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Insight on the Intracellular Supramolecular Assembly of
DTTO: A Peculiar Example of Cell-Driven Polymorphism

Ludovico Aloisio, Matteo Moschetta, Alex Boschi, Ariel Garcia Fleitas, Mattia Zangoli,
llaria Venturino, Vito Vurro, Arianna Magni, Raffaello Mazzaro, Vittorio Morandi,
Andrea Candini, Cosimo D’Andrea, Giuseppe Maria Paterno, Massimo Gazzano,

Guglielmo Lanzani,* and Francesca Di Maria*

The assembly of supramolecular structures within living systems is an
innovative approach for introducing artificial constructs and developing
biomaterials capable of influencing and/or regulating the biological responses
of living organisms. By integrating chemical, photophysical, morphological,
and structural characterizations, it is shown that the cell-driven assembly of
2,6-diphenyl-3,5-dimethyl-dithieno[3,2-b:2’,3’-d]thiophene-4,4-dioxide (DTTO)
molecules into fibers results in the formation of a “biologically assisted”
polymorphic form, hence the term bio-polymorph. Indeed, X-ray diffraction
reveals that cell-grown DTTO fibers present a unique molecular packing
leading to specific morphological, optical, and electrical properties.
Monitoring the process of fiber formation in cells with time-resolved
photoluminescence, it is established that cellular machinery is necessary for
fiber production and a non-classical nucleation mechanism for their growth is
postulated. These biomaterials may have disruptive applications in the
stimulation and sense of living cells, but more crucially, the study of their
genesis and properties broadens the understanding of life beyond the native
components of cells.

1. Introduction

The spontaneous organization of small
molecules into supramolecular structures
is a ubiquitous process that implies a com-
plex balance between several non-covalent
interactions (i.e., hydrophobic interactions,
hydrogen bonding, z—= interactions, and
van der Waals forces). This process occurs
in nature at all scales and underlies funda-
mental phenomena such as self-assembly
and molecular recognition in fields ranging
from materials science to biochemistry.!!
In Dbiological systems, supramolecular
bioassemblies endowed with sophisticated
functions are continuously created via
a “bottom-up” fabrication process from
different endogenous components.”) For
example, lipids and proteins self-assemble
to generate hierarchical nanostructures—
such as actin filaments, micro-
tubules, micelles, vesicles, membranes,
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etc.—essential for cellular functions.®] However, recent findings
have shed light on the possibility of intracellular self-assembly
of exogenous small molecules, namely cell-driven self-assembly,
to affect/modulate cellular processes (such as apoptosis, replica-
tion, and signal transduction).l*!

Most of the reported cell-driven self-assembled moieties are
mainly based on biomolecules or derivatives such as small pep-
tides, chlorophyll-based compounds, and natural biopolymers.[!

Recently, it was shown that another class of organic com-
pounds, that is, thiophene-based oligomers, present the unique
ability to assemble into fibrous supramolecular structures within
living cells.l®] Although several characterization techniques have
been applied to reveal the constitution and formation mechanism
of such fibers, a detailed picture is still lacking. What appears
thrilling is that the formation of these fibers is specific to the
cellular environment and cannot be reproduced in other sim-
pler mediums. Indeed, 2,6-diphenyl-3,5-dimethyl-dithieno[3,2-
b:2’,3’-dJthiophene-4,4-dioxide (DTTO) aggregation readily oc-
curs in certain solvents and in the solid state, albeit the morphol-
ogy of the resulting structures differs from that of the fibers pro-
duced within cells. This suggests that the mechanism by which
fibers are formed is intimately coupled to the cellular environ-
ment and, perhaps, the functioning routine.”) The formation
of such fibers raises both fundamental chemical and biological
questions. Understanding how simple components assemble to
form highly ordered structures in living systems will enable us
to directly build in vivo artificial electroactive constructs capable
of conferring novel “bionic” features to cells and tissues. For in-
stance, by utilizing DTTO self-assembling materials, it could be
possible to create electroactive fibers that can serve as templates
for tissue regeneration within the body. These structures can pro-
vide a scaffold for cell adhesion, proliferation, and differentiation
while delivering precise electrical cues to guide and enhance the
regenerative process.[®) In addition, the capability of DTTO-based
molecules to spontaneously penetrate the cell membrane offer
a potential strategy to circumvent the brain-blood barrier and
introduce bottom-up built molecular structures directly into the
brain, providing new approaches to interface and manipulate the
brain neural connections.”]

Here, we report a comprehensive characterization of the chem-
ical, structural, optical, and electrical properties of cell-grown
DTTO fibers, as well as of their formation process, by measur-
ing the evolution of photoluminescence spectrum and dynam-
ics in operando (i.e., during fibers formation within cells). This
multi-characterization approach enabled us to identify the chem-
ical composition of fibers and to gain insight into their growth
within living cells. By complementing spectroscopic data with
X-ray diffraction (XRD) characterization, we discovered an ex-
tended polymorphism of DTTO in the solid state, demonstrat-
ing that fibers are crystalline objects possessing a unique molec-
ular arrangement. Cells induce a crystal form, that is, a bio-
polymorph, that cannot be replicated outside the cell. Notably, in
recent years, general procedures for the formation of polymorphs
have been reported, including sublimation, crystallization from a
single solvent, evaporation from a binary mixture of solvents, va-
por diffusion, thermal treatment, crystallization from the melt,
growth in the presence of additives, and grinding, but none of
them involve the out-of-equilibrium conditions present within
living systems for the preparation of new organic materials.['%
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Thus, the complex and dynamic environment within cells, char-
acterized by continuously changing conditions (such as temper-
ature, pH, and chemical composition), can provide novel routes
for the assembly of organic materials. Our experimental obser-
vations suggest that: i) the aggregation occurring in living cells
is restricted to the biotic phase, implying that the cellular ma-
chinery is involved, and ii) the formation of fibers takes place via
a non-classical crystallization (NCC) route."'l Using conductive
atomic force microscopy, we demonstrate that fibers have simi-
lar electrical conductivity to DTTO molecules deposited in thin
films, indicating that fibers can retain their electrical character-
istics after prolonged exposure/contact with the cells’ aqueous
environment. Finally, we demonstrate that crystalline fibers can
“connect” cells by penetrating the plasma membrane of neigh-
boring cells without killing them and can conform/adapt to cel-
lular movement, indicating high fiber flexibility and potentially
allowing for dynamic interactions and information exchange.
What we show represents an innovative approach for creating
unique cell-made conductive biomaterials, as well as a possible
route for creating artificial gap-junctions between cells, poten-
tially affecting signal propagation as seen in cardiomyocytes or,
in general, affecting cell population behavior and environmental
response.[”12]

2. Results and Discussion

2.1. In Vitro Growth of DTTO Fibers in C2C12 and HEK 293T
Cells

Taking advantage of the intense green emission of DTTO
molecules and resulting fibers, we tracked their formation and
localization by confocal fluorescence microscopy (Figure 1).

