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Abstract

Mono-disperse spherical mesoporous nano- and micro- bioactive glass particles (NMBGs) can 

find potential use in bone tissue engineering. However, their size-dependent interaction with 

osteoblasts has never been studied. Herein, the proliferation, morphology, cytoskeleton 

organization and apoptosis of MC3T3-E1 osteoblasts are studied in response to the NMBGs with 

varying sizes (from 61 to 1085 nm) at different concentrations. Generally, smaller NMBGs at a 

lower dose show weaker cytotoxicity compared to the larger particles and higher doses, arising 

from a novel size-dependent mechanism of intracellular localization of NMBGs observed by 

electron and confocal microscopy. Specifically, NMBGs pass through perinuclear membrane of 

the cells to initiate endocytosis. Once internalized, the sizes of NMBGs are found to play a 

significant role in determining their intracellular localization. When the NMBGs are smaller than 

174 nm, they are transported via the lysosomal pathway and phagocytized in lysosomes, resulting 

in little cytotoxicity at later time points. On the contrary, larger NMBGs (over 174 nm) escape 

from the lysosomes after endocytosis, and are localized inside the intra-cytoplasmic vacuoles or 

randomly in the cytoplasm of cells. Their lysosomal escape may damage the lysosomes, inducing 

cell apoptosis and thus the greater cytotoxicity.

Keywords

Size-Dependent Mechanism; Nano-/Micro-Bioactive Glasses; Cytotoxicity; Intracellular 
Localization; Osteoblasts

*Authors to whom correspondence should be addressed. chenxf@scut.edu.cn, cbmao@ou.edu. 

HHS Public Access
Author manuscript
J Biomed Nanotechnol. Author manuscript; available in PMC 2017 May 01.

Published in final edited form as:
J Biomed Nanotechnol. 2016 May ; 12(5): 863–877.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 INTRODUCTION

Since the idea of the third-generation biomedical materials was proposed, the emphasis in 

the preparation of bioactive glasses (BGs) has been shifted from traditional bulk to 

nanometer materials.– To date, nano- and micro-BGs (NMBGs) have been considered as 

promising candidates for various biomedical applications, including gene and drug delivery, 

dental re-mineralization and bone tissue engineering owing to their mesoporous structures as 

well as biomineralization, hemostatic and antibacterial capabilities., – NMBGs may 

outperform silica particles in these applications due to the formation of useful ionic products 

such as calcium ions from BGs dissolution. For example, elevated intracellular calcium ions 

was reported as an important factor allowing transfection agents to escape the phagocytic 

pathway,, suggesting the benefit of using NMBGs as a gene transfection agent. Many studies 

suggested that controlled release of biologically active Ca and Si ions from BGs led to the 

bone-bonding ability of BGs as well as the up-regulation and activation of genes in 

osteoprogenitor cells giving rise to rapid bone regeneration.– In addition, NMBGs could be 

released from worn BG products used in vivo. The safety of nanomaterials is different from 

the traditional material. For instance, recent studies have shown that exposure of endothelial 

cells to titanium oxide nanomaterials causes endothelial cell leakiness. Thus the long term 

potential toxicology and intracellular trafficking of NMBGs should be studied in order to 

understand their fundamental interactions with living tissues.

Some recent in vitro toxicity studies have suggested that the toxicity of nanoparticles were 

dependent on their sizes, concentrations and shapes.– Microscopic spherical BGs exhibited 

higher biological responses than irregular BGs. Especially, they could induce osteogenesis 

without adding any osteogenic supplements. Therefore, spherical mesoporous BGs may be 

more suitable for biomedical applications. Labbaf et al. investigated the effect of sub-micron 

spherical BGs with a size of 250±75 nm on the cellular functions of human mesenchymal 

stem cells (hMSCs). Their results showed that BGs with a dose of 50 μg/mL did not produce 

any obvious cytotoxicity. Recently, Tsigkou et al. studied the interaction between cells and 

spherical mono-dispersed BGs with a similar size (215±20 nm). They demonstrated that 50 

μg/mL of mono-BGs did not significantly inhibit the metabolic activities of human bone 

marrow and adipose-derived stem cells. Additionally, they found that a large number of 

particles were internalized by the cells but had little effect on the cell behavior.

The aforementioned studies on NMBGs were focused only on one particle size, preventing 

us from understanding the effect of sizes on the cellular behaviors of NMBGs. NMBGs were 

similar to nano- and micro- silica particles (NMSPs) in terms of compositions. The safety of 

silica-based nanomaterials such as NMSPs has been a concern, which sparked many studies 

in vitro and in vivo., – Thus it triggered our desire to understand the cytotoxicity of NMBGs. 

However, in vitro studies have reported variable and conflicting results about the in vitro 
safety profile of different sizes of NMSPs., – This fact encouraged us to clarify the potential 

confusion about the size effect in the cytotoxicity of NMBGs.

