Current Understanding and Emerging Applications of 3D Crumpling

Mediated 2D Material-Liquid Interactions

Peter Snapp'l, Mohammad Heiranian'll, Michael Taeyoung Hwang?!, Rashid Bashir>**, Narayana

R. Aluru™, SungWoo Nam'™

'Department of Mechanical Science and Engineering

University of lllinois at Urbana-Champaign

Urbana, IL 61801, USA

2Holonyak Micro and Nanotechnology Laboratory

University of lllinois at Urbana-Champaign

Urbana, IL 61801, USA

3Department of Bioengineering

University of lllinois at Urbana-Champaign

Urbana, IL 61801, USA

IThese authors contributed equally to this work.

*Corresponding Authors (Emails: swnam@illinois.edu; aluru@illinois.edu; rbashir@illinois.edu)

Highlights

Crumpling has emerged as a key technique to modify 2D material’s mechanical and
electrical properties.

Crumpled structure interrupts water contact with 2D materials, increasing hydrophobicity.
Crumples also increases thickness of electrical double layer (EDL) over 2D materials.
Increased EDL thickness of crumpled 2D materials has been exploited for single molecule
limit biosensing.

Crumpled structure of 2D materials also promotes enhanced interactions with cells.
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Abstract
Three dimensional (3D) crumpling of two dimensional (2D) materials provides new

opportunities to modulate mechanical, optical, surface, and chemical properties. However,
investigation of the effect of 3D crumpling on 2D material liquid interaction has been limited. In
this perspective, we will review crumple/texture induced heterogeneous surface properties
including chemical modification, energy corrugation, and electronic structure perturbation which
may modulate fluid interaction. We will then describe simulations of fluid interaction in systems
resembling 3D textured 2D materials, principally nanotubes, which have begun to substantiate
perturbations to fluid structure driven by texture induced modification of the 2D material surface.
Furthermore, we will detail current experimental understanding of how texture induced modulation
of interactions with pure solvent affect macroscale wetting characteristics including textured
driven transitions in water contact from Wentzel to Cassie Baxter states. Following this discussion
of how texturing affects the interaction of 2D materials with pure solvent, we will detail cutting
edge explorations of how texturing modifies interaction with ions and other chemical species
dispersed in solvent phases. Particular focus will be placed on recent simulations of aqueous
phase molecular interaction with crumpled 2D materials which show that crumpling increases the
thickness of the electrical double layer (EDL) formed near a 2D material surface. This increased
EDL thickness has allowed for the development of biomolecule sensors with gigantic sensitivity
and the monitoring and templating of cells including neurons and myotubes. Sill, considerable
work is needed to elucidate the effect of different crumpling geometries on the local properties of
the full range of 2D materials, how these variation in local properties perturb fluid structure and
molecular interaction, and how these tuned interactions enable diverse opportunities such as

sensing, energy storage, and control of biological interaction.
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1. Introduction
Two Dimensional (2D) materials have commanded the attention of the broad scientific

community for over a decade. For instance, graphene, a semi-metallic, 2D form of carbon and
the best known 2D material, is the thinnest and strongest known material, demonstrates ultrahigh
electrical mobility and thermal conductivity, and is molecularly impermeable[1]. The family of 2D
materials has grown to include insulators like hexagonal boron nitride (h-BN), semiconductors like
transition metal dichalcogenides (TMDs), metals like 2D vanadium oxides, and many more[2].
Despite this great diversity, all 2D materials are characterized by atomic scale thinness which
results in unique interfacial interactions. Transitioning focus back to graphene which possesses
surface behaviors representative of the broad family of 2D materials, one can begin to understand
the complex interactions occurring at the surface of a 2D material. Graphene demonstrates long
range 1 conjugation and interacts with weakly adsorbed molecules by donating or accepting
charge carriers resulting in modulation of carrier concentration[3]. This -1 interaction and
electron donation result in complex behaviors including variations in solubility and catalysis that
can be modulated by doping and defect engineering[4]. The ability to actively tune surface
interactions using 2D materials offers broad opportunities for interfacial engineering, particularly
in controlling interactions at the solid-liquid interface.

