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Introduction

Relation among absorbance shifts, mineralization
morphology, and electronic conductivity

of n-peptide aggregates with different amino
acid residuesf

Taein Lee,® Sayak Subhra Panda,” Grant E. K. Hall,® Yunjia Song,?
John D. Tovar (22" and Howard E. Katz (2 *2°

Previously, the structures of self-assembled n-peptide aggregates, upon shifting from basic to acidic
medium, have been shown computationally to vary greatly when the closest amino acid to the n-cores
are varied between glycine and alanine. The absorbance spectra of n-peptide aggregates with different
self-assembled structures showed different spectral shifts between acidic and basic medium. The
relation of the absorbance shifts to various material properties of solid-state thin films made from the
n-peptides by exposing basic medium to acid vapor were investigated for two types of m-cores:
a-quaterthiophene (4T) and perylene diimide (PDI). n-Peptide nanostructure-templated mineralization of
KCl was used as an indicator of structural morphology, which was further connected to electronic
properties of the thin films. Thin films of n-peptides with 4T cores showed higher conductivity for
samples with conspicuous KCl XRD peaks, which corresponded to samples with greater absorbance
spectra shift from basic to acidic medium. Thin films of n-peptides with PDI cores that have glycine
amino acids closest to the m-cores were previously shown by computational molecular dynamics
simulation to exhibit co-facial stacking, while those with alanine amino acids closest to the m-cores
were shown to exhibit rotationally shifted stacking. Self-assembled thin films of co-facially stacked
n-peptides exhibited templated mineralization of dendritic KCl structures and good surface adhesion
between thin film and the underlying substrate. On the other hand, those of rotationally shifted stacking
n-peptides exhibited sporadic spots of bulk mineralized KCl and extreme brittleness of thin film due to
poor adhesion with the underlying substrate. The observed brittleness in all rotationally shifted stacking
n-peptide thin films made it impossible to accurately measure electrical properties, while co-facially
stacked m-peptide thin films showed notable electrical conductivity.

These interactions can be tuned at the molecular level either by
varying the peptide sequences or the n chromophores to control

n-Conjugated moieties flanked with peptide wings can be self- the stacking properties of the n-peptide molecules.”*>* The n-n
assembled using a pH trigger to create supramolecular electro- stacking properties, along with other noncovalent interactions,

nic materials.'™

form supramolecular structures that assemble further to form dictating nucleation and growth, and charge transport.
aggregates with well-defined hierarchical structures based on  Optoelectronic signals in solution and in solid forms,

These peptide-flanked cores can stack to are integral to the supramolecular structure of the m-peptides,

17,18,20,21,24-26

27,28 3lso

multiple noncovalent interactions.® ™ Intermolecular electrostatic  tuned by the n-chromophore and peptide side chains, are shown

interactions (hydrogen bonding, van der Waals forces, etc.) have a  to be related to the structures of these n—-peptides.
profound effect on these supramolecular architectures.
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L4515 Electronic materials made of these supramolecular architectures

are easily tunable, with small changes in m-peptide building
blocks leading to significant changes in macrostructure and
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ling the stacking properties of these m-peptides may enable
highly efficient and stable m-conjugated peptide materials to
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optical signals, or to stimulate templated mineral growth.'® %3
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As will be seen below, the mineralization phenomenon was useful
in the present work as an indicator of stacking morphology that
also relates to conductivity in the n-peptide aggregates.
Solid-phase peptide synthesis (SPPS) makes altering of the
peptide side chains facile in order to control acidity, hydro-
phobicity, and polarity within the resulting macromolecule.
Similar to varying peptide chains to alter properties of peptide
nanomaterial thin films, modifying the alkyl spacer length in
between the amino acid and central n-chromophores has led to
variations in supramolecular aggregation.>" The chirality of the
amino acids is also known to be another factor to tune the
supramolecular arrangement of the cores to affect its electrical
properties.>*?>3* Altering the central m-chromophores can
also lead to changes in the stacking parameters, resulting in
different material properties.*>>*>*¢ In this manuscript, we
focus on the change in morphological and electrical properties
of solid-state thin film devices by altering the amino acids on
side chains of two central m-chromophores. We focus on
a-quaterthiophene (4T), a hole-transporting subunit, as the
principal core of interest, and show that similar connections
among absorbance spectroscopy, assembly morphology, and
electrical conductivity are also obtained in a companion pair of
nominally electron-transporting perylene diimide (PDI) pep-
tides. The 4T n-chromophore was chosen for its demonstrated
capability to form hole-transporting and fluorescent solids, as
well as previous measurements of relatively high charge mobi-
lities in oligopeptides with 4T conjugates.'®?”*® The PDI n
chromophores were chosen for their high electron affinity and
relatively efficient charge transport properties useful in OFETs,
solar cells and light-emitting diodes.?**° Electronic conductiv-
ity behavior of m-peptide aggregates may also have potential
applications in electromagnetic nanocomposites.*®4%4!

