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Implications for blood-brain-barrier permeability, in vitro 

oxidative stress and neurotoxicity potential induced by 

mesoporous silica nanoparticles: effects of surface modification 

Ming Zhou‡,a Linlin Xie‡,a Chen-Jie Fang,*a Hua Yang,b Yan-Jie Wang,c Xiao-Yu Zhen,c Chun-Hua 
Yan,*c Yuji Wang,a Ming Zhao*a,d and Shiqi Peng*a 

Increasing in abundance and practical applications of nanomaterials has led to growing concern over the potential adverse 

effects of the nanoparticles on human health. The unique structure makes mesoporous silica nanoparticles (MSNs) an 

ideal platform for developing multifunctional nanocarriers, including non-viral gene delivery in the central nerve system 

(CNS). However, the potential neurotoxicity of the MSNs remains largely unclear. In this study, we explored the bio-effect 

of MCM-41 type MSNs on blood-brain-barrier (BBB) permeability, neuronal damage, and mediation of neurotoxicity with 

surface chemistry. With or without a ligand transferrin (Tf) which could interact with transferrin receptor expressed at the 

BBB, in vivo imaging indicated that both MSN−Cy−Tf and MSN−Cy may enter into the brain, suggesting the potential to 

deliver the therapeutic agents across the BBB. However, risk arises associated with this permeability. Histological 

observation of the hippocampus confirms the CNS devliery of MSNs and indicates the neuronal damage, characterized by 

neuronal cell loss, nuclei shrinkage, and disintegration of neurons, reminiscent of in vivo neurotoxicity. With PC12 cell, a 

paradigm for dopaminergic neuron, in vitro examination suggests that various surface modified MSNs decrease the cell 

viability and caused oxidative stress with elevation of reactive oxygen spices (ROS), depletion of glutathione (GSH), leakage 

of lactate dehydrogenase (LDH), and generation of malondialdehyde (MDA) in a concentration-dependent manner. 

Compared with the pristine MSNs which induce the severest injury impacts on the cells, thiol modified MSN−SH 

nanoparticle shows significantly slight injury effects among the test MSNs, suggesting the possibility to mediate the 

neurotoxicity via the surface chemistry to modify this kind of the nanomaterials in the biomedical applications. 

1. Introduction 

Blood-brain-barrier (BBB) represents the strictest biological 

barrier to protect the brain. For more than 98% drugs treating 

central nervous system (CNS) disorders, however, this barrier 

is also a formidable obstacle for the effective delivery of the 

therapeutic agents to the brain. Therefore, there is a clear 

need for various strategies to deliver nonpermeating CNS 

therapeutic agents crossing BBB.1, 2 Within the boosting 

nanomaterials, nanoparticles would be an efficient alternative 

for brain drug delivery. However the interactions of 

nanomaterials with various biological systems and barriers, 

especially BBB, as well as the toxic/bio effect of nanomaterials 

are still largely unknown.3  Up to date, only limited works show 

that the deposition of the nanomaterials in the brain can cause 

oxidative stress, tissue damage, and neurotoxicity,4, 5 whereas 

precise pathway of neuron damage and mechanism remains 

principally unclear. 

Brain tissue is mainly composed of neuron and glial cells. 

As core cells neurons are critical for brain function. The 

neuronal damage, including defect of structure and/or loss of 

function, plays a crucial role in the aging and some 

neurodegenerative diseases, such as Parkinson's diseases and 

Alzheimer's diseases. Due to large amount of oxygen consume 

and oxidant production whilst antioxidant deficiency, the brain 

and CNS are particularly susceptible to oxidative stress induced 

by reactive oxygen species (ROS).6, 7 The oxidants derived from 

ROS like H2O2 and OH·− are highly reactive toward DNA, 

proteins, and lipids, causing significant destruction to the 

cells.8, 9 As an essential physiological regulator, ROS normally 

exists in cells in a balance with antioxidant.10 The excessive 

oxidants will induce lipid peroxidation, DNA damage, and 

tissue toxicity.11 
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Chart 1 MSNs with only silanol residue (MSN−OH) and surface modified MSN−NH2, 

MSN−NH2−SH, and MSN−SH. 

 

Since Mobil researchers reported synthesis of mesoporous 

silica,12 burgeoning area of porous silica research, especially 

mesoporous silica nanoparticles (MSNs), has been their use as 

nanocarriers in applications of therapy and diagnosis.13, 14
 

MSNs possess unique structural characters such as large 

surface area, tunable pore size and channel, and well-defined 

surface property, which make MSNs an ideal platform for drug 

delivery15-19 and further lead to substantial research regarding 

their chemical stability, biodistribution and excretion, 

biocompatibility and biosafety.16, 20-22 While the beneficial 

aspects are widely publicized, some new concerns including 

the negative impact of the MSNs on living cells and tissue have 

arisen. It is still unknown such as whether the MSNs could 

enter the brain and exert adverse effects, and how the MSNs 

interact with the brain tissues and neurons.  

