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Self-assembly leads to reproducible and organized structures
that are of interest for applications such as biomembranes,!!
biosensing,” and templating.**! As such, self-assembly plays
a pivotal and cross-fertiziling role between chemistry and
biology, and addresses a range of phenomena such as
cooperativity, nonlinear amplification, and error correction.
For example, the question of how molecules associated with
life, which evolved from an achiral environment, have
become homochiral has intrigued scientists for long time,
not only owing to their implication for the emergence of life in
nature, but also because of their significance to chemical
reactions and technical processes.™ Therefore, amplification
of chirality is a key to understand the origin of chirality in
biomolecules in nature, where such nonlinear amplification
has been observed in autocatalytic asymmetric reactions,”!
helical macromolecules,® ! peptide assembly,' ' template-
directed synthesis,>"! and supramolecular assemblies.!'s?!
In general, nonlinear amplification of a supramolecular
complex can provide control in bottom-up fabrication of
nanomaterials.”!

Moreover, nature has selected numerous molecular
recognition motifs over billions of years for particular
functions, such as oligopeptides for recognition at cell
membranes.”>?! These finest molecular details and intricate
noncovalent interactions in biology inspire the learning of the
basic molecular engineering principles through the under-
standing of molecular self-assembly phenomena.?* ¥ Owing
to the lability of the noncovalent interactions that hold the
motifs together, supramolecular entities present the ability to
reversibly modify their constitution through exchange and
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rearrangement of their molecular components; this process
eventually can lead to structural amplification.”*” The
amplification of a given constituent represents a process of
self-correction by selection, that is, a process by which the
formation of a structure drives the selection of the compo-
nents that produce the most highly organized and most stable
assembly.*!

We report here a nonlinear amplification process of the
complex formation induced and tuned by competition-driven
ligand exchange on a multivalent surface. Multivalency
describes the interactions that occur here between multi-
valent receptors and multivalent ligands. Supramolecular,
multivalent interactions are of high interest, since multi-
valency is one of nature’s governing principles in for example,
protein—carbohydrate interactions, cell recognition,*>*! as
well as a powerful tool for molecular nanostructure fabrica-
tion.®* Multivalent interactions at interfaces, e.g., at cell
membranes,”” at lipid membranes,*®*** or at self-assembled
monolayer (SAM) model systems,***! are particularly impor-
tant, since such interfaces, when functionalized with mono-
valent receptors or ligands can act as multivalent systems."
Multivalent binding events have collective properties differ-
ent from monovalent interactions; these properties lead to
higher binding affinities between the interacting functional-
ities.

The used cyclodextrin (CD)-based monolayers, so-called
molecular printboards, serving as a multivalent receptor
platform for multivalent ligands, permit the supramolecular
positioning of reversible self-assembled patterns, offering
additional benefits regarding control over molecular orienta-
tion and stability of binding. The reversible nature of host-
guest interactions offers the possibility of self-correction and
tunability by changing the conditions, where the immobilized
host monolayer allows the variation of environmental con-
ditions, such as competition by a host in solution or change of
the polarity of the solution.?**’ Therefore, a reversible
system will operate under thermodynamic control, and will
ultimately favor formation of the most stable structures and
assure that imperfections are corrected.

Previously, we have employed the antenna and EDTA-
Eu’" ligand-based host—guest interactions on the molecular
printboard to form a complex that signals its own correct
assembly by exhibiting sensitized lanthanide luminescence
(Figure 1).*) In the present study, the intrinsic signaling
property of this complex is used to study the self-assembly-
driven amplification process of the complex formation
induced by competition-driven ligand exchange on a multi-
valent surface. The antenna-sensitized Eu*" luminescence at
the molecular printboards allows assessment of the stoichi-
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a) o 2 from solution (Figure 1b). To
study the complexation of
1-Eu** and 2 on the surface,
solution mixtures of different
molar ratios of 1-Eu’" and 2
were incubated over CD mono-
layers, which were prepatterned
with G5-PPI-(Ad)g, dendrimers.
The experiments were per-
formed without (kinetically
controlled assembly) or with
adding CD, (thermodynami-
cally controlled assembly) as
a competing host (Figure 2). In
the former case, filling of the
surface is expected to be rapid
(Figure 2a) and cannot be fol-
lowed by exchange, because the
CD,;: R=OH . divalent ligands are assembled
CDg: R= NHC(S)NHCgH4NHC(S)NH(CHy)14Si in a kinetically stable fash-
ion."*! On the other hand,
the addition of CD, promotes
the desorption of immobilized