Computational guidance

Previously, Shmilovich et al.** described how active learning
computational modeling was used to track the changes in
supramolecular structures of the cores for varying amino acid
side chains with four p-type thiophene oligomers*® and two
n-type arylenediimide cores for amino acid side chains with
four different spacer units. Also, the molecular simulation
trajectories for pH shifts from basic to acidic medium of 4T
with 28 n-peptide side chains were acquired, yielding an
average number of contacts (x) and a radius of gyration (R,)
for each molecule.** The same 28 n-peptide molecules’ self-
assembly via pH shift from basic to acidic were tested experi-
mentally for the spectral blue shift of the absorption maxima
(A) via UV-vis spectroscopy.*’ Shmilovich et al.** reported that,
consistent with previous analysis,* small non-polar residues
adjacent to the n-core promote good regular and tightly packed
stacking properties (large number of intermolecular contacts,
larger blue shifts of UV-vis spectra on association) of the cores.
Further, larger hydrophobic and bulky residues in any position
of the amino acid side chains resulted in poor stacking proper-
ties from computational simulations as well as optoelectronic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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measurements. 4T was also associated with a high transfer
integral in assemblies.*> Based on these findings, three n-peptide
side chains were chosen from the pool of 28 molecules with
4T central n-chromophores: DGG-4T, DGA-4T, and DLAG-AT
(Fig. 1). These molecules were chosen because they all had small
non-polar residues adjacent to the n-core, while DLAG-4T con-
tained a bulky hydrophobic aromatic residue in the amino acid
side chain. Solid-state thin films of these n-peptides were explored
to connect optoelectronic properties to morphologies and
electrical conductivities.

We took advantage of a related investigation on the n-type
PDI conjugated core system, which showed low reorganization
energy compared to the naphthalenediimide core,** to demon-
strate the generality of the observed trends. Panda et al
reported computationally guided tuning of the peptidic pery-
lene diimide (PDI) self-assembly.>® Two different self-assembly
architectures were identified via computational modeling for
the peptide-PDIs in acidic environments.*® The self-assembly
architectures varied according to a change in the closest amino
acid to the m core, especially by alternating between glycine and
alanine.”®*? The different architectures anticipated by compu-
tational modeling were verified in solution via UV-vis, photo-
luminescence, and circular dichroism spectroscopies.*®* Based
on computational molecular dynamics simulation, the smaller
size of glycine adjacent to the PDI n core prompted promotion
of co-facial stacking, while the slightly larger alanine adjacent
to the PDI n core prompted rotationally shifted stacking.”®
Computational models anticipating the different stacking
sequences showed different twist angles between DAVG and
DAIA amino acid side chains with PDI cores as well as between
VEVAG and VEVAA amino acid side chains with PDI cores
(Fig. 2).?° Thus, altering the amino acid closest to the central
PDI chromophores resulted in different twist angles, leading to
different stacking parameters of the central n-chromophores.

Experimental methods

Peptide synthesis

DLAG-4T, DGA-4T, DGG-4T peptides were prepared according
to previously reported protocols using SPPS.** VEVAG-PDI,
VEVAA-PDI, DAVG-PDI, and DAIA-PDI were also prepared
according to previously reported protocols using SPPS.*’

UV-vis spectroscopy

UV-vis spectra were obtained using a Varian Cary 50 Bio UV-vis
spectrophotometer. Spectroscopic samples were prepared by
diluting the peptide solution to the appropriate concentration
in Millipore water to achieve an optical density near 0.1 in the
monomeric/basic solution. In the case of 4T peptides, the pH
was then adjusted by adding 15 pL of 1 M KOH (basic) followed
by addition of 30 puL of 1 M HCI (acidic). The approximate
concentration of the peptides was ~2.25 pM for 4T peptides.
In the case of PDI peptides, pH was adjusted by adding 15 pL
of 1 M KOH for basic solutions and 40 uL of 1 M HCI for acidic
solutions. The approximate concentration of the PDI peptides

Mater. Adv., 2023, 4,1964-1977 | 1965
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Fig. 1 Chemical structures of (a) DGA-4T, (b) DGG-4T, and (c) DLAG-4T.
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Fig. 2 Chemical structures of (a) DAIA-PDI, (b) DAVG-PDI, (c) VEVAA-PDI, and (d) VEVAG-PDI.

was in the range of 5-7.5 uM. The pH of the basic solutions
was ~ 12, whereas pH of the acidic solutions was ~ 2.
Solid-state device fabrication. Si/SiO, substrates from
University Wafers with a diameter of 150 mm with 300 nm
SiO, were cleaned using the following procedures: immersion
in piranha solution with 3:1 ratio of sulfuric acid to hydrogen
peroxide for 1 day (Caution—Highly Corrosive and Toxic),
rinsing in DI running water for 10 minutes, sonication in
acetone for 10 minutes, rinsing in DI running water for
10 minutes, and sonication in propanol for 10 minutes.
We dissolved the peptides in Millipore water to the concen-
tration of 10 mg mL™' (1 wt%) based on our previously
published reports,**** and we also prepared 1 M KOH solution
in Millipore water. We added the appropriate amount of
KOH from the 1 M KOH solution to the 10 mg mL ™" peptide

