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Abstract

Design and development of silica nanoparticles (SiO2 NPs) with a controlled degradation profile 

promises effective drug delivery with a predetermined carrier elimination profile. In this research, 

we fabricated a series of redox-responsive polysulfide-based biodegradable SiO2 NPs with low 

polydispersity and with variations in size (average diameters of 58 ± 7, 108 ± 11, 110 ± 9, 124 ± 9, 

and 332 ± 6 nm), porosity, and composition (disulfide vs tetrasulfide bonds). The degradation 

kinetics of the nanoparticles was analyzed in the presence of 8 mM glutathione (GSH), mimicking 

the intracellular reducing condition. Results indicate that porosity and core composition play the 

predominant roles in the degradation rate of these nanoparticles. The 108 nm mesoporous 

disulfide-based nanoparticles showed the highest degradation rate among all the synthesized 

nanoparticles. Transmission electron microscopy (TEM) reveals that nonporous nanoparticles 

undergo surface erosion, while porous nanoparticles undergo both surface and bulk erosion under 

reducing environment. The cytotoxicity of these nanoparticles in RAW 264.7 macrophages was 

evaluated. Results show that all these nanoparticles with the IC50 values ranging from 233 ± 42 to 

705 ± 17 μg mL−1 do not have cytotoxic effect in macrophages at concentrations less than 125 μg 

mL−1. The degradation products of these nanoparticles collected within 15 days did not show 

cytotoxicity in the same macrophage cell line after 24 h of incubation. In vitro doxorubicin (DOX) 

release was examined in 108 nm mesoporous disulfide-based nanoparticles in the absence and 

presence of 8 mM GSH. It was shown that drug release depends on intracellular reducing 
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conditions. Due to their ease of synthesis and scale up, robust structure, and the ability to control 

size, composition, release, and elimination, biodegradable SiO2 NPs provide an alternative 

platform for delivery of bioactive and imaging agents.
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INTRODUCTION

Silica nanoparticles (SiO2 NPs) have been investigated for therapeutic and imaging 

applications due to their mechanical and chemical stability and ease of synthesis and scale 

up, thereby providing the opportunity to fabricate composite materials.1–3 Extensive 

research has been performed for loading drugs and imaging agents in mesoporous SiO2 NPs 

or by attaching targeting ligands on the surface of these nanoparticles to facilitate 

localization in target tissues.4–6 Controlled release of drugs from these systems has been 

accomplished by passive release, by attaching pH-sensitive or light-activated ligands, and by 

physical capping of the nanovalves.7,8 It has been shown that factors such as size, porosity, 

surface charge, and surface functional groups can influence the biocompatibility of SiO2 

NPs.9–11 Little is known however about the influence of the long-term deposition of SiO2 

NPs in tissues, cellular compartments, and subcellular organelles. It would be desirable to 

design and develop biodegradable silica nanocarriers for controlled drug delivery, where the 

degradation rate of the nanoparticles is controlled and the degradation products are 

eliminated from the body. Studies have shown that degradable silica nanoparticles can be 

made by incorporating enzymatically breakable amide-based linkers sensitive to the 

presence of proteases.12,13 In another study, it was shown that biodegradable SiO2 NPs with 

unprecedented drug payloads could be fabricated by using enzyme-sensitive oxamide/

phenylene-based organosilica precursors.14 Furthermore, researchers have indicated the use 

of breakable disulfide-based silsesquioxane nanoparticles for in vitro two-photon imaging 

and drug delivery to cancer cells.15–17 Vivero-Escoto et al. have made degradable 

polysilsesquioxane nanoparticles using bis(trialkoxysilyl) derivatives of Gd(III) 

diethylenetriamine pentaacetate (Gd-DTPA) as efficient contrast agents for magnetic 

resonance imaging (MRI).18 Additionally, Omar et al. have shown that degradable silica 

nanovectors can be synthesized using ultralarge pores spanning from 20 to 60 nm in 

diameter with high protein loading capacity.19 These nanovectors can be degraded after 3 
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days of incubation in fetal bovine serum (FBS). However, studies to date for the preparation 

of biodegradable SiO2 NPs do not address the degradation amount and kinetics of these 

nanoparticles and how the degradation products can affect the biological environment. 

Understanding the degradation rate of biodegradable SiO2 NPs, its influence on drug release, 

and the fate of degradation products as a function of size, porosity, and composition is key 

for development of these systems for controlled drug delivery. In this study, a series of 

biodegradable nonporous and mesoporous, disulfide/tetrasulfide-based SiO2 NPs were 

synthesized under controlled reaction conditions. The influence of size, porosity, and 

composition on in vitro degradation rate of the nanoparticles in the presence of glutathione 

(GSH) was evaluated. Release of doxorubicin (DOX) as a model drug, and cellular uptake, 

co-localization, and toxicity in RAW 264.7 macrophages were investigated.

RESULTS AND DISCUSSION

Synthesis and Characterization of SiO2 NPs

In order to evaluate the effect of size, porosity, and composition on degradation kinetics, 5 

spherical nanoparticles were synthesized using hydrolysis and co-condensation of the silane 

precursors in water/ethanol mixture under basic conditions. These nanoparticles were 

approximately 60 nm mesoporous disulfide-based SiO2 NPs (designated as 60 Mesoporous 

D), 110 nm mesoporous disulfide-based SiO2 NPs (designated as 110 Mesoporous D), 110 

nm mesoporous tetrasulfide-based SiO2 NPs (designated as 110 Mesoporous T), 120 nm 

nonporous disulfide-based SiO2 NPs (designated as 120 Nonporous D), and 330 nm 

nonporous disulfide-based SiO2 NPs (designated as 330 Nonporous D). Precursors used in 

the fabrication step were: tetraethyl orthosilicate (TEOS), bis[3-(triethoxysilyl)- propyl] 

disulfide (BTESPD), and bis[3-(triethoxysilyl)propyl] tetrasulfide (BTESPT) (Scheme 1).

Fabricated nanoparticles were then characterized using transmission and scanning electron 

microscopy (TEM and SEM, respectively) for evaluation of size, size distribution, and 

morphology. TEM and SEM images of nonporous and porous nanoparticles indicate their 

spherical morphology (Figure 1). On the basis of electron microscopy images, mesoporous 

nanoparticles had average diameters of 58 ± 7, 108 ± 11, and 110 ± 9 nm (Figure 1A1,2, 

B1,2,C1,2, respectively) and nonporous nanoparticles had average diameters of 124 ± 9 and 

332 ± 6 nm (Figure 1D1,2,E1,2, respectively). As evident in both microscopy images, highly 

uniform nanoparticles were synthesized. For mesoporous nanoparticles, pores can be 

observed in the corresponding TEM micrographs (Figure 1A2,B2,C2). As the nonporous 

nanoparticles grow in size, they become more spherical in morphology with a smoother 

surface (Figure 1E2: TEM panel). Reaction parameters that affected the physicochemical 

properties of the nanoparticles were concentration of precursors, how fast the precursors 

were added (time of injection), the amount of basic catalyst, CTAB concentration, 

temperature, stirring rate, and water to ethanol ratio.

