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ABSTRACT

Cypermethrin (CM) is a widely used insecticide to repel and control stinging, biting and sucking-licking insects. To limit the

required CM amount, to reduce application cycles, and to increase its stability, we developed CM@OS core@shell nanocontainers

(OS: n-octylsilicate) as a novel synthesis concept and material. The CM@OS core@shell nanocontainers are synthesized via a

solvent/antisolvent approach. They exhibit a mean total diameter of 34 = 8 nm with a CM particle core of 15 + 3 nm in diameter

and an OS particle shell of 7= 2 nm in thickness. Due to negative surface charging (-63 = 1 mV), the as-prepared nanocontainers
are colloidally very stable as aqueous suspensions. Analytical characterization is performed by electron microscopy (SEM, TEM,
STEM), electron spectroscopy (EDXS), and additional methods (DLS, zeta-potential analysis, FT-IR, TG, C/H/N/S analysis, pho-
tometry). The CM content is 10 wt-%, and CM is photochemically significantly stabilized in regard of a cleavage of the ester group

as well as of the cyclopropanyl ring in comparison to free CM. Thin-films are realized, and the slow CM release exemplary shown,

and promoted by the lipophilic functionality of OS.

1 | Introduction

Nanocontainers are frequently discussed as promising shuttles
for drug delivery [1, 2]. Today, new drugs can be efficiently
searched and identified by methods such as combinatorial chem-
istry or high-throughput screening [3, 4]. In recent years, emerg-
ing drug candidates show a con-current shift to higher molecular
weight and lower hydrophilicity [5, 6], which hampers a trans-
port in aqueous media and, thus, requires new concepts for
delivery [7]. While such nanocontainer concepts for pharmaceu-
tical drugs are being intensively investigated, there are only few
studies on lipophilic insecticides such as cypermethrin (CM).

CM is a synthetic pyrethroid used as an insecticide in veterinary
medicine, agriculture, wood protection and in consumer products
for domestic purposes [8]. It is used to repel and control stinging,
biting and sucking-licking insects such as ticks, pasture flies, head
flies, horse flies, lice, bird mites, or fleas. As a fast-acting neuro-
toxin, it acts as contact poison for insects, which are paralyzed

within a few minutes after exposure [9, 10]. CM also shows an
insect-repellent effect, which is based on an irritation of tactile
elements in the extremities [8-10]. For application, CM is either
sprayed on the walls of animal stables, directly on animals or
plants, or used as prepared ear tag. In particular, rubbing by ani-
mals and/or photochemical degradation require continuously
repeated application of the insecticide, which increases costs and
time, and which increases the exposure for surroundings and envi-
ronment. In this regard, encapsulation of CM in nanocontainers
could be promising to reduce the required CM amount and the
number of reapplication cycles.

Nanomaterials were yet predominately used to detect or to
remove CM. For instance, the detection of CM residues in water
was performed with carbon-nitride-modified graphite electrodes
or silver nanodendrites [11-13]. Nanosized natural products such
as nanopiperine or nanocurcumin were described to induce an
antitoxic effect against CM [14-17]. Finally, silica as well as iron
oxide nanoparticles were applied to remove CM remains from
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water [18, 19]. In contrast, nanocontainer concepts for protection
and/or controlled release of CM were rarely reported until now,
and the CM load of current nanocontainers concepts is usually
low with <1% of the total nanocontainer mass [20-23]. The high-
est CM loads were yet reported with about 50% in microporous
silica particles [2, 24] as well as with about 75% in calcium-
alginate nanoparticles [25]. In both cases, the nanoparticles were
prepared with diameters of 120-250 nm by advanced micro-
emulsion techniques, which require significant amounts of sur-
factants. A natural compound such as alginate, moreover, can
suffer from limited long-term stability due to rapid degradation
in outdoor applications. Based on our experience on drug-
delivery concepts [26, 27], we here suggest CM@OS core@shell
nanocontainers (OS: n-octylsilicate) with 10.5% CM of total nano-
container mass and with high colloidal and chemical stability.
Beside the synthesis strategy and the materials characterization,
we show the formation of thin-films with promising photostabil-
ity exceeding pure CM.

