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Selective Induction of Molecular Assembly to Tissue-Level
Anisotropy on Peptide-Based Optoelectronic Cardiac

Biointerfaces

Ze-Fan Yao, Yuyao Kuang, Hao-Tian Wu, Emil Lundqvist, Xin Fu, Natalie Celt, Jian Pei,

Albert F. Yee, and Herdeline Ann M. Ardofia*

The conduction efficiency of ions in excitable tissues and of charged species
in organic conjugated materials both benefit from having ordered domains
and anisotropic pathways. In this study, a photocurrent-generating cardiac
biointerface is presented, particularly for investigating the sensitivity of
cardiomyocytes to geometrically comply to biomacromolecular cues
differentially assembled on a conductive nanogrooved substrate. Through a
polymeric surface-templated approach, photoconductive substrates with
symmetric peptide-quaterthiophene (4T)-peptide units assembled as 1D
nanostructures on nanoimprinted polyalkylthiophene (P3HT) surface are
developed. The 4T-based peptides studied here can form 1D nanostructures
on prepatterned polyalkylthiophene substrates, as directed by hydrogen
bonding, aromatic interactions between 4T and P3HT, and physical
confinement on the nanogrooves. It is observed that smaller 4T-peptide units
that can achieve a higher degree of assembly order within the polymeric
templates serve as a more efficient driver of cardiac cytoskeletal anisotropy
than merely presenting aligned -RGD bioadhesive epitopes on a
nanotopographic surface. These results unravel some insights on how
cardiomyocytes perceive submicrometer dimensionality, local molecular order,
and characteristics of surface cues in their immediate environment. Overall,
the work offers a cardiac patterning platform that presents the possibility of a
gene modification-free cardiac photostimulation approach while controlling
the conduction directionality of the biotic and abiotic components.

1. Introduction

The complex organization of cardiac
tissues plays a key role in ensuring co-
ordinated electrophysiological functions
and efficient muscle contractions, which
are critical to the ability of the heart to
pump blood effectively. In the human
myocardium, the precise alignment of
cardiomyocytes is important for achieving
normal contraction-relaxation cycling. Sim-
ilar to other tissues with directionality, it
is known that extracellular matrix (ECM)
proteins provide topological and biochem-
ical cues, guiding the spatially aligned
arrangement and synchronous contrac-
tion of cardiomyocytes.'>! The dynamic
interplay between the cardiomyocytes
and their ECM is particularly important
for the development and sustenance of
proper function for cardiac tissues.[*?®!
Efforts have been made to develop novel
biomaterials and 3D scaffolds that mimic
the properties and microenvironments
of the native cardiac ECM, providing the
necessary topological and biochemical cues
to guide cell arrangement.”3] However,
there remains a limited understanding as

Z.-F. Yao, Y. Kuang, A. F. Yee, H. A. M. Ardofia H.-T. Wu, ). Pei

Department of Chemical and Biomolecular Engineering
Samueli School of Engineering

University of California Education

Beijing National Laboratory for Molecular Sciences (BNLMS)
Key Laboratory of Polymer Chemistry and Physics of Ministry of

Irvine, CA 92697, USA
E-mail: hardona@uci.edu
Z.-F.Yao, H.A. M. Ardofia
Department of Chemistry
School of Physical Sciences
University of California
Irvine, CA92697, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202312231

© 2024 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is
properly cited, the use is non-commercial and no modifications or
adaptations are made.

DOI: 10.1002/adma.202312231

Adv. Mater. 2024, 2312231 2312231 (1 of 11)

Center of Soft Matter Science and Engineering
College of Chemistry and Molecular Engineering
Peking University

Beijing 100871, China

E. Lundqvist, N. Celt, H. A. M. Ardofia
Department of Biomedical Engineering

Samueli School of Engineering

University of California

Irvine, CA 92697, USA

X. Fu

Department of Materials Science and Engineering
Samueli School of Engineering

University of California

Irvine, CA 92697, USA

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH


http://www.advmat.de
mailto:hardona@uci.edu
https://doi.org/10.1002/adma.202312231
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202312231&domain=pdf&date_stamp=2024-02-19

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

to how cardiomyocytes perceive biophysical cues, such as the res-
olution of feature dimensions reflected on the ECM topography
that are necessary to guide cellular organization.®! Considering
the dynamic nature of ECM microenvironments, utilizing mate-
rials that show adaptability, such as supramolecular biomateri-
als, has been recently considered desirable for tissue engineer-
ing applications.'*17] The noncovalent molecular interactions
for supramolecular biomaterials also assist with tunability of me-
chanical properties and capability to present surface cues in a dy-
namic manner.