Scanning transmission electron microscopy (STEM) was used to evaluate approximate 

atomic density within the nanoparticles using energy dispersive X-ray spectrometer (EDS) 

detector since it can zoom into one nanoparticle and scan over the sufficiently diluted sample 

in a rasterized pattern with high resolution. STEM images (Figure 2A) show homogeneous 

distribution of sulfur in the nanoparticles. All the other nanoparticles had the same 
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homogeneity in the distribution of sulfur, as shown in Figure S1. The overlaying images of 

O and S elucidate that nonporous nanoparticles have higher sulfur density than mesoporous 

particles since in the fabrication of these nanoparticles we just used BTESPD precursor 

without adding TEOS. STEM spectra also confirmed this higher sulfur density in nonporous 

nanoparticles in comparison to that in mesoporous particles (Figures 2B,C and S2).

Hydrodynamic diameters of the nanoparticles were measured using dynamic light scattering 

(DLS) (Table 1). The average hydrodynamic diameters of the nanoparticles in deionized 

(DI) water were: 79 ± 2, 165 ± 2, 162 ± 8, 148 ± 4, and 367 ± 2 nm, respectively. By 

dispersing the nanoparticles in RPMI media + 10% fetal bovine serum (FBS), hydrodynamic 

diameters of all the nanoparticles increased. This may be attributed to the formation of loose 

agglomerates which were reversible due to the presence of serum proteins covering the 

surface of these nanoparticles.20 Therefore, the size of the nanoparticles may increase 

accordingly. These nanoparticles can then be easily redispersed by sonication. Zeta potential 

measurements were conducted at 25 °C and pH 7.2 (mimicking intracellular pH) in DI 

water. After dispersing the nanoparticles in DI water, negative zeta potential values of 

around −30 mV (Table 1) confirmed the presence of silanol (Si–OH) groups on the surface 

of these nanoparticles which become deprotonated (Si–O−) in aqueous milieu. Comparing 

these numbers to zeta potential values of the nanoparticles obtained in media + 10% FBS, it 

can be deduced that high ionic strength (10 800 μS)21 of RPMI media can reduce Debye 

length of the nanoparticles and hence decreases zeta potential of all the nanoparticles. The 

nanoparticles tended to precipitate within 30 min in phosphate-buffered saline (PBS). This 

may be ascribed to the hydrophobic organosilane groups (…–Si–C–C–C–S–S–C–C–C–Si–

…) embedded in the framework of these nanoparticles. After dispersing them via sonication, 

the zeta potential of the nanoparticles decreased to lower values (Table 1). However, with 

approximately similar zeta potential values in media + 10% FBS, we did not observe any 

precipitation of the nanoparticles possibly due to the existence of proteins in FBS which 

form protein corona on the surface of the nanoparticles and reduce nanoparticle–

nanoparticle interactions via steric repulsions.22

Nitrogen adsorption–desorption isotherm analyses for both nonporous and porous 

nanoparticles were conducted to investigate the Brunauer–Emmett–Teller (BET) specific 

surface area and Barrett–Joyner–Halenda (BJH) pore size distribution (Figure 3A–E). 

According to IUPAC classification of adsorption isotherms, both 60 and 110 nm disulfide-

based nanoparticles exhibited type IV adsorption isotherms attributed to “mesoporous” 

nanoparticles with average pore diameters of 1.7 and 2 nm, respectively.23 As shown in the 

corresponding isotherm plots, there is a hysteresis loop (demonstrating a narrow distribution 

of pores) which is usually related to capillary condensation in the mesopores and 

metastability of the gaseous phase at a high relative pressure (P/P0).24 The 110 nm 

tetrasulfide-based nanoparticles exhibited the same isotherm plot without having hysteresis 

at high relative pressure with an average pore diameter of 2.7 nm. This pore size difference 

may be due to the presence of longer chains including tetrasulfide (⋯–S–S–S–S–⋯) bonds 

during the formation of tetrasulfide-based nanoparticles which may alter pore diameter. Both 

120 and 330 nm disulfide-based nanoparticles exhibited type III isotherm plots related to 
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nonporous nanoparticles. Type IV isotherms usually result from stronger fluid–solid 

interactions, while type III isotherms are correlated to weaker fluid–solid interactions.25

As expected, there was a noticeable difference between surface areas of mesoporous and 

nonporous nanoparticles. Table 2 includes data for the nanoparticles’ surface area, total pore 

area, and average pore diameter of both mesoporous and nonporous nanoparticles. 120 

Nonporous D and 330 Nonporous D nanoparticles had surface areas of 24 and 21 m2 g−1, 

respectively, while for 60 Mesoporous D, 110 Mesoporous D, and 110 Mesoporous T 

nanoparticles, the surface areas were 614, 366, and 808 m2 g−1, respectively. Results (Table 

2) show that for 110 Mesoporous T nanoparticles, total pore area (313 m2 g−1) was higher 

than for the other two mesoporous nanoparticles. This is probably due to the larger pore 

diameter of tetrasulfide-based nanoparticles in comparison with disulfide-based 

nanoparticles.

X-ray diffraction (XRD) graphs (Figures 3F and S3A,B) show that the mesoporous 

nanoparticles had disordered pore structure since they did not exhibit any characteristic 

peaks at low 2θ region, and all these mesoporous nanoparticles followed almost the same 

pattern in diffracting the incident X-rays. In this pattern, typical Bragg peaks which appear 

in regular nondegradable mesoporous SiO2 NPs (such as MCM-41)26,27 due to the 

formation of ordered hexagonal pores (Figure S3E) were not observed. This phenomenon is 

observed when hybrid nanoparticles are made by two different bissilylated precursors 

leading to the formation of so-called periodic mesoporous organosilicas (PMOs).28,29 

Another reason might be the presence of longer silyl chains in both BTESPD and BTESPT 

precursors which makes the formation of hexagonally ordered pores difficult.

