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ABSTRACT 

 This study aimed to investigate how mesoporous silica nanoparticles (MSN), especially focus on 

their surface functional groups, interacted with Raw 264.7 macrophages as well as with zebrafish 

embryos. Upon introducing nanoparticles into a biological milieu, adsorption of proteins and 

biomolecules onto nanoparticle surface usually progresses rapidly. Nanoparticles bound with proteins 

can result in physiological and pathological changes, but the mechanisms remain to be elucidated. In 

order to evaluate how protein corona affected MSN and the subsequent cellular immune responses, we 

experimented in both serum and serum-deprived conditions. Our findings indicated that the level of p-

p38 was significantly elevated by the positively charged MSN, whereas negatively charged MSN 

resulted in marked ROS production. Most significantly, our experiments demonstrated the presence of 

protein efficiently mitigated the potential nano-hazard. On the other hand, strongly positively charged 

MSN caused 94% of the zebrafish embryos to die. In that case, the toxicity caused by the quaternary 

ammonium ligands on the surface of those nanoparticles was exerted in a dose-dependent manner. In 

summary, these fundamental studies here provide valuable insights to the design of better biocompatible 

nanomaterials in the future.  
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1. INTRODUCTION 

 As the fast development of state-of-art mesoporous silica nanoparticles (MSN) have been 

applied to in vitro and in vivo biological applications,
1-3

 studies focusing on biocompatibility, safety and 

bioadhesive properties should be conducted to inform future clinical guidance. Recently, a 

comprehensive study highlights protein corona neutrality as an important design consideration, and 

demonstrated that even little difference in the surface heterogeneity (therein, i.e. spatial arrangement and 

relative exposure of surface amines) can result in profoundly different interactions with cells and 

tissues.
4
 However, lack of knowledge about how the protein corona alters the cell response, particularly 

at the molecular level. Upon exposing nanoparticles to the physiological environment, the surface of 

nanoparticles is immediately decorated with the suspending proteins.
5, 6

 Subsequently, what exactly the 

cells see now is the new assembly component called “biological identity”, but not merely the 

nanoparticle “synthetic identity”.
6, 7

 Next, the biological identity will mediate their communication with 

cellular machinery followed by a serious complication of interactions and cell signaling pathways. It is 

noted that the biological identity and their evolution are governed by the dynamic nature of biological 

environments.
8, 9

 The formation of protein corona surrounding the nanomaterials can induce 

dramatically physiological and pathological changes in cellular internalization pathway,
10, 11

 immune 

response,
12

 cytotoxicity,
13, 14

 genotoxicity,
15

 protein fibrillation
16

 and targeting ability.
17

 It is generally 

believed that the nanoparticle–corona complexes, instead of the bare nanomaterials, determine their in 

vivo biodistribution and biokinetics.
18

 For example, binding of the apolipoprotein E to the surface of the 

polysorbate-coated nanoparticle enabled them to cross the blood brain barrier (BBB) in vivo and thus 

transported bound dalargin or loperamide into the brain
19

; nonspecific binding of proteins to 

nanoparticles may result in cell clearance by macrophages through the reticuloendothelial system (RES) 

of the liver and spleen.
18

 In addition, the complex nano/bio/environment interactions, i.e. the properties 

of nanoparticles,
20, 21

cell types,
10

 and culture media
22

 could cause a noticeable impact on protein corona. 
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Therefore, in order to successfully predict the consequences of biological interactions between 

nanoparticles and the cells, experimental parameters should be carefully optimized for utilization of 

protein corona ‘fingerprint’ in nanomaterial design.
23

 

 To investigated the “intrinsic” properties of MSN, such as size
24

, charge
25

 and surface
26

 

interaction with cells, a lot of studies were conducted under serum-deprived conditions. One of the main 

reasons is to minimize the effects caused by the “extrinsic” properties derived from the environment 