In addition to the defined matrix and cellular orientation in
native cardiac tissues, the excitable nature of cardiomyocytes
also favors the use of conductive synthetic scaffolds for in vitro
modeling applications.!'®2%] Constructing in vitro conductive en-
vironments provides efficient electrical communication among
these excitable cardiomyocytes, ensuring coordinated electrome-
chanical function as manifested in their contractility.?’*) Pre-
vious literature has reported that electrical stimulation in con-
ductive bioscaffolds can support cardiac cell viability, help pro-
mote maturation, and facilitate and increase gap junction protein
expression.[?*2¢] Many of the biomaterials used in field stimula-
tion showed low spatiotemporal resolutions for cellular stimula-
tion, which could limit the extent of mechanistic studies involv-
ing cardiac electrical signaling. As such, light-based approaches
that could increase the resolution of stimulation, most of them
being based on synthetic materials if not relying on optogenet-
ics, offer a minimally invasive way of doing s0.1-%! Here, we
explore the bioelectronic utility of optoelectronic z-conjugated
peptides that combine the advantages of both naturally in-
spired biomolecules and photoexcitable moieties within a self-
assembling material.?®3 The functional z-conjugated units en-
able unique photophysical properties and charge transport, while
the peptide moieties offer control over molecular interactions
and order through sequence variation.[**’] The supramolecu-
lar organization of these z-conjugated peptides, which has been
well studied under aqueous environments, can create favorable
charge transport pathways and more controllable exciton delo-
calization, improving their optoelectronic performance as com-
pared to traditional z-conjugated systems. Thus, z-conjugated
peptides hold significant promise for diverse applications in
bioelectronics.!?1383% Moreover, the hierarchical assembly of z-
conjugated peptides can lead to well-organized nanostructures
with unique functionalities that can complement the structural
requirements of artificial matrices that can regulate excitable cell
morphology and behavior, such as inducing cell alignment via 1D
nanostructures.[*~*? Therefore, seeking methods that allow for
surface patterning of these molecularly ordered optoelectronic
peptides in bioelectronic devices will truly bring out the potential
of such supramolecular materials toward cardiac tissue engineer-
ing applications.[1643-45]

In this work, we develop an optoelectronic cardiac bioint-
erface that can facilitate surface-templated self-assembly phe-
nomena, along with selectively inducing the molecular order
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of z-conjugated peptides and cardiac tissue-level anisotropy.
Specifically, we create 1D nanostructures of photoconductive z-
conjugated peptides on polymeric substrates for triggering the
alignment of cardiomyocytes—focusing on elucidating the im-
pacts of the ordering of biomolecular nanoassemblies here to
organization in the cell and tissue monolayer level. (Figure 1).
The z-conjugated peptides designed for this study comprise a
quaterthiophene central unit and two short peptide sequences
at both ends, leading to stronger intermolecular interactions
of directional z—x stacking and hydrogen bonds, and allowing
these peptides to form 1D nanostructures assembled in solu-
tion. On the other hand, the central z-conjugated quaterthio-
phenes can provide photocurrent-generating properties and ca-
pability for charge transport. The ionizable peptide sequences
can interact with the aqueous environment and enable ion trans-
port. These z-conjugated peptides share analogous conjugated
structures with the presented polyalkylthiophene in the substrate
materials, promoting the formation of assembled nanostructures
on the polyalkylthiophene substrates. Furthermore, by utilizing
nanogrooved polyalkylthiophene substrates, we can effectively
achieve anisotropic 1D nanostructures of z-conjugated peptides
on the surface, thereby forming aligned micrometer-long 1D
nanostructures. The formation of these anisotropic nanostruc-
tures are corroborated by the assembly lengths monitored using
atomic force microscopy (AFM). Consequently, these anisotropic
nanostructures of z-conjugated peptides can function as nan-
otopographical cues that effectively induce cardiomyocyte align-
ment and promote the formation of anisotropic tissues through
the interaction between the peptides and cardiomyocytes. Our
findings support that the anisotropic self-assembly approach of
supramolecular biomaterials, tailored for controlled cardiomy-
ocyte alignment, could play a pivotal role in advancing our under-
standing of biointerfacing with excitable cells and facilitating the
development of in vitro cardiac models. Importantly, the obser-
vation of selectivity in the induction of cardiac anisotropy reveals
some insights on the ability of cardiomyocytes to perceive surface
and topographical cues that are below the typical submicrometer
dimensions of ECM fibers and patterns for cardiac tissues previ-
ously reported in the literature.