2 | Results and Discussion
2.1 | Synthesis

CM@OS core@shell nanocontainers were prepared using a sol-
vent/antisolvent-type synthesis (Figure 1a). Accordingly, a mix-
ture of octyltriethoxysilane (OTES) and ethanol was used as the
solvent solution for CM and as a precursor for the formation of
the OS shell (OS: octylsilicate). Demineralized water was used
as the antisolvent, in which CM is insoluble. After the injection
of the solvent solution into the antisolvent solution, the nucle-
ation of insoluble CM occurred immediately. OTES served as sur-
factant with the lipophilic octyl chains of OTES attached to the
lipophilic CM particle core, and the polar siloxane groups located
on the surface of the CM particle core, which, on the one hand,
limits the particle growth and, on the other hand, colloidally sta-
bilizes the CM nanoparticles against agglomeration. To stabilize
the CM particle core even further and to form a silica shell
around the CM particle core, the hydrolysis of OTES was pro-
moted by increasing the temperature (70°C), slight acidification
(0.2mL 0.1 M HCI) as well as by addition of small portions of
fluoride (1 mg NH,F) serving as a flux to support the condensa-
tion of silanol groups (Figure 1b) [28]. After formation of an
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OS shell of certain thickness, the suspension was neutralized
(0.25 mL ammonia, 25%) to increase the surface charge of the
nanocontainers and their colloidal stability (Figure 1c).

The OTES concentration was chosen in regard of an optimal col-
loidal and chemical stabilization of the CM particle core as well
in regard of a dense OS shell not being too thick. To this concern,
an OTES:CM ratio of about 10:1 turned out to be optimal. Lower
OTES concentrations lead to an insufficient stabilization and the
formation of agglomerates. Higher OTES concentrations are pos-
sible and increase the thickness of the OS shell. For practical han-
dling, finally, it needs to be noticed that the CM/OTES solution
was diluted with ethanol to reduce its viscosity and to facilitate
the injection of the solvent solution into the antisolvent solution.

After 24 h of continuous stirring at 70°C, cross-linking of OS was
finished and the suspension was left to cool to room temperature.
The as-prepared CM@OS core@shell nanocontainers were puri-
fied by centrifugation and concentrated to a load of 5mg/mL
CM@OS core@shell nanocontainers in water. These suspensions
are colloidally stable for several months (Figure 1d). Additional
stabilizers are not required.

2.2 | Characterization

Size and structure of the CM@OS core@shell nanocontainers
were examined by dynamic light scattering (DLS), scanning elec-
tron microscopy (SEM), and scanning transmission electron
microscopy (STEM). To this concern, the CM@OS core@shell
nanocontainers exhibit a spherical morphology (Figure 2a,b).
A statistical evaluation of >150 particles on SEM images resulted
in a mean particle diameter of 34 £+ 8 nm (Figure 2c). This is well
in agreement with DLS analysis showing a mean hydrodynamic
particle diameter of 36 + 13 nm in water. STEM images confirm
the size range and the spherical morphology. Moreover, the
core@shell structure of the nanoparticles becomes visible with
the different contrast of the particle core and the particle shell
(Figure 2d). Based on an evaluation of about 50 nanoparticles
on high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images, a mean particle-core diam-
eter of 15 = 3 nm and a mean particle-shell thickness of 7 = 2 nm
can be deduced. Finally, DLS also allows to determine the zeta
potential at pH =7, which is at a value of -63+1 mV for the

n-octylsilicate

(OTES) (0S)

/\/’\/\/\Si'O’
~OEt (.)\O\

Schematic illustration of the synthesis of CM@OS core@shell nanocontainers: (a) injection of CM/OTES/ethanol solvent into H,O as

the antisolvent; (b) stabilization of CM nanoparticles by OTES; (c) formation of OS particle shell to stabilize and encapsulate the CM particle core

(CM: cypermethrin; OTES: n-octyltriethoxysilane; OS: n-octylsilicate); (d) photo of aqueous nanocontainer suspension.

