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which offer enormous opportunities for 
nanobiomedicine.[1–5] Among them, silica, 
which is often found in food as additives 
due to being safe for human consump-
tion, is promising as a carrier platform 
for in vivo applications. In particular, 
mobile composition of matter (MCM)-41-
type mesoporous silica powder was first 
employed as a drug (ibuprofen) carrier 
in 2001 and demonstrated an interesting 
sustained release behavior in aqueous 
solution.[6] Since then, mesoporous silica 
nanoparticles/nanospheres (MSNs) have 
been considered as one of the most pro
mising platforms for modern drug delivery 
systems owing to their well-defined 
mesopores with various pore sizes and 
structures for efficient drug loading, their 
high stability under physiological condi-
tions, the possibility of easy and versatile 
functionalization, and suitable biocompat-
ibility.[7–36] In order to adjust the pharma-
cokinetic profile, reduce off-target toxicity, 
and improve therapeutic and diagnostic 
efficacy/index, many silica-based delivery 
and/or imaging nanosystems exhibiting 

stimuli (pH, redox potential, enzyme, light, thermal, etc.)-
responsive release and active targeting properties (by introduc-
tion of a variety of ligands such as antibodies, aptamers, and 
peptides) have been developed.[7–36] The study of silica-based 
nanocarriers or nanoprobes has gradually evolved initially  
from investigations in solutions to cells, then to animal level 
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1. Introduction

1.1. Silica-Based Nanotheranostics

Nanotechnology has brought the rapid development of new 
smart functional materials built up of diverse components, 
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(e.g., mice), and finally to preclinical stage.[7–36] Excitingly, 
a type of multimodal small (size: 5–7  nm) nonporous silica 
nanoparticles (NPs) (also known as Cornell Dots (C-Dots)) was 
approved by the U.S. Food and Drug Administration (FDA) in 
2011 for the “first-in-human” clinical trial for target diagnostics 
of advanced melanoma due to specific tumor targeting imaging 
and efficient renal clearance.[37,38] For this smart design, an 
organic dye was encapsulated in the interior of a silica shell for 
fluorescent imaging, while polyethylene glycol (PEG), targeting 
peptides (cyclic arginine–glycine–aspartic acid (cRGDY)), and 
radioiodine were attached on the surface of the silica shell to 
form 124I-cRGDY-PEGylated core–shell silica NPs, for improved 
colloidal stability, enhanced tumor-selective accumulation, and 
positron emission tomography (PET) imaging, respectively. 
This success was the first use of a silica-based nanosystem for 
human diagnostics. Since then, the synthesis method of C-Dots 
has been updated from the alcohol-based modified Stöber 
strategy to a water-based synthesis method,[39] and a series of 
small fluorescent silica NPs, aluminosilicate NPs, zirconium-
89-labeled NPs, and core–shell NPs with different multiple sur-
face functional groups (even drug molecules) were created for 
further nanomedicine applications.[40–46]

Successful translation of MSN-based nanosystems from lab-
oratory research to clinical application requires comprehensive 
and systematic studies in the area of in vivo nanobiomedical 
applications. Although many designed silica-based nanosys-
tems/formulations exhibit superior therapeutic efficacy in small 
animal models, uncontrolled degradability of silica framework 
and long-term in vivo retention still cause potential risks.[7–36] 
Therefore, their biosafety has to be investigated at different 
levels from the molecule, cell, blood, tissue, and finally, to 
animal, before preclinical and clinical trials in the near future. 
The study of the biosafety, including cytotoxicity, hemocompat-
ibility, blood circulation, biodistribution, tissue penetration, in 
vivo toxic side effects, immune response, excretion, and biodeg-
radability, has recently attracted increasing attention.[7–36]

1.2. Biological Barriers and In Vivo Clearance

In order to achieve a successful targeting function of nanothera-
nostics toward diseased sites, a series of successive biological 
barriers have to be overcome, including opsonization, seques-
tration by the mononuclear phagocyte system (MPS, also known 
as reticuloendothelial system (RES), which includes liver, 
spleen, lungs, etc.), abnormal biodistribution, hemorheological 
limitations, intratumoral pressure gradients, cellular inter-
nalization, endosomal and lysosomal escape, and drug efflux 
pumps.[47–49] Therefore, the design of NPs and their param-
eters (e.g., size, shape, charge, deformability, and degradability) 
should comply with several important principles:[47] 1) NPs with 
an average size of about 100  nm generally have longer-lasting 
half-lives in the blood circulation; 2) compared to spherical 
NPs, discoidal NPs are more prone to tumbling and oscillatory 
effects in the vasculature, which greatly improves the propen-
sity of contact between NPs and the vessel/cell wall, and further 
favors NPs’ binding and adhesion to the endothelium; 3) NPs 
with neutral and negative surface charges usually show reduced 
adsorption of serum proteins compared with those with positive 

charges, thus leading to longer-circulation half-lives. However, 
after arrival at the tumor location, a responsive switch to a 
positive charge is highly desired to facilitate cellular uptake 
and subsequent endosomal escape via the proton pump 
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mechanism; 4) deformable (soft) NPs demonstrate prolonged 
circulation half-lives and reduced accumulation in the spleen 
compared with rigid NPs; and 5) NPs should remain stable 
during circulation in order to prevent premature drug leakage, 
yet have adequate degradation/dissociation kinetics for drug 
release and their clearance at the tumor sites.

Once entering into the blood stream by intravenous admini
stration, the injected NPs will be immediately surrounded 
by a complex and tightly bound layer of adsorbed biomole
cules, thus forming the “protein corona.”[50,51] The corona 
can result in the suppression of the active targeting capa-
bility, abnormal biodistribution, unexpected toxicity, and low 
theranostic efficacy.[50,51] Then, the injected NPs are prone 
to be cleared from blood circulation primarily through two 
pathways: MPS and renal clearance.[52–60] As main constitu-
ents of MPS, the Kupffer cells (KCs) of the liver and the mac-
rophages of the spleen are responsible for clearance of large 
NPs, while the kidney is capable of filtering small NPs from 
the blood (also called glomerular filtration). Spherical NPs 
with a hydrodynamic diameter (HD) of ≤6 nm can easily cross 
through glomerular capillary walls, while it is hard for NPs with  
HD ≥ 8 nm to pass through it.[53–57] For intermediate HD sizes 
of 6–8 nm, the filtration characteristics of the NPs are not only 
dependent on size, shape, and charge, but also on the plasticity 
of the material. Thus, the kidney filtration threshold is usually 
regarded as ≤6 nm. There are several limitations:[52–60] 1) prema-
ture elimination from blood circulation will stop NPs from accu-
mulating in tumor sites through the enhanced permeability and 
retention (EPR) effect; 2) severe and long-term accumulation in 
RES-related organs, such as the liver and spleen, may cause toxic 
side effects of NPs, opsonization, and organ damage/diseases; 3) 
glomerular filtration, which is dependent on size, shape and sur-
face chemistry, generally requires NPs with HD ≤ 6 nm, and the 
filtrated NPs are excreted via the renal system. For biosafety, U.S. 
FDA states that all injected contrast agents have to be completely 
cleared from the body during a reasonable amount of time.[59,60] It 
is worth noting that the EPR effect at sites of fast cancer growth is 
very important for specific tumor therapy and/or diagnosis of NP-
based nanosystems. The common explanation of EPR revolves 
around the presence of highly fenestrated tumor blood vessels 
due to structural and architectural abnormalities. New insights 
indicate that impairment of lymphatic drainage, permeability 
enhancing factors, and the role of nutritional pathways  
contribute to the EPR effect.[61]

On the basis of numerous studies dealing with the inter-
actions between engineered NPs and biological systems, the 
creation of a “stealth layer” on the surface of NPs can achieve 
steric stabilization, inhibit unspecific biomolecule adsorption, 
and prevent interactions with immune cells.[62,63] Therefore, 
this strategy may improve the colloidal stability and counter 
corona formation, and prolong blood circulation, diminish RES 
uptake, facilitate the EPR effect, and, ultimately, positively affect 
the biodistribution profiles and theranostic effects. The most 
common modification strategy is the grafting of hydrophilic 
polymers (such as PEG),[64,65] PEG derivatives,[64] zwitterionic 
ligands,[66–68] or other macromolecules, such as polysaccharides 
or peptides) on the external surface of the nanoparticles. Most 
importantly, PEG has been approved by FDA,[64] and PEGyla-
tion is always required for injection in vivo.

From an in vivo clearance standpoint, ideal nanosystems 
should not only be sufficiently stable in vivo to execute their 
function of diagnosis or/and therapy at the targeted sites, but 
also should completely exit the body after completion of their 
tasks, via the two pathways of biodegradation and/or excre-
tion, after a suitable acting time, to avoid severe and unpredict-
able toxicity risks due to long-term retention in the body.[52–60] 
Although the International Union of Pure and Applied Chem-
istry (IUPAC) defines biodegradation as the “degradation 
caused by the enzymatic process resulting from the action of 
cells,”[69] in most of the literature, both environmentally and 
biologically acceptable degradations are generally referred to 
as biodegradation.[10] In principle, only NPs with HD ≤ 6  nm 
could be directly excreted via the kidney and urine pathway. 
These quickly cleared NPs may be used in some bioimaging 
applications, but are unsuitable for drug delivery and therapy 
due to the necessity of sufficient retention time in vivo. In 
addition, for efficient loading of drugs, genes and/or proteins, 
the sizes of the constructed NP-based nanosystems are usu-
ally well above 8  nm. Thus, efficient in vivo biodegradation 
is necessary for NPs with a size larger than that of the excre-
tion threshold. Moreover, NPs have to be degraded into small  
(HD ≤ 6 nm) nontoxic components for efficient excretion. Cur-
rently, most of the approved nanosystems in human clinical 
trials are biodegradable NPs, as well as renal-clearable NPs, 
such as liposomes, polymers, micelles, lipids, albumin, Fe3O4 
NPs, and C-Dots.[52–60] In contrast, nondegradable nanoma-
terials are raising critical concerns in terms of their biosafety 
owing to their uncontrollable bioaccumulation in vivo. Gener-
ally, the absence of biodegradability restricts the approval of U.S. 
FDA and other regulatory agencies. Therefore, suitable surface 
functionalizations and intrinsic biodegradation properties of 
NPs (HD ≥ 8 nm) are prerequisites for sufficient blood circula-
tion time, tumor targeting, and efficient in vivo clearance.

1.3. Biodegradation and In Vivo Clearance of Mesoporous  
Silica Nanoparticles

Thus far, much effort has been devoted to the study of biosafety 
and the in vivo fate of silica-based nanomaterials such as MSNs, 
mesoporous organosilica NPs (MONs), their derivatives, and 
constructed nanosystems based on these as platforms. There 
are still conflicting conclusions about the biosafety of silica-
based nanomaterials, although a lot of research results indicated 
their low cytotoxicity and in vivo toxicity under relatively high 
dosage.[32–37] In addition, detailed knowledge about their in vivo 
biosafety is still insufficient and unclear, and their ultimate fate 
in vivo has not yet been fully substantiated due to the complex 
in vivo environment and high-resolution bioimaging techno-
logical obstacles. Based on the abovementioned key principles 
for the design of nanotheranostics to cross biological barriers, 
the sizes of MSNs should be controlled below 100 nm, which 
can be relatively easily achieved, but it remains difficult to syn-
thesize MSNs with discoidal shape. The surface of MSNs can 
be modified with various functional groups (e.g., PEG or zwit-
terionic ligands); however, there are only a few reports about 
responsive charge switch based on MSNs as a platform. The 
MSNs have a rigid framework built of an SiOSi network. 
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In contrast, it was recently discovered that the introduction of 
organic moieties in the framework walls of hollow MSNs with 
a thin shell could endow the particles with slight deformability 
(soft) property, which could improve cellular uptake.[70,71] MSNs 
possess a relatively stable structure compared with polymers, 
but the framework stability can thus still be regulated by intro-
ducing suitable species in the framework.

The stability/degradation of silica materials is of high signifi-
cance toward in vivo clearance, further determining biosafety 
and in vivo fate. Currently, real-time in vivo imaging observa-
tion, inductively coupled plasma optical emission spectrometry 
(ICP-OES) analysis, and transmission electron microscopy 
(TEM) observation are the main tools to detect the degrada-
tion situation. However, it is still a great challenge to achieve 
real-time monitoring of the in vivo dynamic degradation pro-
files, and accurate determination of complete degradation and 
clearance dynamics.[72] Silica is usually regarded as a rigid 
material due to the stable framework of SiOSi network. 
However, silica can slowly degrade in aqueous media because 
SiOSi bonds slowly hydrolyze into two SiOH 
units, and their degradation behaviors appear to be complex, 
depending on many factors, such as framework condensation 
degree (i.e., SiOSi and SiOH contents), particle size 
and concentration, specific surface area, pore size and texture, 
aggregation degree among MSNs, functionalization groups, 
and the presence of organic/inorganic species into the silica 
framework, solution type, temperature, etc.;[9–13,73–79] He et  al. 
reported a three-stage degradation behavior of surfactant-
extracted MCM-41-type MSNs in simulated body fluid (SBF), 
including 1) a fast degradation stage on an hour scale 1), 2) 
then a decelerated degradation stage due to the formation of 
calcium/magnesium silicate layer on the MSNs surface 2), and 
3) finally, a maintained slow diffusion stage on a dayscale 3), 
with a nearly complete degradation after a 15 day immersion 
at the particle concentration of 0.5 mg mL−1.[56] Calcined MSNs 
were found to be more resistant to degradation in physiological 
media compared with template-extracted ones. Lindén and co-
workers showed that specific surface area was the main para
meter of controlling silica dissolution rates of different MSNs 
studied.[75] Quignard et  al. reported a significant decrease in 
the size of fluorescent nonporous fluorescein isothiocyanate 
(FITC)–SiO2 NPs located in endocytic vesicles after 14 days, on 
the basis of TEM observation, and the dissolution process was 
proved by both the detected colloidal and soluble silica species 
in the cell culture medium.[77] Several research groups found 
that PEG-modified MSNs exhibited a slower degradation rate 
than their unmodified counterparts.[78,79] In addition, compared 
with MSNs with SiOSi siloxane frameworks, porous 
silicon with crystalline network usually shows more rapid dis-
solution into silicic acid by successive hydrolysis reactions, and 
is regarded as being biodegradable in vivo.[10,80–82] In particular, 
the excellent biodegradation and biocompatibility of lumines-
cent porous silicon NPs have boosted many applications for 
cargo delivery and near-infrared fluorescent bioimaging, and 
even resulted in promising results in preclinical tests.[80–82] 
However, generally, the hydrolysis reaction in aqueous environ-
ments occurs randomly at any time, thus leading to a “passive” 
uncontrolled degradation, which is not the most desirable for 
in vivo application.

