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GlutathioneThreshold-TriggeredSelectiveBreakabilityof
OrganosilicaNanocapsules
Andrea Mosseri,[a, b, c, d] Ana Rueda-Flores,[a, b] Jose L. Hueso,*[a, b, c, d, e]

Esteban Urriolabeitia,[f] Luisa De Cola,[g, h] and Jesus Santamaria*[a, b, c, d]

Biomolecules like proteins and enzymes can target and disrupt
cancer cell pathways more specifically and with lower toxic-
ity than traditional treatments. However, their lack of stability
and methods for their effective delivery still present unsolved
challenges. Silica nanocapsules have been proposed as carriers
capable of protecting sensitive loads but their use is limited by
their low biodegradability. For this reason, breakable silica struc-
tures, able to disassemble when exposed to representative levels
of biomolecules readily available in the tumor microenvironment
(TME), appear as ideal delivery vectors. In this work, we focus
on the optimization of the synthesis parameters governing the
breakability of organo-silica nanocapsules containing cleavable

disulfide bonds. The objective is to trigger selective release in
the presence of glutathione (GSH), a key molecule overexpressed
in tumor cells. However, disulfide bonds can also be degraded
in the presence of other molecules, which reduces the selec-
tivity of delivery. We have modified the synthesis to obtain a
response that leads to silica disassembly only when GSH levels
are above a certain threshold, while remaining stable against
other reductants, such as those present in standard extracellu-
lar culture media. The selection of the proper silica precursor
was critical to obtain silica capsules that is able to disassem-
ble and release Cytochrome C (CytC) upon exposure to GSH
concentrations typical of those existing in the TME.

1. Introduction

Cancer remains a global health concern, with projections by the
World Health Organization (WHO) anticipating a 60% increase
in global cancer mortality over the next two decades D. Cur-
rent therapeutic approaches for cancer include surgery, radia-
tion therapy (RT), chemotherapy (CT), photodynamic therapy
(PTT), immunotherapy (IT), and targeted therapy[1] among oth-
ers. However, despite advancements in these areas, resistance
to therapy, recurrence, and adverse effects persist stressing the
need for continued research into more effective and personal-
ized therapeutic strategies. Nanomedicine, the health branch of
nanotechnology, has spanned a number of different therapeu-
tic strategies against cancer. Among them, the development of

smart capsules to achieve efficient and selective delivery of ther-
apeutic cargoes represents one of the major contributions of this
interdisciplinary field.[2] In addition, the fabrication and delivery
of active catalysts able to disrupt the tumor microenvironment
(TME) attracts increasing interest in the field of nanocatalytic
medicine as an alternative to the delivery of drugs themselves.[3]

A wide plethora of catalysts have been successfully tested
to directly disrupt cancer cells by tackling key metabolites,[4]

generate reactive oxygen species (ROS),[5] or bioorthogonally
activate protected drugs.[4c,6] In a different approach, protein-
based drugs are emerging as a powerful alternative in treat-
ing cancer, metabolic disorders, and immunological diseases.[7]

Protein-based therapy offers distinct advantages over CT and
gene therapy (GT). Protein-based drugs exhibit a high specificity
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to (i) directly induce cancer cell death; (ii) stimulate immune
response; or (iii) indirectly inhibit tumor growth.[7] Furthermore,
protein therapy is potentially less cytotoxic than CT drugs and
less genotoxic than GT. Shorter amino acid sequences, such
as peptides, have been also systematically tested due to the
readiness of current sequentiation techniques.[8]

Despite these advantages, current efforts to successfully
deliver proteins or peptides to specific tissues or cells are still
insufficient.[7c,9] Among the main challenges for their clinical
translation are instability during blood circulation, degradation
by enzymes, and immunogenicity.[7a,8] To address these issues,
several delivery systems have been developed to encapsulate,
protect, and control the release of proteins or peptides. The
approaches tested include physical entrapment, chemical mod-
ification, and the use of nanocarriers with multiple functions,
aimed at active tumor targeting, deep tumor penetration, and
effective cellular uptake.[7c,9] Smart nanocarriers often based on
labile structures have also been developed, able to respond
to internal or external stimuli, allowing for on-demand protein
release at tumor sites or specific subcellular compartments.[7a]

