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Abstract: Biomolecular and artificial receptors are typically designed to exploit the hydrophobic effect in
order to enhance the stability of receptor-ligand complexes in water. For example, artificial receptors are
often built around hydrophobic cavities. These receptors exploit the hydrophobic effect toward ligand
recognition, but the structure of the binding site requires a rigid framework to overcome the hydrophobic
effect-driven tendency to collapse. Here we present an artificial receptor that exploits the hydrophobic effect
to define its structure in water. The receptor is based on amphiphilic building blocks that assemble into
micelle-like aggregates of a very high stability, attributed to the unusual shape of the amphiphile: a relatively
rigid molecule composed of a large hydrophobic segment, based on the cholesterol molecule, and a very
large headgroup build around a Zn-metalloporphyrin moiety. The assemblies, persistent down to the
nanomolar range, are better described as self-assembled nanoparticles. Within the nanoparticle-water
interface, Zn-metalloporphyrin moieties form multiple binding sites that specifically bind ligands bearing
basic nitrogen atoms. The nanoparticles show enhanced binding affinity relative to a model receptor that
does not self-assemble. Structurally related ligands show a correlation between the enhancement of binding
and the octanol/water partition coefficient, log P, suggesting that the desolvation of binding sites is the
main driving force for the enhancement of binding affinity at the nanoparticle-water interface. In addition,
the highest affinity observed for the ditopic ligands relative to the monotopic ligands is evidence of a
multivalent effect operating within this type of receptors. The nanoparticle readily deassembles upon addition
of water-miscible organic solvents, such as methanol, or in the presence of detergents. This approach
toward self-assembled receptors can be easily adapted to the development of differential receptors by the
simple expedient of mixing slightly different amphiphiles (i.e., different metals in the porphyrin ring for the
amphiphiles described here) in variable proportions.

Introduction

Biomolecules are regulated by finely tuned molecular rec-
ognition events that result in highly organized biological
systems. The use of simplified artificial molecules that display
molecular recognition capabilities (i.e., that self-assemble or that
form complexes with other molecules) allows us to study the
precise mechanism of molecular recognition processes.1 In turn,
we use this knowledge to (i) understand how biological systems
are organized at the molecular level2 and (ii) develop artificial
systems of increasing complexity for technological applications.3,4

Since biomolecules work mainly in aqueous media, the develop-
ment of artificial systems that work in water is especially
interesting because it opens the possibility of developing tools
to directly manipulate biosystems at the molecular level.5 In
water, molecular recognition events are dominated by the strong
competition between the solvent and the hydrophobic effect.

