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A novel thermoresponsive snaptop for stimulated cargo release
from superparamagnetic iron oxide core — mesoporous silica shell
nanoparticles based on a [2 + 4] cycloreversion reaction (retro-Diels
Alder reaction) is presented. The non-invasive external actuation
through alternating magnetic fields makes this material a promising
candidate for future applications in externally triggered drug delivery.

Mesoporous silica nanoparticles (MSNs) have attracted much
attention as drug carriers in recent years. Using specific func-
tionalization and design allows for controlled and targeted
drug delivery from silica nanocarriers to specific target sites,
such as cancer cells.' However, there is still a great demand
for spatial and temporal control of the release via external,
non-invasive methods of actuation. Superparamagnetic iron
oxide nanoparticles (SPIONs) can generate heat when exposed
to an alternating magnetic field (AMF),® and also act as contrast
agents in T,-weighted magnetic resonance imaging, making them
an important tool in biomedical applications and theranostics.””
These characteristics can even be enhanced when using iron oxide
nanoparticles that were doped with other metal ions that increase
the magnetization, such as zinc and manganese ions."
Combining both materials in a single, multifunctional core-shell
nanostructure provides access to the advantages of both materials, i.e.
a high loading capacity of various guests into the mesoporous silica
shell, as well as localized superparamagnetic heating of the iron oxide
core through an external AMF."" This localized heating has the
advantage of spatio-temporal control and activation using a deep
tissue penetration stimulus. In consequence, decorating the pore
openings of the MSNs with thermosensitive molecular gatekeepers
that can act as valves and unblock the pores upon localized heating
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is a promising concept for developing new, externally controlled,
on-demand delivery systems for various cargo molecules."*

A particularly interesting concept for thermally triggered release
of molecules is the cleavage of covalent chemical bonds. While
this process often requires high temperatures, it is known that a
concerted [2 + 4] cycloaddition (Diels Alder reaction) and more
importantly also the corresponding cycloreversion of maleimide
derivatives with furan derivatives can proceed at mild tempera-
tures.”* ™" 1t has been demonstrated that the Diels Alder reaction
of a malemide derivative with a furan derivative can be carried out
on the surface of Stober particles.'® Also, it was shown that the
corresponding cycloreversion of Diels Alder adducts attached
directly to the surface of superparamagnetic iron oxide or gold
nanoparticles can be triggered by superparamagnetic heating'” or
plasmonic heating,'®" respectively. However, these examples
require that the molecule that should be released features either a
furan group or a maleimide group, which is not the case for many
biologically or pharmaceutically relevant compounds. Moreover, in
these examples each cycloreversion leads to the release of only one
cargo molecule. A delivery system based on superparamagnetic iron
oxide core - mesoporous silica shell nanoparticles (SPION@MSN)
does not suffer from these limitations. The mesoporous silica shell
features a high loading capacity for various cargo molecules without
the requirement that they have specific functional groups. Addi-
tionally, when thermoresponsive gatekeepers are used to block the
pore openings of the SPION@MSN and dissociate upon super-
paramagnetic heating, a single cycloreversion event will result in the
release of multiple cargo molecules instead of just one.

While there are examples in the literature of thermoresponsive
gatekeepers that can be operated through superparamagnetic
heating, most of them are based on polymers or phase change
materials®*>® and there are only few examples of small molecular
nanovalves that block individual pores and can be controlled
through AMFs."? The advantage of these small molecular nano-
valves is that the surface of the MSN can be further functionalized
with additional functional groups such as targeting ligands, fluores-
cent probes, or even polymers such as PEG or PEI without affecting
the operation of the valves.>” Moreover, because each of the
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molecular nanovalves is chemically identical, heterogeneities that
occur during polymer capping due to the random coiling and
entanglement of polymer chains or phase change materials are
avoided, resulting in a more well-defined and homogeneous system.