In this regard, silica nanocapsules have been extensively eval-
uated as carrier platforms for in vivo applications.[10] Over the
years, a vast number of synthetic strategies have been explored
to improve the therapeutic and diagnostic efficacy/index, reduce
off-target toxicity, and adjust the pharmacokinetic drug release
profiles.[10e,11] Because of the difficulties that the nonbiodegrad-
ability of silica presents for clinical applications, latest efforts
have focused on adding breakability features to silica nanocap-
sules, triggered by different stimuli (such as pH, redox poten-
tial, enzyme, light, thermal, etc.).[10e,11b,12] This has enabled
highly appealing on-demand release of active cargoes.[10b,10c,11a,13]

Beyond increasing the selective disassembly of silica capsules
under specific stimuli, current efforts are intended to improve
the capability to load different biomolecules as active catalysts
or as therapeutic drugs.[8,9c,14] The reverse micelle or water-in-
oil (w/o) microemulsion system is a homogeneous mixture of
oil, water, and surfactant molecules that is isotropic and thermo-
dynamically stable. Within this system, water nanodroplets are
formed in the oil phase and act as confined nanoreactors.[15] This
strategy has been used to encapsulate positively charged dye
molecules within negatively charged silica capsules.[16] In this
work, we have focused on the development of silica nanocap-
sules specifically responsive to a reducing ambient. Previous
research by De Cola´s group[10d] demonstrated the possibility
of incorporating a disulfide bond into the silica framework to
confer stimuli-responsive breakability in the presence of high
concentrations of reducing agents such as glutathione (GSH)
and sodium borohydride (NaBH4). Reducing agents can interact
with the S─S bond, cleaving it with the generation of two thiols
(Figure 1), leaving behind fragments of a size small enough to
allow renal clearance. Ideally, a preferential response to GSH is
desired since this molecule is overexpressed in the TME, where
it is used as an antioxidant to achieve redox homeostasis.[17]

In this way, selective activation of capsule breakage could be
achieved inside the tumor. However, as described in previous
works (see Table S1), disulfide bonds can also be degraded by
lower levels of GSH than the ones present in tumors. It should be

noted that the range of GSH concentrations reported is wide and
strongly depends on the analytical techniques and the cell lines
used.[4c,6a,18] Moreover, other reductants, such as those present in
common biological media like cell culture media (this work), can
easily cleave the S─S bond. This has consequences for poten-
tial therapeutic use, as the capsules would be degraded on the
way to the target, reducing the selectivity of cargo delivery and
release. Herein, we present a double micro-emulsion synthesis
approach to generate solid SiO2 capsules that only break upon
exposure to GSH levels above a certain threshold while remain-
ing stable against other reductants, such as those present in
culture media. In addition, the nonporous silica nanoparticles
used allowed us to encapsulate a small protein, Cytochrome C
(CytC). A solid diffusion barrier prevents the early release of the
cargo and reduces unwanted toxicity in healthy regions. The
synthesis has been tuned to produce effective release at GSH
concentrations of 5 mM and above, typical of the TME. The cleav-
age of the disulfide bonds takes place on an already small silica
capsule (25 nm), producing small fragments that facilitate in vivo
clearance.[19,20]

2. Results and Discussion

2.1. Synthesis of Breakable Silica Nanoparticles Using
Tetraethoxy Orthosilicate (TEOS)

We initially synthesized benchmark breakable silica nanocap-
sules containing CytC as described by Prasetyanto et al.[10d]