G5-PPI-(Ad)s4 X /‘}\ (Q) molecules, and hence the

adsorption of molecules from

=350 nm energy transfer =615 nm

b)
CD, monolayer R

glass p 1-Eud++2 solution to reach the stable for-
_A> : T’ mation of the complex with the

highest valency, that is, the tet-

Figure 1. Molecular structure of the target complex on a CD monolayer and representations of sample ravalent complex (Figure 2b).
preparation procedures: a) the complexation of 2 and 1-Eu*" on a CD monolayer and the occurrence of The latter provides the thermo-

sensitized luminescence upon coordination of 2 to the Eu*" center, b) a CD monolayer is patterned with
G5-PPI-(Ad)e, dendrimers by uCP (A), followed by drop-casting a mixture of 1-Eu*" and 2, with or without
CD, present in solution, and equilibration for an hour (B). G5-PPI =fifth-generation poly(propylene imine)
dendrimer; PDMS = poly(dimethylsiloxane).

dynamic driving force for the
exchange process.

ometry of the complex under host-induced binding competi-
tion and a quantitative estimation of the surface composition
and of the complex binding strength. The data are supported
by thermodynamic modeling to explain the observed behav-
ior.

Five different building blocks were used to study multi-
valent, orthogonal complexation at a CD monolayer (Fig-
ure 1a): an EDTA-based ligand 1 for binding a Eu*" ion, the
Eu’" ion, a naphthalene-based antenna molecule 2 with
a carboxylate group for coordination to the Eu’" ion,
cyclodextrin in solution (CD,), and a cyclodextrin (CD)
monolayer, which functions as the receptor surface. The
EDTA ligand and the antenna molecule are equipped with
adamantyl (Ad) groups for noncovalent interaction with the
CD monolayer. The CD monolayer is used to immobilize Figure 2. Schematic representation of two assembly procedures of
both the sensitizer 2 and the Eu’* complex 1'Eu’*, thus  1.4** and 2 onto CD monolayers: without (kinetically controlled
enforcing the close proximity of the molecules and facilitating  assembly, (a)) or with (thermodynamically controlled assembly, (b))
sensitized lanthanide luminescence owing to efficient energy  CD, present in the solution mixtures: a) By rapid filling of the empty
transfer. CD; surface (a;) in the absence of CD,, the two different adamantyl-

Microcontact printing (WCP) of G5-PPI-(Ad)s, onto the functionalized Iigan.ds are assembIAed on Fhe surface, with the ra'tio
CD monolayers was used to generate surface patterns—as Ifinfearly corresponding to the solution ra‘tlo (ay); b) after the rapid

. U illing of the empty CD surface (b,) leading to a filled surface (b,), the
background for good image contrast and quantitative inten- self-organization by dynamic exchange is promoted by the presence of
sity assessment—on the receptor surface.!l This leaves the CD,, thus promoting the formation of the stable tetravalent complex
unpatterned areas accessible for immobilization of 1'Eu** and  (1-Eu**-2) under thermodynamic equilibrium (bs).
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Solutions of different molar ratios of 1-Eu*" and 2 without
CD, present (kinetically controlled assembly) were prepared
to study the resulting surface composition of the components
and to provide a reference point for the experiments
performed under thermodynamic control. Solution mixtures
of 1-Eu*" and 2 (the fraction of 2 is set to 0%, 20%, 40 %,
50%, 60%, 80 %, and 100% ) were incubated over G5-PPI-
(Ad)g-printed CD monolayers for one hour, and were
imaged by fluorescence microscopy with two different filter
sets R and B.*"

The fluorescence images and corresponding intensity
profiles of 1'Eu*' and 2 (Figure S2 in the Supporting
Information) as a function of the fraction of 2 in solution
show: 1) the quenching of antenna emission in accordance
with energy transfer to the Eu*" and 2) the optimal sensitized
emission at a 1:1 ratio of 1‘Eu’" and 2. This stoichiometry
relation is consistent with the stoichiometry obtained by uCP
of different mixtures of 1-Eu** and 2.1 This result clearly
demonstrates that the assembly of surface species in the
absence of CD, is linearly dependent on the solution
composition (Figure 3 a).

Following procedure (b) in Figure 2, CD monolayers with
dendrimer patterns were incubated in solutions of different
molar ratios of 1'Eu** and 2 in the presence of CD,
(thermodynamically controlled assembly) to study the effect
of competition by CD, on the degree of formation of 1-Eu**-2.
Therefore, first, solution mixtures of 1-Eu** and 2 were
prepared, for which the fractions of 2 were set to 0%, 1%,
5%, 10%, 20%, 40%, 50 %, 60 %, 80%, 90%, 95 %, 99 %,
and 100 % with CD; (200 um) present as well. Consecutively,
these solution mixtures were incubated over G5-PPI-(Ad)s,-
printed CD monolayers for one hour and the samples were
imaged by fluorescence microscopy with both filters R and B
(Figure S3 in the Supporting Information).