(mainly the protein content); the other reason is to avoid the possible aggregation of nanoparticles by 

protein-mediated neutralization. However, because serum-free media cannot represent real in vivo 

exposure scenarios, recently there were several reports that attempted to minimize the interference of 

sera as well as to remain well dispersed in biological conditions by fabricating nanoparticles with PEG 

or zwitterions functionalization.
27, 28

 Even more extremely, corona-free nanoparticles were synthesized 

and could be used to evaluate nanoparticle-cell behavior dictated directly by grafting ligands remained 

on the nanoparticle surface.
29

 Furthermore, both theoretical models and several experimental reports 

have shown that the cellular uptake via endocytosis is size-dependent, and being of optimal efficiency 

when particles with diameters ranging between 30 to 60 nm.
30, 31

 

 In order to evaluate the potential nano-hazards and the relevant biodistribution, this study aimed 

to study how MSN interacted with Raw 264.7 macrophages in vitro and zebrafish in vivo. We prepared 

well-suspended MSN by PEGylation and subsequently decorated them with various surface 

modifications. Four types of MSN@PEG with diameter of 45 nm and different zeta potentials (from -

52.0 mV to +38.9 mV) were chosen. Interactions between these nanoparticles and Raw 264.7 

macrophages were studied both in serum-free as well as serum-containing media. We found the 

dramatic effects of the surface grafting on phospho-p38 expression and ROS production in these cells. 

In  addition,  we  investigated  cellular  uptake  of  these  nanoparticles  and  how  that  was  associated 

with the expression of NF-кB p65 by confocal imaging, and the potential impacts on cell cycle 

progression by flow cytometry. 
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2. EXPERIMENTAL SECTION 

2.1 Chemicals and Reagents 

All reagents were used as received without further purification. N-Trimethoxysilylpropyl-N,N,N-

trimethylammonium chloride (TMAC, 50% in methanol), (3-Trihydroxysilyl)propylmethylphosphonate 

(THPMP, 42% in water), and 2-(methoxy(polyethyleneoxy)propyl)trimethoxysilane (PEG-silane, 

molecular weight 460-590 g mol
-1

, 90%) was purchased from Gelest. Cetyltrimethylammonium bromide 

(CTAB, 99+%), 3-aminopropyltrimethoxysilane (APTMS, 95%), ammonium hydroxide solution (28~30 

wt% NH3 in H2O) , fluorescein isothiocyanate isomer (FITC), and tetraethyl orthosilicate (TEOS, 98%) 

were purchased from Acrös. Rhodamine B isothiocyanate (RITC) were purchased from Sigma-Aldrich. 

Absolute ethanol was purchased from Shimakyu’s Pure Chemicals. Ultrapure deionized (D.I.) water was 

generated by a Millipore Milli-Q plus system. 

2.2 Synthesis of PEGylated Mesoporous Silica Nanoparticles with Various Surface Charges 

PEGylated mesoporous silica nanoparticles (MSN@PEG) incorporated with red emitting rhodamine B 

dye (RITC) were synthesized by a method described in a previous study.
24, 32

 After removal of 

surfactants, the obtained nanoparticles with weakly negative-charged surface are designated as wn-R-

MSN@PEG. Separately, wn-R-MSN@PEG was further modified with THPMP-silane and TMAC-

silane respectively by post-modification to obtain strongly negative (sn), strongly positive (sp), and 

weakly positive (wp)-charged R-MSN@PEG. For sn-R-MSN@PEG/THPMP synthesis, 100 mg of wn-

R-MSN@PEG were first dispersed in a mixture of 40 mL of H2O and 0.5 mL of NH4OH. Next, 10 mL 

of 0.22 M aqueous THPMP solution was added with vigorous stirring at 40 °C for 4 h. For wp-R-

MSN@PEG/TMAC and sp-R-MSN@PEG/TMAC synthesis, 100 mg of wn-R-MSN@PEG dispersed in 

50 mL of EtOH were stirred under reflux for 4 h with 0.18 and 1.8 mmole TMAC-silane respectively. 

Products were collected by centrifuging at 11000 rpm for 60 minutes and washed by 95% ethanol for 

several times. Finally, the nanoparticles were kept in 99.5% ethanol. For some experiments, FITC-
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labeled and non-fluorescent MSN were also prepared to avoid the interference from the color of 

fluorescence.  