(Figure 1) yielding a structure with disulfide bonds successfully
integrated in the silica framework. The objective was to main-
tain the integrity of the nanocapsules prior to cellular uptake
and trigger the cleavage of redox group to enable the selective
release of the peptide only in the presence of molecules charac-
teristic of the TME. As previously described in the literature, the
disulfide bond is a moiety susceptible to rupture in the presence
of reducing agents.[10c,10d,20a,21] Notably, chemical species such as
GSH can cleave the bond reducing disulfide to two thiols (─SH)
groups (Figure 1c). In this work, we have explored the integrity
of SiO2 nanocapsules synthesized under different experimental
conditions summarized in Table 1 and in the experimental sec-
tion (vide infra). We have tested these capsules in the presence
of GSH (at concentration levels of 5 mM typically mean concen-
tration found by LC–MS analyses in tumor cells[4c,6a]) and also
against Dulbecco’s Modified Eagle’s Medium (DMEM a commonly
used cell culture medium containing molecules that can act as
reducing agents such as glucose, high concentration of proteins
and vitamins, and sodium pyruvate). The synthesis procedure
follows a reverse microemulsion approach[10d] using TEOS as sil-
ica precursor and bis[3-(triethoxysilyl)propyl] disulfide (BTSPD) as
disulfide source. As shown in Figure 1 (see also experimental
section) a first organic in water mixture was generated in an
aqueous phase containing TEOS/BTSPD and (for the loaded cap-
sules) CytC. Subsequently, a microemulsion was obtained mixing
the aqueous fraction with an organic phase containing cyclo-
hexane, n-hexanol and Triton-X under magnetic stirring. The
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Figure 1. Scheme of the synthesis approach of SiO2 nanocapsules and GSH cleavage: (a) scheme of synthesis: first step using as aqueous phase
double-distilled H2O (eventually with the CytC dissolved), plus TEOS or TMOS as silica precursor and BTSPD as S─S bond precursor; second step using an
organic phase composed by cyclohexane, n-hexanol, Triton 100X, and ammonia as catalyst for silica polymerization. (b) Reaction scheme of the
polymerization mechanism of silica precursors in basic media. (c) Disulfide bond cleavage induced by GSH to initiate the SiO2 matrix rupture.

Table 1. Summary of the main precursor concentrations, characterization, and loading tested in this work.

Sample TEOS or TMOS
Volume (μL)

BTSPDc) Volume
(μL)

Ratiod) SiO2:
S─S

ζ -pote) (mV) Size (nm) EEf) (%) Loadingg)

(%)

1-TEa) 40.0 60.0 1.00: 0.65 −18.3 ± 1.4 23.6 ± 4.7 61.9 6.2

2-TE 40.0 41.5 1.00: 0.45 −10.9 ± 0.4 23.6 ± 4.4 61.3 6.1

3-TE 57.8 60.0 1.00: 0.45 −25.3 ± 2.4 27.1 ± 3.5 60.8 6.1

1-TMb) 40.0 87.7 1.00: 0.65 −34.8 ± 1.1 18.4 ± 3.0 38.2 3.8

2-TM 40.0 60.0 1.00: 0.45 −37.2 ± 1.4 17.1 ± 2.6 42.1 4.2

3-TM 80.0 120.0 1.00: 0.45 −40.3 ± 2.6 20.2 ± 2.9 58.6 5.9

a) TE: samples prepared using TEOS.
b) TM: samples prepared using tetramethoxy orthosilicate (TMOS).
c) BTSPD: bis[3-(triethoxysilyl)propyl] disulfide.
d) Molar ratio, expressed as (TEOS or TMOS) moles/BTSPD moles.
e) Zeta-potential values.
f ) EE: encapsulation efficiency (see experimental section).
g) CytC loading (wt %/wt.).
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Figure 2. Characterization of TEOS derived silica nanocapsules and release patterns: from (a–c) TEM of organosilica nanoparticles, images at 50 nm scale of
syntheses using TEOS as silica precursor (1-TE, 2-TE, 3-TE, respectively). (d) FT-IR analysis of 1-TE, 2-TE, 3-TE. (e) Thermogravimetric analysis of organosilica
NPs: syntheses using TEOS as precursor 1-TE (red line), 2-TE (blue line), and 3-TE (black line). (f ) Release kinetics of CytC from the different samples 1-TE to
3-TE over 48 h: in the presence of GSH (5 mM in phosphate buffer saline (PBS 0.1 M pH = 7.4). (g) Release kinetics of CytC from the different samples 1-TE
to 3-TE over 48 h: in the presence of DMEM (pH = 7.4).

presence of the surfactant (Triton-X) allowed the formation of
water-in-oil micelles. The addition of ammonia (NH4OH), cat-
alyzed silica polymerization, using the micelles as nanoreactors
(Figure 1).

