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a b s t r a c t

Surfactant aggregates and in particular micelles can be regarded as nanosized molecular containers
which can capture and concentrate in their small volume lipophilic and ionic species. Exploiting the self-
assembling nature of such aggregates is therefore possible to easily construct supramolecular assemblies
in which several and potentially different functionalities may perform highly specific functions such as
catalysis, transport, and sensing. In this review, we will report the achievements obtained with metal-
lomicelles, which are surfactant aggregates able to concentrate at the aggregate–water interface a high
number of metal ions. The most common strategy for the formation of metallomicelles is the use of
lipophilic ligands able to bind the desired metal ion. The lipophilic complex thus formed can be micel-
lized together with common surfactants forming a co-micellar aggregate or, depending on its structure,
can form a homo-aggregate. The peculiar features of metallomicelles can be exploited in the metallo-
catalyzed hydrolysis of several relevant substrates such as esters of carboxylic acids, amino acids and
phosphoric acids with million-fold observed acceleration, at neutral pH. A detailed kinetic analysis has
shown that the relevant parameters for the hydrolytic activity are (a) the proximity of the reactants in
the aggregate; (b) the apparent lowering of the pKa of the nucleophilic function (metal ion coordinated
water molecule or other nucleophiles). Moreover, playing with the structure of the ligand other and more
interesting features can be obtained. Important examples are the enantioselective cleavage of amino
acid esters, the transport of ionic substrate across membranes and the controlled release of encapsulated

molecules from liposomes. A completely different application of micellized ligands is sensing. In this case,
the aggregate behaves as a template favoring the proximity between a fluorescent dye and the ligand so
that complexation of the metal ion results in quenching of the fluorescence emission of the dye. Following
this strategy self-assembled chemosensors for transition metal ions have been prepared.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

In the last four decades, the world of surfactant-like aggregates
as attracted quite a large interest from scientists with diverse
ackgrounds. A large variety of morphologies, besides those of the
est known micelles and vesicles, have been uncovered for these
ystems comprising virtually any relatively large organic structure
ispersible in water [1]. Such interest is partially justified by the rel-
vance of surfactant aggregates in numerous industrial applications
uch as, for example, detergency, lubrication, medicinal chemistry,
nd cosmetology, although over the years new and intriguing prop-
rties, as well as new applications of the old ones, have been
nvestigated in several different and apparently unrelated areas. As

matter of fact, surfactant aggregates are now used in research
reas ranging form biomimetic to material chemistry [2].

At the most basic level of interpretation, the success of surfac-
ant aggregates is related to their self-assembled nature and to
heir ability to form in water pseudo-phases with completely dif-
erent properties with respect to the aqueous solution, where the
urfactants are dispersed. Micelles, in particular, may be viewed
s nanosized molecular containers able to capture in their small
olume lipophilic and ionic species thanks to hydrophobic and/or
lectrostatic interactions [3]. This peculiar ability prompted, more
han 20 years ago, a debate between chemists working in the
merging field of Supramolecular Chemistry [4], centered on the
ollowing conceptual point [5]: may surfactant aggregates, such
s micelles and liposomes, be considered supramolecular recep-
ors? Strictly speaking aggregates made by simple surfactants are
ot receptors. In fact, they do associate a variety of substrates,
t least in aqueous solutions, but they bind them with little or
o recognition, thus violating one of the main requisites of a
roper receptor. Yet, the aggregates are formed by exploiting weak
on-covalent interactions between the surfactants and as such
hey may be envisaged as supramolecular systems. They bring
ogether binding sites but, normally, they do not arrange them
n suitable patterns. Beside the classification problems, whose
elevancy may appear not fundamental, the cross-fertilization
etween the two fields was strong and founding concepts of the
upramolecular chemistry strongly influenced the field of surfac-
ant aggregates chemistry. As a consequence, the aggregates were
engineered” in order to perform functions inspired by supramolec-
lar systems and exploiting the self-assembling nature of such
ggregates it was possible to design assemblies in which sev-
ral and potentially different functionalities may perform highly
pecific functions such as recognition, catalysis, translocation and
ensing [6].

A bridge between surfactant and supramolecular chemistry was
he thread of our research work of those years, due to the fact
hat we had been working in the field of surfactant chemistry with
he aim of realizing biomimetic-type catalysts. Over the years, we
evoted much attention to the realization of functionalized micellar
r vesicular systems as catalysts of the hydrolytic cleavage of esters
r amides with remarkable results [7]. Later on, we switched our
ttention to metallo-micellar or metallo-vesicular systems which
re aggregates made by or containing lipophilic metal complexes,
revalently based on Cu2+ or Zn2+ metal cations [8]. Results from our
nd other laboratories demonstrated that such metallo-aggregates
re powerful catalysts for the hydrolytic cleavage of carboxylic and
hosphoric acid esters. More importantly, these studies highlighted
ome special features emerging from the combination of metal
omplexes and surfactants, which led to the exploitation of new

unctions such as recognition (enantioselective hydrolysis), sens-
ng and translocation of metal ions and organic molecules. These
unctions are typical of supramolecular systems so that metallo-
ggregates may be viewed as supramolecular receptors of their own
ind.
Reviews 253 (2009) 2150–2165 2151

In this review, we will focus on these properties and func-
tions trying to highlight aspects that make the reactivity and the
other behaviors in metallo-aggregates peculiar respect to homoge-
nous solution. Accordingly, rather than review the many systems
reported in the literature, we will concentrate the attention on
selected examples, taken mainly from our work, which better high-
light the peculiarities of the system. For comprehensive reviews of
several aspects of metallo-aggregates the reader may refer to the
other excellent contributions to this special issue.

2. Metalloaggregates as hydrolytic catalysts

2.1. Background

Since the early work by Hartely (1935), micellar or vesicular
aggregates are known to influence rates and equilibria [3]. Three
decades later scientists developed a better definition of the struc-
tures and morphologies of the aggregates and started working on
the reactivity in micelles, vesicles, microemulsions and the like
as models of biological membranes [9]. The similarity with bio-
logical systems was extended to enzyme reactivity although this
last aspect was often over-emphasized as the analogy is mostly
restricted to formal kinetic aspects and is, in general, unjustified
since very little, if any, substrate selectivity or stereospecificity was
observed [10].

Today the origin of the changes in equilibria and reactivity is
reasonably defined [11,12]. The key feature of any type of aggre-
gate is that it incorporates lipophilic solutes and, if made of ionic
components, attracts ions [13]. The kinetic effects (acceleration or
retardation) much depend on the type of reaction, on the nature
of the components and on the reactants. Taking aqueous micelles
as exemplary and best known cases of aggregates of amphiphilic
species, a given organic substrate is transferred from bulk solvent
(water) to the aggregate pseudophase where it may experience:
(i) a different, less polar, environment: this may be highlighted
by the kinetic effects observed in simple unimolecular processes;
(ii) the proximity of other reactant species that may be also trans-
ferred in the aggregate or surround it: this is the main source of the
kinetic effects in the case of bimolecular (or higher order) reactions.
However, taking the hydrolytic cleavage of activated esters (such as
p-nitrophenyl acetate PNPA or hexanoate, PNPH) as a test reaction,
it was found that aggregates made of “inert” surfactants (i.e. devoid
of functional groups), such as cationic CTAB, anionic SDS, or neu-
tral Triton X-100, (see Fig. 1), produce rather modest rate effects and
not such to justify the hype for micellar catalysis [3]. The main mes-
sage from these early studies was hence that rate enhancements for
bimolecular reactions in aggregates is only the result of bringing
together reagents in a small volume and not of some peculiar prop-
erty of the “organized” medium, as the aggregate pseudo-phase was
often termed.

In order to obtain more reactive systems mimicking on one
hand the mode of action of enzymes and, on the other, act as cata-
lysts in their own right, functionalized aggregates were investigated
[7]. These are made of amphiphilic molecules featuring covalently
bound nucleophiles or other reactive groups, so that any function-
alized component is also a potential reactant for the hydrolytic
cleavage of an activated substrate. In the case of micelles, most fre-
quently such components were cationic and the reactive groups
(NuH) used were often inspired by the reactive sites of popular
enzymes (Fig. 1b). Very large rate enhancements relative to reac-
tions in water were observed, particularly for solutions at pHs lower

but not too far from the apparent pKa of NuH, where the effective
nucleophile is Nu−. In fact, the main advantage in using cationic
rather than neutral or anionic aggregates comes from the fact that
the apparent pKa of the reactive function is up to 1.5 units lower
than that of water dispersed, non-aggregated, analogs. However,
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Fig. 1. (a) Chemical structures of common surfactants. (b

y taking these factors into account, it turned out that in the great
ajority of the cases considered, the second-order rate constants

f the reaction between Nu− and the substrate were very similar in
he aggregate and in the bulk phase [14]. Again, the rate accelera-
ions observed also with functionalized aggregates were essentially
ue mostly to concentration effects [15].

