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Abstract: The influence of gold nanoparticles after their prolonged oral administration to mice
(during pregnancy and lactation) on spatial memory and anxiety levels in offspring was investigated.
Offspring were tested in the Morris water maze and in the elevated Plus-maze. The average specific
mass content of gold which crossed the blood–brain barrier was measured using neutron activation
analysis and constituted 3.8 ng/g for females and 1.1 ng/g for offspring. Experimental offspring
showed no differences in spatial orientation and memory compared to the control, while their anxiety
levels increased. Gold nanoparticles influenced the emotional state of mice exposed to nanoparticles
during prenatal and early postnatal development, but not their cognitive abilities.
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1. Introduction

For each new and potentially widely used medical compound, the question about its
safety for patients, especially for pregnant women and children arises. Gold nanoparticles
(AuNPs) already found wide applications in medicine—in optical visualization, target
photosensitization, as sensitizers in radiotherapy of tumors, and as carriers for different
drug molecules (antioxidants, immunomodulators, etc.) [1–6]. The ability of AuNPs to
cause oxidative stress reported in several studies [7,8] allows their applications as sensi-
tizers [9]. Because of the chemical inertness of gold [10], AuNPs are among the least toxic
nanoparticles for mammals [3].

However, in several studies, it was shown that AuNPs are able to penetrate the blood–
brain barrier and accumulate in the brain [8,11–13]. They can cause oxidative stress in
neurons and glial cells [7,8,14], and increase expression of the markers of inflammation
in the brain [11]. The ability of AuNPs to bind to DNA was shown in [15,16]. As it was
detected applying the methods for estimation of genotoxicity samples treatment with
AuNPs increases the damage of DNA, both, in in vitro and in vivo studies [17]. The ability
of small nanoparticles to cross biological barriers is one of their most dangerous properties,
despite their usefulness for different medical applications, especially for brain disease
treatment [18]. High penetration ability makes not only the brain but also gonads, fetus
(through the blood–placenta barrier) [19], and infants (through the milk of mother who had
contact with AuNPs) vulnerable to AuNPs’ impact.
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It should be noted that the behavioral effects caused by contact with AuNPs are
described in only several studies, mainly for adult animals after single or several injec-
tions [13,20]. Therefore, the present study aimed to examine the influence of AuNPs
administrated to mice during pregnancy and lactation on spatial orientation, memory, and
anxiety levels in offspring. The accumulation of gold in different tissues of female mice
and their offspring was assessed using neutron activation analysis. To our knowledge, it is
the first study in which the prolonged effect of the AuNPs on the offspring was studied.

2. Results
2.1. Distribution of Gold in the Organs and Tissues

After oral intake, AuNPs were transported to different organs via the bloodstream. It
should be mentioned that the content of gold in the blood of females and offspring was
lower than in analyzed organs (Table 1). A slightly higher content of gold was detected in
mothers’ blood compared to offspring’. In control mice, the content of gold in all analyzed
organs was below the detection threshold of the NAA technique.

Table 1. Content of gold in organs and tissues of experimental females and their offspring.

Sample Organ or Tissue Mean ± SD
(µg/g Dry Weight)

Range (µg/g Dry
Weight)

Females (5)

Blood 0.012 ± 0.007 0.006–0.023
Liver 0.239 ± 0.117 0.131–0.410

Kidneys 0.323 ± 0.128 0.182–0.516
Lungs 0.079 ± 0.049 0.038–0.145

Offspring (10)

Blood 0.007 ± 0.005 0.002–0.018
Liver 0.028 ± 0.022 0.008–0.083

Kidneys 0.161 ± 0.116 0.053–0.418
Lungs 0.017 ± 0.010 0.005–0.036

Accumulation of gold in different organs and blood was similar in mothers and
offspring: the lowest content was accumulated in the brain (Table 2), then, ten times higher,
in blood, followed by lungs, liver, and the highest—in kidneys (Table 1). The content of
gold in the liver and kidneys of offspring was ten and two times, respectively lower than
in females.

Table 2. Gold accumulated in the brain of female mice and their offspring, excluding its content in
blood vessels in the brain.

