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ABSTRACT

We apply mesoporous thin silica films with nanometer-sized pores as drug carriers and incorporate the widely used anticancer drug Doxorubicin.
Through single-molecule based measurements, we gain mechanistic insights into the drug diffusion inside the mesoporous film, which governs
the drug-delivery at the target-site. Drug dynamics inside the nanopores is controlled by pore size and surface modification. The release
kinetics is determined and live-cell measurements prove the applicability of the system for drug-delivery. This study demonstrates that
mesoporous silica nanomaterials can provide solutions for current challenges in nanomedicine.

In cancer therapy, the administered cytostatics show a
number of severe side-effects due to their toxicity.'? Side
effects can be reduced by encapsulating the drug in a
delivery-system, which protects the body from the toxic drug
and prevents the decomposition of the drug prior to reaching
the target cells. Furthermore, a specific targeting of this drug
carrier onto malign cells combined with a controlled release
of the drug by diffusion minimizes the amount of drug that
has to be administered. Clinically used nanocarriers for drugs
consist, for example, of synthetic organic polymers®™> or
liposomes,® yet especially cell-targeting and a controlled-
release still represent a great challenge. Mesoporous silica
materials, which contain nanometer-sized channel systems,
provide high potential as novel drug-delivery systems due
to their high versatility.””'? The physical properties that can
be controlled include the surface properties, pore topologies,
pore sizes, and surface areas.'»'* These properties are
essential for generating a depot-effect, that is, a retarded
controlled release of a drug from the delivery system. They
also provide flexibility for the incorporation of a high amount
of differently sized guests. Additionally, silica nanostructures
have a high potential for cell-targetting approaches as they
can be covalently modified. Hence, mesoporous silica
materials meet the essential requirements for a novel efficient
class of drug-delivery systems.
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In order to gain control over the release of the drug
molecules from the delivery system, understanding the
diffusion of the drug inside the porous hosts is of paramount
importance. This process can be studied with various
techniques such as pulsed-field gradient NMR,' neutron
scattering!® and fluorescence correlation spectroscopy
(FCS).'”!® Single-molecule fluorescence microscopy can
additionally yield direct insights into mechanistic details of
the host—guest interactions on a nanometer scale and allows
the investigation of the characteristics of ensemble subpopu-
lations separately. This technique can therefore open insights
that are obscured by ensemble methods. We have recently
used this technique to unravel the host—guest interplay in a
large variety of periodic nanoporous silica materials.'*!9~23
Furthermore, we were able to control the guest dynamics
through surface modifications.'?

Here, we demonstrate the potential of surfactant-templated
mesoporous silica materials®* (Figure 1a) as delivery system
for the anticancer drug Doxorubicin hydrochloride (Figure
1b). To our knowledge, this is the first time ever that a
relevant drug has been characterized on a single molecule
level. Doxorubicin and its analogues are widely used in
chemotherapy, for example, for the treatment of Kaposi’s
sarcoma,? ovarian carcinoma,?° or breast cancer.?” However,
Doxorubicin is also highly toxic especially to the heart and
the kidneys, which limits its therapeutic applications. Novel
drug-delivery strategies for that drug are thus urgently
needed.
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Figure 1. Host—guest-system. (a) Schematic of a surfactant-templated mesoporous silica material loaded with the cytostatic Doxorubicin
hydrochloride. a, designates the pore-to-pore distance. (b) Structure of the anticancer drug Doxorubicin hydrochloride.

Doxorubicin-loaded mesoporous samples were synthesized
as thin films via the evaporation-induced self-assembly
(EISA) method.?®? The following four mesoporous struc-
tures were synthesized and evaluated (see Supporting
Information for details): (i) a cetyltrimethylammoniumbro-
mide (CTAB)-templated film, (ii) a Pluronic P123-templated
film, (iii) an unfunctionalized Brij-56-templated film, and (iv)
a Brij-56-templated mesoporous film where the silica matrix
has been functionalized with covalently attached propyl
groups inside the porous network. Characterization via 1D
X-ray diffractometry (XRD) (Table 1, Supporting Informa-
tion) proved that all mesoporous thin films exhibit 2D-
hexagonal order.!* From the position of the diffraction peak
(20-value) the pore-to-pore distance a, can be calculated.
We thus determined ay to be (i) 4.4 nm + 0.2 nm for the
CTAB-templated film, (ii) 10 nm % 0.5 nm for the Pluronic
P123-templated film, (iii) 6.1 nm %+ 0.3 nm for the unfunc-
tionalized Brij-56-templated film, and (iv) 5.6 nm =+ 0.3 nm
for the propyl-functionalized Brij-56-templated film. In the
CTAB sample, ay is significantly smaller than in the P123
sample due to the decreased size of the structure directing
template. The Brij-56 samples show intermediate values. The
propyl-functionalization leads to a decrease in ay, compared
to the unfunctionalized film as observed previously.> A
typical film thickness for the mesoporous structures inves-
tigated in this study is 150 nm.