Hence, this work studied the interactions between MC3T3-E1osteoblast cells and mono-

disperse spherical NMBGs with varying diameters to understand the intracellular trafficking 

and cellular toxicity of NMBGs. A modified sol–gel method, using dodecylamine (DDA) as 
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both a catalyst and a templating agent, was first employed to prepare NMBGs with different 

sizes (61 nm, 174 nm, 327 nm, 484 nm, 647 nm, 743 nm, 990 nm and 1085 nm). Then the 

effects of size and dose of NMBGs on the behaviors of MC3T3-E1 were systematically 

investigated. The knowledge on the particle-induced cytotoxicity will allow the investigators 

to have a more comprehensive understanding of the interactions between NMBGs and cells. 

Such understanding could guide us to design bioactive glass for specific biomedical 

applications.

 MATERIALS AND METHODS

 Preparation of NMBGs

Sol–gel glasses containing 80 mol% SiO2 were reported to be bioactive., – Thus NMBGs 

with a molar composition of 80% SiO2, 16% CaO and 4% P2O5 were synthesized by a 

modified sol–gel technique, where DDA (Aladdin) served as both a catalyst and a template, 

following our previous publications., The particle size distribution and mean average size 

could be tuned by controlling the solution composition and the concentration of DDA. 

Spherical NMBGs with a mean size of 61 nm, 174 nm, 327 nm, 484 nm, 647 nm, 743 nm, 

990 nm and 1085 nm were synthesized by using the DDA concentrations of 0.02 mol/L, 

0.06 mol/L, 0.12 mol/L, 0.15 mol/L, 0.20 mol/L, 0.24 mol/L, 0.28 mol/L and 0.30 mol/L, 

respectively. The resultant spherical NMBGs with different sizes were denoted as Group-61 

nm, Group-174 nm, Group-327 nm, Group-484 nm, Group-647 nm, Group-743 nm, 

Group-990 nm and Group-1085 nm, respectively. 77 S BGs, a well-known sol–gel BGs with 

the same composition,, was used as a control. The resultant bulk materials of 77 S were 

ground and sieved to 270 meshes for testing (below 53 μm). Therefore, 9 experimental 

groups of BGs (suspended in Alpha Minimum Essential Medium (α-MEM)) were prepared 

for testing their physical properties (Table I).

 Characterization of NMBGs

Morphologies of the samples were observed with a JEM-2100HR transmission electron 

microscope (TEM). The size distribution and zeta potentials of NMBG particles were 

measured in double-distilled water by a Zetasizer nano ZS (Malvern Instrument Corp., UK). 

NMBGs were added to culture media to reach a concentration of 150 μg/mL. After 24 h, the 

culture media was then centrifuged. The concentrations of Si, Ca, and P in the resultant 

supernatant were analyzed using an inductively coupled plasma atomic emission 

spectrometer (ICP-AES, PS1000-AT, Leeman, USA). The precise osmolality of the 

supernatant was determined directly on 1 mL samples using an advanced micro-osmometer 

(Model BS-88; Huanghai Drug Testing Instrument Co., Ltd., Shanghai, China). Experiments 

were repeated in triplicates and the results were represented as the mean±standard deviation 

(SD).

 Rhodamine B fluorescent Labeling of NMBGs

The study of Asati et al. showed that nanoparticles with a positive, neutral or negative charge 

brought about different localization in cells. When Rhodamine B (RhB) was chemically 

conjugated with NMBG particles, the charge of the particles would be changed. To prevent 

this, we adopted a simple adsorption method. Briefly, 0.5 g of NMBGs was immersed in 10 
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mL of 0.01 g Rh-B solution for 24 h while magnetically stirred at room temperature. The 

Rh-B-loaded materials were collected by centrifugation, washed several times with 

deionized water until the supernatant became clear, and then dried at 60 °C in air and stored 

as dry powders.

 Cell Proliferation Assay of NMBGs

The proliferation of NMBGs was tested on pro-osteoblast line MC3T3-E1 Subclone 4 

(CRL-2593; ATCC, Manassas, VA). MC3T3-E1 cells were cultured in α-MEM (Gibco, 

Invitrogen, Catalog No. A1049001) supplemented with 10% fetal bovine serum (FBS, 

Gibco, Invitrogen, Catalog No. 12657029). Stock solutions of NMBGs and 77 S were 

suspended in α-MEM without FBS at a concentration of 1.5 mg/mL. Immediately prior to 

their use, the samples were thoroughly homogenized by ultrasonic dispersion and then 

diluted. Final concentrations of the NMBGs were 50, 100 and 150 μg/mL. The cells were 

seeded into a 96 well plate with 3,000 cells per well and incubated at 37 °C in 5% carbon 

dioxide for different times (1, 3, 5 and 7 days). The cells were exposed to one of the 

NMBGs solutions by adding 200 μL of NMBGs solution to the monolayer of cells in each 

well. On day 3 and 5, the medium was replaced with 200 μL of freshly prepared medium 

containing NMBGs or control substances.