Sample
Specific Mass in a Sample (ng) Gold Content

(ng/g Dry Weight)Mean ± SD Range

Females (5) 0.25 ± 0.10 0.14–0.36 3.79
Offspring (10) 0.08 ± 0.03 0.04–0.13 1.10

2.2. Elevated Plus-Maze Results

All mice (SHK line, 20 experimental, 10 control animals) spent most of the trial time
in the closed arms, less time—in the center, and visited the open arms rarely or not at all
(except one experimental animal which sat in the open arm longer than other animals)
(Supplementary Material). In comparison with control mice, experimental animals run
more rarely (number of events (running) p = 0.008), but longer (mean length (running)
p = 0.043). These mice entered the closed arm quicker (latency to the first event (closed
arms) p = 0.022), run into the arm’s end, and sat there longer (summary length (closed arms)
p = 0.18, mean length (closed arms) p = 0.019). In addition, experimental animals more
rarely run from one arm to another (number of events (closed arms) p = 0.015, number of
events (center) p = 0.014, summary length (center) p = 0.002), and less frequently looked
into the center while sitting in the arm (summary length (stretch-attend posture) p = 0.023,
mean length (stretch-attend posture) p = 0.009). Experimental mice groomed less often,
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but longer (mean length (grooming) p = 0.004) and reared longer and more frequently
(mean length (rearing) p = 0.0003). A similar pattern was observed when only males (10) or
females (10) of the experimental group were compared with control mice.

2.3. MWM Results

After three days the learning curves typical for MWM were obtained for experimental
and control mice and each group. As it can be seen the daily medians and means of all
three parameters were declining (Figures 1–3, Tables S1–S6). Values of the parameters from
Day 1 and Day 3 were significantly different for all three parameters (all p < 0.0033), both in
experimental and control mice. Similar significant differences were found in capable and
intermediate experimental animals (all p < 0.039). However, in control mice differences
were significant only in the capable group (all p < 0.0077).
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After a change of platform position in the pool on Day 4 in capable experimental mice
parameters’ values significantly increased compared to Day 3 (all p < 0.013). At the same
time, in intermediate experimental mice and in control one they did not change or slightly
decrease (Figures 2 and 3). In pairwise comparison between daily values of parameters for
experimental and control animals the only differences, the total distance to the platform in
the whole sample and the intermediate mice (p = 0.038 and p = 0.034, respectively), were
observed on Day 3.
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3. Discussion

A significant amount of gold was determined in all tissues of experimental mice and
their offspring. The latter contradicts the data that were obtained after acute contact of
animals with bare or citrate-coated AuNPs introduced by several intravenous injections
to pregnant mice [21]. No traces of gold were found in tissue sections of fetuses (and
placenta) by TEM [22], while ICP-MS did not detect gold in fetal organs, and only in
significant amount in placenta [21]. It may indicate a slow rate of AuNPs transfers through
the blood–placenta barrier. In the abovementioned studies, tissues were taken 24 h after
two- or three-day injections. Thus, it can be suggested that AuNPs were not transferred to
the fetus 3–4 days after the first dose.

The low content of gold in the blood of experimental animals indicates the rapid
transfer of AuNPs from blood to different organs, which confirms the high permeability of
tissues for very small (<20 nm) nanoparticles [18]. The gold content in mothers’ blood and
liver was higher than in offspring, which is consistent with the assumption about the slow
rate of AuNPs’ transfer through the blood-placenta barrier. This finding contradicts the
data obtained in a similar experiment with silver nanoparticles, where the amount of silver
in the offspring’s blood was four times higher than in females [23].
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The highest content of gold was determined in the kidneys of both females and
offspring. In [24] it was shown that after 28 days of daily intraperitoneal injections of
PEG-coated AuNPs with the size of 5 and 10 nm in adult mice, the highest amounts of
gold were accumulated in the liver and spleen. It should be noted that the predominant
accumulation of gold in the liver and spleen was detected 24 h after the single intravenous
injection of 20 nm sized citrate-coated AuNPs [12], and after 8 days of daily intraperitoneal
injections of 12.5 nm sized citrate-coated AuNPs [25]. Although in the latter study, the
gold content in the kidneys was higher than in the spleen. The total daily intake of AuNPs
per animal in [4] was comparable with the present study, and while the content of gold in
kidneys was close to whose determined in the present work, in the liver its content was
eight times higher. Although in study [4] the high accumulation of gold in organs can be
explained by direct injection of a whole daily dose, the comparatively low amount of gold
in the mother’s liver in the present study is consistent with considerable amounts of gold
found in offspring. It is suggested that nanoparticles were transferred to offspring instead
of accumulating in the mother’s liver. Thus, it can be assumed that the excretion of AuNPs
was mostly done by kidneys, while the liver eliminated AuNPs from the bloodstream
and stored them, although it could not prevent AuNPs’ transfer to the fetus and milk.
The opposite results were obtained for silver nanoparticles in [23], the content of silver in
kidneys was the lowest compared to other organs.