Thermogravimetric analyses (TGA) (Figure S4) show more weight loss for biodegradable 

nanoparticles in comparison to that for nondegradable 100 nm Stöber SiO2 NPs (designated 

as 100 Stöber). This phenomenon is related to the presence of organosilane matter (…–Si–

C–C–C–S–S–C–C–C–Si–…) in the structure of degradable nanoparticles and could be 

attributed to the calcination of these organosilane groups. In nonporous nanoparticles, 

weight loss (ca. 53% for 120 nm and 47% for 330 nm) is higher than that for mesoporous 

nanoparticles which again reflects the absence of TEOS precursor during the fabrication 

step. Weight loss at less than 100 °C resulted from the loss of moisture from the 

nanoparticles.

For obtaining information about the composition of the degradable nanoparticles, X-ray 

photoelectron spectroscopy (XPS) was performed. XPS is a quantitative spectroscopic 

method that provides the elemental composition of the nanoparticles with an approximate 

depth of analysis of 1–10 nm from the surface of the nanoparticles. A higher number of S 

atoms (as shown in atomic/mass percentages and XPS survey spectra) are incorporated in 

120 nonporous D and 330 nonporous D nanoparticles (Table S1 and Figure S5).

Fourier transform infrared (FT-IR) was conducted to confirm that the washing steps 

completely removed CTAB from the nanoparticles. On the basis of the FT-IR spectra (Figure 

S6), CTAB peaks at 2848 and 2914 cm−1 disappeared after washing the nanoparticles with 

acidic ethanol. The peaks at 1080 cm−1 could be attributed to the asymmetric vibrations of 
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Si–O–Si. The absorption band around 2940 cm−1 is due to CH2 stretching in alkyl groups. 

Additionally, weak S–S stretching frequencies can be observed at wavenumbers of about 

500 cm−1.

In Vitro Degradation

The degradation profile of the synthesized nanoparticles was studied in vitro to evaluate the 

influence of size, porosity, and composition on the rate of degradation. The experiment was 

conducted for 15 days (at 37 °C and pH 7.2) and used 8 mM (Figure 4) and 8 μM (Figures 

S7 and S8) GSH to mimic intracellular and extracellular concentration of this reductant, 

respectively. GSH is a tripeptide (L-γ-glutamyl-L-cysteinyl-glycine) with an active pendant 

thiol group. GSH has a high intracellular concentration (~2–10 mM), while the extracellular 

values are about 3 orders of magnitude lower (~1–20 μM).30–32 Results (Figure 4) indicate 

that the degradation of the mesoporous nanoparticles started from the first day. These 

nanoparticles had a much faster degradation rate than did their nonporous counterparts, most 

likely due to their higher surface area. TEM images suggest that nonporous nanoparticles 

underwent a surface erosion process while mesoporous nanoparticles underwent surface and 

bulk erosion (Figure 4). This implies that due to the higher surface area of mesoporous 

nanoparticles GSH can penetrate deeper in the pores and break S–S bonds by reducing them 

via its free thiol group. On the basis of both TEM (Figure 4) and inductively coupled plasma 

mass spectrometry (ICP-MS; Figure 5A), we did not observe any differences between the 

degradation rates of 120 Nonporous D and 330 Nonporous D nanoparticles due to a small 

difference between their surface areas (24 and 21 m2 g−1, respectively). As shown in Figure 

4, these nanoparticles broke into smaller size nanoparticles instead of being completely 

degraded. In the size range studied, size does not seem to be an important factor for the 

degradation of nonporous nanoparticles. It was observed that 60 Mesoporous D 

nanoparticles tend to agglomerate which reduce their effective exposure to GSH in solution 

(Figure S9). For 110 Mesoporous T nanoparticles, it can be assumed that the molar ratio of 

GSH to S–S–S–S bonds (containing 3 disulfide bonds) is 1:3, but this ratio is higher (1:1) in 

110 Mesoporous D nanoparticles leading to higher degradation rate of disulfide- based 

nanoparticles in comparison to tetrasulfide-based nanoparticles. However, to ensure the 

nanoparticles having comparable size (ca. 110 nm), different precursor ratios were used in 

the fabrication step. XPS analyses (Table S1) indicate that the amount of S atoms 

incorporated in 110 Mesoporous D and 110 Mesoporous T nanoparticles is 4.68 and 2.20%, 

respectively. Additionally, TGA graph (Figure S4) confirms that higher portion of 

organosilane part is incorporated in 110 Mesoporous D nanoparticles than that in 110 

Mesoporous T nanoparticles. This could decrease degradation rate of tetrasulfide-based 

nanoparticles in comparison to the same size disulfide-based nanoparticles. As indicated in 

Figure 4, the controls containing nanoparticle suspension without GSH did not show any 

degradation within the 15 day study period.

It should be noted that our degradation study was done under static conditions, while in vivo 
settings are dynamic. In the body there is an equilibrium between oxidized (GSSG) and 

reduced (GSH) glutathione via glutathione peroxidase/reductase enzymes.33 Hence, the 

degradation rate of these nanoparticles would be higher as the concentration of GSH is kept 

constant in vivo. In addition, intracellular environment contains a class of enzymes called 
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thioredoxins (Trx) which could facilitate the degradation of polysulfide-based 

nanoparticles.34

It must be noted that in some cases (for example, in 110 Mesoporous D nanoparticles) some 

nanoparticles degraded even within the first 48 h in 8 mM GSH (Figure S10). This suggests 

the number of S–S bonds existing in the nanoparticles and their spatial exposure to GSH are 

both important factors for degradation. Therefore, some nanoparticles might have more S–S 

bonds in their structure during the fabrication step and have higher degradation rate.

For quantitative evaluation of the degradation kinetics of the nanoparticles, ICP-MS was 

used (Figure 5A). In addition, we assessed degradation rate of the nanoparticles over time by 

measuring the amount of GSH consumption using ortho-phthalaldehyde (OPA) (Figure 5B). 

OPA can selectively bind to nitrogen and sulfur atoms of GSH with its aldehyde groups 

forming isoindole-GSH which is highly fluorescent at excitation/emission wavelengths of 

340/420 nm (Figure 5C).35 As a control, we suspended the regular Stöber SiNP in 8 mM 

GSH solution and observed that there was no GSH consumption within the 15 days since 

these nanoparticles do not possess any S–S bonds in their structure and they were made by 

only the TEOS precursor.