Cell proliferation was evaluated using the Alamar Blue assay (Invitrogen, Grand Island, 

NY), which is based on the detection of mitochondrial activity., Ten microliters of Alamar 

Blue solution and 100 μL of α-MEM culture medium were added to each well at different 

time points followed by incubation for 5 h. After incubation, the plates were measured in a 

fluorescence reader (Thermo Scientific Varioskan Flash) with a 530 nm excitation filter and 

a 590 nm emission filter. The study was repeated three times and five replicates were used 

within each study. In situ and real time cell morphologies were acquired immediately before 

proliferation assay on day 1, 3, 5 and 7 using optical microscopy (Eclipsc, Nikon, Japan).

 Cell Cytoskeleton Formation of NMBGs

F-actin was stained with FITC-phalloidin (AAT Bioquest, Inc.). Briefly, MC3T3-E1 cells 

were plated on the confocal dish and incubated with NMBGs at concentrations of 50 μg/mL 

and 150 μg/mL for 24 h. After incubation, cells were fixed with 4% formaldehyde and 

permeabilized with 0.1% Triton X-100. The dishes were then incubated at room temperature 

with FITC-phalloidin for 1 h. The cells were washed three times with PBS, stained for 5 min 

in DAPI (Beyotime) at room temperature, and washed five times with PBS again. Cells were 

directly visualized by confocal microscopy (LSM710, Zeiss, Germany) and representative 

photographs were taken.

 Cell Apoptosis Assay of NMBGs

To measure apoptosis, MC3T3-E1 cells were seeded into 12-well plates at a density of 

4.2×104 cells/well, which is same as the cell seeding density used in proliferation study. 

Cells were allowed to attach for 24 h. Then the cells were exposed to 150 μg/mL NMBGs 

with 10% FBS for 24 h. The cells were then trypsinized, washed twice with cold phosphate 

buffered saline (PBS), and stained with Annexin V-PE (AN) and 7-AAD (Guava Nexin 

Reagent, Merck) according to the manufacturer’s protocols. 5000 cells were analyzed by 
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flow cytometry (Merck Millipore guava). For each experiment, three replicates were 

performed within each study, and untreated cells served as a negative control.

 Intracellular Localization of NMBGs

Cell morphology was observed by a Nova NanoSEM430 field emission scanning electron 

microscope (FE-SEM) (30XLFEG, Philips, The Netherlands). The cells were treated with 

50 μg/mL of NMBGs for 24 h. Then the cell monolayers were washed with PBS and fixed 

with 2.5% glutaraldehyde (pH 7.4) for 4 h. The cells were dehydrated in a graded series of 

ethanol for 10 min, then critically point dried and finally gold-sputtered before FE-SEM 

observation.

 Lysosomal Staining—After incubation with RhB-labeled particles in confocal dishes 

at 50 μg/mL for 24 h, the cells were incubated for 1 h with Cell Navigator™ Lysosomal 

Staining Kit-Blue Fluorescence (AAT Bioquest, Inc.) for labeling lysosome in a 37 °C, 5% 

CO2 incubator. The cells were gently washed three times using PBS to remove the extra dye 

molecules, and incubated in PBS for confocal imaging. Then the cells were directly 

observed under a Zeiss LSM710 confocal microscope with an excitation wavelength of 488 

nm and a 410-nm long-pass emission filter.

For TEM analysis, the cells were treated with 50 μg/mL of NMBGs for 24 h. The cell 

monolayers were then dissociated using 0.25% trypsin-EDTA solution. After digestion, the 

cells were centrifuged into pellets and washed with PBS, then fixed in 0.1 M phosphate 

buffer containing 2.5% glutaraldehyde and 2% paraformaldehyde for 24 h. The samples 

were then fixed again with 1% osmium tetroxide for 2 h, routinely dehydrated through 

gradient ethanol, and embedded in epoxy resin. Resin-embedded blocks were cut into 60–80 

nm ultrathin sections with an ultra-microtome. The ultrathin sections were placed on the 

carbon-coated nickel grids and examined with TEM (JEM-2100HR).

 Statistical Analysis

Data were presented as means± SD. Analysis of variance and Tukey’s multiple comparison 

tests were used to determine statistical significance (p < 0.05 and p < 0.001) between groups 

and control (no NMBGs) using SPSS 17.0 software.

