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Abstract: We report a comprehensive study on novel, highly
efficient, and biodegradable hybrid molecular transporters. To
this end, we designed a series of cell-penetrating, cube-
octameric silsesquioxanes (COSS), and investigated cellular
uptake by confocal microscopy and flow cytometry. A COSS
with dense spatial arrangement of guanidinium groups dis-
played fast uptake kinetics and cell permeation at nanomolar
concentrations in living HeLa cells. Efficient uptake was also
observed in bacteria, yeasts, and archaea. The COSS-based
carrier was significantly more potent than cell-penetrating
peptides (CPPs) and displayed low toxicity. It efficiently
delivered a covalently attached cytotoxic drug, doxorubicin, to
living tumor cells. As the uptake of fluorescently labeled carrier
remained in the presence of serum, the system could be
considered particularly attractive for the in vivo delivery of
therapeutics.

Since Linus Pauling�s groundbreaking publication in Sci-
ence[1] in 1949, achievements in the rapidly advancing field of
molecular medicine and related areas are very impressive.
However, while today a vast arsenal of potent and selective
drugs is available, an efficient strategy to deliver these
therapeutic compounds inside the cell, in particular, in the
cell nucleus, has become as important as the design and
optimization of the pharmacophore itself. Considering that
promising newly developed potential drug candidates, such as
peptides and proteins, are water-soluble, a bottleneck in their
application in living systems is the passage across the cellular
membrane. As a consequence, drug delivery has emerged as
one of the major fields in biomedical research. In 1994, the
first cell-penetrating peptide (CPP) penetratin was described
as a vehicle for cargo delivery into cells.[2] Since then, CPPs

were thoroughly investigated and improved.[3] However,
several issues associated with toxicity, stability, and efficacy
of cellular uptake still require work. As the peptidic structure
of CPPs intrinsically limits the scope of improvements, recent
efforts are focused on nanoparticles or small non-peptidic
molecular scaffolds.[4] These simple, uniform molecular archi-
tectures can be easily tailored, leading to cell-penetrating
molecules with entirely new properties. In contrast to the
macromolecular delivery systems, such as (bio)polymers,
dendrimers, lipid-based or viral-like carriers, some of which
are actually on the market or under clinical trials,[4c] the next-
generation molecular transporters still require optimization.

General strategies towards the improvement of cellular
uptake include the reduction of conformational freedom by
backbone cyclization of cell-penetrating peptides or by the
usage of scaffolds which induce spatial organization of the
uptake-mediating functional groups.[3a,4d, 5] Interestingly, the
proximity of the charged groups to the backbone was found to
influence the efficiency of cell uptake as well.[3c,d, 5c,6]

Herein, we chose the cube-octameric silsesquioxane
scaffold (COSS) as the starting point for the development
of new-generation cell-penetrating compounds. COSS are
highly ordered organic–inorganic hybrid molecules with
a cage-like core of alternating silicon and oxygen atoms
surrounded by eight pendant organic residues. Such an
architecture with charged groups located at the flanking
arms tethered to a compact (0.7 nm)[7] core ensures a compact,
rigid, and symmetric construct. Generally, COSS are used in
certain medical fields, for example, tissue engineering, or for
the oligomerization of bioactive ligands, among them pep-
tides and carbohydrates.[7,8] They are considered non-toxic
and the hydrolytic degradation of the inorganic core under
physiological conditions has been thoroughly investigated.[7]

COSS bearing seven ammonium groups were found to
penetrate cells.[7, 9] We have previously shown that these
molecules enable the delivery of a functional peptidic cargo
into living HeLa cells.[10] To improve this drug delivery
system, we synthesized a series of COSS-based molecular
transporters and investigated the uptake efficacy of a cova-
lently attached cytotoxic drug.