The in vivo stability/degradation of silica-based materials 
was also investigated, combined with critical pharmacological 
parameters, such as blood circulation and clearance half-life, 
biodistribution, and excretion. For example, the abovemen-
tioned famous multimodal C-Dots were very stable and 
reported to have blood (5.9 h), liver (65.9 h), spleen (42.3 h), 
kidneys (66 h), and tumor (73.5 h) clearance half-life (t1/2) 
values, respectively.[38] Nearly half and about 72% was excreted 
within the first 24 and 96 h, respectively, and no significant NPs 
were detected in urine after 7 days. Importantly, the excreted 
dots were found to be intact in the urine and without release of 
the encapsulated dye. These results show that their property of 
small size (HD of 124I-cRGDY-PEGylated NPs was ≈7 nm), the 
PEGylation and the nondegradation character are in favor of 
their excellent biosafety, thus entering a first-in-human clinical 
trial. Most of MSNs and MSN-based nanosystems with HD ≥ 
8 nm are resistant to degradation in vivo and are retained for 
a relatively long term.[83–89] Shi and co-workers investigated the 
effects of particle sizes (80, 120, 200, and 360 nm) and PEGyla-
tion of spherical MSNs toward urinary excretion by tail-vein 
injection in Institute of Cancer Research (ICR) mice,[84] and 
found that the PEGylated MSNs (PEG-MSNs) with smaller 
particle size demonstrated longer blood circulation lifetime, 
escaped more easily from capture by liver, spleen, and lung 
tissues; had slower degradation rates; and correspondingly, 
showed a lower excreted amount of degraded products in the 
urine (Figure 1). In this case, MSNs and PEG–MSNs were still 
detected in the liver and spleen after 1 month of injection.[84] 
These studies revealed that silica NPs with larger than 100 nm 
size could be rapidly excreted through renal and hepatic routes 
in the urines and feces containing either intact MSNs or par-
tially degraded products. However, the excretion mechanism is 
still unclear and needs to be studied further.

In vivo biodegradation of silica-based materials also has a sig-
nificant effect on tolerance threshold and thus dosage.[90–93] In 
their early research work, Tang and co-workers systematically 
investigated single and repeated dose toxicity, and clearance 
of rattle-type hollow MSNs (HMSNs, particle size: 110  nm) 
without any modification in ICR mice.[90] It was found that 
lethal dose 50 (LD50) of HMSNs was higher than 1000 mg kg−1  
for single dose toxicity, while further repeated dose toxicity 
studies indicated no death when mice were injected with 
HMSNs at 20, 40, and 80  mg kg−1 by continuous intrave-
nous administration over 14 days. In addition, these HMSNs 
mainly accumulated in mononuclear phagocytic cells in liver 
and spleen, and their entire clearance time required more than  
4 weeks. They also discovered that continuous intraperitoneal 
injection of these HMSNs increased liver injury markers in 
serum, and induced silicotic nodular-like lesions in liver with 
a dose-dependent manner.[91] The possible mechanism was 
ascribed to the KC-initiated lesions. Specifically, HMSNs were 
taken up by KCs, and caused cell damage and death, and then 
HMSNs were liberated from the dead cells and subsequently 
taken up by other KCs. This recurring cycle of macrophage 
phagocytosis perpetuated the inflammatory process and ulti-
mately resulted in silicotic nodule lesions.[91]

Overall, the nondegradation behavior of small silica NPs 
(≤6  nm) may be better than noncontrollable degradation for in 
vivo bioimaging applications owing to their facilitated excretion. 
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However, for larger sizes of nondegradable silica-based nano-
materials, severe and/or long-term accumulations (complete 
clearance from the body needs a period of several days to a few 
months) in organs may induce biliary excretion and glomerular 
filtration dysfunction, and raise concerns of in vivo toxicity and 
organ diseases, such as silicosis. Possibly, a stimuli-triggered deg-
radation into nontoxic and small species (≤6 nm) may be a poten-
tial solution for efficient in vivo clearance.[94] In addition, the exact 
compositions and biosafety of the degraded products of MSNs 
with or without various functionalizations should also be system-
atically investigated. It was demonstrated that silica materials can 
be degraded into silica fragments and silicic acids including mon-
omeric silicic acid and/or different polysilicic acids with varied 
polymerization degrees under physiological conditions.[9–11] Pre-
vious reports showed that monomeric silicic acid could not bind 
to enzymes and proteins, thus could induce no cytotoxicity. On 
the other hand, the cytotoxicity of dimeric and trimeric silicic 

acids has not yet been fully elucidated, while high content of 
polysilicic acids would cause certain cytotoxicity by adsorbing and 
binding enzymes and proteins.[74,95,96] In the case of mesoporous 
materials, Shi and co-workers reported that the biodegraded 
products of the extracted MSNs (particle size: 420  nm; without 
any modification) had no toxicity to both COS-7 cells and MDA-
MB-468 cells over a broad concentration range of biodegraded 
products from ≈26 to 76 µg mL−1.[74] In conclusion, in vivo bio-
degradation of silica-based nanosystems may solve the problem 
of long-term retention; however, the biosafety of their resulting 
biodegraded products then becomes another major concern.

1.4. Intracellular Reductive Microenvironment

Compared to the chemically inert properties and the “passive” 
uncontrolled slow hydrolysis of pure silica materials, a precise 

Adv. Funct. Mater. 2018, 28, 1707325

Figure 1.  TEM images of PEG–MSNs with different particle sizes: a) PEG–MSNs-80  nm, b) PEG–MSNs-120  nm, c) PEG–MSNs-200  nm, and  
d) PEG–MSNs-360  nm. Fluorescence images of heart, liver, spleen, lung, and kidney tissue slices from ICR mice injected with e) MSNs-80  nm 
and f) PEG–MSNs-80 nm. g) Excretion percentages of the degradation products of MSNs and PEG–MSNs of different particle sizes (80, 120, 200, and 
360 nm) in urine of ICR mice up to 1 month after tail intravenous injection. Reproduced with permission.[84] Copyright 2011, Wiley-VCH.
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control over the degradation of silica-based NPs is highly neces-
sary and desirable. Efforts have thus been devoted to develop 
stimuli-triggered degradable theranostic nanosystems that can 
recognize specific microenvironments.[9–13] To achieve tumor 
microenvironment (pH, redox, enzyme, etc.)-triggered biodeg-
radation of silica-based materials, scientists regulated the struc-
tural stability of the silica framework by introducing various 
organic/inorganic moieties into the framework walls, such as 
methylene (CH2), ethylene (CH2CH2), ethenylene 
(CHCH), phenylene (C6H4), bis(propyl)disulfide 
(thioether) ((CH2)3SS(CH2)3), bis(propyl)tetrasulfide 
(thioether) ((CH2)3SSSS(CH2)3), and metal cations 
(e.g., Ca, Fe, Mn, Al, and Zr).[9–13] Note that MONs with these 
organo-bridged silsesquioxane frameworks are abbreviated 
to “methane-, ethane-, ethene-, benzene, or disulfide-bridged 
MONs, for convenience. Among the different functions, 
the disulfide bond is relatively stable in a mild oxidizing 

environment (e.g., oxygen gas and blood stream) and under 
physiological pH conditions; however, it is sensitive to the 
disulfide–thiol exchange reaction. Thus, the integration of the 
cleavable disulfide bond in the framework was seen as a prom-
ising way to realize intracellular redox-responsive biodegrada-
tion along with the release of the loaded cargos (Figure 2).[97–102] 
The redox potential results from the huge concentration differ-
ence of glutathione (GSH, a tripeptide containing a reducing 
thiol) between intracellular (≈(2–10) × 10−3 m) and extracellular 
(≈(2–20) × 10−6 m) microenvironments.[97–102] More importantly, 
the GSH concentration in a few cancer cells was observed to 
be several times higher than that in normal cells,[103] which 
may be used for specific cancer treatment. GSH/oxidized GSH 
(glutathione disulfide, GSSG), which is a major redox couple 
in animal cells, determines the antioxidative capacity. Gener-
ally, once GSH is oxidized, the intracellular GSH reductase/
thioredoxin can reduce it back to maintain high intracellular 

Adv. Funct. Mater. 2018, 28, 1707325

Figure 2.  a) Possible molecular structure of disulfide-bridged silsesquioxane framework, which may show “active” redox-triggered biodegradability in 
intracellular microenvironment of cancer cells compared with “passive” uncontrolled biodegradability of pure SiOSi framework by hydrolytic 
reaction. Schematic illustration of b) synthesized hybrid NPs with disulfide-bridged silsesquioxane framework, but with different sulfur (S) contents 
and structures including solid, mesopores, center-radial pores, hollow, yolk–shell, and core–shell, and c) further functionalization and cargo loading, 
blood transport, tumor accumulation, cellular uptake, GSH-triggered degradation along with cargo release, and the intracellular clearance of degraded 
product for improved anticancer drug delivery and efficient in vivo clearance.
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GSH concentration.[97–102] In healthy animal cells and tissues, 
over 90% of the total GSH/GSSG pool is under the form of 
reductive GSH. In addition, it should be pointed out that endo-
somal and lysosomal compartments are also redox active due 
to the presence of gamma interferon-inducible lysosomal thiol 
reductase and cysteine in endosomes, and Fe2+ and cysteine in 
lysosomes.[104,105] Therefore, GSH has been regarded as a prom-
ising intracellular stimulus in living cells, especially cancer 
cells, to realize intracellular responsive degradation, drug 
release, bioimaging, and detection.[97–102] Since the disulfide 
bond was introduced into drugs, polymers, and micelles, it has 
been extensively applied to construct various nanotheranostic 
systems based on various components,[97–102] which are stable 
in the blood circulation and tumor tissues, but show intracel-
lular responsive cleavage properties after entering into tumor 
cells. For silica-based nanosystems, the early studies mainly 
focused on the design and synthesis of pore blockers on the 
particle surface and drug linkage on the pore walls by using the 
disulfide bond as a responsive linker.[99]

The introduction of disulfide bond in the silica framework 
has become a subject of great interest because the high intracel-
lular GSH concentration can trigger the redox breakage of the 
SS bond in disulfide-bridged silsesquioxane framework, 
which can further accelerate the hydrolysis of SiOSi 
bonds within the silica framework, thus achieving the fast bio-
degradation of hybrid NPs along with GSH-triggered release of 
the loaded cargos (Figure 2). Most importantly, it may solve the 
problem of uncontrollable and difficult biodegradation of the 
silica-based nanomaterials with HD ≥ 8 nm. Once nanosystems 
with a disulfide-bridged silsesquioxane framework were taken 
up by tumor cells via passive or active targeting, the disulfide 
bonds in the silica matrix may be reduced by intracellular GSH, 
enabling triggered biodegradation of the nanocarriers into frag-
mented residues for rapid clearance. In spite of the significance 
for promising applications in vivo, only a few reviews focused 
on the tailored synthesis and redox-triggered intracellular bio-
degradability of silica-based nanomaterials with a disulfide-
bridged silsesquioxane framework.[10–12] Therefore, the present 
review article aims to provide a summary of the recent research 
progress on this topic, and it is organized as follows: design 
synthesis of hybrid nanomaterials with disulfide-bridged silses-
quioxane framework, redox-triggered degradability and cargo 
release, biocompatibility, and nanobiomedical applications.

2. Controlled Synthesis of Hybrid Nanomaterials 
with Disulfide-Bridged Silsesquioxane 
Frameworks

The formation of a disulfide-bridged silsesquioxane framework 
is generally achieved by co-condensation of tetraethoxysilane 
(TEOS)/tetramethoxysilane (TMOS) and one or more bis- or 
multibridged organosilica precursor(s) containing disulfide 
bonds (Figure 3), based on sol–gel-type chemistry. Up to now, 
commercially available bridged silanes containing disulfide 
bonds were only of two kinds: 1) bis(triethoxysilyl propyl) 
disulfide (BTEPDS, (H5C2O)3Si(CH2)3SS(CH2)3
Si(OC2H5)3) or bis(trimethoxysilyl propyl) disulfide (BTMPDS,  

(H3CO)3Si(CH2)3SS(CH2)3Si(OCH3)3) and 2) bis(3-
triethoxysilyl propyl) tetrasulfide (BTEPTS, (H5C2O)3Si
(CH2)3SSSS(CH2)3Si(OC2H5)3) (Figure 3a,b). Other 
bridged silanes containing disulfide bonds are synthesized 
by smart molecular design, as shown in Figure 3c–h.[106–111] 
In the case of MONs with the different bridged groups of 
“(CH2)3S2(CH2)3”, “(CH2)3S4(CH2)3”, or other 
groups with disulfide bond in Figure 3, we abbreviate them into 
disulfide-bridged MONs. Due to the existence of a relatively 
hydrophobic (CH2)3S4 (or S2)(CH2)3 chain, BTEPTS 
(or BTEPDS), exhibiting light yellow color, has slightly slower 
hydrolysis and condensation rates compared to TEOS, and this 
will, to a certain degree, affect the cooperative self-assembly 
process with the structure-directing agent. Generally, TEOS 
and disulfide-bridged organosilane should be premixed before 
addition into the reaction medium. Since the first inclusion of 
disulfide bonds into the framework of mesoporous silicas in 
2003,[112] scientists have successfully synthesized various orga-
nosilica materials or nanocomposites comprising a disulfide-
bridged silsesquioxane framework, with different sulfur 
(S) contents and a variety of possible morphologies, which 
include irregular and regular systems, e.g., solid/nonporous, 
mesoporous, center-radial pores, and hollow, yolk–shell, core–
shell structures. For the characterization of disulfide bond, 
Raman spectroscopy is a sensitive tool used to detect SS. 
ICP-OES can assess S content, and energy dispersive X-ray 
(EDX) element mapping can reveal the S distribution in the 
materials.