 RESULTS

 Characterization of NMBGs

NMBGs were successfully synthesized by the modified sol–gel method using DDA as a 

hydrolysis catalyst. By changing the concentration of DDA, NMBGs with different 

diameters (61 nm, 174 nm, 327 nm, 484 nm, 647 nm, 743 nm, 990 nm and 1085 nm) were 

successfully synthesized (Figs. 1 and 2). NMBGs were nearly mono-disperse, spherical, and 

free of defects and macropores (Fig. 1) with a relatively narrow particle size distribution 

(Fig. 2). Our synthetic method solves the agglomeration problem of the conventional sol–gel 

BG. 77 S, the traditional BG, which was an irregular bulk material prepared by mechanical 

milling, was used as a control.
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ICP analysis showed that there was little difference in the concentration of Ca and P among 

different particles, and the detected Si concentration was inversely proportional to particle 

sizes (Table I). Increasing evidence in the literature indicates that ionic dissolution products 

from inorganic materials are important for understanding the behavior of these materials in 
vitro and in vivo., – The current in vitro studies demonstrated that ionic dissolution product 

from Group-484 nm had a concentration of calcium and silicon of 98.26 and 13.65 μg/mL, 

respectively, and was not cytotoxic (data not shown). The maximum concentrations of 

calcium and silicon in NMBGs were lower than these values (Table I). Therefore, the 

cytotoxicity of NMBGs was not caused by the ionic dissolution.

It was also observed that the zeta potential was dependent on the particle sizes. The smaller 

particles were more negatively charged (Table I). Zeta potentials affected the dispersion of 

nanoparticles, and there was no direct correlation between the negative zeta potential 

(ranging from −49.1 to −10.6 mV) and cytotoxicity. Hence, we speculate that the cell 

toxicity did not result from the zeta potentials of dispersive NMBGs ranging from −12.3 to 

−23.8 mV (Table I). The osmolality of the control medium (normal α-MEM) was 

320.0±12.3 mOsm/kg. However, the osmolality results of all NMBGs showed no significant 

difference when compared to the negative control of the medium only (Table I). Thus it is 

highly possible that cell cytotoxicity is mainly regulated by the sizes and concentrations of 

NMBGs in this study.

 Cell Proliferation

The NMBGs were administered to cells each time the media was changed. In this case, a 

pulse-chase experiment was performed, allowing us to study the cumulative toxicity of cells. 

This design mimics the long-term cumulative toxicity of NMBGs expected under in vivo 
situation. We used Alamar blue assay on MC3T3-E1 cells to test the cell proliferation under 

different sizes and doses of the NMBGs. The groups of smaller sizes (Group-61 nm and 

Group-174 nm) showed more cytotoxicity than Group-327 nm at earlier time points at three 

concentrations (50, 100 and 150 μg/mL) studied (Fig. 3). However, they were nontoxic after 

day 3 at 50 μg/mL, day 5 at 100 μg/mL and day 7 at 150 μg/mL.

As for the groups with a size over 327 nm, the Alamar blue assay on MC3T3-E1 cells (Fig. 

3) showed a trend that cytotoxicity was positively correlated with the particle size and 

concentration; the larger particles at the higher concentrations resulted in higher cytotoxicity 

(Fig. 3). At 50 μg/mL, the proliferation of MC3T3-E1 cells decreased significantly (p < 

0.001) except for Group-327 nm on day 1. The cytotoxicity was gradually decreased at the 

subsequent time points. On day 3 and day 5, groups with a size over 647 nm inhibited cell 

proliferation with a statistical significance (p < 0.05 and p < 0.001). On day 7, cell activity 

of all groups was recovered on day 7. The proliferation at both 100 and 150 μg/mL of 

NMBGs was similar to that at 50 μg/mL but with more cytotoxicity, showing a dose-

dependent pattern. There was statistically significant difference (p < 0.001) at the 

concentration of 100 μg/mL on days 1, 3 and 5 for the diameter over 484 nm. On day 7, only 

Group-743 nm, Group-990 nm and Group-1085 nm still inhibited cell proliferation. 

However, at 150 μg/mL, the groups with a size over 327 nm inhibited cell proliferation (p < 

0.001) at 150 μg/mL at all time points except for Group-327 nm on day 7.
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On the whole, we found that cell proliferation showed a general tendency of size- and 

concentration-dependency in all groups, especially at a higher concentration and later time 

points (100 and 150 μg/mL on day 5 and 7). Surprisingly, we also forund that the cell 

viability recovered over time.

 Cell Morphology

Morphological changes of MC3T3-E1 cells exposed to 50 μg/mL NMBGs for 7 days were 

observed (Fig. 4). At 50 μg/mL, the cell morphology changed little, and only a small amount 

of endocytosis vesicles was observed (Fig. 4). At 150 μg/mL, in contrast to the smaller 

particles (Groups-61 nm, 174 nm, 327 nm), the larger particles tended to result in more 

apoptosis, reflected by more cell volume reduction, nuclear condensation, cytoplasmic 

vacuoles, cell shrinkage, and formation of apoptotic bodies or cellular debris (Fig. 6). The 

extent of morphological changes at 100 μg/mL (Fig. 5) was similar but smaller than that at 

150 μg/mL (Fig. 6). These results show that the morphological changes of MC3T3-E1 cells 

were also size- and dose-dependent (Figs. 4, 5 and 6). We believe that morphological 

changes of the cells in response to the change of the particle size and concentration arise 

from the uptake of the particles. This can be confirmed by a comparison between NMBGs 

and Group-77 S. The particles of Group-77 S were found to adhere to the surface of the 

cells, because they were too large to be internalized. Consequently, the cell morphology of 

Group-77 S changed little.

