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To the Editor
Biological energy conversion and molecular recognition
processes normally occur on a nanoscale level. The PRCs
(photosynthetic reaction centres) is one of the best example
of energy conversion, which are equipped with protein helices
in combination with ATP, porphyrins, and co-enzymes; such
machinery of life was developed biologically in a long-term
evolutionary process on a 1-10 yoctoliter (1 yL=10-24 L or 1 nm3)
scale [1]. So far, scientists have been successful with the isolation
and analysis of such systems but not with reproduction of the
working molecular apparatus. We have introduced a simple
system of so-called “yoctowells”, rigid molecular monolayers
made of α,ω-diamido bolaamphiphiles around a porphyrin island
of yoctoliter-sized volume, on to gold electrodes, colloidal gold
particles, silica particles and magnetic silica particles (Figure 1)
[1,2].
The main motivation to work with membrane gaps, such as
yoctowell systems, instead of proteins is their simplicity it would
make it simpler to answer biological questions, which are very
difficult to approach in complex biological systems. Designer
yoctowells which may act as nano- and bio-technological tools
via manipulating the interactions between guest molecules
and the walls of the yoctowell gap were thought to offer an
opportunity for studying intermolecular interactions [3]. The
inner properties of the yoctowell can be fine-tuned by the nature
of the bolaamphiphile monolayers (hydrophobic, hydrophilic
and peptidic) to exploit the resulting electrostatic effects, which
can be used to discriminate between substrates. The importance
of these yoctowell cavities is the use of porphyrins as an optical
sensor by means of absorption and emission in the host-guest
event. Herein, we give a brief description of the developments
of yoctowells and their usefulness in various technological
applications. The stability of yoctowells can be confirmed by size
exclusion fluorescence quenching experiments. Large molecules
over 20 Å in diameter cannot enter into the gaps whereas
molecules with size proportionate with that of the yoctowell
gaps are able to enter and quench the fluorescence of the base
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porphyrin, whose role is both as a structural element and as a
fluorescence reporter. In 2000, fluid and rigid yoctowells had been
developed and used as carriers for heterodimers of porphyrins
on gold platelets and colloidal gold nanoparticles [4-8]. However,
one drawback of gold-based systems is plasmon absorption,
which can cause problems (quenching the florescence of the base
porphyrin) in photophysical studies.

We then prepared yoctowell systems on photoinactive,
amino-coated, silica particles. These particles are colorless,
keeping the porphyrin fluorescence intact, and can be prepared
using a variety of conditions with different coatings [9]. We have
optimised these conditions and prepared particles with a perfectly
smooth surface and uniform diameter of 100 nm. The rigid
yoctowells were prepared in two steps via self-assembly; first,
covalently attachment of activated tetra-carboxy porphyrins to
amino functional silica particles followed by binding of diamidobolaamphiphiles. The two amide bonds of the bolaamphiphiles
rigidify the walls of the yoctowells. Furthermore, the double bonds
of the bolaamphiphiles (walls) of yoctowells were functionalized
at the double bond by the Michael addition of methylamine
for the electrostatic interactions with anionic porphyrin. The
ring of methylammonium groups was then fixed to the walls
of the yoctowells at a distance of 5 or 10 Å with respect to the
base porphyrin and the precisely fitting manganese(III)meso(tetraphenyl-4-sulfonato) porphyrins (Mn(III)TPPS) was tightly
bound to the ammonium groups. Thus, two different dyes (base
porphyrin 1 and Mn(III)TPPS 3) have thus been immobilized at
a defined subnanometer distance in an aqueous medium (Figure
2). Transient fluorescence experiments have shown a fast decay
time of 0.2 ns for the porphyrin at the base of the yoctowell when
the Mn(III)TPPS was fixed at a distance of 5 Å.
Importantly, hydrophobic yoctowells are also stable in organic
solvents, such as ethanol and chloroform, so that when the second
porphyrin was added (in bulk), it can enter into the wells freely
and become irreversible fixated within the well [10]. Although,
once it reach the base of the yoctowells they stacks irreversibly, but
migration of these fitting porphyrins occurs extremely slowly.
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(Mwt = 300,000), and the rigid tricyclic tetraamine tobramycin
in water at pH 7-8. The results show the binding equilibrium
constant (K) of spermin to be ~103.M-1, whereas polylysine and
tobramycin block the yoctowells with K = 107 M-1. This kinetic
trapping is much higher than binding of these guests in 3D crown
ethers [13]. Peptidic yoctowells bind triglycine derivatives of
fluorescein in 2:1 ratio with a K>1013.M-1 which enables the
number of entrapped molecules in each wells to be estimated by
fluorescence comparisons.

Figure 1: Schematic Illustration of the Yoctowell Cavities.

Figure 2: Representation of the yoctowell cavities on the silica surface
and their functionalization with Michael addition with methaylammonium, followed by capping by the charged Mn(III)TPPS porphyrin 2.