Compounds 2–7 were synthesized following a two-step
procedure (Scheme 1). Thus, inexpensive octaammonium
COSS hydrochloride 1 was functionalized with a) guanidi-
nium groups positively charged under physiological condi-
tions or b) permanent positive charges installed by quaternary
amines. Additionally, we investigated the influence of the
flanking arm�s length on cellular uptake. To visualize the
constructs in cell assays, tetramethylrhodamine (TAMRA)
was attached to a single corner of COSS 1 in a stoichiometri-
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cally controlled reaction leading to TAMRA-aminoCOSS (2).
Subsequently, the remaining seven amine functionalities of 2
were converted into the corresponding quaternary amines by
N-methylation (TAMRA-quartCOSS 3) or guanidinylation
(TAMRA-GuCOSS 4). Alternatively, for the introduction of
a linker separating the siloxane core and the charged
elements, 4-aminobutyric, 4-trimethylaminobutyric, or 4-gua-
nidinobutyric acids were installed via amide coupling leading
to, respectively, TAMRA-aminoCOSS-L (5), TAMRA-quart-
COSS-L (6), and TAMRA-GuCOSS-L (7) (Scheme 1). To
investigate toxicity of molecular transporters we synthesized
amino-GuCOSS (8) lacking a fluorescent label (Supporting
Information 5.2). Fluorescein-TAMRA-GuCOSS (9) was
designed to assess biodegradation of the carriers (Figure 3a).
The integrity of the cage-like siloxane core was confirmed by
NMR spectroscopy (compounds 2–7; Supporting Informa-
tion 5.3).

Fluorescently labeled derivatives 2–7 were investigated
for their ability to penetrate living cells. To qualitatively
estimate the uptake, we performed live-cell imaging using
confocal laser scanning microscopy. Thus, HeLa cells were
incubated with compounds 2–7 at a concentration of 20 mm in
serum-free Dulbecco�s modified eagle medium (DMEM) for
30 min. The cells were washed three times with phosphate
buffered saline (PBS) and imaged in DMEM with fetal
bovine serum (FBS). Compounds 2–4 bearing shorter linkers
(Figure 1a, Figure S1) demonstrated enhanced cellular
uptake and prominent accumulation inside the nucleus, the
nucleoli, and the cytoplasm, whereas an increase of the
spacer�s length led to reduced cellular uptake and primarily
cytoplasmic localization (compounds 5–7, Figure S1). In view
of predominant accumulation in the nucleus, molecular
transporters 2–4 are particularly attractive for the delivery
of drugs addressing this cellular compartment.

As the guanidinylated carrier TAMRA-GuCOSS (4)
exhibited the highest uptake in HeLa cells, its ability to
penetrate cells from all three domains of life was further
studied. The microscopic images obtained suggest that it is
able to enter both eukaryotic and prokaryotic cells, among
them yeast (S. cerevisiae) and mammalian cells (HeLa), as
well as bacteria (E. coli) and archaea (S. islandicus, S. toko-
daii, Halobacterium salinarum) (Figure 1b–d, Figure S2).

These observations are of particular interest in view of the
exceptional membrane composition of archaea.[11] As guani-
dinylated COSS could be of interest for the delivery of
antibiotics, we investigated its uptake in E. coli in detail
(Figure S2c).

To quantify the cellular uptake in eukaryotic cells, we
performed comprehensive flow-cytometric experiments with
COSS derivatives 2–7 and TAMRA-labeled cell-penetrating
peptides: TAT (10), penetratin (11), heptaarginine (12), and
decaarginine (13).[12] We incubated HeLa cells with these
compounds at a final concentration of 20 mm in serum-free
DMEM at 37 8C up to 60 min. To remove surface-bound
carrier molecules, cells were trypsinized (Supporting Infor-
mation 5.1). Assays were performed in triplicate, the results
were verified in three independent experiments (Figure S3a–
g) with carrier 4 having shown the best cellular uptake.
Indeed, the intensity of the fluorescence signal was found
155 times higher than that for the TAT peptide 10. Interest-
ingly, compound 4 carrying seven guanidinium groups dis-
played a 78-fold higher cellular uptake than heptaarginine
(12 ; Figure 2a). In agreement with our microscopy studies,
shorter linkers correlated with enhanced fluorescence inten-
sity (Figure S4). Similar results were obtained for HEK 293
and CHO cells (Figure S5a–c). This higher uptake of 4 can be
attributed to its more compact arrangement, hence increased
density of uptake-mediating functional groups. Indeed, cyc-
lization of CPPs, leading to more constrained and rigid
structures, is an efficient strategy to improve cellular upta-
ke.[5c]

