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Aim. In biomedical applications, silica nanoparticles are promising for controlled drug delivery. 
Also, from an environmental point of view, silica accounts for the most significant part of the mass 
of air pollution, particularly matter components, especially during sand dust storms. 

Methods. Amino-grafted mesoporous silica nanoparticles (MSN-NH2) were synthesized by means 
of co-condensation of tetraethoxysilane and 3-aminopropyltriethoxysilane and characte rized using 
TEM, SEM, FTIR-spectroscopy, and powder X-ray diffraction. Neuromodulatory and related 
properties of MSN-NH2 were evaluated using rat cortex nerve terminals (synaptosomes). 

Results. MSN-NH2 did not influence the extracellular synaptosomal level of excitatory 
neurotransmitter L-[14C]glutamate and so did not cause excitotoxicity. In fluorescence measurements, 
MSN-NH2 depolarised the synaptosomal membrane and demonstrated weak antioxidant properties, 
decreasing the spontaneous generation of reactive oxygen species, whereas MSN-NH2 did not alter 
H2O2 in nerve terminals. The model of Cd2+/Pb2+/Hg2+-induced excitotoxicity was used to assess the 
capability of MSN-NH2 to adsorb xenobiotic heavy metals. MSN-NH2 did not modulate the 
Cd2+/Pb2+/Hg2+-induced increase in the extracellular synaptosomal level of L-[14C]glutamate. 

Conclusions. MSN-NH2 did not demonstrate excitotoxic signs, had weak antioxidant properties, 
and was biocompatible. MSN-NH2 did not mitigate the excitotoxic effects of xenobiotic heavy me tals 
and did not adsorb these metals in biological systems.
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Mesoporous silica nanoparticles (MSN), 
due to their tunable structure, various surface 
functionalization properties, and exceptional 
biocompatibility, are acknowledged as a 
principal example of nanotechnology applied in 
the biomedical fields. MSNs are progressively 
moving from basic research to clinical trials. A 
wide variety of MSN-based nanoplatforms was 
developed over the past two decades through 
design and controlled preparation techniques, 
demonstrating their adaptability to diverse 
biomedical applications, in particular with 
the breakthroughs in the fields of biosensing, 
tissue engineering, disease diagnosis, and 
treatment, etc. [1]. MSN are promising as 
nanocarriers for efficient site-specific delivery 
of highly toxic drugs, in particular for cancer 
treatment [2].

Also, from an environmental point of 
view, silica accounts for the most significant 
part of the mass of air pollution, particulate 
matter components, especially during sand 
dust storms. Silica particles, due to their 
specific physical and chemical properties, 
structure, and composition, can adsorb toxic 
pollutants in the environment. The WHO 
toxicology review of real-world exposures has 
revealed that sand dust particles collected 
from surface soils and dust-storm particles 
sampled at remote locations mixed with 
industrial pollutants induced inflammatory 
lung injury [3, 4]. Airborne particulate matter 
can reach the nervous system of humans and 
trigger the development of neurological and 
neurodegenerative disorders/diseases [5–7]. 

The aims of this study were (i) to synthesize 
amino-grafted mesoporous silica nanoparticles 
(MSN-NH2) by means of co-condensation of 
tetraethoxysilane (silica source, TEOS) with 
3-aminopropyltriethoxysilane (source of amino-
groups, APTES) in the presence of template — 
cetyltrimethylammonium bromide (CTAB), and 
characterise them using transmission (TEM) 
and scanning (SEM) electron microscopy, 
Fourier transform infrared spectroscopy 
(FTIR) and X-ray diffraction; (ii) to analyse 
their biocompatibility by monitoring 
neuromodulatory, membranotropic and 
oxidative properties in isolated cortex nerve 
terminals (synaptosomes), in particular the 
extracellular level of the primary excitatory 
neurotransmitter L-[14C] glutamate, the 
membrane potential, generation of reactive 
oxygen species (ROS), including hydrogen 
peroxide; to evaluate xenobiotic heavy metal 
adsorption capability of MSN-NH2 using 
a model of acute Cd2+/Pb2+/Hg2+-induced 
excitotoxicity in nerve terminals. It should be 

noted that synaptosomes are the best model to 
study the presynaptic processes [8]. It could be 
expected that the presence of NH2-groups on 
the surface of MSN would facilitate the binding 
of heavy metal ions. Importantly, impaired 
transport of glutamate in the presynaptic nerve 
terminals provokes presynaptic malfunction 
and the development of neuropathology and is 
involved in the pathogenesis of neurological and 
neurodegenerative disorders and diseases. 