 Cell Cytoskeleton

The F-actin cytoskeleton has an important effect on cell morphology. Hence, to understand 

the above morphological change better, the cytoskeleton organization was monitored for 

different groups. After MC3T3-E1 cells were incubated with 50 μg/mL NMBGs for 24 h, 

the ability of the cell microfilament movement was determined (Fig. 7). The result showed 

that the uptake of NMBGs affected the actin cytoskeleton. In the control experiment (Blank), 

F-actin cytoskeleton appeared to be well organized with defined microfilaments organized 

into thick bundles around the cell periphery. The groups with smaller particles (Figs. 7(b–f)) 

are mostly similar to control experiment. MC3T3-E1 cells with internalized larger particles 

(743 nm, 990 nm and 1085 nm) displayed diffused staining of the F-actin microfilaments 

and shrinking of the cell membrane (Figs. 7(g–i)). In above three groups, the size of the 

particles and the transport vesicles and the total volume they occupy would increase 

accordingly, which would affect the F-actin microfilaments, as the large particles and the 

transport vesicles might sterically hinder the normal localization of the actin fibers and lead 

to the disruption and remodeling of the actin cytoskeleton., – Figure 8 showed the effect of 

the concentrations of Group-647 nm on the cell microfilaments. Compared with 50 μg/mL, 

the F-actin cytoskeleton was subjected to greater damage or poorer formation at 150 μg/mL, 

showing a dose-dependent pattern. These results show that the larger particle sizes and 

higher concentrations resulted in greater damage or poorer formation of the microfilaments.

 Cell Apoptosis

Apoptosis of MC3T3-E1 cells exposed to NMBGs for 24 h was quantified by flow-

cytometry (Fig. 9). Apoptotic cells were stained with Annexin V and non-viable cells with 

7AAD. Three populations of AN−/ 7AAD−, AN+/7AAD−, and AN+/7AAD+ are considered 
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corresponding to live cells, early apoptotic cells, and late apoptotic/ necrotic cells, 

respectively, enabling us to quantify these cells. There was a small fraction of late apoptotic 

or necrotic cells, so the early and late apoptosis data were combined in the analysis. 

Apoptosis data for different sizes at 150 μg/mL was shown in Figure 9(A). Among the 

groups with smaller sizes (Groups-61 nm, 174 nm and 327 nm), the number of apoptotic 

cells decreased as the diameters increased. However, the apoptotic cells among the groups 

with a size over 327 nm increased with the increase in the size. The linear correlation 

between apoptosis and Alamar blue assay showed an inverse correlation (R2 = 0.974, Fig. 

9(C)) for NMBGs over 327 nm, suggesting that early apoptosis induced by sizes over 327 

nm was related to the cell mitochondrial activity. Because the extent of the apoptosis 

induced by Group-1085 nm was the largest (Fig. 9(A)), we chose this group to examine the 

effect of NMBGs concentrations on the apoptosis (Fig. 9(B)). As the concentration 

increased, the percentage of apoptotic and necrotic cells increased gradually. The 

concentration of 150 μg/mL caused an average of 27-, 9- and 5- fold increase in the number 

of apoptotic and necrotic cells compared to that of 0, 50 and 100 μg/mL, respectively. 

However, the number of apoptotic and non-viable cells at 50 and 100 μg/mL were not 

significantly different from that at 0 μg/mL.

 NMBGs Uptake Observed by SEM

MC3T3-E1 cells were cultured with 50 μg/mL NMBGs for one day and the cell-particle 

interaction was subjected to SEM investigation (Fig. 10). The SEM images revealed a 

similar appearance of cells in all groups; no obvious difference in cell morphology and 

membranes were found. A large number of particles, which were attached to the cell 

membranes, either alone or in clusters, were initially seen at the perinuclear cell surface.

Some of the particles were internalized by the cell membrane (Figs. 10(a, b)), whereas the 

dorsal membrane above the cell nucleus was smooth. Additionally, as the concentrations of 

NMBGs were increased, the amount of particles attached to the cell surface was also 

increased. However, the particles would not adhere to the top membrane above the cell 

nucleus, which was also observed by the confocal 3D image (Fig. 11). 3D imaging showed 

that even for Group-174 nm (Fig. 11), although there were particles adhered to the cell 

membrane above the nucleus, they could not be completely phagocytized into the cells. 

Because the size of Group-77 S was too large to be internalized, the particles were found 

almost only on the surface of the cell membranes (Fig. 10(c)). In addition, the larger 

particles (over 61 nm and 174 nm) in the position above the nucleus (Fig. 14, Step 1, A 

region) were only adhered to the cell surface instead of being phagocytized (Fig. 10(g–i)).