Although toxicity of silicon and silica has been continually 

studied for more than a century,23-30, little is known about 

possible adverse effects on the brain once silica enter the CNS. 

As silica nanoparticles (SiNPs) are generally deemed nontoxic, 

SiNPs have been formulated for non-viral gene delivery in the 

CNS.31, 32 However, Guilarte et al. first examined the effects of 

SiNPs (150 to 200 nm) exposure on the brain using primary rat 

microglia.33 The results suggested that very low levels of SiNPs 

increase the ROS production and are capable of altering 

microglial function. Wu et al. demonstrated that SiNPs (15 nm) 

possibly have a negative impact on the striatum and 

dopaminergic neurons as well a potential risk for 

neurodegenerative diseases.34 To the best of our knowledge, 

so far no study has been carried out to define the effects of 

the MSNs on BBB permeability, neuron damage and oxidative 

stress. Because high surface-to-volume ratio of nanomaterials 

could create more potential for enhanced cellular interactions 

and different pathways of toxicity compared with coarse 

grained silica,26, 35-37 it is urgent to explore the (neuro)toxicity 

of ordered MSNs and the relationship with nanoparticles’ 

physicochemical property.26, 38-40
 In this context, we explored 

the in vivo BBB permeability, neuron damage, and in vitro 

oxidative stress induced by the MSNs with different surface 

groups (Chart 1). 

2. Experimental section 

2.1 Synthesis and characterization of the MSNs 

MSN−NH2, MSN−NH2−SH, and MSN−SH were synthesized by 

co-condensation method according to our previous work.41, 42 

For MSN−Cy, fluorescent dye Cy5.5 was attached covalently to 

MSN−NH2 via amide bonds. Then, transferrin (Tf) was attached 

covalently to MSN−Cy at room temperature in dark overnight 

to fabricate MSN−Cy−Tf. The nanoparticles were collected by 

centrifugation, and the supernatant were collected for analysis. 

Particles were then washed and sonicated several times in 

order to remove any adsorbed protein and then dried in 

vacuum. 

Power X-ray diffraction (XRD) patterns of the nanoparticles 

were recorded on Rigaku D/Max-2000 X-ray powder 

diffractometer (Japan) using Cu Kα (λ = 1.5405 Å) radiation. 

TEM images were taken on the JEM-2100 transmission 

electron microscope under a working voltage of 200 kV. The 

nitrogen adsorption and desorption isotherms were measured 

on an ASAP 2010 analyser (Micromeritics Co. Ltd.) at 78 K. The 

surface charge of the nanoparticles was measured with 

Zetasizer (NanoZS Malvern Inst., Malvern, UK). Size 

distribution was also measured using dynamic light scattering 

(DLS) with the Zetasizer. 

2.2 In vivo animal studies 

The animal studies were approved by the Animal Ethical 

Committee of Capital Medical University (China). Six-week-old 

male nude mice were purchased from Weitonglihua 

Laboratory Animal Co., Ltd. (Beijing, China). Six mice per cage 

were housed under standard laboratory conditions (12 h light : 

12 h dark and 24 ± 3°C), rodent diet and water were provided 

ad libitum. The experiments were initiated one week after 

arrival of the animals. 

2.2.1 In vivo imaging. Fluorescence from Cy5.5 attached on 

MSN−Cy and MSN−Cy−Tf in mice was obtained using 

NightOWL LB983 in vivo imaging system (Berthold 

Technologies, Germany, excitation: 635–675 nm, emission: 

695–740 nm), which is equipped with cooled backside 

illuminated NightOWL II CCD camera, along with image 

acquisition and analysis software (IndiGO software). The 

fluorescence intensity of MSN−Cy and MSN−Cy−Tf was height-

corrected. 

2.2.2 Hematoxylin and eosin (H&E) staining. After exposure to 

MSN−Cy and MSN−Cy−Tf for 0.5 h, the mice were sacrificed by 

decapitation and their brains were dissected and immersed in 

4% paraformaldehyde, fixed at 4°C for at least 24 h, and then 

processed by routine histological methods. The coronary slices 

(5µm) were obtained and used for hematoxylin and eosin 

(H&E) staining in accordance with the standard procedure. The 

eosin imparts a pink to red color to cytoplasm, and the 

hematoxylin stains nucleus blue. The slices were observed on 

an Olympus SZX-MDHSW microscope (Japan) and 

photographed.  