This makes it more difficult to develop artificial systems in water
compared to less competitive solvents.6 Nonetheless, recently
there has been a steady increase of artificial systems designed
to work in aqueous solution, from molecules that self-assemble
in long-range structures (i.e., hydrogels,7 polymersomes,8 and
fibers9) to discrete molecular-sized assemblies (i.e., molecular
receptors).6,10,11 In most cases the hydrophobic effect features
prominently as the driving force behind the association pro-
cesses, as it does in many biomolecular recognition events.
However, we have not yet learned to fully exploit it. For
example, when designing a molecular receptor in water, a
widespread strategy involves building the receptor around
hydrophobic cavities.6,10 But these receptors typically require
a rigid framework to overcome the hydrophobic effect-driven
tendency of the binding site to collapse. In other words, while
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the hydrophobic effect is exploited to enhance ligand binding,
part of the effort is used in fighting against it through techniques
of covalent chemistry. By contrast, biomolecules typically
exploit the collapse of hydrophobic moieties to help define their
structure (i.e., protein folding).12 Clearly, with our current
knowledge it is not possible to predict the three-dimensional
structure resulting from the collapse of an artificial oligomeric
structure in water.13,14 However, it is possible to predict to some
extent the overall structures of assemblies derived from the
hydrophobic-driven collapse of amphiphilic molecules. In
particular, amphiphiles will assemble into a roughly spherical
micelle with a size comparable to that of a small protein,
provided that the geometry of the amphiphile is the appropriate
one.15,16 Micelles are not, however, regarded as molecular
receptors due to their lack of specificity and low stability (typical
critical micellar concentrations, CMC, are on the order of
millimolar, meaning that below this concentration the potential
receptor simply does not exist).17 In this work we introduce a
micelle-like self-assembled receptor that overcomes these
limitations. The amphiphilic building block bears a moiety (i.e.,
Zn-metalloporphyrin) that confers specificity for a target ligand
(i.e., molecules bearing basic N atoms) within the polar head.
The porphyrin moiety was chosen because it allows easy
monitoring of binding and assembly events using optical
spectroscopy and because it makes it possible to change the
nature of the target ligand by just changing the metal center.
The hydrophobic body is based on a cholesterol molecule, the
shape and size of which help provide the assembly with an
unusually high stability. The idea is that, upon assembly of the
amphiphile, Zn-porphyrin binding sites will be located within
the interface water receptor, offering an easily accessible and
partially desolvated environment for ligand binding, analogous
in this respect to many protein binding sites.12,18 The advantages
of receptors based on the concept presented here are several:
(i) the synthesis of linear amphiphilic molecules as receptors
in water is likely to be simpler than that of many macrocyclic
structures used so far; (ii) the assembly process brings in close
proximity multiple binding sites that will increase the binding
affinity of polytopic ligands through the multivalence effect;19

and (iii) the modularity inherent in self-assembled structures
allows for the easy exchange of components and offers an
alternative approach to develop differential receptors.20 Multi-
component systems often display emergent properties, i.e.,
properties that are not attributable to any single component but
are the result of all the components working together. Under-
standing how these emergent properties arise is difficult,
particularly when dealing with systems of high complexity, like
biomolecular systems.21 Artificial chemical systems, on the other
hand, enable us to control the level of complexity. The study

of such systems through the discipline of systems chemistry is
leading to the exploitation of the emergent properties of
multicomponent systems and also to a better understanding of
biomolecular complexity.22,23 The work presented here offers
an example of a multicomponent system that is simple enough
to be fully addressable but complex enough to display emergent
properties: the component parts (i.e., monomers) display an
enhancement of their function (recognition of the ligand) when
they work within the system (i.e., after self-assembly).

There are few examples of the use of self-assembled discrete
structures as molecular receptors in water, notably the receptors
described by Fujita and co-workers.24 Also, metallic nanopar-
ticles have been used as scaffolds to develop molecular
recognition tools.25 However, to the best of our knowledge,
receptors based on the concept presented here are not described
in the literature.

Results and Discussion

Porphyrin 1 and amphiphilic porphyrin 1Ch (Figure 1) were
synthesized using standard organic chemistry procedures (see
Supporting Information). Both 1 and 1Ch are readily soluble
in aqueous buffers,26 but they show different spectroscopic
properties in solution. The Soret band in the UV spectrum of 1
is sharp and follows the Beer-Lambert law in the concentration
range from 0.2 to 20 µM. The structure of the band is also little
affected by the addition of detergents or by using methanol as
solvent instead of aqueous buffers. These results indicate that
1 is monomeric in aqueous solution and does not undergo self-
association processes in the range of concentrations studied. By
contrast, the Soret band of 1Ch has a relatively low intensity
and shows a broadening akin to that observed in H-type
porphyrin aggregates.27,28 Upon addition of detergent (or by
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Figure 1. Chemical structure of the receptors and the ligands used in this
work. Im, imidazole; Py, pyridine; Fp, 3-fluoropyridine; Qi, quinuclidine;
Oh, phenol; Op, 4-hydroxypyridine; Ap, 4-aminopyridine; Da, 1,4-
diazabicyclo[2.2.2]octane (DABCO).
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using methanol as solvent) the Soret band becomes sharp and
intense, indicative of porphyrin de-aggregation (Figure 2a). It
is perhaps not surprising that 1Ch forms some kind of aggregate
in water, owing to its amphiphilic nature, but the range of
concentrations where the aggregate is detected (typical UV
concentrations, i.e. between 0.5 and 50 µM) is rather low. Also,
the UV spectrum follows the Beer-Lambert law, showing that
the chromophore is not affected by further aggregation processes
in this concentration range.

