 6   Ex vivo effects of GNP and Tf-GNP on firing frequency 
of hippocampal neurons. a Representative image of hippocam-
pus (Image credit: Allen Institute), b Representative image of cell-
attached loose-seal recording from a hippocampal neuron (red dashed 
lines highlights the recording pipette), c representative cell-attached 
loose-seal recording traces for control, GNP and Tf-GNP groups and 

d effect of GNP and Tf-GNP on firing rate of hippocampal neurons. 
Each closed circle represents individual neurons (Control: n = 32 neu-
rons, GNP: n = 53 neurons and Tf-GNP: n = 61 neurons; recorded 
from slices from six mice; Statistical analysis: Kruskal–Wallis fol-
lowed by Dunn’s multiple comparison test. ***p < 0.001)
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observed at 1663 cm-1 compared to bare GNPs. In the lit-
erature, Tf-conjugated NPs do not show a distinct band upon 
conjugation but a slight increase in Amide band was reported 
[45]. As a result, the DLS, TEM and FTIR results support 
the conjugation of Tf presence. Similarly, in literature DLS 

and TEM results are also used to demonstrate the confirma-
tion of conjugation [46, 47].

Various strategies have been developed to assist the nano-
particles to cross the BBB. Previous studies indicated that 
bio-distribution of GNPs in various organs is size-dependent 

Fig. 7   Effect of bare GNP and Tf-GNP on a body weight and b food 
intake. Data are mean ± standard deviation S.D. (Statistical analysis: 
Two-way ANOVA followed by multiple comparison test. *p < 0.05 

(GNP vs. Tf-GNP), #p < 0.05 (Control vs. GNP) and ap < 0.05 (Tf-
GNP on day 4 vs. day 5))

Fig. 8   Effect of bare GNP and Tf-GNP on a number of entries into 
closed and open arms, b time spent in closed and open arms, c dis-
tance traveled in closed and open arms and d mean speed in EPM. 
Data are mean ± standard deviation. (Statistical analyses: For the 

panels a, b and c, Student’s paired t-test was performed (*p = 0.05 
and **p = 0.005). For panel d, One-way ANOVA followed by Tuk-
ey’s multiple comparison test was performed.) Black and white bars 
belong to the measurements in closed and open arms, respectively
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[48–52]. Moreover, surface modifications can also alter the 
biodistribution [53, 54] and toxicity [55, 56] of GNPs. A 
recent study investigated the polyethylene glycol-modified 
GNPs (PEGylated NPs) nd compared their electrophysio-
logical effects on hippocampal neurons ex vivo and reported 
hat treatment with PEGylated GNPs led to similar electro-
physiological characteristics in hippocampal neurons with 
untreated group [44]. In our study, the spontaneous firing 
rate observed for the neurons treated with bare GNPs were 
same in the neurons treated with Tf-GNPs. Moreover, GNPs 
were shown to be beneficial in neural injuries such in spinal 
cord injury when PEGylated [57] and sciatic nerve injury 
when conjugated with chitosan [58].

The dose applied in this study is below the toxic levels 
of bare GNPs on neural cells but reported to cause neu-
ronal functional toxicity [43, 44, 59]. Since low doses were 
administered to the mice in the current study, it is expected 
to have similar amount of transferee to the brain both for 
bare GNP and for Tf-GNP as shown with ICP-MS results. 
Bare GNPs in brain of mice after three days injection were 
increased the firing frequency of hippocampal neurons in 
line with the results both reported by our group and other 

groups [43, 44, 59]. However, Tf conjugated GNPs having 
similar brain dose with the bare GNPs shown by ICP-MS 
resulted no change in spontaneous firing frequency of hip-
pocampal neurons.

In our study, administration of Tf-GNPs for three con-
secutive days led to increase in the anxiety-like behavior 
without having any effect on locomotion in vivo. Previously, 
zinc oxide [60, 61] and magnesium oxide [62] nanoparticles 
were shown to have anxiolytic effects in rodents, while silica 
nanoparticles were found to be anxiogenic in adult zebrafish 
[63]. On the other hand, neither bare nor PEGylated GNPs 
were found to alter the behavior in terms of anxiety in mice 
[44]. Various regions and neural pathways are involved in 
brain modulating anxiety behavior [64, 65]. Hippocampus is 
one of the regions playing role in anxiety [66, 67] and inputs 
from hippocampus to other brain regions including lateral 
septum [68] medial frontal cortex [69] and lateral hypothala-
mus [68] regulate anxiety. On the other hand, other regions 
including amygdala [66] and bed nucleus of the stria termi-
nalis [70] and the neural circuitries between other regions of 
the brain have been implicated to play roles in the regulation 
of anxiety [71, 72]. Although the effect of nanoparticles on 

Fig. 9   Effect of bare GNP and Tf-GNP on a number crossing lines, 
b time spent in central and peripheral zones, c total distance traveled 
in both zones and d mean speed in OFT. Data are mean ± standard 
deviation. (Statistical analyses: For the panels a, c and d, One-way 
ANOVA followed by Tukey’s multiple comparison test was per-

formed (*p < 0.02). For panel b, Student’s paired t-test (for control 
and Tf-GNP groups) and Wilcoxon matched-pair signed rank test 
(for GNP group) were performed (*p < 0.05).) Black and white bars 
belong to the measurements in central and peripheral zones, respec-
tively
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hippocampal neuronal activity has been studied in various 
the studies, the activity of the neurons and possible altera-
tions in the abovementioned circuits should be also investi-
gated to elucidate impact of the bare and conjugated GNPs 
on anxiety behavior in transgenic mice using methods such 
as optogenetics [68].

Conclusions

Bare GNPs, but not the Tf-GNPs, elevated the spontane-
ous firing frequency of hippocampal neurons ex vivo. On 
the other hand, Tf-GNPs elevated the anxiety-like behavior 
without altering the locomotor activity in vivo. The exact 
mechanisms of conjugated GNPs, in this specific case, Tf-
GNPs, on the effect of neuronal activity remain to be elusive. 
Moreover, effects of these nanoparticles on brain chemistry 
and plasticity are still unknown. Studies investigating such 
effects with different conjugation methods and materials 
may be beneficial for the improvements in applications of 
GNPs for neurological conditions.
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