2. Results and Discussion

This study is centered on the development of an optoelectronic
cardiac biointerface, whereby the nature and degree of order
of biomolecules at the surface dictate whether cardiomyocytes
interfaced with the material system can form anisotropic tissues
(Figure 1). To form 1D assembly nanostructures, we designed z-
conjugated peptides with a known p-type organic semiconductor
quaterthiophene (4T) and short peptide sequences on each end.
The peptide sequences used here are: i) triaspartic acid (DDD)
as an ionizable base sequence or ii) an RGD-linked sequence
(DGRDDD, C—N termini). The RGD (N—C termini) epitope is
a known integrin-binding segment of fibronectin (FN), an ECM
protein, which is widely used to improve cell adhesion and in-
duce cell pattern.[**#’] These two quaterthiophene-functionalized
peptides were synthesized according to the reported procedures
using on-resin coupling (Figures S1,S2,S3,S4, see more details
in the Supporting Information).**#] The central conjugated
unit, 4T, and peptide termini together are capable of not only
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Figure 1. Induction of molecular assembly order to tissue-level anisotropic organization using nanotopographic patterns on optoelectronic cardiac bioin-
terfaces. a) Chemical structure of the semiconducting polymer used to create imprinted substrates: poly(3-hexylthiophene) (P3HT). b) Chemical struc-
tures of optoelectronic z-conjugated peptides, DDD-4T and DGRDDD-4T. c) Idealized schematic illustration of the nanopatterned surface-templated
assembly of z-conjugated peptides and its effect on cardiomyocyte tissue alignment.

assembling into 1D nanostructures through z-interactions and
hydrogen bonds, but also of facilitating electronic and ionic
charge transport.[*>>% On the other hand, a widely used conju-
gated polymer, poly(3-hexylthiophene) (P3HT), was adopted as
the substrate template material due to the similar conjugated
backbone with the quaterthiophene core of the peptide units.
The z-interactions between quaterthiophene and polythiophene
are leveraged here to facilitate peptide-surface interactions,
guiding the self-assembly process on the polymeric substrate
(Figure 1). P3HT films were nanoimprinted to give straight line
patterns (nanogrooves) on the glass as the template for forming
aligned 1D nanostructures of z-conjugated peptides (Figure S5,
Supporting Information). In brief, the nanopatterned P3HT
films were used as the surface template to guide the peptide
assembly for 1D nanostructures.

The self-assembly process of the selected z-conjugated pep-
tides in aqueous environments, as dictated by the peptide se-
quence design, can be initiated by pH changes. With three aspar-
tic acids as the peripheral group, the assembly of the supramolec-
ular synthons used here can be triggered under acidic conditions.
We first systemically studied the pristine assembly behavior of
the z-conjugated peptides in aqueous solutions, involving the ob-
servation and analysis of absorbance, photoluminescence (PL),
and circular dichroism (CD) spectra. The transition from pH 6
to 2, led to the complete protonation of carboxyl groups within
the peptides. Hence, the protonation minimized the electrostatic
repulsive forces stemming from the negatively charged enti-
ties, thereby promoting associative intermolecular interactions.
Consequently, the molecules could assemble into 1D nanostruc-
tures (pH 2) from dissolved conditions (pH 6). Upon acidifi-
cation, DDD-4T and DGRDDD-4T exhibited a significant de-
crease in absorbance intensity and a slight blueshift in maxi-
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mum peaks, reminiscent of an H-like aggregation (Figure 2a,b).
Furthermore, it was evident that both DDD-4T and DGRDDD-
4T experienced quenched PL intensity under acidic conditions.
Notably, DGRDDD-4T demonstrated a larger Stokes shift when
compared to DDD-4T. This differential shift implies that the ex-
cited state of DGRDDD-4T is more profoundly relaxed by the
surrounding solvent environment, which could be attributed to
the elongated hydrophilic peptide sequence of DGRDDD.*!) CD
spectra provided direct evidence of chiral assemblies formed by
quaterthiophene-based conjugated peptides in solutions, as in-
dicated by the strong Cotton effect observed for both peptides
within the range of 300-500 nm (Figure S6, Supporting Infor-
mation).

