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Amino-Acid Side-Chain Nanoarchitectonics for Tuning
the Chiroptical Properties and Supramolecular Structure
of Pentameric Oligothiophenes

Linnea Bjork,” Robert Selegérd,” Marcus Back,” Per Hammarstrom,” Mikael Lindgren, and

K. Peter R. Nilsson*?!

Oligothiophenes with specific photophysical properties and
molecular organization are of great interest, since this class of
materials are used in organic electronics and bioelectronics, as
well as biosensing. Herein, 8 different pentameric oligothio-
phenes, denoted proteophenes, with different amino acid
substitution patterns at distinct positions along the thiophene
backbone were investigated. Spectroscopic and microscopic
studies of the ligands revealed the formation of optically active
self-assembled materials under acidic or basic conditions. The
distinct photophysical characteristics, including induced circular
dichroism, as well as the supramolecular structures of the
assemblies deduced from light scattering and transmission
electron microscopy, were highly influenced by the positioning

Introduction

Chiral optoelectronic materials comprised of conjugated poly-
and oligothiophenes (CPs and COs) that exhibit optical activity
in the m—n* transition region are widely explored for organic
and bioelectronics, since these materials can be utilized for a
variety of applications, such as optoelectronic devices, bio-
sensors, and as artificial enzymes.!"® Optical activity has
frequently been observed from CPs functionalized with an
optically active substituent in the 3-position and an induced
circular dichroism (ICD) is afforded when the polymer chains are
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of distinct amino acid moieties along the thiophene backbone.
Proteophenes functionalized with only glutamate residues or
these functionalities in combination with hydrophobic valine
moieties formed fibrillar structures with excellent chiroptical
properties under acidic conditions. In addition, the amino acid
functionality at the B-position of distinct thiophene moieties
influenced the induced circular dichroism pattern observed
from the proteophenes. Overall, the obtained results demon-
strate how changes in the position of various amino acid
functionalities, as well as the chemical nature of the amino acid
side chain functionality greatly affect the optical properties as
well as the architecture of the self-assembled materials.

forming supramolecular assemblies in poor solvents or at low
temperature.*'*"”! Moreover, a single chain ICD has also been
obtained from optically inactive CPs and COs when mixed with
small chiral molecules or synthetic peptides,”'"'**? as well as
for CPs with L- or D-amino acid side chain functionalities along
the conjugated thiophene backbone.”?* For the latter, the
configuration of the amino acid, L- or D-form, created right-
handed or left-handed helical forms of the polythiophene
chains with distinct ICD patterns.?”

A correlation between the chemical composition of the
material and the ICD patterns have also been reported for
chemically defined oligothiophenes having specific chiral sub-
stituents at different positions along the oligothiophene
backbone.”>=? A diversity of penta(ethyleneoxide) functional-
ized oligothiophenes displayed distinct aggregation induced
Cotton effects and the different ICD patterns could be
correlated to the position of the chiral substituent as well as the
length of the oligothiophene backbone.?® Likewise, oligothio-
phenes functionalized with different sugar moieties or amino
acids showed specific ICD patterns, helicity and structural
organization that could be linked to the configuration, as well
as the position of the chiral substituent.”?**? Hence, distinct
enantiomeric substitutions at specific position along the
conjugated oligothiophene backbone can be utilized to tune
the optical activity, as well as the self-assembly of chemically
defined oligothiophenes.

Herein we investigated the chiroptical properties and
supramolecular arrangement of a set of anionic pentameric
oligothiophenes having different amino acids introduced at
distinct positions along the conjugated backbone (Figure 1).

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 1. Chemical structures of different pentameric proteophenes with specific amino acid side functionalities along the conjugated backbone. All the
proteophenes were isolated as the Li-salt and in acidic conditions (pH 2) all the carboxyl and the amine groups, as well as the phenylic hydroxy groups of the
ligands should predominantly be protonated, whereas in alkaline conditions (pH 10) all these chemical groups should be mainly deprotonated.