During incubation, as shown in Figure 1A, DTTO molecules
rapidly and spontaneously permeate the cellular membrane
while remaining confined in the cytoplasm without penetrating
the nucleus. The DTTO molecular uptake is regulated by diffu-
sion through the cellular membrane. Indeed, inhibition of active
endocytosis by treatment of cells with NaN, '3 does not affect the
internalization of the molecule (see details in Figure S1, Support-
ing Information).

After internalization, DTTO molecules start forming globu-
lar clusters in the perinuclear region that act as seeds for the
fiber’s growth. Fibers are already visible one hour after treatment
(Figure 1B) and continue to grow inside cells until they reach and
pierce the plasma membrane without destroying it (Figure 1C).
The intracellular growth of fibers and piercing of the plasma
membrane does not alter cell viability; indeed, no evident cy-
totoxicity signs, including blebbing and cytosol spillover,['*] are
observed. To confirm this hypothesis, C2C12 cells were stained
with propidium iodide (PI), a dye able to selectively stain the nu-
cleus of dead cells. As shown in Figure S2 (Supporting Infor-
mation), no PI was detected in cells with DTTO fiber piercing
the membrane, suggesting no consistent cell membrane dam-
age or disruption occurred. Using the same protocol in a differ-
ent cell model, that is, HEK 293T, confirmed that fiber formation
occurs in other cell lines and does not affect their viability and
proliferation up to four days of incubation (Figures S3,S4, Sup-
porting Information). Based on these observations and our previ-
ously published data,[®”] it can be inferred that the self-assembly
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Figure 1. A-F) Laser scanning confocal microscopy (LSCM) images of C2C12 cells stained with DTTO, taken right after treatment (A), and B-F) 1h (B),
3h (C),6h (D), 12 h (E), and 24 h (F) after treatment. Cells were incubated with CellMask Deep Red plasma membrane stain for 5 min before imaging
to highlight the cell membranes (red). All images are single planes of Z-stack acquisitions. Scale bar: 25 pm. G) Orthogonal views of C2C12 cells 12 h
after DTTO treatments. A single slice of Z-Stack. H) Section of Z-Stack cut along the fiber length. 1-K) Section of Z-Stack cut along the corresponding
vertical directions, orthogonal to the fiber. Scale bar: 5 um. L) DTTO molecular structure.

of DTTO into fibers is a universal phenomenon in living cells.
Intriguingly, after membrane crossing, fiber growth appears
to cease if the extracellular medium/cell interface is reached,
whereas it continues if an adjacent cell is encountered, indicat-
ing that fiber synthesis and elongation require intracellular me-
dia (Figure 1D-F). Over time, this process culminates in form-
ing a network of perfectly integrated fibers connecting multiple
neighboring cells.

To better investigate the spatial positioning of the fibers in re-
lation to the cells, Z-stacked images were acquired to reconstruct
their 3D morphology. Figure 1G,H shows two orthogonal views,
suggesting that fibers can extend from cell to cell and hence link
them. Furthermore, Figure 11 outlines a third orthogonal direc-
tion, showing that fibers are within the perimeter of the mem-
brane of a single cell, whereas Figure 1],K confirms that fibers
can cross the membrane between two adjacent cells, and can lie
within the second cell. In physiological media mimicking intra
or extracellular media, such as intracellular media (INTRA) and
Krebs-Ringer-Hepes solution (KRH), Dulbecco’s modified Ea-
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gle’s medium (DMEM) or aqueous solution (Figure S5, Support-
ing Information), similar fibers are not formed at all. This sug-
gests that metabolic processes within living cells are the driving
force behind fiber formation. Indeed, it has been previously re-
ported that reducing cellular activity in vivo in Hydra by block-
ing protein translation results in a significant reduction in fiber
formation.”)

2.2. Fibers Morphology and Composition

The morphology of isolated fibers was investigated ex situ by
scanning electron microscopy (SEM), and the local elemental
composition was determined by energy-dispersive spectrometry
(EDS) mapping. Figure 2 and Figure S6 (Supporting Informa-
tion) illustrate the typical morphology of DTTO fibers, which
exhibit either a flat rod-like morphology, that is, straight, or a
twisted one, that is, helicoidal, within the same sample, with the
latter being the predominant form. Helicoidal fibers exhibit a
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Figure 2. A,B) SEM images of DTTO fibers with different microstructures: A) helicoidal and B) straight, and corresponding EDS mapping of the selected
area , highlighting the presence of a N-rich coating corresponding to the high contrast area on SEM images.

nanometric width (350 + 100 nm) and micrometric length with
a helical pitch of 3.9 + 0.9 um. The thickness of the fibers is
estimated to be 100 + 50 nm by measuring the spontaneously
exposed transversal section of the fibers due to their helicoidal
structure. Intriguingly, most of them consist of right-handed he-
lices suggesting a possible influence of the chiral environment
of the cell on DTTO supramolecular organization.!’! Straight
fibers present similar characteristics to helicoidal ones, although
some of them display a reduced width. EDS revealed that both
helicoidal (Figure 2A; Figure S7, Supporting Information) and
straight (Figure 2B) fibers are mainly constituted of carbon and
sulfur, with a small oxygen content related to the sulfoxide unit
present in DTTO.