In order to gain a deeper understanding of the molecular pack-
ing and interactions involved in forming 1D assemblies, molec-
ular simulations were conducted for DDD-4T and DGRDDD-4T
assemblies. Structural models were built using 20 molecules
of DDD-4T or DGRDDD-4T with twisted stacked structures
and further optimized based on reported structural models
(Figure 2c,d; and Figure S7, Supporting Information).[*>2-54]
The optimized structures clearly show the chiral nature of the
stacking in DDD-4T and DGRDDD-4T, agreeing well with the
CD results. Benefiting from the designed molecular structures,
the central z—z stacking of quaterthiophenes is projected to
enable photocurrent generation and support electron/exciton
transport. Meanwhile, the hydrophilic peptide sequences can in-
teract with the aqueous environment and support ion transport.
Based on our generated structural models, DGRDDD-4T, with a
longer peptide sequence length than DDD-4T, showed more hy-
drogen bonding sites within the peptide parts or interacted with
environmental water molecules, which corresponds to the more
extended aggregates as observed from microscopy analyses. The
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Figure 2. Self-assembly of z-conjugated peptides under aqueous environments. a,b) Absorbance and photoluminescence (PL) profiles of DDD-4T
and DGRDDD-4T (pH 2 and pH 6). c,d) Optimized assembly geometries of stacked 20 molecules of DDD-4T and DGRDDD-4T. The z-stacking of
quaterthiophenes and ionizable groups of peptide sequences could facilitate electron and ion transport, respectively. e,f) AFM height image and TEM

images of DDD-4T (pH 2). g,h) AFM height image and TEM images of DDDDGR-4T (pH 2).

molecular simulations correlated well with the experimental
characterizations for 1D nanostructure formation and provided a
more detailed structural understanding of the peptide assembly
and interactions at the molecular level. The assembly morpholo-
gies of DDD-4T and DGRDDD-4T formed under aqueous con-
ditions were visualized with atomic force microscope (AFM) and
transmission electron microscope (TEM), employing acidified
solutions at pH 2 with a concentration of 1 mm. DDD-4T exhib-
ited consistent 1D nanostructures as confirmed by both AFM
(Figure 2e) and TEM (Figure 2f) images. Meanwhile, DGRDDD-
4T showed similar 1D aggregates, albeit appearing as broader
and with more bundled structures than DDD-4T (Figure 2g,h).
Additionally, even 2D aggregates could be found within the same
sample that predominantly exhibited 1D aggregates in AFM
images (Figure S8, Supporting Information). This observation
is potentially attributed to the elongated hydrophilic peptide
sequence and more hydrogen bonding sites in DGRDDD-4T.
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To guide the formation of 1D nanostructures of designed pep-
tides on nanogrooved P3HT surface, P3HT films were first fabri-
cated by spin-coating on glass substrates and then patterned us-
ing a nanoimprinting process with a premade polydimethylsilox-
ane (PDMS) stamp (Figure S5, Supporting Information).>>>")
The nanoimprinted P3HT showed uniform line patterns with
about 200 nm in width and 80 nm in depth, enabling precise
control over surface topography (Figure S9, Supporting Informa-
tion). We note that the width chosen here is 100 times smaller
than those typically used for in vitro patterning cardiac tissues via
lithography techniques (720 um), and also below the threshold
of micrometer-scale fibers of native matrices.[®*%% These P3HT
substrates were used as templates for guiding the self-assembly
process of z-conjugated peptides due to the combination of
the z—r interactions and nanoconfinement effect. The nanopat-
terned P3HT substrates were first incubated with the peptide so-
lution with an optimized concentration of 10 pum (Figure S10,
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Supporting Information). The substrates were then taken from
the solution after specific incubation times following natural dry-
ing under ambient conditions. As shown in the AFM height im-
ages, DDD-4T formed 1D nanostructures on the substrate sur-
face, preferentially aligned along the line patterns (Figure 3a; and
Figure S11, Supporting Information). With increasing incuba-
tion time ranging from 2, 4, 8, 24, and 72 h, the average length
of 1D nanostructures significantly increased from 0.64 + 0.05,
1.10 +0.11,1.98 + 0.18, 1.94 + 0.17, and 2.35 + 0.15 um, respec-
tively (Figure 3e,f). These results suggest that with the incuba-
tion protocol we used, it takes about 8 h to form 1D structures
with an average nanostructure length of “2 pym. Since the RGD
sequence can enhance cell adhesion, we doped the DDD-4T as-
sembly with the bioadhesive epitope-bearing DRGDDD-4T. At 20
mol% doping of DDD-4T with DRGDDD-4T (discussed below as
the ratio with the most efficient cell alignment induction across
other doping mol%), similar 1D assembly structures were ob-
served for the blend as the DDD-4T, but with more dispersed dis-
tribution and shortened aggregate length (Figure S12, Support-
ing Information). The disparity between the sizes of the struc-
ture might be due to the extended peptide interactions as dis-
cussed above (Figure 2; and Figure S8, Supporting Information).
The assembly length distribution saturated after 8 h incubation,
suggesting that the incubation would facilitate the limited nucle-
ation sites on the substrate. Based on the control experiments
conducted with other substrates, we found that using hydropho-
bic PDMS substrates with the same line patterns (Figure 3b) or
P3HT substrates without patterns (Figure 3c) or bare SiO,/Si
substrates (Figure 3d) could not result in an apparent formation
of 1D nanostructures of DDD-4T using the same protocol. Fast
Fourier transforms (FFT) of these AFM height images illustrate
the formation of anisotropic 1D assemblies of DDD-4T formed
on patterned P3HT film as compared to other substrates used.
The results from these control experiments confirm the impor-
tance of patterns and the interactions that can be facilitated be-
tween the monomer units and the substrate. We conclude that
both assembly-surface interactions (enhanced z—x interactions
between P3HT and DDD-4T) and physical nanoconfinement ef-
fect are necessary to guide the 1D assembly of z-conjugated pep-
tides.