2.3 In vitro studies 

2.3.1 Cell culture and differentiation. PC12 cell line was 

obtained from the Beijing Xiehe Cell Bank of Type Culture 

Collection. The cells were grown in RPMI 1640 medium 

(Hyclone, USA) containing 5% fetal bovine serum (FBS), 100 U 

mL−1 penicillin, 100 µg mL−1 streptomycin, 10% horse serum, 

and 50 ng ml−1 nerve growth factor at 37°C in an atmosphere 

of 5% CO2. 
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The stock solution of the MSNs was prepared serially from 

1 to 200 µg mL−1 of the samples. These samples were 

sonicated before exposure to the mice and cells to produce a 

less-aggregated and uniform suspension. For the in vitro 

experiments, the freshly dispersed MSNs suspensions were 

immediately applied to the cells. The cells free of the MSNs 

were used as the control. 

2.3.2 MTT assay.The cytotoxicity of the MSNs was evaluated 

with standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

2H-tetrazolium bromide) assay. Briefly, PC12 cells were 

planted in 96-well plates (Corning, Inc., New York, USA) at a 

density of 2 × 104 cells per well in growth medium RPMI 1640. 

After 24 h incubation, the MSNs of various concentrations 

were loaded into the 96-well plates, and the viability of PC12 

cells was determined. 100 μL of MTT was added into each well 

and incubated for 4 h till purple crystals to be visible. After 

removal of MTT solution, the purple formazan crystals were 

dissolved in 100 μL of DMSO and the absorbance was 

measured at 490 nm on a microplate reader (BIO-RAD 

Model1680, USA). The cytotoxicity was expressed as % of 

inhibition rate. 

2.3.3 Intracellular ROS determination. DCFH-DA is a 

membrane-permeant compound and, once inside the cells, it 

is deacetylated by endogenous esterases to form the 

nonfluorescent 2’,7’-dichlorfluorescein (DCFH). DCFH is 

converted to fluorescent dichlorofluorescein (DCF) by cellular 

oxidation. As a result, green fluorescence emits in response to 

ROS production and can be analyzed by flow cytometry. Briefly, 

DCFH-DA (Sigma) was re-suspended in DMSO. The cells were 

incubated with DCFH-DA solution at a final concentration of 10 

μM in RPMI 1640 without serum for 30 min at 37°C in 5% CO2 

atmosphere. Afterward, the cells were rinsed twice with PBS 

and centrifuged, and then the supernatant was discarded to 

collect the pellets. The pellets were resuspended in PBS, and 

the data were collected by using the Becton-Dickinson FACS 

Aria flow cytometer (λEx/λEm = 488/525 nm) and analyzed with 

BD-FACS Diva 4.1 software. ROS level was expressed as the 

ratio of the mean intensity of the treated group versus mean 

intensity of the control group. 

2.3.4 Intracellular glutathione (GSH) measurement. The 

intracellular GSH content was measured with a glutathione 

assay kit (Sigma-Aldrich, USA). Briefly, PC12 cells were plated 

in six-well plates at a density of 5.0×105 cells per well and 

treated with various suspensions of the MSNs. After 24 h 

treatment, the cells were first deproteinized with 5% 5-

sulfosalicylic acid, centrifuged to remove the precipitated 

protein, and then the intracellular GSH content was measured 

according to the manufacturer’s instructions. The absorbance 

at 412 nm was measured with microreader (BIO-RAD 

Model1680, USA). GSH level was expressed as the ratio of the 

mean intensity of the treated group versus the mean intensity 

of the control group. 

2.3.5 Malondialdehyde (MDA) measurement. After exposure 

to the MSNs for 24 h, the cells were scraped off, collected, 

rinsed with PBS to remove culture medium, and then 

resuspended in 0.5% cold Triton X-100. Cell lysates were 

centrifuged to remove debris, and the supernatants were used 

for intracellular MDA assays. MDA content was measured with 

MDA kit (Jiancheng, Nanjing, China) according to the 

manufacturer’s instructions. The absorbance at 530 was 

measured with microreader (BIO-RAD Model1680, USA). The 

MDA concentration (nmol mg−1protein) in the samples was 

extrapolated from the standard curve. Results were 

represented as % change in MDA concentration as compared 

to the control. 

2.3.6 Lactate dehydrogenase (LDH) measurement. LDH leakage is 

based on the activity measurement of cytoplasmic enzyme 

LDH in the extracellular space. At the end of 24 h exposure to 

the MSNs, the culture medium was centrifuged and the cell-

free supernatant was collected. The activity of LDH in the 

medium was determined with a commercial LDH kit 

(Jiancheng, Nanjing, China) according to the manufacturer's 

protocol. The absorption was measured with a microreader 

(BIO-RAD Model1680, USA) at 440 nm, and LDH levels in the 

medium versus the cells were quantified and compared to the 

control. 