These ligands, denoted proteophenes, was recently shown to
exhibit differential binding to aggregated proteinaceous species
in human brain tissue samples with Alzheimer's disease (AD)
pathology.” The proteophenes have specific amino acid
residues introduced at the [-position of distinct thiophene
moieties and at the terminal a-positions of the oligothiophene
backbone and the effects of these structural modifications on
the chiroptical properties and supramolecular arrangement of
the respective ligand were assessed by comparing the photo-
physical characteristics and self-assembling properties of the
chiral proteophenes under acidic (pH2) or basic (pH 10)
conditions. The obtained results revealed that the chemical
nature, as well as the position of the amino acid substituents,
have a large impact on the proteophenes optical properties and
the molecular architecture of the self-assembled structures.
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Results and Discussion
Absorption and Emission Characteristics

The synthesis of the proteophenes (Figure 1) has been reported
previously.” To assess the photo-physical characteristics of the
amino acid functionalized oligothiophenes, the ligands were
dissolved in two different buffer solutions, 10 mM Na-Citrate
pH 2 or 10 mM Na-carbonate pH 10, respectively. These buffers
were selected, since earlier studies have shown that pH-induced
conformational changes of the thiophene backbone can be
afforded for both anionic oligo- and polythiophenes.®*=®
Furthermore, in acidic conditions (pH 2) all the carboxyl- and
amine groups of the proteophenes should predominantly be
protonated, whereas in alkaline conditions, the carboxyl groups,
as well as the phenolic hydroxy groups and amine groups
should be deprotonated. In 10 mM Na-carbonate pH 10, all the
proteophenes, displayed similar absorption spectra with a
maximum between 418 nm to 430 nm (Figure 2, Supporting
information, SI, Table S1). The emission maxima in alkaline
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Figure 2. Photophysical characteristics of different pentameric proteo-
phenes in acidic or alkaline conditions. Absorptions- (solid lines) and
emission (dotted lines) spectra of 50 uM proteophene diluted in 10 mM Na-
Citrate pH 2 buffer (red lines) or 10 mM Na-carbonate pH 10 buffer (blue
lines). Emission spectra was collected with the excitation wavelength
correlated to the absorption maximum for the respective proteophene.

condition were all comparable for all ligands (541 nm to
548 nm) except for HS-84-K-K that display a red-shifted
emission maximum at 575 nm (Figure 2 and Sl, Table S1). These
photophysical characteristics are similar to the ones reported
for other anionic pentameric oligothiophenes in neutral or
alkaline conditions,**>*” suggesting that the absorption- and
emission spectra from the proteophenes in 10 MM Na-
carbonate pH 10 buffer originates from fully dissolved single
oligothiophene chains or tiny clusters of chains with high
resemblance of the ground and excited electronic states of the
substituted variants. In 10 mM Na-citrate pH 2 buffer, HS-84-K-K
showed analogous optical characteristic as in alkaline condi-
tions, whereas the other proteophenes showed distinct differ-
ent absorption- and emission characteristics in alkaline or acidic
conditions (Figure 2, Sl Table S1). HS-84-E-E, HS-84-V-V, HS-84-Y-
Y showed similar absorption maxima in the two conditions, but
in acidic conditions, an additional shoulder at longer wave-
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HS-84-EE HS-84-K-K lengths was observed for all the ligands. A similar shoulder was
210 Z10 X also detected for HS-84-E-Y, HS-84-Y-E, HS-84-E-V and HS-84-V-
g g / A E, but these ligands also displayed an additional blue-shift (HS-
E E ;' l\ 84-E-V and HS-84-E-Y) or red-shift (HS-84-Y-E and HS-84-V-E) of
% o % 08 :' ".‘ the absorption maximum (Figure 2, SI, Table S1). A red-shift of
E § 3 ‘\\ the emission spectra in acidic conditions was also observed for
0.0 T T T ‘ 0.0-— T T all the ligands except for HS-84-K-K and this shift is most likely
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Wavelength (nm} Wavelength (nm) associated with a planarization of the backbone that are
HS-B4-V.V HS-B4.Y-Y induced upon protonation of the carboxyl groups.*****? More-
2 = over, in acidic conditions, the emission intensity decreased with
E E one to two orders of magnitude, suggesting an aggregation of
= = adjacent oligothiophene molecules (SI, Figure S1)."*7# The
% o8 % 0 decrease in emission in acidic condition was lacking for HS-84-
E E K-K, suggesting that this ligand display fully dissolved single
A W (s o S A B st oligothiophene chains in both the conditions.
Wavelength (nm) Wavelength (nm) In general, the photophysical assessment established that
HS-84-E-Y HS-84-Y-E the chemical nature of the amino acid side chain functionalities
240 " B and variations in the position of these chemical moieties along
E ’ ,'::."\ E, the conjugated thiophene backbone have a considerable
g os ,-: \‘ ‘\' E os impact on the proteophenes optical behaviour. In addition, the
E ';' B ‘-\' E ligands presumably form different types of molecular arrange-
g A T s ments or aggregates in the different buffer solutions. For COs
L ;{m 600 700 s s et T and CPs, a red-shift of the main absorption peak are normally
Wavelength (nm) Wavelength (nm) associated with J-aggregates, whereas a blue-shift is related to
HS-84-E-V HS-84-V-E the formation of H-aggregates.”® Thus, in line with the
210 - ) absorption data (Figure 2), H5-84-Y-E and HS-84-V-E most likely
5 N 5 form J-aggregates in pH 2 buffer, whereas H-aggregates seem
§ - \ é il to be formed for HS- 84-E-V and HS-84-E-Y in the same
E “-,‘ é conditions. Nevertheless, a red-shifted absorption can also be a
s Wi, 3 consequence of other molecular re-arrangements, such as
R P P e -,(‘,;" W= e o e T planarization of the conjugated oligothiophene

