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Intreductien

e nanotechnology term is referred to the ability to engineer
materials precisely at the nanometers scales. In fact, “engineered
materials” is usually used to comprise design, characterization,
production and application of materials and the scope has nowadays
been widened to include systems and devices rather than just materials.
Nanotechnology is thus de ned as design and fabrication of materials,
devices and systems with control at nanometer dimension.

Here we would like to approach the question why nanotechnology
is 0 en stated to be revolutionary. ere are three distinct aspects:
indirect, direct and conceptual. By indirect is meant the progressive
miniaturization of existing technologies, which opens up new areas of
application for those technologies. Direct refers to the application of
novel, nano-engineered artifacts, either to enhance the performance of
existing processes and materials or completely novel purposes. Finally
there is the conceptual aspect of nanotechnology, in which all materials
and processes are considered from a molecular or even atomic point of
view, as living systems, in which complex molecules (like proteins) are
partitioned into their constituent amino acids, which are then used for
the template synthesis of new proteins.

Life is characterized by separation from the surroundings.
Organisms are built out of cells, cells contain separate compartments.
Compartmentalization is therefore an already existing principle in
nature. Cells perform complex biosynthesis and transport within
closed containers employing lipid membranes called vesicles.  ese
natural systems served as a model system for encapsulation of
pharmaceutical and cosmetic components.  ese naturally-derived
lipid vesicles, so-called liposomes, showed signi cant success in their
design and application in biotechnological applications due to their
unique properties. Moreover liposomes are a very useful model,
reagent and tool in various scienti ¢ disciplines. Liposomes are

illustrating emerging trends at the interface of lipid/polymer chemistry
and recombinant protein engineering. One of the best examples is the
optimized solution of nature to overcome membrane permeability
barrier: substances as nutrients, waste products as well as messenger
molecules or ions have to betransported across membranes in the
cells. e membrane permeability barrier is overcome by porins and
transport proteins (channel proteins) present in the cell membrane.
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for instance, targeting cancer cells in medical applications. However a
revolutionary new concept is the combination of these target-speci ¢
nanometer-sized nanocontainers with multifunctional biological
components such as channel proteins. e goal is the creation of target-
speci ¢ and furthermore responsive nanosystems that can reach the
desired cellular or subcellular target with the help of a de ned targeting
moiety and that exhibit a controlled and triggered diagnostic signal
and therapeutic e ect upon activation [4]. By combining sensing and
e ector functionality on the nanoscale, it will be possible to generate
a de ned response of nanostructure that depends on environmental
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combination with the HRP assay system has been also employed to
study the FhuA A1-159 Ext functionality [16].

r';é’? ensive Materials en _anemeter-sized Scale:
riggered Tp esemal Systems N

~Rductien triggered lp esemal nane<entainers

Typical and widespread model system for nanocontainers is
liposomes [17]. A er the discovery in 1965, liposomes became a
promising tool for drug delivery [18]. Since then there have been many
developments in liposomal composition, e cient drug encapsulation
and retention, stability and targeting [19]. However in most cases the
amount of drug passively released from such ideal long-circulating,
sterically stable liposomes was not enough to show a therapeutic e ect.
To this end, more research e orts were directed towards triggered
release in response to a speci c stimulus at a target site [20].

ere have been di erent strategies used for triggering liposomal
release mostly based on destabilization of the liposomal bilayer.
Formation of defects in the bilayer, lamellar-micellar or lamellar
hexagonal phase transition, lipid phase separation and liposome
fusion are some examples [21,22]. All these e orts have been focused
on the lipid components of the liposome, and, for the most part,
met with limited success [23]. As an alternative a bacterial channel
protein could be used to enable controlled substance transport across
otherwise impermeable membrane [24]. e channel protein, rst of
all, keeps its functionality when it is reconstituted into arti cial lipid
bilayers without requiring any other cellular components. Second, it
is unique for its large and non-selective pore that allows the passage
not only of ions but also small molecules. e attachment of synthetic
modulators to biological channels is promising for designing universal
drug release technology. However employing bacterial channel proteins
has limitations, especially in the range of changes and responses that
they can accomplish. In this regard, chemical modi cation provides a
complementary approach. Variations can be introduced to the protein
to confer features not achievable with the 20 amino acids that are
genetically encoded.  is is especially true when a combination of
properties, such as reversibility, tenability, target speci city, sensitivity
to external stimuli, and control over the timescale of the e ect, are
desired all at the same time [25].