 NMBGs Uptake Observed by Confocal Microscopy

We probed the intracellular fate of NMBGs labeled by a red dye (Rhodamine) using 

confocal microscopy. Herein, to confirm whether the labeled-NMBGs were localized in the 

endosomal compartments after internalization, we treated the cells with Lysotracker, a 

lysosome-specific blue dye., The internalized red dye-labeled NMBGs were visible due to 

their red fluorescence in the cells. Hence, the potential colocalization between the NMBGs 

and lysosomes, which are labeled with red and blue dye, respectively, should yield a fuchsia/

purple overlap when the images are merged. The results showed that NMBGs were 

colocalized with Lysosomes in the MC3T3-E1 cells, indicating lysosomal localization of 
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NMBGs (Fig. 12). Interestingly, in the case of MC3T3-E1 cells, as the NMBG sizes were 

increased, intracellular lysosomes tended to increase, especially for the case of Group-1085 

nm (Fig. 12). Even though only seven particles were uptaken into the cell, the lysosomes 

were already full.

 NMBGs Uptake Observed by TEM

In MC3T3-E1 cells, numerous lysosomes are clustered around the phagosomes, which 

contain the NMBGs particles in three-dimensional (3D) space, so confocal microscopy 

shows the 3D information. TEM images from a cross-sectioned cell layer will reveal more 

accurate information and represent 2D information. Thus, for further confirmation, the 

cellular trafficking information was obtained using TEM. The cells were incubated with 50 

μg/mL of mono-NMBGs for 24 h (Fig. 13). NMBGs with all different sizes were taken up 

by the MC3T3-E1 cells (Fig. 13). Rejman et al. reported that the murine melanoma cell line 

B16-F10 took up particles up to a size of 500 nm, and no uptake was seen with particles of 1 

μm in size. However, in this work, particles with a diameter of 1085 nm could be uptaken by 

non-professional endocytosing cells easily, which challenged the conventional views that 

large-sized particles could not be uptaken by non-phagocytic cells. There was no evidence of 

NMBGs in the nucleus after incubation for 24 h, but they were found to be encapsulated into 

the lysosomes or intracytoplasmic vacuoles or cytosolic compartments. In all groups, only 

groups with smaller sizes, Group-61 nm and Group-174 nm, were found retained in the 

lysosomes (Figs. 13(a and b)), whereas in the other groups with larger sizes, the lysosomes 

were found around the particles (Figs. 13(c–h)).

 DISCUSSION

According to the SEM (Fig. 10), confocal (Figs. 7, 11 and 12) and TEM (Fig. 13) imaging 

results, we propose a five-step mechanism to understand the process of the endocytosis and 

cellular localization of NMBGs as well as their eventual cytotoxicity (Fig. 14). As the first 

step, NMBGs are adsorbed on the special cellular membrane area, the perinuclear membrane 

of the cells (Fig. 14, Step 1, B region), followed by endocytosis and internalization of 

NMBGs (Fig. 14, Step 2). Even though the concentrations of NMBGs are increased, the 

adhered position of NMBGs are not changed. Second, transport vesicles serve as the major 

carrier of internalized NMBGs for phagocytosis. The size of the transport vesicles is 

generally several times larger than that of the nanoparticles. However, there is no enough 

space for larger particles to transport above the nuclear region (Fig. 14, Step 1, A 

region)., Thus it is possible that the size of particles that could be transported is restricted by 

the cell size and the intracellular space.

In the third step, the internalized NMBGs carried by the transport vesicles induce the 

disruption and disorganization of F-actin cytoskeleton, which leads to the morphological 

changes. The larger particles and higher concentrations affected the cell morphology and 

cytoskeleton changes to a larger degree compared to the smaller particles and lower 

concentrations. Recent studies have manifested that the endocytic machinery is directly 

connected and functionally integrated with the actin cytoskeleton., –
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In the fourth step (Fig. 14, Step 4), the transport vesicles are broken and the particles come 

out of the broken vacuoles. Previous studies on the endocytosis of the silica and 

conventional BGs in various cells, , , , , show that the particles are localized inside the 

intracytoplasmic vacuoles or endosomes, or randomly in the cytoplasm. However, our work 

revealed a new uptake route for NMBGs with smaller sizes. The groups with smaller sizes 

(Group-61 nm and Group-174 nm) were found to be phagocytized by lysosomes (Figs. 13(a, 

b)), indicating that smaller particles (61 nm and 174 nm) could be largely sequestered in 

degradative vesicles of the endo-lysosomal pathway. That is one of the possible reasons why 

they became nontoxic at the later time points and the cell viability recovered over time (Fig. 

3).