In this work, we present a small molecular snaptop*®>° which
blocks the pores of MSNs by supramolecular interactions between
B-cyclodextrin and adamantane,*'* while thermoresponsiveness is
implemented by attaching the adamantane group to maleimide-
functionalized silica nanoparticles through a thermally reversible
[2 + 4] cycloaddition of a furan-modified linker (see Fig. 1a). Upon
conventional or superparamagnetic heating, the system can undergo
a cycloreversion, resulting in the dissociation of the furan-
adamantane-B-cyclodextrin moiety from the particle surface,
which leads to pore unblocking and cargo release (see Fig. 1b).

Two different kinds of nanoparticles were prepared. Mesoporous
silica nanoparticles without an iron oxide core (denoted MSN) that
were used in the conventional heating experiments were synthesized
under basic conditions with hexadecyltrimethylammonium bromide
(CTAB) as the template according to a published procedure.**® The
particles were grafted with maleimidopropyl triethoxysilane 1
(denoted MSN-Mal), which was synthesized by a two step procedure
(see ESIf). A co-condensation synthesis where maleimidopropyl
triethoxysilane and tetraethylorthosilicate were reacted in a one-pot
procedure was unsuccessful, probably due to hydrolysis of the
maleimide under the basic conditions during MSN synthesis.

The zinc and manganese doped superparamagnetic iron oxide
nanoparticles (SPIONs) with the formula (Zn, ;Mn, ¢)Fe,O, were
chosen due to the larger magnetization of the doped SPIONSs
(~200 emu g™, Fig. $10f) as compared to undoped SPIONs
(typically 50-120 emu g~ 1), leading to an enhancement of super-
paramagnetic heating and MRI contrast.’® The doped SPION
particles were synthesized by a thermal decomposition process of
the metal salts in oleic acid/oleylamine/octyl ether according to
literature (see also Fig. S101)."° TEM analysis shows that their
approximate size is 8-10 nm (see Fig. 2a and S10%). In order to

- SPION]« B = Cargo

Fig. 1 (a) Chemical structures of the dienophile (1), the diene (2) and the
Diels—Alder cycloaddition product (3). (b) Schematic representation of the
operating principle of the thermoresponsive nanovalve. A change in
temperature triggers a cycloreversion reaction which leads to a dissocia-
tion of the bulky gatekeepers from the silica surface and allows cargo
molecules to diffuse out of the mesopores.
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coat them with mesoporous silica, the SPIONs were transferred to
the aqueous phase by coating them with CTAC, followed by the
addition of triethanolamine, and heating the mixture at 60 °C.
A stepwise addition of tetraethyl orthosilicate (TEOS) in small
portions resulted in mesoporous silica shells in a layer-by-layer
manner (see ESIt for experimental details). After template removal
from the sample by solvent extraction, the nanoparticles (denoted
SPION@MSN) show a high BET surface area of 1034 m? g ', a total
pore volume of 1.23 cc g~ ', a mesopore volume (pore diameter <
6.5 nm) of 0.81 cc g ', and a pore diameter of 4.3 nm (see Fig. 2b
and Table S11t). The particles are about 70-80 nm in diameter
(based on TEM observations, see Fig. 2a), have an effective hydro-
dynamic diameter of about 110 nm in water at pH = 7 (based on
DLS measurements, see Fig. 2¢) and a zeta potential at pH = 7 of
—21 mV (Fig. 2d). After surfactant extraction, the particles were
grafted with maleimidopropyl triethoxysilane 1 (the resulting
sample is denoted SPION@MSN-Mal). The maleimide groups on
the surfaces of samples MSN-Mal and SPION@MSN-Mal later act as
the dienophile component in the Diels Alder reaction.

As the diene component, the adamantane-functionalized
furan derivative 2 was synthesized in a one step procedure by
acylation of furfurylamine with adamantane carbonyl chloride
in dry dichloromethane in the presence of triethylamine (see
ESIt for more details). The Diels Alder reaction of the maleimide
groups attached to the silica surface of samples MSN-Mal and
SPION@MSN-Mal and the furan-modified adamantane was
then carried out in toluene for 3 days at 40 °C, giving samples
MSN-DA and SPION@MSN-DA, respectively.