20f9

ChemNanoMat, 2026

85U8017 SUOWWOD SAIERID 8 cedt|dde aup Ag pausenob ale S oNe YO ‘8SN JO S8|nJ 10} AIq1T8UlUO A8|IM UO (SUOTHPUOD-PUE-SLLIBYWOD A8 | Im ARe.q U |UO//SdY) SUORIPUOD pue swie 1 8y} 88S *[9202/70/62] Uo Ariqiauljuo A8|im ‘91Bojouyds | Ind imnsu| Jeynisie s Aq £19005202 eWUd/Z00T 0T/I0p/uoo A3 1M Arelq1jeul|uo'ssde//sdiy Woly pepeojumoq ‘v ‘9202 X26966T2



DLS

1 10 100 1000
particle size / nm

FIGURE 2 | Size, shape, and structure of the as-prepared CM@OS core@shell nanocontainers: (a) SEM overview images; (b) SEM detail image;
(c) size distribution according to SEM and DLS; and (d) HAADF-STEM image.

CM@OS core@shell nanocontainers. This also explains the
good colloidal stability of the as-prepared suspensions in water.
In this respect, aqueous suspensions exhibiting a zeta potential
above + 30 mV or below -30 mV are usually considered to be
colloidally stable. The high negative charging of the CM@OS
core@shell nanocontainers can be attributed to the OS shell.
Silica typically shows negative surface charging in the range of
-80 to -50 mV at neutral pH [29].

To verify the presence of the core@shell structure, SEM and
TEM in combination with energy dispersive X-ray spectroscopy
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(EDXS) were used. The EDXS signals obtained with pressed pel-
lets in a SEM device can be assigned to silicon (K, = 1.739 keV),
chlorine (K, =2.621keV), oxygen (K, =0.525keV), and carbon
(K,=0.277keV) (Figure 3a). In particular, the signal of silicon
can be assigned to the OS shell. The chlorine signal originates
from CM. Signals of oxygen and carbon are nonspecific. Especially
for carbon, it must be noticed that the samples were prepared
on adhesive carbon pads (SEM) or Lacey-carbon copper grids
(TEM), so that only part of the carbon signal originates from
the nanocontainers.
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FIGURE 3 | Structure of the as-prepared CM@OS core@shell nanocontainers: (a) EDXS spectrum of a pressed pellet of the sample (EDXS-SEM);
(b) HAADF-STEM image; and (c) EDXS linescan along the red line on the HAADF-STEM image in (b).
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To prove the core@shell structure of the nanocontainers, EDXS
linescans were performed (Figure 3b,c). Here, HAADF-STEM
images already evidence the higher electron absorption of the
OS shell and the lower electron absorption of the CM core
(Figure 3b). The EDXS linescan shows the expected concentra-
tion profile with a high chlorine concentration in the center of
the nanocontainer and the typical dip-shaped curve of the con-
centration profiles of silicon and oxygen (Figure 3c). The consid-
erable increase of the carbon signal outside the nanocontainer
can be attributed to the uncovered Lacey-carbon copper grid, on
which the nanocontainers were deposited. Based on the EDXS
linescan, a particle-core diameter of 15-25nm and a thickness
of 10 nm of the particle shell were deduced, which is in accor-
dance with HAADF-STEM images (Figure 2d).

To examine the chemical composition and CM load of the
CM@OS core@shell nanocontainers, X-ray powder diffraction
(XRD), Fourier-transform infrared (FT-IR) spectroscopy, elemen-
tal analysis (EA), and photometry with UV-vis spectroscopy
were performed. XRD does not show any Bragg reflections
and indicates the nanocontainers to be amorphous. The broad
Bragg reflection at about 5° of 26 originates from silica and
can be related to small-angle scattering. In fact, this is not a sur-
prise as the formation of silica at low temperature usually does
not result in any crystalline product (Figure 4a). Qualitatively, the
presence of OS and CM was confirmed by FT-IR spectroscopy
(Figure 4b). Thus, a comparison with reference spectra clearly
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FIGURE 4 |

shows (Si-O-Si) vibrations at 1500-950 and 850-450 cm™" [30].
Moreover, vibrations 1(COO) of the ester group at 1737 cm™,
UCaromat—Caromat) at 1650 and 1587 cm™, §(C-H) at 1487 cm™*
originate from CM. The fingerprint region (1450-900 cm™") is less
characteristic due a superposition by the vibrations of OS.
Furthermore, 1(C-H) vibrations (3000-2850cm™) are also less

significant as they may stem from CM as well as from OS.