Typically, micellar aggregates have CMCs of the order of
millimolar, while lower CMCs (down the micromolar to
nanomolar range) are found for amphiphiles that form either
membranes or cylindrical aggregates.15-17 Interestingly, how-
ever, electron microscopy (EM) experiments reveal that 1Ch
forms virtually monodisperse spherical aggregates with a
diameter of approximately 7 nm (Figure 2b). This size is
consistent with a micelle-like assembly with the cholesteryl
moieties pointing toward the center and the porphyrin rings on
the surface (Figure 4b; see Supporting Information for molecular
models). CMCs down to the milligrams per liter range (i.e.,
µM concentrations for amphiphiles with MW ≈ 1 kDa) are often
determined by fluorescence using the pyrene partition method,29,30

while determining lower CMCs requires the use of much more
complex and laborious setups, including radioisotope labeling
of the amphiphile.31-33 In our case, however, 1Ch incorporates
a porphyrin moiety that is a very efficient fluorophore,34 and
this spectroscopic property can be exploited to determine the
CMC of 1Ch without the need to add an external probe. In
methanol, where neither 1 nor 1Ch forms aggregates in the
micromolar range, the relative fluorescence intensity of 1 and
1Ch at their respective maxima of excitation and emission (IR,
see Figure 3) is very similar (Figure 3a, Table 1). In water,
where 1Ch (but not 1) forms aggregates, IR for 1 is around 10
times larger than for 1Ch (Figure 3b, Table 1). The low IR of
1Ch is attributed to self-quenching due to the close proximity
of the porphyrin moieties within the aggregate.34 These data
indicate that the IR of 1Ch monomer in water is expected to be
larger than the IR of 1Ch in micelles, similar to the fluorescence
properties observed for 1 in water. The implication is that, when
diluting 1Ch close to the CMC, we should see an increase in

the IR as the percentage of 1Ch monomer increases. In pure
buffer the lower detection limit for 1Ch is 10 nM. Close to this
concentration there is an apparent increase of IR, but the poor
signal-to-noise ratio of the fluorescence spectrum below 10 nM
prevents us from determining the CMC with any degree of
accuracy. A possible solution involves raising the CMC by
adding increasing amounts of methanol and then estimating the
CMC in pure buffer by extrapolation.31 The addition of methanol
may also increase the IR of our porphyrin moiety in 1Ch (as it
happens for 1, see Table 1), lowering the detection limit of the
fluorescence.35 The addition of small percentages of methanol
(between 1 and 4%) increases the IR of 1Ch enough to lower
the detection limit down to 2 nM (Figure 3c,d; see also
Figure 3SI in the Supporting Information). The plot of the
fluorescence intensity against the concentration of 1Ch in these
conditions shows a sudden change in the slope of the trend line
defined by the experimental data around 10 nM (Figure 3c).
Addition of 1Ch below the CMC increases the concentration
of monomeric 1Ch and the fluorescence increases linearly, with
a slope that is the IR of the monomer. Addition of 1Ch above
the CMC increases only the concentration of micelles, and the
slope of the trend line is the IR of micellar 1Ch. Therefore, the
CMC can be determined as the intersection of the trend lines
defined by the pre-CMC points and the post-CMC points (Figure
3c, inset). The spectral changes associated with micelle forma-
tion can be seen by normalizing the fluorescence intensities of
1Ch (Figure 3d). For 1Ch, the CMC value does not increase
as the percentage of methanol in the solvent increases from 1
to 4%, showing that below 4% the presence of methanol does
not have a measurable impact on the CMC. This finding is in
agreement with studies on the CMCs of other amphiphiles,
where an exponential increase of the CMC is only clearly
evident for methanol percentages above 10%.31 Thus, the CMC
value of 1Ch in pure buffer is taken as 11 ( 2 nM, the average
of all the CMC values determined between 1 and 4% methanol
(see Supporting Information). Nanomolar CMCs, often found
in bilayer-forming amphiphiles, have never, to the best of our
knowledge, been reported for small synthetic amphiphiles (MW
< 2000 Da) that form micelles.36 A plausible explanation for
the behavior of 1Ch can be found in the unusual shape of the
molecule. Amphiphiles showing low CMCs tend to have
relatively large hydrophobic segments, and this normally results
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Figure 2. (a). Section of the UV absorbance spectra showing the region
of the Soret band of porphyrins 1 (trace A) and 1Ch (trace C) in aqueous
buffer and 1Ch in the presence of Triton X-100 (trace B). The concentration
of 1 and 1Ch was 1 µM in all cases. (b). Negative stain EM image of a
solution of 1Ch, 10 µM in aqueous buffer.