The successful attachment of the maleimide and the formation
of the Diels Alder cycloaddition product were confirmed by Fourier
transform infrared spectroscopy (FTIR, Fig. 3), thermogravimetric
analysis (TGA, Fig. S11), and **C solid state NMR (ssNMR, Fig. S71).
The appearance of two bands in the IR spectrum due to carbonyl
stretching vibrations at v = 1773 cm™ " and v = 1702 cm™ " indicate
the presence of maleimide groups attached to the silica particles.
This is also supported by newly emerging absorptions at v =
1354 cm~ ' (C-N-C stretching vibration), v = 845 ecm ' (C-H
deformation vibration) and v = 697 cm™" (maleimide ring deforma-
tion vibration). Additionally, two new characteristic amide absorp-
tions (Amide I and Amide IT) appear after the Diels Alder reaction at
v=1652 cm” ' and v= 1539 cm ™', respectively. At the same time the
sharp band at v = 697 cm ™" disappears and a new, broader band at
v =702 cm™ " appears, indicating the successful cycloaddition of
the furan derivative to the maleimide groups. Thermogravimetric
analysis shows a mass loss of 13%, 16% and 23% for samples
SPION@MSN, SPION@MSN-Mal and SPION@MSN-DA after heat-
ing in air to 550 °C, indicating the presence of organic molecules
attached to the silica nanoparticles after the functionalization steps.
The increase in weight loss from 16% to 23% after the Diels Alder
reaction corresponds well to the theoretical 7% weight gain of the
Diels-Alder addition product compared to the maleimidopropyl
silane functionalized MSNs. >C ssNMR of sample MSN-DA shows
new peaks at § = 177 ppm, 138 ppm, 128 ppm, 90 ppm, 79 ppm and
48 ppm (see green arrows in Fig. S71) that can tentatively be
assigned to the bicyclic cycloaddition product, while there are no
peaks corresponding to the monocyclic ring carbon atoms of
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Fig. 2 (a) TEM images of zinc and manganese doped iron oxide nanoparticles
((Zno.4Mng e)Fex04; top) and SPION@MSN (bottom) at different magnifications;
(b) nitrogen adsorption (filled symbols) and desorption (open symbols) iso-
therms of sample SPION@MSN (black squares) and SPION@MSN-DA (blue
circles) (inset: NLDFT pore size distribution); (c) dynamic light scattering of
samples SPION@MSN (black), SPION@MSN-Mal (red) and SPION@MSN-DA
(blue); (d) zeta potential analysis at pH = 7 of samples SPION@MSN (black
square), SPION@MSN-Mal (red circle) and SPION@MSN-DA (blue triangle; the
line is a guide to the eye).

maleimide or furan; other signals from both components are
however present. A strong shift of the monocyclic ring carbon
signals is expected after forming the cycloaddition product, so these
findings also indicate that the Diels-Alder reaction was successful
and nearly quantitative.

Nitrogen sorption indicates a small loss of surface area, pore
diameter and total pore volume after the functionalization steps,
probably due to some extent of internal pore surface functionaliza-
tion during silane grafting. However, with a remaining BET surface
area of 859 m> g~ ', a pore diameter of 3.8 nm and a total pore
volume of 0.82 cc g~ * the porosity of the functionalized material is
still sufficient for its application as a carrier system (see Fig. 2b and
Table S117). As expected, dynamic light scattering does not show
a significant change in hydrodynamic diameter of the particles
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Fig. 3 IR data for samples SPION@MSN (black), SPION@MSN-Mal (red),
and SPION@MSN-DA (blue). The vibrations discussed in the text are

highlighted by boxes. Peak assignments are based on literature data.®’
For further information and raw spectral data see Fig. S2 in the ESL7
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(approximately 110-120 nm) after any of the modification steps (see
Fig. 2c). The zeta potential at pH = 7 changes from —21 mV for
sample SPION@MSN to —15 mV for sample SPION@MSN-Mal and
then to an almost neutral value of +3 mV for sample SPION@
MSN-DA (see Fig. 2d). This can be explained by the fact that
after surface functionalization with maleimide and especially with
the hydrophobic adamantane-functionalized furan derivative,
the negatively charged silanol groups on the surface of the silica
nanoparticles are shielded by the uncharged organic moieties.