When adding CD; (200 um) to the solution mixtures of
1-Eu’®' and 2, the complex formation of 1:Eu*"2 on the
surface shows a highly nonlinear dependence on the solution
ratio (Figure 3b and Figure S3 in the Supporting Informa-
tion). At fractions of 2 in the solution mixtures ranging from
10-90 %, the fluorescence intensities of both the Eu®t and the
antenna 2 indicate a 1:1 ratio of 1-Eu®*" and 2 at the surface,
since these intensities are equal to the intensities obtained for
a 1:1 mixture without equilibration (Figure 3a). These results
infer that the formation of 1-Eu’"-2 constitutes a strong
thermodynamic driving force for establishing a 1:1 composi-
tion at the surface. Kinetically, this equilibrium is established
by the competition induced by CD,, which accelerates
desorption of the noncoordinated divalent ligands 1-Eu**
and 2 and thus promotes exchange of the excess, uncoordi-
nated major component from the surface for the minor
component.

For the solution mixtures with fractions of 2 below 10 %
and above 90%, less Eu®" fluorescence intensity was
observed with concomitant variations in the intensity of 2.
These data points indicate the establishment of equilibrium
between the statistically preferred adsorption of the major
component versus the complexation-driven adsorption of the
minor component.
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Figure 3. Fluorescence microscopy data of the kinetically and thermo-
dynamically controlled assembly processes: 10 pm lines of G5-PPI-
(Ad)¢, were printed on a CD monolayer and subsequently incubated
with solution mixtures of different ratios of 1-Eu*" and 2 without (a)
adding CD,, and with (b) CD, (200 um) by monitoring the emission of
Eu’* (R filter) and of 2 (B filter), as shown in Figures S2 and S3 in the
Supporting Information. The fluorescence intensities of 1-Eu** and 2,
obtained from solution assembly, are shown as a function of the
solution composition. Solid curves indicate linear fits (a) and the
corresponding fits to the multivalent, sequential binding model (b).

To increase the understanding of the nonlinear amplifi-
cation of 1-Eu*"2 at the CD monolayer in the presence of CD,
under equilibrium conditions, the complex formation of
1-Eu*"2 was modeled by calculating all surface species
concentrations and the concomitant fluorescence intensities
as a function of the solution composition while varying the
binding constant, K, g of the coordination of the carboxylate
group of 2 to the Eu*" center of 1-Eu*" (Figure S4 in the
Supporting Information). The thermodynamic model treats
the binding of multivalent ligands to the CD surface as
independent binding events, both for inter- and intramolec-
ular binding events (Figure 4a). Because each ligand 1-Eu*"
and 2 can bind to the CD monolayer in a divalent fashion, the
maximum coverage of 1-Eu’" and 2 is only half of the
coverage of the CD monolayer, where the monovalent
binding of ligands is ignored owing to their lower association
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Figure 4. Thermodynamic modeling: a) Schematic representation of solution and surface species of 1-Eu** and 2 with two sequential binding
events at a CD monolayer: the multivalent binding of 1-Eu*" and 2 to the CD monolayer is accompanied by an effective concentration term
(Cercp)- Coordinative binding: the association constant (K,¢) between 1-Eu** and 2 is enhanced with an effective concentration term (Cugae)-

b) Speciation of divalently bound 1-Eu**, divalently bound 2, tetravalently bound 1-Eu**-2, and uncomplexed CD;, present at CD monolayers
simulated as a function of solution fraction of 2 (Kxe =6x10°*M~", [CD] =200 um). c) Surface fraction of 1-Eu**-2 vs. the solution fraction of 2
before (Figure 2b-b,) and after (Figure 2b-b;) CD equilibration. The curve after equilibration (red) is obtained using the thermodynamic model,
whereas the lines before equilibration (blue) correspond to formation of 1-Eu**.2 from 1-Eu*" and 2, assuming that their surface ratio is identical
to the solution fraction from which they are assembled. d) Surface fraction of 2 (including those of free 2 and 1-Eu**-2) vs. the solution fraction of

2 before and after CD equilibration.

constants to the CD surface. The model employs binding
constants for interaction of an adamantyl group to a CD
cavity (5x10*m™"), and the 1:1 interaction (K,z) of the
antenna carboxylate group with the Eu’" center. The intra-
molecular binding events are associated with an effective-
concentration parameter,”! which is set to be fourfold lower
for the coordination of 2 to 1-Eu*" than for binding of the
divalent ligands to the CD surface, because of the tetravalent
nature of the 1-Eu**2 complex. The modeled fluorescence
intensities were obtained by relating these to the fractions of
unbound and bound 1-Eu*" and 2, assuming fixed values for
the emission of 2, 1'Eu*", and the complex 1-Eu*"-2. These
values were optimized in the procedure.