There has been a heated debate on whether micellar aggregates
ork cooperatively or not. Obviously the answer much depends on

he definition of cooperativity given. Certainly micelles and other
ggregates like vesicles and liposomes are collection of monomeric
pecies that can only operate as a collective entity and in this
egard they are cooperative ensembles. However, most of the effects
bserved are due, as clearly stated above, to binding processes
ather than to an actual involvement of more catalytic units oper-
ting in a concerted matter as one would expect for a really
ooperative process. Thus the typical inflection in the rate vs. con-
entration profile observed in the plots reporting the reactivity of
hese aggregates is due to the formation of the aggregates (c.m.c.)
nd it indicates the formation of the pseudo-phase where the reac-
ants will be hosted but it is not an indication of the cooperativity
etween single monomers embedded in the micellar aggregate.
s a matter of fact whenever the reactivity has been studied with
ixtures of functional and inert surfactants and their relative con-

entration was changed at fully bound substrate, only straight lines
ere observed, a behavior identical to that observed in homo-

eneous solutions and indicative of bimolecular, non-cooperative,
rocesses. This, in our opinion, should settle the issue against coop-
rativity in these systems [16].

.2. Lipophilic transition metal ligands complexes as hydrolytic
atalysts

Functionalized aggregates can turn into much more effective
atalysts for the hydrolysis of carboxylate or phosphate esters if
hey are made by or incorporate transition metal ions complexes to
ive assemblies termed metalloaggregates [17]. The idea of inves-
igating metalloaggregates was inspired by the mode of action of

etalloenzymes, such as the Zn2+ containing carboxypeptidase

, and supported by the well known catalytic effects played by
etal cations in hydrolytic cleavage reactions [18]. These effects

re known to involve: (a) Lewis acid catalysis; (b) charge neu-
ralization; (c) activation of nucleophilic functions or coordinated
ater molecules by substantially decreasing their pKa, and, hence,
mples of functionalized surfactants taken from Ref. [14].

nucleophilic catalysis; (d) assistance in leaving group departure.
Moreover, although it has been largely overlooked, the most rele-
vant role of the metal ion is probably what is known as the template
effect, i.e. the capability of the ion, bound to a properly designed
ligand, to bind also the substrate so that reactant and substrate are
brought into proximity and somehow organized or oriented.

Our work started with the synthesis and investigation of
hydroxy-functionalized lipophilic pyridine-based ligands such as
1 (Fig. 2), to cite the prototype of a large variety of compounds
that may form micelles in aqueous solution [19]. They are rather
strong ligands for a number of transition metal ions, in particular
Cu2+, and their complexes form aggregates or are easily included
in aggregates of inert surfactants like cetyltrimethylammonium
bromide (CTAB). Following a scrutiny of a number of activated
esters of carboxylic or phosphoric acids as substrates, the most
impressive results were obtained in the case of �-amino acid esters
and the substrate of choice for the assessment of the efficacy of
the systems was the p-nitrophenyl picolinate (PNPP, Fig. 2c). The
pseudo-first-order rate constants measured are, in some cases, over
a million-fold larger than those observed in pure buffer. Such accel-
erations are quite remarkable even if compared to those observed
in the presence of Cu2+ ion alone, which, per se, is a good cata-
lyst for this reaction. The efficacy of the metalloaggregates toward
other types of substrates depends on the structure of the ligand and
is generally very modest except in the case of aggregates contain-
ing the Cu2+ complex of 1 which accelerate efficiently the cleavage
of simple carboxylic esters and phosphoric triester with, however,
a different mechanism respect to PNPP [20]. The reaction path-
way in the case of PNPP is that indicated in Fig. 2, involving: (i)
formation of a ternary complex (ligand/metal ion/substrate); (ii)
pseudo-intramolecular attack of the activated hydroxyl on the car-
boxyl of the ester resulting in its acylation; (iii) metal ion-mediated
hydrolysis of the acylated intermediate. The deacylation of the
intermediate is fast enough to ensure a fast turnover rate of the
metalloaggregate, which thus behave as a true catalyst.

A careful kinetic investigation and the use of model compounds
allowed the definition of the different contributions concurring to
the observed catalysis. In particular, in the case of PNPP, Cu2+ ion

alone accelerates the cleavage by about three orders of magnitude
(Fig. 2b). The complex with monomeric ligand 2 brings a further
increase in reactivity of about three times, showing that the for-
mation of the ternary complex and the presence of the hydroxyl
group as reactive group preserves the activity despite of the lower
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ig. 2. (a) Example of a lipophilic ligand and its models. (b) Acceleration observed
roposed mechanism for the cleavage of PNPP promoted by the copper complexes o

ewis acidity of the metal ion in the complex. The complex of the
icellized ligand 1a increases the reaction rate of about two orders

f magnitude with respect to the monomeric complex. Moreover,
he acceleration is strictly related to the presence of the 2-pyridine
ydroxyl. In fact, the complex of the methylated analog 1b looses
fficacy and its activity is comparable to that of the free metal ion.
he importance of the built-on nucleophile and of its correct posi-
ioning in the ternary complex has been also underlined in elegant
ork by the groups of Tagaki [21] and Engbersen [22].

On the whole, the picture emerging from these studies points
o a central role of the template effect in the cleavage of amino-
cid esters. In the ternary complex the metal ion brings together,
ith the correct geometry, the two reactants and activates the

ucleophile for the trans-acylation process. The micellar aggregates
nsure further kinetic benefits, which however, when properly ana-
yzed, appear essentially related to concentration and local pH
ffects and not to some peculiar properties of the reaction media
23]. Therefore, the mechanism suggested in Fig. 2c applies equally
o the reaction in micellar aggregate as well as in bulk solution and
o differences are generally observed also in the case of ligands
ith different structures or bearing nucleophiles different than the

ydroxyl group [24]. For remarkable exceptions see however the
xamples discussed in the next paragraph.

Several other examples of metallomicellar catalysts for the
leavage of activated carboxylic [25–28] and phosphoric [29–31]
sters have been reported. The whole body of results, however,
onfirms the interpretation given above.

.3. Enantioselective cleavage of ˛-amino esters in
etallomicellar aggregates

The analysis of the hydrolytic reactivity in metallomicelles
llustrated in the previous section relegates the aggregates to the
ole of mere containers in which the reagents are simply more
oncentrated with respect to the bulk solution. However, the
ituation is completely different when stereoselective processes

re considered. It is, indeed, known since the work by Moss et al.
ore than 35 years ago that aggregation of chiral reactants may

ontrol the stereochemical course of a reaction leading to relevant
ffects in the stereoselection of the products [32]. In the case of
-amino ester hydrolysis, work from the Nolte group employing
e cleavage of PNPP in the presence of the copper complexes of ligands 1 and 2. (c)
nds 1 and 2. Structures and data are taken from Ref. [19].

as catalyst histidine-containing peptides suggested that one of
the most important aspects leading to high stereoselectivity is
the compartmentalization within the same aggregate of the two
chiral reactants [33]. This means that the reaction for the two
diastereomeric couples occurs in different loci of the aggregate
where small differences in polarity and/or solvation of the species
lead to different reactivities.

Similar arguments are at the basis of the enantioselectivities
observed by the Engbersen and You groups using chiral met-
allomicelles. Engbersen [34] prepared a family of enantiopure
lipophilic ligands based on a 1,10-phenanthroline nucleus con-
taining a 2-pyrrolidinemethanol substituent and investigated the
cleavage of chiral N-protected amino acids esters in the pres-
ence of different surfactants and metal ions (Zn2+, Co2+, Cu2+,
Ni2+, and Cd2+). The highest enantioselectivity was observed in the
hydrolysis of p-nitrophenyl-N-dodecanoyl-R(S)-phenylalaninate
(R(S)-C12-PhePNP) catalyzed by the Co2+ complex of ligand 3
(Fig. 3) solubilized in Brij 35 micelles (kR/kS = 15.3). Interestingly,
an inversion of enantioselectivity, although low, was observed by
changing the surfactant in a comicellar system containing the
3·Zn2+ complex: with Brij 35 as the cosurfactant the hydrolysis
of (R)-C12-Phe-PNP predominates over that of the (S)-enantiomer
(kR/kS = 2.41), whereas with CTAB as the cosurfactant the enan-
tioselectivity is reversed (kR/kS = 0.54). This fact together with the
substantially lower enantioselectivity observed with less lipophilic
amino acid esters stresses the importance of the aggregate in the
chiral discrimination process: the reaction occurs in a less polar
environment and the hydrophobic interaction of substrate and
ligand in the ternary complex favors a higher degree of stereos-
electivity, since this introduces an extra orientation requirement
between catalyst and substrate.