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
conducted on the peptides assembled on polymer films to gain
insights on the degree of ordering or molecular packing of the as-
semblies formed on nanoimprinted substrates. Compared with
the dropcasted peptides on SiO,/Si substrate, the peptide as-
semblies on patterned P3HT showed similar diffraction peaks
at 1.9 and 2.3 A~! for DDD-4T, while blends of 20% DGRDDD-
4T with 80% DDD-4T showed a weaker diffraction peak at 2.3
A-' (Figure 4a,b) suggesting that the blending with the longer
peptide sequence could be perturbing the molecular order of
pristine DDD-4T. The GIWAXS patterns of the peptide assem-
blies on P3HT exhibited isotropic diffraction rings, suggesting
the peptides formed mixed packing with coexist of edge-on and
face-on modes. These diffraction results still indicate that the z-
conjugated peptides of DDD-4T and DGRDDD-4T could main-
tain the close z-stacking structures in the 1D assemblies when
confined within the nanoscale channels of P3HT substrates
(Figure 4c). Intimate molecular packing would favor the elec-
tronic coupling between adjacent molecules and charge transport
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along the molecular assemblies.[®*] Since the z-conjugated pep-
tides have been demonstrated to facilitate photoinduced electron
or energy transport,[323664-66] we measured the photocurrent per-
formance of these peptide assemblies formed on substrates with
gold as electrodes (Figure 4d). After deposition of the peptide as-
semblies on the P3HT surface, the samples showed enhanced
photocurrent compared with the pristine P3HT. Importantly, all
these polymer/peptide substrates showed photocurrent genera-
tion properties under the illumination of a 415 nm LED light
source (16 mW cm™2, 2 Hz) (Figure 4e). Quantitatively, DDD-
4T and the blend with DGRDDD-4T on P3HT exhibited pho-
tocurrent of peak values of 0.357 + 0.004 and 0.214 + 0.004 nA,
respectively, showing significantly enhanced photocurrent com-
pared to a P3HT thin film of 0.121 + 0.003 nA (average values
with standard error of the mean, N = 120 peaks from 3 devices,
Figure S13, Supporting Information). Meanwhile, all the samples
showed consistent frequency of the photocurrent peaks as the
illumination frequency of 2 Hz, according to the photocurrent
curves and corresponding FFT patterns (Figure 4e; and Figure
S14, Supporting Information). These results suggest that the de-
signed z-conjugated peptides can generate photocurrents, specif-
ically leading to enhanced photocurrent generation compared
with pristine P3HT. Hence, our polymeric surface templated as-
sembly strategy of z-conjugated peptides could potentially lead
to more efficient photostimulation performance in the future.
Finally, considering that the alignment of cardiomyocytes is
essential for the proper functioning of cardiac tissues, we sought
to investigate how the features presented on the photoconduc-
tive surfaces we developed here impact the organization of car-
diomyocytes seeded on top of such materials.['2¢~7% In particu-
lar, we asked whether neonatal rat ventricular myocytes (NRVMs)
would comply with the topographical cues provided by the follow-
ing surfaces: i) bare nanoimprinted P3HT substrate; ii) nanoim-
printed P3HT substrate coated with fibronectin (FN; an ECM
protein, commonly used in patterning protocols and concentra-
tions that are optimized for other 2D substrates); iii) DDD-4T as-
sembled on nanoimprinted P3HT substrates; and iv) DGRDDD-
4T and DDD-4T blend assembled on nanoimprinted P3HT sub-
strates. Among this set, only those with the 1D nanostructures of
z-conjugated peptides assembled on nanoimprinted P3HT sub-
strates induced the alignment of cardiomyocytes, as measured
based on the distribution of cell angle with respect to the mate-
rial pattern, as well as through the orientational order parameter
(OOP) values measured for the respective cytoskeletal and sar-
comeric orientation under each substrate condition (Figure 5).
Specifically, we first measured the cell orientation angles and cor-
responding distribution from the brightfield images to compare
the surface topography and assembly order effect on cellular ori-
entation. As a point of reference, seeded NRVMs showed ran-
dom orientation after 5 days of incubation on patterned P3HT,
both bare and FN-coated samples (Figure 5a), implying that
the nanotopography alone of the P3HT substrates used here
(200 nm widths) could not effectively induce the cell alignment.
To note, nanopatterned or micropatterned polymeric substrates
have been previously demonstrated to act as topographical cues to
induce effective cell alignment for various types of cells, such as
with PDMS, polyethylene glycol (PEG), or methacrylated gelatin
(GelMA) films with nanogroove widths ranging from 50—-250 nm
to 30—40 pm.*}7%74 For cardiac tissues in particular, the
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Figure 3. Kinetic evaluation of assembly growth of DDD-4T on nanopatterned P3HT surface and control surfaces. a) AFM height images of incubated
samples on patterned P3HT. b) AFM height images of incubated samples on patterned PDMS. c¢) AFM height images of incubated samples on non-
patterned P3HT film. d) AFM height images of incubated samples on SiO,/Si. €) Length distribution of DDD-4T assembly on nanopatterned P3HT. All
scale bars in (a—d) are 2 pm. Corresponding FFT patterns are provided as inset with the AFM height images. e) Length evolution of DDD-4T assembly
on nanopatterned P3HT. Maximum and average values with standard error of the mean are provided from the measured length of 80-130 aggregates.
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Figure 4. Molecular ordering, charge transport, and photocurrent generation of the assembled nanostructures. a) 2D GIWAXS patterns of DDD-4T,
DGRDDD-4T, and their assemblies on P3HT. b) 1D GIWAXS profiles of DDD-4T, DGRDDD-4T, and their assemblies on P3HT. c) Schematic diagram of
the molecular packing on substrates. d) Schematic diagram of the device structure and photocurrent measurement. e) Photocurrent generation of the
peptide/P3HT substrates under illumination of 415 nm LED light source (16 mW cm~2, 2 Hz).