The liquid — 2D material interface offers various options for control and tuning. Wettability,
the most basic interaction between a fluid and a surface, of 2D materials is highly complex due to
perturbation from the environment[5]. For instance, planar, unmodified graphene is widely
considered hydrophilic with freshly prepared graphite under ultrahigh vacuum and graphene
exposed to air for less than one minute demonstrating hydrophilicity (water contact angle (WCA)
< 90°) [6]. This inherent hydrophilicity is reflected in theoretical studies with WCAs predicted using
molecular dynamics (MD) simulations and ab initio calculations consistently showing values less
than 90° regardless of the number of layers simulated[7]. However, this inherent hydrophilicity is

easily perturbed by the environment which the 2D material is exposed to. In particular, the extreme



thinness of 2D materials results in wetting translucency to the substrate. For example, 2D
materials with fluid interactions dominated by van der Waals forces including graphene,
molybdenum disulfide (MoS;), and tungsten disulfide (WS.), develop non-negligible polar natures
after transfer to strongly polar h-BN surfaces[8]. Similarly, physisorption of airborne hydrocarbons
profoundly changes the wettability of graphene, causing a transition to hydrophobic behavior over
time[9]. Perturbation of surface properties extends beyond wettability, for instance, the formation
of an electrical double layer (EDL) above graphene shows a distinct dependence on the substrate,
with EDL capacitance declining with increasing hydrophobicity of the substrate[10]. Another
driving factor modifying 2D material properties are three-dimensional (3D), out-of-plane surface
instabilities which modify interaction directly through structure and by perturbing the properties of
the 2D material through heterogenous strain.

Crumpling/texturing 2D materials to adopt an out-of-plane geometry has emerged as a
key technique to modify the properties of 2D materials. Crumpling offers a simple route to tune
2D material interactions that can be reversed and produces heterogeneous surfaces[11]. For
instance, the interlayer shear modulus and shear strength of interacting graphene sheets are
easily increased with the introduction of out-of-plane wrinkles which induce geometrical locking
effects between the interacting layers[12]. Similarly, crumpling induces areal densification of
graphene which increases optical absorbance and is reversible by application of strain, allowing
for the development of tunable, crumpled graphene photodetectors[13]. Crumpling also offers an
interesting route to create 2D material heterostructures with induction of a sinusoidal wrinkle
structure predicted to induce controllable phase transitions in TMDs resulting in alternating
domains of semiconducting 2H phase and metallic T phase[14]. Still, direct exploration of the
effect of crumpling on the surface interactions of 2D materials at the liquid interface has been
quite limited.

While it is well understood that 3D surface features influence wettability[15] and
electrostatic interaction at the interface between liquids and solids[16], the influence of 3D
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crumpling on 2D material liquid interaction has been explored only superficially. In the case of
wettability, it is understood that crumpling 2D materials causes a transition from Wentzel to Cassie
Baxter states provoking transition from hydrophilicity to hydrophobicity[17]. However, texturing 2D
materials results in heterogeneous modification of surface properties including local variations in
chemical functionalization[18], friction[19], and doping[20] which are not observed with patterned
bulk materials and are likely to modify interaction with an interacting solvent in a complex manner,
meriting further exploration. Similarly, corrugations on 2D materials have allowed for the
realization of spatially defined chemistry[18], but the detailed structure of the EDL over textured
2D materials, which modulates electrochemical interaction, is only just being investigated. Given
the implications of wettability and EDL structure on the use of nanotextured 2D materials for
sensing and tailored biological interactions[16], developing a full understanding of the effect of
texturing on the 2D material-liquid interface is of significant importance.

In this perspective, we will review known effects that perturb the wettability of 2D materials,
identify how these perturbations are influenced by texturing, and propose questions on textured
2D material — liquid interactions yet to be addressed. We will then describe emerging progress on
understanding EDL structure above textured 2D materials and the implications of EDL structure
modification on interaction with ions and other chemical species dispersed in solvent phases.
Finally, applications enabled by texture driven tunable wettability and EDL structure will be
reviewed, with particular attention payed to emerging applications in biological sensing and
modulation of cell-textured 2D material interactions.