The content of gold in the liver was the second largest in the present study and the
highest in [4,12]. The liver has a high density of blood vessels, and the phagocytosis
of nanoparticles, including citrate- or PEG-coated AuNPs, by Kupffer cells after acute
contact through intravenous (quick uptake) or intraperitoneal (slower uptake) injection
was described [22,26,27]. It should be noted that macrophages in other tissues (in mesen-
teric lymph nodes, spleen, and small intestine) also accumulated AuNPs, but in smaller
amounts than liver Kupffer cells [22]. The high content of gold was also determined in the
spleen [4,12,27]. However, the content of gold in the offspring’s liver was lower than in the
liver of females, and it can correlate with the lower content of gold in the offspring’s blood.
In contrast, the silver content in the liver did not differ between mothers and offspring [23].
Lungs have very dense vascularization, and it can be suggested that gold content in the
lungs most likely correlates with the content of the metal in blood. However, in [25], the
gold content in the lungs of adult mice was comparable with the present study, even though
the total daily intake of AuNPs was approximately ten times lower.

After long-term exposure, the accumulation of gold in the brain was the lowest both in
females and offspring, which is in line with the data obtained after 24 h [12] and 8 days [25]
for adult mice exposure to AuNPs. The known relative inertness of AuNPs, especially
in contrast to the high chemical activity of nanosilver [10], could be responsible for the
low accumulation of AuNPs in the brain despite the high permeability of the blood–brain
barrier for very small nanoparticles.

In an elevated plus-shaped maze all young mice demonstrated a preference for dark
and secluded places over open areas, which is typical for rodents. Compared with control
animals, experimental mice demonstrated signs of higher levels of anxiety: prolonged stays
in closed arms with accompanying increase in long grooming, and decreased running. The
exploratory behavior of experimental mice was unevenly changed: stretch-attend posture
was shorted, but rearing with support was increased. It could be related to the amount of
body exposure to open spaces that were necessary to perform both elements of behavior:
for rearing it was enough to expose the nose and part of the head, while the whole half of
the body was in the open arm in stretch-attend posture. Thus, the exploratory behavior
of experimental animals could not be reduced as a whole but adapted for better body
shielding, which is consistent with heightened anxiety. These data contradict the results
on the estimation of anxiety levels in an open field test that was done on adult mice after
several consecutive injections of bare or PEG-coated AuNPs [13], where no differences were
found in comparison to control animals. Such discrepancies could be influenced by the
difference in the design of the two tests, as an open field does not have a dark hiding place.
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A similar pattern was observed in the experiments in which the influence of silver nanopar-
ticles on anxiety levels in offspring was estimated [28,29]. It can also indicate increased
vulnerability of the developing brain to AuNPs’ effects. Additionally, the coating could
influence the anxiety levels by enabling different mechanisms of AuNPs’ accumulation in
brain. In both tests, open field and elevated plus-shaped maze, intraperitoneal injection
of glycoprotein transferrin coated AuNPs to the adult mice enabled the carrier-mediated
transport through the blood–brain barrier and demonstrated increased anxiety (without
changes in locomotion). It should be mentioned that after similar contact with bare AuNPs,
no changes in anxiety were detected [20].

In the Morris water maze, no signs of impairments in spatial orientation and memory
were found; animals successfully learned to find the platform. The differences in parameters’
dynamic on Day 4 between experimental capable and intermediate mice correlate with the
following types of behavior characteristic for these groups: capable animals with directed
search or “scanning” were initially confused, which had raised the parameters’ values,
but for intermediate mice with random search, the probability of finding the platform did
not change or slightly increased. The only difference between experimental and control
animals in pairwise comparison was the total distance to the platform on Day 3, which can
be attributed to the different types of behavior, which allowed capable animals to find the
platform quicker. It should be noted that the small number of the control sample of capable
and intermediate mice influenced the statistical significance of comparisons in the control
group, but the parameter’s dynamic typical for successful learning was clearly shown in
the control samples. The lack of differences between experimental and control mice agrees
with the data reported in [30] for adult mice after a single injection of citrate-coated AuNPs.
The lack of deficiencies in spatial learning in the Barns maze after regular intraperitoneal
injections of citrate-coated AuNPs to adult mice was shown in [31].

4. Materials and Methods
4.1. Animals

Outbred white mice (SHK) of the age 1.5–2 months (with an average mass of 20 g),
15 females and 5 males, were purchased from the Stolbovaya Farm (Moscow region, Russia).
Mice are heterozygous by an undefined number of genes and are used to assess the safety of
medical and cosmetic products, and dietary supplements. The animals and their offspring
were maintained in the vivarium of M.F. Vladimirskiy Moscow Regional Research and
Clinical Institute. Females were kept in steel cages with sizes of 31.5 × 23 × 15.7 cm, and
each cage contained five mice, with a natural cycle of illumination (by daylight through
the window in the period from 8 am to 5 pm daily) and the temperature of 22–24 ◦C; each
cage was cleaned once per day. The methodology of the experiments and the maintenance
of the animals in the vivarium of the institute were performed according to the principles
of Directive 2010/63/EU of the European Parliament and of the Council of 22 September
2010 on the protection of animals used for scientific purposes [32].