2.3.7 Statistical analysis. The results are represented as mean ± 

standard deviation (SD) (n equals at least 3) and were further 

analysed by one-way analysis of variance (ANOVA). The 

comparisons are considered to be significantly different from 

each other when a p value is smaller than 0.05 and highly 

significantly different when p value smaller than 0.01. 

3. Results 

3.1 Characterization of MSNs 

The surface modified MSNs were prepared by co-condensation 

of functional trimethoxysilane and tetraethyl orthosilicate, and 

were characterized with typical techniques. The powder X-ray 

diffraction (XRD, Fig. S1) patterns of the MSNs with different 

surface groups show a typical two-dimensional hexagonal 

p6mm mesophase and display expected features of MCM-41 

type mesoporous structure, with the main peaks indexed to 

(100) diffraction of a hexagonal structure. Fig. 1 indicates that 

all the MSNs show highly ordered hexagonally arranged 

mesopores with one-dimensional channels throughout the 

particles. Combination of X-ray patterns and TEM images 

demonstrates that the surface functionalization of the MSNs 

remains the mesoporous structure of MCM-41 type silica. 

Generally, the silica nanoparticles tend to aggregate, due to H-

bonding interactions between residual silanol groups. This 

nature has to be reduced in the biological applications, in  
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Fig. 1 (Left) Transmission electron microscopy (TEM) of the nanoparticles of MSN−OH 

(A), MSN−NH2 (B), MSN−NH2−SH(C), and MSN−SH (D). (Right) BET N2 adsorption-

desorption isotherms of MSN−OH, MSN−NH2, MSN−NH2−SH, and MSN−SH at 78K. 

Table 1 The physicochemical data of functionalized MSNs 

MSNs Radius 

(nm) 

ξ (mV) Surface 

area 

(m2g−1) 

Pore 

diameter ( 

nm) 

MSN−OH 278.5±8.62 −8.75±3.03 843.17 3.34 

MSN−NH2 266.1±12.0 2.30±0.12 745.31 3.28 

MSN−NH2−SH 271.5±0.42 0.30±0.06 918.31 2.70 

MSN−SH 247.4±1.63 3.09±0.25 764.74 2.39 

* The zeta-potential ξ was measured in PBS (0.067 M, pH = 7.4 ) 

order to improve cellular uptake, biodistribution, and 

biocompatibility, etc. Though surface modification does not 

change the mesophase structure of MCM-41, it indeed 

mediates the surface property of MCM-41, which was 

examined with nitrogen adsorption and desorption isotherms 

at 78K. The surface properties of the modified MSNs are 

shown in Fig.1 and listed in Table 1. Compared with pristine 

MSN−OH (mean radius: 3.34 nm), thiol-modified MSN−SH has 

the lowest adsorption capacity and the slimmest channel 

(mean radius: 2.39 nm). During the fabrication, the functional 

groups may interact with the micelles upon formation and 

thus result in a reduction in pore size and shrinkage of unit cell 

size.  The physicochemical data in Table 1 indicate that the 

particle size of all modified MSNs ranges in 200 to 300 nm, and 

zeta-potential changes dramatically with the groups 

conjugated on the surface of the MSNs. The zeta-potential are 

−8.75 ± 3.03, 2.30 ± 0.12, 0.30 ± 0.06 and 3.09 ± 0.25 mV for 

MSN−OH, MSN−NH2, MSN−NH2−SH, and MSN−SH, 

respectively. When ligand Tf was conjugated with the MSNs, 

the value for MSN−Cy−Tf is −6.71 ± 3.03 mV, compared to 

35.01 ± 2.12 mV for MSN−Cy. 

3.2 BBB permeable potential of the MSNs 

The BBB prevent from entering of exogenous species from 
blood into brain and maintains brain homeostasis.43 The BBB 
permeability and brain accumulation of MSN−Cy−Tf and 
MSN−Cy were examined with in vivo fluorescent imaging (Fig. 
2) and further confirmed with tissue sectioning method (Figs. 
S2). In vivo fluorescent images were taken at designed time 
intervals after tail intravenous injection. Surprisingly, the 
fluorescence of both MSN−Cy−Tf and MSN−Cy was obviously 
observed in the brain of treated mice after injection only 1 
min, indicating that both MSN−Cy−Tf and MSN−Cy could enter 
the brain very quickly (Fig. 2). The accumulation of MSN−Cy in 

the brain at designed intervals is comparable to that of  
MSN−Cy− 

 
 Fig. 2 Distribution of MSNs in nude mice after tail intravenous administration at a dose 

of 0.1 mL/10g (v/body weight). The MSNs were dispersed in 5% glucose to prepare 1 

mg/mL injection. Images were taken at designed interval time after administration. (A) 

Image of MSN−Cy treated mouse; (B) Image of MSN−Cy−Tf treated mouse. 