2.3 Cytotoxicity Assay 

3×10
5
 Raw 264.7 cells per well were seeded in 24-well plates for proliferation assays. After incubation 

with different amounts of nanoparticles suspension in serum-free DMEM or serum-containing DMEM 

for 4 h, the nanoparticles-treated cells were washed twice with culture medium followed by incubation 

with WST-1 reagent (Clontech) for 2 h at 37 °C for proliferation assay. Cell viability was determined by 

the formazan dyes generated by the live cells and the absorbance at 450 nm was measured using a 

microplate reader (Bio-Rad, model 680). 

2.4 Western Blot Analysis 

After each treatment, protein extracts (30 µg) were separated on a 10% SDS-PAGE, and the proteins 

were then electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane and blocked 

1 h at room temperature in TBST buffer [1X Tris-buffered saline (TBS) containing 0.1% Tween 20 ] 

with 5% w/v nonfat dry milk. Membranes were incubated overnight at 4 °C with primary antibodies. p-

p38 was diluted in TBST with 5% w/v BSA (1: 500 dilutions; Cell Signaling Technology), and α-

tubulin was diluted in TBST with 5% w/v milk (1:15000 dilutions; Santa Cruz, CA). TVDF membranes 

were extensively washed and incubated with a horseradish peroxide-conjugated secondary 

immunoglobulin G antibody (1: 2000 dilution; Santa Cruz, CA) in blocking buffer for 1 h at room 

temperature. Immuno-reactive bands were visualized with the enhanced chemiluminescence substrate 

kit (Amersham Pharmacia Biotech, GE Healthcare UK Ltd, Bucks, UK) according to the manufacturer’s 

protocol. 

2.5 Superoxide Detection  

The production of superoxide anion was fluorometrically estimated using a fluorescent probe, 

dihydroethidine (DHE), which is oxidized to a fluorescent intercalator, ethidium, by cellular oxidants, in 

particular, superoxide radicals. To measure superoxide anion generation, dihydroethidine (DHE; 5 µM) 

was used. Increase in DHE fluorescence upon paraquat (superoxide anion generator) stimulation 
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indicated an increase in superoxide anion levels. After various experimental treatments, fluorescence 

images were obtained with a fluorescence microscope (IX-71, Olympus) and quantitative data were 

analysis with flow cytometry. 

2.6 Confocal Microscopic Examination 

Nanoparticles-treated Raw 264.7 cells were fixed with 4% paraformaldehyde and permeabilized with 

0.1% Triton X-100. After being washed in PBS, cells were blocked in blocking buffer [1xTris-buffered 

saline (TBS)-0.1% Tween 20, 5% w/v BSA] for 1 h and then incubated with a NF-κB p65 (1:50 dilution; 

Santa Cruz, CA) primary antibody in blocking buffer for 18 h at 4 °C. The cells were extensively 

washed and incubated with Alexa-568 fluorescein-labeled secondary antibody in blocking buffer at a 

dilution of 1/200 for 2 h, and counterstained for nuclei with 4',6-diamidino-2-phenylindole (DAPI; DNA 

marker) for 1 min. The fluorescent images were obtained with a confocal laser scanning microscope 

(TCS SP5, Leica). 

2.7 Cell Cycle Analysis  

Raw 264.7 cells were seeded at 2×10
6
 cells per well in 6 cm dishes and allowed to attach for 24 h at 37 

C. Then, the medium was removed and cells washed in serum-free medium. Raw 264.7 cells were 

incubated with 200 mg mL
-1

 of nanoparticles in serum-free medium for 4 h. Then, washed cells were 

exposed to 0.5 mM PQ in serum medium for 24 h. After washing and re-suspension, Raw 264.7 cells 

were analyzed by flow cytometry using propidium iodide (PI) staining. Statistical analyses were 

performed using ModFit LT software (Verity Software House, Topsham, ME). 