4.2. Nanoparticles

Small, 3–5 nm in diameter, AuNPs were selected since the accumulation of smaller
particles is usually higher and more widespread than that of larger ones [18]. High-purity
polyethylene-glycol-coated gold nanoparticles (PEG-AuNPs) were purchased from the M9
Company (Tolyatti, Russia). According to the manufacturer, the nanoparticle solution is
stable for two months. The experimental solution with a concentration of 25 µg/mL was
prepared by diluting the concentrated solution with pure water in a ratio of 1:500. The
bottles in cages were filled with the solution when its level was low, but at least once a
week. The experimental solution was prepared anew every two weeks.

4.3. Experiment

To study the uptake of AuNPs by both mothers and by offspring, experimental females
drank the experimental solution with a concentration of 25 µg/mL a week before pregnancy
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and to the end of lactation (1 month after birth). The total daily intake per animal was
125 µg—the daily liquid consumption per mouse was 5 mL [33]. Thus, the offspring of
experimental females received AuNPs from mothers—both through the placental barrier
during prenatal development and with milk during lactation. Data for control females and
their offspring were taken from the similar experiment performed previously with silver
nanoparticles [23]. After the end of the lactation, young experimental animals, 15 females
and 15 males, were transferred to their own cages, 3 mice per cage, where they drank tap
water and were raised to 2 months of age. Then, animals participated in behavioral tests.

4.4. Measuring of Gold Content

At the end of the lactation, females and some of the offspring were euthanized by
intraperitoneal injection of urethane solution. The concentration of the water solution
is based on body weight and a dosage of 1.2 g of dry urethane per kg of body weight,
proposed by a veterinarian. Brain, liver, lungs, kidneys, and blood (with measured volume)
were extracted from each mouse, weighed, and freeze-dried.

The gold content in the isolated tissues was determined using neutron activation
analysis at the IBR-2 reactor in Dubna, Russia. The description of irradiation channels and
pneumatic transport system of the REGATA installation can be found elsewhere [34].

The analyzed samples were packed in aluminum foil cups, irradiated for 3 days at
a neutron flux 1.2 × 1011 cm−2 s−1, and measured for 30 min after 4 days of irradiation.
The samples were irradiated simultaneously with two reference materials: SRM 2710
(Montana Soil, Highly Elevated Trace Element Concentrations (NIST, USA) and the liquid
gold standard (Merck, Darmstadt, Germany). Reference materials and blanks were placed
in each container.

Gamma spectra of induced activity were measured using spectrometers based on
HPGe detectors with an efficiency of 40–55% and resolution of 1.8–2.0 keV for total-
absorption peak 1332 keV of the isotope 60Co and Canberra spectrometric electronics.
The spectra analysis was performed using the Genie2000 software (version 3.4.1) (Canberra
Industries, Inc.; Toledo, OH, USA) and the software “Concentration” version 6.13.3 (JINR,
Dubna, Russia).

In the present study, with lower net inaccuracy the isotope 198Au from the reference
material liquid standard was used as a calibrator, and SRM 2710 was used for quality
control. The obtained values for concentrations for SRM 2710 in all irradiated containers
differed from the certified values in the range (0.2–5.5%).

4.5. Behavioral Tests

Assessment of anxiety levels. Experimental (10 males, 10 females) and control (10 females)
mice entered elevated Plus-maze (Open Science, Russia): basic test protocol for estimation
of anxiety levels was applied [35], with only the trial duration taken from verification
protocol given by the manufacturer of test installation (Verification of elevated Plus-maze
by Open Science company’s scientific division [36] Test was done in one day for every
10 animals, with one test trial per animal; mice were not previously acquainted with the
test. The plus-shaped construction consists of four arms, connected to the common center
at 90 degrees angle, and it is elevated at 40 cm height above the table. Two arms are open
walkways without walls, and the other two arms have walls from three sides, except the
central side. Near the maze, two lamps were positioned opposite to each other from the
open arms’ sides, so the pronounced contrast lighting of open and closed arms was created:
open arms were bright, and closed arms were dark.

Animals were consequently tested; before each trial floor and wall of all arms and
centers were cleaned with ethanol to prevent smell marks’ influence on mice’s behavior.
According to the protocol of preparation for this test [35], before the first animal’s trial
one “zero” trial was done to equalize test conditions for the first mouse with others’,
one mouse that was not included in this experiment was set in the test for 3 min without
collection of data. The animal was placed in the maze center and then had 3 min to roam
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freely. After that the mouse was gently extracted from the maze and placed in its cage; the
maze was cleaned with 95% ethanol before the placement of the next animal.