1966 | Mater. Adv, 2023, 4,1964-1977

solutions to form the final molar ratio of ~1:1.5 for peptide:
KOH. The peptide solution presumably turned basic due to the
addition of KOH. We drop-casted the basic peptide solution
onto the cleaned substrates and immediately exposed it to HCI1
vapor in an inverted cylindrical glass beaker (170 mm diameter,
90 mm height) for 5 minutes. After HCI vapor chamber expo-
sure, the m-peptide solutions were left to dry into solid-state
films while undergoing self-assembly and templating miner-
alization of KCI overnight for 1 day. The drop-casting and
drying of the samples were performed at room temperature
in a well-ventilated space. 50 nm of Au was thermally evapo-
rated in an Edwards 306 auto evaporator at a rate of 0.4 A s™*
over the solids using a 200 mesh TEM grid patterned mask to
make top gold electrodes. Note that this vacuum deposition
would also complete the removal of any residual water not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic of the procedure to obtain n-peptide solid-state thin films on Si substrates.

Substrate

already removed by the air-drying. These procedures are out-
lined in Fig. 3.

X-ray diffraction (XRD) characterization of the thin films
was performed using a Bruker D8 Focus diffractometer (/. =
1.5424 A) with a LynxEye detector. Both Cuk-a:1 and 2 were used
for the XRD with sample to detector distance 200.5 mm and a
linear PSD. Scans were performed at 0.1 s per step in 0.01
degrees increments from 5 to 60 2 theta degrees for all XRD
measurements. Separate sets of samples were stored for one
month or three months in closed containers in air before
measurement.

3D laser optical scanning microscopy

All optical, laser, and 3D microscope images as well as rough-
ness profile measurements were acquired using a Keyence VK-X
100 laser microscope.

Scanning electron microscopy/energy dispersive X-ray
spectroscopy (SEM/EDS)

All samples were coated with 5-7 nm of Cr using a thermal
evaporator before SEM/EDS to prevent burning of the organic
solid-state thin films from the electron beam in the SEM. All Cr
coated samples were observed under a Tescan MIRA 3 GMU for
SEM images at 15-20 keV with working distances between
5 and 20 mm. All EDS data were acquired using an AMATEK
EDAX Octane Plus.

Atomic force microscopy (AFM)

A Dimension 3100 AFM (Bruker Nano, Santa Barbara, CA) was
used for the AFM measurements. The measurements were run
in tapping mode in air.

Results and discussion

UV-vis absorbance spectra of peptides dissolved in basic solution
by deprotonation of carboxylic acid groups and peptides self-
assembled in acidic solution via re-protonation of carboxylic acid

© 2023 The Author(s). Published by the Royal Society of Chemistry
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groups were measured. The absorbance changes observed
between the different pH levels represent structural and orien-
tational reorganization of the peptides upon self-assembly
induced by noncovalent interactions promoted in acidic media.
These noncovalent interactions include m-n stacking inter-
actions between the central m chromophores coupled with
interactions between amino acid side chains. Significant
change in UV-vis spectroscopy was observed when varying the
amino acid closest to the central t-chromophore leading to
varying degrees of UV-vis peak shift or totally different peak
positions resulting from different types of stacking parameters.

The optoelectronic characteristics of each peptide were
related to macroscopic structural morphologies obtained via
3D laser optical microscopy SEM/EDS, XRD, and to electrical
properties, by fabricating devices comprising gold source/drain
electrodes. Analysis of the t-chromophore assembly-templated
KCI mineralization can be related to the morphologies of the
deposited assemblies. Analysis of the templated growth of KCl
minerals provides an innovative method to analyze and track
peptide-n-peptide molecule self-assembly.

Relation among absorbance signatures, morphologies, and
conductivities for 4T peptides

Absorbance spectra of 4T peptides. UV-vis spectra of DGG-
4T/DGA-4T/DLAG-AT were measured in basic and acidic
medium to observe the change in UV-vis peaks. We observed
55 nm, 44 nm, and 12 nm UV-vis peak shifts from basic (15 pL
of 1 M KOH to 2.25 uM peptides) to acidic (30 pL of 1 M HCI to
basic solution) medium for DGG-4T, DGA-4T, and DLAG-4T,
respectively (Fig. 4). UV-vis spectra for all 3 peptides in basic
medium were nearly identical (Fig. S1, ESI{), so their average
was used for basic UV-vis measurements as shown in Fig. 4.
Varying the amino acid type and number closest to the n cores
resulted in a change in UV-vis peak shift upon acidification.
The least amount of peak shift was observed for DLAG-4T,
suggesting that the introduction of the single leucine residue
made a critical difference in the self-assembly.