Tf, indicating that effect of the ligand Tf on the kinetics of the 
MSNs across the BBB is slight. The concentration of the MSNs 
gradually decreased several minutes after injection. In 
addition, the accumulation of the MSNs is also remarkable in 
the peripheral tissues such as kidneys, liver, and spleen. The 
fluorescence intensity in these tissues implies that the 
concentration and kinetics of accumulation in the liver, kidney, 
and spleen may be higher and faster than that in the brain. 
Nevertheless, more extensive studies are needed to confirm 
the permeability and kinetics of the MSNs across the BBB and 
to reveal the mechanism of the MSNs entering the brain. 

3.3 Histological observation of hippocampus 

In order to further validity the permeability of the MSNs, we 
selected hippocampus in the brain as a specific target to 
observe the effect of the MSNs exposure on neuronal  
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Fig.3 Neuropathological changes in hippocampus stained with H&E. (A) Hippocampus of untreated mice (control); (B) Hippocampus of MSN−Cy−Tf treated mice; (C) Hippocampus 

of MSN−Cy treated mice. The mice were sacrificed 30 min after injection. The arrows show the dead neuron cells. The scale bar is 50 µm. 

 
Fig. 4 The concentration dependent cytotoxicity induced by−OH, −NH2, −NH2−SH, and 

−SH modified MSNs. Inhibition rate of various MSNs to PC12 cell was determined with 

MTT assay after 24 h exposure. Cells cultured in medium without MSNs are control. 

Data are represented with mean ± SD (n = 3). 

morphological changes by H&E staining. For this purpose, the 

mice were sacrificed 30 min after injection, taking into account 

the concentration of the MSNs retaining in the brain and the 

time allowed for the interaction between the MSNs and the 

tissues. And then the brain was excised and subjected to 

sectioning and staining. The representative images are 

illustrated in Fig.3. In control group, round and dark stained 

neurons arranged approximately layer by layer and packed 

regularly with the chromatin of the nucleus being stained 

homogeneously. The neuronal morphological changes in the 

hippocampus are clear in the MSN−Cy and MSN−Cy−Tf treated 

groups. The exposure of MSN−Cy and MSN−Cy−Tf evoked a 

discernible alteration in the hippocampus, which was 

characterized by neuronal loss and thinning of cell layers, 

nuclei shrinkage, and disintegration and dark staining of 

neurons. For the MSN−Cy treated mice, more vacuoles 

appeared in the hippocampus, compared with that of 

MSN−Cy−Tf treated mice. The results of the present study 

suggest the potential that the MSNs go across the BBB, 

accumulate in the brain, and damage the neurons of the 

hippocampus. 

3.4 In vitro cytotoxicity of various surface modified MSNs 

To explore the in vitro cytotoxicity of the MSNs, we examined 

the proliferation of the MSNs treated PC12 cells, a paradigm 

for neurobiological studies, with MTT assay.44 In brief, PC12 

cells were exposed to the modified MSNs at 12.5 µg mL−1 to 

100 µg mL−1 for 24 h. As shown in Fig. 4. the inhibition 

percentage of MSN−OH, MSN−NH2 and MSN−NH2−SH reaches 

the maximum at 50 µg mL−1, while that of MSN−SH reaches 

the maximum at 100 µg mL−1. The IC50 values (50% inhibitory 

concentration) of 24 h exposure are 5.8, 26.9, 27.1, and 48.7 

µg mL−1 for MSN−OH, MSN−NH2, MSN−NH2−SH, and MSN−SH, 

respectively, suggesting that the pristine MSN−OH shows the 

highest cytotoxicity. 

 

 
Fig. 5 Effect of the MSNs on ROS elevation. PC12 cells without the MSNs are the 

control. The PC12 cells were cultured with various concentrations of the MSNs (A: 

MSN−OH, B: MSN−NH2, C: MSN−NH2−SH, and D: MSN−SH) for 24 h. Intracellular ROS 

elevation is surface- and concentration-dependent. Data are represented with mean ± 

SD (n = 3).  

 

Fig. 6 Effect of the MSNs on GSH reduction. PC12 cells without the MSNs are the 

control. The PC12 cells were cultured with various concentrations of the MSNs (A: 

MSN−OH, B: MSN−NH2, C: MSN−NH2−SH, and D: MSN−SH) for 24 h. Intracellular GSH 

reduction is surface- and concentration-dependent. Data are represented with mean ± 

SD (n = 3).  

