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Discovery of energy transfer nanostructures using
gelation-driven dynamic combinatorial librariest

Siva Krishna Mohan Nalluri* and Rein V. Ulijn*

Peptide self-assembly provides a useful approach to control the organization of functional molecular
components, as relevant to future opto-electronic or photonic nanostructures. In this article, we report
on the discovery of efficient energy transfer nanostructures using a dynamic combinatorial library (DCL)
approach driven by molecular self-assembly, demonstrating an enhanced self-selection and
amplification of effective energy transfer nanostructures from complex mixtures of dipeptide
derivatives. By taking advantage of an enzyme-catalysed fully reversible amide formation reaction, we
show how gelation shifts the equilibrium in favour of the formation of short aromatic dipeptide
derivatives in the DCL system, as confirmed by reversed-phase high pressure liquid chromatography
(HPLC), fluorescence emission spectroscopy, atomic force microscopy (AFM), transmission force
microscopy (TEM) and circular dichroism (CD) spectroscopy. This approach enabled us to identify a two-
component donor—acceptor hydrogel, which forms within minutes and exhibits efficient energy transfer.

Introduction

The fabrication of functional nanomaterials by molecular self-
assembly is attracting increasing attention.” The use of short
peptide derivatives as versatile building blocks offers a suitable
platform due to the chemical versatility of amino acid building
blocks combined with simplicity and chemical accessibility of
peptides.*® There is an on-going effort to develop molecular
design rules for the basic building blocks. Many new self-
assembling structures are discovered by serendipity, rather
than by rational design. One approach that may accelerate
discovery is combining molecular self-assembly with dynamic
combinatorial chemistry (DCC).>*° This technique allows for the
continuous interconversion of building blocks that leads to the
formation of several dynamic combinatorial library (DCL)
members under thermodynamic control through a reversible,
yet covalent, chemical reaction. Recently, DCLs involving
peptide derivatives have been developed by using disul-
phide,"*™ metal binding"** and amide'® exchange reactions.
We have focused on a fully reversible enzymatic amide exchange
that provides access to peptide sequences in gelation-driven'”
DCLs. These systems have the ability to self-select the most
stable self-assembling peptide nanomaterials from a library of
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several amino acid components.**® (Opto-)electronic nano-
structures rely on the effective stacking of electron-rich and
electron-deficient components. Peptides are potentially suited
to precisely positioning these components in a configuration
that optimizes their function. Hence the use of a peptide DCL
approach for the identification of nanomaterials with improved
function'* (in addition to stability) from complex mixtures
provides a potentially useful tool for the discovery of functional
materials and this has not been explored yet in the literature.

One area where designed nanomaterials have received a
great attention is in mimics of the light-harvesting portion of
natural photosynthesis.** The light-harvesting and energy
transfer between donor and acceptor molecules have been
reported in various nanoscale architectures such as micelles,*
vesicles,***” dendrimers,*** conjugated polymers,* peptide
fibres,*' organogels and hydrogels,**** with a first short
peptide-based system described by Adams.*” In these supra-
molecular systems, the efficient energy transfer occurs in a state
where the self-organization of aromatic groups (donors and
acceptors) should represent a local thermodynamic minimum
of a free energy landscape and also the defects arising during
the self-assembly process are expected to be minimized (self-
correction due to reversibility)** to increase the overall energy
transfer efficiency.

Herein, we report a gelation-driven peptide-based DCL
approach for the unprecedented discovery of stable functional
nanomaterials which exhibit efficient energy transfer. Our
design strategy is focused on the molecular self-assembly of
aromatic  dipeptide amphiphiles (naphthoxy-
substituted dipeptide amide derivatives) which are formed by
direct condensation of amino acid derivatives (Scheme 1). We
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Scheme 1 Formation of naphthoxy-substituted dipeptide amphiphiles by a
fully reversible thermolysin-catalysed condensation reaction and the molecular
structure of dansyl-B-alanine (DA) used in this study.

demonstrate that the gelation-driven DCL approach has the
potential ability to self-select and amplify the most stable self-
assembling nanostructures (Fig. 1). We further demonstrate
that these nanostructures are formed rapidly (within minutes)
that remarkably show superior energy transfer behaviour (more
rapid and efficient) compared to literature reports.*® In partic-
ular, we emphasize that this system operates under physiolog-
ical conditions and no organic solvents are necessary to dissolve
the donor-acceptor building blocks.