Mater. Adv,, 2023, 4,1964-1977 | 1967
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Fig. 4 UV-vis spectroscopy measurements in basic and acidic medium
for DLAG-4T, DGG-4T, and DGA-4T.

It has been reported previously that larger peak shifts from
the observed absorption maxima in basic conditions correlate
to better co-facial stacking in self-assembled nanoaggregates.*’
To investigate how optoelectrical signals evolve in solid-state
assemblies, basic solutions were acidified in an HCI vapor-
filled enclosed chamber (Fig. 3).

4T Assembly structures and morphologies. 3D laser optical
microscope images (Fig. 5) show that solid deposits made of
4Ts exhibiting greater UV-vis peak shifts (DGG and DGA) from

View Article Online

Paper

base to acid solutions have better defined macroscopic struc-
tures. These macrostructures were not uniformly distributed
over the sample but seemed to nucleate at scattered locations.
(Fig. S2 and S3, ESIY). Similar structures were also observed
under AFM for separately made samples (Fig. S4, ESIT). These
structures were shown to be KCI via SEM/EDS and XRD experi-
ments. SEM/EDS showed that the conspicuous macrostructures
in solid-state thin films are primarily composed of the elements
K and Cl for DGG-4T, DGA-4T, and DLAG-4T (Fig. S5-S7, ESIf).
SEM images further showed the same trends of largest KCl
macrostructures for DGG-4T, then DGA-4T, and smallest KCI
structures for DLAG-4T. The element sulfur in SEM/EDS indicated
the presence of 4T of the n-peptides. Sulfur was observed in areas
where macrostructures of KCl were present, indicating that the
KCl structures mineralized around the self-assembled n-peptides.
It is noted that SEM/EDS for DLAG did not show macrostructures
of KCI and a rather even distribution of the mineral, and that
higher sulfur content was observed in areas with more KCl
elements. This further implies that KCl formation may originate
in regions of heavy concentrations of self-assembled n-peptides.

XRD showed KCI peaks for all three DGG-4T/DGA-4T/DLAG-
4T molecules. The KCl was made upon exposure to HCl because
KOH was used as the base additive to dissolve the molecules in
distilled water. Since the KOH base is used to dissolve the
peptides in solution, the K* ions function as counter ions to the
COO™ groups in the deprotonated aspartic acid (D amino acid)
and therefore are in close proximity to the n-peptides. Hence,
the KCI crystal growth resulting from exposure to HCI vapor
marks regions of self-assembly as shown in Scheme 1.

Fig. 5 Holistic view images via laser optical microscope for (a) DGG-4T, (b) DGA-4T, right DLAG-4T. The first two, DGG-4T and DGA-4T showed

thicker, more definite aggregates.

1968 | Mater. Adv., 2023, 4,1964-1977
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Scheme 1 Schematic of localization of K* ions during dissolving of peptides and formation of KCl in close proximity to peptide aggregates upon HCl

vapor exposure.

KCI XRD peaks for the mineral grown on the aggregates were
slightly shifted to a higher two-theta angle than that of pure KCl
synthesized from dropping KOH solution on substrates and
exposing it to HCI in the same enclosed vapor chamber as
shown in Fig. 6. Pure KCl has an XRD peak around 28.2°,
representing the (200) plane, while all DGG-4T/DGA-4T/DLAG-
4T peptide assemblies had KCI peaks around 28.6°. The peak
shifts in XRD for this case most likely occur because of changed
lattice parameters due to lattice strain or change in d-spacing.*®
Generally, introduction of lattice strain that decreases lattice
parameter or d-spacing shifts XRD peaks of two-theta angles
higher.”® In this case, it is likely that both occurred simulta-
neously as peptide self-assembly templated KCI mineralization
resulted in strained KCI lattice parameters, as K* functioned as
counter ions in close proximity to the COO~ groups in the
aspartate amino acid residues. The peptide stacking during
self-assembly therefore affected the K' ions to be placed under
influence of the stacking distance during mineralization to KCI.
The degree of this influence would be related based on the
difference in the peptidic supramolecular orientation and the
rate of KCI mineralization.

L N —Si&Au
l ——Kcl
2z
323 ——Sionly
[=
= h N pLAG4T
DGA-4T
DGG-4T
25 30 35 40

2 theta

Fig. 6 XRD measurements for DGG-4T, DGA-4T, DLAG-4T, Si only and
KClonly. DLAG barely makes crystalline planes of KCl—there is a very small
peak around 28 two-theta degrees (Fig. S7, ESIt).