Most importantly, the absence of nitrogen-related signals sug-
gests that DTTO fibers do not incorporate a significant amount of
proteins, contrary to what was previously assumed.[®?] Neverthe-
less, thin and high-contrast amorphous coatings usually adhere
to fibers pointing out a specific superficial interaction between
such structures. The high nitrogen content detected in these re-
gions is clearly indicative of a protein-dominated composition,
likely due to a non-specific protein coating forming a “corona”
around fibers. Notably, this finding highlights the high affinity of
proteins for fibers, probably owing to strong hydrogen bonding
interactions involving the two oxygen atoms located on opposing
sides of the plane of the heteroaromatic DTTO core. In addition,
Raman microscopy performed on fibers and a thin film of DTTO
deposited from CH,Cl, for comparative purposes confirmed the
EDS data. Indeed, the characteristic peaks of proteins, such as
amide I (1600-1690 cm™) and amide III (1290-1300 cm™!), are
absent in both samples (Figure S8, Supporting Information), and
only peaks relative to thiophene-based compounds, such as that
the C=C and C—C stretching (1450 cm™1),1*) are present. These
results confirm that DTTO molecules undergo self-assembly
within living cells rather than being incorporated into intracel-
lular protein structures.

2.3. Photophysics of DTTO in Different Aggregation States
The photophysical study of DTTO in different aggregation states

enabled the elucidation of some key aspects concerning the struc-
ture, properties, and formation process of cell-fabricated DTTO
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fibers. To this end, the absorption and emission properties of
DTTO fibers were compared with those of i) a homogeneous so-
lution of DTTO (DTTOpys0) in dimethyl sulfoxide (DMSO); ii)
an aqueous suspension of DTTO (DTTO, ) obtained by diluting
DTTOpyso in water; iii) a DTTO thin film prepared by drop cast-
ing from CH,Cl, (DTTOg,,,).

As shown in Figure 3A, with respect to dissolved molecules
in DMSO, the absorption spectrum of DTTO,, shows a slight
blueshift together with a broadening of the whole spectra, typi-
cal of structurally inhomogeneous aggregates. In contrast, mea-
surements carried out on fibers and films show a stronger
bathochromic shift, suggesting a dramatic change in the aggre-
gation state and the intermolecular interaction.

Concerning the emission characteristics of these samples, as
shown in Figure 3B, a redshift of the DTTO emission is ob-
served moving from DTTOpy5, DTTO,, (13 nm), DTTO fiber
(16 nm), and DTTOg,,, (25 nm), while the band shape remains
virtually unchanged. In particular, fibers directly analyzed in vivo
by time-resolved photoluminescence (TRPL) microscopy show a
similar luminescence spectrum (PL) to DTTO,, indicative of the
formation of DTTO supramolecular nanostructures driven by hy-
drophobic interactions (Figure 3C).l'”) On the other hand, fibers
exhibit a lower PL quantum yield with respect to DTTOpy50
(30% vs 85%)118] but higher compared to its aggregated form in
water and thin film, which are only 5% and 10% respectively
(Figure S9, Supporting Information). This indicates that the ag-
gregated states of DTTO,, and DTTOy,,, differ from that of the
fibers.

It should be noted that the 1D topology in fibers favors radia-
tive recombination with respect to film or aggregates.['! Consis-
tently, the deactivation rates of the excited state (S;) also change
dramatically between these samples. In homogenous solutions,
DTTO has a relatively long PL lifetime (~10 ns), whereas, in
water aggregates, the decay is considerably faster (~1.5 ns). In
thin films, the PL decay is even faster, #400 ps (Figure 3B).
Fibers PL decay rate, however, is intermediate between DTTO,,
and DTTOyg,, (~800 ps), pointing to a unique supramolecular
organization. It was observed that the PL decay kinetics of the
fibers also have a long lifetime component. We hypothesize that
this component originates from disordered segments along the
fiber or small quantities of free DTTO that remain trapped near
the fiber, perhaps in the protein wrapping some portions of
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Figure 3. A) Absorbance spectra of DTTO in DMSO, water, thin film, and fibers. B) PL spectra (integrating for 2000 ps) of DTTO in different systems.

Continuous lines are used for samples coming from living cells or fibers produced by living cells, dashed lines represent samples that do not involve

cells. C) Double exponential fit of PL decays of DTTO’s fluorescence signal integrated over the whole spectra. D) PL anisotropy decays of DTTO in
the same systems, fibers were isolated from cells, purified, and deposited on a glass substrate to reduce signal from DTTO in cells. E) Fluorescence
image obtained with TRPL microscopy setup, colored circles, highlight the spots analyzed and reported on the plots for fiber and cells without fiber.

Scale bar: 25 um.
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the fibers. This speculation supports the idea that proteins play
a role in the fiber formation process, acting as a template for
further assembly.

For the considered samples, the radiative and non-radiative
time constants result to be, respectively: DTTOpysq (Tg= 12.5 ns
Tyg = 50 ns), DTTO,, (rg = 3 ns 7y = 1.6 ns), DTTOg,,
(tr =4 ns 7y = 0.45 ns), DTTO fiber (ry = 2.7 ns 7 = 1.1 ns).
The radiative time is a quantum property of the system that stems
from the ground and excited state wavefunction overlap (i.e., it
depends on the square of the transition dipole moment). Clearly,
thin film and fiber are comparable in this regard, whereas the
water aggregate has a weakly allowed radiative transition, proba-
bly due to H-type molecular packing. Another property that can
affect the radiative time is the molecular conformation: for cyclic
molecules, the planar conformer generally has the shortest radia-
tive time. This can explain the shorter value found in fibers and
DTTOy,,, with respect to DTTOp, (i.e., molecules are planar
in film and fibers, twisted in solution).[?”) Non-radiative deacti-
vation is due to several intrinsic and extrinsic causes that open
up decay paths. Besides the molecular conformation mentioned
above, it could be charge separation, trapping, acceptor centers
in the system, or outside (solvent modes), whose efficiency de-
pends on transport.[*!) It is interesting to note that these pho-
tophysical properties were not influenced by the helicoidal struc-
ture of fibers; indeed, no difference was found between helicoidal
and straight fibers, probably because the helical pitch is too large
with respect to the light absorption and emission wavelengths
involved.

DTTO fibers were also investigated after their extraction from
cells. The results indicate that neither the morphology nor
PL spectra and lifetimes (Figure S10, Supporting Information)
changed, indicating that the employed protocol does not affect
the chemical-physical properties of the isolated fibers.

Photoluminescence anisotropy analysis has been carried out
to better understand the supramolecular structure and the en-
ergy diffusion mechanisms (Figure 3D). In the DMSO solution,
DTTO shows a behavior typical of isotropic systems; indeed, PL
anisotropy right after the excitation is 0.32 (+0.03), with relatively
fast dynamics (268 ps) related to the rotational diffusion of DTTO
molecules. Note that the initial anisotropy is lower than the the-
oretical value of 0.4, probably due to some deactivation already
within the excitation pulse (IRF = 35 ps).[22!