Results and discussion

The first objective was to develop a DCL based on the self-
assembly of short aromatic dipeptide amphiphiles, to identify
the most stable structures, in the absence of the acceptor. The
self-assembly of naphthoxy-substituted dipeptides driven by an
enzyme-catalysed condensation reaction was selectively chosen
for this purpose. As shown in Fig. 1, the precursor solution
consisted of naphthoxy-substituted tyrosine derivative (Nap-Y;
20 mM) with a 4-fold excess of an amino acid amide nucleophile
(X-NH,, where “X” denotes phenylalanine, F; leucine, L; valine,
V; tyrosine, Y; alanine, A and/or glycine, G) in 100 mM
phosphate buffer (pH 8). A non-specific endoprotease,
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thermolysin from Bacillus thermoproteolyticus rokko, was used
(1 mg ml ")*®% to catalyse the condensation reaction of
the amino acid amide derivatives. This ultimately converts
the non-assembling precursors (Nap-Y and X-NH,) into self-
assembling building blocks (Nap-YX-NH,), provided that the
reaction is thermodynamically driven by the free energy
contribution of the self-assembly process.

At first, the enzymatic formation of various Nap-YX-NH,
derivatives (also simply represented as “YX”) from each
combination of Nap-Y and X-NH, was investigated in isolation.
The molecular self-assembly of the building blocks upon the
addition of thermolysin was directly identified by the naked eye
observation of a rapid transformation from a clear and trans-
parent solution into a self-supporting hydrogel (as recognized
by vial inversion). The percentage conversion was investigated
by reversed-phase high-pressure liquid chromatography
(HPLC). As shown in Fig. 2A, some of the dipeptide derivatives,
YF (89%), YL (72%) and YV (81%) were formed in very good
yields, while the other derivatives, YY (5%), YA (0.9%) and YG
(0.7%) were formed in very low yields after 48 h. The high yields
obtained for YF, YL and YV indicate that gelation-driven self-
assembly of these dipeptide derivatives is thermodynamically
favourable, as a result of the presence of strong m-m stacking
between naphthalene chromophores and the hydrogen
bonding between peptide motifs. Notably, only YF, YL and YV
derivatives were self-assembled to form self-supporting hydro-
gels (Fig. S1 in ESIf).” Interestingly, these hydrogels were
formed rapidly (within minutes after the addition of thermoly-
sin).* The percentage formation of these dipeptide derivatives
was further monitored over time and in each case the maximum
conversions were reached after 24 h (Fig. S2 in ESIt). The low
yields obtained for the other dipeptide derivatives (YY, YA and
YG) are likely due to their less favourable self-assembly; these
systems lack the thermodynamic driving force to overcome the
bias for amide hydrolysis in aqueous systems.* It should be
noted that thermolysin has a kinetic preference** for more
hydrophobic amino acids (X = phenylalanine in the case of
YX) on the amine side of the peptide bond, whereas it is
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Schematic representation of thermolysin-triggered development of a bi-component hydrogel composed of naphthalene donors and dansyl acceptors, showing

efficient energy transfer from a library of eight different amino acid non-assembling precursor components.
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Fig. 2 The enzymatic conversion of Nap-Y and X-NH, into Nap-YX-NH,
amphiphiles was shown by (A) part of the reversed-phase HPLC traces in isolation
(all except top two traces) as well as in DCL system (top two traces) and (B) time
course of the percentage conversion in DCL system by HPLC as measured in the
absence (solid traces) and presence (dashed traces) of DA. Conditions: [Nap-Y] =
20 mM, [each X-NH,] = 80 mM, [DA] = 20 mM and [thermolysin] = 1 mg mI~".

non-specific for carboxylic acid residue in condensation reac-
tions. However, an equilibrium distribution of the products
should eventually be reached.