backbone.”***** For instance, the anionic pentameric oligothio-
phene, penta formyl thiophene acetic acid (p-FTAA), were
shown to form H-aggregates in acidic conditions regardless of a
pH-induced red-shift of the absorption maximum.*® A recent
study of pentameric oligothiophenes functionalized with L- or
D-tyrosine residues also showed that the location of the amino
acid functionalities of the oligothiophene backbone had a great
impact on the optical behaviour of the ligands, as ligands
having tyrosine residues in the B-positions showed a greater
pH-induced red-shifted absorption maximum compared to a
ligand with tyrosine functionalities at the terminal o-
positions.?? Interestingly, when comparing HS-84-Y-Y with the
previously reported p-FTAA-L-Tyr (SI, Figure S2), similar absorp-
tion and emission characteristics were obtained for both ligands
in buffer pH 2, whereas in alkaline conditions (buffer pH 10) a
slightly red-shifted absorption maximum and a blue-shifted
emission spectrum were observed for HS-84-Y-Y (SI, Figure S2).
From a chemical perspective, these ligands have both tyrosine
functionalities at the terminal a-positions, but p-FTAA-L-Tyr is
lacking the amino acid functionalities in the B-position of the
thiophene moieties surrounding the central thiophene unit.
Next, the quantum yield (QY) of the emitted light from the
respective proteophene was assessed. In addition to the two
buffer solutions, pH2 and pH 10, methanol was used as a
reference ‘good solvent’, along with Coumarin 153 as QY
reference.”” These reference QYs were measured using
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standard 3mL 1cm path quartz cuvettes. Representative
spectral results and slope plots™®” are shown in Figure S3 and
S4. As the results implied aggregation at the low and/or high
pH that might change over time, the QY for pH 2 and pH 10
was estimated from defined single point measurements. In this
regard, a fresh sample was made by first ultrasonicate the stock
solution (1.5 mM) and diluted to 5 uM using smaller cuvettes
(500 uL; 5 mm path). To obtain the QY, the emission was
integrated and normalized to the absorption at the excitation
wavelength (455 nm). The calculated QYs are summarized in
Table 1. Conclusively, the QYs using methanol were around
20% with HS-84-K-K giving the lowest value of 15%, whereas
HS-84-E-V gave the highest yield of 24%. In pH 10 buffer the
QY was comparable to the methanol results but slightly lower
in all cases. A general trend was that the proteophenes having
E and V sidechain functionalities gave slightly higher QYs in
methanol and pH 10 buffer. In contrast, in pH 2 buffer solution
the QY was drastically reduced approximately by an order of
magnitude in most cases (Table 1). The HS-84-K-K was found to
be an exception with identical QY of 5.9% in both pH 2 and
pH 10 buffer. As shown above, the spectral features of this
ligand in different pH were also very similar (Figure 2).