Taking advantage of the slow and irreversible adsorption
process, a “sorting” of noncovalent porphyrin stacks in the order
A,B,C and A,C,B (Figure 1) within the yoctowells in any order
has been established for the first time. The molecular sorting
was characterized by UV-vis, sequence dependent fluorescence
quenching, and cyclic voltammetry of the porphyrin capping the
yoctowells. Hydrophobic yoctowells have also been used to study
kinetic trapping of molecules within the cavity [11]. Rigid-edged
amphiphiles migrate from the bulk solution into the yoctowells
and render them inaccessible to water-soluble ions. This blocking
effect of the solutes is stereoselective. Trans-1,2-cyclohexanediol
or cellobiose with equatorial hydroxyl-groups are very efficient
blockers, whereas cis-1,2-cyclohexanediol or maltose with axial
substituents are ineffective.
To further development, we replaced the hydrophobic walls
with functional hydrophilic (tetraethyleneglycol) and peptidic
(diglycinyl triamide) walls [12]. The hydrophilic yoctowells have
been to study the binding of oligoamines (spermine, polylysine

Hydrophobic zinc-porphyrin-based yoctowells have also been
used as a receptor for the formation of stable inclusion complexes
of fullerenes via p-electron donor-acceptor (base porphyrin-C60)
and hydrophobic interactions. Methylammonium rings in the
walls are used to attach Mn(III)TPPS (an anionic porphyrin)
to cover the wells [14]. This is the first example where pores
have been used for the sequential one- dimensional stacking of
molecules. Such superstructures consisting of photoactive dyes
may be useful for studying electron-transfer phenomena.
Having hydrophobic and hydrophilic yoctowells in hand,
we studied the binding discrimination of catecholamines
(neurotransmitters),
namely
dopamine,
adrenaline,
noradrenaline, tyramine and serotonin, in aqueous solution
by means of fluorescence quenching and cyclic voltammetry
(CV) experiments [15]. The results clearly demonstrate that
hydrophobic yoctowells are efficient receptors for dopamine,
noradrenaline, adrenaline and tyramine and act by a process of
nanocrystallization. However, serotonin which is indole based,
possess no blocking effect. On other hand, hydrophilic yoctowells
with differing magnitudes inferring that discrimination is
likely on a competitive basis i.e. we only observe less than 10%
blockages with all the catecholamines used in this study.

Bacterial PRCs are capable of light-induced microsecond
charge-separation processes and use several membrane proteins
to fixate the functional components with precise distances and
orientations. To understand this phenomenon, we prepared three
yoctowells (20 Å in diameter) with varying depths of 5, 10, and
15 Å measure from the positively charged rim; these gaps were
prepared through a Michael addition of the methylammonium
group right below the oligoethylene chain. Electrostatic
interactions between the positively charged rim and anionic
quinones enabled a base porphyrin–quinone (donor-acceptor)
dyad to be prepared. Upon photoexcitation of the base porphyrin,
an efficient distance-dependent electron transfer to the quinone
unit takes place on the nanosecond time scale [16].
The non-swelling behaviour of the walls of the yoctowell
also allow for dissolution of molecules in a range of solvents.
The most characteristic property of yoctowells is their ability to
induce the formation of well-filling ‘‘nanocrystals’’ in dilute (0.1
M) aqueous solutions using cyclic and rigid edge amphiphiles
and to allow molecular sorting. Interestingly, hydrophobic
yoctowells can be functionalized at molecular level in order to
control the encapsulation and release of bioactive molecules for
drug-delivery systems [15]. Recently, we demonstrated the use
of yoctoliter wells as a simple model system for the encapsulation
and release of biologically active molecules, facilitated by
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manipulating the pH. Doxorubicin (DOX; cancer drug) was
encapsulated into the wells and stabilized by hydrophobic and
Vander Waals interactions; the wells were capped by Mn(III)
TPPS, which were held in place by electrostatic interactions [17].
The encapsulated DOX and Mn(III)TPPS guest molecules could be
released from the wels walls by altering the pH of the solution.
At lower pH (7-3.0) only Mn(III)TPPS was released, whereas
at pH 7.2–9.4, the slow release of DOX was observed. Thus,
both molecules were released from the wells by manipulating
naturally occurring stimuli in vivo, i.e. pH.

Yoctowell system on aminated-silica particles were shown
to be very effective controlling the encapsulation and release
of bioactive molecules, these drug-delivery yoctowell systems
relied on non-active silica nanoparticles and had limitations for
effective targeted drug delivery [17]. To overcome this problem,
very recently, we have improved the existing yoctowell system
by incorporating magnetic nanoparticles for the controlled
release of the loaded drug to target areas [18]. Yoctowell cavities
on magnetic silica nanoparticles were used for the encapsulation
of the drug molecule mitoxantrone (MTZ), and controlled release
could be achieved by altering naturally occurring stimuli, that is,
pH. Firstly, MTZ was encapsulated from a bulk solution under
physiological conditions and then released from the yoctowells
in a controlled manner by manipulating the pH to 7.0–3.0. The
sustained release of MTZ, the recovery of active yoctowells after
the release process and the magnetic properties of nanoparticles
may serve as a foundation for the further development of a new
generation of drug-delivery systems.

In summary, yoctowell systems with various kinds of walls
can be precisely constructed through a range of techniques and
are dependent on the particle surface employed. The integrity of
the yoctowells can be confirmed by size-exclusion fluorescence
quenching experiments. Yoctowells with hydrophobic and
hydrophilic side walls are easy to prepare and characterize
which may be used as simple models for biological systems. The
most characteristic properties of the yoctowell are their ability
to induce the formation of well-filling ‘nanocrystals’ in dilute (0.1
M) aqueous solutions using cyclic and rigid edge amphiphiles,
such as cellobiose, tyrosine or drug candidates, as well as their
ability to allow molecular sorting to be studied. The non-swelling
behaviour of the walls of the yoctowell allow for dissolution
of molecules in a range of organic and aqueous solutions.
Modification of the walls has enabled a strong design element for
studying inclusion phenomena, typically with high association
constants. Future directions in the applications of yoctowell
models may include investigations of the recognition processes
between steroid hormones and branched oligo-glycosides.
Further studies on distant dependent electron transfer processes
and in applications of pH dependent release of bioactive
molecules in vivo applications. Ultimately, the versatility of the
yoctowell system and its applications in the areas of nano- and
bio-science for medicinal applications shows great promise.
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