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A B S T R A C T   

Mesoporous silica nanoparticles (MSNs) have shown potential in biomedicine due to their structural advantages. 
However, little is known concerning their ability crossing blood-brain barrier (BBB), and potential adverse effects 
on the brain function associated with MSNs exposure and counterpart solution remains to be elucidated. The 
findings in the present study indicate that pristine MSNs destroy BBB and enter into the brain, and therefore, the 
brain functions such as social ability and cognition of the mice is impaired remarkably. The in vitro study in
dicates that the pristine MSNs inhibit cellular proliferation via generation of reactive oxygen species (ROS), 
which results in impaired mitochondrial function and activates cellular apoptosis via JNK and p38 MAPK 
(mitogen-activated protein kinase) signaling pathway. The in vivo study demonstrates that exposure to the MSNs 
triggers oxidative stress, activates mitochondrial apoptosis signaling pathways and the caspase family, and leads 
to cell apoptosis in the brain. The mitigated damages both in vitro and in vivo are observed after exposure to lipoic 
acid (LA) modified MSNs (MSN-LA). The integrated multilevel toxicity assessments also indicate that the brain 
dysfunction may be mitigated by the modification of LA, due to superior antioxidative property of LA.   

1. Introduction 

With unique physicochemical features and properties, mesoporous 
silica have emerged as an excellent nanocarrier in biomedical applica
tion in the treatment of cancer and other diseases [1–8], even some silica 
particles have entered preclinical development stage as targeted cancer 
therapeutic agent [9]. Such a wide application of mesoporous silica in 
the pharmaceutical development has raised concern with the undesir
able effect on biological system [10–19]. However, there is little infor
mation about the potential hazards of mesoporous silica to the brain and 
function, and their safety is still an urgent problem to be solved [20]. 

The previous studies have shown that the damage is mainly caused 
by oxidative stress (OS), due to abundant silanol group on the surface of 
the silica [21,22]. The OS results in oxidative damage to the lipids, 
proteins, and nucleic acids, which causes dysfunction of mitochondria 
and collapse of cellular energy system and eventually leads to cellular 
apoptosis [19,23]. The damage and decline of mitochondrial function 

accumulate in the brain and central nervous system (CNS), giving rise to 
impaired neurological function, memory loss and cognitive dysfunction 
[24–26]. In our previous work, transferrin (Tf) modified mesoporous 
silica MSN-Tf seemed to enter the brain, however, no evidence proved 
the ability of the pristine mesoporous silica to cross blood–brain barrier 
(BBB) [27]. Therefore, the safety of mesoporous silica, especially their 
effect on the BBB and brain function/behavior still needs to be studied. 

As an antioxidant naturally found in mitochondria, lipoic acid (LA) 
has superior antioxidative property [28,29]. LA and its reduced form of 
dihydrolipoic acid (DHLA) can remove free radicals that cause disease 
and aging, modulate redox cycle, and decrease the level of lipid perox
idation in nervous cells to play a neuroprotective role [30–36]. Most 
importantly, as an important mitochondrial cofactor, LA can inhibit 
mitochondrial aging and mitochondrial dysfunction caused by the OS 
and improve neurological impairments including memory loss and 
cognitive dysfunction [37–44]. 

Surface modification is a powerful tool to alter the property and 
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function of silica particles [45,46]. In this respect, LA modified meso
porous silica (MSN–LA, Scheme 1) was designed for the purpose to 
alleviate oxidative damage induced by the silanol. For comparison, the 
thiol modified MSNs (MSN–SH) with equivalent thiol content to that in 
MSN–LA was also fabricated. The cytotoxicity of these silica and their 
effect on the BBB and brain function/behavior of animals were explored 
in vitro and in vivo. Furthermore, the molecular mechanism of the 
cytotoxicity was revealed via the ROS generation and related signaling 
pathway analysis in vitro and ex vivo. 

2. Materials and methods 

2.1. Synthesis of mesoporous silica 

The pristine mesoporous silica nanoparticles MSNs and sulfhydryl 
modified nanoparticles MSN–SH were synthesized with a modified co- 
condensation method [47–49]. LA modified nanoparticles MSN–LA 
was synthesized with a post-grafting and subsequently amide reaction 
[50–51]. The content of the thiol on the MSNs was measured with Ell
man agent. The detailed measurement was based on the product in
structions from Thermo Scientific Company. 

2.2. Cytotoxicity bioassay 

The cytotoxicity was examined with a standard MTT assay. Human 
SH-SY5Y neuroblastoma cells were cultured in DMEM media containing 
10% FBS at 37 ◦C in an atmosphere of 5% CO2. Then the cells were 
plated into a 96-well plate at a density of 5 × 103 cells per well and 
further treated with the nanoparticles at different concentrations. The 
absorbance was measured at 490 nm using a microplate reader (BIO- 
RAD, Model1680). 