3.5 Molecular mechanism of MSNs damaging neurons 
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To reveal the molecular mechanism of neuronal damage 

induced by the MSNs, we measured the levels of ROS, GSH, 

LDH, and MDA in the MSNs treated PC12 cells. 
3.5.1 ROS elevation of MSNs treated PC12 cells. ROS is a 
collective term of free oxygen radicals, such as superoxide 
anion, hydroxyl radicals, hydrogen peroxide and ozone. ROS 
are involved in pathogenesis of a variety of inflammatory 
conditions, and the increase of intracellular ROS level causes 
the damage of cell structure and eventually results in cell 
death or apoptosis.45 The oxidative stress of PC12 cells induced 
by the MSNs was assessed with measuring the intracellular  

  
Fig.7 Effect of the MSNs on LDH leakage. PC12 cells without the MSNs are the control. 

PC12 cells were cultured with various concentrations of the MSNs (A: MSN−OH, B: 

MSN−NH2, C: MSN−NH2−SH, and D: MSN−SH) for 24 h. The extracellular LDH content is 

surface-and concentration-dependent.  Data are represented with mean ± SD (n = 3).  

ROS level, which was quantified with DCFH-DA method.46 The 

result (Fig. 5) suggests that the ROS elevation induced by the 

MSNs is surface- and concentration- dependent. MSN−OH and 

MSN−NH2 treated cells have the highest ROS level, which are 

2.5-fold higher than that of the control group. However, the 

ROS level of the MSN−NH2−SH and MSN−SH treated cells 

equal that of the control cells. It is also found that, at IC50 

concentration, 6 µg mL−1 MSN−OH and 27 µg mL−1 MSN−NH2 

caused 2.5-fold increase of intracellular ROS, 27 µg mL−1 

MSN−NH2−SH caused 1.4-fold increase of ROS, and 49 µg mL−1 

MSN−SH caused only 1.1-fold increase of ROS. The result implies 

that the surface effect on the ROS generation is different for 

various surface modified MSNs. 

3.5. 2 GSH depletion. GSH is a key antioxidant in the body and 

plays crucial roles in maintaining the homeostasis of cellular 

oxidation-reduction. Alteration in GSH homeostasis can be 

considered as an indication of functional damage of the cells, 

due that excessive radicals can give rise to lipid peroxidation 

and cell membrane damage. As shown in Fig. 6, the effect of 

the MSNs on intracellular GSH depletion depends on the 

concentration and surface group. Relative to the control, 

64.6%, 48.0%, 55.9% and 33.2% of intracellular GSH were 

remained for MSN−OH at 6 µg mL−1, MSN−NH2 at 27 µg mL−1 

MSN−NH2−SH at 27 µg mL−1, and MSN−SH at 49 µg mL−1, 

respectively. 

3.5.3 LDH leakage. LDH is an enzyme widely present in cytosol 

that can convert lactate to pyruvate. It will be released into the 

culture media when the biomembrane integrity is altered or 

disrupted. The extracellular LDH level depends on the 

material/chemical toxicity, and it is a reflective of cell 

membrane integrity. The effects of surfaces of the MSNs on 

LDH leakage are shown in Fig. 7. The different surface modified 

MSNs do not alter the leakage of LDH significantly. 
 

 

Fig.8 Effect of the MSNs on MDA production. PC12 cells without the MSNs are the 

control. PC12 cells were cultured with various concentrations of the MSNs (A: 

MSN−OH, B: MSN−NH2, C: MSN−NH2−SH, and D: MSN−SH) for 24 h. MDA production is 

surface- and concentration-dependent. Data are represented with mean ± SD (n = 3).  

3.5.4 MDA generation. MDA is an end product of lipid peroxidation 

and serves as a reliable detection index of lipid peroxidation. The 

results of the present study (Fig. 8) imply that the MSNs may induce 

oxidative damage to PC12 cells. All the MSNs show a concentration- 

and surface- dependent effect on MDA generation. Overall, the 

generation of MDA of all the MSNs treated PC12 cells is 4 to 5 folds 

higher than that of the control group. For every kind of MSNs, the 

generation of MDA is at the same level in PC12 cells treated at 

various concentrations of MSNs, e. g. 6 µg mL−1 of MSN−OH, 27 µg 

mL−1 of MSN−NH2, 27 µg mL−1 of MSN−NH2−SH, and 49 µg mL−1 of 

MSN−SH. It indicated that the surface effect is different for the 

MDA generation. 

4. Discussion 

Developing CNS drug delivery to go across the BBB is a 

challenging but meaningful task.47, 48 Over past few years, the 

nanoparticles have shown the potential to overcome the BBB 

and transport the therapeutic agents into the brain via 

intravenous administration. And yet a majority of these 

nanoparticles have focused on primarily colloid carriers such as 

liposomes, polymeric nanoparticles, solid lipid nanoparticles, 

polymeric micelles, and dendrimers.49-52 The most accepted 

mechanism for the brain uptake of these nanoparticles 
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appears to be transcytosis mediated by specific receptors 

expressed at the BBB, such as lipoprotein, transferrin receptor 

and insulin receptor.51, 53 In our present work, in vivo imaging 

indicates that even the MSNs without Tf modification may go 

across the BBB and enter the brain.  