Currently used systems (recently reviewed) [13] involved bacterial
outer membrane protein F (OmpF) which was integrated into the
synthetic bilayer [26,27] to build a pH responsive release and the
mechanosensitive channel of large conductance (MscL) protein from
E. coli [20,28] to work as a reversible di usive channel in liposomes,
modulating the open/closed states by a compound undergoing light-
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reagents can be made highly selective of side chain groups. Acylation
amidination and alkylation of lysine residues are well-known reactions
in protein chemistry, whereas the thiol group of cysteine can be either
selectively alkylated, carboxymethylated or even transformed to a
disulphide with appropriate reagents [36].  us all these methods
provide a good basis to design side-chain selective protein-labeling
reagents. However, the use of many side-chain labeling reagents is
severely restricted by their lack of complete speci city. Reactions with
side chains of cysteine, histidine, tyrosine, serine, and threonine, occur
frequently and have to be evaluated carefully. Remarkably speci c
reactions with amino groups have been obtained with a number of
reagents under suitable conditions, such as acetic, succinic, maleic
acid anhydrides [37], N-carboxyanhydrides of amino acids, cyanate
(carbamylation), imidoesters, O-methylisourea (guanidination) [38].

It is o en the case that the typical hydrolysis cleaving reaction
is far too slow for investigating the initial rates of reaction for rapid
biochemical processes. A desirable solution to these limitations would
be a photo cleavable label that could be removed under neutral bu ered
aqueous conditions, thus avoiding any alterations to the substrate or to
the natural biological environment [39]. Photolysis reactions present
a remarkable and o en ideal alternative to all other methods for
introducing reagents or substrates into reactions or biological media.

e ability to control the temporal and concentration variables by using
light to photo chemically release a substrate provides the researcher
with the ability to design more precisely the experimental applications
in molecular biology. Covalent blocking of the functional groups of
an enzyme essentially suspends its mode of action. Photo-release is
sometimes termed a “traceless reagent process” because no reagents
other than light are required. e advantage of a process that requires
no further separation of spent reagents is attractive [39]. Photo cleavable
labels should also have several other properties such as good aqueous
solubility for biological studies, e cient photochemical release and
formation of stable photoproducts [40]. Another important property
that the photo cleavable agent should possess is an excitation wavelength
longer than 300 nm because biological samples are frequently optically
transparent in this wavelength range, and the potential photochemical
damage to proteins and nucleotides that is anticipated from shorter-
wavelength irradiation is avoided [41].

In the earlier studies by Fodor and co-workers amino acids were
protected with the photolabile, o-nitroveratryloxycarbonyl (NVOC)
group, which was originally introduced by Patchornik et al., Houseman
BT et al. and Vernet in 1970 [42-44]. Some improvement in the
yield of photodeprotection was required since photolytic removal
of NVOC was revealed to be very slow. Following that a-methyl-
o-nitropiperonyloxycarbonyl (MeNPOC) was reported to be more
e ciently photo-cleaved. However one very important drawback
of using MeNPOC was that the photodegradation products of
MeNPOC group include carbonyl compounds which can react with
amino groups and reduce the synthetic yield [45,46]. More recently
a new class of photosensitive 2-(2-nitrophenyl)ethoxycarbonyl group
have been demonstrated that the e ciency of photolytic cleavage of
2-(2-nitrophenyl)propyloxycarbonyl (NPPOC) protected amino
groups is signi cantly better than that for NVOC protected nucleotides
[47]. One di erence between the NPPOC group and the NVOC
group is that the former is a derivative of 2-(2-nitrophenyl)ethyl
alcohol, whereas the latter is derived from 2-nitrobenzyl alcohol. e
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of ion currents through a porin in the presence of antibiotics revealed
e ective binding constants and subsequently the transport parameters
at a single-molecule level [63].