2.3. Detection of intracellular ROS 

The cells were plated at a density of 1 × 105 cells per well. After 
treated with the nanoparticles (100 μg mL− 1) for 12 h, the cells were 
positioned on the UltraVIEW VoX spin disk confocal microscopy. DCFH- 
DA probe at a final concentration of 10 μM was added to the laser 
confocal dish. The fluorescence was qualitatively detected with spin disk 
confocal microscopy (PerkinElmer, UltraVIEW VoX, λEx/λEm = 488/525 
nm). The quantitative detection was carried out with flow cytometer 
(BD, LSRFortessa SORP, λEx/λEm = 488/525 nm). 

2.4. Mitochondrial assessment 

For the morphology observation, the cells were plated into a laser 
confocal dish at a density of 1 × 105 cells per well. After treated with the 
nanoparticles (100 μg mL− 1) for 12 h, the cells were incubated with Mito 
tracker™ Red CMXRos fluorescent probe. Afterward, the cells were 
observed with STED ultra-high resolution confocal microscope (Leica, 
TCS SP8, λEx/λEm = 579/600 nm). For the measurement of mitochon
drial membrane potential, the cells were plated into a 6-well plate at a 

density of 2 × 105 cells per well. After treated with the nanoparticles 
(100 μg mL− 1) for 12 h, the cells were incubated with JC-1 staining 
solution (5 μg mL− 1) for 20 min at 37 ◦C and rinsed twice with JC-1 
staining buffer. The fluorescence was detected with the flow cytome
ter. The fluorescent intensity of JC-1 monomer was detected with λEx/ 
λEm = 514/529 nm while that of the JC-1 polymer was detected with 
λEx/λEm = 585/590 nm. The mitochondrial function was analyzed with 
Seahorse XFe24 Analyser. The cells were plated into a XFe 24-well 
microplate at a density of 8 × 103 cells per well and treated with the 
nanoparticles (100 μg mL− 1) for 12 h. The analysis procedure for 
mitochondrial stress test was followed as the manufacturer instruction 
(Agilent). The basal oxygen consumption rate (OCR) and the OCR after 
drug injection (0.5 μM oligomycin, 4 μM FCCP and 0.5 μM rotenone) 
were measured. The presented data were normalized based on the cells 
counted with trypsinization. 

2.5. Annexin V-FITC/PI staining 

The cells were plated into a 6-well plate at a density of 2 × 105 cells 
per well. After treated with the nanoparticles (100 μg mL− 1) for 12 h, the 
cells were trypsinized, collected, and dispersed with 0.5 mL binding 
buffer. 5 μL of Annexin FITC and 5 μL of PI were added and incubated at 
room temperature in dark for 15 min. The cells were detected with the 
BD LSRFortessa flow cytometer with at a wavelength of 488 nm. 

2.6. Western blot analysis 

The cells were plated into a 6-well plate at a density of 2 × 105 cells 
per well. After treated with the nanoparticles (100 μg mL− 1) for 12 h, the 
cells were lysed in ice-cold and centrifuged, and the supernatants were 
collected. The protein concentrations of the extracts were determined by 
using the bicinchoninic acid (BCA) protein assay. The proteins were 
analyzed with western blot analysis in accordance with the standard 
procedure. Briefly, the proteins were separated by using 8% SDS poly
acrylamide gel electrophoresis and incubated with antibodies P-JNK 
(abcam, ab124956, 1:1000), and P-p38 (abcam, ab178867, 1:1000) in 
5% BSA/TBS/0.2%Tween at 4 ◦C overnight, respectively. The chemi
luminescent reaction was performed with Super Signal West Dura Re
agent (Pierce, Rockford), and blots were visualized with Fluor-S-Imager 
using Quantity One V4.1 software (BioRad, Hercules). 

2.7. Blood-brain barrier (BBB) integrity test 

The evans blue (EB) extravasation assay was performed as previously 
described [22,52]. Briefly, the mice were injected with EB dye (2% in 
saline, 8 mL kg− 1) via the tail vein. After for 1 h, the mice were sacrificed 
and perfused with saline through the coronary artery until the fluid from 
the right atrium became colorless. After decapitation, the brain was 
dissected, weighed, and photographed. Each brain was then incubated 
with formamide at 55 ◦C for 24 h. The supernatant was separated after 
centrifugation and the absorbance of EB supernatant was measured at 
635 nm with a UV–Vis spectrophotometry. The brains dissected were 
processed by routine section and hematoxilin and eosin (H&E) staining 
to observe the physiological changes of the brain tissue. The slices were 
stained with H&E according to the standard procedure [53]. The eosin 
imparts a pink to red color to cytoplasm, and the hematoxylin stains the 
nucleus blue. The slices were observed and photographed with a Fully 
Automatic Slice Scanning System (Pannoramic scan). 