We used single-molecule fluorescence microscopy to
investigate the diffusion of Doxorubicin molecules inside the
four mesoporous systems. In order to observe individual
molecules, we incorporated Doxorubicin in highly diluted
concentrations (107! to 107! mol/L in the synthesis
solution) into the mesoporous network. With a widefield
fluorescence microscope, movies of the molecular motion
inside the different samples were recorded (see Supporting
Information for details of the setup). The position of the
observable molecules was tracked by fitting a 2D Gaussian
function® to the fluorescence signal throughout the movie,
extracting molecular trajectories.?’ Since the film thickness
lies far below the axial resolution of the microscope, the
recorded molecular movement is always a two-dimensional
projection of the real three-dimensional motion. Conse-
quently, a 2D diffusion model is the correct model for data
evaluation.
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The Pluronic P123-templated samples were washed with water
prior to the measurement in order to remove molecules on the film
surface and thus prevent them from obscuring the measurement.
In addition, the film surface was covered with PVA such that
mobile molecules can only diffuse inside the channel system and
not on the film surface. The recorded movies (see, e.g., Movie 1,
Supporting Information) show two populations, 5% mobile and
95% immobile molecules. The presence of a majority of
immobile molecules is surprising. In order to investigate this
further, we recorded single molecule and ensemble fluores-
cence spectra of Doxorubicin (see Supporting Information).
We detected two distinct populations of spectra in the films
associated with the mobile and the immobile molecules. A
concentration dependent characterization of the Doxorubicin
fluorescence in solution (Supporting Information) allowed
us to assign the immobile molecules in the films to
Doxorubicin monomers and the diffusing population to
Doxorubicin dimers. At low Doxorubicin concentrations, the
monomer is the dominant species whereas an increase in
concentration leads to a formation of dimers. During medical
applications the delivery system will be loaded with high
concentrations of Doxorubicin and the drug will be present
mainly in the form of mobile aggregates. This mobility is
an essential prerequisite for an efficient release from the
delivery system. A trajectory of a mobile molecule, mapping
the molecular motion through the channel network of the
host silica structure, is given in Figure 2a. The drug
molecules can diffuse throughout the porous network either
along one pore or in a more restricted way from one pore to
neighboring pores via defects, that is, openings in the channel
walls. The trajectory appears not very well structured due
to the small domain size inside these samples.

In contrast, highly structured trajectories were obtained
for the mobile population in CTAB-templated mesoporous
thin films. Figure 2b displays such a trajectory of a single
Doxorubicin molecule, revealing the large linear domains
inside these materials.!”” The domain size in the CTAB-
templated samples is significantly larger than in the above-
discussed P123-templated samples. Thus the trajectory is
quite linear in contrast to the trajectory of Figure 2a. In the
CTAB-templated samples, mobile and immobile molecules
were found with a ratio of about 1:9 (see, e.g., Movie 2,
Supporting Information).
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Figure 2. Single molecule diffusion of Doxorubicin in nanoporous systems. Exemplary trajectory of a molecule inside a (a) Pluronic P123,
(b) CTAB, (c) unfunctionalized Brij-56, and (d) propyl-functionalized Brij-56-templated film. The small blue squares indicate the positioning
accuracy for each point in the trajectory, which depends on the signal-to-noise ratio (~60 nm for P123, ~35 nm for CTAB, and ~40 nm
for Brij-56-templated samples). While in panels a, b, and d the molecules are mobile, (c) depicts an immobile molecule appearing as a spot.
(e) MSD as a function of time. Each line displays a MSD curve for a single Doxorubicin molecule. For the unfunctionalized Brij-56 sample
(blue), only a single population of immobile molecules can be found. The CTAB (green), propyl-functionalized Brij-56 (black), and the
Pluronic P123 samples (pink) show two distinguishable populations of mobile and immobile molecules. In each of the series, at least 20
molecules were evaluated. Only a selected number of MSD curves for immobile molecules has been plotted for clarity, thus the graph does
not represent the real number ratio of molecules in the different populations.