nanoimprinted P3HT have pattern features here are smaller than
those used in the previous lithography-based approaches for pat-
terning in vitro and the micrometer-scale features in native mi-
croenvironments. Despite these considerations and noncompli-
ance of NRVMs on bare and FN-coated P3HT, NRVMs demon-
strated enhanced alignment on the P3HT substrate with 1D as-
semblies of DDD-4T or blend of DGRDDD-4T and DDD-4T. To
quantify this observation, we fitted the cell orientation angle dis-
tribution using the Gaussian peak model and estimated the full
width at half maximum (FWHM) with 100 cells from 3 differ-
ent sample images. For these measurements and subsequent im-
age quantification, we clarify that each biological replicate rep-
resents a select region of interest per substrate. The values of
FWHM of the cell orientation angle distribution are 115°, 110°,
and 122° for glass and P3HT with or without fibronectin (FN), re-
spectively (Figure S15 (Supporting Information); and Figure 5b).
This FWHM decreased to 23° with DDD-4T 1D assemblies as
the nanotopographical cues on P3HT substrates. For the blend of
DGRDDD-4T and DDD-4T, FWHM varied from 96°, 108°, 31°,
and 56° with increasing DGRDDD-4T% from 5%, 10%, 20%, to
50%, respectively (Figure S15, Supporting Information). The ad-
dition of RGD-containing blend assemblies (Figure 2; and Figure
S12, Supporting Information) was expected to improve cell adhe-
sion, yet as shown in GIWAXS data in Figure 4a,b, we note that