2.8 Zebrafish Maintenance 

Zebrafish (Danio rerio) were obtained from zebrafish core facility of Taipei Medical University and 

maintained at 28 °C on a 14 h light/10h dark cycle. All animal procedures were approved by Taipei 

Medical University Institutional Animal Care and Utilization Committee (TMU-IACUC). Embryos 

were incubated at 28 °C and different developmental stages were determined according to the Zebrafish 

Book.
33

  

2.9 Zebrafish Toxicity Test  
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The wild-type embryos were exposed to nanoparticles (50 or 100 ug mL
-1

) at 20 hpf for 5-144 h to 

evaluate toxic effects on zebrafish embryos. Eight dechorionated embryos were treated with 2 mL (50 or 

100 µg mL
-1

) of nanoparticles in one well of 24-well chamber. After exposed to nanoparticles for 5 h 

and 96 h (4 dpf), the percentage of fish survival rate was shown. During the exposure period, the 

photographs of embryos malformation were observed under an Olympus IX70-FLA inverted 

fluorescence microscope (Olympus, Tokyo, Japan). Images were taken by using the SPOT digital 

camera system (Diagnostic Instruments, Sterling Heights, Michigan, USA) and assembled by ImageJ 

program.
34

 

2.10 Characterization 

Transmission electron microscopy (TEM) images were taken on a JEOL JSM-1200 EX II operating at 

100 kV. Size measurements were performed using dynamic light scattering (DLS) on a Malvern 

Zetasizer Nano ZS (Malvern, UK). Zeta potential was determined by the electrophoretic mobility and 

then applying the Henry equation on Malvern Zetasizer Nano ZS (Malvern, UK). Fluorescent images 

were obtained on a confocal microscope (TCS SP5, Leica). An elemental analyzer (Elementar vario EL 

cube, Thermal Conductivity Detector) was used to determine the precise nitrogen content in the 

composite. Thermogravimetric analysis (Mettler Toledo TGA/DSC1) was carried out with a heating rate 

of 10 °C min
−1

 from 100 to 800 °C with an Ar flow-rate of 50 mL min
−1

. 

3. RESULTS  

3.1 Characterization of Functionalized Mesoporous Silica Nanoparticles 

 Well-suspended, uniform, and RITC-incorporated MSNs (designated as R-MSN), with an 

average diameter of 45 nm according to TEM (Figure 1a and Figure S1a-b), were prepared under dilute 

tetraethyl orthosilicate (TEOS) and low surfactant (CTAB) conditions via an ammonia-catalyzed sol-gel 

process.
24, 32

 To avoid irreversible aggregation, which often occurs during the surfactant removal process 

and centrifugation, the poly(ethylen glycol) (PEG-silane) was further introduced on the surface of the as-

synthesized bare MSN before the surfactant removal step. PEGylation has been shown to increase the 
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dispersity and stability of nanoparticles, especially in the biological milieu, to prolong blood circulation 

in vivo through its hydrophilicity and steric repulsion effects,
18, 27

 and to reduce the hemolytic activity.
32, 

35
 After removal of surfactants, the weight percentage of PEG units in the wn-R-MSN@PEG (wn stands 

for weakly negative-charged) was estimated to be about 12% based on thermogravimetric analysis (TGA, 

Figure S1c). To obtain representative surface charge of MSN, the wn-R-MSN@PEG was further 

modified with negatively charged THPMP-silane in a basic aqueous solution and with positively 

charged TMAC-silane in ethanol, respectively. Finally, four types of R-MSN@PEG with various zeta 

potentials were obtained: wn-R-MSN@PEG (weakly negative-charged), sn-R-MSN@PEG/THPMP 

(strongly negative-charged), wp-R-MSN@PEG/TMAC (weakly positive-charged), and sp-R-

MSN@PEG/TMAC (strongly positive-charged). Quantitative analyses of these nanoparticles were 

carried out based on the percentage weight loss in the TGA curve (Figure S1c). Moreover, as shown in 