EA allows to quantify a carbon content of 56.4 wt%, a hydrogen
content of 9.1 wt%, a nitrogen content of 0.34 wt% and, in sum,
a total organics content of 65.8 wt% with a remain for Si/Cl/O of
34.2 wt%. As CM is the only N-containing component, a total load
of 10.1wt% CM can be deduced for the CM@OS core@shell
nanocontainers based on the EA results. With these data, more-
over, the C, H, Cl, O content originating from CM can be calcu-
lated to 6.4wt% C, 0.46 wt% H, 1.7 wt% Cl, and 1.2wt% O. The
difference between total C/H content and the C/H content origi-
nating from CM (i.e., 56.4 — 6.4 = 50.0 wt% C; 9.10-0.46 = 8.64 wt%
H) allows to extract the OS content (OS: CgH;,05,,Si, octylsilicate,
after hydrolyzation of the three ethoxy groups) to about 86 wt-%
with a C:H ratio (5.8) that also fits well with the expected ratio of
OS (5.6). Furthermore, a Si:Cl ratio of 25:1 was determined by
EDXS (i.e., 17.8 wt% Si, 0.7 wt% Cl), which is well in accordance
with contents of about 90 wt% OS and 10 wt% CM of the CM@OS
core@shell nanocontainers. Specifically, the CM content is again
in good agreement with the CM content obtained by EA.
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Composition of the as-prepared CM@OS nanocontainers: (a) XRD; (b) FT-IR spectra; and (c) UV-vis spectra. All with nonfilled OS

hollow spheres and pure CM as references. (d) Photometric determination of CM-load in the nanocontainers (red, dispersed in water) based on cali-
bration curve with CM references (green; CM concentrations: 10, 25, 50, 100, 150, and 200 pg/mL, all dissolved in ethanol).
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Finally, the CM concentration was determined by photometry,
which is possible since CM exhibits an absorption maximum
in the UV at 276 nm (Figure 4c). To this concern, several refer-
ence solutions with different CM concentrations were prepared
(ie., 10, 25, 50, 100, 150, and 200 pg/mL). Here, it needs to be
noticed that these solutions were prepared in ethanol as CM
is almost insoluble in water. The photometric analysis resulted
in a suitable calibration curve with linear regression (Figure 4d).
Based on this calibration, the CM content of the CM@OS core@
shell nanocontainers was determined to 10.5%. This amount is in
good agreement with the values obtained by EA and EDXS and
validates the composition of the nanocontainers and their CM
load even further.

2.3 | Photostability and Thin-Films

In addition to the chemical composition and nanostructure,
we have investigated the photostability of the CM@OS nano-
containers in comparison to free CM. The photostability is rele-
vant for the practical application of insecticides (e.g., in animal
stables) as a photochemical degradation makes it necessary to
reapply the insecticide, which, on the one hand, increases time
and costs and, on the other hand, multiplies the total amount of
insecticide used. Within the class of the pyrethroid-type insecti-
cides, CM is generally known for comparably high photostability
in daylight with a half-life ranging from 17 to 110 days [31].
However, a photodegradation of 45% was reported within 2 days
for solutions in methanol when exposed to UV light with wave-
lengths below 290 nm. Particularly shorter wavelengths in the
UV cause an accelerated photodegradation with, for instance,
a decomposition of 90% after 3 days on glass substrates [32].