For the development of DCL, Nap-Y (20 mM) and all six
amino acid amide derivatives (80 mM for each X-NH, where X =
F, L, V, Y, A and G) were mixed together in one-pot and a
thermolysin-catalysed condensation reaction was carried out in
competition. As shown in Fig. 24, after 48 h, it was found out
that YF was preferentially produced in 52% conversion, corre-
sponding to 77% of the total peptide yield obtained, indicating
that this dipeptide derivative represents the lowest free energy
well of the free energy landscape. Conversely, YL was formed in
23% yield (of total peptide formed), while all the other deriva-
tives, YV (2%), YY (0.3%), YA (0.1%) and YG (0.04%) were
formed in negligible amounts. These results remarkably show
that YV was exclusively screened out from the library, despite
the fact that it was formed in very good yield (81%) when carried
out in isolation. Furthermore, in order to determine whether
the enzyme has any kinetic preference for a specific sequence of
the dipeptide, we also investigated the evolution of all dipeptide
derivatives over time (solid traces, Fig. 2B). It was also found out

This journal is © The Royal Society of Chemistry 2013
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that only YF was produced predominantly right from the
beginning stages of the experiment, while YL was produced in
low yield and YV, YY, YA and YG were remained relatively
constant just above the baseline. These results demonstrate
that this peptide-based DCL approach has the potential ability
for the selection of the most stable self-assembling nano-
structures from a library of several amino acid precursor
components.

The second objective was to exploit this peptide-based DCL
approach for the discovery of energy transfer nanomaterials
from component mixtures, by introducing water-soluble dansyl-
B-alanine (DA) as an acceptor to utilize the well-known donor-
acceptor interactions between naphthalene chromophores and
dansyl chromophores.®”*** We first investigated the effect of
the presence of DA on the enzyme-triggered evolution of Nap-
YX-NH, amphiphiles in DCL by reversed-phase HPLC. For this,
Nap-Y and all six amino acid amide derivatives (X-NH,) and DA
were mixed together in one-pot. The addition of thermolysin
triggered the rapid transformation of a free-flowing transparent
solution into a self-supporting hydrogel. As shown in Fig. 2, the
percentage evolution of all dipeptide derivatives in DCL was
investigated at a 1:1 donor-acceptor ratio. Remarkably, only a
single component (YF) was produced in 82% (corresponding to
95% of the total peptide yield obtained), while YL (8%) was
formed in low yield and all the other derivatives, YV (4%), YY
(0.5%), YA (0.1%) and YG (0.07%) were formed in negligible
amounts (Fig. 2A). Most interestingly, the comparison of yields
obtained in the absence (solid traces) and presence (dashed
traces) of DA remarkably suggest that the formation of YF (82%
instead of 52%) was significantly amplified and YL (8% instead
of 23%) was reduced (Fig. 2B). These observations clearly indi-
cate that the presence of both donors and acceptors in DCL
provides the additional donor-acceptor interactions that makes
this enzyme-assisted self-assembly more favourable and even-
tually allows the system to reach a lowest energy minimum state
for a particular dipeptide sequence in DCL. This hypothesis was
reinforced by the fact that the percentage evolution of YF in DCL
is strictly dependent on the total donor to acceptor ratio. The
relative percentage evolutions of YF in DCL are 61% at 10: 1,
65% at 7 : 1 and 70% at 2 : 1 donor-acceptor ratios (Fig. S3 in
ESIY). This further confirms that the product distribution in the
library is dependent on the type and the extent of the interac-
tions present and is entirely thermodynamically driven by the
more favourable self-assembly of mixed donors and acceptors
in the library. The availability of both donors and acceptors in
DCL makes this approach more versatile and greatly enhances
its potential ability not just for self-selection but also for the
amplification of most stable energy transfer nanostructures at
the expense of less stable self-assembling nanostructures.

Next, we moved on to determine the efficiency of energy
transfer within the newly discovered hydrogels. The supramo-
lecular self-assembly of Nap-YX-NH, amphiphiles in the DCL
system was characterized by fluorescence emission spectros-
copy both in the absence and presence of DA. As shown in
Fig. 3A and B, in the absence of DA, the fluorescence emission
spectrum of the starting mixture (Nap-Y + X-NH,) exhibited two
distinct characteristic peaks. One is a sharp naphthalene
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Fig. 3 Fluorescence emission spectroscopy showing (A) time-dependent
changes observed for DCL system upon the addition of thermolysin, and efficient
energy transfer observed for both (B) DCL system before (solid traces) and at 15
min after (dashed traces) the addition of thermolysin at variable concentrations of
DA as well as for (C) YF system in isolation before (solid traces) and at 2 min after
(dashed traces) the addition of thermolysin at variable concentrations of DA
(Zex = 280 nm). Conditions: [Nap-Y] = 20 mM, [each X-NH;] = 80 mM, [DA] =
0.6 mM to 10 mM and [thermolysin] = 1 mg mI~".

monomer emission peak at 350 nm and the other one is a broad
shoulder peak at around 420 nm which corresponds to the
excimer emission,” emerging from the intermolecular w-m
stacking between naphthalene chromophores (solid black
trace).