Materials and Methods

HEPES, EGTA, EDTA, Ficoll 400, 
High-Performance LSC Cocktail, salts of 
the analytical grade were obtained from 
Sigma, USA; L-[14C] glutamate — Perkin 
Elmer, Waltham, MA, USA. The high-purity 
graphite rods (99.9995%) were obtained 
from Alfa Aesar. Tetraethoxysilane (TEOS), 
cetyltrimethylammonium bromide (CTAB), 
and 3-aminopropyltriethoxysilane (APTES) 
were purchased from Enamine Ltd.

Synthesis of amino-grafted mesoporous 
silica nanoparticles

MSN-NH2 particles were obtained by co-
condensation of TEOS and APTES followed by 
treatment with hydrochloric acid in methanol 
for 16 hours according to a published procedure 
[9]. Namely, 0.7 g (1.9 mmol) of CTAB was added 
to a mixture of 336 ml of distilled water and 
2.45 ml of 2M NaOH, and the reaction mixture 
was heated to 80 C. Then, 3.5 ml (15.8 mmol) 
of TEOS and 0.44 ml of APTES (1.88 mmol) 
were added simultaneously (1 drop of APTES 
for every 4 drops of TEOS). The mixture was 
then stirred at 1200 rpm at 80 C for 2h, 
filtered, washed with 500 ml of 50/50 volume % 
ethanol/water mixture, and dried at 60 C for 
24h. For elimination of template (CTAB), the 
solid was placed in 100 ml of methanol with 
5 drops of 37.5% HCl for 16 h with continuous 
stirring, then centrifuged at 6000 rpm for 
15 minutes and dried at 60 C overnight, then 
ground fine and dried for 6h more at 60 C. The 
yield of MSN-NH2 was 0.873 g. 

Rats and Ethics
All animal-involving procedures were 

performed in accordance with the guidelines 
of the European Community (2010/63/EU), 
“Scientific Requirements and Research 
Protocols”, “Research Ethics Committees” of 
the Declaration of Helsinki, and “ARRIVE 
guidelines for reporting experiments involving 
animal” [10, 11]; and also local Ukrainian laws 
and policies. Animals, Wistar rats, males, 
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3 months’ of age, were retained in the vivarium 
of Palladin Institute of Biochemistry of the 
National Academy of Sciences of Ukraine, 
in a quiet and temperature-controlled room 
at 22–23 °C. Animals were provided with 
dry food pellets and water ad libitum. The 
experimental protocols were approved by the 
Animal Care and Use Committee of Palladin 
Institute of Biochemistry (Protocol No. 1 from 
2024/02/16). The total number of animals was 9.

Isolation of the synaptosomes from the rat 
cortex

Nerve terminals were isolated from the 
cortex regions of the rat brain. The cortex 
regions were removed and homogenized in the 
following ice-cold solution: sucrose 0.32 M; 
HEPES-NaOH 5 mM, pH 7.4; EDTA 0.2 mM. 
One synaptosome preparation was obtained 
from one rat. Isolation procedures were 
conducted at + 4 C. The synaptosomes were 
obtained according to the Cotman method with 
minor modifications [12, 13] by differential/
Ficoll-400 density gradient centrifugation. 
The synaptosomes were appropriate for 
experiments for 2–4 hours after isolation. 
The standard saline solution contained: NaCl 
126 mM; KCl 5 mM; MgCl2 2.0 mM; NaH2PO4 
1.0 mM; HEPES 20 mM, pH 7.4; and D-glucose 
10 mM. Protein concentrations were monitored 
according to Larson [14].