All the conditions reported in Table 1 rendered the forma-
tion of SiO2 nanocapsules. Nevertheless, the syntheses using the
lower volumes of TEOS and BTSPD (1-TE and 2-TE) led to the
generation of nanoparticles, exhibiting some aggregation and
defects as revealed by transmission electron microscopy (TEM)
analysis (Figure 2a,b). In contrast, an optimal spherical configura-
tion was obtained using higher volumes of both reactants (3-TE,
Figure 2c). The particle size distributions derived from TEM and
from dynamic light scattering (DLS) measurements were analo-
gous with average sizes around 25 nm (Figure 2a–c, Table 1), zeta
potential values became progressively more negative from 1-TE
to 3-TE (Table 1). DLS analysis provided hydrodynamic diameters
that matched well the TEM measurements, indicating that stable
colloidal suspensions were obtained, and the partial aggregation

that can be observed under TEM inspection is probably caused
by the drying mechanism during grids preparation (Figure S1).

Fourier-transform infrared (FT-IR) analysis (Figure 2e) did not
reveal any significant differences. The three TE samples showed
analogous spectra (see Figure 2d) with a silica framework char-
acteristic absorption peak at 1020–1110 cm−1 assigned to the
Si─O─Si asymmetric stretching vibration, and the peaks at
960 cm−1 attributed to the asymmetric bending and stretching
vibration of Si─OH, respectively. The presence of the S─S bond
was accounted by a stretch at 2927–2868 cm−1, slightly visible in
the spectra because of the low amount of the chemical bond.[21]

Thermogravimetric analyses (TGAs) were useful to elucidate the
presence and percentage of disulfide bond. TG curves showed
2.5%–4% weight losses in the range 300–400 °C attributed to the
disulfide bond in the structure[10d,20b] (see Figure 2e). The major
weight loss was observed in 2-TE. Still, we could estimate that
almost 75% BTSPD is not being incorporated in the silica matrix,
probably due to its limited miscibility.

ChemCatChem 2025, 0, e01931 (4 of 9) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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2.2. Evaluation of the Breakability and CytC Release in the
Silica Nanocapsules Obtained with TEOS

Organosilica nanoparticles containing disulfide bonds in their
structure represent a widely studied approach to enhance
biodegradation. Several studies employing this strategy
improved the biocompatibility and degradation behavior of
conventional silica NPs, while also enabling controlled cargo
release in redox-rich cancer cell environments.[10d,22] The ─S─S─
bond is physiologically active and easily degradable, enabling
the efficient biodegradation of organosilica frameworks[23]

(Figure 1c). In this work, the organosilica nanoparticles synthesis
allowed to encapsulate CytC with a loading of 6 wt % and an
encapsulation efficiency of 60%, (see Table 1 and experimental
section). The breakability of the SiO2 nanocapsules prepared
with TEOS was evaluated after immersing them in a buffered
aqueous medium containing GSH (5 mM). Alternatively, the
capsules were also evaluated in the presence of DMEM, as a
representative culture medium often used in cell studies. All
the SiO2 nanocapsules exhibited similar percentages of protein
released and the observed trends were similar both in the
presence of GSH and DMEM (Figure 2f,g). Therefore, while the
addition of BTSPD was successful in introducing disulfide bonds
that led to the degradation of the silica matrix, this rupture
was not selective to GSH and took place also in the presence
of other reducing molecules. Furthermore, we tried to tune the
breakability by changing ratios of the precursor and this had
some effect on the total amount of protein released but was
not effective in enhancing the role of GSH over DMEM as a
disassembly-triggering agent, which was the preferred scenario
given its high concentration in the TME.[4c,10d,17a,18a]