In both assays (Figure 5A,B), it was found that there were statistically significant differences 

between nonporous and mesoporous nanoparticles (Pvalue < 0.05) which clearly shows the 

influence of porosity on degradation. In addition, we measured the normalized nanoparticles 

degradation percentages over the 15 day period of study (Figure S11), and as shown, 110 

Mesoporous D had the highest amount of degradation up to 14%. For better understanding 

of the degradation kinetics of the nanoparticles, they were evaluated in DI water without 

GSH under the same conditions and constant rotation over 15 days. It was observed that 60 

Mesoporous D nanoparticles had the highest dissolution (6.31 μg mL−1) and 330 Nonporous 

D nanoparticles had the lowest dissolution (1.17 μg mL−1) after 15 days which can be 

attributed to the size and surface area of these nanoparticles (614 and 21 m2 g−1, 

respectively).

In Vitro Cytotoxicity

For evaluating cellular toxicity of the nanoparticles, we tested both the intact nanoparticles 

and their corresponding degradation products in RAW 264.7 macrophages in a wide range of 

concentration (8–1000 μg mL−1). This wide range was selected to identify both safe and 

toxic concentrations of these nanoparticles. RAW 264.7 macrophages are mouse leukemic 

macrophage-like cell lines derived from BALB/c mice with high phagocytic activity. We 

chose the RAW 264.7 cell line since they maintain many of the features of macrophages 

such as high phagocytic activity and represent the physiological scavengers when foreign 

nanoparticles are exposed in vivo. Macrophages participate in inflammatory and 

immunological processes. Our previous studies had also demonstrated that macrophages 

take up silica nanoparticles to a higher extent than other cells such as epithelial cells.36,37 

Toxicity of SiO2 NPs can occur by generation of reactive oxygen species via silanol groups 

which initiates intracellular oxidative stress, or hydrogen bonding and electrostatic 

interactions between SiO2 NPs SiOH/SiO− and proteins or phospholipids existing in cell 

membranes.38–40 Cell counting kit-8 (CCK-8) and lactate dehydrogenase (LDH) assays 
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were used for evaluating cytotoxicity. Results demonstrate that toxicity of these 

nanoparticles were all concentration-dependent (Figure 6A,B). On the basis of CCK-8 assay, 

110 Mesoporous D nanoparticle did not exhibit any toxic effect at concentrations less than 

250 μg mL−1 after 24 h of exposure (ca. 100% cell viability). The toxicity of this 

nanoparticle started at concentrations above 250 μg mL−1 in which 1000 μg mL−1 decreased 

cell viability to ca. 30%. 110 Mesoporous T nanoparticles appeared to be nontoxic at 

concentrations less than 125 μg mL−1, but above this concentration, moderate toxicity was 

observed. Cell viability decreased significantly at concentrations above 500 μg mL−1 (ca. 

25% viability). In contrast, 60 Mesoporous D decreased relative viability of the cells to ca. 

85% at concentrations of 100–125 μg mL−1, while at concentrations less than 100 μg mL−1, 

they did not affect the cells negatively. Approximately 50% of the cells died by treatment 

with 250 μg mL−1 of this nanoparticle followed by more viability reduction as a result of 

increasing the concentration to 1000 μg mL−1. For 120 Nonporous D, relative viability of the 

cells was reduced to ca. 85% at concentrations of 85–125 μg mL−1. The latter nanoparticle 

did not show toxic effects at concentrations less than 85 μg mL−1, though this nanoparticle 

was highly toxic at concentrations greater than 250 μg mL−1. LDH cytotoxicity assay 

confirmed that membrane rupture and subsequent LDH release was increased to 25% at 

concentrations greater than 125 μg mL−1 (specifically for 110 Mesoporous T, 120 

Nonporous D, and 330 Nonporous D nanoparticles). These observations confirm the 

potential utility of these nanoparticles as delivery vehicles for carrying anticancer drugs 

(e.g., for delivery, 10 mg kg−1 of DOX in mouse) or imaging agents in vivo (e.g., iron 

nanocomposites). Further studies are required to evaluate subacute toxicity, chronic toxicity, 

and genotoxicity of these nanoparticles both in vitro and in vivo.

After determining cytotoxicity of these intact nanoparticles, toxicity of degradation products 

in supernatant solution was evaluated in RAW 264.7 macrophages using CCK-8 (Figure 

6C). Electrospray ionization mass spectroscopy (ESI-MS) was used to see if we could 

identify what degradation fragments were present in supernatants (Figure S12). ESI-MS 

analyses of the precursors (Figure S12A–C) exhibited specific peaks which were related to 

the molecular weights of pure TEOS, BTESPD, and BTESPT but in the analyses of the 

degradation products, many peaks having different heights (percentages) appeared in the 

corresponding spectra (Figure S12D–H). This shows the presence of various degradation 

fragments in the supernatant solution. Supernatant solutions were directly added to RAW 

264.7 macrophages after being collected at each time point (0, 1, 4, 7, and 15 days). 

Interestingly, as demonstrated in Figure 6C, more than 85% cell viability was observed after 

24 h of incubation at all the time points. Cell death of 10–15% may be the result of alkyl 

containing silicate (SiO4
2−) groups released from the nanoparticles.

Using the CCK-8 assay, IC50 values (Table 3) spanned approximately from 233 ± 42 to 705 

± 17 μg mL−1 for 110 Mesoporous T and 110 Mesoporous D nanoparticles, respectively. 

Both IC50 and fast degradation rate of 110 Mesoporous D nanoparticles suggest that this 

nanocarrier could be a good choice for further in vivo evaluation and its potential use for 

delivery of anticancer drugs to tumor tissues via enhanced permeability and retention (EPR) 

effect.41
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In Vitro Cell Uptake, Co-Localization, and Release

Cell uptake and intracellular co-localization of the nanoparticles were evaluated using TEM 

and confocal laser scanning microscopy (CLSM), respectively (Figures 7 and 8A). For cell 

uptake, 80 μg mL−1 nanoparticles was added to RAW 264.7 macrophages incubated for 4 

and 24 h. This concentration was selected since all the nanoparticles showed no toxicity in 

RAW 264.7 macrophages at this concentration after incubation for 24 h. Results (Figure 7) 

show that the nanoparticles (especially 110 Mesoporous D and 330 Nonporous D) were 

taken up by the macrophage cells in a time-dependent pattern. This higher uptake of 110 

Mesoporous D and 330 Nonporous D nanoparticles was consistent with flow cytometry 

results for FITC-doped nanoparticles in which both larger nonporous and mesoporous 

nanoparticles were taken up more than the smaller nanoparticles (Figures S13 and S14).42 

As depicted in Figure 7, more nanoparticles were endocytosed by macrophages after 24 h of 

incubation. The internalized nanoparticles seem to be engulfed in endosomal or 

endolysosomal vacuoles. Additionally, a few nanoparticles appear to be isolated without 

vacuole encapsulation within the cytoplasm (Figure 7, green arrows). Cells without 

nanoparticle treatment were used as controls.