To evaluate the photostability of CM in CM@OS nanocontainers,
time-resolved UV-Vis spectroscopy and FT-IR spectroscopy were
used. Surprisingly, kinetic analyses over 24 h with UV-vis spec-
troscopy using the absorption at 276 nm with continuous UV
irradiation at 220 nm shows an increased absorption of + 0.04%
for the CM@OS nanocontainers and an even higher increase of
absorption of +4.67% for free CM (Figure 5a). With the expecta-
tion of a UV-initiated photochemical degradation, such increase
of absorption was unexpected but can be explained by the specific
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FIGURE 5 | Photostability of CM@OS nanocontainer suspensions
(red) in comparison to free CM (green): (a) Time-resolved UV-Vis spectra
over 24 h while tracking the absorbance at 276 nm with irradiation at
220nm and (b) optional mechanisms for photochemical degradation
of CM with cleavage of the ester group (indicated by arrowl) or cleavage
of the cyclopropanyl ring (indicated by arrow 2) [33-35].

chemistry of the CM molecule (Figure 5b). According to the lit-
erature, CM is photochemically most sensitive to a cleavage of the
ester group (Figure 5b: indicated by arrow 1) and a cleavage of the
cyclopropanyl ring (Figure 5b: indicated by arrow 2) [33, 34]. From
these two options, the formation of 3-phenoxybenzoic acid after
cleavage of the ester group would retain the molecules n-system.
In contrast, a photochemical cleavage of the cyclopropanyl ring
results in a new conjugated double bond and an extension of
the n-system [35], which accounts for the observed optical absorp-
tion. Thus, the increased absorption after 24 h points to a proceed-
ing photochemical cleavage of the cyclopropanyl ring. The fact
that this increase in absorption is lower for CM in CM@OS nano-
containers as for free CM indicates a protective effect of the OS
shell, which protects and stabilizes CM in the particle core of
the nanocontainers.

To validate the effect of a photochemical ester cleavage and/or a
ring-opening of the cyclopropanyl functionality, the absorption
intensity related in the C = O vibration at 1660 cm™* and the vibra-
tion of the cyclopropanyl ring at 881 cm™ 1*°! were monitored by
FT-IR spectroscopy prior to UV irradiation as well as 2 and 4h
after UV exposure (at 254 nm) (Figure 6a,d). Here, a significant
increase of the absorption intensity of the C = O vibration as well
as a significant decrease of the intensity of the cyclopropanyl-
related vibration were observed for free CM (Figure 6c¢,f), which,
again, indicates photochemical ring opening and, thus, degrada-
tion of CM. In contrast, the spectra of the CM@OS nanocontainers
show only minor variation of both the absorption intensities of
the C=0 vibration and the cyclopropanyl-related vibration
(Figure 6b,e). In sum, both UV-Vis and FT-IR spectroscopy show
CM to be predominately unaffected under UV irradiation when
encapsulated in CM@OS nanocontainers. Thus, the OS shell
allows to protect CM from photochemical degradation. For com-
parison and evaluation, it needs to be considered that free CM was
dissolved in ethanol (due to its insolubility in water), whereas the
CM@OS nanocontainers were dispersed in water. The number of
OH radicals formed under UV irradiation, however, is significantly
higher in water than in ethanol [37]. In sum, CM in CM@OS
nanocontainers are not only more stable than free CM, even more
the conditions for the CM@OS nanocontainers were also harsher
than for free CM, which further points to the stabilizing effect for
CM upon encapsulation in CM@OS nanocontainers.