The addition of thermolysin to the above starting mixture
induced a slight red-shift in the peak at 350 nm accompanied by
a massive increase in the relative emission intensity (red trace,
Fig. 3A). These observations indicate that excimer naphthalene
chromophores were formed which eventually emit at higher
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wavelength when compared to monomer naphthalene
chromophores. Even after 24 h, the peak at 350 nm was further
red-shifted accompanied by a further increase in the relative
emission intensity (green trace, Fig. 3A). Such an increase in the
relative emission intensity over time indeed indicates that the
self-assembly of Nap-YX-NH, amphiphiles in DCL system shows
an aggregation-induced emission (AIE) behaviour.*®

The fluorescence emission of Nap-YX-NH, amphiphiles in
the presence of acceptor DA was then studied. The fluorescence
emission of DA molecules (in solution state, Ao, = 560 nm and
Adex = 330 nm) is strongly dependent on the surrounding
environment such as solvent, morphology, etc. and usually
exhibits a blue-shift in the emission peak when migrates from
aqueous to non-aqueous environment (Fig. S4 in ESIf).*® As
shown in Fig. 3B, the addition of DA to the starting mixture
(Nap-Y + X-NH,) at variable concentrations induced substantial
changes in the fluorescence emission spectra. For instance,
when the concentration of DA was 2 mM (i.e., 10 : 1 donor-
acceptor ratio), the monomer emission peak at 350 nm was
quenched completely, while the excimer emission peak at
420 nm was enhanced exclusively and interestingly, a new
broad emission peak was appeared at 535 nm (solid red trace).
When the concentration of DA was increased to 10 mM (i.e.,
2 : 1 donor-acceptor ratio), the emission peak at 420 nm was
also quenched completely, while the broad peak at 535 nm was
even broadened (solid blue trace). The new emission peak at
535 nm (rather than the expected peak at 560 nm for DA in
solution) may suggest that the surrounding environment of DA
molecules is changing from aqueous to non-aqueous environ-
ment (corresponding to blue-shifted emission). At this stage,
the direct visualization of the morphology by atomic force
microscopy (AFM) and transmission electron microscopy
(TEM) confirmed the presence of spherical aggregates with an
average diameter of 100-400 nm (Fig. 4A and C and S5 in ESI¥).
These results suggest that the DA molecules were incorporated
in these spherical aggregates formed by Nap-Y and further
indicate that there is a partial energy transfer between the
naphthalene chromophores of Nap-Y and the dansyl chromo-
phores of DA. In the solution state, efficient energy transfer
occurs above 10 mM concentration of DA and precursor
molecules.

The subsequent addition of thermolysin to the starting
mixture solution of DA (2 mM and 10 mM) induced the
formation of a self-supporting hydrogel. As shown in Fig. 3B,
both peaks at 350 nm and 420 nm were quenched completely,
while the broad emission peak at 535 nm was largely blue-
shifted and appeared at 510 nm (dashed traces). Interestingly,
energy transfer induced a dramatic enhancement in fluores-
cence emission®® (more than a 150-fold increase in the relative
emission intensity above 500 nm) over time (Fig. S6 and S7 in
ESI{). AFM and TEM images showed that the addition of ther-
molysin triggered the rapid morphological transition of spher-
ical aggregates into entangled nanofibres of up to several
micrometres in length (Fig. 4B, D and E). Furthermore, similar
experiments were also repeated for the most stable YF system in
isolation (since it was discovered as a major component from
the direct competition in DCL).

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 (A and B) AFM images of DCL + 2 mM DA system on mica surface and
(C—F) TEM images of DCL and individual systems in the absence and presence of
DA on carbon-coated copper grid. (A and C) Before and after the addition of
thermolysin in the (D) absence and (B and E) presence of DA molecules in
DCL system. (F) Isolated YF + 2 mM DA system. Inset: Photographs of the
corresponding materials before (transparent and clear solution) and after (self-
supporting hydrogel) the addition of thermolysin. Conditions: [Nap-Y] = 20 mM,
[each X-NH3] = 80 mM, [DA] = 2 mM and [thermolysin] = 1 mg ml=".