Video records of elevated plus-maze trials were analyzed in the RealTimer program
(OpenScience, Moscow, Russia) (free distribution). Seven aspects of behavior were counted
and measured; when a mouse was in closed arms, open arms, or center, running and rearing
(with support—when forelegs were placed on the wall), grooming and the stretch-attend
posture, when an animal stands with forelegs in one zone and hind legs in other zone and
stretches its body to sniff and look. For each aspect four quantitative parameters were
measured, including number of events, summary length (s), mean length (s), and latency
to the first event (s).

Assessment of spatial learning and memory. One cycle of testing (three days of pri-
mary learning) was performed in the Morris water maze (MWM), according to the early
developed protocol of the testing [37,38] with additional assessment of the flexibility of
developed spatial memory by subsequent re-positioning of the platform into the other part
of the swimming pool (fourth day) [39]. The circular white pool (1.5 m in diameter) was
filled with water, and various visible clues were positioned around the pool. Water was
made opaque with dry milk to hide the underwater platform. Each animal had to find
this invisible underwater platform to escape from the water. If the animal did not find the
platform during a trial, it was gently placed on the platform manually.

The cycle consisted of four consecutive days with three daily trials: the platform’s
location was unchanged in the first three days of primary learning, but on the fourth day,
the platform was relocated to the other part of the pool for assessment of formed spatial
memory. During each trial, a mouse was allowed to swim freely in the pool for a maximum
of 180 s. When the animal either found the platform or was placed on it after the time was
up, it was left to sit on the platform for 20 s, and then it was picked up, dried with a clean
cloth, and returned to its cage until its next trial. Therefore, when 15 mice entered the test,
each animal had 20–30 min of rest between the trials.

For each animal was determined the behavioral type was demonstrated during trials
in three days of primary learning. Similarly to the previously developed protocol [40], the
general sample was divided into three groups, “incapable”, “capable”, and “intermediate”
animals, based on the type of behavior most frequently shown on Day 3. Incapable mice
were excluded from the MWM as being non-responsive to potential changes induced by
AuNPs that could be detected in this test; they demonstrated types of behavior, which did
not include exploration of the pool. Therefore, they did not settle in the paradigm of MWM.
All other individuals demonstrated various types of behavior that included an exploration
of the pool, so they were assigned either to the capable (directed search, “scanning” [41] or
to the intermediate (random search) group.

Thus, 30 young experimental mice, 15 females and 15 males, entered MWM, and data
from 24 animals were included in the statistical analysis, with both genders present in each
group. After MWM the offspring aged out at 2 months; therefore, to minimize the influence
of aging, the data from control female offspring (their mothers drank clear water) from
the previous experiment with a similar design (with silver nanoparticles; [33]) were taken
into the analysis as the control, and also the control sample included the data from female
offspring from the previous experiment with a similar design in which titanium dioxide
nanoparticles were too big to pass through the blood–brain barrier so titanium was not
detected in the brain at all [42].

Video records of MWM trials were analyzed by the Ethovision program (Noldus
Information Technology, Wageningen, The Netherlands). Trajectories (tracks) of all trials
were visualized and based on those three parameters were calculated for each trial: the
distance moved (track length (cm), the latency to the platform (s), and the total distance
to the platform (cm). The last parameter is a sum of distances to the platform from all
points of the track; if the value is low, this means that a mouse was swimming near
the platform. Means of the parameters per day were calculated for each animal, with
subsequent comparison of the daily samples of the means.
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4.6. Statistics

The behavioral tests’ results were analyzed using Statistica 13.2 software (Dell Inc.,
Round Rock, TX, USA), at the significance level of p < 0.05; all tests were two-tailed. The
elevated plus-maze results were compared between experimental and control animals
for each parameter of each behavioral aspect by Mann–Whitney U test. Additionally, the
results for experimental males or females were compared with the control group.

For MWM results distribution of quantitative variables was checked for normality by
Shapiro–Wilk test; this hypothesis was rejected for all three parameters. The daily changes
of all three parameters (learning curves) for each group in the experimental and control
samples were assessed by comparison between Day 1 and Day 3 in Wilcoxon matched pairs
test. Differences between the experimental and control data of each group were assessed
by each day comparison with Mann–Whitney U-test.