Adv. Mater. 2024, 2312231 2312231 (7 of 11)

the degree of molecular ordering of the 20 mol% blend is lower
than the DDD-4T assemblies alone. By further characterizing the
impact of surface cues here to subcellular organization, we want
to assess whether molecular order or presence of adhesive epi-
topes have a greater impact on cellular features.

In natural cardiac tissues, cytoskeletal actin filament (F-actin)
and sarcomeric a-actinin are highly aligned to maximize contrac-
tion force.l”>7®l We measured the organization of these subcellu-
lar features related to cardiac tissue alignment by quantifying the
immunofluorescence images of NRVMs seeded under different
conditions. Epifluorescence microscopy images (Figure 5¢) show
the elongated F-actin and cell alignment on peptide-modified
substrates where the cardiomyocytes were randomly oriented on
P3HT substrates with or without fibronectin, consistent with
those shown from the brightfield data. Higher resolution con-
focal microscopy images of the immunostained cells on peptide-
modified substrates clearly demonstrate the alignment of F-actin
and sarcomeric a-actinin (Figure 5d; and Figures S16 and S17,
Supporting Information). Subsequently, we calculated the OOP
values that represent the F-actin and sarcomeric a-actinin ori-
entation of NRVMs under varying surface conditions to further
quantify the influence of surface characteristics on cardiomy-
ocyte alignment.””78] The estimated OOP values of F-actin are
0.13 + 0.03, 0.16 + 0.03, 0.11 + 0.02, 0.57 + 0.03, and 0.33 +

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Cellular orientation induced by bare or biomolecule-coupled P3HT substrates. All P3HT substrates were nanoimprinted and patterned.
a) Brightfield images. b) Cell angle distributions from the brightfield images. The full width at half maximum (FWHM) is provided to quantitively
estimate the cell alignment. 100 cells from 3 different sample images were counted for angle distribution analysis. c) Fluorescence microscope images
of stained cells on different substrates. d) Confocal fluorescence microscope images of stained cells on P3HT substrates with DDD-4T assemblies and
DGRDDD-4T/DDD-4T blend. €) OOP analysis of F-actin and sarcomeric a-actinin. Data are presented as average values with standard error of the mean,
N = 5. Statistical analysis was performed using a two-tailed Student’s t-test: **: p < 0.01; ***: p < 0.007; n.s.: not significant, p > 0.05.

0.05 (average values + s.e.m) for the cells on FN-coated glass, s.e.m). Hence, the OOP values of both F-actin and sarcomeric
P3HT, FN-coated P3HT, DDD-4T on P3HT, and peptide blend  «a-actinin significantly increased in the aligned cardiomyocytes
on P3HT, respectively. On the other hand, the respective OOP  on peptide-modified substrates compared to the bare glass or
values of sarcomeric a-actinin are 0.07 + 0.02, 0.08 + 0.03, P3HT with or without fibronectin (Figure 5e). Comparing the
0.06 + 0.01, 0.23 + 0.02, and 0.24 + 0.03 (average values + two conditions with peptide assemblies, there was no significant
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difference measured for the sarcomeric OOP between DDD-4T
and 20% DGRDDD-4T blend. However, a significant difference
was detected for the cytoskeletal OOP between the two condi-
tions, with the surfaces with DDD-4T that have a higher molecu-
lar assembly order leading to a higher F-actin OOP value despite
the other condition bearing adhesive RGD units. These results
demonstrate that the cardiomyocytes differentially responded to
the distinct topological cues (with and without -RGD; varying de-
grees of molecular ordering) provided by 1D peptide assembly on
the substrate with ordered nanostructures. This is an important
observation, as this is an indication that cardiomyocytes could
perceive such differences in local molecular order. Here, we fo-
cus on the structural impact of these findings on topological cues
via peptide nanostructures, which could inspire future studies on
synergistically evaluating the influence of topological and elec-
trical cues across multiple biological length scales. As a refer-
ence, other different fabrication approaches have been demon-
strated to induce cardiomyocyte alignment, such as microfiber
gels, microcontact-printed and nanopatterned surfaces.!11:1279-8]
Most of previous reports used nonconductive polymers with sizes
ranging from 50—250 nm to 30—40 pm, differing from our work
that shows self-assembled peptides with controlled nanostruc-
tures and optoelectronic properties. At this time, while the car-
diac biointerface we developed does not have the smallest pattern
dimensions reported and more needs to be learned on the im-
pact of different variations of peptide sequences on the surface-
guided molecular assembly, we have demonstrated a pioneering
example of a cardiac tissue patterning surface template capable of
photocurrent-generation. In summary, by quantifying cardiomy-
ocyte anisotropy on different substrates, we revealed some key
insights on the sensitivity of cardiomyocytes to comply with sub-
micrometer substrate features, along with presenting a surface-
templating platform presented here that can generate ordered 1D
assemblies of optoelectronically active peptides toward success-
fully inducing cardiomyocyte alignment.