The mechanism of the nanoparticles across the BBB 

depends on the materials’ structural and physicochemical 

properties, such as particle size, charge/surface potential, H-

bonding potential, and lipophilicity, etc.54 Most of the 

successful exemplary nanoparticles used to deliver various 

drug into the brain ranged in the size from 150 to 300 nm, 

which may affect the endocytic uptake mechanism.55 Surface 

charge and hydrophobicity also influence the uptake. 

Generally, non-ionic and hydrophobic surfaces are rapidly 

opsonized followed by recognition by the reticular endothelial 

system, and higher internalization rates are usually associated 

with positively charged particles because of the negatively 

charged component of the cell membranes.56, 57 However, 

negatively charged nanoparticles can also yield efficient 

uptake, especially after adsorption or covalently coupling of 

targeting ligands.58 MSN−Cy−Tf (253.6 ± 7.50 nm) and MSN−Cy 

(257.1 ± 2.97 nm) used in this study have −6.71 ± 3.03 mV and 

35.01 ± 2.12 mV of zeta-potential, respectively. It seems that 

both zeta-potential and particle size influence the uptake of 

the nanoparticles.59-61 Further study is needed to elucidate the 

mechanism of the nanoparticles entering the brain. 

Risks rise associated with the MSNs entering in the brain. 

Therefore, it is meaningful to demonstrate the possibility of 

the accumulation of the MSNs in the brain. Herein we 

performed a histopathological observation of the 

hippocampus, a typical tissue of the brain and a critical 

integration centre for cognitive functions such as learning and 

memory. ROS can trigger deleterious effects in the brain62, 63 

because excessive ROS could result in lipid peroxidation in the 

hippocampus, striatum, and frontal cortex, etc.64, 65 The 

hippocampus is particularly sensitive to lipid peroxidation due 

to high level of polyunsaturated fatty acids and iron,63 both of 

which are the target of free radicals. In addition, the 

hippocampus possesses low level of antioxidants.66 As the cell 

at the portal-of-entry sites in the brain, the neuronal response 

to the MSNs exposure was morphologically examined. The 

morphological changes, such as neuronal nuclear shrinkage, 

vacuole appearance and necrotic neurons in the hippocampus 

indicate the risks of the neuronal damage and neurotoxicity of 

MSN−Cy and MSN−Cy−Tf treatment. In respect of neuronal 

damage, the damage by MSN−Cy is severer than that by 

MSN−Cy−Tf, might due to more positive surface charge and 

therefore stronger interaction of MSN−Cy with the negatively 

charged cell membrane.56, 57, 67 

The most discussed paradigm for the toxicity of the 

nanomaterials is oxidative stress,68-73 attributed to ROS 

elevation. Some in vivo studies have demonstrated that the 

nanomaterials can escape from the BBB and accumulate in the 

brain cause CNS damage, in which oxidative stress are vital and 

important.74, 75 It has been well-established that ROS 

production and oxidative stress play a crucial role as the 

important mechanisms involved in the health effects of both 

micro- and nano-sized silicon and silica, whatever crystalline or 

amorphous materials.26, 76-81 Generally, prime toxicity of the 

silica materials is attributed to surface radicals (SiO•, SiO2
•, 

SiO3
• and Si+O2

•−), which can react with water to yield ROS, 

and thus result in oxidative stress to damage DNA and 

proteins8, 34, 82, 83 and then affect cell cycle progression via 

initiating apoptosis. In addition, through H-bonding and 

electrostatic interactions with the biomembrane components 

the MSNs can cause toxic reaction.84 In this study, we used 

PC12 cells to investigate the potential neurotoxicity of the 

MSNs and to explain the mechanisms of neurotoxicity by  

Table 2 R
2 of correlation between LDH level and ROS, GSH, and MDA levels, 

respectively 

Samples ROS versus LDH GSH versus LDH MDA versus LDH 

MSN−OH 0.9078 0.9973 0.9973 

MSN−NH2 0.9883 0.9252 0.9676 

MSN−NH2−SH 0.9946 0.9855 0.9719 

MSN−SH 0.9803 0.9922 0.9999 

 

correlating the surface modification with oxidative stress 

indicated by the levels of ROS, GSH, LDH, and MDA. 