To evaluate whether the cellular uptake is energy-
dependent, we compared the fluorescence intensity of HeLa
cells incubated with 4 at 37 8C and at 4 8C (Figure 2 d). As the
uptake was only negligibly decreased at 4 8C, an energy-
independent mechanism was assumed. Time-resolved flow
cytometry indicated fast uptake kinetics with a first shift of
the population within an incubation time of 1 min at 37 8C
(Figure S6). To determine the minimal internalization thresh-
old, cells were incubated with 4 at different concentrations.
Even at the lowest concentration (80 nm) a shift in fluores-

Scheme 1. Synthesis of fluorescently labeled cell-penetrating COSS
derivatives 2–7 equipped with cationic functional groups separated
from the core by spacers of different lengths. Counterions are excluded
for clarity. Sequences of CPPs are shown in Supporting Informa-
tion 5.2.

Figure 1. Cell uptake of TAMRA-GuCOSS (4). a) Live-cell laser scan-
ning confocal microscopy imaging of HeLa cells incubated with 4 at
37 8C; b)–d) fluorescence microscopy imaging of cells incubated with
4 ; b) Gram-negative bacterium (E. coli); c) yeast (Saccharomyces cerevi-
siae), both incubated at 37 8C; d) archaeon (Sulfolobus islandicus)
incubated at 80 8C.
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cence intensity was observed and 1 mm 4 was needed to reach
full shift of the population after an incubation time of 10 min
at 37 8C (Figure S7). In contrast to cell-penetrating peptides,
no minimal internalization threshold within the investigated
concentrations was observed.[13] As recent studies suggest that
both the silsesquioxane core and guanidine groups promote
clustering,[7, 14] it could be supposed that high local concen-
tration of 4 (as a result of its assembly on the cell surface)
ensures cell penetration even at low concentrations. Our
observations point to an energy-independent direct cell
translocation, in accordance with the uptake mechanism of
other polyguanidines.[13]

The uptake of cell-penetrating peptides is generally
retarded in serum-containing media.[15] Impaired CPP-medi-
ated permeation efficacy has been reported for polyarginines
both in serum-containing media and in in vivo experiments,
presumably owing to their aggregation with serum proteins.
Therefore, we imaged 4 in the presence of 10% FBS in
DMEM (Figure S8) and found that 40% of the mean
fluorescence intensity was retained, compared to that for
serum-free media.[3c,15a, 16] This tolerance of serum proteins,
combined with fast and effective cellular uptake, makes 4
a promising carrier for in vivo applications.

Since many cell-penetrating compounds were found to be
toxic above a certain concentration, we investigated the

toxicity of amino-GuCOSS (8) lacking a fluorescent label
(Supporting Information 5.2) in HeLa cells using an XTT cell
viability assay. Thereby the LC50 was determined to be 84 mm

(Figure 3e), which is comparable to that of polyarginines
(76 mm), TAT (86.6% viability at 50 mm), and penetratin
(88.2 % at 50 mm).[17] This low toxicity may be caused by
biodegradation of the inorganic core under physiological
conditions. Indeed, the pH-dependent degradation of poly-
hedral silsesquioxanes resulting in primary siloxanes is well
established.[7]