A similar anisotropy dynamic is found for aggregates in wa-
ter (DTTO,,), but the decay is much faster at the beginning due
to energy transfer between randomly oriented molecules inside
the aggregate. Once energy migration stops, having reached the
localization threshold, rotation sets in, but due to the large ag-
gregate inertial momentum, the dynamics slow down consider-
ably, appearing as a linear decay in our time scale. In stark con-
trast, PL anisotropy in fibers and thin films starts from sensibly
higher values, respectively 0.5 (+0.03) for fibers and 0.68 (+0.02)
for DTTOg,,, and displays a much slower decay. Both data indi-
cate a crystalline order: excitation energy transfer does not sig-
nificantly affect the emission polarization in ordered domains
since it occurs between equally oriented molecules, thus with
the same emission transition moment.!?*! The slower anisotropy
decay in the fiber with respect to films highlights the even
higher long-range spatial correlation in the latter. In (Figure S11,
Supporting Information), we show that, as expected, the initial
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Figure 4. XRD patterns of scans obtained from fibers (green line), DTTO
films from water (black line), and CH,Cl, (orange line). The bell-shaped
background due to the amorphous component of the support was sub-
tracted. The dashed lines are a guide for the eye.

anisotropy value varies, changing the measured spot due to the
random orientation of the crystalline axis in the macroscopic
scale.

PL anisotropy also provides information regarding the orien-
tation of monomers within the fibers. It is reasonable to assume
that both the absorption and emission transition moments of
DTTO are directed along its symmetry axis.?*] Taking this into
account, we measured the PL intensity of the same fiber spot
when exciting with vertical and horizontal polarization. By con-
sidering the ratio of the two measurements, it is possible to es-
timate the direction of the absorption transition moment and,
therefore, of the fluorophore and compare it to the fiber orien-
tation. The DTTO dipole resulted to be always preferentially ori-
ented along the direction of the fiber axis (Figure S12, Supporting
Information), with a mean angle between the fiber orientation
and absorption/emission transition moment of 22.5°. This indi-
cates that the aggregation of DTTO occurs specifically along the
growth direction of the fibers.

2.4. Structural Characterization of Fibers

Samples of DTTO fibers isolated from the cellular medium were
subjected to XRD analysis to shed light on their structural orga-
nization. As depicted in Figure 4, the diffraction pattern of the
fibers reveals several sharp peaks indicative of a well-organized
crystalline material. Intriguingly, comparing the diffraction pat-
tern of fibers to that of DTTO films deposited from CH,Cl, or
water reveals that fibers present a unique polymorphic structure.
Polymorphism is a phenomenon commonly occurring in nature,
and it is defined as the ability of a substance to organize itself into
different crystalline structures (i.e., different arrangements of the
molecules in the crystal lattice in terms of packing, orientation,
or conformation).

As shown in Figure 4, all investigated samples present sharp
diffraction peaks while possessing different XRD patterns prov-
ing the presence of different crystal phases. In particular, films
from CH, Cl, show the main peak at 7.05° corresponding to a pe-
riodicity of 1.25 nm, whereas films from water exhibit the main
peak at 5.45° corresponding to a distance of 1.62 nm, indicat-
ing a different crystal phase. Intriguingly, fibers isolated from
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Figure 5. Proposed model representing the growth of crystalline fibers within living cells.

cells display high crystallinity but present a completely different
diffraction pattern, with the most intense peak at 13.6°
(d = 0.65 nm), proving a distinct molecular arrangement selec-
tively induced by growth inside cells, in accord with spectroscopic
analysis.

To investigate the origin of this polymorphism, we examined
the crystallization behavior of DTTO in matrices that mimic
intracellular and extracellular media, such as INTRA, KRH,
and DMEM. Samples were prepared by dissolving DTTO in
DMSO, injecting this solution into matrices of INTRA, KRH, and
DMEM, and then depositing the resulting suspensions onto glass
substrates.

As seen in Figure S13 (Supporting Information), the diffrac-
tion pattern of DTTO aggregates obtained in INTRA (i.e., intra-
cellular media) and DMEM mimics those prepared in water; in
fact, the most intense peak in both profiles is located at 5.45°. In
contrast, the sample obtained in KRH (i.e., the extracellular me-
dia) has both peaks at 5.45° and 7.05°, showing that the specificity
of the phase has been lost and that a mixture of polymorphs (i.e.,
those formed in film from CH, Cl, and water) is present. It is im-
portant to note that despite the different compositions of these
matrices (see Experimental Section), the aggregation of DTTO,
which predominantly occurs instantaneously in these media, is
not significantly influenced. These results confirm that the as-
sembly of DTTO within the intracellular environment follows a
distinct growth mechanism and takes place on a different time
scale compared to its behavior in other non-biological matrices.
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The different organization of DTTO aggregates in the tested
matrices relative to fibers is further emphasized by the PL de-
cays shown in Figure S14 (Supporting Information). Indeed, the
PL decay rates of DTTO aggregates formed in these matrices are
comparable to that observed in water. This suggests a common
supramolecular arrangement of DTTO in these media distinct
from that observed in cell-grown fibers, in agreement with XRD
diffraction data.