2.1. Disulfide-Bridged Mesoporous Organosilicas with Irregular 
Particle Morphologies

The formation of mesopores is mainly achieved by employing 
triblock copolymer poly(ethylene oxide)20–poly(propylene 
oxide)70–poly(ethylene oxide)20 (EO20PO70EO20, P123, 
Ma = 5800)[112–121] or the cationic surfactant cetyltrimethylam-
monium bromide (CTAB)/cetyltriethylammonium bromide 
(CTEAB)[122,123] as templates, as compiled in Table 1. For 
the P123 template, Zhang et  al. reported the first synthesis 
of ordered mesoporous organic–inorganic composites with 
disulfide-bridged organosilica framework by one-step co-con-
densation of BTEPTS and TEOS, in order to generate mate-
rials for Hg2+ adsorption with high selectivity and capacity.[112] 
By regulating the BTEPTS content from 0 to 15 at%,  
the S content increased from 0 to 14.1 wt%; however, at high 
BTEPTS content, the mesopore order suffered from some 
disturbance, the pore diameter decreased, and the pore size 
distribution became wider. Mehdi and co-workers synthe-
sized mesoporous organosilica materials with disulfide-
bridged organosilica framework and aminopropyl-modified 
pore walls via one-pot sequential co-condensation reaction 
of TEOS/BTMPDS/3-tertbutyloxycarbonyl (aminopropyl)
trimethoxysilane (TBCATMS) = 10:1:1.[113] Nevertheless, 
instead of p6mm ordered mesopores, disordered wormlike 
mesopores were formed due to introduction of the organosi-
lanes. In order to obtain ordered mesopores, the authors 
designed and synthesized a bis-silylated precursor containing 
a more hydrophilic disulfide unit (Figure 3d) than BTMPDS 

Adv. Funct. Mater. 2018, 28, 1707325
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with (CH2)3SS(CH2)3 group, and 
achieved the synthesis of disulfide-bridged 
organosilica materials with a well-structured 
2D hexagonal mesopore under a wide range 
of molar ratios of TEOS/bridged silane 
from 30:1 to 10:1.[114] Liu et  al. observed 
mesophase transformations from a highly 
ordered 2D hexagonal structure, then to a 
vesicle-like structure, and finally to a mes-
ostructured cellular foam by varying the 
molar ratio of BTEPTS/TMOS from 1/38 to 
1/3 during the synthesis of disulfide-bridged 
mesoporous organosilicas.[115,116] Hao et  al. 
found that the addition of Zn2+ facilitated 
well-ordered hexagonal (p6mm) mesoporous 
organosilicas with a high content of bridged 
disulfide bonds via tuning the BTEPTS/
TEOS molar ratio from 5% to 20%.[117] How-
ever, a ratio over 20 at% resulted in the com-
plete collapse of the ordered mesostructure.

By using CTAB as a template, Liu et  al. 
synthesized disulfide-bridged mesoporous 
organosilica materials with a wide range of 
molar ratios of BTEPTS/TMOS up to 1/3.[122] 
The BTEPTS/TMOS molar ratios in the range 
of 1/8–1/3 resulted in structural defects (i.e., 
holes) in the walls of the mesochannels, and 
the highest S content was up to 20.3  wt%. 
Chiu et  al. reported the synthesis of well-
ordered cubic (Pm3n) mesoporous organo-
silicas with a high loading of disulfide groups 
using the regulation of the BTEPDS/TEOS 
molar ratio from 1/9 to 8/2 under acidic 
conditions using CTEAB as a template.[123] 
Ordered and uniform mesopores were main-
tained up to 50 mol% of BTEPDS/TEOS, 
while the cubic mesostructure completely 
collapsed when this ratio was over 60 mol%.

To summarize, generally, the increase of 
disulfide-bridged organosilane content in 
the initial premixed silanes results in the 
increase of disulfide-bridged silsesquioxane 
content in the framework; however, it also 
caused a decrease of the pore size, pore 
volume, specific surface area, and mesopore 
ordering.[112–123] The structural change is 
attributed to the fact that the high content of 
disulfide-bridged organosilane with a hydro-
phobic chain interacts with the hydrophobic 
part of the surfactant template, thus inter-
fering with their cooperative self-assembly 
and condensation. In addition, the incor-
poration of the relatively long (CH2)3S2 
(or S4)(CH2)3 group in the mesoporous 
framework usually led to enhanced hydro-
thermal stability, as checked in boiling water 
for several days, owing to its hydrophobic 
character.[119,122]

Adv. Funct. Mater. 2018, 28, 1707325

Figure 3.  Molecular formulae of bridged silanes containing disulfide bond: a,b) commercially 
available and c–h) smartly designed.[106–111]
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2.2. Disulfide-Bridged Organosilicas with Well-Defined 
Structures

As shown in Table 2, various disulfide-bridged organosilicas 
with well-defined structures and S contents have been success-
fully prepared by exploring the details of the synthesis systems 
and carefully controlling experimental parameters.

2.2.1. Nonporous (Solid) Nanoparticles

Kim et  al. prepared monodisperse disulfide-bridged orga-
nosilica spheres with a diameter size of ≈350  nm by using 
BTEPTS as the sole silane in NH3·H2O–ethanol–water system 
at room temperature (Figure 4A).[124] Quignard et  al. synthe-
sized disulfide-bridged NPs with dye introduced by an unu-
sual sequential addition into an ammonia–ethanol solution: 

first TEOS, then BTEPDS, and finally FITC-grafted 3-amino-
propyltriethoxysilane (APTES). Noticeably, higher amount of 
BTEPDS addition resulted in inhomogeneous products.[125] Xu 
et  al. reported the synthesis of disulfide-bridged organosilica 
NPs with sizes in the range of 50–200 nm in NH3·H2O–eth-
anol–water system by co-condensation of TEOS and the silane 
shown in Figure 3d.[107] Hsu and co-workers synthesized NPs 
with a combined bis(propylamide-ethyl)disulfide-bridged and 
aminopropyl-modified organosilica scaffold in the NH3·H2O–
ethanol–water system by co-condensation of 3-aminopro-
pyltrimethoxysilane (APTMS) and the silane in Figure 3f at 
room temperature (Figure 4B). The S/Si molar ratio increased 
from the particle surface (1/8.7) to the core (1/2).[109] Crois-
sant et al. prepared disulfide-bridged nanospheres containing 
two-photon electron donor (2PS) and porphyrin (POR) groups 
in CTAB–NaOH–water system at 80  °C for two photon-
excited (TPE) imaging and therapy (Figure 4C).[126] Both the 
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Table 1.  Disulfide-bridged mesoporous organosilicas with irregular bulk morphologies. (“-” means “not provided data” in the reported references.)

Silica source Template pH condition Pore size [nm] Brunauer–Emmett–Teller 
surface area [m2 g−1]

Pore volume [m2 g−1] Pore structure S content [wt%] Ref.

98 at% TEOS, 2 at% BTEPTS P123 HCl 5.02 634 – p6mm 4.80 [112]

94 at% TEOS, 6 at% BTEPTS 3.74 654 – 9.06

92 at% TEOS, 8 at% BTEPTS 3.47 576 – 11.1

90 at% TEOS, 10 at% BTEPTS 3.35 532 – 12.0

88 at% TEOS, 12 at% BTEPTS 3.26 253 – 12.9

85 at% TEOS, 15 at% BTEPTS 3.13 242 – 14.1

TEOS/BTMPDS/TBCATMS = 10:1:1 P123 HCl 8.9 562 1.06 Wormlike 5.8 [113]

TEOS/silane in Figure 3d = 30/1 P123 HCl 5.9 593 0.88 p6mm Si/S:39/1 [114]

TEOS/silane in Figure 3d = 20/1 5.4 549 0.75 p6mm Si/S:25/1

TEOS/silane in Figure 3d = 10/1 5.3 357 0.48 p6mm Si/S:13/1

BTEPTS/TEOS = 1/38 (molar ratio) P123 CH3COOH, 

CH3COONa

8.0 854 1.00 p6mm, Vesicle – [115,116]

BTEPTS/TEOS = 1/18 (molar ratio) 7.4 764 1.07 p6mm, Vesicle –

BTEPTS/TEOS = 1/8 (molar ratio) 7.1 413 0.93 p6mm, Vesicle –

BTEPTS/TEOS = 3/14 (molar ratio) 8.0, 20.5 485 1.02 Vesicle, foam –

BTEPTS/TEOS = 1/3 (molar ratio) 7.3, 20.6 303 0.79 Vesicle, foam –

5 at% BTEPTS, 95 at% TEOS P123 (Zn2+) HCl 6.3 580 0.69 p6mm 4.0 [117]

10 at% BTEPTS, 90 at% TEOS 5.6 341 0.39 p6mm 6.5

15 at% BTEPTS, 85 at% TEOS 4.0 382 0.40 p6mm 8.7

20 at% BTEPTS, 80 at% TEOS 3.5 472 0.40 p6mm 10.8

BTEPTS/TEOS = 1/18 (molar ratio) CTAB NaOH 2.75 979 0.69 p6mm 6.75 [122]

BTEPTS/TEOS = 1/8 (molar ratio) 2.82 846 0.63 p6mm 9.38

BTEPTS/TEOS = 3/14 (molar ratio) 2.70 711 0.55 Wormlike 15.0

BTEPTS/TEOS = 1/3 (molar ratio) 2.09 597 0.40 Wormlike 18.2

BTEPTS/TEOS = 1/2 (molar ratio) 2.10 453 0.29 Wormlike 20.3

BTEPDS/TEOS = 1/9 (molar ratio) CTEAB H2SO4 4.4 1107 0.61 Pm 3n 9.3 [123]

BTEPDS/TEOS = 3/7 (molar ratio) 4.0 859 0.47 14.1

BTEPDS/TEOS = 1/1 (molar ratio) 3.2 325 0.19 17.5

BTEPDS/TEOS = 7/3 (molar ratio) 2.7 140 0.10 22.5
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Table 2.  Disulfide-bridged organosilicas with regular morphologies. (“-” means “not provided data” in the reported references.)

Silica source Template Product  
structure

Particle  
size [nm]

Pore  
size [nm]

Brunauer-Emmett-Teller 
surface area [m2 g−1]

Pore  
structure

S content  
[wt%]

Ref.

BTEPTS Non Solid NPs 350 Non – Non – [124]

BTEPTS, C18TMS Non MONs 150 – – Wormlike –

BTEPTS CTAB MONs 150 – – Wormlike –

BTEPDS/TEOS = 1/10 Non Solid NPs ≈40 – – – 2.6 [125]

BTEPDS/TEOS = 2/10 ≈40 – – – 3.5

BTEPDS/TEOS = 3/10 ≈40 – – – 4.8

BTEPDS/TEOS = 4/10 ≈40 – – – 6.5

TEOS, silane in Figure 3d Non Solid NPs Tunable in 50–200 Non – Non – [107]

APTMS, silane in Figure 3f Non Solid NPs 143 ± 38 Non – Non – [109]

BTEPDS CTAB Solid NPs 30 – – – – [126]

BTEPDS, silane with 2PS Solid NPs 40 – – – –

BTEPDS, silane with POR Solid NPs 50 or 200 – – – –

Silane in Figure 3g Non Solid NPs 100–150 Non – Non – [110]

Silane in Figure 3h Water–in–oil 

microemulsion

Solid NPs 144 ± 15 Non – Non – [111]

BTEPDS CTAB Solid NPs 200 ± 15 Non – Non 1.84 [127]

BTEPDS CTAB Solid NPs 120 or 330 Non – Non – [128]

BTEPTS/TEOS = 0.179 CTAB MONs Tunable in 90–290 2.0 – Wormlike – [129]

BTEPDS/TEOS = 3:7 CTAB MONs 88.9 ± 10.9 2.2 161 Wormlike – [132]

BTEPDS/TEOS = 1:4.8 CTAB MONs 60 1.7 614 Wormlike [128]

110 2 366 Wormlike

BTEPTS/TEOS = 1/6.6 110 2.7 808 Wormlike

BTEPDS/BTEPTS, TEOS CTAC, TIPB MONs Tunable in 30–200 2.8–4.5 290–1040 Wormlike – [133]

BTEPTS (1.3 g)

TEOS (1 g)

CTAC MONs 30 6.2 614 Radia pore – [134]

TEOS (1 mL)

BTEPDS (0.2 mL)

CTAC MONs Tunable in 20–40 1.8 480 Wormlike – [136]

BTEPDS/TEOS = 1:5 CTAC MONs 20 1.8 – Wormlike –

BTEPDS/TEOS = 2:5 20 2.0 – Wormlike –

BTEPDS/TEOS = 3:5 20 2.2 – Wormlike –

BTEPDS/TEOS = 4:5 20 3.8 – Wormlike –

BTEPTS (2 g)

TEOS (1 g)

CTAC, MSNs MONs 70 4–9 441 Dual–modal 

mesopores

[138]

BTEPTS (0.8 mL)

TEOS (1 mL)

CTAB

NaSal

MONs 200 14 405 Radia pore – [140]

BTEPTS:TEOS = 0.179 CTAB Yolk–shell MONs Tunable in 90–290 2.0 400 Wormlike – [129,143]

BTEPTS:TEOS = 0.179 CTAB Deformable HMONs 310 3.2 878 Wormlike – [70]

TEOS, BTEE, BTEPTS, BTEB CTAB Yolk–shell MONs, 

dual–shell HMONs

290 2.5 320 Wormlike – [144,145]

BTEPTS, BTEB CTAB, SiO2 NPs HMONs ≈300 3.8 1005 Wormlike – [147]

TEOS (1 mL)

BTEPDS (0.6 mL)

MSNs as core, 

CTAB

HMONs ≈40 4.0 515 Wormlike – [148,149]

TEOS (1 mL)

BTEPDS (1.2 mL)

HMONs ≈40 – – Wormlike –

TEOS (1 mL)

BTEPDS (1.8 mL)

HMONs ≈40 – – Wormlike –
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Durand and Ghandehari and co-workers fabricated non-
porous disulfide NPs when BTEPDS was used as the sole 
silane in similar CTAB–NaOH–ethanol–water system, even 
though CTAB, commonly used as a mesopore template, was 
included.[127,128]

Functional diagnostic and/or therapeutic species can be intro-
duced into the framework by two or four disulfide bonds-bridged 
forms. Lin and co-workers reported the preparation of 
polysilsesquioxane (PSQ) NPs with high content (14–16  wt%) 
of paramagnetic Gd(III) centers in a reverse microemulsion 

Adv. Funct. Mater. 2018, 28, 1707325

Silica source Template Product  
structure

Particle  
size [nm]

Pore  
size [nm]

Brunauer-Emmett-Teller 
surface area [m2 g−1]

Pore  
structure

S content  
[wt%]

Ref.