The extracellular synaptosomal level of 
L-[14C] glutamate

The synaptosomes were diluted up to a 
concentration of 2 mg of protein/ml, and then 
they were pre-incubated at 37 C for 10 min 
and loaded with L-[14C] glutamate (1 nmol 
per mg of protein, 238 mCi/mmol) at 37 C 
for 10 min. The synaptosomes, after loading, 
were washed with 10 volumes of the ice-cold 
standard saline solution and centrifuged 
(10.000g, 20 s) at +4 C; the pellets were 
re-suspended in the standard saline solution 
(up to 1 mg protein/ml). The extracellular 
level of L-[14C] glutamate was assessed in the 
synaptosome preparations (125 μl, 0.5 mg of 
protein/ml). The synaptosome aliquots were 
pre-incubated for 8 min to restore the ion 
gradients. Then MSN-NH2, Cd2+ (1 mM CdCl2), 
Pb2+ (2.5 mM Pb acetate (PbAc)), and Hg2+ 

(5 μM HgCl2) were added to the synaptosomes, 
and further they were incubated at 37 C for 
0 min and 15 min, and then were centrifuged 
at 10.000g for 20 s at room temperature. The 
L-[14C] glutamate values were monitored in the 
supernatant aliquots (100 μl), and the pellets 
were preliminary treated with SDS (100 ml of 

10% SDS stock solution) using the scintillation 
cocktail High Performance LSC Cocktail 
(1.5 ml) and liquid scintillation counter 
Hidex 600SL (Finland) [15]. The experimental 
data were collected from “n” independent 
experiments carried out in triplicate using 
different synaptosome preparations. 

The synaptosomal membrane potential 
The synaptosomal membrane potential was 

recorded using the fluorescent potentiometric 
dye rhodamine 6G (0.5 μM) based on its 
potential-dependent binding to the membrane. 
Synaptosomes (0.2 mg of protein per ml) 
were pre-incubated at 37 C for 10 min in a 
thermostated cuvette. Synaptosomes were 
equilibrated with the dye, and then MSN-NH2 
were added. The ratio (F), the index of the 
membrane potential, was calculated according 
to the equation F = Ft / F0, where F0 and Ft 
were the fluorescence intensity of the probe 
in the absence and presence of synaptosomes, 
respectively. F0 was evaluated by extrapolation 
of the exponential decay function to t = 0. 
Fluorescence measurements were performed 
using a fluorescence spectrofluorimeter 
Hitachi 650-10S at 528 nm (excitation) and 
551 nm (emission) wavelengths.

Spontaneous ROS generation in nerve 
terminals

2,7-dichlorodihydro-fluoresceindiacetate 
(H2-DCFDA), a cell-permeable non-fluorescent 
probe, was used to record ROS production in 
nerve terminals. The dye became fluorescent 
upon oxidation after the de-esterification 
in the intracellular space. Synaptosomes 
with a concentration of 0.2 mg of protein/
ml were pre-incubated with H2-DCFDA 
at a concentration of 5 μM in a stirring 
thermostated cuvette at 37 C for 3 min. Then, 
the kinetic measurements were carried out. 
Changes in 2,7-dichlorofluorescein (DCF) 
fluorescence were monitored at excitation 
502 nm and emission 525 nm wavelengths, slit 
bands were 2 nm each, using a fluorescence 
spectrofluorimeter QuantaMasterTM 40 (PTI, 
Inc., Canada).

Spectrophotometry measurements of H2O2 

level in nerve terminals 
The classical method for monitoring 

hydrogen peroxide concentrations through 
direct measurement of the absorbance at 240 
nm was applied. In addition, hydrogen peroxide 
concentrations were measured based on the 
reaction of hydrogen peroxide with ammonium 
molybdate to produce a yellowish color, which 
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has a maximum absorbance at 374 nm [16]. 
The measurements were performed using 
spectrophotometer Shimadzu UV-1900i.

Statistical analysis
The experimental data were expressed 

as the mean ± S.E.M. of n independent 
experiments. One-way and two-way ANOVA 
were applied; the accepted significance level 
was P < 0.05. Two-way ANOVA followed by 
Tukey’s post hoc test was applied to assess the 
interactions between MSN-NH2 and Cd2+, Pb2+, 
and Hg2+ (MSN-NH2 treatment and Cd2+/Pb2+/
Hg2+ treatment were the independent factors).