5. Conclusions

Gold was present in all examined organs of experimental females and their offspring.
The highest gold content was found in the kidneys, followed by the liver, which suggests
that in case of prolonged exposure excretion of AuNPs was done by the kidneys. In contrast,
the liver eliminated AuNPs from the bloodstream and accumulated them. The content of
gold in the offspring’s liver and blood was lower than in the mother’s indicating a relatively
low rate of AuNPs’ transfer to offspring. Accumulation of gold in the brain was the lowest
among analyzed organs both in females and offspring, which could be attributed to the
chemical inertness of gold. No significant differences in spatial orientation and memory
were found between experimental and control offspring in MWM. Still, the experimental
young mice demonstrated increased anxiety levels in an elevated Plus-shaped maze. Thus,
the AuNPs influenced the emotional state of mice that were exposed to nanoparticles
during prenatal and early postnatal development, but not on their cognitive abilities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24108962/s1.

Author Contributions: Conceptualization, A.L.I., D.A.R. and I.Z.; methodology, E.N.P.; software,
A.L.I.; validation, N.Y. and D.G.; formal analysis, A.L.I. and I.Z.; investigation, A.L.I., E.N.P., D.G.
and N.Y.; data curation, A.L.I. and I.Z.; writing—original draft preparation, A.L.I.; writing—review
and editing, I.Z.; supervision, I.Z. and D.A.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Independent Ethics Committee of Moscow Region State Budgetary
Healthcare Institution “M.F. Vladimirsky Moscow Regional Clinical Research Institute named”
(protocol code 1 January 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are presented in Supplementary Files.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sukhorukov, G.; Fery, A.; Möhwald, H. Intelligent Micro- and Nanocapsules. In Progress in Polymer Science, Proceedings of the

World Polymer Congress, 40th IUPAC International Symposium on Macromolecules, Paris, Francw, 4–9 July 2005; Elsevier: Amsterdam,
The Netherlands, 2005; Volume 30, pp. 885–897.

2. Hou, K.; Zhao, J.; Wang, H.; Li, B.; Li, K.; Shi, X.; Wan, K.; Ai, J.; Lv, J.; Wang, D.; et al. Chiral Gold Nanoparticles Enantioselectively
Rescue Memory Deficits in a Mouse Model of Alzheimer’s Disease. Nat. Commun. 2020, 11, 4790. [CrossRef] [PubMed]

3. Kurapov, Y.A.; Litvin, S.; Belyavina, N.N.; Oranskaya, E.I.; Romanenko, S.M.; Stelmakh, Y. Synthesis of Pure (Ligandless) Titanium
Nanoparticles by EB-PVD Method. J. Nanopart. Res. 2021, 23, 20. [CrossRef]

4. Zhang, X.D.; Wu, D.; Shen, X.; Liu, P.X.; Yang, N.; Zhao, B.; Zhang, H.; Sun, Y.M.; Zhang, L.A.; Fan, F.Y. Size-Dependent In Vivo
Toxicity of PEG-Coated Gold Nanoparticles. Int. J. Nanomed. 2011, 6, 2071–2081. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms24108962/s1
https://www.mdpi.com/article/10.3390/ijms24108962/s1
https://doi.org/10.1038/s41467-020-18525-2
https://www.ncbi.nlm.nih.gov/pubmed/32963242
https://doi.org/10.1007/s11051-020-05110-3
https://doi.org/10.2147/IJN.S21657
https://www.ncbi.nlm.nih.gov/pubmed/21976982


Int. J. Mol. Sci. 2023, 24, 8962 11 of 12

5. Abu-Dief, A.M.; Alsehli, M.; Awaad, A. A Higher Dose of PEGylated Gold Nanoparticles Reduces the Accelerated Blood
Clearance Phenomenon Effect and Induces Spleen B Lymphocytes in Albino Mice. Histochem. Cell Biol. 2022, 157, 641–656.
[CrossRef]

6. Abu-Dief, A.M.; Salaheldeen, M.; El-Dabea, T. Recent Advances in Development of Gold Nanoparticles for Drug Delivery
Systems. J. Mod. Nanotechnol. 2021, 1, 1. [CrossRef]

7. Ferreira, G.K.; Cardoso, E.; Vuolo, F.S.; Galant, L.S.; Michels, M.; Gonçalves, C.L.; Rezin, G.T.; Dal-Pizzol, F.; Benavides, R.;
Alonso-Núñez, G.; et al. Effect of Acute and Long-Term Administration of Gold Nanoparticles on Biochemical Parameters in Rat
Brain. Mater. Sci. Eng. C 2017, 79, 748–755. [CrossRef] [PubMed]

8. Lee, U.; Yoo, C.J.; Kim, Y.J.; Yoo, Y.M. Cytotoxicity of Gold Nanoparticles in Human Neural Precursor Cells and Rat Cerebral
Cortex. J. Biosci. Bioeng. 2016, 121, 341–344. [CrossRef]