The lifetimes of the various proteophenes were also
measured and analyzed, using the same samples as prepared
for the QY characterization. Here time-correlated single photon
(TC-SPC) was employed using an excitation wavelength at
455 nm. Representative TC-SPC decays for two of the proteo-
phenes, HS-84-E-E and HS-84-V-V, in pH 2 and pH 10 buffer are
shown in Figure S5. Generally, the decay traces were not
following a single decay-time model but could be fitted to a 2-
component model (solid lines). For HS-84-V-V, in pH 2 buffer
the two decay times: 1,=57 +6 ps (w,=82%) and 1,=1296 +8
ps (w,=18%) were afforded, where w; indicate the normalized
amplitude weight. Although the amplitude was much higher
for the short component the overall slow appearance of the
decay was determined by the much longer decay time since
each component contribute with 7w, for each component (the
integrated area). Likewise, for HS-84-V-V in pH 10 buffer, the
decay times 1, =358+ 18 ps (w,;=58%) and 1,=781+£10 (w,=
42%) were obtained. Thus, to compare the overall decay, the
intensity average was calculated for each multicomponent
decay: 7, = > ;(w;-77)/(w; - 7;) and the results are summar-

Table 1. Quantum efficiencies of 5 uM proteophene in Na-Citrate pH 2
buffer, 10 mM Na-Carbonate pH 10 buffer, and methanol (MeOH).

ized in Table 2. In acidic pH most of the ligands showed longer
decay features compared to in alkaline pH. The HS-84-K-K and
HS-84-Y-Y were exceptions, as the pH 10 cases show a some-
what longer decay time. In MeOH, very similar decay times
around 820-840 ps within the experimental uncertainty, were
observed for all the proteophenes, again corroborating a similar
excited state for all the well dissolved individual molecular
configurations. Overall, the quantum efficiency and decay time
results supports the general features of the absorbance and
emission spectra for the different solvents. There is a clear
indication of aggregation both from the drastically reduced QY
at acidic pH for some variants, and for the associated decay
traces there are components with longer decay times appear-

ing.

Induced Circular Dichroism

To investigate the optical activity of the proteophenes, circular
dichroism (CD) measurements of the ligands dissolved in
10 mM Na-Citrate pH 2 buffer or 10 MM Na-carbonate pH 10
buffer were performed. In pH 2 buffer, all the ligands displayed
a split-type bisignate ICD in the n-r* transition region (Figure 3)
and these ICDs are most likely associated with n-stacked chiral
aggregation of the ligands. Similar aggregation induced ICDs
have been observed earlier for chiral oligo- and
polythiophenes,®'3726232 and the indication of aggregate
formation is also supported by the already discussed pH-
induced photophysical changes, such as red-shifts in absorption
spectra, as well as the decreased emission intensities under
acidic condition (Figure2 and SI, Figure S1). The most
pronounced ICDs were obtained for HS-84-E-V, HS-84-E-E and
HS-84-V-E, whereas the other proteophenes displayed less
intense ICDs (Figure 3) and similar to was reported for chiral
polythiophenes,"™'” as well as tyrosine functionalized
oligothiophenes,®? the ICD pattern resembled the first deriva-
tive of the absorption spectrum for the respective proteophene
(SI, Figure S6). For HS-84-K-K, HS-84-Y-Y and HS-84-E-Y a
positive Cotton effect was observed at longer wavelengths,
whereas a negative Cotton effect was displayed at shorter
wavelengths. In contrast, HS-84-E-E, HS-84-V-V, HS-84-Y-E, HS-

[32;

Table 2. TC-SPC decay times of the proteophenes (typically 1-5 uM) in Na-
Citrate pH 2 buffer, 10 mM Na-Carbonate pH 10 buffer, and methanol. The
tabulated values are intensity averages as explained in the text.

Proteophene Tove (PS) Tave (PS) Tave (PS)

Proteophene QY MeOH (%) QY pH 2 (%) QY pH 10 (%) MeOH pH2 pH 10

HS-84-E-E 225+19 2.8 17 HS-84-E-E 827 +55 1060+ 28 636 +39
HS-84-K-K 148+1.2 5.9 5.9 HS-84-K-K 818452 712+£25 975431
HS-84-V-V 23.0+1.8 0.56 21 HS-84-V-V 841451 1396+ 148 617 +32
HS-84-Y-Y 173+£14 0.92 12 HS-84-Y-Y 851450 568 £21 661+26
HS-84-E-Y 209+1.7 1.1 18 HS-84-E-Y 842448 670429 652 +41
HS-84-Y-E 203+1.7 2.7 15 HS-84-Y-E 840+47 966 + 25 595+29
HS-84-E-V 243420 1.3 19 HS-84-E-V 817 +45 921+£26 611433
HS-84-V-E 2394+19 2.0 17 HS-84-V-E 812+45 900+ 25 612+42
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Figure 3. Circular dichroism spectra (CD) of the pentameric proteophenes in acidic or alkaline conditions. CD spectra of 50 uM proteophene diluted in
10 mM Na-Citrate pH 2 buffer (red lines) or 10 mM Na-carbonate pH 10 buffer (blue lines).