TEOS (1 mL)

BTEPDS (2.4 mL)

HMONs ≈40 – – Wormlike –

BTEPTS CTAC, SiO2 NPs HMONs 184 3.7 293 Wormlike – [152]

BTEPTS 3-aminophenol, 

formaldehyde

Core–shell ≈400 Non – Non – [153]

TEOS (0.9 mL), BTEPTS 

(0.6 mL)

PAA HONs 40–100 3.6 251 Disordered 5.8 [154]

TEOS, APTMS silane in 

Figure 3d

PS nanospheres HONs 200 ± 5 – – Single hole [155]

BTEEE (0.9 mL)

BTEPDS (0.1 mL)

CTAB Nanorods 450 × 200 2.5 458 p6mm 0.10 [127]

BTEEE (0.6 mL)

BTEPDS (0.2 mL)

Nanorods 130 × 70 2.0 278 p6mm 0.55

BTEEE (0.4 mL)

BTEPDS (0.4 mL)

MONs 200 ± 50 2.0 255 p6mm 0.95

TEOS (1 mL), BTEPTS 

(0.4 mL)

CTAB Nanorods 75 × 33 2.4 570 Wormlike – [156]

Nanorods 150 × 48 2.6 820 Wormlike –

Nanorods 310 × 75 2.6 870 Wormlike –

TEOS (0.5 mL)

BTEPDS (0.1 mL)

CTAB Nanorods 70 × 50 – – Wormlike – [136]

Nanorods 140 × 60 – – Wormlike –

Nanorods 200 × 50 1.7–2.0 450 Wormlike –

Nanorods 460 × 50 – – Wormlike –

BTEEE (0.2 mL)

BTEPDS (0.1 mL)

CTAB, benzene–

PMO cores

Short multipods ≈150 2.1 1506 p6mm 0.11 [157]

BTEEE (0.3 mL)

BTEPDS (0.1 mL)

Long multipods ≈200 2.1 1433 p6mm 0.18

BTEPDS/TEOS = 2/10 PLGA and CTAB Polymer Composites ≈50–200 – – Non 0.58 [158]

BTEPDS (0.5 mL)

BTEE (0.5 mL)

CS-RhB Core-shell composites ≈35 Non – Non – [159]

MPTMS/TPTES = 1/1 Oil-in-water 

microemulsion

Hollow composites ≈220 Non – Non – [108]

TEOS (80 µL)

BTEPTS (40 µL)

(PAH/PSS)4 

microcapsules

Hollow composites ≈2000 Non – Non – [160]

TEOS (40 µL)

BTEPDS (60 µL)

Water-in-oil 

microemulsion

Protein Composites 40–50 Non – Non – [161]

TEOS (0.4 mL)

BTEPDS (0.9 mL)

Water-in-oil 

microemulsion

CDs

Core-shell composites ≈80 Non – Non – [162]

APTMS (8 × 10−6 m)

DTSP (2 × 10−6 m)

Au NPs Core-shell composites ≈10 Non – Non – [163]

TEOS (0.1 mL),  

BTEPTS (0.01 mL)

PB nanocubes Core-shell composites 125 ± 8 3.2 866 Wormlike – [165]

Silane in Figure 3d, TEOS DOX Drug Composites ≈100 Non – Non – [166]

Table 2.  Continued.
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system of Triton X-100, 1-hexanol, cyclohexane, NH3·H2O, 
and water at room temperature (Figure 4D). Two disulfide 
bond–bridged silanes containing Gd(III) diethylenetriamine 
pentaacetate (Gd-DTPA) derivatives were designed and synthe-
sized, as shown in Figure 3g.[110] Vega et  al. synthesized poly-
silsesquioxane NPs with four disulfide bond–bridged porphyrin 
in a water-in-oil microemulsion of Triton X-100, n-hexanol, 
and cyclohexane followed by the addition of a freshly prepared 
solution of the organosilane shown in Figure 3h, water, and 
NH3·H2O at room temperature.[111]

2.2.2. Mesoporous Organosilica Nanoparticles

In order to introduce mesopores in the abovementioned 
disulfide-bridged organosilica spheres,[124] Kim et  al. added 
CTAB or octadecyltrimethoxysilane (C18TMS) into the BTEPTS–
NH3·H2O–ethanol–water system. Based on TEM analysis of the 
as-prepared, air-calcined, and N2-calcined products (Figure 5), 
the CTAB–BTEPTS organosilica nanospheres (size: 150  nm) 
showed a hydrocarbon-rich core and a silica-rich shell-like nano-
structure, while C18TMS–BTEPTS organosilica nanospheres 

(size: 150  nm) showed the reverse situation. Teng et  al. syn-
thesized uniform MONs with disulfide-bridged organosilica 
frameworks in the BTEPTS–TEOS–CTAB–NH3·H2O–ethanol–
water system at 35 °C with a molar ratio of 0.179 of BTEPTS/
TEOS.[129–131] The particle size could be tailored in the range 
of 90–290 nm by adjusting the CTAB concentration or the eth-
anol/water volume ratio. De Cola and co-workers synthesized 
disulfide-bridged MONs with the grafting of fluorescent dye 
molecules in a BTEPDS–TEOS–CTAB–NaOH–ethanol–water 
system at 80 °C with a 3/7 molar ratio of BTEPTS/TEOS using 
the one-pot co-condensation method.[132] The dye introduction 
was achieved by the addition of rhodamine B isothiocyanate 
(RITC) –modified APTES before adding BTEPTS and TEOS. 
EDX elemental mapping revealed the homogeneous distribu-
tion of S over the entire particle structure. Möller and Bein 
prepared a series of disulfide-bridged MONs in the BTEPDS/
BTEPTS–TEOS–cetyltrimethylammonium chloride (CTAC)–
triethanolamine (TEA)–NH4F–triisopropyl benzene (TIPB)–
water system at 90  °C.[133] The increase of BTEPDS/BTEPTS 
molar ratio from 1/10 to 1/2 led to a successive loss of surface 
area from 976 to 530 m2 g−1 accompanied by a reduction of pore 
size. Interestingly, all of MON samples became increasingly 
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Figure 4.  A) SEM and TEM (inset) images of monodisperse as-synthesized disulfide-bridged organosilica spheres. Reproduced with permission.[124] Copy-
right 2012, American Chemical Society. B) SEM image of NPs with disulfide-bridged and aminopropyl-modified organosilica scaffold. Reproduced with per-
mission.[109] Copyright 2015, Elsevier. C) Schemes of a) BTEPDS (DIS), and bridged-organosilanes containing 2PS and POR, and b) synthesis of DIS, DIS + 
2PS (DIS2), and DIS + POR (DISP) NPs. TEM images of c) DIS, d) DIS2, e) ≈200 nm, and f) 50 nm of DISP NPs. Reproduced with permission.[126] Copyright 
2015, The Royal Society of Chemistry. D) SEM image of PSQ NPs with high content of Gd(III). Reproduced with permission.[110] Copyright 2013, Wiley-VCH.
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aggregated under higher organic content. In addition, amino-
propyl and mercaptopropyl functions could be selectively intro-
duced in the particle interior and on the outer surface by the 
delayed addition of APTES and 3-mercaptopropyltriethoxysi-
lane (MPTES).

Chen and co-workers reported the synthesis of monodis-
perse dendrimer-like disulfide-bridged MONs with small par-
ticle size (size about 30  nm) and large radial mesopores (size 
between 8 and 13 nm) in a BTEPTS–TEOS–CTAC–TEA–water 

system at 95  °C based on a micelle and 
precursor co-templating assembly strategy 
(Figure 6A).[134–137] The possible formation 
mechanism was ascribed to the penetration 
of the long hydrophobic chain (CH2C
H2CH2SSSSCH2CH2CH2) of 
the partially hydrolyzed BTEPTS molecules 
into the hydrophobic zones of surfactant 
CTAC micelles, resulting in substantially 
enlarged micelles, and thus larger pore sizes 
(Figure 6B). The pore sizes could easily be 
tuned by varying the TEA or/and BTEPTS 
contents (Figure 6C), while the particle 
sizes could be controlled by regulating the 
mass ratio of TEA/CTAC, BTEPTS/TEOS, 
or BTEPDS/TEOS.[136] Furthermore, based 
on this strategy, the authors also achieved 
interfacial growth of disulfide-bridged MONs 
with large radial mesopores on the surface of 
conventional MSNs (Figure 6D,E), thus con-
structing core–shell hierarchical dual-modal 
mesoporous NPs.[138,139] Yu and co-workers 
synthesized degradable dendritic MONs 
(DMONs) with disulfide-bridged organosilica 
frameworks in a BTEPTS–TEOS–CTAB–
sodium salicylate (NaSal)–TEA–water system 
at 80  °C.[140] Both the particle size and the 
pore size could be tailored up to ≈500  nm 
and up to ≈40 nm, respectively, by tuning the 
CTAB/NaSal molar ratio (Figure 7).

2.2.3. Core–Shell, Yolk–Shell, and Hollow 
Mesoporous Organosilica Nanoparticles

Templating is a common method to synthe-
size core–shell, yolk–shell (rattle-type), or 
hollow MONs.[141,142] By using a “self-tem-
plate selective etching” strategy (Figure 8A), 
Teng et  al. reported the synthesis of yolk–
shell structured MONs with disulfide-bridged 
organosilica frameworks via hydrothermal 
treatment of MONs with disulfide-bridged 
organosilica frameworks.[129,143] Interestingly, 
when disulfide-bridged MONs were etched 
with a NaOH solution at room temperature 
for appropriate time, disulfide-bridged hollow 
MONs (HMONs) with a flexible and deform-
able structure were formed (Figure 8B).[70] 
Moreover, a so-called “multi-interface trans-

formation” approach combined with “multihybridization” 
was developed.[144–146] Disulfide (core and internal shell)- and 
ethane (external shell)-bridged HMONs with an inner core 
and double hollow shell were prepared by coating an ethane-
bridged organosilica layer on disulfide-bridged organosilica 
NPs (Figure 9a–g).[144] Furthermore, yolk–shell-structured triple 
(ethane, disulfide, and benzene)-hybridized HMONs were 
synthesized with a mixture of TEOS, bis(triethoxysilyl)ethane 
(BTEE, CH2CH2), BTEPTS, and bis(triethoxysilyl)benzene  
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Figure 5.  TEM images and schemes of TESPTS (i.e., BTEPTS)-based nanostructured orga-
nosilica materials from self-assembly between BTEPTS and mediator (CTAB or C18TMS) and 
subsequent topological transformations. Reproduced with permission.[124] Copyright 2012, 
American Chemical Society.
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(BTEB, C6H4) with molar ratios of 5.6:10.8:2.0: 2.5  
(Figure 9h–m).[145] However, hydrothermal treatment resulted 
in high degree of silica condensation, thus decreasing the bio-
degradation capability caused by quick GSH-triggered disulfide 
cleavage and slow hydrolysis reaction.[129,144–146]

The strategy of selective core etching of core–shell structured 
SiO2@MONs was developed to synthesize a series of HMONs 
with various framework components, based on the principle 
that SiC bonds within the MON shell are more stable than 
SiO bonds within the SiO2 core.[147–151] By using solid silica 
nanospheres as core, Shi and co-workers synthesized several 
HMONs with one up to quintuple group-bridged silsesquioxane 
framework using a mixture of BTEPTS (R1 = disulfide), BTEB 
(R2  = benzene), bis(triethoxysilyl)ethene (BTEEE, R3  = ethene 
(CHCH)), BTEE (R4  = ethane), and bis(triethoxysilyl)
biphenyl (BTEBP, R5  = biphenyl) (Figure 10A).[147] In addi-
tion, by replacing solid silica nanospheres with small MSNs as 
cores, they prepared disulfide-bridged HMONs with a particle 

size of ≈40 nm (Figure 10B).[148–151] Moreover, they synthesized 
HMONs with varied pore diameters by tuning the volume ratios 
(5:3, 5:6, 5:9, and 5:12) of TEOS to BTEPDS during the coating 
process, and achieved scale-up synthesis of more than 10 g.[149] 
However, the increase of VTEOS/VBTEPDS led to the increased 
aggregation of NPs. The authors also succeeded in synthesizing 
monodisperse disulfide-bridged HMONs with large mesopore 
size of about 6–9  nm by selectively etching the core of the 
abovementioned hierarchical dual-modal mesoporous NPs.[139] 
Fan et  al. also employed this strategy to synthesize disulfide-
bridged HMONs (size: 184 nm) by using BTEPTS as the sole 
silane during the coating process (Figure 10C).[152]

Liu and co-workers reported a facile synthesis of core–shell 
structured polymer@disulfide-bridged organosilica nanospheres 
via triconstituent co-assembly of 3-aminophenol, formaldehyde, 
and BTEPDS by employing a Stöber-like approach.[153] Du and 
co-workers synthesized a series of uniform disulfide-bridged 
hollow organosilica NPs (HONs) with particle sizes smaller than 
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Figure 6.  A) Schematic illustration of composition and structure of disulfide-bridged MONs. B) Possible micelle/precursor co-templating assembly 
strategy to enlarge the micelle size by incorporating hydrophobic long organic chains into the hydrophobic zone of CTAC micelles. C) TEM images of 
disulfide-bridged MONs prepared under varied TEA and BTES (i.e., BTEPTS) amounts. Reproduced with permission.[134] Copyright 2017, Wiley-VCH. D) 
Schematic illustration of the formation mechanism. E) a) Bright-field, b) dark-field scanning transmission electron microscopy (STEM), and c–f) element 
mapping images of MSNs@MONs with core–shell hierarchical mesoporous nanostructure. Reproduced with permission.[138] Copyright 2017, Elsevier.
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100  nm by employing poly(acrylic acid) (PAA) as a core tem-
plate (Figure 11).[154] With an increase of BTEPTS or BTEPDS/
TEOS volume ratio from 0.2/1.3 to 0.9/0.6, the shell thickness 
of HMONs could gradually and slightly be decreased, while the 
roughness of the interior and exterior surfaces, and the sulfur 
(S) content progressively increased. Zhang and co-workers 
prepared disulfide-bridged HONs by using sulfonic group-mod-
ified polystyrene (PS) nanospheres as a core template via co-con-
densation of TEOS, APTMS, and a disulfide-bridged silane 
(Figure 3d) in ethanol in the presence of ammonia.[155]

2.2.4. Nanorods and Multipods

Croissant et  al. synthesized ethene- and disulfide-bridged 
periodic mesoporous organosilica (PMO) nanorods and 
nanospheres in CTAB–NaOH–ethanol–water system, whose 

shapes and sizes appeared to be related to the volume ratio 
(RE/DIS) of BTEEE (E) to BTEPDS (DIS) (Figure 12A).[127] The 
increase of RE/DIS from 100/0 to 0/100 gave rise to shape 
evolution from long ethene-bridged PMO nanorods to short 
mixed nanorods, then to mixed NPs, and finally to nonporous 
disulfide-bridged NPs. Ou-Yang and co-workers fabricated 
disulfide-bridged PMO nanorods with tunable aspect ratios of 
2, 3, and 4 in a TEOS–BTEPTS–CTAB–NaOH–ethanol–water 
system by regulating the water amount.[156] Yu et al. prepared 
disulfide-bridged PMO nanorods with higher aspect ratios 
from 1.4:1 to 9.5:1 in a similar system by tuning the molar 
quantities of CTAB and NH3·H2O.[136] Croissant et  al. also 
prepared hybrid multipodal PMO NPs composed of spher-
ical benzene-bridged PMO cores and irregular ethene- and 
disulfide-bridged PMO pods with different lengths by the 
interfacial nucleation and growth of rods on the core surface 
(Figure 12B).[157]