9. Schuemann, J.; Bagley, A.F.; Berbeco, R.; Bromma, K.; Butterworth, K.T.; Byrne, H.L.; Chithrani, B.D.; Cho, S.H.; Cook, J.R.;
Favaudon, V.; et al. Roadmap for Metal Nanoparticles in Radiation Therapy: Current Status, Translational Challenges, and Future
Directions. Phys. Med. Biol. 2020, 65, 21RM02. [CrossRef]

10. Behra, R.; Sigg, L.; Clift, M.J.D.; Herzog, F.; Minghetti, M.; Johnston, B.; Petri-Fink, A.; Rothen-Rutishauser, B. Bioavailability of
Silver Nanoparticles and Ions: From a Chemical and Biochemical Perspective. J. R. Soc. Interface 2013, 10, 20130396. [CrossRef]

11. Khan, H.A.; Alamery, S.; Ibrahim, K.E.; El-Nagar, D.M.; Al-Harbi, N.; Rusop, M.; Alrokayan, S.H. Size and Time-Dependent
Induction of Proinflammatory Cytokines Expression in Brains of Mice Treated with Gold Nanoparticles. Saudi J. Biol. Sci. 2019, 26,
625–631. [CrossRef]

12. Takeuchi, I.; Nobata, S.; Oiri, N.; Tomoda, K.; Makino, K. Biodistribution and Excretion of Colloidal Gold Nanoparticles after
Intravenous Injection: Effects of Particle Size. Biomed. Mater. Eng. 2017, 28, 315–323. [CrossRef]

13. Tuna, B.G.; Yesilay, G.; Yavuz, Y.; Yilmaz, B.; Culha, M.; Maharramov, A.; Dogan, S. Electrophysiological Effects of Polyethylene
Glycol Modified Gold Nanoparticles on Mouse Hippocampal Neurons. Heliyon 2020, 6, e05824. [CrossRef] [PubMed]

14. Zhang, X.; Guo, X.; Kang, X.; Yang, H.; Guo, W.; Guan, L.; Wu, H.; Du, L. Surface Functionalization of Pegylated Gold
Nanoparticles with Antioxidants Suppresses Nanoparticle-Induced Oxidative Stress and Neurotoxicity. Chem. Res. Toxicol. 2020,
33, 1195–1205. [CrossRef] [PubMed]

15. Liu, Y.; Meyer-Zaika, W.; Franzka, S.; Schmid, G.; Tsoli, M.; Kuhn, H. Gold-Cluster Degradation by the Transition of B-DNA into
A-DNA and the Formation of Nanowires. Angew. Chemie Int. Ed. 2003, 42, 2853–2857. [CrossRef] [PubMed]

16. Tsoli, M.; Kuhn, H.; Brandau, W.; Esche, H.; Schmid, G. Cellular Uptake and Toxicity of Au55 Clusters. Small 2005, 1, 841–844.
[CrossRef] [PubMed]

17. Wang, Y.; Zhang, H.; Shi, L.; Xu, J.; Duan, G.; Yang, H. A Focus on the Genotoxicity of Gold Nanoparticles. Nanomedicine 2020, 15,
319–323. [CrossRef]

18. Lewinski, N.; Colvin, V.; Drezek, R. Cytotoxicity of Nanopartides. Small 2008, 4, 26–49. [CrossRef] [PubMed]
19. Takeda, K.; Suzuki, K.I.; Ishihara, A.; Kubo-Irie, M.; Fujimoto, R.; Tabata, M.; Oshio, S.; Nihei, Y.; Ihara, T.; Sugamata, M.

Nanoparticles Transferred from Pregnant Mice to Their Offspring Can Damage the Genital and Cranial Nerve Systems. J. Health
Sci. 2009, 55, 95–102. [CrossRef]

20. Yavuz, Y.; Yesilay, G.; Guvenc Tuna, B.; Maharramov, A.; Culha, M.; Erdogan, C.S.; Garip, G.A.; Yilmaz, B. Investigation of Effects
of Transferrin-Conjugated Gold Nanoparticles on Hippocampal Neuronal Activity and Anxiety Behavior in Mice. Mol. Cell.
Biochem. 2022. [CrossRef]

21. Rattanapinyopituk, K.; Shimada, A.; Morita, T.; Sakurai, M.; Asano, A.; Hasegawa, T.; Inoue, K.; Takano, H. Demonstration of the
Clathrin- and Caveolin-Mediated Endocytosis at the Maternal-Fetal Barrier in Mouse Placenta after Intravenous Administration
of Gold Nanoparticles. J. Vet. Med. Sci. 2014, 76, 377–387. [CrossRef]