Chiral lipophilic ligands with different structures were also
investigated by You et al. [35]. The best results in terms of enantios-
electivity were obtained with compound 4 of Fig. 3 which features
a pyridine core functionalized with a 2-pyrrolidinemethanol sub-
stituent [35b]. Also in this case the activity depends from several

factors comprising the structure of the ligand, the presence of the
free hydroxyl group, the metal ion, the lipophilicity of the sub-
strate and the surfactant used as comicellizing agent. The highest
enantioselectivity was observed in the cleavage of (R)- and (S)-
C12-PhePNP (kR/kS = 7.81) catalyzed by the Cu2+ complex of ligand
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Fig. 3. Chiral ligands and substrate prepared b

solubilized in Brij 35 micelles. Again the enantioselectivity was
ound to be strongly sensitive to the type of surfactant and to the
ipophilicity of the substrate dropping about twofold when using
TAB as the cosurfactant or (R) and (S)-C12-AlaPNP as the substrate.

The above examples employ as substrates lipophilic N-acylated
mino acids in order to maximize the hydrophobic interactions
ith the reacting lipophilic chiral metal complexes within the

ggregate. Obviously, lacking a basic unit as the free amino group
he substrate cannot form stable ternary complexes and may coor-
inate only weakly to the metal ion through the carbonyl oxygen.
n the basis of the results obtained with PNPP, we reasoned that the

nteractions between the chiral reactants could be better exploited
n a tight ternary complex leading to a more defined differentiation
etween the diasteromeric reacting couples and, consequently, to
igher enantioselectivity [36]. Accordingly, we decided to investi-
ate the cleavage of �-amino esters with the free primary amino
roup and, therefore, able to bind strongly to the metal ion. Fig. 4
eports the structure of some of the �-amino esters and lipophilic
hiral ligands we have prepared and investigated together with the
nantioselectivity observed in the cleavage of (R)- and (S)-PhePNP
kR/kS, in bracket) [37].

The most relevant observations are (a) in each case explored,
he S-ligand reacts faster with the (R)-ester and vice versa; (b) the
nantioselectivity is strictly related to the formation of a ternary
omplex (ligand/Cu2+/ester) as indicated by the almost absence of
electivity (kR/kS = 1.5 with ligand 5a) when Z-PhePNP is used as
ubstrate and by a kinetic version of the Job plot showing that the
aximum acceleration and enantioselectivity is obtained for a 1:1

igand/Cu2+ complex; (c) within the ternary complex the ligand
ydroxy function (with an apparent pKa of 7.4 in the case of 5a)

s clearly involved in the reaction; (d) the proximity of the hydroxy
unction with the chiral center of the ligand as well as the bulkiness
f the substituents at the chiral carbon of either the ligand or ester
ave little effect on the enantioselectivity; (e) the presence of the

ggregate is essential to have acceleration and enantioselectivity.
his last effect is particularly evident when comparing the reactiv-

ty of the micellized ligand 5a with the non-micellized ligand 5b
Fig. 6a): taking as reference the rate of the cleavage of PhePNP in
he presence of only Cu2+ the reaction is accelerated by the 5a·Cu2+

ig. 4. Chiral ligands and substrates investigated by Scrimin and Tonellato. In brackets are re
f PhePNP under the following standard conditions: [Cu2+] = 0.083 mM, [ligand] = 0.15 mM,
he enantioselectivity observed with 6a under the standard conditions is 9.5. Ligands and
bersen (3, Ref. [34]) and by You (4, Ref. [35b]).

complex while it is inhibited by the 5b·Cu2+ complex which also
shows modest enantioselectivity. This behavior, which is observed
also with PNPP [38], has been correlated with the shifting of the
equilibrium of coordination of the alcoholic arm of the ligand. In
fact, with the water-soluble, non-micellized, ligand 5b the hydroxy
function is not involved in the coordination to the metal ion. The
coordination occurs only in the less polar micellar environment,
and, consequently, only in micelles the system benefits of the more
effective pseudo-intramolecular attack of the Cu2+-bound hydroxy
function. This modulation of the coordination sphere of the metal
ion in surfactant aggregates appears to be a general phenomenon
and has been observed also with other lipophilic metal complexes
[39].

In this contest and taking into account the little effect played by
steric interactions, the enantioselectivity observed in the cleavage
of �-amino esters can likely be explained in terms of different sol-
vation requirements of the two diastereomeric complexes formed
by the ligand with the two enantiomers of the substrate (Fig. 5b).
The occurrence of the reaction in regions of the aggregate of dif-
ferent hydration influences the nature of the actual nucleophile
and, therefore, the rate of the reaction. In a more hydrated envi-
ronment the slower nucleophilic attack of the Cu2+-bound H2O
(or OH−) prevails, while in a more hydrophobic region the faster
nucleophilic attack of the Cu2+-bound ligand hydroxy function (or
alkoxide function) governs the reaction. The net result is the differ-
ence in reactivity of the two enantiomers of the substrate.

This behavior appears to be general and it has been observed also
with the Cu2+ complexes of the ligands of general structure reported
in Fig. 6 [40]. The highest enantioselectivity was observed with lig-
and 8 and was found dependent on the nature of the substrate and
of the aggregate [40b]. Using PhgPNP as substrate an enantiose-
lectivity ratio of 24 was obtained in the presence of CTAB, which
increases to 28 on chancing the cosurfactant to the micelle forming
ditetradecyldibutylammonium bromide (DMDBAB). In these condi-

tions, and at a temperature of 5 ◦C an enantioselectivity ratio of 35
was recorded, one of the highest values ever reported for a relatively
simple micellar catalyst.

Support to our interpretation of the source of selectivity comes
from the studies of the reactivity of ligand 9, structurally related

ported the enantioselectivities (kR/kS) observed in the cleavage of both enantiomers
MES buffer, pH 5.5, 25 ◦C. In the case of ligand 6: [ligand] = 0.2 mM, [CTAB] = 2.0 mM.
data are taken from Ref. [37].
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Fig. 5. (a) Relative rate effects respect to the Cu2+ ion in the cleavage of (R)- and (S)-PhePNP in the presence of the micellized ligand 5a and the monomeric ligand 5b.
Conditions: [Cu2+] = 0.083 mM, [ligand] = 0.1 mM, MES buffer, pH 5.5, 25 ◦C. (b) Representation of the shifting of the equilibrium of coordination of the alcoholic arm of the
ligand driven by the hydration level of the microenvironment experienced by the ternary complex. Figures have been adapted from Ref. [37].

F re rep
o M, HE

t
n
n
t
i
e
p
p
m
o
a
t
o
f
b
t

t
l
p
r
t
t
(
t
f
t
a
t
o
t
i
b
h
o
t

of vesicles made by functional lipids bearing hydrolytically labile
groups can be chemically differentiated from the inner one [43].
These asymmetric vesicles can eventually be used to follow the
trans-bilayer movement of lipids (flip–flop) or the permeation of
ion across the membrane.
ig. 6. Structure of the ligands investigated by Scrimin and Tonellato. In brackets a
f PhePNP under the following conditions: [Cu2+] = [ligand] = 0.1 mM, [CTAB] = 1.0 m

o 6b, in vesicular aggregates made by dioctadecydimethylammo-
ium bromide (2C18Br) [41]. Vesicles (or liposomes when formed by
atural phospholipids) are sphere-shaped aggregates, with diame-
er ranging from 20 to 500 nm, made of a bilayer of lipids trapping
n its interior a water pool [42]. The membrane made of the bilay-
rs is generally tightly packed providing an effective barrier for the
ermeation of polar species such as water and ionic species. The
acking requirements of a surfactant in the vesicle bilayer are much
ore stringent than in a micelle and, as a consequence, the “order”

f the aggregate is higher than the “order” of the micelle especially
t a temperature below the phase transition temperature (Tc) when
he membrane is in the gel state. Above this temperature, kinks
ccur in the hydrocarbon chains making the packing of the sur-
actants less efficient. Therefore, in the fluid state, the membrane
ecomes more disordered, less impermeable and the movement of
he lipids in the bilayer is faster.