2.8. Immunofluorescence (IF) experiments 

The brain slices were fixed, permeabilized and blocked. The slices 
were then incubated with anti-Cytochrome C (abcam, ab133504, 
1:200), anti-Caspase 9 (abcam, ab32539, 1:50), anti-Caspase 3 (CST, 
Asp175, 1:400), anti-P-JNK (abcam, ab124956, 1:100), and anti-P-p38 
(abcam, ab178867, 1:500) at 4 ◦C for 12 h. The slices were incubated 

Scheme 1. Synthetic of MSN–SH and MSN–LA.  
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with goat anti-rabbit secondary antibody at room temperature for 2 h. 
The slices were incubated with DAPI (5 μg mL− 1) for 10 min and sealed 
with an Anti-fluorescent-quenching sealant. Finally, the slices were 
observed and photographed on an Upright laser confocal microscope 
(Leica, TCS SP8). 

2.9. The behavior test 

The three-chambered social test and the novel object recognition test 
were constructed according to reported procedure [54,55]. During the 
experiments, the room environment was set up to minimize visual, ol
factory, and auditory cues. 

Mice were injected with the silica suspension in sterile 5% glucose at 
25 mg kg− 1 once a day via the tail vein for 14 days. The control mice 
were injected with sterile 5% glucose once a day via the tail vein for 14 
days. From the 15th day to 20th day, the behavior of the mice was 
assessed with the three-chambered social interaction test and the novel 
object recognition test. 

2.9.1. The three-chambered social test 
The subject mice were habituated to the test room of three- 

chambered communicator for 20 min prior to start to the behavioral 
tasks in the first two days. On the following three days, the time course 
for social approach behaviour was recorded and analyzed. The subject 
mouse was placed in the middle chamber and acclimated to the envi
ronment for 5 min. After this habituation period, a strange mouse was 
placed inside a cage in one of the side chambers. An empty cage was 
placed in the opposite chamber. The mouse was then allowed to move 
freely throughout all three chambers over a 5-minute test session. 
Location of the stranger mouse and the empty cage was alternated be
tween left and right chambers on consecutive sessions. The time of the 
subject mouse self-grooming (non-social behavior), sniffing the empty 
cage, and sniffing strange mice (social behavior) were recorded and 
measured. 

2.9.2. The novel object recognition test 
Three objects A, B, and C were applied in this test, where A and B is 

exactly the same and C is completely different. The two objects A and B 
were placed at the ends of the diagonal lines of the chamber. The subject 
mouse was placed into the chamber to familiarize with the environment 
for 5 min and then placed back into the feeding cage. After 1 h, the 
subject mouse was placed into the chamber again, while B object in the 
chamber was replaced with C object. The contact behavior between the 
mouse and two objects was recorded for 5 min. The mouse is considered 
to be sniffing the object when its nose is directed to the object and the 
distance between the nose tip and the object is 1 cm or less. The front 
paw on the object, the nose sniffing object, and licking object, etc. are all 
exploring objects, while posing a posture or climbing onto the object 
does not count as exploring objects. 

3. Results and discussion 

3.1. The synthesis and characterization 

As shown in Fig. 1A, the obtained nanoparticles, including pristine 
mesoporous silica nanoparticles (MSNs), MSN–SH, and MSN–LA, are 
spherical in shape, with particle size of about 80 nm and regular porous 
structure. The content of thiol in both MSN–SH and MSN–LA was 
adjusted and measured to be 4.0 × 10− 3 mol g− 1. 

3.2. The cytotoxicity 

The human neuroblastoma cell SH-SY5Y was selected as a cell model 
to explore the neurotoxicity of the obtained silica particles, as the SH- 
SY5Y cell line is characterized with catecholamine-like neurons and is 
widely used in neurobiology research [56,57]. The cytotoxicity of the 
mesoporous silica on the SH-SY5Y cell was examined with a standard 3- 
(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) 
assay (Fig. 1B). The inhibitory rate of the pristine MSNs was the highest 
at every tested equivalent concentration, and the half inhibitory con
centration (IC50) was evaluated as 29.8 μg mL− 1. The cytotoxicity of 
MSN–SH and MSN–LA was significantly lowered, with inhibitory rate 
below 30% even at 400 μg mL− 1. The cytotoxicity of the pristine MSNs 
and MSN–SH is monotonously proportional to the nanoparticle 