Table 1. Fluorescence Excitation Spectra Parameters (Emission
612 nm)a

1 (MeOH) 1 (buffer) 1Ch (MeOH) 1Ch (buffer)

IR max 1.00 0.20 0.96 0.020
λmax 423 422 422 430

a IR max is IR at the maximum of fluorescence intensity. λmax is the
wavelength of maximum fluorescence intensity in nanometers.
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in a cylindrical-shaped (i.e., bilayer-forming) molecule. 1Ch,
on the other hand, has a combination of a large hydrophobic
segment with a very large headgroup, resulting in a roughly
conical (micelle-forming) amphiphile.15-17 A similar example
is offered by ganglioside GM1. GM1 is a lipid with a CMC of
25 nM. Pure GM1 assembles into micelles rather than into
bilayers. The size of the hydrophobic segment of GM1 is
responsible for the low CMC, while the unusual large size of
its headgroup results in the micellar geometry of the assembly.33

In 1Ch’s case, the stability of the assembly could be further
enhanced by the fact that the hydrophobic segment (chiefly
cholesterol) is rigid.37,38 This property may translate into a more
efficient packing (and thus desolvation) upon assembly, enhanc-
ing an already favorable hydrophobic effect. In addition, the
fact that cholesterol is a bulky, roughly conical molecule itself
may favor the assembly into spheres as opposed to cylindrical
or fiber-like assemblies, favored by flat, rigid moieties.39-41

Upon assembly, the Zn-porphyrin-based headgroups locate
in the nanoparticle-water interface. It is well known that

binding events within the interfaces of amphiphile assemblies
and water are often enhanced with respect to the binding in
bulk water, and this enhancement is normally attributed to
desolvation, multivalence effects, or both.18,42,43 The high
stability of 1Ch assemblies ensures that the presence of
monomeric 1Ch is negligible, allowing us to explore the
desolvation and multivalence effects at the nanoparticle-water
interface by simply comparing the binding parameters of 1Ch
assemblies with monomeric 1. The binding affinities between
1 and 1Ch and a range of nitrogen-containing ligands (Figure
1) were determined by UV titration (Table 2, Figure 5). For 1,
the statistically corrected binding constant values (K1) are in
agreement with literature data on related compounds in water.44,45

The binding constants are also much lower (by 1-2 orders of
magnitude) than for Zn-metalloporphyrin complexes in organic
solvents such as chloroform,46,47 showing the ability of water
molecules to compete for the binding sites.