© 2023 The Author(s). Published by the Royal Society of Chemistry

The degree of co-facial aggregation upon acidification was
expected to be highest for DGG-4T, then DGA-4T, and much
lower for DLAG-AT based on UV-vis spectroscopy discussed
above. This is also portrayed in XRD data showing KCl peaks
being more distinct for DGG-4T and DGA-4T samples whereas
DLAG-4T showed almost no KCl peaks as there was negligible
peptide aggregation in either basic or acidic media. These
observations were made on samples stored for both one and
three months before measurement. The strongest KCl XRD
peak for DGG-4T and DGA-4T corresponded to most atoms in
the (200) plane. Considering this is a specific peak for KCl and
that DGG-4T does not generally self-assemble into distinctive
crystal planes via 3D supramolecular assembly, the conspicu-
ous (200) peak implies that more (200) plane KCl mineralized
in DGG-4T and DGA-4T relative to DLAG-4T. This means that
because DGG-4T/DGA-4T peptides undergo greater degree of
aggregation via self-assembly upon exposure to HCI, more K"
coupled to COO™ concentrated in the aggregation sites com-
pared to DLAG-4T, leading to more concentrated templated
growth of KCl. The opposite phenomenon happens for DLAG-
4T, which had smaller and more distributed KClI crystal growth
whose (200) plane reflections were too small to be detected
significantly by X-rays from the XRD as shown in Fig. S8 (ESIt).
Aspartic acid (D) being slightly further from the 4T central
chromophores for DLAG-4T compared to DGA-4T and DGG-4T
may have additionally impacted the structural orientation of
peptides as well as the ensuing electrical properties.

Conductivities of 4T peptides accompanied by mineraliza-
tion. Electrical tests of DGG/DGA/DLAG-AT solids using pairs
of top contact gold electrodes over a gating substrate showed
no transistor-like switching (Fig. S9-S11, ESIt) but showed
different magnitudes of conductance associated with the
macrostructures (Fig. 7). While pure 4T undergoes primarily
n-n interactions to form well-known p-type solid-state thin
film semiconductors,”” the supramolecular assembly of self-
assembled peptide-n-peptide molecules involves many addi-
tional noncovalent interactions. Conduction pathways, however,
were still observed. The conductance trends appeared to be
related to the degree of peak shift of the peptides from basic to

Mater. Adv., 2023, 4,1964-1977 | 1969
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Fig. 7 2 terminal IV curve for regions of (a) DGG-4T with KCl at that device, (b) DGG-4T without KCl at that device, (c) DGA-4T with KCl at that device, (d)
DGA-4T without KCl at that device, and (e) DLAG-4T—no current whether or not KCl was present.

acidic conditions, with increasing conductance from DLAG-4T to
DGG-4T. This trend was most evident for assemblies where KCI
had not grown, meaning the more crystalline KCI that could be
nucleated on some regions of DLAG-4T and DGG-4T samples was
an indication of higher conductance from other assemblies on the
same sample. IV curves were measured both for areas without KCl
and areas with KCl. The region with KCl structure had lower
apparent conductance than regions without KCI because KCl is
insulating in nature, introducing contact resistance. This explains
the order of magnitude difference in current for regions with and
without KCl for DGG-AT and DGA-4T (Fig. 7a-d, respectively).

Ohm’s Law was used to calculate conductivity from linear
regions of IV plots from electrode pairs contacting aggregates
without KCI as follows (eqn (1))

L

(A= R) (1)
where L is length between electrodes, A is surface area of
conducting wire (width of electrodes x thickness of material
where the space between the electrodes was substantially
covered), and ¢ is conductivity. The length between electrodes
and width of electrodes were measured to be 37.5 pm and
90 pm, respectively, from Fig. S12 (ESIt). Thickness of around
1 pm was measured via 3D laser optical microscopy surface

roughness scans, as shown in Fig. $13-S15 (ESIt). Table 1.
summarizes the values used to calculate the conductivity of all
3 thin films of DGG-4T, DGA-4T, and DLAG-4T for electrodes in
sample regions without KCIL.

DGG-4T with the 55 nm UV-vis peak shift showed conduc-
tivity of 1.8 x 107> S cm ™', whereas DGA-4T with the 45 nm
UV-vis peak shift showed nearly the same conductivity. DLAG-
4T, with lowest spectral shift of 10 nm among the three 4T-
conjugated peptides, showed conductivity of 4.2 x 10" *Sem™".
The increase in conductivity values with increasing UV-vis
spectral shifts suggests a possible correlation between the two
factors. The stark difference in conductivity between DGG-4T,
DGA-4T, and DLAG-4T implies that there is a certain degree of
aggregation or UV-vis peak shift required for adequate
n-stacking of oligomers to increase the overlap among
assembled peptides to form conductive pathways.