84-E-V and HS-84-V-E showed opposite ICD patterns, with a
positive Cotton effect at shorter wavelengths and a negative
Cotton effect at longer wavelengths, respectively (Figure 3).
Thus, both the ICD pattern, as well as the intensity of the ICD,
was influenced by the chemical nature of the amino acid side-
chain functionalities and the positioning of the amino acid
functionality along the conjugated thiophene backbone, verify-
ing that distinct amino acid substitutions along the pentameric
oligothiophene backbone had a substantial impact on the
helical packing of the thiophene backbone. Similar ICD patterns
have also been observed for tyrosine functionalized pentameric
oligothiophenes,®? as well as for zwitter-ionic polythiophenes
having L- or D-serine in the B-positions.”” However, for the
latter, the ICDs were a result of main-chain chirality instead of
aggregation. Recently, mirror images of ICD patterns was also
observed in pentameric oligothiophenes with L- or D-tyrosine
side-chain functionalities at distinct positions and theoretical
calculations indicated that the ICD signals from these ligands
originated from conformer populations with distinct dihedral
angles between the thiophene rings, as well as an
enhancement by the intermolecular chromophore interactions
in the formed aggregates.®” Oligothiophenes with dihedral
angles into the forms of cis-minus (M) showed a positive Cotton
effect at higher energy and a negative Cotton effect at low
energy, whereas dihedral angles into the forms of cis-plus (P)
displayed an opposite ICD pattern.?? Thus, the chemical nature
of the amino acid side-chain functionalities and the positioning
of the amino acid functionality along the conjugated thiophene
backbone will most likely influence the dihedral angles between
the thiophene rings in different fashion that gives rise to
distinct ICD patterns. When comparing the ICD for HS-84-Y-Y in
pH 2 buffer with the previously reported p-FTAA-L-Tyr in the
same conditions, analogous ICD patterns was observed (SI,
Figure S2D), suggesting that these ligands adopts similar
molecular organization in acidic conditions.

In alkaline conditions (pH 10), a split-type ICD in the n-n*
transition region was only observed for HS-84-K-K and HS-84-V-
V (Figure 3). For HS-84-K-K, the ICD pattern in pH 10 buffer was

ChemPhotoChem 2024, 8, €202300183 (5 of 9)

in principle identical to the ICD signal in acidic conditions,
suggesting that this ligand display similar conformations in
both the conditions, and this is also supported by the photo-
physical properties reported above. In contrast, HS-84-V-V,
showed a slightly altered ICD pattern in pH 2 buffer compared
to alkaline (pH 10) solution. For the latter, the split-type ICD
pattern in the zn-z* transition region was slightly shifted
towards higher wavelength and in the CD signal in the UV-
region, below 300 nm, also showed a negative value whereas a
positive sign was obtained for the ligand in acidic conditions
(Figure 3). A CD signal was also obtained for HS-84-Y-Y and HS-
84-E-Y in alkaline conditions. However, these CD signatures
resemble the respective absorption spectra and no split-type
bisignate ICD in the n-n* transition region could be observed
(Figure 3). Interestingly, both these ligands, have tyrosine
residues in the B-positions of thiophene number 2 and 4, and
for the ligands only having tyrosine functionalities in the
terminal a-positions, HS-84-Y-E and the previously reported p-
FTAA-L-Tyr, observable ICDs in buffer pH 10 was lacking
(Figure 3 and SI, Figure S2D). Hence, these signatures was only
obtained from proteophenes having tyrosine residues in the -
positions of the oligothiophene backbone.