In view of the higher degree of organization of vesicles respect
o micelles one could expect better results in term of enantiose-
ectivity and indeed a three-fold increase is observed [41]. What is
articularly informative is the Arrhenius profile measured for the
eaction of the two enantiomers of the substrate (Fig. 7). The enan-
ioselectivity is higher at low temperature and decreases sharply at
emperatures near and above the phase transition of the membrane
indicated by the dashed vertical lines in the figure). Interestingly,
his decrease is due to the slowing down of the reaction of the
aster enantiomer while the effect on the rate of the slower enan-
iomer is almost negligible. This behavior is consistent with the
bove explanation of enantioselectivity driven by compartmen-
alization of the two reacting ternary complexes in different loci
f the aggregate. The increase in temperature above the phase
ransition of the bilayer is associated with an increase of its flu-

dity and, consequently, the segregation of the different species
ecomes less efficient. The faster enantiomers moves into a more
ydrated region, the mechanism of the reaction changes and the
verall reaction rate becomes slower in spite of the increase of the
emperature.
orted the enantioselectivities (kR/kS) observed in the cleavage of both enantiomers
PES buffer, pH 7.5, 25 ◦C. Ligands and data are taken from Ref. [40].

2.4. Chemical differentiation of vesicular bilayer

An interesting aspect of metal ion-promoted ester catalysis in
aggregates and particularly in vesicles is the use of kinetic experi-
ments to investigate important properties of the aggregates such as
membrane permeably and mobility of the surfactants in the bilayer.
Early work by the group of Moss showed that, under condition
of impermeability of the vesicular bilayer to ions, the outer layer
Fig. 7. Arrhenius-type plot for the cleavage of the two enantiomers of PhgPNP by
the (S)-enantiomer of the Cu2+ complex of ligand 9 in a 2C18Br vesicular matrix.
The vertical dashed lines indicate the temperature interval of the aggregate phase
transition. The figure has been adapted from Ref. [41].
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Fig. 8. (a) Cleavable probes used in metal ion promoted chemical differentiation of the surface of vesicular aggregates (10, Ref. [44]; 11, Ref. [45]). b) Schematic representation
of the experiment of chemical differentiation of a vesicle bilayer. In the gel state (T < Tc) the membrane is impermeable to the Cu2+ ions and the flip–flop movement is slow
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eading to the cleavage of only the esters residing in the outer leaflet. Rising the tem
ccelerated exchanging rapidly the functionalized lipid between the two leaflets. T
nd the final result is the cleavage of all the esters.

The functional surfactants of Fig. 8a are examples of such chem-
cal probes that can be utilized in metallocatalyzed processes.
ecause of the presence of the labile functional groups they may be
atalytically hydrolyzed in the presence of Cu2+ (10) [44] or Eu3+

11) [45] in a process that can be easily followed spectrophoto-
etrically. When the proper metal ion was added to a solution

f preformed vesicles, or covesicles with inert surfactants such
s 2C18Br, below the phase transition temperature of the aggre-
ate, only a fraction (around 60%) of the cleavable probes were
ydrolyzed indicating that the metal ions interact only with the
ster groups residing on the outer leaflet of the vesicles. On the other
and, above the phase transition temperature, when the membrane

s in the fluid state, the esters are fully hydrolyzed and this was
hown to occur not because of the permeation of the metal ion
cross the bilayer but rather because of an accelerated flip–flop
ovement of the functional surfactants which therefore exposes

he ester moiety to the catalytic metal ion confined in the bulk
ater. With these experiments we were thus able to demonstrate

hat the membrane made by these unnatural lipids are imperme-

ble to metal ions such as Cu2+ or Eu3+ and, using vesicles made
y different blends of surfactant, that this property is independent
rom the charge, positive or negative, of the vesicle surface. More-
ver, the kinetic results give information on the flip–flop rate of the

ipids in these matrixes that, as expected, is strongly influenced by
re above Tc the membrane is still impermeable to the metal ion but the flip–flop is
vement put all the esters in contact with the metal ion confined in the bulk water

the fluidity of the membrane. The overall process is schematized in
Fig. 8b.

2.5. Anchoring amphiphilic metal complexes on the surface of a
nanoparticle: a new paradigm for really cooperative hydrolytic
metalloaggregates

Contrary to self-assembled aggregates of amphiphilic molecules
like those described above that are held together exclusively by
hydrophobic interactions, recently thiol-terminating amphiphilic
molecules have been used for the passivation of the surface
of clusters of gold atoms (2–20 nm in size) taking advantage
of the relatively strong thiol–Au bond (ca. 20 kcal/mol) [46].
These systems are quite similar to micellar aggregates with the
important difference that, being each unit anchored on the sur-
face of the gold core, they are kinetically very stable. Further,
they survive also in non-aqueous environments. Thus, the incor-
poration of imidazole subunits in a self-assembled monolayer
(SAM) covering an Au-nanoparticle gave results supporting coop-

erativity [47]. The system consisted of a mixed monolayer of
dodecanethiol and an N-methylimidazole-terminated thiol. The
catalytic activity of these Au-nanoparticles was tested on the sub-
strate 2,4-dinitrophenylacetate (DNPA) in methanol–water (6:4)
solutions in the pH-range 4.5–7.2. It showed the bell-shaped depen-
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ence of observed second-order rate constant (k2) with a maximum
n the proximity of the pKa of the N-methylimidazole consistent

ith cooperativity between two of them in the DNPA cleavage by
he nanocluster (general acid/base or nucleophilic catalysis).

An even more interesting system was that provided by nanopar-
icles functionalized with dipeptides containing a histidine and a
arboxylate from a terminal amino acid. In the catalytic site of
any esterases these functional groups operate in a concerted

ashion as general acid and general base (or nucleophile) in the
atalytic process. In this case the complementary role of a carboxy-
ate and an imidazolium ion was demonstrated by studying the
ydrolysis at low pH [48]. The comparison of the activity against
H of these functional nanoparticles with that of a monomeric
atalysts constituted by the same dipeptide in the hydrolysis of
,4-dinitrophenylbutanoate (DNPB) showed that at all pH values
he Au-nanoparticle catalyst outcompetes the monomeric catalyst,
ut, extremely interesting, the two curves show strikingly different
rofiles. The monomeric catalyst behaves as a system in which a
atalytically relevant nucleophile is generated with pKa 6.6, which
s consistent with the basicity of the imidazole. On the contrary,
he nanoparticle shows a more complex profile: a first nucleophilic
pecies is generated with pKa 4.2, then the curve flattens up to pH
where a second nucleophile is generated with pKa 8.1. These pKa

alues can be assigned to the carboxylic acid and the imidazolium,
espectively. The reason of the higher value of the pKa of the imi-
azolium in the nanoparticle is due to the anionic nature of the
anoparticle that disfavors the deprotonation of the imidazolium
ation. What is particularly remarkable is the high activity, at acidic
H, of the nanoparticles-based catalyst showing over 300-fold rate
cceleration with respect to the acetylated dipeptide. Mechanis-
ically, this has been interpreted by involving a carboxylate anion
n the cleavage that acts as a general base deprotonating a water

olecule and a protonated imidazole acting as a general acid.
he absence of this mechanism in the monomeric system clearly

ndicates that this behavior results from the confinement of the
ipeptide on the monolayer covering the nanoparticle.