Adv. Funct. Mater. 2018, 28, 1707325

Figure 7.  a,d,e,g,h) TEM, b,f,i) SEM, and c) EDX mapping images of DMONs synthesized at NaSal/CTAB molar ratio of a–c) 0.5/1, d–f) 1/2, and  
g–i) 1/1. Reproduced with permission.[140] Copyright 2016, American Chemical Society.
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2.2.5. Nanocomposites

Disulfide-bridged organosilicas can be coated on the surface 
of functional entities to form a biodegradable shell, thus pro-
ducing core–shell nanocomposites.[158–165] The design advan-
tages are the shell can not only protect the stability of organic 
species in the extracellular environment, but it can also achieve 
GSH-triggered biodegradation in the intracellular microenvi-
ronment, especially in cancer cells of tumor tissues, accom-
panied by the responsive release of encapsulated functional 
molecules for specific diagnostic and/or therapeutic functions. 
Botella et  al. synthesized hybrid NPs with a disulfide-bridged 
organosilica shell and a pyrene-loaded complex core composed 
of CTAB and biodegradable poly(lactic-co-glycolic acid) (PLGA) 
polymer (Figure 13A).[158] The protective shell was formed on 
the core surface by co-condensation of TEOS and TESPDS with 
a molar ratio of TESPDS/TEOS of 0.2 in the NH4OH–isopro-
panol–water system. Zhang and co-workers encapsulated rhoda-
mine-modified chitosan (CS-RhB) as a macromolecular model 
drug with disulfide- and ethene-bridged organosilicas to form 
core–shell-structured nanocapsules for a redox-triggered shell 
degradation and subsequent drug release.[159] Hayashi et  al.  

presented a one-pot synthesis strategy for doxorubicin (DOX) 
and photosensitizer (magnesium phthalocyanine, MgPc)-co-
contained hollow NPs (DOX and MgPc HNPs) with a disulfide 
and siloxane framework by interface reactions of oil-in-water 
emulsion nanodroplets.[108] As illustrated in Figure 13B, 
the formation of the hybrid NPs was achieved by both the 
hydrolysis–condensation reaction between 3-mercaptopropyltri-
methoxysilane (MPTMS) and 3-thiocyanatopropyltriethoxysilane 
(TPTES), and the nucleophilic substitution reaction between 
the thiol of MPTMS and the thiocyanate of TPTES at the inter-
face (Figure 3e). Timin et al. developed a straightforward strategy 
to coat (poly(allyl)amine hydrochloride (PAH)/poly(styrene) 
sulfonate (PSS))4 microcapsules with disulfide-bridged organo-
silica shell while simultaneously achieving in situ DOX encap-
sulation by interfacial hydrolysis–condensation of TEOS and 
BTEPTS (Figure 13C).[160] Prasetyanto et  al. proposed a smart 
approach to encapsulate native proteins with disulfide-bridged 
organosilica matrices as a shell.[161] The reaction was performed 
in the water-in-oil microemulsion of Triton X-100, n-hexanol, 
cyclohexane, cytochrome C, water, TEOS, and TESPDS fol-
lowed by the addition of ammonia solution at room tempera-
ture. Based on a similar water-in-oil microemulsion system,  
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Figure 8.  A) Schematic illustration (left) of synthesis process of yolk–shell structured MONs with disulfide-bridged organosilica frameworks by hydro-
thermal treatment, based on a “self-template selective etching” strategy. TEM images (right) of disulfide-bridged MONs with tunable structures fabri-
cated with CTAB concentrations of a) 2.1, b) 3.2, and c) 6.3 mmol L−1, and at ethanol/water volume ratios of d) 0.46, e) 0.35, and f) 0.32. Reproduced with 
permission.[129] Copyright 2014, American Chemical Society. B) Schematic illustration (left) of formation mechanism of the disulfide-bridged HMONs 
deformable structure by etching with NaOH solution at room temperature. TEM images (right) of the corresponding products obtained by incubation 
in NaOH solution for varied time: a) 1, b) 3, c,d) 5, e) 20, and f) 60 min. Reproduced with permission.[70] Copyright 2018, American Chemical Society.
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Yang et  al. fabricated carbon dots–encapsu-
lated disulfide-bridged organosilica nanocap-
sules (CDs@DONs) for responsive fluorescent 
detection. The synthesis was achieved by co-
condensation of TEOS and BTEPDS, where 
hundreds of CDs were entrapped in each 
nanocapsule (Figure 13D).[162] Hsu and co-
workers coated the surface of Au NPs with 
a thin layer of disulfide-bridged and ami-
nopropyl-contained organosilicas by using 
both substitution and hydrolysis co-conden-
sation reactions of APTMS and cross-linker 
dithiobis(succinimidyl propionate) (DTSP) 
(Figure 3f) in aqueous solution at room tem-
perature.[163] Tian et  al. achieved the interfa-
cial growth of disulfide-bridged organosilica 
on the surface of Prussian blue (PB) nano-
cubes to form a mesoporous shell (thickness: 
17 ± 1 nm) by co-condensation of TEOS and 
BTEPTS at the volume ratio of 1/10 in the 
CTAB–NH4OH–ethanol–water system to 
generate an imaging-guided photothermal-
chemotherapy system (Figure 13E).[165]

In addition, besides its role as the protec-
tive and responsive shell, another option is 
to uniformly distribute various functional 
organic molecules into disulfide-bridged 
organosilica framework to form hybrid NPs. 
For example, Zhang et  al. realized the uni-
form distribution of DOX drug molecules 
in the disulfide-bridged NPs by reaction of 
DOX, TEOS, and organosilanes (named 
BTOCD) in Figure 3d in ethanol-containing 
ammonia (Figure 13F).[166]

3. Redox-Triggered Degradation, 
Biocompatibility, and 
Nanobiomedical Applications

The reaction schemes of disulfide bond 
reduction by GSH or dl-dithiothreitol (DTT, 
a commonly used strong reducing agent) are 
depicted in Figure 14a,b.[167,168] Moreover, 
Figure 14c displays the possible biodegrada-
tion mechanism of a disulfide-bridged silses-
quioxane framework: GSH-triggered redox 
reaction for disulfide-bond breaking (fast 
rate step) and aqueous medium (H+ or OH−)-
induced hydrolysis reaction for SiOSi 
bond breaking (slow rate step). The hydrolytic 
degradation generally involves three steps: 
i) the adsorption of H2O on the siloxane 
framework, especially in the case of low con-
densation degree (i.e., SiOH exists), via 
hydration, ii) the hydrolysis reaction whereby 
one siloxane is hydrolyzed into two silanols, 
and iii) the formation of silicic acid via 
multiple hydrolysis reactions, its subsequent 
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Figure 9.  a) Schematic illustration of synthesis process of triple-shelled HMONs by the multi-
interface transformation approach. Reproduced with permission.[144] Copyright 2014, American 
Chemical Society. b,h) TEM and c–g, i–m) EDX elemental mapping images of b–g) the double-
shelled disulfide (internal shell)- and ethane (external shell)-bridged HMONs. Reproduced with 
permission.[144] Copyright 2014, American Chemical Society. h–m) and yolk–shell-structured 
triple (ethane-, disulfide-, and benzene)-hybridized HMONs. Reproduced with permission.[145] 
Copyright 2016, Wiley-VCH.
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leaching, and reaction under different pH (polysilicic acid 
(under pH < 2), Si(OH)4 (relatively stable under pH 2–3 in very 
dilute aqueous solution), polysilicic acid (under 3 < pH <  9) 
or silicate (HSiO3

− or SiO3
2− under pH >  9–10).[169] The basic 

chemistry of silicic acid is rather complex owing to the variety 
of silicon species in different aqueous solutions depending on 
pH, ionic strength, and reaction temperature.[169] Furthermore, 
the hydrolytic degradation rate depends on the concentrations 
of surface groups: neutral silanol (SiOH), protonated silanol 
(SiOH2

+), and deprotonated silanol (SiO−).[170] It is easy 
to detect the formed thiol groups (SH, stretching vibration 
peak at around 2550–2590 cm−1) and silanol groups (SiOH, 
stretching vibration peak at around 960 cm−1) by Fourier trans-
form infrared (FTIR) spectroscopy. Based on the analysis of 
valence-bond theory, the bond length follows the order: SS 
(≈202 pm) >SiC (≈188 pm) >SiO (≈162 pm); thus, 
the bond energy follows the opposite order.[139,149] In turn, 
it may be easier to break the SiC than SiO by a 
nucleophilic substitution reaction during the degradation pro-
cess.[171,172] Ozin and co-workers reported the loss of almost all 
organic (benzene or thiophene) moieties under strongly basic 

conditions and the removal of a proportion of organic moie-
ties under acidic conditions during the synthesis of benzene- 
or thiophene-bridged PMO powders due to the cleavage of the 
SiC bonds.[171] Unfortunately, insufficient studies investi-
gated whether or not the SiC bond could be broken during 
redox-triggered degradation experiments, where it is important 
to determine what are the resulting degraded products. This 
redox reaction generally occurs at neutral or weak basic con-
ditions, which can stabilize the reductive thiolate anion (S−, 
pKa = 8.3), while it is impossible to achieve the deprotonation 
of thiol groups (SH) under acidic conditions. As shown in 
Table 3, GSH-triggered biodegradation behaviors of disulfide-
bridged silsesquioxane frameworks have been investigated 
in a few reports. Most materials exhibited GSH-triggered and 
time-dependent degradation upon incubation, but displayed dif-
ferent biodegradation rates depending on the SS content, 
other doped species, types of nanostructures, condensation 
degree of SiOSi bond (i.e., silanol (SiOH) content), 
synthesis conditions, etc. In addition, particle concentrations, 
the type and concentrations of the reducing agents, stirring 
rate, and temperature also affected the degradation rates. The 
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Figure 10.  A) Schematic illustration of a) templating method to synthesize HMONs with b) multiple-bridged silsesquioxane framework and c) quin-
tuple-bridged HMONs of (R1 = disulfide, R2 = benzene, R3 = ethylene, and R4 = ethane). d,f) Bright-field, e) dark-field TEM, g) SEM, and h) EDX element 
mapping images of quadruple-bridged HMONs. Reproduced with permission.[147] Copyright 2014, American Chemical Society. B) a) Synthesis scheme, 
b,c) TEM, and d,e) SEM images of HMONs. Reprinted with permission.[149] Copyright 2017, Elsevier. C) a) Synthesis scheme and b–d) TEM images 
of b) SiO2, c) SiO2@MONs, and d) HMONs. Reproduced with permission.[152] Copyright 2016, Wiley-VCH.
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degradation rate is generally compared to that of a similar coun-
terpart without disulfide function, while it is difficult to com-
pare the biodegradation rates among publications because the 
characteristics of NPs and the degradation conditions usually 
differ significantly. Nevertheless, intracellular and in vivo deg-
radation behaviors are dynamic and have much more compli-
cated influencing factors; it is therefore difficult to monitor the 
“real-time,” accurate degradation process owing to complex 
environments and technological obstacles. It is expected that 
the intracellular GSH-triggered biodegradation of hybrid NPs 
with disulfide-bridged silsesquioxane framework can accel-
erate/regulate the release rate of loaded guest molecules for 
better biological effects, facilitate their excretion, and improve 
their biosafety. The possible in vivo destiny of these hybrid NPs 

is deduced to be that after intravenous injection into blood and 
subsequently circulating in the blood system, that is, NPs are 
first taken up by tumor cells via passive or active targeting; next 
they escape from endosomes; then GSH-triggered biodegra-
dation along with cargo release occurs, executing their thera-
nostic function; and finally the degraded products with small 
sizes (HD ≤ 6 nm) diffuse through the blood stream or the lym-
phatic system to be eventually cleared from the body via urine 
and feces. In addition, after a number of NPs are captured by 
RES, including liver, spleen, and lungs, the particles may still 
remain mostly undegraded. Thus, only a little amount of loaded 
cargos may release into normal tissues before excretion from 
these organs, resulting in the suppressed toxic side effects. 
Redox-triggered biodegradation behaviors combined with 
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Figure 11.  A) Schematic representation of the design and synthesis of HMONs with a disulfide-bridged silsesquioxane framework. B) a,d,g) SEM 
and b,c,e,f,h,i) TEM images of HMONs fabricated under varied volume ratios of TEOS/BTEPTS-4S (mL): a–c) 1.3/0.2, d–f) 1.1/0.4, and g–i) 0.9/0.6. 
Reproduced with permission.[154] Copyright 2017, The Royal Society of Chemistry.
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biocompatibility and nanobiomedical applications are summa-
rized and discussed in the following section.