Figure 1b, the zeta potentials of the R-MSN@PEG derivatives were in the range from -52.0 to +38.9 

mV, confirming the presence of the functional groups. For applications of nanoparticles in biological 

systems, dynamic light scattering (DLS) measurement has been used to investigate whether 

nanoparticles were discrete or aggregated in a given solution. Figure 1c shows that these four samples 

were thoroughly dispersed in H2O, and their Z-average hydrodynamic diameters were below 60 nm, 

except for sn-R-MSN@PEG/THPMP. This is probably in part due to the stronger hydration of 

methylphosphonate. The stability of these samples was also evaluated by suspending them in cell culture 

media containing 10% fetal bovine serum (pH 7.4). It is noted that the additional peak at 10 nm and 

shoulder peak at ~50 nm of the hydrodynamic diameters are attributed to the serum proteins in the 

media (Figure 1d). As a result, comparing the hydrodynamic distribution of these nanoparticles 

measured in serum-free media (data not shown), slight broadening profiles of that were obtained in 

serum-containing media. Most importantly, no significant increase of the sample sizes was observed in 

culture media compared to that measured in H2O, demonstrating their excellent colloidal stability under 

physiological conditions. 
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3.2 Effects of Functionalized Mesoporous Silica Nanoparticles on Cellular Uptake, Cytotoxicity  

 Adsorption of proteins onto the nanoparticle's surface forms a swaddling layer, known as the 

protein “corona”, which usually induces changes in the physicochemical characteristics and the 

biological fate of nanoparticles, such as cellular internalization pathway and immune response.
36

 To 

understand corona-affected cellular events, uptake studies were performed both in serum-containing and 

serum-free media. Firstly, to investigate the surface effect of nanoparticles on cell labeling, the uptake of 

various types of R-MSN@PEG by Raw 264.7 macrophages was examined by flow cytometry. As shown 

in Figure S2, Raw 264.7 cells were labeled with 200 µg mL
-1

 of various types of R-MSN@PEG for 4 h 

in both serum-free and serum-containing media. Next, to evaluate the in vitro cytotoxicity of various 

types of R-MSN@PEG, cell viability was examined by WST-1 assay. As shown in Figure S3, no 

significant change on cell proliferation was observed by the treatments of nanoparticles either for 4 h, or 

for 4 h followed by an additional 24 h of culture. No obvious effect on the cellular mitochondrial 

function caused by the nanoparticles was found at the indicated time points, regardless of the presence 

or absence of serum in the medium. In addition, Western blot was used to evaluate the expression of 

phospho-p38 (p-p38) in Raw 264.7 cells after nanoparticle treatments. Phospho-p38 is involved in 

inflammatory responses and reactive oxygen species-related diseases. As shown in Figure 2a, under 

serum-free media, MSN@PEG treatments affected the expression of p-p38 in a time-dependent pattern. 

Compared to the expression of p-p38 in the control cells, marked induction of p-p38 could be 

immediately detected after 4 h treatments with wn-MSN@PEG, wp-MSN@PEG/TMAC and sp-

MSN@PEG/TMAC. However, when the cells were subsequently kept under a conventional culture 

condition for another 24 h, the expression of p-p38 in the sera with wn-MSN@PEG was almost 

disappeared, and was largely reduced in the experimental sets with positively charged wp- 

MSN@PEG/TMAC and with sp-MSN@PEG/TMAC. To compare the two positively charged 

nanoparticles, the more positively charged sp-MSN@PEG/TMAC induced a higher level of p-p38 in 

Raw 264.7 cells. For delivery of nanoparticles in serum-containing media, as shown in Figure 2b, 

similar effects on p-p38 caused by nanoparticles were observed, but the expression levels of p-p38 were 
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significantly lower. The expressions of p-p38 were about the same in the control and in the nanoparticle-

treated cells after additional 1 day of culture in serum-containing media. In addition, sp-

MSN@PEG/TMAC induced expression of p-p38 in a dose-dependent manner (100, 200 and 500 µg 

mL
-1

) after 4 h of treatments, as evident in Figure S4. Again, lower expression of p-p38 was observed 

with sp-MSN@PEG/TMAC delivery in serum-containing media compared with that in serum-free 

media. As many cytotoxic effects of nanoparticles are usually associated with oxidative stress, we also 

evaluated the ability of various types of MSN@PEG to produce ROS in Raw 264.7 cells. As shown in 