2. Survey of 2D Material Crumpling Approaches

Before delving into a discussion of the effects of texturing on 2D material-liquid
interactions, it is important to discuss the varying 2D material texture geometries available, each
having distinct interactions with fluid. Texturing geometries can be subdivided into three
categories: conformal wrinkles, delaminated crumples, and hierarchical topographies. Conformal
wrinkles (Figure 1a) maintain continuous contact with their supporting substrate and can be
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produced by direct growth of 2D materials on textured substrates[21], deposition/transfer of
sheets of 2D material onto texturing templates (Figure 1a(i))[22], or transfer of 2D materials to
pre-strained substrates overcoated with skin layers which adhere strongly to deposited 2D
material layers[23]. Conformally wrinkled 2D materials experience non-uniform strain which peak
at the wrinkle apex (Figure 1a(ii)), and, given constant material thickness and feature aspect ratio,
increases as feature size decreases (Figure 1a(iii))[22]. Non-uniform strains perturb 2D materials
electronic structure resulting in band structure manipulation[22] and orbital hybridization[18] which
might modify interaction with liquids. In contrast, delaminated crumples (Figure 1b) form voids
beneath the peaks of the crumples and are readily produced by contraction of 2D layers which
are weakly adhered to substrates which allow 2D film delamination (Figure 1b(i-iii))[24]. The void
beneath the delaminated crumples results in collapse, forming dense high aspect ratio features
trapped air Cassie-Baxter state[17]. Conformal wrinkles and delaminated crumples can be
realized simultaneously using hierarchical topographies (Figure 1c) which can be produced by
sequential mechanical deformation[25], varying the number of 2D material/skin layers crumpled
(Figure 1c(i))[23], or integration of graphene over swollen templates[26]. The precise control of
structure afforded by hierarchical texturing (Figure 1 c(ii)) could allow control of liquid - 2D material
interaction for tunable wettability and catalysis[27]. Given the diversity of texturing geometries
available, each with distinct effects on 2D material properties, detailed exploration of the behavior
of liquids interacting with these structures is needed. This exploration of variation in textured 2D
material — liquid interaction driven by different texturing geometries will enable diverse

applications including surface treatments, sensing, and controlled biological interaction.

3. Effect of Crumpling on 2D Material — Liquid Phase Interactions

3.1 Texture-driven Modification of 2D Material Surface Properties and Liquid Interaction
At the most basic level texturing 2D materials produces structures simulating large scale

surface roughness and out of plane defects[17]. It is well known that structural defects modulate



wettability of the typically flat surfaces of both 2D and bulk materials. For instance, the formation
of out-of-plane structures such as vertical graphene networks, renders graphene hydrophobic by
trapping air at the liquid — 2D material interface[28]. However, in our view, richer opportunities for
tuning wetting are enabled by the complex, heterogeneous modification of 2D material surface
properties resulting from crumpling/texturing[11]. This spatially varying modulation of surface
properties could result in complex perturbations to the behavior of liquids near a textured 2D
material surface which will not be apparent on patterned bulk materials which maintain
homogeneous surface properties. These modifications to water behavior over 2D materials can
be predicted by examining how texturing or its analogs affect the surface properties of 2D
materials and how these modified surface properties affect wettability and fluid interaction. The
combined effects of these various influences on textured 2D material — fluid interaction could
result in water behavior distinct from that over flat 2D materials and patterned bulk material
surfaces.

First, texturing induced variations in the chemical activity of graphene[18] and similar 2D
materials including MoS[29] result in heterogeneous chemical decoration of flat 2D materials.
For instance, delaminated graphene crumples demonstrate greater curvature than conformal
wrinkles as indicated by atomic force microscopy (AFM) profiling (Figure 2a(i)). This increased
curvature enhances hybridization between the o- and Tr-orbitals in wrinkled regions resulting in
area selective fluorination as indicated by local variation in the ratio of the graphene’s Raman G
and 2D peaks (Figure 2a(ii)) [18]. The effect of this texture driven variation in chemical activity is
analogous to chemical functionalization/modification across the 2D material surface. Chemical
decoration/modification is the most basic perturber of 2D material wettability[30]. However,
modulation of wettability becomes more complex when the contamination or surface modification
is heterogeneous across the surface. Textured 2D materials demonstrate distinctive regions of
chemical activity distributed laterally across the surface[18] resulting in wettability in between that
of unstrained and homogeneously strained graphene, similar to the intermediate wettability of
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hyrofluorinated graphene between hydrogenated and fluorinated graphene (Figure 2b)[31].
However, depending on the degree of texturing and the specific texture geometry, the distribution
of functional groups on textured graphene will differ significantly from the atom scale distribution
of functional groups on functionalized graphene, influencing the local contact state of liquids and
changing contact angle.