Dynamic Light Scattering

To further examine if the pentameric oligothiophenes go
through a pH dependent structural organization, dynamic light
scattering (DLS) measurements were performed in 10 mM Na-
Citrate pH 2 buffer or 10 mM Na-carbonate pH 10 buffer. In
general, all proteophenes showed analogous scattering inten-
sities and similar lag times in the autocorrelation function in
alkaline conditions, as well as hydrodynamic radius, whereas a
variation of these parameters between the ligands were
observed in acidic conditions (Figure 4, Table 3 and SI, Fig-
ure S7). HS-84-E-E, HS-84-K-K and HS-84-Y-E displayed scattering
intensities and similar lag times in the autocorrelation function
in both conditions (Figure 4 and SI, Figure S7). In contrast, all
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Figure 4. Dynamic light scattering (DLS) measurement of the proteo-
phenes in acidic or alkine conditions. Scattering intensity recorded by DLS
of 50 uM proteophene in 10 mM Na-Citrate pH 2 buffer (red lines) and Na-
Carbonate pH 10 buffer (green lines).
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autocorrelation function, as well as larger scattering intensities
10* HS-84-E-E 10t HS-84-E-V in the acidic environment compared to when exposed to
= = { m' AM M‘ alkaline conditions (Figure 4 and SI, Figure S7).
é i The longer lag times in the autocorrelation function can be
g"” g“” attributed to a decrease in solution dynamics, indicating
g g Ay formation of larger structures in acidic buffer, suggesting that
8 S the protonation of the carboxylic groups are beneficial for
10°+4 ——— 1074 2z molecular self-assembly of these proteophenes and a similar
Time (s) Time (s) observation was recently reported for L- and D- tyrosine
10%y HS-84-K-K 10¢ HS-84-V-E functionalized oligothiophenes.®? Calculated hydrodynamic
= : = w radius for the individual proteophenes in the different con-
i ! i ] ditions, using a mass weighted algorithm, further confirmed the
£y g%y presence of larger molecular assemblies in 10 mM Na-Citrate
T ] ity § Jetuinpinntig  PH 2 buffer for HS-84-V-V, HS-84-Y-Y, HS-84-E-, HS-84-V-E and
8 8 1 HS-84-Y-E, whereas HS-84-E-E, HS-84-K-K and HS-84-Y-E dis-
10° T T T 10°] T T T played similar hydrodynamic radius in both conditions (Table 3).
0 10 0 10 20 o . . .
Time (s) Time (s) Hence, the position and the chemical nature of the amino acid
‘0‘! HS-84-V-V 10‘! HS-84-E-Y functionality greatly affects the structural organization of the
= ] a :WM proteophene. Tyrosine (HS-84-Y-Y and HS-84-E-Y) or valine (HS-
-3 !WWWW -3 3 84-V-V and HS-84-E-V) substituents in the o-position of the
%‘021: g‘“’iwwm conjugated oligothiophene backbone appear to have a positive
T e acebbiok  § ] impact on the n-stacking, leading to larger structures, whereas
L8> ! 8 1 charged amino acid substitutions, lysine or glutamate (HS-84-K-
1o°'0 T i T 10°'0 T T K or HS-84-E-E) in the same position seems to favour smaller
Time (s) Time (s) structures. Moreover, proteophenes, HS-84-E-Y and HS-84-Y-E,
10¢ HS-84-Y-Y 10%y HS-84-Y-E with the same amino acid functionalities but in different
= = ] positions displayed different behaviour in acid conditions. Thus,
3 W 3 ! a molecular interplay between the amino acid functionalities of
4“_;:10" ‘Emhi the B-positions and the amino acid functionalities of the
€ E JAAA T i Ml terminal a-positions could also influence the structural rear-
3 8 1 rangement of the proteophenes in acidic conditions. Overall,
10°+4 r : v 100 r r . DLS measurements confirmed that some proteophenes formed
¥ 1°T|me (s) ’ wT.me(s) e larger self-assembled aggregates in 10 mM Na-Citrate pH 2

buffer and that alkaline conditions produces smaller aggregates
which is in line with observations from the photo-physical
characterization.