Fig. 1. (A) The TEM images of (a) MSNs, (b) MSN–SH, and (c) MSN–LA. (B) The inhibition profile of the mesoporous silica on SH-SY5Y cells after incubation for 24 h. 
(C) The intracellular ROS levels after incubation with the mesoporous silica. NS p > 0.05, * p < 0.05, ** p < 0.01. Scale bar, 100 μm. 
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Fig. 2. The mitochondrial damage in SH-SY5Y cell after incubated with mesoporous silica for 12 h at 100 μg mL− 1. (A) The observed morphology of mitochondria. 
Scale bar, 25 μm. White arrows: the mitochondria swelled. (B) The mitochondrial membrane potential (Δψm) measured with JC-1 staining. (C) Schematic analyzing 
of the mitochondrial function. (D) Basal oxygen consumption ratio (OCR). (E) OCR at ATP production. (F) OCR at proton leak stage. (G) OCR at mitochondrial 
maxima respiratory capacity. (H) OCR at mitochondrial spare respiratory capacity. NS p > 0.05, * p < 0.05, ** p < 0.01 as compared with control (n = 4). 
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concentration. The MSN–LA showed the lowest cytotoxicity among the 
nanoparticles, with non-monotonous dependence on the nanoparticle 
concentration. Below the 100 μg mL− 1 concentration, the inhibitory rate 
of MSN–LA against the SH-SY5Y cell proliferation increased with 
increased nanoparticle concentration. In contrast, the inhibitory rate 
decreased when the concentration of nanoparticle was higher than 100 
μg mL− 1. It suggested that the high concentration of the MSN–LA may be 
beneficial to alleviation of the cytotoxicity induced by the mesoporous 
silica, due to the increased LA contents. 

3.3. Intracellular ROS level 

To explore the relationship between the cytotoxicity and the surface 
modification with thiol and LA, the intracellular ROS level was moni
tored qualitatively and quantitatively with spin disk confocal micro
scopy (SDCM, Fig. S2) and flow cytometry (FCM, Fig. 1C). For the 
pristine MSNs treated groups, statistically highly significant difference 
was observed between the groups treated at 50 and 100 μg mL− 1, sug
gesting the ROS generation in a concentration dependence manner. 
Among the groups treated with various nanoparticles at the same con
centration, the fluorescent intensity (FI) in the pristine MSNs group was 
the strongest, indicating that the highest generation of intracellular ROS. 
After treated with the MSN–SH, the intracellular FI was significantly 
declined, indicating the lowered ROS generation. The weakest FI was 
observed in the group treated with the MSN–LA, indicating that intra
cellular ROS generation was the lowest. As the cytotoxicity was induced 
by the residual silanol, the oxidation resistant thiol group could alleviate 
the cytotoxicity through reducing intracellular ROS generation [58]. 
Interestingly, no statistically significant difference was observed be
tween the control and the MSN–LA group at 50 ug mL− 1, implying that 
the MSN–LA might be safe at the low concentration. 

3.4. The mitochondrial damage 

The mitochondrial morphology was observed using Mito tracker™ 
Red CMXRos fluorescent probe. As shown in Fig. 2A, intracellular 
mitochondria are filamentous under normal conditions [59]. After 
treated with the pristine MSNs, the mitochondria swelled and became 
spotted or short rod-shaped [60,61], due to high level of ROS generated 
by the pristine MSNs. In contrast, no significant changes in cellular 
mitochondrial morphology were observed after treated with the 
MSN–SH and MSN–LA, due to the reductive property of thiol and LA. 

The mitochondrial membrane potential (MMP, ΔΨm) was detected 
with the JC-1 probe after the treatment. As shown in Fig. 2B&S3, >90% 
of the cells in the control group showed red fluorescence. After treated 
with the pristine MSNs, the number of cells emitting red fluorescence 
was greatly decreased, but green increased, indicating that the MMP was 
significantly decreased. In the MSN–SH treated group, the number of the 

cells with reduced MMP was relatively small compared to the pristine 
MSNs group. The green fluorescent cells treated with MSN–LA were the 
least, suggesting the least decrease of the MMP among the various 
groups. The results revealed that the pristine MSNs induced the most 
severe damage to the mitochondria, with a significant reduced MMP. 
This is because a large amount of ROS is produced inside the cells after 
the treatment with the pristine MSNs. Due to the antioxidative ability of 
thiol and LA, the intracellular ROS generation was inhibited, and the loss 
of MMP was alleviated in the MSN–SH and MSN–LA groups, and thereby 
the damage to the mitochondria was weakened. 