By contrast, 1Ch shows a much higher affinity for the ligands
than 1, resulting in binding constants that approach values
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Figure 3. (a) Comparison of the relative fluorescence intensity (IR) in the
Soret band region (emission 612 nm) of 1 and 1Ch in methanol. IR is the
fluorescence intensity corrected for the concentration of the fluorophore,
e.g., IR ) F/[1] and IR ) F/[1Ch] for 1 and 1Ch respectively. (b)
Comparison of the IR in the Soret band regions (emission 612 nm) of 1 and
1Ch in aqueous buffer. (c) Variation of the fluorescence intensity (excitation
428 nm, emission 612 nm) with increasing concentration of 1Ch in aqueous
buffer containing 2.5% methanol. The filled circles correspond to data below
the CMC, and the empty circles are for data above the CMC. The gray
lines represent the best fit to a straight line. The inset shows in detail the
concentration range where the change in slope is observed. (d) Changes in
the IR in the Soret band region (emission 612 nm) associated with the
formation of micelles with increasing 1Ch concentration. The inset shows
the changes in IR at 428 nm.

Figure 4. Cartoon representation of the formation of complexes between
1 and Py, 1 ·Py, and between 1 and Da, 1 ·Da and 12 ·Da (a); self-assembly
of 1Ch in water (b); formation of the complex between 1Ch and Py,
1Ch ·Py (c); and formation of complexes between 1Ch and Da, 1Ch2 ·Da
and 1Ch ·Da (d). The figure also shows the relationship between the
macroscopic binding constants K1•1 and K2•1 and the statistically corrected
constants K1, K1Ch, and K′1Ch. For complexes with 1Ch, the formal species
that relate to the binding constants are highlighted with a dotted line frame.
The complex 12 ·Da is shown for completeness (a) but does not form under
the experimental conditions.
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typically found in organic solvents. Ligands that contain two
basic nitrogen atoms (Da and Ap) can form complexes with
two neighboring metal centers within the 1Ch assembly, and
the multivalence effect justifies in part the large value of the
corresponding stability constant K′1Ch (Table 2, Figure 4c).18,34,42,43

Complexes of 1Ch with monovalent ligands and the analogous
complexes with divalent ligands (Figure 4c,d) show, however,
that the increase in stability constant is a common feature for

all the ligands and that this increase, expressed as the ratio R )
K1Ch/K1, reaches values as high as 43 without the contribution
of any apparent multivalence.18 The presence of a noticeable
multivalence effect for Da and Ap indicates, however, that
within 1Ch the binding sites can adopt the form of cavities
defined by two porphyrin rings. Thus, for complexes defined
formally as 1Ch ·L, the enhancement and modulation of the
ligand binding within these interporphyrin cavities can be
rationalized in terms of the combination of four factors: (i) the
increase of the apparent strength of the Zn-N bond within a
partially desolvated environment, due to reduced competition
of water; (ii) the larger amount of hydrocarbon surface that is
hidden away from water upon binding; (iii) the steric fit within
these interporphyrin spaces; and (iv) the presence of an
additional interaction (i.e., aromatic stacking). The quantitative
assessment of each of these effects requires a very precise
knowledge of the structure of the complexes and receptors that
is beyond the scope of the present work. The data collected,
however, allow a qualitative analysis to be made, based on the
observed trends in R. There is a good linear correlation between
the octanol/water partition coefficient, Log P,48 which relates
to the desolvation energy in water, and the enhancement factor
R expressed in terms of free energy, ∆GR ) -RT ln R, for the
aromatic ligands (Figure 5d). This correlation shows that the
ligand desolvation is a major factor on binding within the
assembly interface. Values for the alkyl ligands Da and Qi do
not follow the same correlation as those of the aromatic ligands,
suggesting that both steric fit (Da and Qi are bulkier than the
aromatic ligands) and the additional interaction (i.e., aromatic
stacking) may play roles in modulating the binding of the
ligands. As with the aromatic ligands, it is the more hydrophobic
ligand (Qi in this case) that displays a larger enhancement of
binding (Table 2, Figure 5d). Interestingly, Oh, a ligand without
a basic N but with a relatively large Log P of 1.5, has a very
low binding affinity. This clearly shows that ligand desolvation
alone is not enough to provide measurable binding within the
assembly and the importance of the Zn-N bond is reinforced,
due probably to the reduced competition of water within a
partially desolvated environment.