When a dodecapeptide, comprising a combination of a His, two
rg, and a Lys residue (among other amino acids), was grafted on
u-nanoparticles [49] we expected that their cooperativity could
nable nucleophilic, general acid, and/or general base catalysis, but

lso stabilization of the negatively charged transition state that
rises along the pathway of ester hydrolysis. Using the very same
ubstrate of the previous example we observed that at low pH
alues the nanoparticle-based catalyst behaves very similarly to
he previous dipeptide-based system, although the dodecapeptide-

ig. 9. Triazacyclononane-functionalized nanoparticles behaving cooperatively in the cle
eporting the reactivity as a function of the equivalents of Zn2+ added. The figure has been
Reviews 253 (2009) 2150–2165 2157

nanoparticle has an additional 10-fold gain in activity. This amounts
to a 3000-fold rate acceleration over that exerted by the simple
dipeptide. The larger catalytic efficiency was ascribed to a stronger
acidity of the protonated imidazole group, which in the dode-
capeptide has a pKa value 0.9 units lower than in the dipeptide.
This is due to the fact that now the nanoparticle has no longer
a net negative charge as this is compensated by the presence of
the cationic guanidinium groups. At higher pH values, the activity
of the peptide-nanoparticle increases significantly with respect to
the dipeptide-NP reaching an additional 40-fold rate acceleration.
This can be ascribed to the presence of an additional nucleophile
(the phenoxide of tyrosine) with an apparent pKa of 9.9. Thus
these amphiphilic peptide-functionalized nanoparticles provide an
easily accessible entry to cooperative catalysts able to introduce
new catalytic pathway in hydrolytic reactions not accessible with
monomeric systems.

These clear evidences of cooperativity prompted us to study
similar systems also in the cleavage of a challenging phosphate
bond using metal ion catalysis. Thus we prepared gold nanopar-
ticles passivated with a thiol terminating with the artificial amino
acid ATANP [50], a derivative of serine in which the –OH has been
replaced by triazacyclononane, a strong ligand for metal ions like
Zn2+ and Cu2+ [51].

By studying the cleavage of the RNA-model substrate 2-
hydroxypropyl-p-nitrophenyl phosphate (HPNP) we obtained, by
working at a fixed concentration of nanoparticle and progressively
adding Zn2+ ions, a sigmoidal reaction profile that provides strong
support in favor of a cooperative mechanism between several metal
ions (see Fig. 9). Very interestingly an analogous micellar system
behaved less efficiently lending further support to the presence
of an additional, more efficient, cooperative mechanism in the
nanoparticles.

A step further in the improvement of the catalytic unit was
that to functionalize the monolayer with the more elaborate lig-
and bis-(2-amino-pyridinyl-6-methyl)amine (BAPA) [52a,b]. The
BAPA-Zn2+ complex is known to be able to elicit the coopera-
tion between metal Lewis acid activation and hydrogen-bonding
to achieve increased hydrolytic activity toward phosphate diesters.
The resulting Zn2+ nanoparticle proved to be one of the most effec-
tive catalysts reported so far for the cleavage of the DNA model

phosphate, bis-p-nitrophenyl phosphate (BNPP) [52c]. The second-
order rate constant observed was more than 60,000 higher than
the reference rate for the basic catalyzed reaction and more than
100-fold better that of the monomeric complex. The dependence of
the rate constants on the equivalents of Zn2+ added showed clearly

avage of HPPNP as evidenced by the sigmoidal reactivity profile shown on the right
adapted from ref. [51].
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n this case the occurrence of two catalytically relevant situations:
he first one, at low Zn2+ loading, involving a mononuclear complex
nd a second one at Zn2+ saturation, involving a dinuclear complex.
oth conditions represent a significant increase in rate with respect
o the monomeric complex.

However the most striking result was that provided by the cleav-
ge of plasmid DNA. The hydrolytic cleavage of this substrate is
asily detectable as the supercoiled conformation of the polymer
form I) converts into the nicked one (form II) following a single
ut in one of the two strands. However, if a second cut occurs in the
ther strand in close proximity to the previous one a further change
ccurs with the linearization of the double strand (form III). Statis-
ically this second cleavage occurs in the proper position only in 1%
f the cases. Strikingly in this case linear DNA started forming after
nly 10% of the original supercoiled DNA was cleaved and already
ith 16% of it cleaved it was the most abundant form present. This

learly indicates that the multivalent nanoparticle was able to per-
orm multiple cuts on the double strand, the obvious consequence
f its multivalent nature. One may speculate that the nanoparticle
y sticking to the polymer is able to hydrolyze at the same time
everal phosphate bonds belonging to both strands of the poly-
er thus linearizing it very efficiently, a behavior never observed
ith other catalysts. This is a very important result because for

he first time a multivalent catalyst takes advantage of its multiva-
ency on two counts. First it cleaves efficiently a specific functional
roup by converging several cooperating catalytic units on it. Sec-
nd, using the same mechanism it cleaves simultaneously several
unctional groups on a multivalent target, the polymeric DNA
ackbone.

. Lipophilic ligands as catalysts for transport processes

Ion transport across a membrane is a typical supramolecu-
ar function, which requires specific intermolecular interactions
etween the ligand and the transported ions in order to compensate

or the loss of hydration energy during the translocation process
cross the apolar membrane interior [53]. Lipophilic ligands may
ehave as transport catalysts because they form lipophilic com-
lexes able to solubilize metal ions in apolar environment such
s, for example, micelles or vesicles. An interesting consequence
f this property is metal ion sequestration from bulk water by func-
ional surfactant aggregates with important applications in water
etoxification [54]. A transport process is however more complex
ecause it requires binding of the metal ion on one side of the mem-
rane, translocation across the membrane and release on the other
ide [55]. Nonetheless we obtained some interesting results with
ipophilic ligands in the transport of metal ions and amino acids as
iscussed in the following sections.

.1. Ion transport across vesicular bilayers
Kinetic experiments using lipids functionalized with cleavable
robes can be used to investigate the transport of catalytically
ctive ions across the vesicular membrane. For example, with
esicles made by the above anionic lipid 11 we have observed

ig. 10. Lipophilic ligands used in the investigation of the carrier mediated transport of m
y Reviews 253 (2009) 2150–2165

that lipophilic diamines like N-hexadecyl-N,N,N-trimethylethylene
diamine (TMED-C16) may affect the permeability of the membrane
to lanthanide ions in two different ways [45]: (a) by acting as car-
riers of the cations across the bilayer and (b) by making leaky
patches in the membrane. This latter mechanism is less specific
and is observed also when using as additives normal micellar sur-
factants such as, for example, CTAB. On the contrary, lipophilic
diamines appear to operate in both ways and this was demonstrated
by comparing the hydrolytic behavior induced by the addition of
the additive with leakage experiments on vesicle encapsulating a
fluorescent dye. The amines where much more effective than CTAB
in inducing the permeation of the metal ions, while their efficacy
in inducing the permeation of the anionic fluorescent dye was very
similar to that of CTAB. The extra activity shown by the amines with
the lanthanides was a clear evidence of their specific interaction
with the metal ion that led to the formation of a lipophilic complex
able to permeate across the vesicular bilayer.

Kinetic evidences for metal ion transport across the vesicular
membrane can be obtained also by using lipophilic metal complex
showing catalytic activity in the cleavage of activated esters. Exam-
ples of these ligands are compounds 12 and 13 shown in Fig. 10
[56]. When Cu2+ is added after the formation of vesicles made by
2C16Br and containing these ligands, only those on the outer layer
of the liposome interact with the metal ion and become catalyti-
cally active in the cleavage of PNPP. However, the activity observed
for 12 was twofold better than that observed for 13. Control exper-
iments done by monitoring by UV–vis spectroscopy the formation
of the Cu2+ complex, demonstrated that this difference is related
to the ability of 12 to act as a carrier for Cu2+ and to transfer the
metal inside the vesicle where ca. half of the ligand is present
being equally distributed on the interior and exterior leaflets of
the bilayer. Since the neutral substrate can easily permeate the
vesicular membrane and assuming reasonably that the metal-ion-
carrier-mediated permeation is faster than the PNPP cleavage, all
ligands become exposed to the metal ions and the full reactivity of
the system can be observed even when the metal ion is added after
the formation of the vesicles. Clearly the trans-bilayer mobility of
ligand 13 is far lower than that of 12 and the carrier mediated pro-
cess becomes slower than the rate of substrate cleavage. So, only
the fraction of ligand residing on the outer layer, about half of the
total concentration, is transformed into a catalyst by complexation
of the metal ion and the observed reactivity is about half of that of
ligand 12.