2.3. Replacing TEOS by TMOS to Improve the Selective
Breakability of Silica Nanocapsule

Given the lack of a selective response to GSH, a different syn-
thesis scheme was attempted using TMOS instead of TEOS as
organosilane precursor under the different BTSPD ratios summa-
rized in Table 1 (vide supra). We hypothesized that introducing
the shorter and less sterically hindered methyl group present
in the TMOS would lead to more dense and stable structures.
We followed two different approaches: (i) using higher amounts
of precursors (i.e., using higher precursors to CytC ratios), to
increase framework stability in the presence of DMEM and (ii)
changing the BTSPD to TMOS ratio to tune the percentage
of S─S bonds present in the silica framework, to achieve dif-
ferent release kinetics of the protein. TEM analysis confirmed
the successful generation of smaller, denser, and more uni-
form nanocapsules with average diameters around 20 nm (see
Figure 3a–c, Table 1, and Figure S2 DLS analyses), exhibiting
less fragility and aggregation than their TEOS counterparts
(Figure 2a–c). The three TM samples exhibited higher colloidal
stability thanks to more negative ζ -potential values (increasing
from 1-TM to 3-TM, Table 1). FT-IR spectra displayed in Figure 3d,
revealed the same critical features for all the samples and the
TE samples (vide supra), and TG analysis were identical for the

three TM samples (Figure 3e). On the other hand, the encapsula-
tion efficiency of CytC decreased, due to their smaller diameters
and increased SiO2 thickness, especially 1-TM and 2-TM samples
(Figure TEM, Table 1).

In contrast to the TEOS samples, the TM samples main-
tained the sensitivity displayed by TEOS-based samples regard-
ing breakability after exposure to the GSH concentration levels
expected in the TME. Nevertheless, they exhibited a much higher
resistance to DMEM culture medium, as can be seen by com-
paring the enlarged representations of the first 6 h of exposure
(Figure S3). The results of Figure 3f show that by modifying the
synthesis parameters the release sensitivity could be effectively
tuned: thus, reducing the amount of disulfide bonds in the silica
structure (i.e., moving from 1-TM to 2-TM) decreased somewhat
the release rate in the presence of DMEM but the effect was
minor. However, increasing the concentration of both precur-
sors definitely improved the selectivity: while the total amount
of protein released in the presence of GSH was similar for the
three compositions tested, with the proportions used in 3-TM the
unwanted release of CytC in the presence of DMEM was almost
suppressed (Figure 3g).

TEM evaluation of the TM nanocapsules after exposure
to GSH for 48 h confirmed their progressive degradation,
the collapse and aggregation into an amorphous silica matrix
(Figure 4a–c). Taking together, these results show how GSH
has a strong degradation effect on the integrity of cleavable
organosilica. This behavior is an important step toward the
removal of nanoparticle fragments via two distinct pathways:
renal clearance for fragments smaller than 6 nm, and hepatobil-
iary clearance for nanoparticles within the 6 to 50 nm range,[16]

as summarized in Figure 4d. Overall, in terms of selective degra-
dation the TMOS/BTSPD combination gives the best results,
highlighting the feature of 3-TM to reach 48 h without significant
release of Cyt C in the presence of cell culture medium. Fur-
thermore, we investigated the response of this promising silica
precursor’s combination (3-TM) when exposed at different con-
centrations of GSH. Multiple and variable GSH levels are reported
in the literature for both healthy and tumoral cell lines, respec-
tively. The use of different analytical techniques also influences
the final values detected, although HPLC and UPLC provide con-
sensus of intracellular GSH concentrations between 5–10 mM
in tumor cell lines.[4c,6a,17b,18a] Taking into account the average
intracellular concentration found in different healthy cells types
(0-2 mM)[18b–f] and the minimum threshold of tumoral cells, a
CytC release kinetics at 48 h was evaluated both at GSH 1 mM
and 5 mM (PBS 0.1 M pH = 7.4). Figure 3h reveals that at low
concentrations of GSH as in healthy cells (2 mM or less)[18b–f] the
conditions used to synthesize 3-TM were able to yield a mate-
rial that was effective in preventing the release of the enclosed
proteins over a 48 h period in the presence of 1 mM GSH or in
DMEM. Furthermore, Figure 3i reveals that at the low concentra-
tions of GSH (0-2 mM) representative of healthy cells,[18b–f] the
release of proteins from the optimum 3-TM material was min-
imum (around 7%). We could therefore identify a strong GSH
concentration dependence.