The intracellular fate of the nanoparticles after endocytosis was investigated using FITC-

doped nanoparticles. As presented in Figure 8A, most of the nanoparticles accumulated in 

the endolysosomal compartments and in the perinuclear regions after incubation for 24 h in 

RAW 264.7 macrophages. Regarding endolysosomal pathway, reduction of the disulfide 

bonds can also occur in endocytic compartments.43–45 The presence of gamma interferon-

inducible lysosomal thiol-reductase (GILT) enzyme in the lysosomal compartments can 

facilitate the degradation of polysulfide-based nanoparticles.46,47 This enzyme has optimal 

reductase activity at the acidic pH of lysosomes.48

Release of DOX as a model compound was evaluated from 110 Mesoporous D nanoparticles 

that showed the fastest degradation rate. Results show that there is a statistically significant 

difference between the amount of DOX released from the nanoparticles in the presence and 

absence of GSH (Figure 8B). As demonstrated, in the absence of GSH the drug is released 

from the pores, but in the presence of GSH, release occurs both from the pores as well as 

due to the degradation of the nanoparticles.

CONCLUSIONS

In this work, we have successfully synthesized and characterized highly uniform redox-

responsive polysulfide-based biodegradable silica nanoparticles with differences in size, 

porosity, and composition. We demonstrated that the mesoporous nanoparticles undergoing 

surface and bulk erosion had a higher degradation rate than nonporous nanoparticles. These 

findings were confirmed by ICP-MS and GSH-OPA assays by measuring the amount of 

silicon release and GSH consumption, respectively. According to TEM and CLSM, the 

nanoparticles were taken up by macrophages in a time-dependent manner and trapped in 

endolysosomal compartments. Results show that 110 Mesoporous D nanoparticles had a 

higher degradation rate in response to GSH with lower cytotoxicity in RAW 264.7 

macrophages. It was shown that the degradation products did not exhibit negative effects on 

cell viability within 15 days. When DOX was loaded in 110 Mesoporous D nanoparticles, a 
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greater amount of the drug was released in the presence of 8 mM GSH. Degradable silica 

nanoparticles show promise in controlled delivery of bioactive agents. The next logical steps 

are accurate characterization of the degradation products and optimizing degradation rate for 

specific delivery applications.

EXPERIMENTAL PROCEDURES

Materials

The following compounds were purchased from Sigma-Aldrich, Inc. (St. Louis, MO): 

aminopropyltriethoxysilane (APTES, ≥98.0%), cetyltrimethylammonium bromide (CTAB, 

≥99.0%), tetraethyl orthosilicate (TEOS, ≥99.0% GC), Triton X-100, sodium hydroxide 

(NaOH), bisbenzimide Hoechst No. 33342, fetal bovine serum (FBS), and glutathione 

(GSH). TrypLE, fluorescein isothiocyanate (FITC), LDH Cytotoxicity Assay Kit, and 

LysoTracker Deep Red were purchased from Thermo Fisher Scientific (Grand Island, NY). 

Bis[3-(triethoxysilyl)propyl] disulfide (BTESPD, 90.0%) and bis[3-(triethoxysilyl)propyl] 

tetrasulfide (BTESPT, ≥90.0%) were received from Gelest, Inc. (Morrisville, PA). 

Doxorubicin hydrochloride salt (DOX, >99.0%) was acquired from LC Laboratories 

(Woburn, MA). ortho-Phthalaldehyde (OPA) and glutathione assay buffer were purchased 

from BioVision, Inc. (Milpitas, CA). RPMI media, hydrochloric acid (ACS-grade BDH, 

36.5–38.0%), and PBS biotechnology-grade tablets were received from VWR (Radnor, PA). 

Absolute ethanol (200 proof) and ethanol 95% were purchased from Decon Laboratories, 

Inc. (King of Prussia, PA) and Fisher Science Education (Nazareth, PA), respectively. 

Trypan Blue Stain 0.4% was obtained from Invitrogen (Carlsbad, CA). Ammonium 

hydroxide (NH4OH, 28–30% as NH3) was received from EMD Millipore Corporation 

(Billerica, MA). RAW 264.7 macrophage cell line (ATCC TIB-71) was obtained from 

American Type Culture Collection (ATCC, Manassas, VA). CCK-8 cytotoxicity assay kit 

was received from Dojindo (Rockville, MD). All materials were used as received and 

without further purification.

Methods

Synthesis of Polysulfide-Based Nanoparticles—For preparing 60 nm mesoporous 

disulfide-based nanoparticles, 110 mL of DI water, 10 mL of ethanol (200 proof), 220 mg of 

CTAB, and 490 μL of sodium hydroxide (2 M) were mixed in 250 mL round-bottomed flask 

at 80 °C at a stirring rate of 500 rpm for 30 min. Then, the stirring rate was increased to 

1600 rpm, and TEOS/BTESPD mixture with the molar ratio of 4.8:1 was added. The 

reaction was left under stirring for 6 h. For fabricating 110 nm mesoporous disulfide-based 

nanoparticles, 110 mL of DI water, 10 mL of ethanol (200 proof), 220 mg of CTAB, and 900 

μL of sodium hydroxide (2 M) were mixed in 250 mL round-bottomed flask at 80 °C at a 

stirring rate of 500 rpm for 30 min. Then, the stirring rate was increased to 1400 rpm, and 

TEOS/BTESPD mixture with the molar ratio of 4.8:1 was added. The reaction was allowed 

to stir for 6 h.

For synthesizing 110 nm mesoporous tetrasulfide-based nanoparticles, 110 mL of DI water, 

10 mL of ethanol (200 proof), 220 mg of CTAB, and 900 μL of sodium hydroxide (2 M) 

were mixed in 250 mL round-bottomed flask at 80 °C at a stirring rate of 500 rpm for 30 
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min. Then, the stirring rate was increased to 1400 rpm, and TEOS/BTESPT mixture with the 

molar ratio of 6.6:1 was added. The reaction was left under stirring for 6 h. After synthesis, 

all mesoporous nanoparticles were washed thoroughly with water and ethanol for several 

times. CTAB was removed by suspending the nanoparticles in acidic ethanol (1 mL of HCl 

36.5% in 30 mL of ethanol 100%) and kept under reflux at 80 °C for 6 h. The nanoparticles 

were then washed thoroughly with water/ethanol 95% mixture, precipitated by 

centrifugation using Sorvall RC-5B Refrigerated Superspeed Centrifuge (Du Pont 

Instruments Ltd., Wilmington, DE) at 18 000 rpm for 15 min, and stored in ethanol for 

further use.