Because the mitochondria are known as cellular energetic factors for 
cell metabolism, we further explored the impact of various nanoparticles 
on mitochondrial metabolic and bioenergetic status, mainly the mito
chondrial respiration and intracellular ATP level. The mitochondrial 
respiration was measured to quantify mitochondrial function by the 
oxygen consumption rate (OCR, fmol min− 1 cell− 1). The OCR changes of 
the control and the treated SH-SY5Y cells upon addition of respiration 
modulators at the intervals are shown in Fig. 2C. The modulators include 
oligomycin, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 
(FCCP), and rotenone. Initially, treatment with the pristine MSNs caused 
a dramatic decrease in the basal OCR from 16.16 ± 1.57 fmol min− 1 

cell− 1 (the control) to 1.42 ± 0.21 fmol min− 1 cell− 1 (Fig. 2C&D). And 
then added oligomycin, an oxidative phosphorylation energy transfer 
inhibitor. Compared with the control, the MSNs treated cells displayed a 
prominent OCR decrease in ATP production from 11.46 ± 1.28 fmol 
min− 1 cell− 1 (the control) to 0.00 ± 0.00 fmol min− 1 cell− 1 (Fig. 2E). 
The pristine MSNs treatment also caused significant OCR changes at 
proton leak, indicating a declined proton leak (Fig. 2F). Further, a 
mitochondrial oxidative phosphorylation uncoupling agent FCCP is 
added, and then a dramatic decline (compared to the control) in the OCR 
peak of the maximal respiratory capacity rather than the rebound was 
observed (Fig. 2C&G), indicating the loss of spare respiratory capacity 
of the cell after treatment with the pristine MSNs [62]. Finally, rotenone 
was added that inhibits the complex enzyme I of the electron transport 
chain, so that the electron transfer from the NADPH to nicotinamide 
adenine dinucleotide (NADH) process is highly inhibited and the mito
chondrial respiratory chain was shut down thoroughly, resulting in a 
steep decline in OCR peak of spare respiratory capacity both in the 
control and treated cells (Fig. 2C&H). The remaining OCR values 
represent nonmitochondrial O2 consumption (Fig. 2C), including sub
strate oxidation and cell surface O2 consumption [63,64]. It is observed 
that nonmitochondrial OCR in the MSNs treated cells is much less (1.96 
± 0.94 fmol min− 1 cell− 1 than that in the control cells (5.51 ± 0.34 fmol 
min− 1 cell− 1) (Fig. S4). These results suggest that both the mitochon
drial respiration and nonmitochondrial respiration were effectively 
inhibited, contributing to the relatively superior cytotoxicity of the 
MSNs. Overall, the treatment with the pristine MSNs caused metabolic 
repression, as indicated with decreased basal OCR, lowered ATP 

Fig. 3. The analysis of apoptosis and MAPK signaling pathway in SH-SY5Y cell after incubation with mesoporous silica for 12 h at 100 μg mL− 1. (A) Schematic 
diagram of the relationship between intracellular ROS and apoptosis through MAPK signaling. (B) The apoptotic population (%) of SH-SY5Y cell measured with flow 
cytometry. (C) Western blot analysis of phosphorylation levels of intracellular JNK and p38 protein in SH-SY5Y cells. NS p > 0.05, * p < 0.05, ** p < 0.01. 
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production, reduced proton leak, and inhibited nonmitochondrial 
respiration. It is noted that, however, MSN–SH and MSN–LA at the same 
concentrations made much less impact on the OCR than the pristine 
MSNs. In regard of the basal respiration, ATP production, proton leak, 
spare respiratory capacity, and maximal respiration, MSN–SH showed 
the slightest suppression and negligible change of the mitochondrial 

function and cellular energy systems because of the antioxidative 
capability of thiol and LA. The results proved obvious protective effect of 
MSN–LA on SH-SY5Y cells against ROS caused by the silanol of the silica 
nanoparticles. 

Fig. 4. Immunofluorescence analysis of relative phosphorylation of JNK and p38 in the MAPKs pathway in the brain slice of C57BL/6N mice. The nucleus was 
stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar, 25 μm. 
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3.5. In vitro apoptosis and MAPK (mitogen-activated protein kinase) 
signaling pathway 

The loss of MMP is a significant event in the early stage of apoptosis 
(Fig. 3A) [65]. Accordingly, the apoptosis of the SH-SY5Y cells was 
detected with annex-V FITC/PI staining assay. As shown in Fig. 3B, the 
apoptotic rate of cells treated with the pristine MSNs is 12.70%, which is 
significantly increased compared with the control (2.24%). The 
apoptotic rate of the MSN–SH group declined to 4.76%, a 60% decrease 
compared with the pristine MSNs group. The apoptotic rate of the 
MSN–LA treated group decreased to only 2.10%, implying almost no 
impact on the apoptosis. 