Finally, we investigated the stability of the systems devel-
oped by employing TMOS and BTSPD as breakable silica precur-
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Figure 3. From (a–c) TEM of organosilica nanoparticles, images at 50 nm scale of syntheses using TMOS as silica precursor (1-TM, 2-TM, 3-TM, respectively)
(d) FT-IR analysis of 1-TM, 2-TM, 3-TM. (e) Thermogravimetric analysis of organosilica NPs: syntheses using TMOS as precursor 1-TM (dot line), 2-TM (green
line), and 3-TM (purple line). Release kinetics of CytC along 48 h: (f ) 1-TM (brown line), 2-TM (green line), and 3-TM (purple line) in presence of GSH (5 mM
in PBS 0.1 M pH = 7.4); (g) 1-TM (brown line), 2-TM (green line), and 3-TM (purple line) in presence of DMEM. (h) Release kinetics of 3-TM in presence of
GSH 1 mM (red line) and 5 mM (green line) (in PBS 0.1 M pH = 7.4) along 48 h. (i) Percentage of protein released after 6 h under reducing conditions in
presence of GSH 1 mM, 3 mM, 5 mM, 7.5 mM (in PBS 0.1 M pH = 7.4).

sors in water. TEM evaluation of the NPs after 1-month storage
in water at 4 °C revealed no significant changes either in size or
morphology (Figure S4). The stability of 3-TM, the most promis-
ing candidate, was also evaluated after storage in EtOH or
acetonitrile (ACN) with no meaningful variations (see Figure S5).

3. Experimental Section

3.1. Materials

CytC from bovine heart, cyclohexane, n-hexanol, Triton 100X,
TEOS (99%), TMOS (99%), glutathione reduced, sodium phosphate

monobasic and dibasic, acetone, ethanol (EtOH) were purchased
in Sigma–Aldrich–Merck. BTSPD (90%) was purchased in abcr. ACN
(HPLC Quality) was purchased by WVR. Ultrapure water was pre-
pared by Millipore IQ 7000 system. DMEM was purchased by
ThermoFisher scientific, without phenol red and L-glutamine and
containing sodium pyruvate and 4.5 g/L of Glucose.

3.2. Synthesis of Breakable Silica Nanoparticles

The initial protocol using TEOS as silica precursor, was adapted
from a previous study.[10d] Typically, Triton X-100 (1.77 mL) and n-
hexanol (1.8 mL) were dissolved in cyclohexane (7.5 mL). Separately,
600 μL of a solution of CytC (or water in case of empty nanocap-
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Figure 4. Evolution of TMOS derived nanocapsules after contact with GSH for 48 h: (a–c) TEM images of 1-TM, 2-TM, and 3-TM, respectively after 48 h; (d)
Schematic display of expected clearance pathways of the capsules. Experimental conditions correspond to GSH 5 mM in PBS pH = 7.4 (0.1 M).

sules) (2.5 mg/mL) in water were mixed with 40 μL of TEOS and
60 μL of BTSPD. After briefly stirring up, this mixture was added to
the organic solution. 50 μL of 30% aqueous ammonia solution was
added and the water–oil emulsion was stirred overnight at room
temperature at 350 rpm. A total of 20 mL of pure acetone was sub-
sequently added in order to precipitate the NPs and the material
was recovered by centrifugation, washing twice with ethanol and
two times with ddH2O. Final volume of resuspension were 2 mL of
water. Further modification of the protocol in terms of silica pre-
cursor (TMOS) and amounts of reagents involved in the synthesis
are summarized in Table 1 (vide supra). The synthesis of materials
has been performed by the Platform of Production of Biomaterials
and Nanoparticles of the NANBIOSIS ICTS, more specifically by the
Nanoparticle Synthesis Unit (Unit 9) of the CIBER in BioEngineering,
Biomaterials, and Nanomedicine (CIBER-BBN).