Nonporous nanoparticles were synthesized as follows: For 120 nm nanoparticles, 10 mL of 

DI water, 4 mL of ethanol (200 proof), 64 mg of CTAB, and 18 μL of sodium hydroxide (2 

M) were mixed in 25 mL round-bottomed flask at 40 °C at a stirring rate of 500 rpm for 30 

min. Then, the stirring rate was increased to 1600 rpm, and 240 μL of BTESPD (diluted in 

ethanol 1:3) was added dropwise. The reaction was allowed to stir for 4 h. For 330 nm, 10 

mL of DI water, 4 mL of ethanol (200 proof), 32 mg of CTAB, and 25 μL of sodium 

hydroxide (2 M) were mixed in 25 mL round-bottomed flask at 40 °C at stirring rate of 500 

rpm for 30 min. Afterward, the stirring rate was increased to 1400 rpm, and 240 μL of 

BTESPD (diluted in ethanol 1:1) was added dropwise. The reaction was left under stirring 

for 4 h. Nanoparticles were then washed extensively with water/ethanol 95% mixture, 

collected by centrifugation at 18 000 rpm for 15 min, and stored in ethanol for further use.

For the synthesis of nondegradable Stöber nanoparticles, 100 mL of ethanol (200 proof), 2.8 

mL of DI water, and 3.6 mL of ammonium hydroxide were mixed at room temperature and 

stirred at 400 rpm for 10 min. Afterward, 3.5 mL of TEOS was added dropwise and the 

reaction was left under stirring for 24 h. The product was washed twice with water/ethanol 

95% mixture, collected by centrifugation at 18 000 rpm for 15 min, and stored in ethanol for 

further use.

For the fabrication of nondegradable mesoporous nanoparticles, 200 mg of CTAB was 

dissolved in 70 mL of DI water, and 5 mL of ammonium hydroxide was added to the 

mixture. The mixture was stirred at room temperature for 1 h at 300 rpm. 4.8 mL of TEOS 

was then added dropwise under stirring at 300 rpm and left stirring for 4 h. The product was 

washed thrice with water/ethanol 95% mixture, suspended in acidic ethanol (1 mL of HCl 

36.5% in 30 mL of ethanol 100%), and heated to 80 °C under reflux for 6 h to remove the 

surfactant.

Physicochemical Characterization of Nanoparticles—Morphology and size of the 

nanoparticles was explored by electron microscopy methods. Transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM) images were taken by FEI 

Tecnai 12 transmission electron microscope (Hillsboro, OR) operating at 120 kV and FEI 

Quanta 600F scanning electron microscope (Hillsboro, OR) operating at 20 kV, respectively. 

X-ray diffraction (XRD) patterns of all nanoparticles were investigated on a Bruker D2 

Phaser X-ray diffractometer (Bruker AXS, Madison, WI) using Cu Kα radiation (λ = 

0.1542 nm) at 45 kV and 40 mA. The XRD spectra were recorded at a scanning speed of 

0.01°/s, with a step size of 0.02° in a 2θ scattering angle and in a range of 0–8. Fourier 
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transform infrared (FT-IR) spectra were obtained on a Varian 3100 FT-IR Excalibur Series 

Spectrometer (Randolph, MA) with attenuated total reflectance mode to confirm complete 

removal of the surfactant (CTAB). Hydrodynamic diameter and zeta potential measurements 

were conducted by dynamic light scattering (DLS) in a Malvern Instruments Zetasizer Nano 

ZS (Malvern Instruments Ltd., Worcestershire, U.K.). Measurements were performed in 

triplicate. Nitrogen adsorption–desorption isotherm analyses were performed at −196 °C on 

a Micromeritics ASAP 2020 (Norcross, GA) for measuring surface area and pore size. All 

samples were dried at 100 °C overnight prior to analysis. Pore volume and pore size 

distributions were obtained from an adsorption branch by using the Barrett–Joyner–Halenda 

(BJH) method. The Brunauer–Emmett–Teller (BET) specific surface areas were measured 

via adsorption data at P/P0 = 0.05–0.20. Scanning transmission electron microscopy (STEM) 

images and spectra of the nanoparticles were acquired on JEOL JEM-2800 (Akishima, 

Tokyo, Japan) scanning transmission electron microscope with dual energy dispersive X-ray 

spectrometer (EDS) detectors at an electron beam energy of 200 kV. Sample preparation was 

done by drop casting the nanoparticles on a carbon coated TEM grid. X-ray photoelectron 

spectroscopy (XPS) analyses of the nanoparticles were performed by Axis Ultra DLD 

instrument (Kratos Analytical, Manchester, UK). For analyses, the samples were mounted 

on a C tape and pumped overnight in the load lock before introduction into the analysis 

chamber. A mono Al source was employed. Survey scans were collected with a pass energy 

of 160 eV, step size of 1 eV, and dwell time of 200 ms. High-resolution region scans were 

collected with a pass energy of 40 eV, 0.1 eV step size, and 400 ms dwell time. Data were 

processed using CASA XPS software. Thermogravimetric analyses (TGA) were performed 

using a TA Instruments hi-resolution TGA 2950 Thermogravimetric Analyzer (New Castle, 

DE). All TGA experiments were performed under N2 atmosphere from 35 to 800 °C at a 

heating rate of 20 °C/min.

Degradation Studies—Degradation of all the synthesized nanoparticles (80 μg mL−1) 

was evaluated mimicking intracellular and extracellular GSH concentrations (8 mM and 8 

μM, respectively) in DI water at 37 °C under constant rotation at 18 rpm using ProBlot 100 

hybridization incubator. At predetermined times points (0, 1, 4, 7, and 15 days), samples 

were collected for TEM, ICP-MS, ESI-MS, and OPA analyses. For TEM, water suspensions 

containing nanoparticles were drop-cast onto Formvar coated Cu grids and allowed to dry 

prior to visualization using FEI Tecnai T12 operating at 120 kV.

For ICP-MS, an Agilent 7500ce ICP-MS instrument (Santa Clara, CA) was used. Aliquots 

of the reaction suspensions (1 mL each) were collected and stored in 1.5 mL centrifuge 

tubes followed by centrifugation (Centrifuge 5415 D Eppendorf, Hauppauge, NY) at 13 000 

rpm for 15 min. Then, 600 μL of the supernatants were collected, transferred into new 1.5 

mL vials, centrifuged at 13 000 rpm for 15 min, and 400 μL of supernatants were collected 

again to ensure that there were no nanoparticles left in the supernatants. Aliquots of the 

samples were then taken (200 μL) and diluted to 2 mL with ultrapure water. Finally, 20 uL 

of cesium internal standard was added as an instrumental control. Silicon assays were 

performed in triplicate.