Figure 2c, after separate treatments with each type of MSN@PEG on Raw 264.7 cells in serum-free 

media, a significant increase in ROS was found, suggesting oxidative stress was generated in each 

condition. Nevertheless, as shown in Figure 2d, there was no significant production of ROS when 

treated with either wn-MSN@PEG/THPMP or positively charged MSN@PEG/TMAC. But there was 

little increase of ROS in the treatment with sn-MSN@PEG/THPMP. We also used confocal images to 

verify the uptake of the most positively as well as the most negatively charged F-MSN@PEG by Raw 

264.7 cells. As shown in Figure 3 and Figure S5, both sn-F-MSN@PEG/THPMP and sp-F-

MSN@PEG/TMAC were readily engulfed by Raw 264.7 cells in 4 h either under serum or serum- 

deprived conditions. Immunofluorescence staining revealed similar levels of NF-кB p65, a master 

transcriptional regulator of pro-inflammation, expressed in nanoparticles-treated and paraquat (PQ, as 

the positive control)-treated Raw 264.7 cells. Compared to the relatively uniform distribution of NF-κB 

p65 in the PQ-treated Raw 264.7 cells, not all NF-κB p65 was translocated into the nucleus, but some 

NF-κB p65 still remained in the cytosol when cells were treated with nanoparticles under serum-

containing conditions (as indicated by the white arrows in Figure 3). In addition, the degree of NF-κB 

translocation from the cytoplasm to the nucleus was obviously higher in the absence than the presence of 

serum when nanoparticles were delivered into Raw 264.7 cells (Figure 3 and Figure S5). 

3.3 Cell Cycle Analysis by Flow Cytometry 

 The cell cycle progression of Raw 264.7 cells was evaluated with propidium iodide staining and 

quantified by flow cytometry (Figure 4). To evaluate whether the silica nanoparticles were involved in 
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eliciting cell cycle arrest, we analyzed cell cycles in Raw 264.7 cells in serum-containing media after 

treatments with various types of MSN@PEG at a dose of 200 µg mL
-1

 for 4 h. Our results clearly 

revealed that all four types of silica nanoparticles did not inhibit of the cell cycle progression from 

G0/G1 to S+G2/M phases. 

3.4 Effects of Functionalized Mesoporous Silica Nanoparticles on the Mortality and Distribution 

of Zebrafish Embryos 

 To assess the potential toxicity of the various types of R-MSN@PEG at the organism level, 

zebrafish, a versatile in vivo vertebrate model for many areas of biologic investigation, was selected for 

this study. First, zebrafish embryos at 20 hpf were exposed to the four types of R-MSN@PEG at 

concentrations of 50 and 100 µg mL
-1

 for 5-144 hpf to test if nanoparticle treatments could be associated 

with mortality or developmental malformations. Table S1 showed the mortality of the zebrafish embryos 

that were exposed to different types of R-MSN@PEG at different concentrations and for different 

lengths of time. At the lower concentration of nanoparticles (50 µg mL
-1

), no differences on the 

embryonic mortality were observed at 25 hpf between control and all the treatment groups (Figure 5a-

5e). Very high embryonic mortality rates, up to 94% (15/16 deaths), was observed after exposure to sp-

R-MSN@PEG/TMAC at the concentration of 100 µg mL
-1 

(Figure 5f) and sp-R-MSN@PEG/TMAC 

treated of epidermis disruption suspended cells (Figure 5g). Prolonged exposure (till to 144 hpf) did not 

result in more death of the zebrafish. As shown in Figure 5h, exposure of zebrafish embryos to 

positively charged R-MSN@PEG/TMAC, including the one survivor to sp-R-MSN@PEG/TMAC, 

resulted in obvious red fluorescence in the yolk, tail and sometimes in intestines. On the contrary, as 

shown in Figure 5i, strongly negative charged sn-R-MSN@PEG/THPMP was predominantly localized 

in the intestine, with no distinguishable fluorescence in the yolk or the tail at 4 dpf. 