For characterization of pH-dependent degradation of 4,
we monitored decomposition of the inorganic core by RP-
HPLC. To that end, 4 was incubated in PBS at pH 6.5–9.0
(37 8C) and time-resolved HPLC traces were recorded within
12 h at 554 nm (absorption maximum of TAMRA). Hydrol-
ysis intermediates and the degradation products were quanti-
fied by determination of the peak areas. Although hydroxyl-
bearing intermediates were eluted earlier from the column,
the completely hydrolyzed TAMRA-decorated siloxanes had
longer retention times. Typical HPLC traces at pH 7.0 are
shown at Figure S9, and respective half-life values at pH 6.5–
9.0 in Figure 3c. Thereby, the t1/2 at pH 7.4 (PBS) was
determined to be 252 min. The degradation at neutral pH is
shown in Figure 3 d.

To assess the biodegradation of the GuCOSS-based
carriers, we synthesized derivative 9 carrying two fluorescent
markers, fluorescein and TAMRA (Figure 3 a). As both dyes
are attached to the same siloxane core in spatial proximity, the
fluorescence of fluorescein is quenched upon Fçrster reso-
nance energy transfer (FRET; Figure S10). As the inorganic
core loses its integrity during breakdown, either fluorescein or
TAMRA separates from the siloxane cage, and the fluores-
cence of fluorescein is restored. Along with excitation at

Figure 2. Flow-cytometric experiments using HeLa cells. a) mean fluo-
rescence intensity of selected COSS derivatives and cell-penetrating
peptides. b) representative histogram of TAMRA-GuCOSS (4) and cell-
penetrating peptides (petrol-green: TAT (10); yellow-green: heptaargi-
nine (12); orange: penetratin (11), light blue: decaarginine (13); red:
TAMRA-GuCOSS (4). c) HeLa cells incubated with 4 in the presence
and the absence of 2% FBS in DMEM. d) Cellular uptake of 4 in HeLa
cells incubated in serum-free DMEM for 10 min with 20 mm 4 at 37 8C
or 4 8C.

Figure 3. GuCOSS degradation studies. a) Guanidinylated COSS con-
struct bearing the two fluorophores, fluorescein and TAMRA (Fluores-
cein-TAMRA-GuCOSS (9)). b) Decrease of the quenched fraction of
fluorescein in the in vitro degradation studies in living HeLa cells.
c) 50% hydrolysis of TAMRA-GuCOSS (4) as a function of the pH in
PBS. d) Kinetics of the degradation of 4 at pH 7.0 in PBS analyzed by
HPLC. e) XTT assay of the in vitro toxicity of guanidinylated COSS (8)
bearing no fluorescent label.
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488 nm the increase of the emission at 520 nm was used to
quantify the fraction of partially disassembled carriers. Based
on the fluorescence recovery of fluorescein, a half-life of
186 min was found in human serum, indicating sufficient
stability for in vivo applications (Figure S11). As HPLC
analysis allowed the erosion process to be monitored up to
the final degradation products, the half-life determined using
this approach was significantly longer (252 min at pH 7.4). In
former studies, the half-life of cell-penetrating peptides in the
presence of serum was found to be in the range of minutes
(e.g. t1/2 = 5 min for penetratin).[18] This fast decay is most
likely caused by proteolysis. It is clear that the hybrid
GuCOSS construct does not serve as a substrate for
proteolytic enzymes. The enhanced half-life of derivative 9
in serum is an additional indication that the degradation of
the COSS core is predominantly pH dependent.

To better understand how the degradation proceeds in
living cells, we monitored the recovery of fluorescein
fluorescence by live-cell confocal laser scanning microscopy
upon internalization of construct 9 in HeLa cells (Figure 3b,
Figure S12). The fluorescent markers were disconnected in
half of the starting material within 149 min, and complete
disassembly (reappearance of fluorescence) occurred in 11 h.
The half-lives obtained in these experiments are on the same
order of magnitude as those observed upon incubation in
human serum (t1/2 = 186 min).