The MAPK signaling pathway is a cascade of multi-level protein ki
nases, including JNK and p38, which play important roles in cell cycle, 
cell proliferation, and apoptosis [66,67]. The inflammatory factors, 
tumor necrosis factors, and various stresses including radiation and 
oxidative damage can activate JNK and p38 signaling pathway to 
mediate cell apoptosis [68]. The activated JNK and p38 also trigger the 
intrinsic pathway, allowing Bcl-2 and Bcl-xl to participate in the release 
of the pro-apoptotic factor, cytochrome C (Cyt C), which in turn acti
vates the caspase family and leads to apoptosis [69,70]. Therefore, the 
phosphorylation level of JNK and p38 protein in the treated SH-SY5Y 
cells was examined with Western blot analysis (Fig. 3C). The pristine 
MSNs caused the highest phosphorylation of JNK and p38 proteins, 
implying activated intrinsic pathways and apoptosis. When the cells 
were treated with the MSN–SH, the level of phosphorylation of JNK and 
p38 proteins increased only a little, while that in the MSN–LA group, no 
remarkable up-regulation was observed for the intracellular phosphor
ylated JNK and p38 proteins. 

3.6. Ex vivo apoptotic signaling pathways 

To further corroborate the MAPK signaling pathway in the animal 

brain, we used immunofluorescence staining to measure phosphoryla
tion of JNK and p38 in the brain slice of C57BL/6N mice. As shown in 
Fig. 4, the pristine MSNs up-regulated the express of activated JNK and 
p38 proteins, indicating the MAPK signaling pathway was activated. In 
the MSN–SH and MSN–LA groups, phosphorylation levels of JNK and 
p38 proteins were decreased and negligible, compared with the pristine 
MSNs group. The lowest phosphorylation level was observed in the 
MSN–LA group, indicating that LA modification imposed more inhibi
tory effect on phosphorylation of JNK and p38 proteins (Fig. S6). 
MSN–LA could reduce cellular apoptosis by suppressing the activation of 
the intrinsic apoptotic pathway to exert protective effects. 

Activation of JNK and p38 signaling pathways promotes the release 
of Cyt C, activates intrinsic pathways, and thereby activates the caspase 
family and leads to apoptosis [65,71]. The caspase family plays an 
important role in the process of apoptosis [72]. As an initiator of the 
caspase activation, Caspase 9 is activated via binding to the aggregates 
formed by Cyt C and Apaf-1, and then it is clefted by various proteolytic 
enzymes and activates Caspase 3, the most deleterious apoptotic effector 
caspase [73,74]. Apoptosis becomes inevitable when Caspase 3 is 
activated. 

As suggested by the in vitro study, the mesoporous silica induced ROS 
generation and mitochondrial damage and cellular apoptosis. Therefore, 
we examined the Cyt C release in the brain slice of C57BL/6N mice. As 
shown in Fig. 5&S7, intensive fluorescence signal from Cyt C was 
observed in the cytoplasm after treatment, indicating that the pristine 
MSNs promoted release of Cyt C. MSN–SH group showed weak but 
visible green fluorescence in cytoplasm, due to the reductive property of 
thiol on the surface of MSN–SH. In the MSN–LA group, no obvious 
fluorescence signal was observed, indicating Cyt C release was signifi
cantly reduced after LA exerted stronger antioxidative ability. 

The release of Cyt C in turn caused the activation of Caspase 9 protein 
in the brain tissue, and ultimately led to activation of Caspase 3 and 
apoptosis (Fig. 6). The strongest fluorescent signal represented for both 

Fig. 5. Immunofluorescence analysis of the Cyt C release in the brain slice of C57BL/6N mice after exposure to the mesoporous silica. The nucleus was stained with 
DAPI, and Cyt C with Cytochrome C antibody. Scale bar, 25 μm. 
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Caspase 9 and Caspase 3 was observed in the pristine MSNs group, fol
lowed by the MSN–SH group, whilst almost no fluorescent signal was 
visible in the MSN–LA group, indicating the level of Caspase 3 is the 
lowest and thus apoptosis is the slightest (Fig. S8). It suggests that the 
anti-oxidation and protective effects of LA modification are superior to 
those of thiol modification. 

3.7. BBB integrity 

The silica particles were administered to the C57BL/6N mice via the 
tail vein injection for consecutively 14 days at a dose of 25 mg kg− 1 

[13,22]. After treatment, the increase of the body weight of the mice in 
the pristine MSNs group was slower than that of the control group (p =
0.0000), suggesting a systemic acute toxicity (Fig. 7). In the MSN–SH 
and MSN–LA treated groups, the changes of mice body weight were not 
significant, compared with the control group, indicating that MSN–SH 

Fig. 6. Immunofluorescence analysis of Caspase 9 and Caspase 3 in the apoptotic signaling pathways in the brain slice of C57BL/6N mice after exposure to the 
mesoporous silica. The Caspase 9 and Caspase 3 were stained with Caspase 9 antibody and Caspase 3 antibody, respectively. Scale bar, 25 μm. 
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and MSN–LA were less toxic and had little effect on the growth and 
development of the mice. 