In regard of an application-oriented scenario, the CM release and
the suitability of the CM@OS nanocontainers for thin-film coat-
ings were evaluated (Figures 7 and 8). The CM release was exem-
plarily tested with CM@OS core@shell nanocontainers suspended
in water, ethanol (EtOH) and tetrahydrofuran (THF). These three
solvents mimic different scenarios of hydrophilic and lipophilic
conditions with water being most hydrophilic and THF being most
lipophilic. From the application point-of-view, CM should be
released only slowly into water (rain, condensed water) but needs
to be released to the lipophilic extremities of insects. As pure silica
is highly hydrophilic itself, we used OS with the octyl functionality
to support a slow diffusion of lipophilic CM from the inside of the
nanocontainers to the nanocontainer surface. To this concern,
suspensions of CM@OS core@shell nanocontainers were stirred
for 12h in the respective solvent. Thereafter, the nanocontainers
were separated by centrifugation, and the presence of CM in the
supernatant was analyzed via UV-Vis spectroscopy (Figure 7a).
As a result, almost no CM was released into water (Figure 7b).
Ethanol and THF show CM release, which is about 10-times
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FIGURE 6 | Photostability of CM@OS nanocontainers (suspension in water) in comparison to free CM (in ethanol) over 2 and 4 h of UV irradiation
(254 nm): (2) Scheme of photochemical cleavage of the ester group; (b,c) FT-IR spectra showing the absorption intensity of the C=0 vibration (1660 cm™)
for the nanocontainers (b) and free CM (c); (d) scheme of photochemical cleavage of the cyclopropanyl ring; and (e,f) FT-IR spectra showing the absorption
intensity of the cyclopropanyl-related vibration (881 cm™) for the nanocontainers (e) and free CM (f).
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FIGURE 7 | Release of CM in water, ethanol, and THF after 12 h of stirring in suspension: (a) Scheme illustrating the stirring of suspensions with

released CM analyzed after centrifugation in the supernatant and (b) absorption of CM at 276 nm in the supernatant (monitored by UV-Vis

spectroscopy).

(EtOH) to 25-times (THF) higher than in water. In sum, the lipo-
philic CM can slowly pass the polar OS shell and is released from
the nanocontainers with lipophilic conditions, so that insects are
expected to be efficiently repelled if not killed. Based on the first
synthesis and characterization of CM@OS core@shell nanocon-
tainers, future biological studies are required to prove and to opti-
mize the repellant and/or toxic effect on specific insects.

To evaluate the producibility of thin-films, 5 5 cm glass plates
as substrates were cleaned with ethanol and water, followed by
etching with hydrochloric acid. Subsequently, few drops of the

nanocontainer suspension were doctor-bladed on these glass
plates (Figure 8a). After slow solvent evaporation, transparent
thin-films could be easily obtained (Figure 8b) and—according
to SEM images—show a uniform dense coverage (Figure 8c).
To demonstrate successful coating of the glass plates, we also
used fluorescence-labeled CM/FR@OS nanocontainers that con-
tain low quantities (0.01 mmol) of Fluorescence Red (FR) as an
intensely emitting fluorescence dye. Due to the presence of FR,
nanocontainers, suspensions and transparent thin-films show
a weak red color (Figure 8d). Upon excitation with UV light
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FIGURE 8 | Thin-film formation with CM@OS nanocontainers: (a) Photo of suspension in water in daylight; (b) doctor-bladed thin-film on glass
plate in daylight; (c) SEM image of thin-film on glass plate shown in (b) after Pt-sputtering; (d) suspension (in water) and doctor-bladed thin-film of
fluorescence-labeled CM/FR@OS nanocontainers (FR: fluorescence red) in daylight; and (e) suspension (in water) and doctor-bladed thin-film of fluo-
rescence-labeled CM/FR@OS nanocontainers (FR: fluorescence red) under UV excitation (254 nm).

(254 nm), suspensions and transparent thin-films show intense
red emission (Figure 8e). Both uniform red color of nonillumi-
nated glass plates and emission of illuminated glass plates point
to a uniform disposition of CM/FR@OS nanocontainers as
thin-films.

