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Triggering the release of encapsulated cargos using mechanical stress acting on a nanocarrier is a strategy
with potential applications from drug delivery to self-healing coatings. The mechanically triggered release
of encapsulated molecules can be controlled by tuning the mechanical properties of the nanocapsules,
which are strongly linked to the nanocapsule architecture. Here, silica hanocarriers were designed to tune
precisely the release initiated by mechanical stress. We synthesized silica nanocapsules (SiNCs) with a
finely tunable diameter and shell thickness and performed AFM nanoindentation experiments to deter-
mine the breaking force of single SINCs. We demonstrated that it is possible to trigger the release of
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encapsulated payload by the application of an external mechanical force on the SiNCs. Furthermore, we
successfully controlled the breaking force and the amount of released payload by tailoring the architec-
ture of the nanocarriers, illustrating how such mechanoresponsive SiNCs could be used as responsive
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Introduction

Nanocarrier systems enable the precise delivery of a cargo, and
a vast gamut of physicochemical cues are being used to initiate
this delivery. Mechanical cues, like load or deformation, are
becoming an essential class of triggers for new delivery appli-
cations, whether in the biomedical field or in more traditional
industries. In such cases, the mechanical properties of the
nanocarriers are of central importance to control the release.
However, there is currently a lack of adequate design guide-
lines to produce nanocarriers with suitable composition and
architecture to predict the release of encapsulated cargos
under predetermined mechanical stresses. To address this
limitation, we need to establish a relationship between the
composition of the nanocarriers and the architecture of the
nanocarrier, defined by their size and shell thickness, all of
which can influence the mechanical properties of the
nanocarriers.

Independently from the encapsulated cargo or the type of
nanocarrier, a successful delivery system should ensure the
effective encapsulation and release of the cargo." The release
of an encapsulated cargo from a nanocarrier can occur by two
main mechanisms, either a diffusion-induced release or degra-
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nanocarriers for the delivery of molecular cargos.

dation-induced release. Both mechanisms can be triggered by
different stimuli, depending on the chemical composition of
the nanocarrier system. Such nanocarriers can be thermo-,>
light-,* pH-,* enzyme-," or redox-responsive.’

One trigger mechanism for the release of cargo molecules
that has a broad appeal in a variety of fields is the release fol-
lowing the mechanical deformation or the application of con-
trolled mechanical stress on the nanocarriers. Such mechanor-
esponsive systems are used to influence drug delivery inside
the human body.® More interestingly, those mechanorespon-
sive nanocarriers are now gaining interest in a broader range
of fields, ie.,, delivery,’ damage sensors,®® self-healing
materials,®'° stretchable electronics," or lubrication. For
example, damage-sensing systems based on microcapsules can
release dye molecules upon mechanical damages and are used
to locate the affected area.'” Nanocarrier systems can combine
those functionalities and simultaneously report mechanical
damages to induce self-healing through the delivery of self-
healing agents to the damaged area, and successful recovery of
the original material properties can be achieved.® In such
systems, the application of a force results in the deformation
or the breaking of the micro-/nano-carrier leading to the sub-
sequent release of the encapsulated cargo. Therefore, control-
ling and understanding the physicochemical parameters that
dictate the mechanical properties of the delivery system, like
shell thickness or the stiffness of the shell, are critical in
gaining control over the release from mechanoresponsive
delivery systems.

The rational design of mechanoresponsive delivery systems
relies on the study of the mechanical properties of the delivery
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systems at the nanoscale. One method to study the mechanical
properties of micro- and nano-capsules is to use the tip of the
cantilever employed in atomic force microscopy (AFM) as a
nanoindenter to probe single nanocapsules by applying
precise forces.’® AFM is a versatile technique that can not only
be used to obtain images with subnanometer resolution but
also to apply precise and localized forces as low as several pico-
newtons.'* By measuring the displacement of the AFM tip
during the indentation process, parameters like Young’s
modulus, hardness, or breaking forces of nanocapsules can be
determined. Previously, AFM nanoindentation has been used
to analyze a variety of micro- and nano-carriers'>™*°
initiate reactions of mechanophore molecules.*®