Remarkably, it was found that the energy transfer in the gel
state is efficient even at 0.6 mM concentration of DA (i.e., 33 : 1
donor-acceptor ratio) and also in this case, such an energy
transfer induced an enhanced fluorescence emission over time
(Fig. 3C and also Fig. S8-S10 in ESIT). TEM images also showed
the presence of entangled nanofibres of up to several microm-
eters in length (Fig. 4F). The striking differences observed in the
emission spectra before (solid traces) and after (dashed traces)
the addition of thermolysin would indeed suggest that the
energy transfer occurs within the gel preparation and
measurement time (<2 min), as well as being efficient in the gel
state (fiber networks) when compared to the solution state
(spherical aggregates).

We further investigated the successful incorporation of DA
molecules into the entangled fibre networks of naphthoxy-
substituted dipeptides (for instance, YF) by circular dichroism
(CD) spectroscopy. The interactions of DA molecules with

This journal is © The Royal Society of Chemistry 2013
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Nap-YF-NH, nanostructures were characterized by monitoring
the signals which appear due to the supramolecular chiral
environment of naphthalene chromophores in the gel phase
over time. As shown in Fig. 5, the dansyl chromophore of DA
(2 mM) by itself is achiral and showed no CD signals (black
trace). Similarly, no CD signals were observed even when DA
was added to the starting mixture solution (Nap-Y + F-NH,) as
naphthalene chromophores are also achiral (red trace).
However, upon the addition of thermolysin, the corresponding
CD signals were instantaneously starting to appear within the
measurement time (<2 min, blue trace) which indicates that the
chromophores were self-assembling into a supramolecular
chiral structure.

The strength and intensity of CD signals at 288 nm and 328
nm, originating due to the w-m* and n-m* transitions, respec-
tively, of naphthalene chromophores were increased over time.
In this case, the CD activity of dansyl chromophores of DA
should be an induced CD (ICD) which would appear® at 330 nm
and it is more likely to interfere with the CD signals originating
due to the n-m* transition peaks of the naphthalene chromo-
phores. Therefore, we monitored the changes observed in the
CD signals of the naphthalene chromophores both in the
absence and presence of DA. Notably, the comparison of CD
signals in the absence (orange trace) and presence (purple trace)
of DA suggested the following changes in CD signals after 24 h:
the intensity of the CD signals was increased by more than 2
times, the signal at 278 nm was red-shifted by about 10 nm and
the ratio of both these m-m* and n-m* transitions peaks
changed from 3 to 1.3 (purple and orange traces). These find-
ings indicate that the key presence of DA molecules would
certainly provide the crucial strong donor-acceptor interactions
in addition to the fundamental non-covalent interactions that
are already present in the entangled nanofibres and hence
facilitates the formation of the most stable nanostructures with
enhanced chirality. All these results consistently indicate that
DA molecules have been successfully incorporated in the
entangled fibre networks of Nap-YF-NH, which ultimately leads
to the formation of two-component hydrogels.**

only DA
——0 min

CD (mdeg)

-20 ——2min

-25 15 min
——1h

-30 ——3h
—24h

—— 24 h (without DA)
250 275 300 325 350 375 400 425 450
Wavelength (nm)——

Fig. 5 Time-dependent circular dichroism spectra of naphthoxy-substituted
dipeptide derivative (Nap-YF-NH;) upon the addition of thermolysin measured
in the absence and presence of DA (i.e., 10:1 donor-acceptor ratio). Conditions:
[Nap-Y] =20 mM, [F-NH,] = 80 mM [DA] = 2 mM, and [thermolysin] = 1 mgmI~".
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Conclusions

In summary, we have demonstrated that a two-component
hydrogel composed of Nap-YF-NH, and DA emerged as an
effective energy transfer gel from a library of eight competing
amino acid non-assembling precursor components (Nap-Y; F-,
L-, V-, Y-, A-, G-NH, amino acid amide derivatives and DA mole-
cules) through a fully reversible thermolysin-triggered conden-
sation reaction. Furthermore, we also showed that the discovery
of a functional (rather than just structural) system was achieved
through a self-selection and amplification mechanism from
component mixtures. This approach opens up the new possi-
bility of discovering electronically conductive nanomaterials
with enhanced charge transfer properties and fewer defects.
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