3.1. Nonporous Nanoparticles

When dispersed in solutions at pH 7.4 (Tris buffer) and  
pH 4.5 (acetate buffer), the silica dissolution rates of dye-intro-
duced and disulfide-bridged NPs (0.6 mg mL−1) decreased with 
the increase of incorporated disulfide groups, while it had the 

opposite effect when dispersed in Tris buffer solution (pH 7.4) 
in the presence of DTT (1.4  × 10−3 m), due to DTT-triggered 
cleavage of disulfide bonds.[125] In addition, when adult dermal 
fibroblasts were incubated with NPs for 7 days, the structure 
evolved from porous to hollow, suggesting more sensitivity 
of the particle interior domains to the intracellular reducing 
conditions.[125] GSH (8  × 10−3 m) in phosphate buffered 
saline (PBS) solution (pH 7.4) caused a structural change of 
bis(propylamide-ethyl)disulfide-bridged organosilica NPs with 
sizes of ≈50 and 200 nm from intact NPs to toroidal NPs (1 day), 
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Figure 12.  A) a) Structural and compositional schemes and b–f) TEM images of b) ethene-bridged PMO nanorods, c,d) ethene- and disulfide-bridged 
PMO nanorods, and e) ethene- and disulfide-bridged NPs, and f) nonporous disulfide-bridged NPs by the regulation of the volume ratio (RE/DIS) of 
BTEEE (E)/BTEPDS (DIS) of 100/0, 90/10, 75/25, 50/50, and 0/100, respectively. Reproduced with permission.[127] Copyright 2014, Wiley-VCH. B) (a) 
Synthesis scheme of hybrid multipodal PMO NPs composed of spherical benzene-bridged PMO cores and rod-shaped ethane- and disulfide-bridged 
PMO pods. TEM images of PMO NPs with b) short and c) longer pods. Reproduced with permission.[157] Copyright 2015, Wiley-VCH.
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Figure 13.  A) a) Schematic illustration and b,c) TEM images of pyrene-loaded composite NPs with a PLGA and CTAB core and an amorphous disulfide-
bridged organosilica shell. Reproduced with permission.[158] Copyright 2013, American Chemical Society. B) a) Schematic illustration of emulsion 
nanodroplets for the synthesis of DOX&MgPc HNPs. b) TEM, c) STEM, and d–f) EDX elemental mapping images of DOX&MgPc HNPs. Reproduced 
with permission.[108] Copyright 2016, Wiley-VCH. C) a) Schematic illustration, b) TEM, c) SEM, and d,e) EDX elemental mapping images of (PAH/PSS)4 
microcapsules coated with disulfide-bridged organosilica shell. Reproduced with permission.[160] Copyright 2017, Wiley-VCH. D) a) Schematic illustra-
tion of the synthesis and structure, and b,c) TEM images of the CDs@BONs. Reproduced with permission.[162] Copyright 2018, American Chemical 
Society. E) a) Schematic illustration and b) TEM image of PB nanocubes coated with disulfide-bridged mesoporous organosilica shell. Reproduced with 
permission.[165] Copyright 2017, Wiley-VCH. F) a) Synthesis scheme and b) TEM image of disulfide-bridged and DOX-embedded hybrid NPs. Reprinted 
with permission.[166] Copyright 2017, Wiley-VCH.
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then to toroidal NPs with thinner shell (3 days), and finally to 
scattered pieces (5 days). In addition, negligible hemolytic effect 
was observed with particle concentration up to 500  µg mL−1, 
indicating good blood compatibility.[107] The influence of DTT 
concentration at different pH values was investigated on the 
degradation behavior of NPs having a bis(propylamide-ethyl)
disulfide-bridged and aminopropyl-modified organosilica scaf-
fold.[109] After treatment in 10  × 10−3 m DTT for 1 h, the deg-
radation decreased from 20% in neutral conditions to 5% at 
pH 3, indicating that neutral conditions are more favorable 
for redox reaction than the acidic one. The obvious time-
dependent degradation from intact NPs to very small fragments 
was shown in scanning electron microscopy (SEM) images 
of Figure 15a, while no degradation phenomenon appeared 
in pure water. The surface of NPs was further modified with 
covalently anchored rhodamine for fluorescence imaging and 
electrostatically adsorbed transferrin for targeting identifica-
tion as a proof of concept of drug delivery. The reductive condi-
tions resulted in the release of more rhodamine in solutions 
with 10  × 10−3 m DTT and intracellular microenvironments 

of carcinoma cells (e.g., Hep G2 cells) with glutathione ethyl 
ester. In addition, the cytotoxicity assay displayed negli-
gible effect of the bare NPs, functionalized NPs, and their  
degraded products with the formed SH groups (pretreated 
by DTT) on Hep G2 cell viability at concentrations below 
0.4 mg mL−1.[109] Disulfide-bridged nanospheres containing 2PS 
or POR gradually degraded when stirred in PBS (pH 7.4) with 
2  × 10−3 m mercaptoethanol (ME, a small-molecule reducing 
reagent) at 37 °C for 48 h.[126] Dynamic light scattering (DLS) 
analysis and TEM images revealed the appearance of degraded 
fragments. In addition, both nanospheres displayed negligible 
cytotoxicity at concentrations below 125 µg mL−1 toward MCF-7 
cancer cells. The TPE-fluorescence imaging showed the cellular 
uptake of NPs, and TPE-therapy resulted in 40–60% of cancer 
cell death.[126]

PSQ NPs with disulfide-linked Gd chelates were stable 
in the absence of reducing agents, with only <5% release 
in the initial 4 h at 37  °C. In contrast, after the addition of 
10  × 10−3 m cysteine, Gd chelates were quickly released with 
t1/2 of 12 h. Over 90% of the Gd chelates were released after 

Figure 14.  Reaction formulas of disulfide bond reduced by a) GSH or b) DTT. c) Possible mechanism of biodegradation of disulfide-bridged silsesqui-
oxane framework triggered by GSH and caused by aqueous solution (H+ or OH−).
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Table 3.  Framework compositions, degradation conditions and behaviors, and nanobiomedical applications. (“-” means “no investigation” in the 
reported references.)

Component Structure Surface 
modification

Reducing agent Degraded product In vitro or in 
vivo degradation

Application Ref.

SiOSi, 
Si(CH2)3S2(CH2)3Si

Solid Non 1.4 × 10−3 m DTT Hollow NPs after 7 days In vitro Non [125]

SiOSi, silane in Figure 3d Solid Non 8 × 10−3 m GSH Scattered pieces after 5 days – Non [107]

Si(CH2)3NH2, silane in Figure 3d Solid Transferrin 10 × 10−3 m DTT Fragments after 150 min In vitro Drug carrier [109]

Si(CH2)3S2(CH2)3Si2PS Solid Non 2 × 10−3 m ME Broken NPs and fragments 

after 48 h

– TPE imaging and 

therapy

[126]

Si(CH2)3S2(CH2)3SiPOR Soild Non 2 × 10−3 m ME Broken NPs and fragments 

after 48 h

Silane in Figure 3g Solid PEG 10 × 10−3 m cysteine >90% release after 2 days – MRI [110]

Silane in Figure 3h Solid Non 10 × 10−3 m DTT Completely degraded 

after 8 days

– Phototherapy [111]

SiCCSi, 
Si(CH2)3S2(CH2)3Si

MONs, rods Non 2 × 10−3 m ME Broken NPs and fragments 

after 48 h

– Drug delivery [127]

SiOSi, 
Si(CH2)3S2(CH2)3Si

MONs RGD peptide 5 × 10−3 m DTT, 

10 × 10−3 m GSH

Fragments after 7 days In vitro Drug delivery [132]

SiOSi, 
Si(CH2)3S2(CH2)3Si

MONs or 

solid

Non 8 × 10−3 m GSH Different fragments  

after 15 days

In vitro Drug delivery [128]

SiOSi, 
Si(CH2)3S4(CH2)3Si

MONs

SiOSi, 
Si(CH2)3S4(CH2)3Si

MONs PEI 10 × 10−3 m GSH Small debris with sizes of 

≈35 nm after 2 days

In vitro Protein delivery [140]

SiOSi, 
Si(CH2)3S4(CH2)3Si

MONs Non 10 × 10−3 m GSH Less rough and less dense after 

7 days

– Non [133]

SiOSi, 
Si(CH2)3S2(CH2)3Si

MONs PEG 10 × 10−3 m GSH ≈5 nm of fragments after 7 days In vitro Drug therapy [136]

SiOSi, 
Si(CH2)3S4(CH2)3Si

HMONs PEG 10 × 10−3 m GSH Cracked NPs and small 

fragments

In vitro Drug delivery [154]

SiOSi, silane in Figure 3d HONs Non 20 × 10−3 m GSH Complete fragmentation after 

2 days

– Drug delivery [155]

Si(CH2)3S4(CH2)3Si HMONs Non 10 × 10−3 m GSH Almost complete degradation 

in 30 days

– Gas therapy [152]

SiC6H4Si, 
Si(CH2)3S4(CH2)3Si

HMONs Non 10 × 10−3 m GSH Broken NPs and fragments 

after 4 days

– Drug therapy [147–149]

SiOSi, 
Si(CH2)3S2(CH2)3Si

HMONs PEG 10 × 10−3 m GSH No intact HMONs after 14 days In vitro

In vivo

Drug therapy

SiOSi, 
Si(CH2)3S2(CH2)3Si, 

MnPpIX

HMONs PEG 10 × 10−3 m GSH Broken NPs and fragments 

after 7 days

In vitro MRI-guided SDT

SiOSi, 
Si(CH2)3S2(CH2)3Si

HMONs PEG 10 × 10−3 m GSH Broken NPs and fragments 

after 7 days

In vitro PA imaging-guided 

chemotherapy

[150]

SiOSi, 
Si(CH2)3S4(CH2)3Si

HMONs PEG 10 × 10−3 m GSH Floccules after 3 weeks – Multimodality 

imaging-guided 

radiotherapy

[151]

SiOSi, 
Si(CH2)3S2(CH2)3Si

Shell Non 100 × 10−3 m DTT Collapsed particles after 7 days – Drug release [158]

Si CCSi, 
Si(CH2)3S2(CH2)3Si

Shell Drug 5 × 10−3 m GSH Small fragments after 24 h In vitro Drug delivery [159]

SiOSi, 
Si(CH2)3S2(CH2)3Si

Protein 

hybrids

Non 5 × 10−3 m GSH Broken capsules after 2 days In vitro Protein delivery [161]

SiOSi, 
Si(CH2)3S4(CH2)3Si

Shell PEI 10 × 10−3 m GSH Accelerated siRNA release 

after 6 h

– Gene/chemo 

therapy

[138]
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2 days. In addition, PEGylation slowed down the release rate 
of the Gd chelates with a t1/2 of 18 h due to steric hindrance 
caused by the PEG. PSQ NPs modified with anisamide-PEG 
chains exhibited higher biocompatibility, more uptake of NPs 
into cancer cells (targeted to sigma receptors) and enhanced 
T1-weighted magnetic resonance imaging (MRI) signal.[110] For 
NPs with disulfide-bridged porphyrin, only <10% of the por-
phyrin derivative was released without reducing agents, while 
the addition of 10 × 10−3 m DTT resulted in the quick release: 
25% release after 1 h, 50% after 23 h, and >80% after 96 h.[111] 
Furthermore, these NPs were completely degraded after incu-
bation in 10 × 10−3 m DTT for 8 days. Phototoxicity experiments 
demonstrated that the redox-responsive NPs led to more notice-
able decrease of HeLa cell viability than the nonresponsive NPs 
as a control.[111]

3.2. Mesoporous Organosilica Nanoparticles

After ethene- and disulfide nanorods and nanospheres were 
stirred in PBS solution (pH 7.4) with 6  × 10−6 m of ME (to 
mimic the extracellular GSH concentration) at 37 °C for 48 h,  
their hydrodynamic sizes showed a little decrease alongside 
the appearance of a few fragments with sizes of 60–70 nm. In 
contrast, when dispersed in 2 × 10−3 m of ME to mimic intra-
cellular GSH concentration, faster and greater size decrease 
was observed, indicating more pronounced degradation. 

Furthermore, these nanospheres and nanorods, and their pre-
degraded products appeared to be non-cytotoxic even at high 
particle concentrations up to 125 µg mL−1. DOX-loaded MONs 
could efficiently kill MCF-7 cells with ≈12% of cell survival at 
1 µg mL−1 of DOX.[127] After disulfide-bridged MONs containing 
dye molecule (0.1 mg mL−1) were stirred in PBS solution (pH 
7.4) in the presence of 10 × 10−3 m GSH at 37 °C for 0–7 days, 
a time-dependent structural breakdown was observed by  
TEM (Figure 15b), which was also confirmed by the cumula-
tive increase of the photoluminescence emission signal of the 
supernatant as well as the appearance of small fragments in 
the supernatant (DLS data).[132] These MONs were found to 
be biocompatible toward glioma C6 cells. The partial degra-
dation could also be observed by TEM images inside glioma 
C6 cancer cells after 2 days of incubation, which was fur-
ther confirmed by the detection of Si in the collected culture 
medium. Furthermore, RGD peptide–modified MONs could 
increase their cellular uptake, without affecting their GSH-
triggered structural degradation. Moreover, the temozolomide-
loaded MONs exhibited an enhanced efficiency to kill cancer 
cells in vitro.[132] Moghaddam et  al. found that the degrada-
tion kinetics in 8 × 10−3 m GSH were affected by both porosity 
and composition of the core. The 108  nm MONs exhibited 
the highest degradation rate among all the five NPs studied. 
TEM images showed that nonporous NPs underwent surface 
erosion, while MONs underwent both surface and bulk ero-
sion in the reducing environment. This was also proved by 

Figure 15.  a) SEM images of NPs with bis(propylamide-ethyl)disulfide-bridged scaffold treated by 10 × 10−3 m of DTT for varied time. Reproduced with 
permission.[109] Copyright 2015, Elsevier. b) TEM analysis of a suspension of disulfide-bridged MONs (0.1 mg mL−1, PBS, 37 °C) with10 × 10−3 m GSH 
after incubation for different time. Reproduced with permission.[132] Copyright 2016, The Royal Society of Chemistry.

Component Structure Surface 
modification

Reducing agent Degraded product In vitro or in 
vivo degradation

Application Ref.

Si(CH2)3S2(CH2)3Si Shell FA–PEG 10 × 10−3 m GSH Deformed shell framework – Trimodal therapy [108]

SiOSi, 
Si(CH2)3S4(CH2)3Si

Hybrid shell Non 20 × 10−3 m GSH Broken capsules and  

fragments after 24 h

– Drug delivery [160]

SiOSi, silane in Figure 3d Hybrid NPs CD-PGEA 10 × 10−3 m DTT Scattered pieces after 7 days In vivo Chem/gene therapy [166]

Table 3.  Continued.
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the amount of silicon released and the GSH consumption, 
based on ICP-mass spectrometry (MS) data and GSH-orthoph-
thalaldehyde (OPA) assays. All these NPs did not show cyto-
toxic effects in RAW 264.7 macrophages at concentrations 
lower than 125  µg mL−1, but had IC50 values ranging from 
233 ± 42 up to 705 ± 17 µg mL−1. Here, 108 nm MONs exhib-
ited a higher degradation rate in response to GSH and a lower 
cytotoxicity. The degradation products of these NPs collected 
within 15 days showed over 85% cell viability (i.e., low cyto-
toxicity) in the same macrophage cell line after 24 h of incu-
bation. In addition, the presence of 8  × 10−3 m GSH caused 
faster DOX release.[128]

As shown in Figure 16, after DMONs with large pores were 
incubated in serum solutions containing 1 × 10−3 m GSH solu-
tion for 24 and 48 h, only partially collapsed structures were 
observed, while the structure completely degraded into small 
debris with sizes of about 35  nm after incubation in serum 
solution with 10 × 10−3 m GSH for a period of 48 h. In contrast, 
for MONs with small pores, only partially damaged structures 
were found in 1 × 10−3 and 10 × 10−3 m GSH at 24 and 48 h.  
The results were further corroborated by DLS, the oxidized 
GSH concentration, and the amount of generated SH. The 
intracellular degradability results showed that the structure 
of polyethylenimine (PEI)-modified DMONs was completely 