The design of the mechanoresponsive delivery system
requires a tunable platform. Silica nanocapsules (SiNCs) are
model mechanoresponsive carriers. They are ideal candidate
as a delivery system for various applications'®*"*> because
their properties can be tuned by controlling their shape, size,
shell thickness, or chemical composition.>*”>*> Here, we pre-
cisely manufactured SiNCs with a controlled structure (Fig. 1)
to yield a class of tunable and controllable mechanoresponsive
nanocarriers. In those SiNCs, a condensed silica shell of a
tunable thickness encapsulated a liquid core of tunable size,
acting either directly as the cargo or used to dissolve the cargo.
These well-defined nanocapsules provide a blueprint to under-
stand how to tune the structural parameters of the mechanore-
sponsive system to achieve the release required for specific
applications and sets of mechanical stresses.

or even to

Results and discussion

The tailored SiNCs were prepared via oil-in-water mini-
emulsion by dispersing a mixture of silica precursor and a
specific hydrophobic cargo in an aqueous solution of surfac-
tant. Nanodroplets formed by the microfluidization of the
biphasic mixture acted as the template for the formation of
the final SiNCs. By tuning the composition and size of the
nanodroplets, it was possible to control the properties of the

Fig. 1 Schematic representation of the mechanoresponsive release of
encapsulated cargo after the application of a mechanical load leading to
the fracture of the shell.
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Fig. 2 Synthesis of well-defined silica nanocapsules with an organic
liquid core. (a) Distribution of shell thickness for different samples with
an average shell thickness of 5.5 nm (red) and 8.5 nm (green) (N > 50). (b
and c) Representative TEM images of silica nanocapsules with 8.5 and
5.5 nm shell thickness analyzed in (a).

resulting SiNCs (Fig. 2). The size of the SiNCs was controlled
either by the ratio of dispersed to continuous phase used
during microfluidization, the concentration of surfactant used
in the continuous phase, or the intensity of the high mechani-
cal stress generated during the microfluidization process
(Fig. S11).%° After emulsification, the interfacial condensation
reaction between the silica precursor tetraethylorthosilicate
(TEOS) and water led to the formation of a solid silica shell
around the core composed of organic solvent, and the SiNCs
showed homogenous size, shell thickness, and morphology
(Fig. 2). Furthermore, when the weight fraction of TEOS rela-
tive to the organic core material (e.g. hexadecane, hexane,
toluene, glycerol trioleate) in the dispersed phase was
increased, the shell thickness of the resulting SiNCs increased
(Fig. S2t). The control of the synthetic condition allowed gen-
erating a library of SiNCs of controlled size and shelling thick-
ness (Table S17).

The mechanical properties of the resulting SiNCs were
studied by atomic force microscopy (AFM) (Fig. 3). The SiNCs
were deposited on a glass substrate and imaged by AFM to
identify single SiNCs.

Subsequently, the cantilever was placed at the center of the
SiNCs and used to compress the SiNCs with increasing force.
The resulting force-distance curves were used to characterize
the mechanical properties of the SiNCs (Fig. 3e). The breaking
of the silica shell resulted in an abrupt drop of the force

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 AFM force measurements of the indentation of single silica
nanocapsules. (a) AFM image of SiNC with an intact shell. (b) AFM image
of now visibly damaged silica shell after the application of a point load.
(c and d) Respective height profiles of the intact and broken silica shell.
(e) Force—distance curve obtained from the compression experiment.
Red: 5.5 nm shell SiNCs with low breaking force and green: 8.5 nm shell
SiNC with high breaking force.

exerted by the cantilever compressing the shell. This explicit
behavior allowed for the determination of the force needed to
break the SiNCs and of the maximal deformation of the SiNCs
at the breaking point.

The deformation of the SiNC until breaking was defined by
the distance covered by the cantilever between the jump-in
contact when the AFM tip first made contact with the SiNC
and the position of the tip when the shell ruptured. After the
compression experiment, AFM imaging of the deformed SiNCs
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showed the resulting damaged silica shell (Fig. 3a and b). One
could note that the SINC in Fig. 3a appears wider than it is
high, this is due to the convolution of the AFM tip and the
nanocapsule.””