Run<tienalized nane<entainers <entrelled by enzyme legic
systems

Recent advances in signal processing with cascades of enzymatic
reactions realizing logic gates, as well as progress in networking
these gates and coupling of the resulting systems to signal-responsive
systems for output readout, have opened new biosensing opportunities.
Digitally operating biosensors/bioactuators logically processing
multiple biochemical signals through Boolean logic networks
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Figure 4: The biocatalytic cascade used for the biologic processing of the
chemical input signals, resulting in situ

to operate as the last step of the enzyme cascade. As it is expected, in
situ generation of NAD+ resulted in the oxidation of glucose catalyzed
by the dehydrogenase enzyme, causing an acidi cation of the solution,
and producing ApH as the nal output signal. e biocatalytic cascade
lowering the pHamount can only be completed in the presence of
both the input signals (ALT and LDH), thus mimicking the AND
logic operation. e challenge of this work was to achieve the bio-
activation only with the signal combination 1, 1 (Figure 4), while all
other combinations preserve the OFF (i.e., closed vesicle) state of the
nanocontainer. In order to realize this speci c switchable behavior of
the nanocontainer, its pH-controlled transition from the OFF to ON
statemust be coordinated with the pH output signals produced by the
biocatalytic system of liver injury.

Cenc<lusiens

In order to reduce the toxicity and increase the e cacy of drugs,
there is a need for smart drug delivery systems. Liposomes are one
of the promising tools for this purpose. For drug delivery to speci ¢
tissues and organs, a localized, triggerable and controlled compound
release by chemical or physical stimuli is an important attribute for
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e cient therapies. An ideal liposomal delivery system should be stable,
long-circulating, accumulating at the target site and releasing its drug
in a “time and dose-dependent” manner. Even though there have been
many developments to thisend, the dilemma of having a stable liposome
during circulation but converting it into a leaky structure at the target
site is still a major challenge. So far, most attempts have focused on
destabilizing the liposome in response to a speci ¢ stimulus at a target
site, but with limited success. Passive release of the encapsulated
agent is 0 en too slow to achieve an optimal therapeutic e ect. s
realization has stimulated new e orts directed toward the development
of triggered release mechanisms that accelerate drug release rates
and promote maximum e cacy. Our approach enables us to design
novel triggered release mechanisms employing channel plugs with
tunable release kinetics which can rapidly be resized to the compound
of interest by keeping the stable liposome and building in a remote-
controlled valve. e valve is a pore-forming bacterial membrane
protein. It has been engineered such that, a er being reconstituted into
the liposomes, its opening and closing can be controlled on command
by the ambient pH or light.

Recent development of triggered release mechanisms was
described. Stable polymer and liposome structuresand reconstituted
pore-forming bacterial membrane proteinsare used as the release
mechanism. Channel proteins like the engineered, bacterial channel
protein FhuAA1-160 can be an alternative to arti cial chemically
synthesized nanopores. In order to be competitive, channel proteins
must be exible enough to be modi ed in their geometry, i.e. length
and diameter. Such tuned geometry can give rise to a new set of
synthetic nanochannels with desired lengths and diameters broadening
the FhuAA1-160 applications.

e FhuAA1-160 and its variants, have been used as an externally
controlled gate in sterically stable liposomes for a triggered release of
the liposomal content on command. e channel protein has been
engineered and chemically modi ed to respond to speci ¢ signals
present in the environment. is strategy provides exibility for

ne-tuning the liposome’s response to its environment. e release
mechanism has been investigated in reduction and light triggered
systems. In this approach, a universal molecule-scale compound release
system based on an engineered biological unit acting as an intelligent
triggered compound release device has been developed. What makes
our technology superior is its ability to allow us to design channel
plugs with tunable release kinetics which can rapidly be resized to the
compound of interest and modulated to be responsive for di erent
type of external stimuli. However, one very important requirement
yet has to be ful lled which is a reversible system for the development
of triggered and time-controlled (at a time or long-lasting) release
depending on the application.

Liposomal nanocontainers are applied for the chemical actuation
triggered by appropriate combinations of medically relevant
biomarkers. Nanocontainer systems were selectively activated by
the input signals combination, which was processed by the enzyme
logic systems. Functionalized nanocontainer systems triggered upon
receiving output systems can be used for biosensor and bioactuator
integrated systems.
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