Figure 16.  A) TEM images of a1–a4) DMONs with large pores and b1–b4) MONs with small pores tested at 1 and 10 × 10−3 m GSH solutions for 
different times. GSH oxidation percentage and relative quantity of SH groups (optical density (OD)) after incubation of DMONs or MONs in  
c) 1 m and d) 10 × 10−3 m GSH solution for 48 h. B) Bio-TEM images of ultrathin sections of a1–a3,b1–b2) DMONs–PEI with large pores and c1–c3,d1,d2) 
MONs–PEI with small pores after incubation with a1–a3,c1–c3) B16F0 cancer cell and b1,b2,d1,d2) HEK293t normal cells for different times. Reproduced 
with permission.[140] Copyright 2016, American Chemical Society.
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disintegrated into aggregated fragments after 48 h in B16F0 
melanoma cancer cells. In comparison, the degradation of 
DMONs–PEI after incubation with HEK293t normal cells 
was obviously inhibited owing to the lower GSH concentra-
tion in normal human cells. In contrast to DMONs–PEI, 
MONs–PEI without disulfide introduction in both cell lines 
demonstrated no significant degradation even after 48 h of 
incubation. In addition, more than 80% cell survival of both 
cancer cell and normal cell was maintained after incubation of 
DMONs–PEI and MONs–PEI for 24 and 48 h when the par-
ticle concentrations were of <40  µg mL−1. The higher GSH 
concentration led to faster release of loaded RNase A modi-
fied with cis-aconitic anhydride (RNase A-Aco) from DMONs–
PEI, reaching ≈97% in 10  × 10−3 m GSH at 48 h. Further-
more, DMONs–PEI/RNase A-Aco complexes exhibited higher 
cytotoxicity than that of nondegradable DMONs–PEI/RNase 
A-Aco toward B16F0 cancer cells, which might be essentially 
ascribed to quick GSH-triggered intracellular release.[140] 
Chen and co-workers reported that after immersing disulfide-
bridged MONs and traditional MSNs with similar worm-
like mesopores and particle size (≈40  nm) in SBF solutions 
with varied GSH concentrations, MONs in SBF solution with  
10 × 10−3 m GSH became irregular and fragmented after 24 h  
and totally degraded into fragments of ≈5  nm in size after  
7 days, which made renal excretion possible, while MONs in 
pure SBF solution exhibited much decreased structure dete-
rioration in the same periods. However, MSNs showed only 
slight degradation after 7 days of incubation in either pure or 
GSH-containing SBFs. DLS and ICP data show a similar trend. 
The degradation study of MONs in Hep G2 cells displayed 
that MONs became rough and vague at the particle edges after  
1 day of co-incubation, began to disintegrate after 2 and 3 days, 
and most were completely degraded into small fragments after 
7 days of incubation. In addition, MONs and PEG-modified 
MONs (PEG-MONs) showed low cytotoxicity, and high in vivo 
biocompatibility and biosafety. Moreover, PEG-MONs could 
deliver DOX into cells, more efficiently kill the tumor cells than 
free-DOX, and remarkably inhibit tumor growth. Most impor-
tantly, the organs of mice treated by PEG-MONs@DOX were 
mostly undamaged, while the organs (especially heart) of the 
mice treated with free-DOX were injured.[136] The morphology 
of disulfide-bridged MONs evolved slightly to be less rough and 
less dense after treatment with 10 × 10−3 m GSH for a week.[133] 
The merely partial decomposition might result from the high 
condensation degree caused by the high-temperature reaction 
implemented.[133]

3.3. Core–Shell, Yolk–Shell, and Hollow Mesoporous  
Organosilica Nanoparticles

For disulfide-bridged yolk–shell MONs,[129–131,143,145] higher 
GSH concentrations led to quicker DOX release due to 
GSH-triggered breakage of disulfide bonds, which further 
destroyed the hydrophobic interaction between DOX and the 
framework. However, 24 h of treatment in PBS solution with 
10  × 10−3 m GSH just slightly changed the shape and caused 
indistinct edges,[143] while more than 2 weeks resulted in the 
obvious breakdown of the yolk–shell structure.[131] The slow 

biodegradation might be attributed to high-framework con-
densation (caused again by hydrothermal synthesis treatment) 
and the low content of disulfide bonds. Moreover, these MONs 
were found to exhibit low cytotoxicity, good blood hemocompat-
ibility, and histocompatibility. Both MONs modified with anti-
Her2 affibody molecule for the specific recognition of Her2 
expressed in tumor cells and MONs modified with acidic pH 
insertion peptide for targeting tumor acidic microenvironment 
exhibited enhanced cancer cell killing capacity in vitro and 
tumor inhibition in vivo in mice.[130,143] In another example, 
CuS-doped yolk–shell MONs showed complete tumor growth 
suppression without recurrence toward U87MG tumor-bearing 
mice owing to mild hyperthermia-improved chemotherapy.[131] 
Most disulfide-bridged, FITC-containing, and PEG-modified 
HONs (HONs-4S-FITC@PEG) appeared to be damaged and 
collapsed completely into fragments with 5 × 10−3 m DTT, while 
10  × 10−3 m GSH caused a few (≈20%) cracked hollow nano-
spheres, and the outline of uncracked nanospheres (≈80%) 
became blurred, and many small species (≤6  nm) appeared. 
DLS and drug release data revealed a similar degradation situa-
tion.[154] In the collected cell culture medium, higher Si content 
was detected by inductively coupled plasma atomic emission 
spectrometry (ICP-AES). Both HONs-4S-FITC and HONs-
4S-FITC@PEG showed low cytotoxicity (>85% viability) at a 
particle concentration of below 200  µg mL−1. Furthermore, 
HONs-4S-FITC@PEG could efficiently deliver DOX into A549 
cells and reduce cell viability.[154] After disulfide-bridged HONs 
were suspended in PBS solution (50  × 10−3 m, pH 7.4) with 
20  × 10−3 m GSH, the hollow structure began to partly break 
in the early times, eventually resulting in complete fragmenta-
tion after 48 h. HONs indicated a hemolytic activity as low as 
2.3% even at high particle concentrations of up to 400 µg mL−1. 
Moreover, HONs were non-cytotoxic for TCA8113 cells (cell via-
bility > 87%) at a particle concentration of up to 100 µg mL−1, 
while DOX-loaded HONs could achieve ≈75% of a cell-killing 
ratio at a DOX concentration of 10  µg mL−1.[155] Disulfide-
bridged HMONs exhibited a time-dependent biodegradation 
behavior in 10 × 10−3 m GSH solutions and almost all HMONs 
were degraded within 30 days. Over 95% of U87MG cells stayed 
alive after incubation with HMONs without surface modifica-
tion for 24 h. Histological analysis showed no noticeable abnor-
mality in the major organs of healthy female BALB/c nude mice 
after 30 days of intravenous injection of HMONs (10 mg mL−1), 
indicating the relatively high biocompatibility and biosafety of 
HMONs in vivo. After modification with glucose oxidase for 
glucose oxidization and loading with l-arginine for producing 
nitric oxide (NO), the constructed systems remarkably elimi-
nated the tumors of U87 tumor-bearing mice, suggesting syn-
ergistic cancer starving-like functionality and gas therapy.[152]

Shi and co-workers reported that disulfide- and benzene-
bridged HMONs (particle concentration: 0.5  mg mL−1) dis-
played a gradual biodegradation behavior from the initial 
hollow spheres to fragments after being stirred in SBF solution 
with 10 × 10−3 m GSH for 4 days. Concomitantly, the triggered 
degradation resulted in 69% of DOX release at 24 h, which was 
much higher than that in pure PBS solution (only 20%). Inter-
estingly, the introduction of the (CH2)3S4(CH2)3 chain 
improved the in vitro ultrasound (US) imaging performance 
of HMONs. Significantly, the DOX-loaded HMONs showed an 
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enhanced cancer cell–killing capacity in vitro and an improved 
antitumor chemotherapeutic efficiency on female BALB/c nude 
mice with tumors on the right mammary gland compared 
with free DOX.[147] They also found that after disulfide-bridged 
HMONs[149] and large pore-size HMONs[139] (particle concen-
tration: 0.1  mg mL−1) were suspended in SBF solution with 
10 × 10−3 m GSH and stirred for 14 days, almost no intact NPs 
could be detected, indicating facile biodegradation behavior in a 
reducing microenvironment. Careful intracellular observations 
revealed a time-dependent biodegradation behavior in breast 
cancer 4T1 cell line: collapsed HMONs after 2 days, more 
significant biodegradation after 3 days, and only very few col-
lapsed HMONs after 7 days.[149] Both large pore-size HMONs 
and PEG modified HMONs (i.e., HMONs@PEG) showed neg-
ligible cytotoxicity against 4T1 cells at a high particle concentra-
tion up to 160 µg mL−1; however, DOX-loaded HMONs@PEG 
killed ≈85% cells after treatment with a DOX concentration of 
30 µg mL−1 for 48 h, and the large pore-size HMONs exhibited 
a high killing capacity (≈61% vs 22%) against 4T1 cancer cells 
as compared to free protein drugs due to their high loading 
capacity (323.0 µg mg−1) for large RNase A proteins and efficient 
cellular uptake. An in vivo biocompatibility test revealed that 
the blood indices and body weight showed no obvious variation 
compared with the control group after intravenous administra-
tion of large pore-size HMONs and HMONs@PEG into healthy 
Kunming mice (5, 10, and 20 mg kg−1) and further feeding for 
30 days. The injected HMONs@PEG mainly accumulated 

into liver and spleen, and the major organs showed no prom-
inent pathological changes. The antitumor in vivo results 
revealed that DOX-loaded HMONs@PEG had decreased drug  
toxic side effects against normal organs; however, an improved 
tumor-inhibition effect was observed compared with free DOX 
at the dose of 5 mg kg−1.[149] They also grafted the organic sono-
sensitizer (protoporphyrin, PpIX) onto the mesopore surface 
of disulfide-bridged HMONs, then chelated paramagnetic Mn 
ions and finally modified PEG to form HMONs–MnPpIX–PEG 
for MRI-guided sonodynamic therapy (SDT) against cancer. As 
shown in Figure 17a, HMONs–MnPpIX–PEG still maintained 
their intact spherical structure after being stirred in SBF solu-
tion without GSH at 37 °C for 1 day. However, they underwent 
a moderate biodegradation after extended incubation time up 
to 7 days. In contrast, they suffered a severe biodegradation in 
SBF solution with 5 × 10−3 m GSH over the same period, and 
the higher 10 × 10−3 m GSH condition caused a more serious 
biodegradation.[148] After co-incubation with 4T1 cells for dif-
ferent times, HMONs–MnPpIX–PEG exhibited time-dependent 
biodegradation behavior in the intracellular microenvironment 
(Figure 17b), as follows: maintained hollow nanostructure after 
1 day, partial degradation after 3 days, a large extent of degrada-
tion after 5 days, and almost complete degradation after 7 days. 
Intracellular Si content decreased with the extension of co-
incubation time with 4T1 cells from 1 to 7 days. Facile excretion 
out of the mice body was found after the intravenous admin-
istration of HMONs–MnPpIX–PEG for 48 h. Importantly, the 

Figure 17.  A) TEM images of HMONs–MnPpIX–PEG (0.1 mg mL−1) in SBF solutions with varied GSH concentrations for different incubation times.  
B) Bio-TEM images of ultrathin sections after co-incubation HMONs–MnPpIX–PEG with 4T1 cells for varied time. C) a) Protocol of SDT on mice tumor 
xenograft. Changes of b) tumor volume and c) tumor weights after varied treatments of control group, HMONs–MnPpIX–PEG group, US only group, 
and HMONs–MnPpIX–PEG + US group. d–g) Digital images of tumor obtained at the end of treatments. h–k) Optical microscopic images of tumor 
sections. Reproduced with permission.[148] Copyright 2017, American Chemical Society.
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authors reported that HMONs–MnPpIX–PEG had high in vivo 
biocompatibility for healthy female Kunming mice, and effi-
ciently inhibited the tumor growth of 4T1 tumor xenograft in 
nude mice by MRI-guided SDT combined with US therapy 
(Figure 17c,d).[148]

Zheng and co-workers constructed a smart nanosystem with 
photoacoustic (PA) imaging, tumor-specific GSH-triggered bio-
degradability, and drug release for glioblastoma multiforme 
(GBM) treatment in combination with focused US (FUS), 
by decorating small Cu2−xSe NPs on the surface of disulfide-
bridged HMONs via a disulfide and PEG linker (HMONs-ss-
PEG-Cu2−xSe, designated as HCu) (Figure 18a,b).[150] HCu 
could keep the relatively intact structure in pure SBF solu-
tion for 14 days, while structural collapse of HCu could 
be observed in SBF solutions with 5 × 10−3 and 10  × 10−3 m 
GSH (Figure 18c). In the meantime, the releasing amount of 
DOX after 48 h was only 10.6% in pure SBF solution, which 
increased to 49.1% and 64.2% in SBF solutions with 5 × 10−3 
and 10  × 10−3 m GSH, respectively (Figure 18d). HCu nano-
systems showed no significant cytotoxicity against U87 glioma 
cells even at a high concentration of 400 µg mL−1 in 48 h and 
high histo- and hemocompatibility. The intracellular biodeg-
radation test showed that the endocytosed HCu nanosystems 
by U87 glioma cells could maintain their intact structure after  
1 day of co-incubation. Then, partial NPs were degraded after  
3 days. With the co-culture time prolonged to 5 days, more 
NPs would be degraded and a few NPs could be observed after  
7 days of co-culture (Figure 18e). Based on FUS-induced 
opening of the blood–brain barrier (BBB), HCu nanosystems 
achieved brain tumor PA imaging with significant contrast 

enhancement, greatly improved accumulation in the targeted 
brain regions (Figure 18f), and enhanced antiglioma efficacy. 
Lu et  al. utilized disulfide-bridged HMONs as a platform to 
construct multifunctional oxygen-carrying nanotheranostics 
(HMONs–64CuS–PEG) by the loading of O2-saturated perfluo-
ropentane (PFP) in the hollow cavity, and the modification of 
64CuS NPs and PEG on the particle surface (Figure 19A).[151] 
HMONs–64CuS–PEG was gradually degraded in 10  × 10−3 
m GSH solutions, and the particles were completely con-
verted into floccules after 3 weeks of immersion (Figure 19B). 
Through the assistance of PFP gasification resulting from NIR 
laser-triggered mild hyperthermia, simultaneous multimodality 
imaging of PA, PET, and US, and rapid oxygen diffusion across 
the tumor could be achieved for efficient radiotherapy toward 
mice bearing U87MG tumors (Figure 19C).