According to real-time LSCM measurements, TRPL, and XRD
data, we hypothesize that the fibers may grow through an NCC
pathway involving the formation of liquid-like droplets dur-
ing nucleation.l™I Nucleation is known to drive polymorph
selection;!1%%] hence, the uniqueness of the cell-fabricated poly-
morph reflects the uniqueness of the conditions under which
DTTO nucleation occurs, which cannot be reproduced in aque-
ous media or matrices mimicking intracellular environments.
Figure 5 schematizes the proposed growth process: after inter-
nalization, DTTO forms amorphous spherical clusters, ranging
in size from 10 to 100 nm, by phase separation from the cytosol.
Afterward, DTTO clusters accumulate, coalesce, and lead to the
formation of fibrous crystals. The coalescence process proceeds
only within the cellular matrix, even spanning multiple cells, but
it is halted outside cells, despite the presence of DTTO in the ex-
tracellular solution. The process of fiber growth in HEK 293T cell
treated with DTTO and stained with CellMask Deep Red is de-
picted in Video S1 (Supporting Information) through a series of
Z-stack images from bottom to top. The video clearly shows that
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Figure 6. A,B) AFM topography images of representative straight and helicoidal fibers. Scale bars: 5 um. C) PFTUNA local current vs voltage (I-V)
curves acquired on a thin film (black curve, bottom) and on two representative fibers: pale red, top, for thin (<~ 10 nm) fibers and red, bottom, for thick
(>=~100 nm) fibers. D) PFTUNA current values measured at V,;,, = 500 mV vs sample thickness for fibers (red squares) and thin film (black squares).
The shaded area highlights current values comparable to the instrumental detection limit (R > 10'2 Q).

the DTTO spherical clusters gather in a localized region, which
turns out to be the growing edge of a fiber, confirming that the
coalescence of these precursors is a crucial intermediate stage in
cell-driven fiber formation.

2.5. Electrical Characterization of Fibers

The electrical properties of fibers were investigated by conduc-
tive atomic force microscopy (AFM) employing a Brukers Peak
Force module (PFTUNA see Experimental Section), also allow-
ing for the simultaneous measurement of the topography of the
material. Figure 6A,B shows the topography of representative ex-
amples of DTTO fibers deposited on a gold substrate. The thick-
ness of the fibers ranges from tens to hundreds of nanome-
ters. Interestingly, the thin fibers (i.e., 10-100 nm) are exclusively
straight with a uniform cross-section, whereas the thicker fibers
(i-e., 100-300 nm) exhibit either a straight or helicoidal morphol-
ogy (with helicoidal fibers dominating over straight fibers). Addi-
tionally, Figure S15 (Supporting Information) reports the topog-
raphy of DTTO thin film deposited on a similar substrate from
CH,Cl, The electrical properties of various types of fibers were
investigated by measuring local I(V) curves, using the conductive
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tip of the probe as one electrode and the substrate as the other.
Figure 6C compares two representative curves, one for fibers with
a thickness greater than ~100 nm (i.e., helicoidal or straight)
and one for fibers with a thickness smaller than ~100 nm (i.e.,
straight), to a typical curve measured on thin film. Fibers with
a thickness greater than 100 nm present a linear conductive be-
havior strikingly comparable to that of the film. This result high-
lights that these bioassembled fibers retain their electrical char-
acteristics despite the prolonged exposure/contact with the aque-
ous environment of the cells and the extraction and purification
procedures. On the other hand, straight fibers with a thickness
of less than ~100 nm have a much higher resistance with non-
linear characteristics, showing a detectable current signal only for
relatively high voltage bias values (i.e., greater than a few volts,
note the different x-axis scale for the two panels). This observa-
tion suggests the importance of the molecular packing and di-
mensionality of the resulting biomaterials for the appearance of
charge carrier percolation pathways.

Figure 6D reports the current I probed at V,;,; = 500 mV ver-
sus the sample thickness for a statistical distribution of fibers
(both helicoidal and straight) and thin film. All measured current
values for the thin film fall within the same region of the graph,
indicating relatively uniform thickness and electrical properties.
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Figure 7. A) Representative confocal images of C2C12 myotubes stained with CellMask (red). DTTO fibers are represented in green. Scale bars: 25 um.
B) Normalized emission intensity at 600 nm (excitation wavelength: 546 nm) of AlamarBlue after reacting with cells for 4 h in complete DMEM.
Emission measurements were taken by adding AlamarBlue at 0, 1, 2, 3, and 4 days after DTTO incubation. Data were normalized with respect
to the average value of the DMSO samples of day O to evaluate cell viability. C) Data representing the contraction rate of C2C12 myotubes af-
ter 48 h of treatment with both DMSO and DTTOs. C2C12 myotubes with or without DTTO fibers were analyzed separately. Data are repre-
sented as mean + S.E.M. Viability: two-way ANOVA/Bonferroni’s test; # p < 0.05; ## p < 0.01 within treatment with respect to day 0; n = 12
for each condition. Contraction rate: Kruskal-Wallis/Dunn’s test; p > 0.05; n = 42, 19, and 23 for DMSO, DTTO w/o fibers, and DTTO fibers,

respectively.

On the contrary, the conductivity of the fibers markedly depends
on the thickness. The current values measured in thinner fibers
(i-e., <~100 nm) always fall below 1 pA, comparable to our de-
tection limit, while thicker fibers (i.e., >~100 nm) show much
higher values, similar to the ones found for the DTTO thin film.
The fact that only the larger fibers exhibit good conductivity, simi-
lar to that of the cast film, suggests that with increasing the thick-
ness, the effective coupling along the out-of-plane direction is en-
hanced; this can be attributed to the presence of highly ordered
crystallites (similar to the ones present in the cast film) and/or the
increase in crystallite size, in accordance with previous findings
on another family of thiophene based derivatives.2°!

2.6. C2C12 Myotubes Contraction

Fiber formation was further assessed on differentiated C2C12
myotubes to gain insights into their growth in a context that
closely mimics muscle tissue. Myotubes were obtained starting
from C2C12 myoblasts, which fuse together and differentiate
into contractile cells. Myoblasts were seeded using the micro-
contact printing technique to enhance their differentiation.?”]

After reaching confluence, cells were allowed to differentiate
for 8 days in DMEM containing 2% HS before being treated with
DTTO.%I

As shown in Figure 7A, DTTO fibers are formed within the
C2C12 myotubes; in particular, their growth occurs at a surpris-
ingly higher rate than in other cell lines, and after 2 days, fibers
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have already grown along the entire length of the myotube, reach-
ing lengths of hundreds of micrometers (Figure S16, Supporting
Information). This interesting aspect can be ascribed to the larger
cell area of the C2C12 myotube, which could lead to a higher
amount of internalized DTTO molecules. In addition, most of
the fibers remain confined within cells, even after 48 h, proba-
bly due to the stiffer cell membrane of myotubes with respect
to myoblasts. The viability of myotubes was assessed through
AlamarBlue assay, and the results revealed no significant differ-
ence between cells loaded with DTTO and those treated with the
vehicle (DMSO). It is important to note that after 2 days from
the treatment, cell viability appears slightly reduced but inde-
pendently from the treatment itself (Figure 7B), confirming that
DTTO fibers formation does not compromise cellular integrity
and activity.