In contrast, other NMBG groups with larger particles were mostly localized to membranous 

bodies within intracytoplasmic vacuoles or randomly in the cytoplasm (Figs. 13(c–h)), but 

were closely associated with lysosomes. Calcium ions could influence cellular processes 

after cell entry such as improving transfection complexes to escape from the lysosomes and 

release into the cytosol., Thus we suggest that the larger particles will escape from the 

endosome into the cytoplasm. Therefore, as the fifth step (Fig. 14, Step 5), we believe that 

the larger particles (over 174 nm) may escape from the lysosomes and cause lysosomal 

damage, which will induce cell apoptosis. It can be seen from the confocal lysosomal 

staining that phagocytized larger particles strikingly increased the numbers of lysosomes 

inside the cells (Fig. 12). Previous studies have shown that after the endocytosis of 

polyethyleneimine (PEI)/DNA particles, lysosomes swelled and ruptured, representing an 

escape mechanism for the PEI/DNA particles. It is widely accepted that silica-induced 

cytotoxicity is due, in part, to the disruption of phagolysosomal membrane integrity. After 

phagocytosis of silica, reactive particle surfaces may interact with phagolysosomal 

membranes, leading to the release of lysosomal enzymes into the cytosol and the subsequent 

cell death. Therefore, according to the confocal and TEM imaging results, we speculate that 

larger NMBG-particles may induce lysosomal swelling and rupture, and then escape from 

the lysosomes. The escape process damages lysosomes, triggering greater cytotoxicity.

In short, NMBGs, either smaller or larger, are adsorbed and internalized on the perinuclear 

cellular membrane. After internalization, larger particles will disrupt the organization of F-

actin cytoskeleton, which results in morphological changes. Then, larger particles induce 

lysosomal injury, leading to apoptosis and decrease of proliferation. On the other hand, 

smaller NMBGs (61 nm and 174 nm), once internalized, are localized in lysosomes, 

resulting in little cytotoxicity. Hence, the smaller NMBGs could be used as the vaccine 

adjuvants, whereas larger particles (327 nm) are likely to be ideal carriers for proteins and 

peptide drugs as they can escape from lysosomes. The internalization mechanisms and 

intracellular locations of particles revealed in this study could help the future exploration of 

the NMBGs in new biomedical applications such as serving as vaccine adjuvants.

 CONCLUSIONS

Mono-disperse, spherical NMBGs with various particle sizes (61 nm, 174 nm, 327 nm, 484 

nm, 647 nm, 743 nm, 990 nm, 1085 nm) were successfully synthesized by using DDA as a 

catalyst and template in the sol–gel method. The present study systematically investigates 
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the effects of particle sizes and doses of NMBGs on the cellular behavior. Size- and dose-

dependent cytotoxicity was revealed. Larger particles (over 174 nm) with higher 

concentrations (over 100 μg/mL) resulted in greater cytotoxicity. A size-dependent 

mechanism of intracellular localization is proposed to explain the size-dependent 

cytotoxicity. Briefly, NMBGs could pass through the cell membrane above the periphery of 

the cells. After internalization, smaller NMBGs (61 nm and 174 nm) were phagocytized by 

lysosomes and thus resulted in little cytotoxicity. However, NMBGs larger than 174 nm 

appeared to localize inside the intracytoplasmic vacuoles or randomly in the cytoplasm. 

These larger particles might escape from the lysosomes, causing lysosomal damage and 

consequently inducing cell apoptosis. Our work shows NMBGs with a smaller size (61–327 

nm) at a lower dose (below 100 μg/mL) are less cytotoxic and can find potential biomedical 

applications such as bone tissue engineering scaffolds and gene or drug delivery carriers.
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Figure 1. 
Electron microscopic images of NMBGs. (a) Group-61 nm, (b) Group-174 nm, (c) 

Group-327 nm, (d) Group-484 nm, (e) Group-647 nm, (f) Group-743 nm, (g) Group-990 

nm, (h) Group-1085 nm and (i) Group-77 S. (a–h) are TEM images and (i) is an SEM 

image. SEM was used to image Group-77 S due to its large particle size.
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Figure 2. 
The particle size distribution of NMBGs.
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Figure 3. 
Alamar blue cell proliferation assay of NMBGs at different concentrations. (A) 50 μg/mL. 

(B) 100 μg/mL. (C) 150 μg/mL. *:p < 0.05, **:p < 0.001.
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Figure 4. 
Particles with the concentration of 50 μg/mL induced the apoptotic morphology of MC3T3-

E1 cells as revealed by light microscopy, (a) blank, (b) Group-61 nm, (c) Group-174 nm, (d) 

Group-327 nm, (e) Group-484 nm, (f) Group-647 nm, (g) Group-743 nm, (h) Group-990 

nm, (i) Group-1085 nm and (j) Group-77 S. The groups shown in (e–i) induced the 

formation of transport vesicles.
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Figure 5. 
The concentration of 100 μg/mL particles induced apoptotic morphology in MC3T3-E1 cells 

as revealed by light microscopy, (a) blank, (b) Group-61 nm, (c) Group-174 nm, (d) 