4. DISCUSSIONS 

 This study demonstrated that cellular uptake of these nanoparticles was efficient both in serum-

containing and serum-free media according to our flow cytometry and confocal microscopy experiments. 
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Even though no significant changes in cell cycle progression and metabolic activity were observed, 

Western blot analysis and Reactive Oxygen Species (ROS) assays showed significant but different 

results; the p-p38 proteins were markedly increased particularly after the treatment with positive charged 

sp-R-MSN@PEG/TMAC, however, the ROS levels were distinctly increased by the treatment of 

negative charged R-MSN@PEG/THPMP. The translocation of NF-κB from the cytoplasm to the 

nucleus is usually regarded as a hallmark of its activation.
37

 From the expressions of NF-кB p65 both in 

serum and serum deprivation conditions with the treatments of nanoparticles and paraquat, the 

predominantly cytoplasmic distribution of NF-κB p65 observed in some cells indicates the delayed or 

less activation of NF-κB p65. Considering the culture conditions and post-treatments, it is found that 

both the serum and additional culture period can mitigate the damage/response of cells caused by 

nanoparticles. In serum-free media (i.e. the absence of protein), a strong adhesion of the bare silica on 

the cell membrane and acquirement of corona from biomolecules in the cell membrane are indicative of 

cell damage.
11

 Nevertheless, in serum-containing media, the preformed protein corona around 

nanoparticles could limit direct contact between nanoparticles and the cell membranes and thereby 

reduce acute cellular toxicity.
38

 Our findings are in line with previous study results that show protein 

corona could reduce the damage imposed by nanoparticles,
39

 and retain during nanoparticles uptake 

prior to nanoparticle degradation in the lysosomes.
40

 Although the external protein corona (i.e. extrinsic 

component of nanoparticles) is where such molecular interaction takes place, the intrinsic components 

of nanoparticles (e.g. surface ligands) also play an important role in regulating certain signaling 

processes inside the cells such as cell cycle progression.
41, 42

 Taken together, either bare nanoparticles or 

corona surrounding nanoparticles could engage with a wide range of biomolecules and subsequently 

impact the cellular responses.
43

 Accordingly, nanoparticle delivery and absorbance in serum-containing 

media is a physiologically relevant event, which involves cell signaling pathways and could 

subsequently modify inflammation and immune responses.  

 Last but not least, we also used four types of R-MSN@PEG functionalized with various charges, 

and tested the biological responses in dechorionated embryonic zebrafish. We did not observe 
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nanoparticle-induced lethality in embryonic zebrafish, except during the exposure of sp-R-

MSN@PEG/TMAC at the higher concentration (100 µg mL
-1

). The very high embryo lethality (94 %) 

observed in the exposure of sp-R-MSN@PEG/TMAC might reflect the preferential uptake of sp-R-

MSN@PEG/TMAC by the organism.
44

 Our study results are very similar to the previous study,
45

 in 

which the structure of quaternary ammonium used to make positively charged gold nanoparticles is 

exactly the same as the ligand on the surface of sp-R-MSN@PEG/TMAC. The unique surface structure 

of sp-R-MSN@PEG/TMAC might be related to their easy uptake and disrupted epidermis structure of 

the embryos, caused the cells release from embryo and subsequent lethality to the organism. In the future, 

more comprehensive studies of disrupted epidermis cell-cell junction molecular mechanism need to be 

investigated. On the other hand, no lethality was observed in embryos treated with either wp-R-

MSN@PEG/TMAC or a lower dose of sp-R-MSN@PEG/TMAC. Notably, the number of TMAC on the 

surface of sp-R-MSN@PEG/TMAC (0.8 mmole of groups per gram of nanoparticles) is about five times 

that of wp-R-MSN@PEG/TMAC by element analysis. These results give important hints that the 

potential nano-hazards can be controlled using TMAC in a dose-dependent manner on the testing 

organism such as embryonic zebrafish. Though delivery of MSN into zebrafish via microinjection was 

reported previously,
46-48

 to the best of our knowledge, this is the first report showing that the sn-R-

MSN@PEG/THPMP could passively translocate from the solutions into embryos intestine region and 

stay inside the embryos throughout the embryonic development (144 hpf). It is possible that in the future, 

utilization of the surface modifications on R-MSN/PEG, one could possibly predict the biodistribution 

of these nanoparticles in a testing organism such as zebrafish here. 