Surprisingly, for the unfunctionalized Brij-56-templated Supporting Information). Figure 2¢ displays an exemplary
thin films the evaluation of the recorded movies shows that single molecule “trajectory” of Doxorubicin inside an un-
all molecules were immobile (see, e.g., Movie 3 in the functionalized Brij-56-templated film. The “trajectory” con-
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sists of a blue spot, displaying the immobility of the
molecule. We attribute the observed immobility to strong
adsorption of the Doxorubicin to the hydroxyl groups in the
channel walls. Recent work has shown that those hydroxyl
groups can present adsorption sites.!®* They could interact
via hydrogen bonding with the numerous oxygen atoms in
the Doxorubicin molecule (see Figure 1b). In contrast, in
the P123-templated samples the drug has more space to move
since the pore-to-pore distance is increased by a factor of
1.6 compared to the unfunctionalized Brij-56 channel
network. This apparently reduces the influence of the
adsorption sites resulting in a mobile population. Interest-
ingly, also in the CTAB-templated samples with a narrow
pore-to-pore distance of 4.4 nm a mobile population of
Doxorubicin was found. There are several effects that can
contribute to the observed mobility in this system. The
adsorption sites are shielded by the ionic template, which
electrostatically saturates the channel surface and thus
suppresses their capability of forming hydrogen bonds with
the drug. Pluronic P123 and Brij-56 are nonionic templates
that cannot effectively shield the hydroxyl groups. To test
the hypothesis about the effects of ionic shielding, we
performed additional experiments with varying sodium
chloride ion concentrations inside the channel. We found that
an increase in ion concentration leads to an increase in drug
diffusivity (data not shown).

A mobile population can be recovered also for the Brij-
56-templated samples by chemically modifying the walls
with propyl functional groups. This leads to a hydrophobi-
zation of the pore inner surface through a shielding of the
hydroxyl groups, resulting in weaker interactions between
the drug and the host matrix. We recently found that propyl-
functionalization increases the diffusivity of guest molecules
inside mesoporous films compared to unfunctionalized
films."® In the Brij-56-templated propyl-functionalized me-
soporous film mobile and immobile molecules are observed
with a ratio of ~1:9 (see, e.g., Movie 3, Supporting
Information). A single molecule trajectory of a mobile
molecule is displayed in Figure 2d. The well-structured
trajectory clearly maps the domain structure of the underlying
porous network.'4?2

In order to quantitatively compare the dynamics of the
drug in the four different nanostructures the mean-square
displacements (MSDs) (r*(t)) of the single Doxorubicin
molecules were calculated (Figure 2e). The MSD results from
the step lengths between the individual positions of the
molecule in the above-discussed trajectories. In each of the
series, at least 20 molecules were evaluated. Assuming a one-
dimensional random walk (n = 1) for CTAB-templated
samples and a two-dimensional random walk (n = 2) for
Brij-56 and P123-templated samples, the MSD obeys

(r*(t)) = nDt (1)

and therefore a diffusion coefficient D of the single molecule
can be obtained.

For the CTAB-templated samples (green lines in Figure
2d), the two observed populations can be clearly distin-
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guished: the immobile molecules show a constant MSD, as
expected for a zero diffusion coefficient, whereas the
diffusion dynamics of the mobile molecules is characterized
by a MSD growing linearly with time. By averaging the
single molecule diffusion coefficients, we compute the mean-
diffusion coefficient for the entire mobile population as well
as its standard deviation, giving {(Dcrap) = 2.0 x 10* £ 2.3
x 10° nm?s. The determined deviation is caused by the
inherent structural heterogeneity of the samples.

For the Pluronic P123-templated samples (pink lines in
Figure 2d), the mean diffusion coefficient for the mobile
population can be obtained as {(Dpj23) = 5.4 x 10* 9.7 x
10° nm?/s. This increase by a factor of 2.7 compared to the
CTAB samples can be explained by the increased pore-to-
pore distance (from 4.4 to 10 nm) and differences in the
interactions between the drug and the different templates.