Group-327 nm, (e) Group-484 nm, (f) Group-647 nm, (g) Group-743 nm, (h) Group-990 

nm, (i) Group-1085 nm and (j) Group-77 S. The groups shown in (e–i) induced apoptotic 

morphology with features such as filopodia formation and chromatin condensation.
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Figure 6. 
Light microscopy morphology of apoptotic MC3T3-E1 cells induced by particles at the 

concentration of 150 μg/mL. (a) Blank, (b) Group-61 nm, (c) Group-174 nm, (d) Group-327 

nm, (e) Group-484 nm, (f) Group-647 nm, (g) Group-743 nm, (h) Group-990 nm, (i) 

Group-1085 nm and (j) Group-77 S. The groups shown in (e–i) induced apoptotic 

morphology with features such as filopodia formation, chromatin condensation and 

formation of apoptotic bodies.
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Figure 7. 
Confocal microscopy image showing that cellular uptake of NMBGs disrupted F-actin 

cytoskeleton. Cells were fluorescently stained for cytoskeletal F-actin fibers (green) after 

treatment without (a) or with particles of different sizes including (b) 61 nm, (c) 174 nm, (d) 

327 nm, (e) 484 nm, (f) 647 nm, (g) 743 nm, (h) 990 nm, (i) 1085 nm and (j) Group 77 S. 

All particles were at the concentration of 50 μg/mL and treatment time was 24 h.
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Figure 8. 
Confocal image showing that the cellular uptake of NMBGs resulted in disrupted and less 

organized F-actin cytoskeleton. Cells were fluorescently stained for cytoskeletal F-actin 

fibers (green) after treatment with 647 nm-group (red) at the concentration of 50 μg/mL (a, 

b) and 150 μg/mL (c, d) for 24 h.
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Figure 9. 
Apoptosis ratio in MC3T3-E1 cells induced by NMBGs. (A) Cells were cultured with 

NMBGs at the concentration of 150 μg/mL for 24 h and detected by flow cytometry. Bar 

graphs represent the percentage of AnnexinV+/7AAD-cells. All data in bar graph A are 

depicted as mean±SD, with *p < 0.05 and **p < 0.001 versus controls. (B) cells were 

incubated with Group-1085 nm at the concentrations of 50, 100, and 150 μg/mL for 24 h. 

**p < 0.001, 150 μg/mL compared to the control, 50 μg/mL and 100 μg/mL of 1085 nm-

NMBG (n = 3). (C) Correlation between the apoptosis and Alamar blue in Groups of 327 nm 

to 1085 nm at 150 μg/mL, which was generated from data shown in Figures 3(C) and 9(A).
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Figure 10. 
SEM images showing the uptake of NMBGs at the concentration of 50 μg/mL ((a) 

Group-327 nm, (b) Group-743 nm, (c) Group-77 S) and at the concentration of 150 μg/mL 

((d) Group-174 nm, (e) Group-484 nm, (f) Group-647 nm, (g) Group-743 nm, (h) 

Group-990 nm, (i) Group-1085 nm) after in vitro culture for 24 h. The green dotted circles 

indicate the position of cell nucleus.
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Figure 11. 
3D confocal images of the cells after uptaking Group-174 nm with the concentration of 50 

μg/mL.
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Figure 12. 
Confocal microscopy images of MC3T3-E1 cells uptaking NMBGs for 24 h. (a) Blank, (b) 

Group-61 nm, (c) Group-174 nm, (d) Group-327 nm, (e) Group-484 nm, (f) Group-647 nm, 

(g) Group-743 nm, (h) Group-990 nm, (i) Group-1085 nm and (j) Group-77 S. Upon 

internalization, NMBGs colocalized with the lysosomes.
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Figure 13. 
TEM images depicting the intracellular trafficking of different NMBGs at the concentration 

of 50 μg/mL in MC3T3-E1 cells after 24 h incubation. (a) Group-61 nm, (b) Group-174 nm, 

(c) Group-327 nm, (d) Group-484 nm, (e) Group-647 nm, (f) Group-743 nm, (g) Group-990 

nm, (h) Group-1085 nm.
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Figure 14. 
Schematic illustration of the possible mechanism of NMBGs internalization in cells and the 

resultant cytotoxicity. The larger and smaller particles are shown on the left and right of the 

cell, respectively. In the first step, NMBGs are adsorbed on the perinuclear membrane of the 

cells. In the second step, transport vesicles serve as the major carrier of the internalized 

NMBGs for phagocytosis. In the third step, the internalized NMBGs carried by the transport 

vesicles induce the disruption and disorganization of F-actin cytoskeleton, which leads to the 

morphological changes. In the fourth step, the transport vesicles are broken and the particles 

come out of the broken vacuoles. Lastly, the smaller particles are encapsulated into the 

lysosomes and retained in the lysosomes; the larger particles may escape from the lysosomes 

and cause lysosomal damage, which will induce cell apoptosis.
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