5. CONCLUSIONS 

 In summary, we have demonstrated that nanoparticles with various functional groups, including 

PEG, methylphosphonate, and quaternary ammonium groups, could be engineered to adjust the surface 

charges and dispersity property of the MSN. Consistent with previous findings,
13, 14, 49

 we found that 

nanoparticle delivery in the presence of proteins could significantly reduce cellular inflammatory 
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responses. We investigated how in vitro cellular uptake, proliferation, oxidative stress, inflammatory 

responses, as well as cell cycle progression, were influenced by the nanoparticle surface interaction with 

Raw 264.7 macrophage cells. The formation of protein corona could activate unwanted phagocytosis 

and subsequently induce rapid clearance of nanoparticles from circulation. More significantly, the most 

challenging work might be the way to control and utilize the in situ forming protein corona instead of 

the chemical grafting on the nanoparticles to achieve targeting in vivo in future.
17

 The doses of 

nanoparticles as well as the ability of the embryos to uptake certain nanoparticles could be the reasons 

resulting in the differential biological response, including the mortality and the biodistribution. More in-

depth and complete understanding of the relationships linking the surface chemistry, hydrodynamic size, 

shape and composition of a nanomaterial to protein adsorption and phagocytic cell uptake are urgent. 

Future efforts should be devoted to minimizing potential nano-hazards and enabling more informative 

design of the next generation nanomaterials.
31, 50
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Figure 1 

 

 

Figure 1. (a) TEM image of as-synthesized wn-R-MSN@PEG; (b) zeta potentials of various types of R-

MSN@PEG; hydrodynamic diameter distributions of various types of R-MSN@PEG in (c) H2O and (d) 

DMEM with 10% FBS.
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Figure 2 

 

Figure 2. (a, b) Western blot for the levels of p-p38. (c, d) DHE assays of the levels of ROS in Raw 

264.7 cells after treatmetns with various types of MSN@PEG at 200 µg mL
-1

 for 4 h and 24 h. (a, c) in 

serum-free media; (b, d) in serum-containing media.  
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Figure 3 

 

Figure 3. Confocal images of Raw 264.7 cells after treatmetns with nanoparticles at 200 µg mL
-1

 for 4 h 

in serum-containing media. Shown cell nucleus (DAPI-labeled, blue), nanoparticles (FITC-labeled, 

green) and p65 (Alexa-568-labeled anti-p65 antibody, red). The white arrows indicate cells with 

predominantly cytoplasmic distribution of NF-κB p65. 
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Figure 4 

 

Figure 4.  Cell cycle analyses of Raw 264.7 cells after treatmetns with various types of MSN@PEG for 

4 h in serum-containing media. The graphs are representatives of the three independent experiments, 

each with similar results. The concentration of PQ and nanoparticles are 0.5 mM and 200 µg mL
-1

, 

respectively.  
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Figure 5 

 

Figure 5. Optical images of embryonic zebrafish observed after exposure to nanoparticles for (a-f) 5 h, 

i.e. at 25 hpf stage; (g, h) 96 h, i.e. at 4 dpf stage. (a) Control; (b) 50 µg mL
-1

 of wn-R-MSN@PEG; (c) 

50 µg mL
-1

 of sn-R-MSN@PEG/THPMP; (d) 50 µg mL
-1

 of wp-R-MSN@PEG/TMAC; (e) 50 µg mL
-1

 

of sp-R-MSN@PEG/TMAC; (f,g) 100 µg mL-1 of sp-R-MSN@PEG/TMAC; (g) after sp-R-MSN@ 

PEG/TMAC treated epidermis disruption release embryo cells; (h) 100 µg mL
-1

 of wp-R-

MSN@PEG/TMAC; (i) 100 µg mL
-1

 of sn-R-MSN@PEG/THPMP. The white arrows indicate 

protonephridium. Bar: 100µm. 
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