3 | Conclusions

CM is a widely used insecticide, which, however, is also harmful to
the environment. To this concern, nanocontainer systems can be
suitable to reduce the required CM amount and the cycles of reap-
plication as well as to increase the photochemical stability of CM.
CM@OS core@shell nanocontainers (OS: n-octylsilicate) are here
presented as a novel material and concept. The CM@OS core@
shell nanocontainers are synthesized via a solvent/antisolvent
approach. They are characterized by a mean size of 34 =8 nm,
a mean diameter of 15+ 3 nm of the CM core, a mean OS shell
thickness of 7 + 2 nm, and a CM content of 10 wt%. Beside the gen-
eral function as a nanocontainer wall to encapsulate CM, OS leads
to a high negative surface charging (-63 + 1 mV) due to the highly
polar Si-O groups. As a result, the nanocontainers are colloidally
very stable in aqueous suspensions. Moreover, OS allows a slow
diffusion of the lipophilic CM through the OS shell due to the pres-
ence of the octyl functionality. The release of CM was exemplarily
tested applying suspension media of different polarity, including
water, ethanol and THF. Accordingly, the release rate can be
directly correlated with the polarity of the respective solvent.
The photochemical stability of the CM@OS core@shell nano-
container was compared to free CM. Here, it turned out that the
photostability—specifically the cleavage of the ester group and the
cleavage of the cyclopropanyl ring of CM—is significantly slower
after encapsulation in the nanocontainers. Finally, thin-films of
CM@OS core@shell nanocontainers on glass plates were pre-
pared, which, as expected, is straightforward for the nanocon-
tainers due to the silica-based shell. Beside CM, synthesis and
material concept of the core@shell nanocontainers can generally
become suitable also for other insecticides or drugs.

4 | Experimental Section
4.1 | Chemicals

a-CM (98%, isomeric mixture, Thermo Fisher, Germany) or a-CM
(p.a., Thermo Fisher, Germany); n-octyltriethoxysilane (95%,
Thermo Fisher, Germany); ethanol (absolute, Merck, Germany);
ammonium fluoride (>98%, Merck, Germany); hydrochloric acid
(37%, Merck, Germany); and ammonia (25%, Merck, Germany);
Fluorescent Red (Kremer, Germany) were used as purchased.

4.2 | Synthesis of CM@OS Core-shell
Nanocontainers

For the solvent/antisolvent synthesis of CM@OS core-shell
nanocontainers, a solution of 20.0mg of CM (C,,H;9CL,NO3,
0.048 mmol) in 1.0 mL of n-octyltriethoxysilane (OTES, C;,Hs,05Si,
0.88 g, 3.19 mmol) was prepared as the solvent solution. In addi-
tion, 2.0 mL of ethanol were added to the solvent solution to
reduce its viscosity. The solvent solution was then injected into
an antisolvent solution with 0.2 mL of 0.1 M HCI in 50 mL of dem-
ineralized water at 70°C with vigorous stirring. After 2h of con-
tinuous stirring at 70°C, 1 mg of NH,F was added as a flux to
promote the formation of a silica network. After 6 h, 0.25 mL of
aqueous ammonia (25%) were added, and after additional 24 h
of continuous stirring at 70°C, the suspension was left to cool
to room temperature. For purification, the suspension was centri-
fuged (8000 x g, 10 min) and the bottom phase removed. Due to
the lower density of the CM@OS core@shell nanoparticles in
comparison to water, they were located in the top phase, which
was diluted with demineralized water. To remove remaining salts
and starting materials, centrifugation and removal of bottom phase
were repeated twice. Finally, the suspension of the CM@OS core@
shell nanoparticles was stored at a concentration of up to 5 mg/mL.
This suspension was colloidally stable for several weeks.

To obtain CM-free reference nanoparticles, the above recipe was
performed without addition of CM. These CM-free reference nano-
particles were purified and handled as the above CM@OS core@
shell nanoparticles.
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If a fluorescence labeling of the CM@OS core@shell nanopar-
ticles was required, 10 mg of red emitting dye Fluorescent Red
(FR; 0.01 mmol) were added together with CM to the solvent
solution.

The CM release was exemplarily tested with CM@OS core@shell
nanocontainers, based on suspensions in water, ethanol and
THF. To this concern, 100 mg of the nanocontainers were sus-
pended in the respective solvent (5mL) and stirred for 12 h.
Thereafter, the nanocontainers were separated by centrifugation
and the presence of CM in the supernatant analyzed via UV-Vis
spectroscopy using the CM absorption at 276 nm.

4.3 | Analytical Equipment

DLS was performed to examine the hydrodynamic diameter of the
CM@OS core@shell nanocontainers in suspension. To this con-
cern, suspensions were analyzed in polystyrene cuvettes using
a Nanosizer ZS (Malvern Instruments, United Kingdom). This
device was also used for zeta-potential analysis to evaluate the
pH-dependent surface charging and the colloidal stability the
CM@OS core@shell nanocontainers.

