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The identification of both photosynthetic light harvesting antenna
complexes and reaction centers has inspired considerable effort to
mimicking such organized assemblies of chromophores. In addition
to the insights such systems provide to fundamental issues concern-
ing photosynthesis, the interest in such organized arrays reflects
their potential for applications in molecular electronics,1,2 nonlinear
optics,3 and solar energy storage and conversion.4 Porphyrins are
attractive compounds for these studies because they are relatively
easy to synthesize and their photophysical properties can be tuned
through careful choice of peripheral substituents and inserted metal
ions. Conventional synthetic approaches have been developed to
obtain well-defined assemblies with sizes spanning from nano- to
mesoscopic scale.5 Less conventional approaches to obtaining such
organized arrays are based on noncovalent interactions between a
templating scaffold and properly selected chromophores.6-11 In
these cases, the thermodynamics and kinetics of the supramolecular
assembling process are governed by absolute and relative concen-
trations of the building blocks and by several medium parameters
(e.g., pH, ionic strength, temperature).12-15

Here we describe a convenient method to control the size and
extent of supramolecular porphyrin assemblies on a nucleic acid
matrix by exploiting competitive binding toward the biological
scaffold between two chromophores having different aggregating
properties. In particular, we selected (i) a nonaggregating por-
phyrin, tetrakis(N-methylpyridinium-4-yl)porphinegold(III) (AuT4),
able to bind mainly by intercalation into the double helix of nucleic
acids16 and (ii) trans-bis(N-methylpyridinium-4-yl)diphenylporphine
(t-H2Pagg), which binds intercalatively to DNA at low ionic strength,
but forms extended ordered chiral assemblies on the nucleic acid
backbone with increasing ionic strength.10

At low ionic strength conditions (I < 5 mM), both porphyrins,
AuT4 andt-H2Pagg, interact similarly with DNA, exhibiting a series
of spectroscopic featuressin particular, small negative-induced
circular dichroism (ICD) signals in the relative Soret regions (408
and 420 nm, respectively)sthat unambiguously point to an inter-
calative monodispersed binding mode.17 At higher ionic strength,
t-H2Pagg behaves very differently. Addition of sodium chloride to
a preformed intercalated adduct of this porphyrin triggers a process
that leads to large bisignated ICD features and very intense
resonance light scattering in the Soret region. These spectroscopic
features have been reported as specific markers for the formation
of large aggregates of porphyrins having long-range chiral order,
in which the chromophores are strongly coupled electronically and
behave as an antenna system.18 Figure 1 displays the dependence
of the negative signal on the concentration oft-H2Pagg porphyrin
at fixed DNA concentration and ionic strength (I ) 0.05 M). The
value of the ionic strength has been selected to ensure that the

porphyrin assemblies grow on the surface of the polyelectrolytes
with little dissociation into the solvent.

As is evident from Figure 1, after a threshold concentration the
ICD intensity follows an almost linear dependence ont-H2Pagg

concentration. The occurrence of a “critical assembly concentration”
(cac) has been proposed in the formation of such porphyrin
assemblies,13,14 and from Figure 1 we can estimate a value of 2.4
µM as the lower limit below which aggregation does not occur.
This value is in good agreement with a value of 2.7µM for the
cac calculated for these conditions using a previously published
equation.14 When the nonaggregating AuT4 porphyrin is added to
a preformed intercalated adduct oft-H2Pagg (low ionic strength
conditions), a slightdecreasein the magnitude of the ICD bands
of the latter porphyrin can be detected, concomitant with the
appearance of a new negative component around 410 nm due to
intercalated AuT4. This observation suggests that the gold(III)
derivative, bearing five positive charges, competes effectively with
t-H2Pagg (which is a dicationic species) for binding sites in the
double helix, partially displacing the latter species.