It was found that the formation of fibers not only does not af-
fect cell viability but also does not hinder their ability to contract.
Figure 7C shows the contraction rate of myotubes triggered by
an electric field. In this experiment, three different conditions
were distinguished: i) DMSO (cells treated with the vehicle), ii)
DTTO-treated cells in which fiber formation was observed, and
iii)y DTTO-treated cells in which fibers were not formed. My-
otubes were stimulated by immersing two electrodes in the cell
medium and applying a voltage of 3 V at a frequency of 1 Hz.?!
As observed, no significant difference in contraction rate was
spotted between the different conditions: all of them perfectly re-
produce the frequency of the applied voltage pulses. This indi-
cates that neither DTTO molecules nor fibers compromise their
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capability to contract. Interestingly, contraction analysis revealed
that the crystalline fibers are flexible enough to conform to the
movement of the cells, as seen in Video S2 (Supporting Informa-
tion) where a fiber “contracts” together with the myotubes that
contain it.

As reported for C2C12 myoblasts, fibers eventually cross
the myotube membrane ending up in the extracellular media
and touching other cells (Figure S14, Supporting Information).
Due to their electrical conductivity, DTTO fibers could be uti-
lized to regulate the membrane potential of cells with unprece-
dented accuracy. By delivering a voltage to the end of DTTO
fibers, for instance, it would be possible to control the activ-
ity of individual cells without coming into physical contact with
them.3

3. Conclusion

We have performed an in-depth analysis of the structural and
physical properties of DTTO fibers bioassembled within living
cells. By monitoring the fiber’s growth using LSCM, we observed
that once the fibers reach a certain length within a cell, they
are able to cross the plasma membrane, and in the presence
of an adjacent cell, they continue to grow without harming ei-
ther. In contrast, when the fiber reaches the extracellular so-
lution, its growth is halted even in the presence of dispersed
DTTO molecules. Hence, fiber growth results in the forma-
tion of a biomimetic and bio-inspired network interconnecting
cells.

Combining photophysical, structural, morphological, and ele-
mental characterizations, we demonstrate that fiber consists of
close-packed DTTO molecules with proteins forming a “corona”
around their surface. By exploring the aggregation of DTTO in
different solvents or matrices mimicking the intra- and extra-
cellular environment, we demonstrate that the peculiar way in
which cells organize DTTO molecules cannot be reproduced out-
side living cells. These findings indicate that cellular activity plays
a crucial role in fiber formation and that the intracellular species
serve as a scaffold for the growth of DTTO fibers. Intriguingly, a
detailed time-resolved microscopic investigation of fiber’s growth
strongly supports an NCC mechanism for their formation. In
fact, after internalization, DTTO is shown to form agglomerates
in which the molecules are in a liquid-like phase prior to crys-
tallization and formation of the ultimate fibrous structure. X-
ray diffraction investigation demonstrates that fibers show high
crystallinity and a distinct lattice structure compared to all other
DTTO solid-state phases, proving that cells assemble DTTO into
a bio-polymorph with unique morphological, optical, and electri-
cal properties. This exciting finding opens the possibility of ex-
ploiting cellular systems for the uncovering of unreported poly-
morphs.

Our results highlight that DTTO fibers represent a promis-
ing scaffold for biomedical purposes since creating artificial elec-
troactive constructs with defined morphology may confer novel
“bionic” features to cells and tissue via temporally and spatially
controlled stimulation. Furthermore, they can provide new ap-
proaches for directly linking the communication circuitry in a
living system, for example, neural circuitry or muscle cell con-
traction signaling.
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4. Experimental Section

Cell Culture Maintenance: In vitro experiments were performed us-
ing C2C12 (mouse myoblasts) and HEK 293T (human embryonic kidney)
cells, purchased from ATCC. Cells were cultured in T-25 cell culture flasks
containing Dulbecco’s modified Eagle medium high glucose (DMEM-HG)
culture medium, supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and 1% GlutaMAX (0.5 mwm, Invitrogen). Culture flasks were
maintained in a humidified incubator at 37 °C with 5% CO,. When at the
confluence, cells were enzymatically detached from the flasks with a 1x
trypsin-EDTA solution, plated on sterilized substrates, and left to grow for
at least 24 h before performing the experiments. Prior to cell plating, a
layer of fibronectin (2 ug mL~" in PBS buffer solution) was deposited on
the sample surface and incubated for at least 1 h at 37 °C to promote cel-
lular adhesion. For aligned cell plating, a micro-contact printing technique
was used, as described in the next section.

C2C12 Seeding (Micro-Contact Printing) and Differentiation: Micropat-
terned substrates were prepared by stamping the PDMS on 18 mm round
microscope glass slides coverslips. The PDMS stamp was coated with
200 pg mL~" of fibronectin (Sigma Aldrich) and let to rest for 60 min.
The stamps were then dried with nitrogen and gently pressed on the sub-
strate. After stamping the protein, the unpatterned regions of the sub-
strate were blocked with 2% Pluronic F-127 (Sigma Aldrich) to render
them non-adhesive to the cells. The substrate was rinsed three times with
PBS before cell seeding. Approximately 18 000 cells cm™2 were seeded
on each substrate and incubated as reported in the “cell culture main-
tenance” section until confluence was reached. Twenty-four hours after
reaching confluence, the cell growth medium was substituted with differ-
entiation medium (DMEM-HG culture medium, supplemented with 2%
heat-inactivated horse serum (HS) and 1% GlutaMAX) and incubated for
10 days to induce myotube formation. Differentiation media exchanges
were performed every 48 h.

DTTO Treatment: C2C12 cells were seeded at a density of
~12 000 cells cm™2 in a 12-well tissue culture plate in 1 mL of com-
plete culture medium per well. DTTO was dissolved in DMSO at a
concentration of 2.5 mg mL™" to obtain a stock solution and then was
diluted in DMEM to the final concentration of 25 pg mL™" before adding
it to the cells. Cells were then incubated at 37 °C in 5% CO,, 95%
relative humidity for 1 h. After the incubation time, the remaining dye
in the solution and DTTO aggregated, which did not penetrate the cell
membrane, were washed with PBS before performing each experiment.