Structural Characterization of the Proteophenes

Table 3. Hydrodynamic radius derived from DLS measurements of 50 uM
EL‘#::phene in 10mM Na-Citrate pH 2 or 10 mM Na-Carbonate pH 10 In addition to the DLS measurements, we next confirmed that
) i i ) several of the oligothiophene derivatives formed larger assem-
Proteophene ::‘yr:)rc;dggam'c radius g{:;(:)dHn?Omlc radius blies in acidic conditions (10 MM Na-Citrate pH 2) by negative
stain transmission microscopy (TEM). Granular aggregated
HS-84-EE 318 205 material appeared co-deposited with fiber structures for HS-84-
HS-84-KK 19 132 E-E, HS-84-V-V, HS-84-E-Y, HS-84-V-E and HS-84-E-V (Figure 5),
HS-84-V-v 3256 185 while HS-84-Y-Y appeared mostly granular. Certain long fibers
HS-84-Y-Y 1562 163 were found for HS-84-V-V and HS-84-E-Y. Extensive amounts of
HS-84-E-Y 1053 105 fibers were formed for HS-84-E-E, HS-84 V-E and HS-84-E-V,
HS-84-Y-E 53 128 where the latter formed entangled networks of fibers. These
HS-84-E-V 1029 312 observations correlated rather well with the strong ICD signal
HS-84-V-E 995 138 from HS-84-E-E, HS-84 V-E and HS-84-E-V at pH 2 (Figure 3). For

the other proteophenes, HS-84-V-V, HS-84-Y-Y, HS-84-E-V, HS-
84-V-E and HS-84-E-Y, produced longer lag times in the

ChemPhotoChem 2024, 8, €202300183 (6 of 9)

HS-84-K-K and HS-84-Y-E, the proteophenes showing the small-
est hydrodynamic radius (Table 3), no large assemblies could be
observed by TEM. Overall, the observations by TEM agreed with
the photophysical characterization and the DLS measurements,
as well as confirmed that that the chemical nature, as well as
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Figure 5. Transmission electron micrographs of proteophene aggregates
formed in acidic conditions. Red squares mark areas containing fiber
morphologies. Negative stained with uranyl acetate (2 %) imaged at 25000x.
Scale bars (bottom right in each figure) represent 200 nm.

well as the position of the amino acid substituents, have a large
impact on the molecular architecture of the self-assembled
proteophene structures.

Correlation between amino acid substituents and the
chiroptical/structural characteristics of the proteophenes

When comparing the pattern of amino acid substituents along
the pentameric thiophene backbone with the chiroptical and
structural properties of the ligands in acidic conditions (Table 4),

several correlations between the chemical composition of the
ligand and the ICD, as well as the structural properties, can be
observed. Firstly, the shape of the cotton effect seems to be
determined by the amino acid functionality in the B-position of
distinct thiophene moieties. Proteophenes having glutamate (E)
or valine (V) residues in the B-positions exhibit a positive (short
wavelengths)/negative (longer wavelengths) signature inde-
pendent of the amino acid functionality in the a-positions.
Likewise, both the proteophenes with tyrosine (Y) in the -
position, HS-84-Y-Y and HS-84-E-Y, displayed negative/positive
ICD signatures. Hence, in accordance with the theoretical
calculation suggesting that the ICD signals from oligothio-
phenes originates from conformer populations with distinct
dihedral angles between the thiophene rings,®? distinct dihe-
dral angles into the forms of cis-minus (M) or cis-plus (P) seems
to be governed by the amino acid substituents in the f-
positions. Secondly, the ICD signal was most intense for the
proteophene, HS-84-E-E, having glutamate (E) in both the a-
and B-positions, as well as the proteophenes, HS-84-E-V and HS-
84-V-E, having the combination of valine (V) and glutamate (E)
in the respective positions and these three proteophenes also
displayed extensive amount of fibrillar structures when ana-
lyzed by TEM. In contrast, the protophenes, HS-84-Y-E and HS-
84-E-Y, having the combination of tyrosine (Y) and glutamate
(E) in the respective positions showed rather weak ICDs, as well
as granular aggregates (HS-84-E-Y) or no observable structures
(HS-84-Y-E). Furthermore, HS-84-Y-Y, having glutamate (Y) in
both the a- and pB-positions showed similar ICD and TEM
characteristics as HS-84-E-Y. From a biomolecular perspective,
n-stacking interactions between heterocycles and the aromatic
amino acid side chains, such as tyrosine, are highly important
and contributes to protein stabilization, as well as to the specific
binding of a variety of molecules to proteins.**>* Thus, for the
proteophenes have tyrosine (Y) substituents, n-stacking inter-
actions between different thiophene residues along the con-
jugated backbone with tyrosine residues of adjacent oligothio-
phene chains are plausible and such interactions might in fact
explain the observed differences in chiroptical and structural
characteristics for HS-84-E-V and HS-84-V-E versus HS-84-E-Y
and HS-84-Y-E, as well as for HS-84-E-E versus HS-84-Y-Y.