For ESI-MS analyses, supernatants containing degradation products were diluted in 

methanol and analyzed by Waters ACQUITY TQ Detector (Waters Corporation, Milford, 

Moghaddam et al. Page 12

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MA) mass spectrometer. The instrument operated in electrospray positive ion mode. The ion 

source temperature was set at 150 °C and the desolvation temperature was 350 °C. The cone 

and the capillary voltages were 3 V and 3 kV, respectively.

For OPA study, 10 μL of the collected samples were mixed with 10 μL OPA solution and 

180 μL buffer. The fluorescence was then measured at excitation/emission wavelength of 

340/420 nm using SpectraMax M2 (Molecular Devices, Sunnyvale, CA) microplate reader. 

Measurements were conducted in triplicate.

Cytotoxicity Assays—Cytotoxicity of the intact nanoparticles was tested on RAW 264.7 

macrophages. Cells were cultured at 37 °C in 5% CO2 in RPMI with 10% FBS. Then, the 

cells were stained using Trypan Blue Stain 0.4% and read by Invitrogen Countessautomated 

cell counter (Thermo Fisher Scientific Corporation, Grand Island, NY). For the cytotoxicity 

evaluation, cells were seeded onto 96-well plates with the density of 6000 cells/well and 

allowed to grow for 24 h. After 24 h, the media was replaced, and the cells were washed 

with PBS. Fresh media containing 10% FBS was then added with varying nanoparticle 

concentrations ranging from 8 to 1000 μg mL−1. Wells with media and Triton X-100 

(without nanoparticles) were utilized as negative and positive controls, respectively. The 

cells were then incubated for 24 h, the media aspirated, and the cells washed twice with 

PBS. Cell viability was measured using CCK-8 cytotoxicity assay kit according to an 

established protocol, and absorbance was measured at 450 nm with SpectraMax M2 

microplate reader. For membrane integrity test, LDH Cytotoxicity Assay Kit was used 

according to the manufacturer’s protocol. Assays were performed in triplicate.

For investigating cell toxicity of degradation products, collected supernatants at different 

time points were added to 96-well plates (50 μL of supernatant + 100 μL of media 

containing 10% FBS). As previously mentioned, cells were incubated for 24 h at 37 °C in 

5% CO2 followed by aspirating the media and washing the cells twice with PBS. Cell 

viability was measured with CCK-8 cytotoxicity assay kit at 450 nm using SpectraMax M2 

microplate reader. Experiments were performed in triplicate.

Cell Uptake via TEM—Uptake of the nanoparticles by RAW 264.7 macrophages were 

investigated using TEM. Cells were grown on ACLAR sheets in 6-well plates (180 000 

cells/well) and treated with 80 μg mL−1 of nanoparticles. Controls were treated by media 

containing 10% FBS. After incubation for 4 and 24 h at 37 °C in 5% CO2, cells were 

washed 3 times with PBS. One mL of fixing solution (2.5% glutaraldehyde + 1.0% 

paraformaldehyde) was added to the cells, and the mixture was incubated at room 

temperature for 30 min followed by 4 °C overnight. Ultrathin sections of control and treated 

cells were imaged by FEI Tecnai T12 operating at 120 kV.

Co-Localization via Confocal Laser Scanning Microscopy (CLSM)—To evaluate 

the co-localization of the nanoparticles, CLSM was employed and images were obtained by 

Olympus FluoView FV1000 confocal microscope (Olympus Corporation, Shinjuku, Tokyo, 

Japan) at 60× magnification. FITC-doped nanoparticles were synthesized by the following 

procedure: First, 1.7 mg of FITC and 9 μL of APTES were mixed in 5 mL of ethanol (200 

proof) and stirred for 30 min. Then, known amounts (the same as what we used for 
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fabricating intact nanoparticles) of BTESPD (for nonporous nanoparticles), TEOS/BTESPD 

(for mesoporous disulfide-based nanoparticles), and TEOS/BTESPT (for mesoporous 

tetrasulfide-based nanoparticles) were added to this solution. In another flask CTAB, sodium 

hydroxide, ethanol (200 proof), and water were mixed together with amounts similar to what 

was mentioned in the “Synthesis of Polysulfide-Based Nanoparticles” section. Finally, the 

solution containing silane sources was added to this flask, kept under vigorous stirring for 6 

h, and the flasks were wrapped with aluminum foil to prevent FITC from bleaching.

Two-chambered cover glasses (Lab-Tek Chambered #1.0 Borosilicate Coverglass System) 

were used for this experiment. After seeding the chambers with cells (80 000 cells/chamber), 

they were allowed to grow for 24 h at 37 °C in 5% CO2. Next, the media was removed, and 

FITC-doped nanoparticles (80 μg mL−1) were added to each chamber and incubated for 24 

h. Then, the cells were washed 3 times with PBS. LysoTracker Deep Red (50 nM) was then 

added to each chamber, and the cells were incubated for 1 h. After that, Hoechst 33342 (2 μg 

mL−1) was added to the chambers, and the cells were incubated for another 10 min. Last, the 

staining solutions were removed, and the cells were washed 3 times with PBS. The 

excitation wavelength for FITC, Hoechst, and LysoTracker Deep Red were adjusted to 495, 

350, and 647 nm, respectively.

Flow Cytometry—To quantitate the uptake of the nanoparticles by RAW 264.7 

macrophages, flow cytometry using BD FACSCanto System (BD Biosciences, San Jose, 

CA) was used. 180 000 cells/well were seeded onto 6-well plates and incubated for 24 h at 

37 °C in 5% CO2. Then, the media was removed, and FITC-doped nanoparticles (80 μg 

mL−1) were added to each chamber and incubated for 24 h. Control wells were treated with 

the same volume of media. Afterward, cells were washed 3 times with cold PBS followed by 

addition of 600 μL of TrypLE and incubation for 5 min. The cells were then centrifuged at 

2500 rpm for 5 min and washed with cold PBS. Finally, the cells were resuspended in cold 

PBS + 2% FBS prior to analysis. Measurements were performed in triplicate.