SEM was used to determine the particle size, using a Zeiss Supra
40 VP (Zeiss, Germany). Samples were prepared by dappling
small droplets of the CM@OS core@shell nanocontainer suspen-
sion in water on a silicon wafer, which was left to dry for at least
8 h at room temperature. At least 150 nanoparticles were statis-
tically evaluated to determine mean particle diameter. The same
device was also used for scanning transmission electron micros-
copy (STEM) to analyze particle size as well as the presence of
the inner cavity and shell of the nanocontainers.

Transmission electron microscopy (TEM) and HAAADF-STEM
were performed with a FEI Osiris ChemiSTEM microscope
(FEL, Netherlands) at 200kV. TEM samples were prepared by
evaporating small droplets of aqueous nanocontainer suspen-
sions on Lacey-film carbon copper TEM grids.

EDXS was applied to prove the presence of the core@shell struc-
ture and to obtain element mappings. To this concern, a Bruker
Quantax system (XFlash detector, Bruker, Germany) was used, that
was installed at the above FEI Osiris ChemiSTEM microscope.

FT-IR spectra were recorded with a Bruker Vertex 70 FT-IR spec-
trometer (Bruker, Germany). For this purpose, 300 mg of dried
KBr were mixed with 1 mg of the CM@OS core@shell nanocon-
tainers or 0.10 mg of the reference material, pestle, and thereafter
pressed to pellets. These pellets were measured in transmission
mode in the range of 4000-450 cm™.

For the determination of the photostability, suspensions of
CM@OS core@shell nanocontainers in water (0.1 mg/mL) or
solutions (2 mL) of pure CM in a 90:10 ethanol:water mixture
(0.01 mg/mL) were irradiated with a UV lamp at 257 nm. After
0, 2, and 4 h, the respective sample was dried. The solid residue
was mixed with 300 mg of KBr, pestled and pressed to pellets
thereafter. These pellets were measured in transmission mode
in the range of 4000-450 cm™.

EA (C/H/N/S analysis) of dried CM@OS core@shell nanocon-
tainers was performed via thermal combustion with an Elementar
Vario Microcube device (Elementar, Germany) at a temperature of
about 1100°C.

UV-Vis spectra were recorded on a Shimadzu UV-2700 (Shimadzu,
Japan), equipped with a deuterium discharge lamp (180-360 nm)
and a quartz halogen lamp 360-800 nm).

For the determination of the photostability, UV-Vis spectroscopy
was used to quantify the CM amount in the CM@OS core@shell
nanocontainers according to the Kubelka-Munk formalism. The
respective CM concentration was quantified by comparison with
reference solutions with known CM concentration. CM@OS
core@shell nanocontainer suspensions with 100 pg/mL were
measured in quartz glass cuvettes (type Q, 170-2700 nm, spectral
quality 6; Starna, Germany) with an integrating sphere in diffuse
transmission geometry against the pure solvent as a reference.
For solutions of freely dissolved CM in ethanol, a double-beam
setup was used for transmission measurements with the corre-
sponding pure solvent as a reference. The determination of the
photostability were conducted with CM@OS core@shell nano-
container suspensions in water (0.5 mg/mL) as well as solutions
of pure CM in ethanol (0.05 mg/mL) as a reference. The CM ref-
erence needs to be dissolved in ethanol as CM is insoluble in
water. Due to the fact that the formation of reactive oxygen spe-
cies (ROS) under UV irradiation is much higher in water than in
ethanol, the conditions are much more harsh for the CM@OS
core@shell nanocontainers as for the reference. To study the
photostability, nanocontainers and reference were irradiated
with 220 nm UV light over 24 h. The absorption was monitored
at 276 nm.

Photoluminescence (PL): Excitation and emission spectra of
fluorescence-labeled CM@OS core@shell nanocontainers were
recorded by using a Horiba Jobin Yvon Spex Fluorolog 3 spec-
trometer, equipped with a 450 W Xenon lamp, an integrating
sphere (Ulbricht sphere) and a photomultiplier as detector.
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