As expected, the MSDs for all molecules in the unfunc-
tionalized Brij-56-templated films (blue lines in Figure 2d)
are constant since the molecules are immobile.

For the mobile population in the propyl-functionalized
Brij-56-templated samples (black lines), a mean diffusion
coefficient (Dpopyi—prij) = 1.6 x 10* £ 1.9 x 10° nm?/s was
determined, an ~3.4-fold reduction compared to the Pluronic-
templated samples. This can be rationalized as the pore-to-
pore distance is significantly smaller compared to P123-
templated channels (ay is reduced by a factor of ~2), and
the introduction of propyl groups inside the pore additional
to the template further reduces the volume for the molecule
to move.

This is the first time that a clinically relevant cytostatic
has been monitored during its motion inside a nanoporous
delivery system on a single molecule level. The data of
Figure 2 clearly demonstrate the benefits of a single molecule
approach to this study, as the different populations would
have been obscured by the inevitable averaging associated
with ensemble methods. We have shown that pore diameter
control and pore functionalization offer possibilities to fine-
tune host—guest interactions and are therefore also important
techniques for controlling the dynamics of drug release. The
existence of only 5—10% mobile molecules and up to 95%
immobile molecules under single molecule conditions does
not affect the efficiency of mesoporous silica as drug carriers.
We demonstrate in Figure 5 (Supporting Information) that
during medical applications, where Doxorubicin is present
in high ensemble concentrations, the drug appears in the form
of mobile dimers. Consequently, the drug will be efficiently
released from the delivery system.

We tested this assumption using Doxorubicin-loaded
Pluronic P123-templated mesoporous films (Doxorubicin
concentration ~10~* mol/L in the synthesis solution) and
determined the drug release kinetics in order to prove the
applicability of the system. The P123-templated structures
were chosen for this experiment because Pluronic is well
known as biocompatible micellar nanocarrier for pharma-
ceuticals, such as Doxorubicin.* Figure 3a schematically
represents the sample setup for the release and live-cell
measurements. A coverslip with the Doxorubicin loaded
mesoporous structure was mounted with a magnet inside the
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Figure 3. Drug release characterization. (a) Sample setup. The sample consists of a u#-Dish with cell medium and HeLa cells adhered to
the bottom of the dish. On the upper side of the dish, a coverslip with a Doxorubicin-loaded mesoporous structure is held using magnets.
Upon removing the magnet, the sample is immersed into the cell medium, which can flush the pores of the delivery system and trigger the
drug release. (b) Release kinetics of Doxorubicin from a Pluronic P123-templated thin film. The release was monitored via the rise of
fluorescence intensity of Doxorubicin 50 um above the bottom of the u-Dish during time (gray curve). The black line shows an exponential

fit to the data, according to eq 2.

top cover of a u-Dish directly above HeLa cells and cell
medium (see Supporting Information for details). The meso-
porous silica film was carefully rinsed with water before use
in order to remove loosely bound Doxorubicin from the film
surface, which otherwise could obscure the measurement.
Upon removing the magnet on the upper side of the cover,
the coverslip is immersed into the cell medium. The solution
enters the pores and triggers the Doxorubicin release from
the mesoporous system. The increase in fluorescence inten-
sity of Doxorubicin in the cell medium 50 um above the
bottom of the wu-Dish was monitored with a confocal
microscope (Supporting Information). During the measure-
ment, the sample was stirred to guarantee a homogeneous
distribution of the Doxorubicin molecules released into
solution. Control experiments (Supporting Information) show
that this increase in intensity is caused by the release of
Doxorubicin from the porous network in the film and is not
simply due to Doxorubicin detaching from the film surface.