Table 4. Correlation between amino acid substituents with the chiroptical properties and structural characteristics of the proteophenes in 10 mM Na-Citrate

pH 2 buffer.
a-amino B-amino Cotton effect ICD intensity TEM
acid acid signature® (mdeg)? structure
E E pos/neg 30.5 Granular aggregates
and extensive amount of fibers
K K neg/pos 10.5 No observable structures
\Y \ pos/neg 1.9 Granular aggregates and fibers
Y Y neg/pos 4.1 Mostly granular aggregates
E Y neg/pos 4.2 Granular aggregates and fibers
Y E pos/neg 1.2 No observable structures
E \Y pos/neg 56.8 Granular structures and extensive amount of fibers
Vv E pos/neg 215 Granular structures and extensive amount of fibers

° Calculated from the positive Cotton effect. ® Short wavelength/longer wavelength.
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Similar to the tyrosine substituted proteophenes, HS-84-V-V
having valine (V) substituents in both the o- and B-positions
also displayed a relatively weak ICD intensity, suggesting that
only hydrophobic amino acid substituents are unfavourable for
generating a proteophene with efficient chiroptical properties.
When the valines in the o- or B-positions were replaced by
charged polar glutamates, HS-84-E-V and HS-84-V-E, the ICD
intensity increased substantially, and more fibrillary structures
were also observed by TEM. Hence, proteophenes having
negatively charged polar amino acids in combination with
hydrophobic amino acid moieties seem to render well-
structured materials with excellent chiroptical properties. At
pH 2, there are most likely a mixture of unprotonated and
protonated carboxylic groups (pK, a-COOH=2.3 and pK, y-
COOH=4.07) so the glutamate residues can act as both
hydrogen bond donors and acceptors, suggesting that hydro-
gen bonding is a key factor for the formation of these self-
assembled materials under acid conditions. This argument is
also supported by the observations for HS-84-E-E, since this
protophene also displayed a rather high ICD intensity, as well as
extensive amount of fibrillar structures. In contrast, as men-
tioned above, the other proteophenes with glutamate function-
alities, HS-84-E-Y and HS-84-Y-E, showed lower ICDs, indicating
that m-stacking interactions between different thiophene resi-
dues along the conjugated backbone with tyrosine residues
might be a stronger driving force for self-assembly than the
hydrogen bonding possibilities obtained from the glutamate
residues.

The proteophene, HS-84-K-K, functionalized with lysine
residues in both the a- and B-positions also showed a relatively
high ICD signal, and in contrast to the other proteophenes, the
ICD was similar under both acid and alkaline conditions
(Figure 3 and Table 4). In addition, no larger assemblies could
be observed with DLS or TEM and the photophysical character-
ization also suggested that HS-84-K-K display fully dissolved
single oligothiophene chains in both the conditions. From a
chemical perspective, the lysine side functionalities of this
proteophene have a zwitter-ionic character and the o-COOH
groups, as well as the e-amine groups can also act as both
hydrogen donors and acceptors. Thus, the lysine functionalities
offer a variety of possibilities for electrostatic interactions and
hydrogen bonding patterns that will govern the chiroptical
properties and the structure of the ligand. Interestingly, similar
single chain ICD signatures has also been observed from
polythiophenes with zwitter-ionic side-chain functionalities,**¥
as well as an optically inactive anionic polythiophene mixed
with a cationic peptide,"® suggesting that an acid-base
complexation between anionic carboxyl groups and cationic
amine groups can induce a similar chiroptical and structural
behavior as observed for HS-84-K-K.

Conclusions
In conclusion, amino acid functionalized pentameric oligothio-

phenes, denoted proteophenes, were shown to exhibit distinct
pH-induced photophysical properties, optical activity, and

ChemPhotoChem 2024, 8, €202300183 (8 of 9)

structural organization. These parameters were highly influ-
enced by the respective substitution patterns of amino acids
along the thiophene backbone, as well as the chemical nature
of the amino acid side chain functionality. We foresee that our
findings will aid in the chemical design of chiral optoelectronic
proteophenes that can be employed as optoelectronic materials
for a variety of applications within organic electronics and
bioelectronics.

Supporting Information

Full experimental details, as well as supporting figures and
schemes are given in the Supporting Information.
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