Results and Discussion

Characterization of amino-grafted meso-
porous silica nanoparticles

The MSN-NH2 were obtained by co-
condensation of TEOS with APTES (source 
of amino-groups, APTES) in the presence of 
template — cetyltrimethylammonium bromide 
(CTAB). 

Amino-groups originated from APTES; 
TEOS served as a source of additional silica, 
while CTAB played the role of template, 
providing for the porous structure of the 
nanoparticles. Co-condensation method 
provides for more uniform distribution of 
amino groups on the surface of particles 
compared to post-synthetic grafting [9]. 

 According to TEM results, the MSN-NH2 
were beans-shaped with a linear length of 400 
nm and width of 200 nm (Fig.1, A). These 
results do not agree with the reported images 
for similar particles, where spherical particles 
with an average diameter of about 140–170 nm 
were reported [9]. In addition, oblong oval 
particles were visualized on the SEM image 
(Fig. 1, B).

The presence of nitrogen and carbon in 
MSN-NH2 was confirmed by energy dispersive 
X-Ray analysis. It was found that MSN-NH2 
contained 2.8 % of nitrogen, 35.6% of carbon, 
16.6% of silicon and 45% of oxygen. High 
carbon content could indicate the presence 
of residual CTAB in the sample, probably as 
cetyltrimethylammonium hydroxide, since the 
elemental composition of the particles obtained 
does not contain bromine atoms. Nevertheless, 
at least 0.6% of the nitrogen comes from 
APTES, indicating that aminofunctionalization 
of MSN was successful.

There were weak absorption bands at 
3300 cm–1 and 1634 cm–1 in the FTIR spectrum 
of MSN-NH2, which correspond to the 
stretching and deformation vibrations of the 
amino group (Fig. 2). The bands corresponding 
to the stretching symmetric and antisymmetric 
vibrations of the C–H bonds of the methylene 
groups of the aminopropyl chains and CTAB 
fragments were observed at 2853 cm–1 and 
2928 cm–1, respectively. All these bands were 
consistent with the presence of aminopropyl 
groups in MSN-NH2. 

The stretching, scissoring, and rocking 
deformation vibrations of the silanol bonds were 
observed at 1037 cm–1, 798 cm–1, and 452 cm–1. 
The broad shoulder at 1140 cm–1 corresponded 
to the stretching vibrations of the Si-O bonds 
[17, 18]. The absorption band at 963 cm–1 could 
be assigned to asymmetric stretching vibrations 
of SiOH groups and indicated their presence in 
the MSN-NH2 sample [19].

Low-angle reflections specific to the 
MCM-41 porous structure were observed 
in the diffraction pattern of the MSN-NH2 
sample (Fig. 3). The low intensity of the (110) 
and (200) peaks could be associated with the 
inclusion of functional groups in the pores of 
MSN (Fig. 3) [9].

Fig. 1. TEM (A) and SEM (B) images of MSN-NH2

A B
3 m200 nm
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The extracellular level of L-[14C] gluta mate 
in nerve terminal preparations in the presence 
of MSN-NH2

The extracellular level of glutamate 
represents a balance of transporter-
mediated uptake of glutamate and its 
unstimulated release [20, 21]. As shown 
in Table 1, MSN-NH2 did not change the 
extracellular synaptosomal level of L-[14C] 
glutamate within the concentration range of 
0.1–1.0 mg/ml. Therefore, MSN-NH2 
did not possess excitotoxic signs and was 
biocompatible.

Effect of MSN-NH2 on the membrane 
potential of nerve terminals 

The membrane potential of nerve 
terminals is a driving force of transporter-
mediated uptake and release of glutamate 
and also reproduces the membrane integrity. 
The synaptosomal membrane potential was 
monitored using potentiometric fluorescent 
dye rhodamine 6G (see Method section). 
The standard saline solution added to the 
synaptosomal incubation was considered as a 
control. As shown in Fig. 4, the application 
of MSN-NH2 at a concentration of 1.0 mg/
ml caused membrane depolarization. 

Fig. 2. IR-spectrum of MSN-NH2
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It should be noted that additional 
experiments without synaptosomes were 
carried out to monitor possible changes 
in rhodamine 6G fluorescence in the 
presence of MSN-NH2. No changes in the 
dye fluorescence were revealed in these 
experiments, and no unspecific interaction 
of rhodamine 6G and MSN-NH2 was found 
without synaptosomes. 