In addition to variations in chemical activity, texturing 2D materials creates corrugations in
potential energy and modulates frictional interaction. Out-of-plane corrugations on graphene
epitaxially grown on Ru(0 0 0 1) directly obstruct smooth sliding and result in local variations in
potential energy across a graphene surface arising from enhanced interfacial electronic
interaction at corrugated areas. Similar variation in potential energy is observed for graphene
sliding over a textured gold surface (Figure 3a(i)) resulting in a spatially varying graphene-gold
interaction potential (Figure 3a(ii))[32].These obstructions to sliding and variation in potential
energy result in stick slip frictional behavior[33]. Modified frictional behavior influences 2D material
fluid interaction, modulating the slippage of molecules across a surface with implications for
lubrication, and energy storage[19]. Slippage of water over a 2D material surface is influenced by
periodic variations in potential energy across a surface, i.e. energy corrugation, which is most
apparent when comparing graphene and 2D hexagonal boron nitride (hBN). hBN exhibits a 3 fold
increase in liquid friction compared to graphene (Figure 3b(i)). This drastic difference in water
slippage is attributed to a larger corrugation of the hBN energy landscape (21 meV) compared to
graphene (13 meV) (Figure 3b(ii[1-2])). On graphene, water molecules weakly prefer absorption
onto the center of the graphene hexagon over positioning above carbon atoms (Figure 3b(ii[3-4]))
while on hBN water strongly prefers positioning over nitrogen atoms and avoids positioning over
boron atoms (Figure 3b(ii[5-6])) resulting in enhanced energy corrugation[34]. Increases in fluid
friction over hBN is consistent among polar solvents with ethylene glycol exhibiting higher friction
as a result of enhanced electrostatic interaction with the corrugated energy landscape of hBN
while non-polar diiodomethane demonstrates reduced friction as a result of weak electrostatic
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interaction[35]. Texturing 2D materials could have the combined effect of directly obstructing
slippage of any liquid by introducing physical barriers while also creating a corrugated potential
energy landscape, as was observed for corrugated graphene grown on Ru(0 0 0 1)[33], resulting
in distinct frictional interaction with polar and non-polar solvents.

Corrugation not only creates out-of-plane structures but also induces strains[22] which
modify the local electronic properties of 2D materials. Homogeneous strain applied to a single
layer graphene sheet alters band structure, resulting in changes to the Fermi level of graphene
(Figure 4a)[36,37] which has the potential to influence interaction with liquid as changes in doping
level are known to drive changes in WCA (Figure 4b(i))[20]. In a similar manner, homogeneous,
mechanical strain increases graphene’s reaction rate with functionalizing aryl diazonium
molecules by a factor of 10, enabling increased functionalization with p- and n-type dopants which
further modifies charge carrier concentration[38]. This texture driven extrinsic doping has the
potential to further tune wettability and adhesion by increasing hydrophilicity which has been
observed in both n- and p-type subsurface doped graphene (Figure 4b(ii))[20]. Combining the
heterogeneous strain driven (Figure 1a(i)) band structure modulation and extrinsic doping effects
of texturing with electronic structure induced modulation of the wettability could result in complex

modulation of wetting over a textured 2D material surface.

3.2 Influence of Crumpling on Wetting and Open Questions
These predicted influences of corrugation on 2D material — fluid interaction have been

partially confirmed by experiment and simulation. Graphene/carbon nanotube (CNT) films, which
simulate conformal wrinkles, exhibited surface hydrophobic properties including increased WCA
and reduced slip angle which resulted from predicted modified water contact and were
controllable by altering the film structure (Figure 5a)[39]. Explicit perturbation of water structure
near concave and convex regions of a conformally wrinkled graphene film can be inferred from
the structure of water inside (concave) and outside (convex) carbon nanotubes. Outside of tubes,

water molecules move to low-energy potential wells formed near the hexagonal carbon surface
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leading to increased density and nonuniform molecular distribution at the exterior carbon surface
that does not vary with tube diameter. In contrast, inside tubes, water behavior strongly depends
on tube diameter, with water in large (>10 nm diameter) tubes behaving like water outside tubes
while water in small (<10 nm diameter tubes) demonstrates reduced water density resulting from
the curved surface pinching the low-energy potential wells, pushing water molecules away from
the carbon surface. This reduction in water density inside tubes become more pronounced as the
tube diameter is further reduced (Figure 5b)[40].