The compression curves (Fig. 3e) can be used to measure
the mechanical properties of the SiNCs and their relation to
the morphology of the nanocapsules. In the early stage of the
deformation generated by the compression of the SINC by the
AFM cantilever, the theory of thin shell elasticity can be used
to describe the linear elastic response for the indentation of a
homogeneous spherical shell. The force (F) applied by the can-
tilever results in an indentation depth (Ac) and this defor-
mation is related to the capsule shell thickness (%), the dia-
meter of the capsule (D) and the Young’s modulus (E) of the
shell material:

Eh?

2

This relationship has been used to quantify the mechanical
properties of hollow microcapsules using AFM force measure-
ments.'® However, the thin shell elasticity theory is only valid
when Ac is in the range of the shell thickness % as larger defor-
mations can result in plastic deformation.?® In addition to the
large deformation sustained by the SiNCs, the understanding of
these deformations was made more complex since the shell was
made of a solid material while the core contained a liquid.
Assuming that the deformed capsule has an impermeable shell
filled with an incompressible liquid, the displacement of the
shell during deformation is constrained because the volume of
the core must remain constant and results in additional restor-
ing forces arising from the deformation and stretching of the
shell needed to keep the volume constant. This force is pro-
portional to the third power of the indentation depth:**

F~ ?(Z—ISZE(AC):‘; (2)
2

We studied the deformation behavior and rupture of spheri-
cal shells under point loads. The deformation experiments
were used to measure the mechanical stress, which can induce
the large deformation needed to break the shell of the nano-
capsules. When spherical shells are deformed exceeding the
range of the shell thickness, nonlinear buckling resulting from
the coupling of in-plane-stretching and out-of-plane bending
occurs.'®*® In the SiNCs system, the force needed to generate a
plastic deformation that is large enough to induce the buck-
ling of the shell, can be understood as the force needed to
rupture the silica shell. For the compression of a spherical
shell, the critical buckling pressure pc is defined by:*"*>

2F h?

where v is the Poisson ratio.

Pec= (3)
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Fig. 4 Mechanical properties of silica nanocapsules. (a) Breaking force
of SiNCs with different shell thickness for SINCs of 110 nm diameter
containing a liquid core (solid circle) or an empty core (empty circles).
(b) Breaking pressure of SiNCs with 8.5 nm shell and varying diameter,
containing a liquid core.

The breaking force of SiNCs of constant diameter and
increasing shell thicknesses (Fig. 4a) was determined by AFM
indentation. For each shell thickness and capsule diameter, a
total of 10 SiNCs were compressed with the AFM cantilever tip
with a force ranging from 0 to 500 nN. The AFM allowed to
identify single SiNCs deposited on the substrate (Fig. S371), and
to produce reproducible and reliable analysis. The indentation
experiments were performed only on SiNC deviating by no
more than 5% from the average size of the batch as analyzed
by electron microscopy and repeated on at least 10 individual
SiNCs for each batch. The SiNCs with a thin shell (2 = 5.5 nm)
broke with the application of a force of ca. 95 nN and thicker
SiNCs (7 = 8.5 nm) broke after applying a force of ca. 213 nN.
The difference observed in the breaking force between
different samples of SiNCs with different shell thickness was
statistically significant (¢-test, p = 0.95). A general linear
increase of the breaking force with increasing shell thickness
was observed, in keeping with the increase in bending
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stiffness and extensional stiffness of the shell expected when
the shell thickness increases.'®3373¢

Interestingly, SINCs filled with an incompressible liquid core
systematically broke after the application of a lower force when
compared to the empty SiNCs of the same size and shell thick-
ness. The SiNCs filled with a hexadecane core represent the case
of a liquid core encapsulated by an impermeable shell. In com-
parison, the hollow SiNCs filled with air, prepared by the evapor-
ation of a hexane core, which has a low boiling point solvent
and high vapor pressure, had a compressible inner core
(Fig. S4t). Fig. 4a shows that the force needed to break hollow
SiNCs was 30-40% higher than for liquid core SiNCs. This differ-
ence in the breaking force originated from the presence of the
incompressible liquid. In the case of filled SiNCs, the volume of
the core must remain constant during the deformation experi-
ment, as the liquid core material cannot be compressed. As a
result, additional restoring forces emerged, causing more stress
on the silica shell and consequently leading to the breaking of
the shell occurring at lower forces compared to hollow SiNCs.*”