Relation among absorbance signatures, morphologies, and
conductivities of PDI peptides

UV-vis spectra of VEVAA-PDI/VEVAG-PDI & DAIA-PDI/DAVG-PDI
were measured in basic and acidic medium to observe the
changes in electronic structure (Fig. 8). Similar to what was
previously reported,”® we observed two distinct peaks at 535
and 502 nm for all 4 peptides in basic condition, suggesting

Table 1 Conductivity calculation parameters and conductivity of DGG-4T, DGA-4T, and DLAG-4T based on eqn (1) from about 5 electrode samples in

regions without KCL. Note that KCl formed between electrodes from only KOH solution exposed to HCl vapor showed no current*®

vV (V) I(A) R (Ohm) L (cm) A (em?) c(Sem™)
DGG-4T 50 21 %1077 +£9.3 x 1078 2.4 x 108 3.8 x 1073 9.0 x 1077 1.8 x 107° 4+ 7.8 x 10°°
DGA-AT 50 1.9 x 1077 + 2.0 x 108 2.7 x 108 3.8 x 1073 9.0 x 107~ 1.5 X 107° + 1.7 X 1076
DLAG-4T 50 5.1 x 10 4+ 1.0 x 10 *° 9.9 x 10*° 3.8 x 1073 9.0 x 107 42 x10%+8.3 x10°
1970 | Mater. Adv, 2023, 4,1964-1977 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 UV-vis spectra for basic (15 pL of 1 M KOH to 2.25 uM peptides) and acidic (40 pL of 1 M HCl to basic solution) peak shift for (a) VEVAG, (b) DAVG,
(c) VEVAA, (d) DAIA PDI peptides. All spectra were recorded in the 5-7.5 uM concentration range.

that these peaks are from isolated and essentially molecularly
dissolved PDI cores. The broadening and extinction of peaks for
VEVAG-PDI and DAVG-PDI in acidic medium have also been
previously correlated to co-facial stacking due to smaller twist
angles of stacking from computational modeling of dimer
pairs.>® The dampening of the peaks shown in VEVAA-PDI/
DAIA-PDI has been previously reported as rotationally shifted
stacking of the internal PDI cores due to larger twist angles of
stacking from the same modeling experiments.>® VEVAG-PDI
and VEVAA-PDI UV-vis peak shifts from basic to acidic medium
also show that the bulkiness of the amino acid closest to the n-
core is critical to the self-assembly properties of these peptide
systems.

PDI assembly structures and morphologies. 3D laser optical
microscope images show that solid-state thin films of peptides
exhibiting co-facial stacking have branched, thread-like macro-
scopic mineralized structures (VEVAG-PDI, DAVG-PDI) (Fig. 9a,
c and Fig. S16a, b, e, f, g, h, ESIt) whereas peptides exhibiting
rotationally shifted stacking have bulk spherical mineralized
structures (VEVAA-PDI, DAIA-PDI) (Fig. 9b, d and Fig. Si6c,
d, i, j, ESIt). Similar structures were also observed under AFM
for separately made samples (Fig. S17, ESIt). The optically

© 2023 The Author(s). Published by the Royal Society of Chemistry

observable structures were shown to be KCl from XRD and
SEM/EDS experiments. SEM/EDS showed that the macrostruc-
tures were KCI by elemental composition (Fig. S18-521, ESI¥),
whereas XRD showed KCl peaks for all oligomers (Fig. 11),
though the relative prominence of peaks for different lattice
spacings varied. The mineralization of KCl followed the same
processes as explained previously; KOH was used as the base to
initially deprotonate carboxylic acids to dissolve peptides caus-
ing K* ions to be in close proximity to the deprotonated COO™
groups, which re-protonate with exposure to HCIl acid vapor
while forming KCI minerals.

Similarly, the crystallization of KCl mineralized on these
peptide aggregates is also connected to spectroscopy of the
aggregates in solution. Previous work by Panda et al.>® classi-
fied PDI peptides as having either co-facial for VEVAG-PDI and
DAVG-PDI (Fig. 10a) or rotationally shifted stacking for VEVAA-
PDI and DAIA-PDI (Fig. 10b and c¢) We reconfirmed that UV-vis
spectroscopy from basic to acidic medium showed peak broad-
ening for co-facially stacked peptides. Those peptides yielded
dendritic macroscopic structures upon mineralization. On the
other hand, peptides with rotationally shifted stacking showed
dampening of the same peaks. The rotationally shifted stacking

Mater. Adv., 2023, 4,1964-1977 | 1971


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00979j

Open Access Article. Published on 29 March 2023. Downloaded on 7/14/2025 1:28:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

View Article Online

Materials Advances Paper

Fig. 9 (a) VEVAG (b) VEVAA (c) DAVG (d) DAIA PDI peptide thin films stitched 20x magnified optical microscopy images. Features in (a) and (c) are much
more extended.