However, taking into account the absence 
of effects of MSN-NH2 on the extracellular 
level of L-[14C] glutamate in nerve terminal 
preparation, further detailed studies are 
necessary in order to exclude the completely 
unspecific interaction of MSN-NH2 and 
rhodamine 6G. 

ROS generation in nerve terminals in the 
presence of MSN-NH2

Kinetics of spontaneous ROS generation 
in the nerve terminals was monitored using 
fluorescent dye H2-DCFDA (see Method 
section). Figure 5 represents the effects of 
MSN-NH2 on the spontaneous ROS generation, 
where it was demonstrated that MSN-NH2 
at concentrations of 10–20 microg/ml 
slightly decreased this parameter in nerve 
terminals. 

Therefore, MSN-NH2 at concentrations of 
10–20 microg/ml revealed weak antioxidant 
properties in nerve terminals.

ROS-sensitive fluorescent dye H2-DCFDA 
(DCF, after the de-esterification, see Method 
section) (Fig. 5) is able to monitor all types 
of ROS generated in nerve terminals. To 
analyse individual ROS in synaptosomes, 

Table 1
The extracellular level of neurotransmitter L-[14C] glutamate in the nerve terminal preparations in the 

presence of MSN-NH2

The extracellular level
of L-[14C] glutamate

in nerve terminal preparations
(% of total accumulated label)

F; p-value

Control 14.30 ± 0.17

MSN-NH2; 0.1 mg/ml 14.35 ± 0.21 F(1,16) = 0.03; p = 0.86; n.s.

MSN-NH2; 0.5 mg/ml 14.18 ± 0.25 F(1,16) = 0.18; p = 0.67; n.s.

MSN-NH2; 1.0 mg/ml 13.96 ± 0.23 F(1,16) = 1.64; p = 0.22; n.s.

Note

Note: Data are the mean ± SEM. n.s., no significant differences as compared to the control, n = 9.

Fig. 4. The membrane potential of nerve terminals in the presence of MSN-NH2 at a concentration 
of 1.0 mg/ml

Note. Synaptosomes were equilibrated with 0.5 M rhodamine 6G, and when the steady level of the dye 
fluorescence was reached, the standard saline buffer or MSN-NH2 was added to the synaptosomes (arrow). 
The trace is representative of 6 experimental data records performed with different synaptosomal 
preparations.
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Fig. 5. Spontaneous ROS generation in the nerve terminals in the presence of MSN-NH2 
Note. The trace is representative of 6 experimental data records performed with different synaptosomal 

preparations.

Fig. 6. MSN-NH2 (1.0 mg/ml) did not modulate an excitotoxic increase in the extracellular synaptosomal 
level of L-[14C] glutamate induced by Cd2+ (A), Pb2+ (B), Hg2+ (C) 

Note. Data are the mean ± SEM. ***, P < 0.001; as compared to the control; n = 9.
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the spectrophotometry experiments on the 
detection of one of the crucial components of 
ROS cohort, i.e. H2O2, were performed. The 
concentrations of H2O2 in nerve terminals 
were recorded using classical methods for 
monitoring H2O2 concentrations through 
direct measurement of its absorbance at 
240 nm. In addition, H2O2 concentrations 
were measured at 374 nm based on the 
reaction of H2O2 with ammonium molybdate 
[16]. It was revealed using both methodical 
approaches that the addition of MSN-
NH2 to the synaptosomes did not change 
H2O2 spontaneously generated in the nerve 
terminals. These results were in accordance 
with the above fluorescent experiments 
using DCF.

Assessment of the capability of MSN-NH2 
to modulate excitotoxicity induced by 
xenobiotic heavy metals

In this set of experiments, the capability 
of MSN-NH2 to modulate Cd2+/Pb2+/Hg2+-
induced increase in the extracellular level 
of L-[14C] glutamate in nerve terminals was 
analysed. MSN-NH2 and Cd2+, Pb2+, or Hg2+ 

were mixed and pre-incubated for 30 min 
before the addition to synaptosomes.