Applicability of GuCOSS as a molecular transporter was
examined upon cellular delivery of a cytotoxic cargo doxor-
ubicin (DOX, 14)—a widely applied antitumor drug.[19] Being
able to intercalate DNA, this agent induces apoptosis in
cancer cells by activating the intrinsic death pathway.[20]

Therefore, it is clear that the therapeutic effect of DOX
could be exerted only if the drug gains access to the cell
nucleus. However, because only passive diffusion ensures its
penetration into tumor tissues, the efficiency of DOX is
strongly compromised, which represents the major limitation
of this highly potent compound.[21] In a model construct, we
connected the GuCOSS delivery module to a DOX functional
cargo via a disulfide yielding the conjugate 15 (Supporting
Information 5.2). This bond is rapidly reduced in the reduc-
tive environment of cytosol, enabling drug release inside the
cell.[22]

Cellular delivery was studied in HeLa cells. First, an
incubation time-dependent cell assay with the free antibiotic
was performed (Supporting Information 4.0, 5.1). Because of
the slow uptake of free doxorubicin, the number of cancer
cells killed correlated with the duration of incubation (Fig-
ure S13). The conjugate 15 as well as the controls (free
doxorubicin (14) and untreated cells) were incubated at the
same concentrations for 1 h (Supporting Information 3.0).
Then the cells were washed with DMEM, and after 18 h an
MTTassay was performed (Figure 4). The results clearly show
that the hybrid construct 15 had an enhanced cytotoxic effect
compared to the free drug 14.

Although it is one of the cornerstones of cancer therapy,
free doxorubicin causes irreversible cardiac damage.[23]

Whereas its liposomal formulation[24] mitigates the toxic
side effects,[23] the potency is unaltered compared to the
conventional drug.[25] While the recently reported formulation

based on liposomal coencapsulation of DOX with Listerio-
lysin O enables enhancement of nuclear targeting in certain
carcinoma cell lines, it is supposed to be highly immuno-
genic.[26] Therefore, we believe that our delivery platform
combining highly efficient cell penetration with small size,
low toxicity, and biodegradability might provide clear bene-
fits. Nevertheless, further validation by animal studies is
required, which particularly addresses cardiotoxic effects in
comparison to liposomal doxorubicin formulations. It may
also be interesting to investigate whether the cellular uptake
of other cytotoxins with particularly low cell-penetrating
efficacy, such as for example, hygromycin,[27] can be enhanced
upon COSS conjugation.

To summarize, we developed new-generation hybrid cell-
penetrating compounds based on the cube-octameric silses-
quioxane scaffold. Thus, the guanidinylated fluorescent COSS
derivative was found to efficiently penetrate cells from all
three domains of life with a 155-fold enhanced, compared to
the cell-penetrating peptide TAT, cellular uptake in HeLa
cells. The carrier has fast uptake kinetics and penetrates cells
at double-digit nanomolar concentrations. It has low toxicity
and decomposes under physiological conditions within 11 h.
This novel molecular transporter retains its activity in the
presence of serum, which makes it a promising candidate for
in vivo delivery of drugs. Taking into consideration that these
organic–inorganic hybrids are very small and compact, no or
weak immune response could be assumed. We believe that
our delivery platform may enrich the toolbox of low-toxic and
highly efficient molecular systems needed for the develop-
ment of future-oriented therapeutics.
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Figure 4. Cell viability assay (MTT) of free doxorubicin (DOX, 14) and
the doxorubicin-GuCOSS conjugate (15). Error bars indicate standard
deviations from three independent measurements.
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Nanoscale Biodegradable Organic–
Inorganic Hybrids for Efficient Cell
Penetration and Drug Delivery COSS and effect : New-generation

molecular transporters are based on cell-
penetrating cube-octameric silsesquiox-
anes (COSS). These nanoscale hybrid

carriers are biodegradable, low-toxic, and
show efficient uptake in living cells of all
three domains of life.
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