Additionally, the variation of the breaking force with the
capsule size was studied for liquid-filled SiNCs. The results
show that the highest breaking force was observed for thick
and large SiNCs (k2 = 8.5 nm, D = 205 nm), while the lowest
breaking force was observed for thin and small (2 = 5.7 nm,
D = 75 nm) SiNCs (Fig. S5at). Typically, when capsules with a
given shell thickness are considered, capsules with a small dia-
meter are more robust than capsules with a larger diameter as

1
De OCE.SO The results obtained by AFM show that the force

needed to break the SiNCs also induced the deformation of
the capsule and we observed that larger capsules were more
deformed at the breaking point than smaller SiNCs
(Fig. S5bt). Consequently, the breaking force needed to be con-
verted in a breaking pressure to analyze the results further.
The critical breaking pressures were calculated using the Hertz
contact mechanics to determine the contact area between the
cantilever tip and the nanocapsule.*® Therefore, the defor-
mation of the SiNCs at the breaking point was needed to calcu-
late the contact area. The average deformation for small SiNCs
of 110 nm average diameter was found to be 23.4 nm, which
corresponded to a deformation of 21.3% of the capsule dia-
meter. For medium SiNCs (164 nm) a deformation of 47.8 nm
(29.1%) and for large SiNCs (194 nm) a deformation of
72.7 nm (37.5%) were observed, those deformation were used
to calculate the respective breaking pressure (Fig. 4b). The
results show that the critical breaking pressure increased as
the size of the SiNCs decreased. The difference in the breaking
pressure observed between the different SiNCs samples was
statistically significant (¢-test, p = 0.95). Additionally, the vari-
ation of breaking pressure with the shell thickness and the
capsule diameter follow the expected behavior for the critical
buckling pressure (eqn (3)) as demonstrated in Fig. S6.}

The AFM results showed the mechanical response of indi-
vidual SiNCs. However, for release applications, probing a
group of SiNCs simultaneously is essential. To do so, SINCs
containing a fluorescent cargo (rhodamine-labeled polyethyl-

This journal is © The Royal Society of Chemistry 2021
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ene glycol) were prepared. A large cargo was chosen to prevent
any release from occurring by mass transport through the
silica shell. The rhodamine-labeled PEG used here, like other
macromolecular cargos, can only be released if the shell of the
SiNCs is disrupted. After drying the suspension of SiNCs con-
taining the rhodamine-PEG, the SiNCs were compressed with
controlled load and the fraction of the cargo released was
measured. The mechanical properties of individual SiNCs can
be correlated with the mechanoresponsive release observed
from a group of SiNCs of similar diameter and shell thickness
to those used in the AFM experiments.

The SiNCs were compressed with a hydraulic press using a
die of 13 mm diameter loaded with 15 mg of dried SiNCs. All
the compressed samples contained ca. 5 x 10" NCs. The
hydraulic press allowed for the application of loads ranging
from 2 to 10 t. This load equals an applied pressure of 0.15 to
0.75 GPa and is therefore of a similar magnitude as the critical
breaking pressure observed in 4b. The application of such a
load led to the breaking of the compressed SiNCs as visualized
by TEM (Fig. 5a inset). The analysis by microscopy clearly
showed the fractured shells of SiNCs after the compression of
the sample with the hydraulic press.