Although a few studies have hinted that spherical, rod-shaped 
nanoparticles could enter the brain [75], it is still not clear whether 
the mesoporous silica can cross the BBB. To observe the silica particles in 
the brain, mice brain slices were stained with hematoxylin-eosin (H&E) 
staining technique, in which the nuclei were stained blue-violet and the 
cytoplasm was stained red. As shown in Fig. 8, the silica particles 

agglomerated to various degrees were observed in the different parts of 
the brain, indicating that mesoporous silica were able to go across the 
BBB and enter into the brain [76]. 

Further, we used the dye Evans blue (EB) to evaluate the potential 
impact of MSNs on BBB permeability. The mice were sacrificed at day 
21st, and EB extravasation assay was performed to quantify the dye into 
the brain (Fig. 9). The gross view of the mice brain showed that no 
obvious EB was observed in the control brain, while much more EB 
observed in the pristine MSNs treated mice brain. It suggests that the 
pristine MSNs broke the integrity of BBB and increased its permeability. 
It is noted that, however, the content of EB in the brain of the MSN–SH 
and the MSN–LA groups was much lower, even negligible in the 
MSN–LA group. This indicates that the integrity of the BBB was hardly 
disrupted, and the BBB function was relatively intact. Considering the 
large amount of ROS generated by the pristine MSNs in vitro, the pristine 
MSNs may cause damage of cerebral vascular endothelial cells so that it 
resulted in disturbance of BBB integrity and thereby went cross the BBB. 
Due to the antioxidative effect of thiol and LA modified on the MSN–SH 
and MSN–LA, much less ROS was generated, and much less damage was 
induced to the BBB. 

3.8. Behavior tests 

BBB represents a complex cellular gateway that regulates the trans
portation into the brain and CNS. BBB dysfunction is a hallmark of many 
neurodegenerative disorders such as Alzheimer’s disease (AD). Changes 
in the BBB may associate with the process of impaired brain function, 
including cognitive decline, memory loss, and social behavioral disor
ders, etc. To explore the influence of the BBB disruption induced by the 

Fig. 7. The body weight changes of C57BL/6N mice after administration of 
mesoporous silica via the tail vein. n = 12. 

Fig. 8. H&E staining of C57BL/6N mice brain slices. The red arrows indicated the silica particles in the brain parenchyma across the BBB, as shown by red dotted 
circles. (A) the control, (B) pristine MSNs, (C) MSN–SH, and (D) MSN–LA groups. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 9. (A) The gross view of the mice brain staining with EB. The blue color indicated the disruption of the BBB induced by the mesoporous silica. (B) The quantified 
Evans blue extravasation. (a) the control, (b) pristine MSNs, (c) MSN–SH, and (d) MSN–LA groups. NS, not significant, * p < 0.05, ** p < 0.01. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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mesoporous silica on the brain function, three-chambered social 
approach task and novel object recognition test were performed to 
evaluate the social communication ability and cognitive function of the 
mice at 8 weeks of age [77]. 

Mice exhibits a rich repertoire of social behaviors, which are 
important for forming bonds, foraging, defending territories, avoiding 
predators, and reproducing successfully [78]. They also have a natural 
tendency to approach and investigate unfamiliar conspecifics. The 
automated three-chambered social approach task was originally 
designed in 2004 and has been widely employed as a standard test to 
assess sociability in the mice [54,55]. Sociability is defined as the subject 
mouse spending more time in the chamber containing the novel mouse 
than in the chamber containing the inanimate novel object. In the three- 
chambered social test (Fig. 10A), the sociability of C57BL/6N mice was 
assessed via the social communication behavior of the mice with empty 
cage and strange mice, with model mouse and strange mouse, and with 
movable model mouse and strange mouse, and the result was corrobo
ratively measured with time the mouse spent on sniffing the strange 
mice versus time spent in empty cage (Rs/c, Fig. 10B), time on strange 
mouse versus on model mouse (Rs/m, Fig. 10C), and time on strange 
mouse versus on movable model (Rs/mm, Fig. 10D). Rs/mm, Rs/c, and Rs/ 

mm are used to measure direct social interactions. The group adminis
trated with 5% glucose was set as the control. Compared to the control, 
decline degree of Rs/c (from 8.25 to 5.01), Rs/m(from 4.79 to 3.03), and 