Within this model, the fluorescence intensity of antenna 2
increases linearly with the fraction of 2 in solution in the
absence of binding (K g =0), thus indicating that no energy
transfer to Eu’" occurs (Figure S5a in the Supporting
Information). Upon increase of the binding constant, the
antenna emission shows a nonlinear dependence with respect
to the solution fraction of 2 because of the simultaneous
effects of changing surface composition and fluorescence

Angew. Chem. Int. Ed. 2013, 52, 714-719

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

quenching, both owing to the binding of 2 to 1-Eu*'. The
emission intensity at a value of approximately 10 reflects the
remaining intensity of 2 after energy transfer to the Eu®"
center upon 1:1 complex formation. At higher binding
constants, the intensity plateau becomes more flat and more
extended, thereby reflecting a 1:1 surface composition of
1-Eu’' and 2 at this plateau.

The Eu’" emission versus the solution composition at
different binding constants is shown in Figure S5b in the
Supporting Information. Overall, the trend of Eu*" emission
is similar. Over 90% of the maximum Eu*' emission is
reached for K, > 10*M~ !, and the plateau where this maximal
intensity is reached widens from 50 %/50 % solution compo-
sition to more deviating fractions at higher K, values in
accordance with stabilization and thus amplification of the
1-Eu’™2 complex.

Subsequently, the experimental curves at 200 um CD,
(Figure 3b) were fitted to the model. The calculated binding
constant is K,z =6 x 10°m~!, which agrees well with the lower
limit (10°m™") estimated previously™! for the assembly to the
CD monolayer by pCP.
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Figure 4b depicts the simulated speciation of the different
components present at the CD surface when using the
thermodynamic model in the presence of CD, at 200 um and
K,r=6x10°M"". At very low fractions of 2 in solution, 1-Eu*"
is the predominant species at the surface, as it is also in
solution (Figure 4b). Upon increase of the solution fraction of
2, this surface species is rapidly replaced by 1-Eu’t2. At
intermediate fractions between 10% and 90 %, 1-Eu*"2 is the
major species with a coverage of about 90 % . Similarly, at high
fractions of 2, antenna 2 becomes the dominant species
present at the CD monolayer. At all fractions of 2, more than
99% of CDy is involved in host—guest binding.

The surface coverage of 1-Eu**2 is plotted versus the
solution fraction of 2 in Figure 4c as well (red line), together
with the hypothetical case in which the surface is filled with
1-Eu’" and 2 in the same ratio as present in solution but
without subsequent ligand exchange (blue line). The latter
very closely resembles the experimental case in the absence of
CD, (Figure 3a). The comparison of these two graphs (Fig-
ure 4c) clearly emphasizes the nonlinear amplification of
1-Eu*"2 in case of equilibration; the amplification is induced
by CD, and driven by complex formation between 1-Eu** and
2 (Figure 3b). The total fraction of antenna 2 (the sum of the
fractions of noncoordinated 2 and of 2 complexed in 1-Eu**-2)
is plotted versus the solution fraction of 2 in Figure 4 d. Before
equilibration, the surface fraction of 2 is equal to the fraction
of 2 in solution. After equilibration, the value of the fraction
of 2 on the surface approaches 50 % owing to the CD,-driven
formation of 1-Eu’*"-2, regardless of the solution fraction of 2.
The plot clearly demonstrates the nonlinear dependence of
the surface percentage of 2 on the solution composition.

In conclusion, multivalent interactions at interfaces con-
stitute a complex phenomenon governed by a range of
parameters. Here, the multivalent binding of a supramolecular
complex at a multivalent host surface, by combining the
orthogonal cyclodextrin host-guest and lanthanide-ligand
coordination motifs, is described and is used to monitor the
molecular binding events. Therefore, the self-correction/self-
organization process through host—guest interaction offered
by guest-induced competition is reported by the intrinsic
signaling property of the sensitized Eu*" emission on the
immobilized host monolayer. We successfully explored the
ability to vary interactions systematically in a controlled
manner at interfaces by adding a competing host. The
formation of the 1-Eu’"2 complex has been observed to be
linearly dependent on the solution composition in the absence
of cyclodextrin, whereas strong nonlinear amplification has
been observed under cyclodextrin-promoted thermodynamic
equilibrium. Such orthogonal motifs, like cyclodextrin-ada-
mantyl (host-guest) and lanthanide-ligand (coordination),
can lead to higher stoichiometries, increased specificity, and
more-complex architectures, where the desorption by com-
petition with a host in solution is progressively more difficult
owing to increasing numbers of interactions. These results
have revealed new and surprising characteristics of multi-
valent interactions at interfaces. The model described here
gives an insight into how multiple, independent interactions
provide a collective selection mechanism, where the molec-
ular-level exchange events can be self-reported and provide
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the evidence for molecular cooperativity, self-recognition,
and self-selection on the surface.
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