3.4. Nanocomposites

The disulfide-bridged organosilica shell broke partially and 
collapsed NPs were formed after being treated by a high DTT 
(100  × 10−3 m) concentration for 1 week. In parallel, these 
hybrid NPs displayed a much higher (≈80%) pyrene release 
than that (<40%) of NPs with a pure silica shell.[158] After 
being treated in a solution with 5 × 10−3 m GSH for 24 h, nano-
capsules with CS-RhB macromolecules as a core and disulfide- 
and ethene-bridged organosilicas as a shell were completely 
disintegrated into small fragments, and simultaneously 
caused 41% of CS-RhB release.[159] In contrast, in a solution 
without GSH, the shell structure remained intact and only 

Figure 18.  Schematic illustration of a) DOX–HCu nanosystems and GSH-triggered degradation and drug-releasing behavior, and b) the enhanced 
delivery of DOX–HCu nanosystems into brain tumor via FUS-induced blood-brain barrier (BBB) opening, and subsequent intracellular GSH-triggered 
biodegradation of DOX–HCu and excretion. c) TEM images of HCu in SBF solutions with varied GSH concentrations for different durations. d) The 
releasing profiles of DOX from DOX–HCu in SBF solutions with different GSH concentrations. e) Bio-TEM images of ultrathin sections after co-incuba-
tion HCu with U87 glioma cells for varied durations. f) The quantified relative fluorescence intensity in different organs of U87 glioma-bearing mice after 
being administrated with free indocyanine green (ICG), ICG–HCu, and ICG–HCu/FUS. Reproduced with permission.[150] Copyright 2018, Wiley-VCH.
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7.3% of CS-RhB was released. Even at a high concentration 
of 200 µg mL−1, the cell viability was over 80% in HeLa cancer 
and COS7 normal cell lines. In addition, based on differences 
of fluorescence intensity, it was deduced that the nanocap-
sules could not efficiently release CS-RhB into COS7 normal 
cells, but specifically release them into HeLa cancer cells, due 
to difference in GSH concentrations.[159] When (PAH/PSS))4 
microcapsules coated with disulfide-bridged organosilica shell 
were stirred at 37 °C in PBS solution (pH 7.4) with 20 × 10−3 
m GSH, hollow capsules began to break after 6 h, and were 
degraded into broken capsules and small fragments after 24 
h. These capsules exhibited an inappreciable toxic effect on 
both HeLa cells and normal human mesenchymal stem cells 
(MSCs). DOX-loaded capsules killed ≈88% of HeLa cells at a 
DOX concentration of 30 µg mL−1; however, they only caused 
the death of ≈20% MSCs, which may be ascribed to the dif-
ference of GSH concentrations between cancer and normal 
cells.[160] After folic acid (FA)–PEG modified DOX and MgPc 
HNPs consisting of a disulfide-bridged shell (560  µg mL−1) 
were immersed in water with 10  × 10−3 m GSH, the shell 
framework was deformed, along with a GSH-responsive DOX 
release. Moreover, the combined stimulation of GSH and 
light caused the collapse of the hollow structure. There was 
an almost 100% survival rate of HeLa cells after incubated 
with the MgPc–HNPs–PEG–FA at a particle concentration of 
<600 µg mL−1 for 24 h. DOX&MgPc–HNPs–PEG–FA revealed 
enhanced inhibition of tumor growth in tumor-bearing mice 
by the trimodal therapy of chem-, photodynamic therapy 
(PDT), and photothermal therapy (PTT).[108]

After stirring in PBS solution (pH 7.4) with 10 × 10−3 m DTT 
at 37 °C for varied times, disulfide-bridged and DOX-embedded 
hybrid NPs underwent time-dependent degradation starting 
from the particle surface, as follows: a rougher surface after  
1 day, broken NPs after 4 days, and some scattered pieces after 
7 days.[166] In contrast, disulfide-bridged NPs without embedded 
DOX were degraded from the interior of NPs: a hollow structure 
after 1 day and a thinner shell after 4 days. This behavior might 
originate from the aggregation of the disulfide-bridged silane 
shown in Figure 3d, which served as nuclei for the growth of 
organosilica with a low content of disulfide bonds. In vivo deg-
radation was further performed to exploit the excretion situa-
tion by detecting Si amounts in urine of mice after intravenous 
injection. Significantly higher excreted Si amounts via urine were 
found in the mice group of DOX-embedded NPs, compared with 
conventional silica- and disulfide-bridged NPs without DOX. This 
faster excretion was probably ascribed to the faster in vivo redox-
triggered biodegradation property. After modified with polycation 
(β-cyclodextrin–poly(glycidyl methacrylate, CD-PGEA) for gene 
loading, the constructed system could achieve gene and drug co-
delivery in vitro and in vivo, and remarkably suppress the tumor 
growth by applying a complementary gene- and chemotherapy.[166]

For a PEI-modified disulfide-bridged shell with large radial 
mesopores on the surface of a conventional MSNs core, after 
incubation at 37  °C for 6 h, the release of the entrapped small 
interfering ribonucleic acid (siRNA) in 10  × 10−3 m GSH was 
much faster than that in the absence of GSH. The loaded DOX 
in the MSNs core also showed a GSH concentration-dependent 
release behavior. Histological analyses displayed that no obvious 

Figure 19.  A) Schematic illustration of the construction of O2–PFP@HMONs–64CuS–PEG for PET, PA, and US imaging, mild hyperthermia-induced 
PFP bubble release, and oxygen-sensitized radiotherapy. B) TEM images of HMONs–64CuS–PEG immersed in 10 × 10−3 m GSH aqueous solution for 
a,b) 3 days, c,d) 2 weeks, and e,f) 3 weeks. C) Tumor growth curves of mice bearing U87MG tumors subjected to various treatments. Reprinted with 
permission.[151] Copyright 2018, American Chemical Society.
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damage was found in the MCF-7/adriamycin-
resistant (ADR) tumor-bearing mice. In vitro 
and in vivo experiments indicated that such 
a co-delivery system could inhibit multidrug 
resistance (MDR) tumor growth.[138] For Au 
NPs with a thin layer of disulfide-bridged 
organosilica, high intracellular GSH levels 
(≈1–10  × 10−3 m) were able to trigger the 
decomposition of the thin disulfide-bridged 
organosilica shell, leading to a rapid release 
of fluorescent molecules and correspondingly 
rapid recovery of the fluorescence signal from 
the quenching state.[163]

Over 90% of cytochrome C was released 
from the broken capsules with disulfide-
bridged organosilica frameworks after being 
dispersed in 5 × 10−3 m GSH for 48 h. After 
incubation in living C6 glioma cells for 48 h, 
TEM images showed that the organosilica 
shell was completely destroyed (Figure 20). 
Instead of cytochrome C, the intracellular 
response release of onconase resulted in 
the 40% drop of cell viability, suggesting its 
retained activity.[161]

Tumor intracellular redox-triggered deg-
radation of disulfide-bridged organosilica 
frameworks may also be useful in fluorescent 
detection. For example, when many fluores-
cent NPs, such as CDs, were encapsulated 
into one nanocapsule, it could cause severe 
fluorescence quenching. After the disulfide-
bridged organosilica shell was totally degraded 
by reduction with NaBH4 (1  mg mL−1) for 
30 min, CDs were released from CDs@DONs 
and the fluorescence intensity was increased 
2.1 times.[162] Furthermore, when CDs@DONs 
were applied in the detection of pathogenic 
bacteria, the fluorescent signal was amplified 
by two orders of magnitude, compared with 
that using more conventional CDs as fluores-
cent label.[162] This fluorescence recovery was 
also found in a core–shell nanosystem with a 
CS-RhB core and a disulfide@ethene-bridged 
organosilica shell. The distance among RhB 
groups was too short to cause self-quenching. 
After the complete degradation of the orga-
nosilica shell, the fluorescence intensity was 
three times higher than that of the intact 
nanocapsules.[159] Furthermore, this phe-
nomenon of fluorescence recovery was also 
observed in HeLa cancer cells, however, not 
in COS7 normal cells, indirectly detecting a 
GSH-triggered degradation process of the 
organosilica nanocapsules and the concomi-
tant drug release.[159] This design strategy may 
be promising to construct advanced tracking 
and imaging nanosystems for sensitive and 
specific diagnosis of cancer owing to the high 
intracellular GSH concentration in cancer 
cells.[173,174]

Figure 20.  Schematic illustration of A) synthesis of the GSH-sensitive hybrid capsules by 
coating the protein cargo with disulfide-bridged organosilica network and B) internalization and 
possible intracellular degradation of protein@breakable silica (BS) and protein@nonBS. Bio-
TEM images of C,E,G) internalized protein@BS and D,F) protein@nonBS in C6 glioma cells 
after incubated for different time. Reprinted with permission.[161] Copyright 2016, Wiley-VCH.
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Thus, it may be a simple, available, and promising method to 
construct various nanosystems by in situ encapsulating/intro-
ducing single or multiple active cargos (drugs, proteins, genes, 
fluorescent molecules, functional solid cores, etc.) within a redox-
triggered biodegradable organosilica shell/matrix,[108,138,158–166,175] 
compared to postsynthesis loading.

In short, compared with similar counterparts, most disulfide-
bridged silsesquioxane frameworks exhibited redox-triggered 
and time-dependent biodegradation in physiological solutions 
containing reducing agents (Table 3), along with adequate 
responsive cargo release. However, these hybrid NPs exhibited 
different degradation rates, which are dependent on the interior 

(composition and structure) and exterior (environment and 
condition) parameters. It is possible to regulate the redox-
triggered degradation rates and the concomitant cargo release 
profiles by controlling the condensation degree of the organo-
silica matrix, the disulfide bond content (through varying the 
disulfide-bridge silane/TEOS ratio), the particle structure (pore 
size, shell thickness, particle size, pore wall thickness, etc.), and 
particle surface functionalizations, as shown in Figure 21. A lot 
of recent experimental results in a rapidly increasing number 
of papers indicate that a low condensation degree, high con-
tent of disulfide bond, large pore size, thin shell thickness, 
small particle size, and thin pore wall thickness, etc. will result 
in faster degradation rates. Hydrothermal reaction at elevated 
temperature usually leads to higher condensation degree of 
SiOSi, which slows down the hydrolytic degradation 
rate. In addition, suitable surface functionalization can improve 
the stability in blood circulation and tumor targeting, yet pre-
serving the GSH-triggered degradation behavior. Intracellular-
enhanced degradation behaviors were also discussed in a few 
reports (Table 3); however, there were a few investigations and 
assessments concerning degradation behaviors in vivo (e.g., in 
mice).[148,166] For the effect of enhanced degradation on excre-
tion, much higher Si amounts were detected in the collected 
cell culture media after co-incubating disulfide-bridged NPs 
with cancer cells over a certain period.[132,148,154,166] Xu and co-
workers found significantly higher excretion of Si amounts 
via urine in the mice group treated with DOX-embedded and 
disulfide-bridged NPs, compared with conventional silica 
NPs.[166] Most disulfide-bridged NPs with and without modi-
fications showed negligible indications of cytotoxicity, good 
hemocompatibility,[107,130,134,136,148,150] and in vivo biocompat-
ibility.[130,136,138,139,143,147–150] Their degraded products were also 
found to have low cytotoxicity;[109,127,128] however, the accurate 
characterizations of the degraded products are still urgently 
needed. The in vitro and in vivo biosafety of the degraded 
products should also be given much more attention. More-
over, based on disulfide-bridged silsesquioxane frameworks, 
various nanosystems were developed and exhibited efficient 
in vivo cancer diagnostic and/or therapeutic effect toward 
mice.[108,129–131,134–138,143,147–152,155,165,166] In short, the rapid deg-
radation rates (such as complete degradation within 2 days) can 
accelerate the release rate of loaded guest molecules and cause 
their complete release for better biological effects, also facili-
tating the quick excretion of degraded products, and improving 
the biosafety of the injected NPs.

4. Conclusions and Outlook

An increasing number of studies have recently focused on 
exploring various disulfide-bridged organosilica frameworks. 
These contributions revealed that the introduction of disulfide 
bonds into the silica framework can not only maintain high 
structural stability in physiological conditions, but also achieve 
an interesting responsive biodegradation behavior and associ-
ated cargo release, specific to the disulfide-bridged systems, 
which are triggered by the intracellular reducing microenviron-
ment in living cells. This is occurring especially in cancer cells; 
thus, it becomes particularly relevant for the improvement of 

Figure 21.  Schematic illustration of possible strategies for regulating the 
degradation rates of disulfide-bridged NPs in the GSH environment.
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the cytosolic bioavailability and in vivo biosafety of silica-based 
nanotheranostics. Thus far, many disulfide-bridged hybrid NPs 
with different structures and S contents have been synthesized. 
However, it is still difficult to prepare NPs in a controlled 
manner with well-defined structures while maintaining the 
introduction of a high S content, due to the disturbing role of 
disulfide-bridged silane during the synthesis. As an emerging 
research field, there are still a lot of opportunities for the design 
and controlled fabrication of such nanomaterials, an example 
being in situ single or co-encapsulation of various active species 
(drug, gene, protein, fluorescent molecule, biocatalyst, Fe3O4 
NPs, etc.) by disulfide-bridged organosilica shells for redox-
triggered release.

Most hybrid NPs with disulfide-bridged silsesquioxane 
frameworks displayed redox-triggered and time-dependent 
biodegradation behavior in solutions, intracellular micro-
environments, and mice (which are presented in only a few 
studies). Unfortunately, most studies did not provide the data 
about whether and how long these disulfide-bridged organo-
silicas could be completely degraded and what exactly were 
the degraded products. Therefore, the next steps should be 
concerned with achieving elaborate regulation of the degrada-
tion profile, explore the optimized ones for specific nanobio-
medical applications, and perform accurate characterization of 
the degraded products. In addition, the detailed and accurate 
mechanism of redox-triggered and hydrolysis-induced degrada-
tion needs further elucidation. Most disulfide-bridged hybrid 
NPs, with and without modifications, displayed good in vitro 
and in vivo biocompatibility, and importantly, a few constructed 
nanosystems showed efficient in vivo cancer diagnostic and/
or therapeutic effects in the case of animal studies (e.g., 
mice). Nevertheless, in the near future, scientists should pay 
more attention to in vitro and in vivo biosafety of the partially  
and completely degraded products, and the effects of the 
improved degradation rates on in vivo clearance. Interestingly, 
the rapid intracellular GSH-triggered degradation and subse-
quent rapid in vivo clearance may increase tolerance threshold 
and dosage of silica-based nanotheranostics under repeated 
high dosage treatment. However, more experimental data 
are needed to establish this possibility. In addition, only pre-
liminary biosafety evaluations were performed regarding these 
disulfide-bridged silsesquioxane-based frameworks. There-
fore, it requires systematic and strict biosafety evaluations. In 
conclusion, owing to intracellular redox-triggered framework 
degradation and cargo release, good biocompatibility, versatile 
composition/structures, easy functionalizations, and excellent 
performance in theranostic biomedicine, it may be anticipated 
that these nanohybrids with disulfide-bridged organosilica 
framework could pave the way to improve diagnosis and treat-
ment of diseases with higher in vivo biosafety in comparison to 
conventional MSNs.
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