Uptake Assay:  For this experiment, 50 000 cells cm~2 were plated on
a 24-multiwell plate 24 h before the investigation. On the day of the ex-
periment, half of the samples were incubated with 10 ug mL™" of NaN;
for 1 h to block active endocytosis. After the treatment, cells were loaded
with DTTOs as previously described. After the loading, cells were washed
with PBS and resuspended in NaOH 1 m. The DTTO fluorescence was
detected using a fluorescence spectrophotometer, exciting at 403 nm and
measuring the emission at 530 nm.

Viability Assay: To assess DTTO biocompatibility, an AlamarBlue pro-
liferation assay was performed. The toxicity assay with AlamarBlue was
an indirect method based on the quantitative measurement of cellular
metabolic activity by measuring fluorescence. Resazurin, the active princi-
ple in the AlamarBlue reagent, was a non-fluorescent and non-toxic com-
pound permeable to the cell membrane. Viable cells reduce Resazurin to
Resofurin, a highly fluorescent compound. The conversion from the oxi-
dized to the reduced form caused an absorption shift from 600 to 570 nm.
For this experiment, 4000 cells cm~2 were plated 24 h before the experi-
ment (for HEK-293T cells), or 18 000 cells cm~2 were plated and induced
to differentiate as reported previously (for myotubes). After 8 days of ex-
posure to the differentiation medium, DTTO was incubated with cells for
1h. After AlamarBlue reagent (Invitrogen DAL 1100) was diluted 1:10 with
DMEM without phenol red. The solution without the cell was used as
blank. The samples were incubated for 4 h (for HEK-293T cells) or 2 h
(for myotubes) and, subsequently, a 100 pl aliquot of the solution was re-
moved from each well and transferred to a 96-well plate. The fluorescence
was detected using a fluorescence spectrophotometer, exciting at 560 nm
and measuring the emission at 590 nm. The emission value was acquired
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3 times per aliquot to obtain a reliable measure. Cells were monitored un-
til 2 days. The day before DTTO treatment, an additional assay was per-
formed on each well to assess the viability of the untreated myotubes. The
emission values were then normalized with respect to the values of the
untreated cells corresponding to the same well.

Statistical Analysis: Data were expressed as mean + standard error of
the mean (S.E.M.) or box plots. Normal distribution was assessed using
D’Agostino and Pearson’s normality test. To compare multiple variables,
the two-way analysis of variance (ANOVA) test with Bonferroni's correc-
tion was used. To compare more than two distinct groups with one sin-
gle variable one-way ANOVA test was used with normally distributed data,
while Kruskal-Wallis test with Dunn’s multiple comparison tests was used
for non-normally distributed groups. To compare two distinct groups with
one single variable Student’s t-test was used with normally distributed
data, while Mann-Whitney U-test was used for non-normally distributed
groups. The significance level was preset to p<0.05 for all tests. Statistical
analysis was carried out using Prism 6 (GraphPad Software, Inc.).

Confocal Imaging:  For confocal imaging, an inverted confocal laser mi-
croscope, Nikon Eclipse Ti2, was used. The acquisition was performed
with NIS-Element, Nikon Imaging Software. For the localization experi-
ments, 12 000 cells cm~2 were plated 24 h before the experiment. On the
day of the experiments, cells were incubated with DTTOs for 1 h. After
the incubation, samples were washed with PBS to remove cell unbound
molecules. Myotubes were differentiated and treated with DTTO, as re-
ported in the previous sections. Next, samples were incubated for 5 min-
utes with CellMask Deep Red (Thermo Fisher) plasma membrane stain to
detect cell plasma membrane. Samples were washed with PBS, and the
acquisition was performed using a 60x objective for cell Z-stack acquisi-
tion of consecutive confocal sections. Hoechst, DTTO, propidium iodide,
and CellMask were excited using 403.3 nm (detection channel 425-475 nm
and 500-550 nm), 561 nm (collection channel 570-620 nm), and 640 nm
(collection channel 663-743 nm) lasers, respectively. The acquired images
were analyzed with Fiji (Image}).

Propidium lodide Staining: Twelve-thousand cells per cm* were plated
24 h before the experiment. 24 h before the experiment, cells were incu-
bated with DTTOs for 1 h, as reported previously. Before imaging, sam-
ples were incubated for 5 min with CellMask Deep Red (Thermo Fisher)
plasma membrane stain, propidium iodide, and Hoechst. The acquisition
was performed using a 60x objective for cell Z-stack acquisition of con-
secutive confocal sections. DTTO, Pl, and CellMask were excited using
403.3 nm (collection channel 500-550 nm), 561 nm (collection channel
590-630 nm), and 640 nm (collection channel 663-743 nm) lasers, re-
spectively.

DTTO Fiber Harvesting: Fibers were isolated from cells similar to
what was already reported by Palama et al.[ DTTO fibers were puri-
fied by whole cell lysates in 50 mm Tris HCl, pH 7.4; 1% Triton X-100;
5 mm EDTA; 150 mm NaCl; 1 mm Na;zVO,; 1 mm NaF; 1 mm PMSF;
10 um benzamidine-HCl; 10 ug mL™" aprotinin; 10 ug mL™" leupeptin;
10 ug mL~" pepstatin A. The resulting solution was then washed multiple
times with fresh lysis buffer by centrifugation (1550 rpm, 20 min, 4 °C)
and stored at —80 °C for further use.

Relative PL Quantum Yield: PL quantum yield was measured for the
previously analyzed samples at different excitation powers (0.5, 1, 5, and
10 mW) following the protocol reported by de Mello et al.3'] Relative PL
quantum efficiency was then established by averaging the measured val-
ues and normalizing them with respect to DTTO in DMSO, which had the
maximum efficiency between the measured samples.