22. Sadauskas, E.; Wallin, H.; Stoltenberg, M.; Vogel, U.; Doering, P.; Larsen, A.; Danscher, G. Kupffer Cells Are Central in the
Removal of Nanoparticles from the Organism. Part. Fibre Toxicol. 2007, 4, 10. [CrossRef] [PubMed]

23. Zinicovscaia, I.; Grozdov, D.; Yushin, N.; Ivlieva, A.; Petritskaya, E.; Rogatkin, D. Neutron Activation Analysis as a Tool for
Tracing the Accumulation of Silver Nanoparticles in Tissues of Female Mice and Their Offspring. J. Radioanal. Nucl. Chem. 2019,
322, 1079–1083. [CrossRef]

24. Zhang, X.D.; Wu, D.; Shen, X.; Chen, J.; Sun, Y.M.; Liu, P.X.; Liang, X.J. Size-Dependent Radiosensitization of PEG-Coated Gold
Nanoparticles for Cancer Radiation Therapy. Biomaterials 2012, 33, 6408–6419. [CrossRef] [PubMed]

25. Lasagna-Reeves, C.; Gonzalez-Romero, D.; Barria, M.A.; Olmedo, I.; Clos, A.; Sadagopa Ramanujam, V.M.; Urayama, A.;
Vergara, L.; Kogan, M.J.; Soto, C. Bioaccumulation and Toxicity of Gold Nanoparticles after Repeated Administration in Mice.
Biochem. Biophys. Res. Commun. 2010, 393, 649–655. [CrossRef] [PubMed]

26. Nghiem, T.H.L.; Nguyen, T.T.; Fort, E.; Nguyen, T.P.; Hoang, T.M.N.; Nguyen, T.Q.; Tran, H.N. Capping and In Vivo Toxicity
Studies of Gold Nanoparticles. Adv. Nat. Sci. Nanosci. Nanotechnol. 2012, 3, 015002. [CrossRef]

27. Valentini, X.; Rugira, P.; Frau, A.; Tagliatti, V.; Conotte, R.; Laurent, S.; Colet, J.M.; Nonclercq, D. Hepatic and Renal Toxicity
Induced by TiO2 Nanoparticles in Rats: A Morphological and Metabonomic Study. J. Toxicol. 2019, 2019, 5767012. [CrossRef]

28. Ghaderi, S.; Tabatabaei, S.R.F.; Varzi, H.N.; Rashno, M. Induced Adverse Effects of Prenatal Exposure to Silver Nanoparticles on
Neurobehavioral Development of Offspring of Mice. J. Toxicol. Sci. 2015, 40, 263–275. [CrossRef]

https://doi.org/10.1007/s00418-022-02086-0
https://doi.org/10.53964/jmn.2021001
https://doi.org/10.1016/j.msec.2017.05.110
https://www.ncbi.nlm.nih.gov/pubmed/28629076
https://doi.org/10.1016/j.jbiosc.2015.07.004
https://doi.org/10.1088/1361-6560/ab9159
https://doi.org/10.1098/rsif.2013.0396
https://doi.org/10.1016/j.sjbs.2018.09.012
https://doi.org/10.3233/BME-171677
https://doi.org/10.1016/j.heliyon.2020.e05824
https://www.ncbi.nlm.nih.gov/pubmed/33426332
https://doi.org/10.1021/acs.chemrestox.9b00368
https://www.ncbi.nlm.nih.gov/pubmed/32125152
https://doi.org/10.1002/anie.200250235
https://www.ncbi.nlm.nih.gov/pubmed/12833340
https://doi.org/10.1002/smll.200500104
https://www.ncbi.nlm.nih.gov/pubmed/17193536
https://doi.org/10.2217/nnm-2019-0364
https://doi.org/10.1002/smll.200700595
https://www.ncbi.nlm.nih.gov/pubmed/18165959
https://doi.org/10.1248/jhs.55.95
https://doi.org/10.1007/s11010-022-04632-9
https://doi.org/10.1292/jvms.13-0512
https://doi.org/10.1186/1743-8977-4-10
https://www.ncbi.nlm.nih.gov/pubmed/17949501
https://doi.org/10.1007/s10967-019-06746-9
https://doi.org/10.1016/j.biomaterials.2012.05.047
https://www.ncbi.nlm.nih.gov/pubmed/22681980
https://doi.org/10.1016/j.bbrc.2010.02.046
https://www.ncbi.nlm.nih.gov/pubmed/20153731
https://doi.org/10.1088/2043-6262/3/1/015002
https://doi.org/10.1155/2019/5767012
https://doi.org/10.2131/jts.40.263


Int. J. Mol. Sci. 2023, 24, 8962 12 of 12
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