A topic related to the control of membrane permeability is the
triggered release of the liposome content, which is obtained by a
stimulus inducing dramatic alteration of the membrane structure
[57]. As a consequence molecules confined in the inner water pool
of the liposome are rapidly released in the bulk water. Cleavable sur-
factants, which under the action of different agents such as light, pH,
etc. change their structure and alter the membrane permeability are

good candidates for the development of such systems and, in some
case, they have proven to be efficient vehicles for drug delivery to
biologically relevant targets and their subsequent release [58]. By
exploiting the lability of phosphate diesters to hydrolysis in the
presence of lanthanide ions, we have developed a synthetic phos-

etal ions across a vesicular membrane. The examples are taken from Refs. [45,56].
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Fig. 11. Cleavable surfactant for the triggered rele

holipid for the contemporaneous monitoring of the hydrolysis and
ecapsulation of vesicles containing this lipid (Fig. 11) [59]. Cleav-
ge of the phosphate diester leads to aggregates unable to sustain a
hemical gradient and, consequently, this results in a faster release
f a trapped dye. Cleavage of as much as 25–30% of the lipid residing

n the outer layer of unilamellar bilayer vesicles causes the onset of
he accelerated release. Because of their toxicity, lanthanides can-
ot be used to trigger the cleavage in a biological environment.
owever, phosphatase may lead to the same results so that these

iposomes could be, in principle, used for the controlled release of
rugs in phosphatase-rich regions.

.2. Ion transport across bulk chloroform membrane

The above-mentioned transport mechanism of metal ion across
vesicular membrane requiring its complexation to a lipophilic lig-
nd can be applied to rough but simpler model of it: the so-called
bulk membrane”, i.e. an organic solvent separating two aqueous
hases [60]. For this reason and for the relevant applications in the
eld of species separation, this membrane model has been widely
sed in transport studies [61]. Thus, following our studies on vesic-
lar membranes (see above) we investigated the ability of simple

ipophilic dipeptide-based metal ion ligands to act as selective car-
iers for the transport of transition metals across a liquid chloroform
ulk membrane [62]. The experimental set-up and one example of
uch ligands are illustrated in Fig. 12.

The system is quite effective in the transport of Cu2+ from a
uffered aqueous source (pH 5.6) to a 0.1 M HCl receiving phase
cross a bulk chloroform membrane. The efficiency depends (i) on
he easy of formation, at the source phase–chloroform interface, of

omplex 15 that is neutral (and hence more soluble in the organic
olvent) due to the deprotonation of the amide (with an apparent
Ka close to 5) and of the carboxylic group [63]; (ii) on the facile
ecomplexation at the acidic receiving phase. Under the pH condi-
ions used the carriers are much less effective in the transport of

ig. 12. Schematic illustration of the experimental set-up for the bulk membrane transp
hases in the arms of the tube. All the phases are kept under stirring to avoid the format
ef. [62].
m liposome. The example is taken from Ref. [59].

Zn2+ and Ni2+ (by factors larger than 103 and 104, respectively) due
to the fact that only Cu2+ among other transition metal ions can form
neutral complexes at the pH value of the source phase. The driving
force of the overall process is the decomplexation of the metal ion
in the receiving phase and as long as the pH of the aqueous phase
is maintained strongly acidic the transport proceeds until all the
metal ion is translocated. The conditions for this type of “uphill”
transport, i.e. against the concentration gradient, are clearly more
difficult to realize in vesicular systems and are particularly relevant
in separation processes.

Exploiting the formation of a ternary complex,
ligand/Cu2+/amino acid, we further investigated the transport
of amino acids using lipophilic 1,2-diaminoethane-based ligands
of the type illustrated in Fig. 13 [64].

These systems are quite effective and allow an effective “up-
hill” co-transport of ions and amino acids. The results obtained
indicate that the transport occurs via the formation of the ternary
complex and that the lipophilicity of the amino acid is an impor-
tant factor in determining the rate of the process with the best
conditions obtained when the carrier ligand and the transported
amino acid have comparable affinity for the Cu2+ ion. Under these
conditions the formation of complexes with 2:1 ligand (or amino
acid)/metal ion stoichiometries, which compete for the formation
of the active species, is minimized. However, the enantioselectiv-
ities observed in the transport of the two enantiomers of natural
amino acids using chiral ligands are generally modest. In the
best case, using ligand 17 and leucine as the amino acid, the
enantioselectivity ratio (the initial rates of transport of the faster
enantiomers relative to the slower) is slightly higher than 2. The
process appears to be governed more by thermodynamic rather

than kinetic factors with little relevance of steric interactions per-
haps due to the flexibility of the complexes. The enantioselectivity
effects observed in the cleavage of chiral amino acid esters by met-
allomicelles made of similar lipophilic ligands were much higher
(see above) and this observation stresses the importance of the

ort studies. In a U-tube a chloroform phase on the bottom separates two aqueous
ion of concentration gradients at the interfaces. The figure has been adapted from
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Fig. 13. Lipophilic ligands used for the co-transport o

icellar aggregate in the fine tuning of the reactivity of such
ystems.

. Fluorescent chemical sensing in surfactant aggregates

More recently the attention has been concentrated on the uses of
mphiphilic molecules in chemical sensing, a classical supramolec-
lar function that can find interesting cross-fertilization with the
eld of surfactant aggregates. A chemosensor is a molecule that can
electively recognize and signal the presence of a specific analyte
65]. Among the different possible signalling methods, fluorescence
s one of the most popular thanks to several advantages such as, for
xample, high sensitivity, high spatial and temporal resolution, rel-
tively simple and low cost instrumentation which can be easily
dapted for “in field” application [66]. In addition, the molecu-
ar dimensions of the chemosensor are well suited for detection
n small compartments without strong physical interference. This
eature makes such systems particularly attractive for medical and
iomedical studies when, for example, intracellular monitoring of
given analyte is desired [67]. It is therefore not surprising that the
umber of reports dealing with fluorescent chemosensors for the
etection of a variety of substrates is now very large and is increas-

ng steadily [68]. Despite the structural diversity characterizing the
esign of fluorescent chemosensors three common elements are
ecessarily presents: (a) a recognition site for the interaction with
he analyte; (b) a fluorescent dye which generate the signal; (c) a

ransduction mechanism which puts in communications the two
ubunits and converts the recognition of the analyte in the genera-
ion of the signal [69]. In the classical systems the binding module
nd the fluorescent dye are covalently linked but, more recently,
elf-assembling and self-organizing methodologies have attracted

ig. 14. (a) Nitroaromatic and nitramine explosives detected using pyrene solubilised in
icelles (Ref. [74]). (c) Fluorescent metal surfactants acting as donor/acceptor componen
and amino acids. The ligands are taken from Ref [64].

increasing attention in the design of chemosensors [70]. In this case,
there is no need for covalent links between the two subunits which
must, however, be designed in such a way to achieve their assem-
bly in solution. Remarkably, the synthetic problems connected with
the classical covalent systems can be, at least partially, overcome,
and an efficient strategy for the easy realization and optimization
of fluorescent chemosensors is provided.

The combination of surfactant aggregates and chemosensors
may lead to interesting new properties which are essentially related
to the two classical effects observed with aggregates: (a) the
concentration of lipophilic or ionic species in the small aggre-
gate volume; (b) the different microenvironment of the aggregate
respect to bulk water which may modify the emission properties of
the dye or protect the dye from the contact with micellar insoluble
species. This last effect is known since long time and it is at the basis
of well-established methods for determining relevant properties of
the aggregates such as for example critical micellar concentration
[9]. A very recent and more sophisticated example of this concept
has been provided by the group of de Silva which has developed
a family of multiplexing fluorescent sensors for the mapping of
proton gradients near the surface of micellar aggregates [71].

The ability of aggregates to concentrate species is at the basis
of several other examples in which better sensing performances
or improved photophysical properties have been described [72].
Some selected examples are described in the following paragraphs
focusing on the role played by the aggregate.
The group of Anslyn has reported enhanced detection of
nitroaromatic and nitramine explosives such as TNT and RDX
(Fig. 14a) using pyrene solubilized in a micellar Tween 80 solution
[73]. These aromatic compounds are known to quench the fluo-
rescence of pyrene as well as other polyaromatic hydrocarbons,

a micellar Tween 80 solution (Ref. [73]). (b) AODIQ dye used as Cu2+ sensor in SDS
ts in a ET process promoted by their inclusion in surfactant aggregates (Ref. [75]).
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Fig. 15. Metal ion sensor based on the switching of the monomer–excimer equilib-
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presence of CTAB a comicellar aggregate containing the ligand and
ium in liposome. The complexation of the metal ion to the pyrene-functionalized
igand favors the disassembly of the pyrene cluster leading to a variation in the
mission of the dye. The example is taken from Ref. [76].

nd the quenching ability differs among compounds. Therefore, by
onitoring pyrene fluorescence it is possible to sense the presence

f nitrated explosives. However, the quenching effect is weak and
his limits the sensitivity of the detection assay. Solubilization of
he pyrene dye in micelles enhances the quenching efficacy thanks
o the concentration of the hydrophobic explosives in the apolar

icellar core. Moreover, the micellar environment protects the flu-
rescent dye from O2 quenching further increasing the sensitivity
f the assay.