3.3. Characterization Techniques

SiO2 nanocapsules were characterized after freeze-drying the sam-
ples. FT-IR analyses were performed using Bruker Vertex 70 equip-
ment. TGA was carried out by using a protocol based on a gradient
of 10 °C/min from 35 °C to 900 °C on a Mettler Toledo (TGA/SDTA851).
Nanoparticles measured by FT-IR and TGA did not contain CytC to
avoid signal interference in the silica framework due to the pres-
ence of the dye. Size and morphology were analyzed by performing
TEM using a FEI TECNAI T20 microscope operated at 200 keV. Sam-
ples were prepared by drop casting aqueous suspensions of samples
on holey carbon-Cu grids, 200 mesh, 50 microns. Size distribution
was evaluated by measuring the diameters of nanoparticles on TEM
images (n = 100) using Fiji ImageJ software and represented by
frequency percentage distribution. ζ -potential evaluation was per-
formed by a Z-Brookhaven 90 Plus in KCl 0.1 M solutions of the
samples. DLS was performed on a Malvern Zetasizer by analyzing

dispersions of NPs in water. Analyses were carried out with a laser
angle of 173°, 3 runs, 15 repetitions for run, size distribution was
analyzed by % in numbers.

3.4. Monitorization of CytC Release

In order to monitor the release of CytC from the nanocapsules,
UV–vis analyses were carried out on a Jasco V670. The nanocap-
sules (0.5 mg/mL) were put in reaction with two different media:
(i) GSH 5 mM to mimic concentration of reducing agent present
in tumoral environment; (ii) DMEM to mimic the medium outside
the cell membrane. To maintain neutral pH all over the experiment
when using GSH, PBS 0.1 M at pH = 7.4 was used. The samples in
reaction were kept at 37 °C in the dark. Absorbance readings were
acquired at maximum absorbance peak at 410 nm using fixed wave-
length method. Sample at 2, 4, 6, 24, and 48 h were centrifuged
and measured the supernatant. In order to estimate the full release
of CytC, 10 μL of NH4OH were added to a solution of 0.5 mg/mL
concentration of nanocapsules in order to reach strong basic pH
conditions. Solution absorbance was then measured at 410 nm, and
concentration calculated by Lambert–Beer law considering molar
extinction coefficient ɛ410 = 106 000 M−1 cm−1. To understand the
influence of different GSH concentration and determine the thresh-
old, GSH concentration levels at 1 mM, 3 mM, 5 mM, and 7.5 mM
were used. To stabilize the pH value, PBS (0.1 M) at pH = 7.4 was
employed.

3.5. Encapsulation and Loading Efficiency Calculations

In order to estimate the encapsulation efficiency and drug loading,
100% protein release was calculated as previously mentioned. Drug
loading was estimated in terms of concentration (mg/mL) of protein
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released from a solution of 0.5 mg/mL of nanocapsules in the pres-
ence of GSH 5 mM. Percentage w/w refers to total drug loading as
follows:

mgCytC
mgNPs

= mg/mLCytCreleased
0.5mg/mLNPs

DrugLoading(%) = mgCytC
mgNPs

× 100

Encapsulation efficiency (EE) was defined as the amount of CytC
encapsulated over the total CytC used for the synthesis (2.5 mg/mL
in 0.6 mL). Considering average yield of synthesis as 15 mg/mL:

encapsulatedCytC(mg) = mgCytC
mgNPs

× totalmgNPs

EE(%) = encapsulatedCytC(mg)
initialCytC

× 100

4. Conclusions

Replacing TEOS by TMOS as an alternative silica precursor in
which the ethyl group is replaced by a methyl group as the ester
derivative, allowed us to change the synthesis kinetics in the
presence of BTSPD, leading to breakable SiO2 nanocapsules with
improved degradation characteristics. The encapsulation of CytC
as a model therapeutic agent allowed us to monitor the kinetics
of release and demonstrated a selective release only after expo-
sure to threshold levels of GSH, typical of those found within the
tumor environment. Interestingly, changing the proportion of
S─S bonds precursor used in our synthesis did not induce large
differences in terms of kinetic release or in the total amount of
entrapped protein. The best results in terms of selective rupture
were obtained with TMOS as silica precursor and with a BSTPD
to TMOS molar ratio of 0.45.
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