After the compression, the SINCs were recovered and dis-
persed in an EtOH:H,0 mixture (1:1). During the redisper-
sion, the dye contained in the broken SiNCs was extracted into
the solvent mixture, and the quantification of the release was
performed by measuring the fluorescence intensity of the rho-
damine in solution. The mechanoresponsive release was
studied for three different combinations of shell thickness and
diameter either small SiNCs with a thin shell (2 = 5.5 nm; D =
84 nm), medium SiNCs with an average shell thickness (7 =
7.5 nm; D = 125 nm), or large SiNCs with a thick shell (7 =
8.5 nm; D = 177 nm). Every SiNCs sample was compressed for
30 s with a load ranging from 2 to 10 t (Fig. 5a). For the
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weakest SiNCs, the release of the cargo increased with the load
applied until it reached a maximal value. In the case of the
most robust SiNCs sample studied, the release remained
limited, and the variations observed were not statistically sig-
nificant. When the load applied was increased above ca. 0.45
GPa, further compression led to an apparent decrease of the
release, but this behavior was ascribed to the sintering of the
SINCs observed under compression with large loads due to
sintering,’**° reducing the redispersibility of the sample and
the extraction of the cargo from the broken capsules. In the
case of small SINCs with a thin shell a release of up to ca. 50%
of the encapsulated cargo was observed. While lower maximal
releases of ca. 35 and 19% were observed for medium SiNCs
with an average shell thickness and large SiNCs with a thick
shell. The complete release of the cargo was not observed due
to the combination of the sintering of the SiNCs (Fig. S71), the
uneven force distribution through the compressed sample,
and the distribution in size and thickness of the SiNCs leading
to only a fraction of the SiNCs experiencing a force larger than
the threshold pressure needed to break and release the cargo.
Higher release of the cargo can be expected in diluted
samples, lower concentration of SiNCs would reduce the occur-
rence of SINC/SiNC contact and interaction under the presence
of a load leading to the sintering of the SiNCs. By correlating
the maximum release observed for the different SINCs with
the respective breaking forces determined by AFM, the results
clearly demonstrate that the tuning of the mechanoresponsive
release from the SiNCs can be achieved by controlling the
architecture of the SiNCs. The capsules with the lowest break-
ing force as measured by AFM released the largest amount of
dye (Fig. 5b). In contrast, the SiNCs with the highest breaking
force released the lowest amount of dye, demonstrating the
controlled mechanoresponsive release for SiNCs designed with
different breaking resistance.
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Fig. 5 Mechanoresponsive release from SiNCs. (a) Inset: TEM images of SiNCs (125 nm diameter; 7.4 nm shell) with HD core before and after com-
pression with a pressure of 0.75 GPa. Graph: Release profiles of 84 nm diameter SiNCs with 5.5 nm shell (red triangles), 125 nm diameter SiNCs with
7.4 nm shell (blue squares) and 177 nm diameter SiNCs with 8.5 nm shell (green circles) under different applied loads. (b) Release from SiNCs under
a pressure of 0.45 GPa related to breaking forces determined by AFM measurements for SiNCs with similar shell thickness and capsule diameter.
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A potential application for these mechanoresponsive SiNCs
is in lubricant systems. Modern lubricants consist of a base oil con-
taining various additives to improve and preserve the low friction
properties the oil presents in a tribological contact. For example,
solid nanoparticles have gained interest as lubricant additives,"" as
they can reduce friction by rolling, sliding or exfoliation mecha-
nisms in the contact area of two interacting surfaces in relative
motion to each other.”>** Robust SiNCs are not only able to mimic
the friction-reducing properties of nanoparticles, but additionally,
allow the encapsulation of friction controlling/reducing molecules.
By releasing these molecules in a mechanoresponsive manner, a
self-regulatory system could be developed, which would be triggered
by the increasing forces in the tribological contact once a mechani-
cal threshold is exceeded e.g. due to lubricant depletion. Typical
forces present in a tribological contact are load and shear
forces, both could potentially rupture the silica shell. Here, the
compression experiments using a hydraulic press only focus on
the effect of load, which is the predominant source of mechani-
cal stress in typical tribological contact.** Furthermore, the level
of load applied determines the friction-reducing mechanisms of
nanoparticles. Low pressure typically results in the rolling of
spherical nanoparticles, while at intermediate pressures, the
particles show a sliding behavior at the contacting surfaces. At
high pressures, the particles can exfoliate to form a low shear
strength layer on the surfaces of the interacting tribological con-
tacts. By tailoring the architecture of the SINCs precisely to the
forces present in a given system, controlled release of the encap-
sulating friction modifying molecules would allow controlling
friction over a long period of time.

Conclusions

We successfully prepared a model system to study the mechan-
oresponsive release of molecules encapsulated in silica nano-
capsules (SINC). By controlling the architecture of the SiNCs
(shell thickness and diameter), the force needed to break those
nanocarriers was precisely tuned as determined using AFM
force spectroscopy. The breaking force of individual capsules
increased with both the shell thickness and the capsule dia-
meter. Simultaneously, the maximal deformation of the SiNCs
at the breaking point increased with increasing capsule dia-
meter, indicating the importance of monodisperse size distri-
bution to use such systems for the controlled release of cargos.