\,\ = amino acid side chain

~ = ni-core chromophore

Fig. 10 Schematic of different stacking structures deriving from change in amino acid sequence in peptide side chains based on evidence presented
in Panda et al.?° (a) Estimated 3D structures of co-facially stacked m-peptide structures for VEVAG-PDI and DAVG-PDI with peak broadening and
extinction for UV-vis spectroscopy from basic to acidic medium, (b) estimated 3D structures for rotationally shifted stacking of n-peptide structures
anticipated to contribute to the spherical enveloping micellar structures that may template the formation of bulk KCl crystals for VEVAA-PDI and
DAIA-PDI based on previously reported models.?® (c) Estimated 3D structures of elongated spiraling stacks of rotationally shifted stacking n-peptides may
have prevented proper adhesion of the VEVAA-PDI and DAIA-PDI peptides to the surface of Si/SiO, substrate, which turned out to be very brittle
(Fig. S20, ESI¥).

of those peptides may have contributed to forming spherical templated KCl mineralization in Fig. 9b and d. We anticipate
micellar structures upon mineralization (Fig. 10b) in some that rotationally shifted stacking may have contributed to
regions resulting in the observed circular dot aggregates of elongated stacks of spiraling peptides (Fig. 10c) that could

1972 | Mater. Adv.,, 2023, 4,1964-1977 © 2023 The Author(s). Published by the Royal Society of Chemistry
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not adhere properly to the surface of the Si/SiO, substrate as
well as the more co-facially stacked aggregates, perhaps leading
to the brittle surface shown in Fig. S22 (ESIf).

These observations were also related to XRD structural data.
Different macrostructures of KCl mineralization were tem-
plated by different peptide stacking sequence as shown in
previous work.”> KCI peak shifts in the present work from
solidified samples of VEVAA-PDI/VEVAG-PDI to DAIA-PDI/
DAVG-PDI implied the presence of different KCl crystallite
polymorphs due to lattice strain (Fig. 11). As discussed earlier,
peptide self-assembly templated KCl mineralization can cause
strain on the KCl lattice, increasing d-spacing.*® It appears that
VEVAA-PDI, DAVG-PDI, and VEVAG-PDI peptides have at least
some presence of KCI crystals with larger lattice parameter
(28.6° two-theta) almost identical to the KCI peak observed for
AT based peptides. DAIA-PDI peptide assemblies, with the
bulkiest single amino acid residue (isoleucine), had almost
entirely the 29.2° two-theta, corresponding to the KCI with
smaller lattice parameter, which was true after both one and
three months storage.

Conductivities of PDI peptide nanomaterials accompanied
by mineralization. Conductance of the PDI m-chromophores
was measured just as was done for the DGG-4T/DGA-4T/
DLAG-4T. Two-terminal measurements were performed on
these electrodes for all PDI m-core chromophore samples.
Results in Fig. 12. showed that conductances are also closely
related to the spectroscopic and morphological observations
discussed above. In particular, peptides with the most obvious
spectral shifts in solution showed the highest conductance,
particularly for aggregates without KCl. Also, areas without KCI
in DAVG-PDI showed higher conductance compared to areas
with KClI, identical to what was observed in 4T peptides. VEVAA
and DAIA PDI had hardly any difference with and without KCl;
in fact, it was very difficult to distinguish between regions with
and without KCI considering the brittleness of the samples.
VEVAG-PDI had the whole sample covered with KCI structures.

" " T e —— VEVAG-PDI

e trbiptrndos —— \VEVAA-PDI

Intensity

Mgrnopen —— DAVG-PDI

sjaten) - wiorl s — DAIA-PDI
25 30 35 40
2 theta
Fig. 11 XRD graph for solid-state thin films of VEVAG-PDI, VEVAA-PDI,
DAVG-PDI, and DAIA-PDIpi-peptides. Leftmost peaks are stronger for G
versus A near the © system. Data shown are after three months storage;

stronger relative contributions of the lower angle peaks were observed
after one month storage.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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DAVG-PDI was the only sample that gave electrical data with
and without KCL

It is noted that the conductance/conductivity values of DAIA-
PDI and VEVAA-PDI were not completely reliable as it was
almost impossible to achieve stable probe tip contact with the
electrodes due to the solid-state domains of these peptides
being too brittle and shattering upon touch (Fig. S22, ESI{). The
samples that did not shatter completely were measured and are
discussed subsequently.

Only for DVAG-PDI could we obtain different IV curves for
areas without KCl and areas with KCI on the solid-state thin
films. The region with KClI structure had lower conductance than
areas without KCl, again likely due to contact resistance. Thick-
ness of around 1 pm was measured via 3D laser optical micro-
scopy surface roughness scans, as shown in Fig. S23-526 (ESIT).
Eqn (1) was applied to IV curves for regions without KCl. Table 2.
summarizes the values used to calculate the conductivity of
DAIA-PDI, DAVG-PDI, VEVAA-PDI, and VEVAG-PDI peptides.

DAVG-PDI structural features included co-facial stacking
and shorter stacking distance between peptides, resulting in
the highest conductivity of 0.38 S cm™' as anticipated pre-
viously from computational molecular simulations.*® VEVAG-
PDI structures included co-facial stacking and relatively longer
and multiple types of stacking distance between peptides than
DAVG-PDI, resulting in the second highest conductivity of
9.58 x 10°° S cm™'. DAIA-PDI structures included rotationally
shifted stacking and shorter stacking distance between pep-
tides, resulting in very low conductivity of 1.07 x 10~ ® S em ™.
VEVAA-PDI structures included rotationally shifted stacking
and longer stacking distance between peptides, resulting in
much lower conductivity of 7.6 x 107*° S em ™.