Time-Resolved Photoluminescence (TRPL): TRPL measurements were
carried out using Ti: Sapphire laser source (Chameleon Ultra Il, Coher-
ent, producing pulses of 140 fs with a repetition rate of 80 MHz). Sec-
ond harmonic generation was obtained using a barium borate crystal; two
BG40 filters were used to remove residuals of the fundamental. The exci-
tation beam (405 nm) was reflected off a suitably chosen dichroic mirror
(LP425) before hitting the sample. The emission was collected with an Ac-
ton SP2300i, Princeton Instrument spectrograph coupled with a Hama-
matsu C5680 streak camera with the Synchroscan sweep module. The
streak image was recorded by a Hamamatsu ORCA-R2 C10600 CCD. The
measurements recorded the first 2 ns of decay, with a temporal resolution

2
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of 20 ps. For measurements on living cells and isolated fibers (TRPL mi-
croscopy), the excitation beam was collected into a 63x water immersion
objective (for living cells) or 40x objective (for the other measurements)
and focused onto the sample to achieve spatial resolution, obtaining an
excitation spot diameter of 1 um and a power of 2 uW. The microscope
field was visualized using a flip mirror and a CMOS camera (ORCA-Flash
2.8, Hamamatsu), allowing the accurate focus of the excitation beam on
the sample with the help of a sample XYZ differential micrometer trans-
lation stage. The emission signal was focused on the entrance slit of the
spectrograph, as previously described.

PL Anisotropy Calculation: PL anisotropy over time was calculated ac-
cording to the definition r = (I = GI,)/ (I} +2Gl, ), where I is the inten-
sity of the PL signal (parallel or orthogonal to the excitation beam), and G
is a correction factor that takes into account different sensitivities of the
detector to orthogonally polarized signals.[*2] The correction factor G was
calculated assuming that the PL anisotropy of small molecules in good
solvents, which could easily rotate and reorient randomly, should tend to
0.218] Accordingly, the correction factor G to have r(c0) = 0 in DMSO re-
sulted to be 0.868.

Scanning Electron Microscopy (SEM) Analysis: ~ Field-emission scanning
electron microscopy was performed on Zeiss LEO 1530 FE-SEM equipped
with X-act - 10 mm? SDD EDS Detector by Oxford Instruments. Images
were collected operating at V,.. = 5 keV. The samples were drop-cast onto
Si/ SiO2 wafers and dried under vacuum with no further treatment.

X-ray Diffraction (XRD) Measurements: XRD patterns of purified pow-
der samples and drop-cast films were recorded by means of a PANalytical
X'PertPro diffractometer equipped with a fast, solid-state X'Celerator de-
tector and a copper target (4 = 0.15 418 nm). The samples were scanned
in the range 20 = 3.2° to 40° (step size of 0.033°, acquisition time of 200 s
per step).

Atomic Force Microscopy (AFM) and Peak-Force Tuna (PFTUNA) Mi-
croscopy:  All scanning probe microscopy characterizations were per-
formed in the air with a Bruker Multimode 8 microscope. Fiber samples
for SPM were prepared by drop-casting 10 mL of fiber suspended in water
on fresh gold on mica substrates (Phasis, CH). For comparison, DTTO
dissolved in tetrahydrofuran (2.5 mg mL™") was also drop-cast on the
same type of substrates. Employing Bruker’'s PFTUNA mode, it was pos-
sible to simultaneously measure topography, mechanical properties (i.e.,
adhesion), and the electrical current passing from the substrate to the
tip through the sample, with a detection limit below 1 pA. Local current—
voltage (I-V) curves were acquired by keeping the tip at a fixed position
and ramping the voltage bias. Each plotted curve/measured I(V) value was
obtained after averaging three consecutive measurements. Bruker “SCM-
PIT-V2” probe (f=75 kHz, k=3 N m~1, material: n-Si) was used for all
the measurements. The processing and analysis of the scanning probe
images for correcting piezo-scanner artifacts were performed using SPIP
software.

DTTO Aggregation in Physiological Media Mimicking Intra or Extra-
cellular Media: DTTO was dissolved in DMSO at a concentration of
2.5 mg mL™"; then 0.25 pL of this solution was injected into three different
matrices: INTRA (12 mm KCl, 125 mm K-Gluconate, 1 mm MgCl,, 0.1 mm
CaCly, 10 mm EGTA, 10 mm Hepes, 10 mm ATP), KRH (Krebs—Ringer—
Hepes solution: 135 mm NaCl, 5.4 mm KCl, T mm MgCl,, 1.8 mm CaCl,,
5 mm Hepes), DMEM complete (Dulbecco’s modified Eagle’s medium,
10% fetal bovine serum, 1% GlutaMAX).

Contraction Experiments:  C2C12 cells were differentiated as previously
reported, and myotubes were treated with DTTO 2 days before the ex-
periment. Cells were placed in the extracellular solution (NaCl 0.14 wm,
KCl 5.4 mm, MgCl, 1.8 mwm, CaCl, 1.8 mm, Glucose 11 mm, and HEPES
10 mm). Nikon Eclipse Ti inverted microscope, coupled with a 20x/0.50
objective purchased from Nikon was used to stimulate the cells. The elec-
trical stimulation was achieved by applying 20 ms pulses of voltage (3 V)
at a frequency of 1 Hz. The effect of electrical stimulation was recorded
using PVCam software, starting the stimulation 10 s after the beginning
of the video, and stopping the recording after several seconds at the end
of the protocol to distinguish spontaneous contractions from the effect of
the applied voltage. All the measurements were performed at room tem-
perature.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAIEa1D) 3[deatjdde au) Aq peusenob afe ssjole VO ‘88N JO Seini Joj Afeiq1T8UlUO 48]/ UO (SUOTPUOD-PUB-SWLBYW0 A8 | 1M AeIq Ul UO//:SdNY) SUORIPUCD pue s | 841 885 *[Z02/T0/62] Uo AriqiTauliuo A8 (1M uswnooq 72 HediQ IWeSIS a1y Aq 95/20£202 BWIPe/Z00T OT/I0p/WooA8 1M Aeiq iUt |uoy/sdny wouy papeo|umod ‘i ‘€202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Video Analysis:  The single frames of the videos recorded by PVCam
software were put together with Fiji (Image)) software and analyzed with
MATLAB code. The code was based on a visual recognition algorithm
that allowed to characterize the movement of an object, chosen by the
user, through each frame. The code was based on Kanade-Lucas—Tomasi
algorithm.[3] The selected ROl was divided into indifferent subregions,
each with its coordinates. This allowed evaluating the average displace-
ment of each point from its zero, allowing us to obtain the average contrac-
tion path of a contracting myotube. The frequency of contraction was ob-
tained by evaluating the distance between two consecutive peaks from the
contraction profile curve (displacement over time). A series of optimiza-
tion of the code were employed to reduce noise and correctly highlight
the single contraction peak (i.e., minimum value, a minimum distance
between two peaks, etc.). Then the mean contraction time and frequency
were evaluated for each myotube.
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