Explicitly discussing textured graphene, buckle delaminated graphene mimics
superhydrophobic leaves[17] and multilayer graphene showing complex, out-of-plane textures
(Figure 5c(i)) demonstrated systematic increases in hydrophobicity with successive generations
of texturing, eventually demonstrating superhydrophobicity after three-generations of extreme
compression (Figure 5c(ii))[25]. This effect is present across multiple 2D materials with
hierarchically textured nanoflower MoS, demonstrating a hydrophobic WCA which reduces
reversibly when the textured structure is flattened by application of strain (Figure 5d(i)), and is
stable over thousands of cycles of stretch and release (Figure 5d(ii))[27].

In spite of this progress, more work is needed to fully understand the detailed mechanisms
driving textured 2D material — fluid interaction enabling diverse applications. Understanding
variation in wettability arising from texture driven heterogeneity in chemical reactivity will inform
the use of textured 2D materials as substrates for fluid phase catalysis[27]. Similarly,
understanding the frictional interaction between a fluid and a textured 2D material will establish
the utility of crumpled 2D materials in microfluidics applications and as lubricating surfaces[19].
Furthermore, local variation in wettability driven by texture associated heterogeneous strain will
enable the use of textured materials as surface coating and barrier materials as well as sensing
and templating platforms[16,20]. Modified liquid behavior can be probed experimentally at several
length scales, using macroscale WCA measurements to determine general wettability, mesoscale
Raman and energy dispersive X-Ray spectroscopy[18] to probe local chemical modification, and
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nanoscale aqueous phase AFM[19] and scanning tunneling microscopy[40] techniques to map
variations in surface energy and fluid structure. Experimental work can then be combined with
large scale MD simulations[41] of liquid surface interaction informed by first principle calculations
and ab initio/density functional theory (DFT) simulations which elucidate atom scale fluid
interactions to confirm the mechanisms driving modified fluid interaction. In all cases exploration
of fluid interaction involves correlating macroscale measurements of wetting behavior with local
measurements of liquid molecule behavior. Therefore, a pre-requisite for full characterization of
textured 2D material systems is the development of mesoscale simulation methods which can
bridge molecular scale calculations with continuum simulations. Mesoscale simulation will capture
the full effect of texturing in a single simulation that can be compared to macroscale experimental
observations forming a cohesive picture of liquid — textured 2D material interaction.
4. Effect of Crumpling 2D Materials on Electrical Double Layer Formation

Controlling liquid behavior over textured 2D materials has the further effect of modulating
interaction between ions and molecules in solution, motivating recent exploration of the use of
textured 2D materials to control interfacial chemical interaction. These interactions are of
particular interest because 2D materials can be used as electrodes for signal detection or as
semiconductors in field-effect transistors (FETs) in solution[42—44]. In solution-based FETSs, an
EDL, consisting of a layer of counter-ions adsorbed onto a charged surface due to the interaction
of counter-ions with the surface atoms and a second layer of co-ions attracted to the first layer[10],
is formed above the channel. The electrolyte layer acts as an insulator between the
semiconductor and the gate electrode in the solution[45], screening the charge of target
molecules outside the layer, adversely affecting the molecule detection sensitivity of FETs[46—
48]. EDL thickness is characterized by the Debye screening length motivating explorations to
reduce Debye length using different methods[46,49-54]. Gao et al.[51] increased the Debye
length by functionalizing channels with porous polymers which spread EDL ions away from the
channel surface, preventing the formation of highly concentrated, thin EDLs and allowing ions
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and biomolecules to permeate through. High frequency AC methods[46,52—-54] have also been
used to disrupt the EDL formation and reduce the electrostatic screening, however, measuring
the output signal and applying high frequency voltage simultaneously requires complex
operation[55]. One of the most effective routes to reduce screening effects is the use of small-
size receptors[56,57] (e.g., aptamers and monoclonal antibodies) to reduce the distance between
the target molecule and the channel.