Drug Loading and Release—110 Mesoporous D was selected as model degradable 

nanoparticle for release study. A known concentration of DOX was mixed with 110 

Mesoporous D and allowed to stir for 24 h at room temperature. Afterward, the 

nanoparticles were removed by centrifugation at 13 000 rpm for 15 min and washed 3 times 

with DI water for removing the unbound trapped drug within the nanoparticles. Then, DOX-

loaded nanoparticles were dispersed in DI water (pH 6.5) containing 8 mM GSH. Vials 

without GSH were used as control. Subsequently, the suspension was kept under constant 

stirring at 37 °C. Equal aliquots were taken out at specific time points, centrifuged at 13 000 

rpm for 15 min, and the supernatants used to measure the amount of the released drug with 

excitation wavelength at 480 nm. The concentrations were all determined using DOX 

standard curve. Measurements were performed in triplicate.

Statistical Analysis—Data are expressed as mean ± standard deviations (SD) for at least 

three separate experiments. The difference between multiple groups was analyzed by 

ANOVA. For comparison between two groups, Student’s t test was used. The difference 

compared to control was considered significant at Pvalue < 0.05.
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Figure 1. 
TEM (top) and SEM (bottom) images of the nanoparticles at two magnifications. 

Nanoparticles from left to right: (A1, A2) 60 Mesoporous D; (B1, B2) 110 Mesoporous D; 

(C1, C2) 110 Mesoporous T; (D1, D2) 120 Nonporous D; and (E1, E2) 330 Nonporous D. 

Both TEM and SEM images indicate that highly uniform nanoparticles with low 

polydispersity were synthesized. On the basis of the images, nonporous nanoparticles had 

denser structure, with a smoother surface in larger nanoparticles.
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Figure 2. 
(A) STEM images; (B) and (C) STEM spectra for 110 Mesoporous D and 120 Nonporous D 

nanoparticles. The images show homogeneous distribution of sulfur in both nanoparticles. 

Spectra confirm that nonporous nanoparticles have higher sulfur density than mesoporous 

nanoparticles.

Moghaddam et al. Page 19

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Nitrogen adsorption–desorption isotherms: (A) 60 Mesoporous D; (B) 110 Mesoporous D; 

(C) 110 Mesoporous T; (D) 120 Nonporous D; and (E) 330 Nonporous D. On the basis of 

IUPAC classification, isotherms in A–C indicate mesoporous structure, while those in D and 

E are associated with nonporous structure. Green insets are pore diameter distribution plots 

for each nanoparticle in angstrom. (F) XRD graph of 110 Mesoporous D nanoparticles does 

not show the typical Bragg peaks and confirms the disordered pore structure of these 

nanoparticles.
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Figure 4. 
In vitro degradation of the nanoparticles under 8 mM GSH at 37 °C and pH 7.2. For 

mesoporous nanoparticles, surface and bulk erosion started fromat day 1, followed by higher 

degradation after day 15 due to high surface area. Nonporous nanoparticles showed surface 

erosion within 15 days. As evident in control images, degradation of these nanoparticles was 

not observable in the absence of GSH after 15 days.
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Figure 5. 
Degradation kinetics of the nanoparticles: (A) On the basis of ICP-MS, mesoporous 

nanoparticles degraded faster than nonporous nanoparticles, and (B) OPA-GSH assay 

confirms more consumption of GSH in mesoporous nanoparticles than in nonporous 

nanoparticles. (C) Schematic of the reaction between GSH and OPA. OPA with two 

aldehyde groups can bind selectively to sulfur and nitrogen atoms in GSH leading to the 

formation of isoindole ring in GSH. The latter compound has fluorescence at excitation/

emission wavelengths of 340/420 nm. (D) Nanoparticle dissolution after 15 days in DI water 

without GSH. Data are mean ± SD (n = 3). **, data are statistically different.
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Figure 6. 
(A) Cytotoxicity and (B) membrane integrity evaluation of the degradable nanoparticles 

after 24 h of incubation in RAW 264.7 macrophages via CCK-8 and LDH assays, 

respectively. Both assays confirm the concentration-dependent toxicity of these 

nanoparticles. (C) Cytotoxicity evaluation of the degradation products collected at different 

time points using CCK-8 assay. Results indicate more than 85% cell viability over the 15 

day period of study. Data are mean ± SD (n = 3).
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Figure 7. 
Cell uptake observed by TEM after 4 and 24 h of incubation of 80 μg mL−1 nanoparticles in 

RAW 264.7 macrophages. Nanoparticles were taken up in a time-dependent pattern and 

trapped in endosomal vacuoles. A few larger nanoparticles (especially 330 nm shown as 

green arrows) were isolated as individual nanoparticles.
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Figure 8. 
(A) CLSM images showing co-localization of 80 μg mL−1 nanoparticles after 24 h of 

incubation in RAW 264.7 macrophages. Nuclei were stained in blue with Hoechst 33342 

dye. Nanoparticles appear with the green fluorescence of FITC. Lysosomes were stained in 

red via LysoTracker Deep Red dye. As shown, nanoparticles accumulated in the 

endolysosomal compartments and in the perinuclear regions. (B) DOX release from 110 

Mesoporous D nanoparticles. The amount of release in the presence of GSH was 
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significantly higher than that in the absence of GSH. Data are mean ± SD (n = 3). ***, 

statistically significant difference between the two study groups (Pvalue < 0.001).
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Scheme 1. TEM Images of Nanoparticles and Structures of Precursorsa

aTop panel: representative transmission electron microscopy (TEM) images of the 

degradable nanoparticles. Bottom panel: precursors used to fabricate the nanoparticles. 

Mesoporous nanoparticles were synthesized using the combination of two precursors (TEOS 

and BTESPD for the fabrication of disulfide-based nanoparticles; TEOS and BTESPT for 

the fabrication of tetrasulfide-based nanoparticle), while nonporous nanoparticles were made 

by only disulfide-based precursor (BTESPD).
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Table 2

Nitrogen Adsorption–Desorption Features of the Synthesized SiO2 NPsa

nanoparticle surface area (m2 g−1) total pore area (m2 g−1) average pore diameter (nm)

60 Mesoporous D 614 215 1.7

110 Mesoporous D 366 140 2

110 Mesoporous T 808 313 2.7

120 Nonporous D 24 N/A N/A

330 Nonporous D 21 N/A N/A

a
N/A: not applicable
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Table 3

IC50 Values for the Nanoparticles Measured from CCK-8 Assay in RAW 264.7 Macrophages

nanoparticle IC50 (μg mL−1)a

60 Mesoporous D 365 ± 37

110 Mesoporous D 705 ± 17

110 Mesoporous T 233 ± 42

120 Nonporous D 343 ± 41

330 Nonporous D 220 ± 93

a
Data are mean ± SD (n = 3).
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