Upon addition of NaCl, aggregation is fostered and large
bisignated ICD signals are detected in the Soret region. The ICD
spectra are extremely similar to those observed in the absence of
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Figure 1. Induced circular dichroism intensity fort-H2Pagg/DNA supra-
molecular assemblies as function of porphyrin concentration. (9) t-H2Pagg
at [DNA] ) 25 µM, [NaCl] ) 0.05 M in 1 mM phosphate buffer pH 6.7,
T ) 298 K. (O) Mixture with AuT4 at [porphyrin]tot ) 5 µM (λ ) 450
nm).
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AuT4, but their intensities are somewhat larger with respect to the
same experiments performed on thet-H2Pagg/DNA binary system
(open circles in Figure 1).

Interestingly, the same experimental procedure involvingt-
AuPagg, the gold(III) metal derivative oft-H2Pagg as the nonaggre-
gating component,10 leads to qualitatively similar results, but with
somewhat reduced signals, suggesting a further potential control
of the aggregation process by thechargeof the competing species.
Because botht-AuPagg and AuT4 coordinate the same metal ion,
we are inclined to think that the overall charge plays a substantial
role. At a fixed concentration oft-H2Pagg, the intensity of the ICD
signal and the corresponding RLS intensity depend linearly on the
concentration of the added AuT4. Figure 2 shows that this linear
behavior is maintained up to a maximum concentration of∼5 µM.
Above this limiting concentration value, the ternary system is
unstable, even at low ionic strength, and precipitation of red fibers
occurs.

As has been reported in previous studies on thet-H2Pagg/DNA
binary system,10 the size of the ICD and RLS signals at equilibrium
for the ternary system depends also on the concentration of DNA.
At fixed porphyrin ratio ([AuT4]/[t-H2Pagg] ) 0.43), on increasing
the DNA concentration, both ICD and RLS intensities decrease,
leveling to virtually zero when the ratio [porphyrin]tot/[DNA] <
0.08. This effect reflects the increase in potential binding sites along
the polyelectrolyte, which in turn, leads to a de facto dilution of
the porphyrins and a decreased tendency for them to cluster and
aggregate.

The ellipticity data in Figures 1 and 2 allow for an evaluation of
theapparentconcentration oft-H2Paggporphyrin, [t-H2Pagg]app; that
is, the concentration in the binary system that gives the same ICD
intensity as that measured in the ternary system. Figure 3 shows
the dependence of this quantity on the concentration of AuT4 for
fixed [t-H2Pagg]tot and [DNA]. A linear regression analysis of the
data gives: [t-H2Pagg]app) (3.53( 0.05)+ (0.277( 0.015) [AuT4].
The slope of this straight line reflects the ability of the nonaggre-
gating porphyrin to displacet-H2Paggfrom an intercalation/groove-
bound site, making it available for aggregation. The value is
expected to reflect solution conditions and to be related to the
different nearest-neighbor exclusion factors of the two competing
porphyrins16 and to their overall charges, electron densities, and
steric properties. Qualitatively, this value is a convenient way of
comparing different competing species for their efficiency in
promoting t-H2Pagg aggregation, but a systematic study of this
quantity could also provide insight into the various factors involved
in porphyrin binding and aggregation.

In conclusion, the proposed competition approach shows great
promise as a sensitive way to control the extent of porphyrin
aggregation on a nucleic acid scaffold. The extent of aggregation
can be readily changed by varying the concentration of an added
nonaggregating porphyrin and depends on the charge of the added
species and the concentration of available binding sites.
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Figure 2. Induced circular dichroism intensity fort-H2Pagg/AuT4/DNA
supramolecular assemblies as function of porphyrin AuT4 concentration.
The inset shows the RLS intensity for the same samples. [t-H2Pagg]) 3.5
µM, [DNA] ) 25 µM, [NaCl] ) 0.05 M in 1 mM phosphate buffer pH 6.7
(λ ) 450 nm).

Figure 3. Apparentt-H2Pagg concentration as a function of AuT4 porphyrin
concentration (the solid line is the linear fit of the data; see text for details).
[t-H2Pagg] ) 3.5 µM, [DNA] ) 25 µM, [NaCl] ) 0.05 M in 1 mM
phosphate buffer pH 6.7 (λ ) 450 nm).
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