Concluding Remarks

In summary, this work illustrates how the hydrophobic effect
can be exploited to yield molecular receptors in the form of
self-assembled nanoparticles. This result is achieved through
the use of relatively small and rigid amphiphiles of unusual
shape (large hydrophobic segment coupled with a very large
headgroup). The nanoparticle shows an enhancement of binding
for target ligands relative to a model receptor in bulk water.
This enhancement is attributed mainly to two effects: (i) the
reduced competition of water molecules for the binding site
within the partially desolvated interface and (ii) the multivalence
effect derived from the presence of multiple binding sites in
close proximity. However, the different behaviors of the bulkier
alkyl ligands Qi and Da suggest that also steric factors and
secondary interactions (i.e., aromatic stacking) play roles in
modulating the binding within the nanoparticles. The nanopar-
ticles readily deassemble in water-miscible organic solvents such
as methanol or by the addition of detergents. Receptors based
on this modular concept can be easily modified by simply

(48) Experimetal values of Log P for Im, Ap, Py, Fp, Qi, and Oh were
retrieved from the “Interactive PhysProp Database Demo” at http://
www.syrres.com/esc/physdemo.htm. Estimated values for Da and Op
were determined using Marvin/JChem 5.1 program from ChemAxon.

Table 2. Binding Constants and Binding Constant Ratios (R)a

ligand K1 K1Ch [R] K′1Ch

Oh <2 <2 [nd]
Im 63 ( 4 180 ( 18 [2.9]
Op 15 ( 3.6 260 ( 35 [17]
Fp 4.1 ( 0.4 175 ( 12 [43]
Py 11 ( 1.9 340 ( 30 [31]
Qi 520 ( 20 3100 ( 310 [6.0]
Ap 95 ( 10 480 ( 140 [5.1]b 3500 ( 890b

Da 270 ( 30 550 ( 160 [2.1]b 14000 ( 1000b

a Binding constants are in M-1 units, and those for 1Ch refer to the
moles of binding sites as shown in Figure 4c,d rather than moles of
assemblies; the titration experiments were performed at 303 K, and the
error is quoted as the standard deviation of a minimum of three
measures. For Im, Py, Qi, Ap, and Da, the solvent used was phosphate
buffer 10 mM, pH 12.3; for Py, Op, Oh, and Fp, the solvent was
phosphate buffer 10 mM, pH 7.2. At the working pH the relative
amount of ligand in the free base form is g95% in all cases. Results for
Py in either buffer are the same within the error. b Binding constants for
ditopic Da and Ap were determined using a binding model that takes
into account the sequential formation of 2:1 and 1:1 complexes between
the 1Ch porphyrin and the ligand. This model of binding was selected
on the basis of the likely formation of the complexes depicted in Figure
4 and is consistent with the titration data (see Supporting Information).
See Supporting Information for the experimental details in the
determination of binding constant.

Figure 5. (a) Changes on the Soret band in the UV spectrum of 1 upon
addition of Py. The arrows indicate the direction of change upon increasing
Py concentration; the dotted line indicates the wavelength of the increment
shown in panel c. (b) Idem for 1Ch. (c) Changes in relative absorbance at
423 nm upon addition of Py to 1 (b) and at 433 nm upon addition of Py
to 1Ch (O). The solid lines represent the best fit to the appropriate binding
isotherm (see Supporting Information). (d) Relationship between ∆GR and
the Log P of the ligands, showing the linear correlation for the aromatic
ligands (b, R2 ) 0.995). The error bars are associated with an estimated
maximum error in R of 30%.
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changing the amphiphiles of the assembly, opening the pos-
sibility for their development as differential receptors.20 The
porphyrin moiety used here as the headgroup of the amphiphiles
is particularly suited for this approach; e.g. changing the metal
center of the porphyrin ring is sufficient to generate a receptor
with different binding selectivity. Current efforts in our labora-
tory aim to exploit these possibilities, which are part of the remit
of the emerging discipline of systems chemistry.22,23
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