Figure 3b shows the increase of Doxorubicin fluorescence
intensity (gray curve). Within the first few minutes after
adding the drug loaded coverslip to the cell medium, no
Doxorubicin fluorescence could be detected. We interpret
this as the time the cell medium needs to flush the pores
and trigger the drug release. Once the release has started (¢
= 0), the Doxorubicin fluorescence rapidly increases. The
data were fitted to the following exponential equation

y=Ax (1 —exp — (f)) )

r

where the amplitude A corresponds to the maximum fluo-
rescence intensity and f, is the characteristic release time.
The good agreement between fit and experimental data shows
that the release follows a first-order kinetics. By averaging
the release times from the experiments, we obtain a mean
release-time (¢,) = 3.2 min =+ 0.8 min. After about 10 min,
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most of the drug has been released. Thus, a drug incorporated
in the delivery system can efficiently be delivered to the
surrounding solution. After the release, the thin film was still
intact according to X-ray data (data not shown). Cauda et
al. found a similar release kinetics for the antibiotic Van-
comycin from mesoporous silica.' For an unfunctionalized
Brij-56-templated film, where all molecules are immobile
(see Figure 2e), no significant increase in Doxorubicin
fluorescence and thus no drug release can be detected in the
cell medium (see Figure 6 in the Supporting Information).
Therefore, the diffusion dynamics within the film directly
affects the release kinetics from the film.

While these studies present a major breakthrough for the
application of mesoporous materials as drug carriers, for
therapeutic applications mesoporous structures can also be
capped in order to prevent an early release of the drug from
the delivery system prior to reaching the target-site. Different
strategies for capping the pores were recently developed.
Schlossbauer et al. have introduced biotin—avidin as enzyme-
responsive cap system for mesoporous silica.?> This cap
system opens through protease-triggered hydrolysis of the
avidin. Furthermore, CdS nanocrystals have been used as
caps on mesoporous silica, for example, for the controlled
release of neurotransmitters.'® In this case, cap opening is
stimulated by reducing agents. In a further approach by Giri
et al., magnetic nanoparticles have been employed to cap
mesoporous silica nanostructures.'> Thus, combining the
drug-loaded mesoporous structures with one of the above-
discussed capping approaches can add a further functionality
to these drug-delivery systems.

Next, we investigated the effect of the delivered Doxo-
rubicin onto HeLa cells. Figure 4 shows overlays of confocal
transmission images (gray) and fluorescence images of the
Doxorubicin fluorescence (red). According to their shape,
the HeLa cells were alive before being exposed to Doxoru-
bicin (Figure 4a). The transmission image shows the adhered
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Figure 4. Live-cell measurements. Overlay of confocal transmission images (gray) and Doxorubicin fluorescence (red). Images (a) before,
(b) 60 min, and (c) 24 h after adding the Doxorubicin-loaded delivery system are shown. (d) Image recorded 24 h after adding an unloaded

delivery system as reference.

cells on the bottom of the u-Dish. No Doxorubicin fluores-
cence was detected at this stage of the experiment. After ¢
= 60 min, Doxorubicin fluorescence could clearly be located
inside the cell nucleus (Figure 4b). This can be rationalized
as the cytostatic properties of Doxorubicin mainly arise from
direct intercalation into DNA as well as inhibition of
topoisomerase II by interfering with the topoisomerase II-
DNA complex.** However, the cells still appeared to be alive
according to the underlying transmission image. After t =
24 h, the cells were highly fluorescing (Figure 4c), showed
a round shape, and had detached from the bottom of the
u-Dish, indicating cell death. These effects were caused by
the drug itself, as demonstrated by control experiments with
a Doxorubicin-free delivery system (Figure 4d). This proves
that Doxorubicin released from thin films is still cytostatic
and the mesoporous films can thus be applied for drug-
delivery purposes.

In conclusion, we have shown that mesoporous thin films
with nanometer-sized pores can be used as drug-delivery
system for the cytostatic Doxorubicin. Our single molecule
approach offers detailed mechanistic insights into the com-
plicated host—guest interplay. We have demonstrated how
the interaction of the drug with the host—matrix can be
influenced on a nanometer-scale via covalently attached
organic functional groups. Such fine-tuning of the host—guest
interaction is an essential prerequisite for generating a depot-
effect. Furthermore, we have shown that the drug can be
released from the nanochannels in the carrier system and
can be taken up by cells. For future applications mesoporous
structures could be used either in the form of nanoparticles
for drug-delivery applications, for example in cancer therapy,
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or in the form of film coatings for implants, for example,
for the delivery of immunosuppressive drugs to diminish
rejection. Hence, a wide range of different drugs is within
the scope for this novel class of delivery systems.
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