Surfactant-induced modulation of a fluorosensor activity has
een reported also by Chattopadhyay and co-workers who inves-
igated the effect of SDS on the Cu2+ quenching of the AODIQ dye
Fig. 14b) [74]. Interaction of Cu2+ with AODIQ leads to the quench-
ng of the fluorescence emission of the fluorophore and allows the
etection of the former in the micro or submicromolar range. The
uenching efficiency of AODIQ increases strongly by inclusion of
he dye in SDS micelles due to the concentration of the metal ion
n the anionic micellar surface. Moreover, this effect depends on
he concentration of surfactant thus allowing a fine-tuning of the
ensing ability of the sensor.

An interesting example of communication between two fluo-
escent dyes promoted by their inclusion in surfactant aggregates
as been provided by the group of De Cola [75]. They prepared
etal surfactants by appending long hydrocarbon chains to irid-

um(II) and ruthenium(II) bypyridine complexes (20, Fig. 14c),
wo fluorescent dyes able to act as donor/acceptor components
or electron transfer (ET) processes. The formation of co-micelles
etween the two metal surfactants results in a very efficient ET
hat takes place from the excited iridium-based complex to the
uthenium moiety which is not observed whit control metal com-
lexes unable to form micelles. Clearly the close proximity of the
uorescent dyes in the comicellar aggregate switches on the ET
rocess which is modulated by dilution of the metallosurfactants

n micelles formed by CATBr. As a consequence the emission of the
yes can be tuned simply by varying the ratio of functional and inert
urfactants.

A final example of metal ion detection in aggregates has been
eported by Arnold and co-workers [76]. The system relies on
he excimer–monomer equilibrium of a lipid functionalized in
emote positions with pyrene and metal ion ligand subunits (21,

ig. 15). This lipid, dispersed in distearoylphosphatidylcholine vesi-
les, forms clusters with the pyrene moiety deeply inserted into the
embrane, and the ligand subunit pointing toward the bulk water.

he clusters show the typical pyrene excimers emission, which
Reviews 253 (2009) 2150–2165 2161

changes to the monomer one by addition of Cu2+. In fact, as schema-
tized in the bottom of Fig. 15, the complexation of the metal ion
induces a dispersion of the functionalized lipids in the membrane
with consequent destruction of the pyrene clusters. The sensor is
really sensitive and detects nanomolar concentration of Cu2+ ions.
A similar lipid functionalized with different binding subunits has
been reported more recently by the group of Mallik [77]. One of the
most interesting aspects of this approach is that the metal ion does
not interact directly with the fluorescent dye but modifies its flu-
orescent emission influencing the monomer-excimer equilibrium.
Therefore, at least in principle, the method is of general applicabil-
ity and by tuning the selectivity of the binding subunit a series of
sensors selective for different metal ions (or other substrates) may
be prepared, as the sensing scheme does not depend on specific
properties of the metal ion itself. This has been demonstrated by
Sasaki and Padilla who have developed a sensor for Hg2+ ions using
a similar pyrene-functionalized lipid but for the metal ion bind-
ing subunit which was changed to a mercury-selective dithioamide
moiety [78].

4.1. Self-Assembled fluorescent chemosensors in aggregates

The selected examples described in the above section illustrate
how the interaction of sensing systems with surfactant aggre-
gates may lead to improved performances and new behaviors with
respect to the bulk aqueous phase. Usually, in these systems a
classical covalent chemosensor is included in the aggregate which
offers a different environment respect to the bulk solvent. Few
years ago we proposed a different approach based on the self-
assembling of the chemosensor components, the fluorescent dye
and the receptor, in a micellar aggregates made by conventional
surfactants [79]. The assembling is simply driven by hydrophobic
interactions: inside the aggregate the receptor and the fluorescent
dye do not interact directly but their communication is favored by
the close proximity between them in the small aggregate volume.
The major advantage of this method lays in its simplicity because
little or no synthetic modifications of the ligand and the dye are
needed and this allows the easy formation of the sensor and the
rapid screening of a large number of receptors, dyes, surfactants,
and experimental conditions in order to optimize the sensing prop-
erties for a given application. Clearly, a transduction mechanism is
needed to translate the substrate recognition event into the gen-
eration of the readable fluorescent signal and the individuation of
such mechanism can be problematic due to the fact that ligand and
fluorescent dyes are not covalently bound. For this reasons the con-
cept was proved using Cu2+ as the analyte, a metal ion known to be
an effective quencher of fluorescent dyes.

The first system we investigated used as ligand a lipophilic
GlyGly dipeptide (N-decyl-glycylglycine, 22 in Fig. 16), structurally
similar to those used in the Cu2+ transport experiments (see above),
and as dye the fluorophore 8-anilino-naphtalensulfonic acid (ANS)
[79]. The choice of this couple was based on the following two
important factors: (a) at moderately acidic pH values the dipeptide
ligand binds strongly and selectively Cu2+ ions due to the depro-
tonation of the amide nitrogen which does not occur with other
divalent transition metal ions [63]; (b) the fluorescence emission
of ANS is strongly sensitive to the environment polarity and the
dye is practically non fluorescent in water while its emission inten-
sity increases strongly in the less polar micellar environment [66].
This effect is important because it reduces the not-desired fluo-
rescent emission from the dye not bound to the aggregate. In the
the dye is formed and upon binding of Cu2+ ions to 22 the fluores-
cence emission of ANS is strongly quenched allowing the detection
of the metal ion in the micromolar concentration range (Fig. 16).
Due to the selectivity of the ligand the quenching is observed only
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ig. 16. Self-assembled fluorescent chemosensor in micelles. The example is taken
rom Ref. [79].

ith Cu2+ ions and other transition metal ions like Zn2+, Ni2+, Mn2+,
o2+, Pb2+, do not interfere with the sensing assay.

The main factor affecting the sensitivity of the system is the dilu-
ion of the sensor components in the aggregates which makes less
avorable the interaction between the bound metal ion and the flu-
rescent dye. Accordingly, the detection range can be modulated
y varying the ligand/total surfactant (ligand + CTAB) molar ratio,
eaching the highest sensitivity at a limiting value of 1:2, and by
ecreasing the surfactant concentration down to values approach-

ng the c.m.c. value of the resulting comicelles. As underlined above,
n important aspect of this self-assembling approach is its simplic-
ty and modularity: the sensor is made by simply mixing in water
he ligand and commercially available surfactants and dyes. This
llows a fast screening of several combinations and this point has
een demonstrated by setting up a combinatorial experiment in
hich, keeping constant the ligand, 16 combinations of surfactant

nd dye were tested employing four different surfactants and four
ifferent dyes, all commercially available. The couple CTAB and
-naphtylphosphate resulted to be the most sensitive among the
ombinations tested.

In a further elaboration of this system we used as ligands a
ipophilic version of GlyLys and GlyGlu dipeptides, which, due to the
onization of the functional groups in the amino acid lateral chains,
re amphiphilic both in the free and in the Cu2+-complexed form
80]. These ligands form stable homo-micelles without the need
f any added surfactant thus avoiding the dilution of the ligand in

he non-functional micellar aggregates. The result is an improve-

ent of sensitivity with detection limit for the metal ion in the
ub-micromolar range.

Further examples of the application of this sensing scheme
n the detection of quenching metal ions such as Ni2+, Cu2+

ig. 17. Pictorial representation of the OFF-ON-OFF sensor for pH windows. The sensor is f
lipophilic pyridine and a pyrene dye. The example is taken from Ref. [83].
y Reviews 253 (2009) 2150–2165

and Hg2+ in self-assembled chemosensors in micelles and in
Langmuir–Blodgett films have been provided by the groups of
Pallavicini [81] and Le Blanc [82], respectively. Moreover, a break-
through contribution was provided by Pallavicini and co-workers
which were able to show that transduction mechanisms other
than the heavy atom quenching can be operative in self-assembled
micellar sensors. In particular they exploited the well-known pho-
toelectron transfer (PET) process from amino groups to fluorescent
dyes to modulate the fluorescence of pyrene entrapped in Triton
X-100 micells. Fig. 17 illustrates an example of a sensor for pH
windows [83].