The resulting SiNCs were used to trigger the release of
encapsulated cargos after the application of mechanical stress.
The mechanoresponsive release during the compression of
dried SiNCs in a hydraulic press showed that the critical force
needed to break individual SiNCs could be used to predict the
release from different carriers. The SiNCs displayed excellent
properties as mechanoresponsive nanocarriers since tuning
the architecture of the nanocapsule, such as shell thickness or
capsule diameter, led to a precisely controlled release. This
approach has a vast potential for the development of smart
lubricants as the release of encapsulated cargo can be tuned to
control the friction in tribological contacts.
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Experimental
Chemicals

Tetraethylorthosilicate (TEOS) was purchased from TCI chemi-
cals; toluene from Fisher chemical, cetyltrimethylammonium
bromide (CTAB) from Acros organics; polyethylenglycol (35 kg
mol ™) and rhodamine B isothiocyanate from Sigma-Aldrich,
hexadecane, hexane and ethanol from VWR chemicals, and all
chemicals were used as received.

Synthesis of silica nanocapsules

Silica nanocapsules (SiNCs) were prepared via oil-in-water mini-
emulsion. The oil phase was composed of silica precursor TEOS
(4 g 4.255 mL; 19.2 mmol) and hexadecane (3 g; 3.896 mL;
13.3 mmol) and was mixed briefly. The aqueous phase was pre-
pared by dissolving 78 mg CTAB (0.2 mmol) in 90 mL deionized
water. The two phases were combined and stirred for 10 min at
400 rpm. Then, the mixture was pre-emulsified for 2 min with an
Ultra-Turrax at 15000 rpm. Finally, the pre-emulsified mixture
was passed through a microfluidizer (LM10, Microfluidic corp.)
equipped with an F20Y interaction chamber with channels of
75 pm at a pressure of 10 000 PSI for two cycles. After emulsifica-
tion, the miniemulsion was allowed to react for 24 h by stirring at
600 rpm to obtain final SiNCs. A library of SiNCs was prepared by
following the procedure described and changing the composition
of the oil phase as noted in Table S1.f

AFM sample preparation

Freshly prepared SiNCs were dialyzed against water for 8 h.
Afterwards, 10 pL of purified SiNCs were diluted with 10 mL
deionized water and drop-casted on a clean glass slide.

Release study from broken SiNCs

The SiNCs were dialyzed against ethanol for 2 d and sub-
sequently dried with glucose (3 : 1 wt% ratio of SiNCs : glucose).
15 mg of dried capsules were compressed in a hydraulic press
from PerkinElmer for 30 s at a controlled load of 2, 4, 6, 10 t.

Then, 15 mg of the compressed SiNCs were redispersed in
5 mL EtOH:H,O (1:1) and then sonicated in an ultrasound
bath for 5 min. Finally, the suspension was filtered through a
100 000 MWCO spin filter, and the fluorescence intensity of
the filtrate was measured at a wavelength of 545-700 nm.

Characterization methods

Atomic force microscopy (AFM) was realized by using a JPK3
nanowizard with Olympus Micro Cantilevers with a resonant fre-
quency of 70 kHz and a spring constant of 2 N m™". For the com-
pression experiments, the force was preset to 500 nN and the can-
tilever was moved towards the sample on the z-axis. Once in
contact with the SINC, the cantilever continued moving towards
the substrate and thereby continuously increased the force
applied to the sample. When the preset force was reached, the
cantilever started to retract. Before reaching the preset force, the
cantilever usually broke the silica shell. This event was observed
as an abrupt step in the force/distance profile.

This journal is © The Royal Society of Chemistry 2021
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Transmission electron microscopy (TEM) was done with a
JEOL 1400 electron microscope. The shell thickness of SiNCs was
determined by measuring 50 NCs in Image]. Dynamic light scat-
tering (DLS) measurements were performed using a Malvern
Zetasizer Nano-S90. Fluorescence spectroscopy was done by using
a Tecan infinite M1000 platereader. Infrared spectroscopy was
realized by using a PerkinElmer Spectrum BX FT-IR system.
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