As shown in Fig. 6, MSN-NH2 at a 
concentration of 1.0 mg/ml did not change 
excitotoxic Cd2+/Pb2+/Hg2+-induced increase 
in the synaptosomal extracellular level of 
L-[14C] glutamate.

Therefore, MSN-NH2 was inert regarding 
mitigation or aggravation of Cd2+/Pb2+/
Hg2+-induced excitotoxic effects in nerve 
terminals.

Two-way ANOVA revealed no interaction 
between Cd2+ and MSN-NH2 [F(1,32) = 2.68; 
p = 0.11; n = 9], between Pb2+

 and MSN-NH2 
[F(1,32) = 2.85; p = 0.10; n = 9] and between 
Hg2+

 and MSN-NH2 [F(1,32)= 0.64; p = 0.43; 
n = 9] in L-[14C] glutamate experiments. 

Conclusions

MSN-NH2, synthesized by means of 
co-condensation of tetraethoxysilane and 
3-aminopropyltriethoxysilane, did not 
influence the extracellular synaptosomal 
level of L-[14C] glutamate, demonstrated 
weak antioxidant properties, decreasing 
spontaneous ROS generation, did not 
alter hydrogen peroxide generated in 
nerve terminals, whereas depolarised the 
synaptosomal membrane. MSN-NH2 was 
inert regarding mitigation or aggravation 
of Cd2+/Pb2+/Hg2+-induced excitotoxicity in 
nerve terminals. Therefore, MSN-NH2 did not 
possess excitotoxicity signs, is biocompatible, 
and did not modulate excitotoxicity induced 
by xenobiotic heavy metals in biological 
systems.
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МЕЗОПОРИСТІ НАНОЧАСТИНКИ КРЕМНЕЗЕМУ З ЗАКРІПЛЕНИМИ АМІНОГРУПАМИ: 
ОЦІНКА НЕЙРОМОДУЛЯТОРНИХ, МЕМБРАНОТРОПНИХ ТА АНТИОКСИДАНТНИХ 

ВЛАСТИВОСТЕЙ У НЕРВОВИХ ЗАКІНЧЕННЯХ КОРИ ГОЛОВНОГО МОЗКУ
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Мета. У біомедичному застосуванні наночастинки кремнезему є перспективними для 
контрольованої доставки ліків. З екологічної точки зору на кремнезем припадає найбільша 
частина маси окремих компонентів забруднення повітря, особливо під час піщаних пилових 
бурь. 

Методи. Мезопористі кремнеземні наночастинки із закріпленими аміногрупами 
(MSN-NH2) синтезовані шляхом ко-конденсації тетраетоксісілану і 3-амінопропілтриетоксісілану 
і охарактеризовані методами ТЕМ, ІЧ-спектроскопії та рентгенофазового аналізу. 
Нейромодулювальні та пов’язані з ними властивості MSN-NH2 оцінювали у нервових закінченнях 
кори головного мозку щурів (синаптосомах). 

Результати. MSN-NH2 не впливали на позаклітинний синаптосомний рівень збуджуючого 
нейротрансмітера L-[14C]глутамату і, отже, не викликали ексайтотоксичності. У флуоресцентних 
дослідженнях MSN-NH2 деполяризували мембрану, демонстрували слабкі антиоксидантні 
властивості, зменшували спонтанну генерацію активних форм кисню, не змінюючи кількість 
H2O2 в нервових закінченнях. Модель Cd2+/Pb2+/Hg2+-індукованої ексайтотоксичності була 
використана для оцінювання здатності MSN-NH2 адсорбувати важкі метали. MSN-NH2 не 
модулювали Cd2+/Pb2+/Hg2+-індуковане підвищення позаклітинного синаптосомального рівня 
L-[14C]глутамату. 

Висновки. MSN-NH2 не демонстрували ексайтотоксичних ознак, мали слабкі антиоксидантні 
властивості, і, тому, є біосумісними, не пом’якшували ексайтотоксичні ефекти ксенобіотичних 
важких металів і не адсорбували ці метали в біологічній системі.

Ключові слова: мезопористі наночастинки кремнезему із закріпленими аміногрупами, 
нейромодулювальні, мембранотропні, антиоксидантні властивості, ксенобіотичні важкі метали, 
глутамат, нервові закінчення кори головного мозку.