Surface morphology can also tune the structure of the EDL which, in return, changes the
surface-EDL interfacial properties (e.g., capacitance and electrostatic screening). Since strong
electrostatic screening is detrimental to the sensitivity of FETs, the intrinsic curved nature of
crumpled 2D materials can be exploited for fabrication of FETs with enhanced sensitivity.
Shoorideh et al.[16], using the analytical Poisson-Boltzmann equations, has shown that charge
screening decreases for concave surfaces. M. T. Hwang et al. recently extended this work,
offering the first exploration of the influence of texturing 2D materials on EDL structures[58]. All-
atom MD simulations were used to compare the EDL structures near concave and convex
graphene surfaces with that of a flat graphene sheet. In Figure 6, where the molar concentration
of ions is shown near charged flat and crumpled graphene surfaces, the structural properties of
the EDL next to a curved graphene surface differs from that of an ideally flat graphene. Most
importantly a longer EDL is formed near the concave surface, due to the confinement.
Biomolecules adsorbed onto the concave surface are shown[58] to exclude ions from the surface,
spreading the EDL further away from the concave surface. Therefore, concavity of the surface
results in more exposure of biomolecule charges without being screened by ions. The promise of
possible reduced screening in crumpled graphene can potentially alleviate the EDL screening and
improve the sensitivity of future detection devices as discussed in later this perspective.

Modified EDL screening also has implications for energy storage. EDL capacitors are
supercapacitors that work based on the adsorption of ions to the electrode surface (Figure 7) [59].
Compared to traditional batteries, supercapacitors can be charged and discharged much faster,
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in seconds, with longer cycle life (>10° charge/discharge cycles) [60—62], however, EDL
supercapacitors lack high energy densities[60-64]. Energy density can be increased by
maximizing the interfacial area where ions are accumulated. Single-layer graphene, having a high
theoretical surface area of 2630 m?/g, is a good candidate due to high surface area, superior
electrical properties, and chemical inertness[61,63]. Hengxing et al.[65] showed that single-layer
graphene has higher capacitance than multi-layer graphene because of stronger correlations
between EDL ions and the 11-band electron Fermi liquid in single-layer graphene. Kwon et al.[10]
further showed that using a hydrophilic substrate to support single-layer graphene increases the
EDL capacitance further by forming a thinner EDL at the graphene interface while hydrophobic
substrates disturb EDL formation, reducing capacitance (Figure 7a-c). Still, graphene-based
supercapacitors suffer from low energy densities due to the low density of states at the Fermi
level which leads to small quantum capacitance[63—66].The total interfacial capacitance is given

by summing graphene quantum capacitance and EDL capacitance in series (C7! = 651 + Czpy

where Cr, Cq and Cep. are the total, quantum and EDL capacitances, respectively) and is
dominated by the small quantum capacitance[66]. Quantum capacitance can be tuned by
modifying the electronic properties of graphene through molecular doping, point defects, and
deformation or morphological modification[67—72]. Nitrogen doping can enhance the quantum
capacitance of graphene by changing carrier charge density of graphene[67,71,72]. Redox active
molecules have also been used to increase the capacitance of graphene[69,70]. Wood et al.[72]
achieved enhanced quantum capacitance by introducing different types of point defects. Most
relevantly, Wood et al.[72] investigated the effect of straining and crumpling of graphene on the
quantum capacitance. Since tensile strain increases the capacitance as the surface area
increases, larger enhancement is achieved by crumpling with enhancement scaling inversely the
crumple wavelength (Figure 7d). Crumpling weakens 1-bonds with small 1r-11* splitting which, in
return, leads to a higher density of states at the Fermi level increasing the quantum

capacitance[72] (Figure 7e-f). These promising results with crumpled graphene, pave the way for
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the realization of graphene supercapacitors with high energy densities. The effect of curvature on
capacitance has been also studied utilizing a graphene functionalized with C60 buckyballs as
curved surface electrodes, simulating conformally wrinkled graphene[73]. C60/graphene was
shown to perform better compared to flat graphene with total capacitance enhanced 4 fold (see
Figure 7g) as a results of higher density of states at the Fermi level, increasing quantum
capacitance, and absorption of more ions per unit area on the curved buckyball surface,
increasing EDL capacitance.
5. Effect of 2D Material Crumpling on Chemical and Electrochemical Reactions