Comparing the conductivities of DAIA-PDI and VEVAA-PDI
with DAVG-PDI and VEVAG-PDI suggests that co-facial stacking
creates an environment more favorable for the formation of
connected macroscopic conduction pathways, while rotation-
ally shifted stacking leads to unfavorable conditions for for-
mation of connected macroscopic conduction pathways due to
lack of proper interfacial contact with the underlying substrate.
50x optical and 3D laser microscope images suggest that
rotationally shifted stacking may have resulted in either iso-
lated micellar envelope structures (Fig. 10b. and Fig. S16a, b, e,
f, ESIT) templating the growth of KCI blocks, or the formation
of very brittle surfaces by helical twist structures leading to less
adhesion to the surface (Fig. 10c) making it very difficult to
measure electrical properties (Fig. S22, ESIf).

The comparison of DAVG-PDI to VEVAG-PDI is consistent
with closer stacking distance between peptides facilitating the
creation of more conductive pathways. Templated KCI crystals’
XRD peak for DAVG-PDI (29.2°) had smaller lattice parameter
compared to the bulk of VEVAG-PDI peaks (28.6°) meaning
closer stacking distance between peptides. It is well known
that the electronic conduction pathway formed by peptide
chromophores’ 7 stacking is closely related to the overlap of
n-orbitals,*®™>* which affect the bandgap energy levels. Closer
peptide stacking is assumed to lead to decrease in the hopping
activation energies, increasing conductivity.**>*

Mater. Adv,, 2023, 4,1964-1977 | 1973
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Fig. 12 2 terminal IV curve for regions of (a) VEVAG-PDI, (b) VEVAA-PDI, (c) DAVG-PDI with no KCl at that device, (d) DAVG-PDI with KCl at that device,
and (e) DAIA-PDI. VEVAG-PDI did not have samples without KCl. VEVAA-PDI and DAIA-PDI samples had spherical micellar structures dispersed

throughout the samples.

Table 2 Conductivity calculation parameters and conductivity of DAIA-PDI, DAVG-PDI, VEVAA-PDI, and VEVAG-PDI based on eqgn (1) from 5-10
different electrode samples. Electrode samples for DAVG-PDI without KCl were used for calculations, while VEVAG-PDI, VEVAA-PDI, DAIA-PDI had only

one type of electrode samples. VEVAA and DAIA samples were very brittle

vV (V) I(A) R (Ohm) L (cm) A (em?) c(Sem™)
VEVAG-PDI 50 1.2 x 1077 + 1.6 x 108 4.4 % 108 3.8 x10°° 9.0 x 1077 9.6 x 10 °+ 1.4 x 1072
VEVAA-PDI 50 9.2 x 107>+ 3.0 x 107 5.5 x 10*? 3.8 x 107 9.0 x 1077 7.6 x 107°+ 2.5 x 1072
DAVG-PDI 50 46 x 1077 £2.9 x 1077 1.1 x 10® 3.8 x 1073 9.0 x 1077 3.8x10°+24x10°
DAIA-PDI 50 1.3 x 10 +23x 10 3.9 x 10" 3.8 x 1077 9.0 x 1077 1.1 x 1084+ 1.9 x 1078
magnitude is not the main variable being considered here. Our
Conclusion gnitud t th ble being considered here. O

Three very different types of observations - absorption spectral
shifts in solution, crystallinity and morphology of mineralized
KCl on aggregates, and conductivity of solid aggregates -
appeared to be grouped according to the bulkiness of n-chromo-
phore peptide side chains being assembled. For one pair of
n-chromophore peptides, a single methyl group associated with
an alanine-for-glycine substitution was sufficient to alter all three
observations in a manner consistent with weaker self-assembly.
The innovative method of relating the templated growth of KCl
minerals to the self-assembly characteristics of different types of
n-peptides could be used to investigate different self-assembling
systems in the future. It should also be possible in principle to
grow electrically active minerals instead of insulating KCl crystals
to form conduction pathways templated by the n-chromophore-
peptide assemblies.

A major goal of this research area is to establish defined
conducting pathways in biological media and address those
pathways with realistic contact strategies for neural stimulation and
light-to-electricity energy conversion. The absolute conductivity

1974 | Mater. Adv.,, 2023, 4,1964-1977

conductivities are largely in the middle of the range of values
previously observed. Rather, it is the use of conductivity along
with the spectral shifts as a marker of different pi-stacking
geometries, and showing that those geometries influence the
arrangements of COOH terminal groups on peptides that nucle-
ate inorganic materials, that are the most important findings.
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