After attaching the adamantane-functionalized furan to the
silica surface, fluorescein cargo was loaded into the mesoporous
silica nanoparticles by soaking them in a 1 mM aqueous solution
overnight. The pore openings were then blocked by a bulky
B-cyclodextrin moiety, which was bound to the adamantane groups
through supramolecular interactions (samples MSN-CD and SPION@
MSN-CD). Carrying out the cycloaddition first and sealing the pores
with a bulky gatekeeper at a later stage has the advantage that the
experimental conditions for the loading step can be chosen indepen-
dently from the reaction conditions for the cycloaddition reaction
(i.e., organic solvents such as toluene, 3 days, 40 °C) that might be
incompatible with some cargo molecules.

In order to confirm that the intended cycloreversion and pore
unblocking can be triggered by external heating, fluorescein release
from sample MSN-CD was monitored at room temperature, 37 °C
and 65 °C, respectively. 0.5 mg of MSN-CD were placed in a reservoir
that was separated from an aqueous solution inside a fluorescence
cuvette by a 14 kDa MWCO dialysis membrane, which is permeable
to fluorescein but impermeable to the silica nanoparticles. The
fluorescence intensity of fluorescein released into the cuvette was
monitored over time. The temperature was adjusted externally by
using a temperature-controlled cuvette holder, and the temperature
dependence of fluorescein emission was corrected with the help of
calibration curves obtained separately (see Fig. S8 and the ESIt for
more details). The data show that there is almost no leakage at room
temperature and 37 °C, but a strong increase in fluorescein release
upon heating from 37 °C to 65 °C (see Fig. 4a).

Encouraged by these findings and by the fact that a similar
temperature increase should also be feasible through super-
paramagnetic heating of iron oxide core - silica shell nano-
particles," a similar release experiment was performed with
sample SPION@MSN-CD in order to confirm that the release can
also be triggered by superparamagnetic heating. After monitoring
the release every 15 min for 1 h at room temperature, the sample was
exposed to an AMF in a five-turn copper coil (5 cm height and
diameter) at a power of 5 kW and a frequency of 370 kHz for 30 min,
followed again by monitoring the release at room temperature (the
bulk solution temperature increased from room temperature to
approx. 38 °C directly after the AMF exposure, but cooled back down
to room temperature before the next AMF cycle). In total, five such
heating/monitoring cycles were performed (see Fig. 4b). The
observed rise in fluorescein fluorescence indicates that a displace-
ment of the B-cyclodextrin caps can also be triggered externally by
local heating by an AMF. To exclude the possibility that the observed
increase in fluorescein release is merely caused by bulk heating of
the solution rather than localized superparamagnetic heating of
SPION cores inside the mesoporous silica nanoparticles, a similar
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Fig. 4 Release of the fluorescein cargo from samples (a) MSN-CD and
(b) SPION@MSN-CD through (a) bulk solvent heating and (b) local super-
paramagnetic heating.

release experiment was carried out, but the sample was kept in an
ice bath at 0 °C at all times (see Fig. S97). Under these conditions, the
bulk solution temperature stays unchanged, and the heat generation
is confined to the core-shell nanoparticles. As expected, the fluores-
cence intensity still rises after AMF exposure, indicating that indeed
localized superparamagnetic heating triggers the release.

In conclusion, we have demonstrated that a thermally reversible
cycloaddition reaction can be used to construct a molecular snaptop
that can trap cargo inside the pores of mesoporous silica nano-
particles. The cycloreversion can be triggered by an externally applied
AMF resulting in local particle heating and thus in the detachment
of the cap from the pore openings and cargo release. This new
concept of a molecular nanocap based on a retro-Diels Alder reaction
activated through superparamagnetic heating adds to the toolbox of
externally controllable, thermally triggered nanovalves. We envision
that changing the electronic properties of the diene and dienophile
component in the Diels Alder reaction should allow for further fine-
tuning of the release properties of such nanovalves. Actuation
through an AMF has the advantage of deep tissue penetration and
non-invasiveness, making these nanovalves interesting candidates
for future applications in drug delivery.
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