3. Conclusion

In this study, we present a nanotemplating approach to influ-
ence the order of biomolecular assemblies on polymeric sub-
strates and ultimately, to impact cardiac tissue alignment de-
pending on the nature of biomolecular assemblies at the surface.
Our results show that the polyalkylthiophene (P3HT) substrates
with nanoimprinted channels can direct the 1D self-assembly of
charged peptide-4T (DDD-4T) units due to favorable interactions
between the assemblies and the P3HT surface. The formation of
high-aspect-ratio 1D structures under mild, close to neutral con-
ditions, was only observed when the peptide-4T solution was de-
posited on the nanopatterned P3HT, but not when it was on a hy-
drophilic nanopatterned PDMS substrate or other nonpatterned
substrates. The morphological evolution of peptide-4T assem-
bly toward structures with ordered molecular packing was mon-
itored via AFM while the nature of molecular ordering was con-
firmed using GIWAXS studies. The resulting peptide-4T-P3HT
material also demonstrates significantly higher photocurrents as
compared to the pristine P3HT surfaces. Interestingly, when car-
diomyocytes were seeded on patterned P3HT as a bare surface,
coated with an ECM protein, and as a template for DDD-4T and
a blend of DDD-4T with its bioadhesive epitope-bearing analog
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(DGRDDD-4T), only those with self-assembled peptides aligned
atop the nanotopographic P3HT led to cytoskeletal and sarcom-
eric anisotropy that is significantly higher than the isotropic con-
trol. Despite the dimensions being smaller than the micropat-
terns previously reported in the literature to be effective for in-
ducing anisotropy for cardiac tissues (~20 pm width for grooves),
this work shows that cardiomyocytes are capable of perceiving
smaller dimensions of topographical cues and can be sensitive
to the molecular packing order of the biomolecules interfaced
with them. The latter finding is particularly highlighted by the
difference between the cytoskeletal OOP between the surfaces
with DDD-4T and DDD/DGRDDD-4T blend, where even though
the blend carries a bioadhesive RGD epitope, the surface with
DDD-4T that has higher molecular order still induced a higher cy-
toskeletal OOP for the cardiomyocytes. Overall, the self-assembly
templating approach of z-conjugated peptides guided by pat-
terned polymeric substrates presented here provides a promising
approach for translating conductive supramolecular biomaterials
with order toward optoelectronic device applications. Through
this platform, we have also unveiled important insights on the
sensitivity of cardiac tissues to the molecular composition and
order of the biomolecules that comprise its microenvironment.
Finally, we envision that photocurrent-generating biointerfaces,
such as the one presented here, will aid in advancing the mech-
anisms available for modulating the in situ electromechanical
function of non-genetically modified cardiac tissues as needed
for several cardiac regenerative medicine applications.

4. Experimental Section

Experimental details can be founded in the Supporting Information, in-
cluding material information, peptide synthesis, molecular simulations,
polymer film fabrication and peptide assembly, spectral and morphologi-
cal characterizations, device fabrication and photocurrent measurement,
cell culture and imaging.

Statistical Analysis:  All plotted curves were processed using Origin-
Lab software and all values were presented by mean + s.e.m. Cell im-
ages were processed using Image). OOP of aligned cells were calcu-
lated using the codes from Grosberg et al.,[’778] which can be down-
loaded at GitHub website: https://github.com/Cardiovascular-Modeling-
Laboratory/zlineDetection. Two-tailed Student’s t-test was used to assess
the statistical significance of differences in reported OOP values.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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