The MTT assay of PC12 cells exposed in MSN−OH, 

MSN−NH2, MSN−NH2−SH, and MSN−SH for 24 h addressed a 

concentration-dependent toxicity. MSN−OH, MSN−NH2, and 

MSN−NH2−SH show severe cytotoxicity at 50 µg mL−1, with the 

inhibition higher than 90%. Though MSN−SH  at 12.5 µg mL−1 

shows high inhibition, it shows the lowest inhibition among 

the test MSNs at 25 ∼ 50 µg mL−1. Of four kinds of the MSNs, 

MSN−OH shows the severest cytotoxicity whereas MSN−SH 

shows the slightest cytotoxicity, as indicated by the IC50 value, 

which of MSN−OH is 7-fold lower than that of MSN−SH. Since 

the size and shape of the MSNs used in this work are identical, 

the effect of the size and shape on the cytotoxicity is 

ignorable. In respect of surface charge and hydroxyl coverage, 

MSN−OH has the profoundest negative potential and the 

largest hydroxyl coverage. In addition to the intrinsically 

presence of surface radicals and ROS generation, the H-

bonding and electrostatic interactions of the MSNs with the 

biomembrane should also contribute to the cytotoxicity. In 

contrast, MSN−SH could provide the reductive thiol to 

alleviate the oxidative stress and damage, giving rise to the 

slightest cytotoxicity.  

It is known that many intracellular redox processes are 

driven by redox property of thiol group, and intracellular 

protection against oxidation can be mediated by 

thiol−disulfide exchange between inflow thiol and oxidized 

glutathione.85, 86 After MSN−SH is internalized by PC12 cells, 

the radicals SiO•, SiO2
•, SiO3

• and Si+O2
•− from silica surface 

could generate reactive HO• radical and induce oxidative 

stress. When GSSG(glutathione disulfide)/GSH ratio rises, the 

depletion of GSH could be prevented by the thiol of MSN−SH, 

giving rise to regeneration of GSH through exchange the thiol 

of MSN−SH with GSSG. The highest IC50 and the slightest 

oxidative stress of MSN−SH treated PC12 cells suggest that 

MSN−SH is able to reduce GSSG to GSH through a 
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nonenzymatic thiol−disulfide exchange and protect the cells 

from the oxidative stress thereby alleviate the neurotoxicity. 

To correlate the cytotoxicity with oxidative stress, we 

examined oxidative stress biomarkers, LDH, ROS, MDA, and 

GSH. LDH level in the media can be an indicator of cytotoxicity, 

because damage to the biomembranes can trigger release of 

intracellular LDH, which induces a chain reaction of further cell 

death.87 It was found that cytotoxicity indicated by LDH level 

and oxidative stress indexed by ROS, MDA, and GSH are 

linearly correlated to each other (Fig. S3). In the most cases 

the correlation coefficient R
2 is larger than 0.95 (Table 2), 

suggesting that the cytotoxicity appears strongly relevant to 

oxidative stress manifested by elevated ROS, depleted GSH, 

and increased MDA. The elevation of ROS seems to deplete 

cellular GSH significantly, induce lipid peroxidation, produce 

MDA, alter the biomembrane integrity, result in LDH leakage, 

and eventually lead to cell death. The excessive ROS in PC12 

cells directly oxidizes the DNA, proteins, and lipids, thereby 

damages the biomembranes and its functions, consequently 

associates with the activation of apoptosis.8, 63 It is known that 

apoptosis can be triggered at the mitochondria, cell membrane 

receptors and chromosomal DNA.88 MTT and LDH 

measurements in this work suggest mitochondrial injury, 

which may be produced by oxidative stress. In response to 

these death stimuli, the mitochondria may initiate 

programmed cell death and apoptosis.89, 90  

Conclusions 

In summary, we performed the in vivo imaging experiment to 

examine the potential of the MSNs across the BBB with or 

without the ligand Tf and direct biological effects of the MSNs 

on PC12 cells, and further the neurotoxicity of the MSNs was 

also explored. The in vivo results suggest that the MSNs may 

go across the BBB, accumulate in the brain, and induce the 

hippocampal neuronal damage. In vitro exposure of the MSNs 

resulted in cellular morphological changes and oxidative stress, 

as indicated by elevation of intracellular ROS which triggered 

cell death in a concentration-dependent manner, as well GSH 

depletion, MDA generation, and LDH leakage. The fitting of 

oxidative stress to the cytotoxicity caused by the various MSNs 

correlate the surface chemistry with oxidative stress and thus 

neurotoxicity. Further studies are needed to address the 

mechanism of the internalization and oxidative stress to reveal 

the basis of the neurotoxicity induced by the MSNs. The 

present study sheds light on the possibility to mediate the 

neurotoxicity via the surface modification of the MSNs in 

biomedical applications. 
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The MSNs show the potential to overcome the BBB and cause neuronal damage, however, 

neurotoxicity potential could be mediated with surface modification. 

Page 10 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