Rs/mm (from 3.33 to 1.25) is the most remarkable in the pristine MSNs 
treated group, suggesting the sociability significantly declined after the 
nanoparticle administration. There is also statistical difference between 
the control and the MSN–SH group (Rs/c from 8.25 to 6.50, Rs/m from 
4.79 to 3.59, and Rs/mm from 3.33 to 1.93), the control and the MSN–LA 
group (Rs/c from 8.25 to 7.21, Rs/m from 4.79 to 4.09, and Rs/mm from 
3.33 to 2.25). These data indicated that the mice in the pristine MSNs 
group showed the most significant decrease in social interaction activity 
compared to the control. Notably, declined social communication 
behavior and sociability dysfunction are common disorder observed in 
patients with neurodegeneration [79], implying the risk of behavior 
dysfunction and neurodegenerative diseases after exposure to the pris
tine MSNs. In the MSN–SH group, sociability dysfunction of the mice 
was alleviated as suggested by the rise of data Rs/mm, Rs/c, and Rs/mm 
compared with that of the pristine MSNs group. The declined sociability 
was further minimized in the MSN–LA group, as indicated by the highest 
Rs/mm, Rs/c, and Rs/mm among the treated mice. It suggested that anti- 
oxidative modification of the pristine MSNs is conducive to prevent 
from the sociability decline, and LA modification showed higher potency 
to protect the damage from the MSNs. 

The cognitive function of the mice after treatment was assessed with 
a novel object recognition experiment (Fig. 10E). The result was cor
roboratively measured with time the mouse spent on sniffing the new 
object versus time spent on the old one (Rn/o, Fig. 10F). Consistent with 

Fig. 10. Effects on social interaction and 
cognition in C57BL/6N mice after adminis
tration of the mesoporous silica. (A) The 
schematic diagram of three-chambered social 
test. (B) The social communication behavior 
of the mice with empty cages and strange 
mice, indicated with Rs/c. (C) The social 
communication behavior of the mice with the 
model mice and strange mice, indicated with 
Rs/m. (D) The social communication behavior 
of mice with movable model mice and strange 
mice, as indicated with Rs/mm. (E) The sche
matic diagram of novel object recognition 
test. (F) The novel object recognition ability, 
as indicated with Rn/o. n = 8, NS, not signifi
cant, * p < 0.05, ** p < 0.01.   
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the sociability test, the mice after the pristine MSNs administration 
displayed the most severe cognitive impairment after 14 days of nano
particles exposure, with Rn/o from 2.08 (the control) to 0.89 (− 1.34 fold, 
p = 0.0000), which was highlighted by their failure to recognize a novel 
object. The mice after MSN–SH administration showed a slight cognitive 
impairment, with Rn/o declined only to 1.77 (− 0.18 fold, p = 0.0101). 
Most interestingly, the mice administrated with MSN–LA displayed a 
comparable Rn/o (2.03) to the control mice, suggesting that the cognitive 
function was not impaired, due to the protective effect of LA modifica
tion on the MSNs. Compared with the pristine MSNs, MSN–SH played a 
certain neuroprotective role with an improved cognitive outcome, while 
MSN–LA could almost avoid induce the damage on cognitive function of 
the mice. 

Recent studies have implicated that deteriorated structure and 
function of the BBB, together with the other factors facilitating neuro
inflammatory processes, may account for the neuronal loss, social ac
tivity disorders including depression and anxiety, and cognitive decline. 
In the present work, it is also noted that the behaviors disorder of the 
mice is correlated with the destruction of BBB induced by the MSNs. The 
pristine MSNs caused the severest destruction of BBB, and thus the most 
declined brain function was observed in the mice treated with the MSNs. 
Compared with the pristine MSNs, the antioxidative modification with 
both thiol and LA could mitigate the brain dysfunction caused by the 
MSNs administration, with LA playing the most prominent neuro
protective role. 

4. Conclusion 

We have fabricated a novel LA modified mesoporous silica MSN–LA, 
which could suppress the ROS generation induced by the MSNs, due to 
superior anti-oxidative property of LA. The pristine MSNs showed the 
highest generation of intracellular ROS, and induced the severest cyto
toxicity in vitro and in vivo, which caused the most prominent brain 
damage, as reflected by the declined sociability and cognition of the 
mice. The molecular mechanism of cytotoxicity of the MSNs in vitro was 
revealed to result from mitochondria damage and suppressed energetic 
metabolism by the intracellular ROS, with apoptosis activated via MAPK 
signaling pathway. Modification of the pristine MSNs with anti- 
oxidative thiol or LA could alleviate significantly the cytotoxicity in 
vitro and in vivo. Most interestingly, MSN–LA showed the most trivial 
cytotoxicity and induced the slightest brain dysfunction, due to superior 
anti-oxidative ability of LA. It disclaimed the risk of the pristine MSNs 
applied in the drug delivery, especially, brain-targeted drug delivery. 
This study represents the first example of the brain function and be
haviors influenced by the MSNs in live animals, and it is important 
because of the brain dysfunction observed. We believe the reduced in 
vivo toxicity of this potential nanomaterial via LA modification provides 
a promising pathway for clinical biomedical applications such as drug 
delivery and diagnosis. 
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