The sensor is formed by the self-assembling of a lipophilic pyri-
dine, a lipophilic amine and pyrene in Triton X-100 micelles. At low
pH both pyridine and amine are protonated (Fig. 17a) and the fluo-
rescence is “off”, with the pyridinium fragment acting as a quencher
by PET thanks to its electron-acceptor properties. As the pH rises
above the pyridine pKa, this fragment is no longer protonated (while
the amine still is Fig. 17b) and thus the fluorescence goes “on”. When
the pH is increased further above the amine pKa, this group also
becomes deprotonated, and the fluorescence turns “off” again due
to the quenching properties (by PET) of the electron-donating ter-
tiary amino groups (Fig. 17c). In this way, the system behaves as
an OFF-ON-OFF fluorescent sensor for pH windows. Playing with
the pKa of the amines and pyridines used it is possible to tune the
wide of the window and its position along the pH axes. Follow-
ing this approach the same group has reported other interesting
results in the sensing of metal ions [84] and also in the determi-
nation of relevant chemical–physical properties of molecules such
as their lipophilicity [85]. All these systems, along with others, are
reviewed in a sister review in this special issue and represent and
important step forward toward the general applicability of this self-
assembling approach.

4.2. From micelles to silica nanoparticles

In the systems described in the previous section the micellar
aggregates act as a matrix in which the components of the sensors
self-organize in order to perform a specific function. However, the
actual applicability of such systems is limited by several factors.
In particular, surfactant aggregates are dynamic structures which
form only above the critical micellar concentration and which
are sensitive to experimental conditions, such as temperature and
ionic strength. To overcome these limitations and to produce more
stable systems one possibility is to use a different matrix to tem-
plate the auto-organization of the chemosensor translating the

above concepts in a more stable, covalently linked, system [69].
For fluorescence-based assays, glass can be a good candidate as
an alternative matrix because it is inert, transparent to light and
it can be easily functionalized by reaction with silane derivatives
using well-established and simple experimental protocols. Follow-

ormed by the self-assembling in Triton X-100 micelles of a lipophilic tertiary amine,
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last case micelles again play the role of supramolecular contain-
ig. 18. Self-organized chemosensor on silica nanoparticles. The example is taken
rom Ref. [92].

ng this concept Crego-Calama and Reinhoudt have introduced a
ethodology to prepare glass surfaces functionalized with fluores-

ent probes which involves the sequential chemical modification of
mino terminated self-assembled monolayers (SAMs) on glass with
fluorescent probe and a specific amino-capping functionality [86].
uch chemically modified surfaces can be used as a simple recog-
ition material for metal ion such as Pb2+ while the fluorophore
cts as a reporter. The resulting chemosensor is not strictly “self-
ssembled”, because the coupling of the SAMs to the surface is
ovalent and not reversible. However, the new properties of the
aterial derive from a spontaneous assembly of the subunits on the

urface and, therefore, these systems might properly be referred to
s “self-organized”.

The grafting of the components of the sensor on a glass sur-
ace gives a stable material suitable for the development of optodes
r sensor arrays [87]. However, for several biological applications
uch as, for example, intracellular monitoring of physical or chemi-
al parameters, nanometric-sized particles are strongly preferred
ecause of the lower physical and chemical perturbation of the
ample and of the higher spatial resolution. This has brought to
he development of a large number of nanosensors based on dif-
erent types of nanoparticles comprising, for example, silica [88],
old [89], and organic polymer nanoparticles [90], quantum dots
91], etc. Our contribution to the field was to translate the self-
ssembling concept proved in micellar aggregates to surface func-
ionalized silica nanoparticles. In the first system we investigated
92], commercially available silica nanoparticles (20 nm diameter)
ere functionalized with the triethoxysilane derivatives of the lig-

nd picolinamide (23), selective for Cu2+, and of the fluorophore
ansylamide (24, Fig. 18). The grafting of the sensor components to
he particle surface ensures the spatial proximity required to signal
u2+ by quenching of the fluorescence emission. In 9:1 DMSO/water
olution, the coated silica nanoparticles (CSNs) selectively detect
opper ions down to micromolar concentrations. Similarly to the
icelle-based systems, the operative range of the sensor can be

uned by the simple modification of the components ratio.
An intriguing aspect of CSNs is that their structure closely

eminds that of a frozen co-micelle with a relatively high degree

f organization of the sensor components in an extended and not
ynamic network. This organization may lead to the onset of coop-
rative or collective processes which have indeed been observed in
endrimers [93], in nanoparticles [94] and in self-assembled mono-
Reviews 253 (2009) 2150–2165 2163

layers on gold [95] but not in surfactant aggregates [96] probably
due to the dynamic and poorly organized nature of these systems.
This was the case also with our system and we were able to demon-
strate cooperation of the ligand subunits grafted to the particles
surface to form binding sites with an increased affinity for the sub-
strate. Quite likely, this can be ascribed to the surface-organization
of the picolinamide subunits that may lead to the formation of mul-
tivalent binding sites (e.g. with a 2:1 ligand/metal stoichiometry as
indicated in Fig. 18) with a greater Cu2+ affinity. A further example
of collective process observed by us using silica nanoparticle [97]
and by Larpent and co-workers [98] using polystyrene nanoparti-
cles is the amplification of the emitted signal due to the fact that
a single Cu2+ ion is capable of quenching the emission of several
surrounding dyes.

Finally silica nanoparticles present other loci, beside the surface,
that can be used for the organization of a chemosensor. In particular
the particle interior can be functionalized [99] and even organized
in well separated compartments [100]. This peculiarity, which is
clearly not present in micellar aggregates, has been exploited for
the realization of a sensor for Cu2+ [101] and a ratiometric sensor
for Pb2+ [102].

5. Conclusions

In this review, we have highlighted some of the supramolecolar
functions that can derive from the interaction of lipophilic metal
complexes and surfactant aggregates. Surfactant aggregates, and in
particular micelles, act as supramolecular receptors concentrating
in a small volume, mainly by hydrophobic and electrostatic interac-
tions, lipophilic and ionic species. When lipophilic metal complexes
are involved, this leads to the formation of metallomicelles in
which a high local concentration of metal ions is realized at the
water–aggregate interface. These metal ion-loaded superstructures
may further interact with organic reactive molecules promoting
their chemical transformation. Catalysis, and in particular catal-
ysis of the cleavage of activated carboxylic and phosphoric acid
esters, is one of the first functions that has been investigated with
these systems. High, some time impressive, rate accelerations have
been reported also in the case of the more inert phosphate esters. A
careful kinetic analysis has shown that these effects are overwhelm-
ingly due to the concentration of the reacting species in the small
aggregate volume, while other factors such as, for example, pecu-
liar properties of the reaction medium or specific organization of
the reactants represent notable exceptions. Nonetheless, the accel-
erations are real and metallomicelles are powerful catalysts able
to cleave at neutral pH carboxylic and phosphoric acid esters with
high efficiency. Taking into considerations that several organic pes-
ticides and chemical weapons are phosphate-based compounds the
potential applications in environment protection and remediation
are evident.

The interaction of lipophilic ligands and surfactant aggregates
may lead, under specific circumstances, to more sophisticated func-
tions. This is, for example, the case of the enantioselective cleavage
of amino acid esters. In this process, the aggregate is fundamen-
tal in providing different reaction loci to the reacting systems
and in controlling the activation of the nucleophilic function. The
result is a high enantiodiscrimination, which may be exploited in
the kinetic resolution of racemic mixtures of amino acid esters.
Other supramolecular functions are the chemical differentiation
of vesicle bilayers, the transport of ions and organic molecules
across membranes, and the fluorescent chemical sensing. In this
ers promoting the self-assembling of the lipophilic ligand and of
the fluorescent dye. The resulting co-aggregate acts as a chemosen-
sor with important benefits essentially related to its self-assembled
nature.
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Finally, we would like to point out that some of the concepts
elated to surfactant aggregates can be transferred to nanoparticles
hich, in this context, can be regarded as “frozen” micelles. This

s for example the case of hydrolytic catalysis and chemical sens-
ng with self-assembled chemosensors. Moreover, due to the less
ynamic nature of these systems, cooperative or collective effects
an be more easily observed respect to the poorly organized micel-
ar aggregates. The evolution toward these “covalent aggregates”
epresents an important new direction in our research interests.
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