While 2D materials have drawn attention for tuning ionic interaction, accessing the full
potential of 2D materials is not possible without altering their chemistry[74]. Catalyzing
electrochemical reactions (e.g., oxygen reduction reaction (ORR) and hydrogen evolution
reaction (HER)) by 2D materials can be enhanced by modifying the surface chemistry of 2D
materials[75][76]. Chemical functionalization can be used for chemical modification[77]. However,
functionalization of the basal plane of graphene is difficult as 1r-conjugation leads to high energy
barriers for reaction with functional groups[78]. Inducing local curvature by texturing results in
hybridization of orbitals in graphene and increases its chemical reactivity with functionalizing
molecules[18]. In addition to easing functionalization, texture induced enhancement of chemical
reactivity enables 2D materials for use as liquid phase electrochemistry and catalysis platforms.
DFT calculations predict texture induced enhancement of the catalytic activity of graphene,
establishing that a minimum ratio of crumple height to radius of 0.07 is needed to enhance
chemical reactivity of graphene[79] and that inducing a 2.0 nm radius of curvature reduces the
energy barrier for hydrogen reduction by 15%[80]. Y. Qu et al.[75] experimentally investigated the
effect of curvature on hydrogen evolution reaction of graphene, confirming that HER is abruptly
enhanced on curved graphene subject to 10-30% compression as a result of Gibbs free energy
increasing significantly upon crumpling (Figure 8a-b). It is also likely crumpling graphene can be
used to create platforms for oxygen reduction. Single-layer graphene draped over an underlayer
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of catalytic gold particles enhances the oxygen reduction reaction (Figure 8c) which when probed
using scanning electrochemical microscopy (Figure 8d) manifests as increases in measured
current which peaks at the center of the substrate (gold particles)[76]. While this enhancement is
explained as an effect of the electrochemical transparency of ultrathin graphene[76], it is possible
ORR and other electrochemical reactions catalyzed by 2D materials can be further improved by
introducing curvature and altering the electronic properties of 2D materials, as was observed with
HERs.
6. Emerging Applications of Crumpled 2D Materials for Biosensing and Cellular
Templating

Modified fluid and electrochemical interactions enabled by texturing 2D materials offer
promise for biological sensing and directing cellular growth. Biosensors capture target
biomolecules, nucleic acids, proteins, carbohydrates, etfc., and transduce the reaction into
recognizable signals. As target molecules are generally low in concentration, high sensitivity and
specificity are required for effective biosensing. Electrochemical biosensors are particularly useful
as they integrate probes, which generate signals from biological/chemical events, with electrical
transducers which convert signals to easily quantified electrical information. Electrochemical
biosensors can be categorized by their transduction methods which include capacitive,
potentiometric, amperometric/voltammetric, conductometric, impedimetric, and FET sensors.
FET sensors have received particular interest for biosensing as they are highly sensitive and are
easily integrated into microarrays with other electronic components forming the basis for lab-on-
a-chip systems. Many semiconducting materials have been tested for FET-biosensing including
silicon[81], 1D carbon nanotubes[82], and Si nanowires[83]. 2D materials are attractive as active
materials because they are easily fabricated uniformly over a large area with a single atom
thickness. Graphene is a promising material for FET-based biosensing because of its high carrier
mobility, low intrinsic electrical noise, mechanical strength, and flexibility[84]. Graphene based

FETs are ubiquitous in the literature as biomolecular sensing platforms targeting bacteria[85],
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glucose[86], protein[87], pH[88], and DNA[89,90] Incorporation of graphene in FET transducers
remarkably improved sensing performance as a result of graphene’s superior carrier transport
and active surface area to volume ratio. For example, graphene FET-based biosensors were
successfully able to detect proteins at concentrations of 10 fM[91] and nucleic acids (DNA or
RNA) at the 100 fM level[92]. However, many rare biotargets are not detectable within this range
of limit of detection (LOD) without preprocessing such as purification, denaturation, or
amplification, requiring additional lab-scale equipment and manpower. Given that the advantage
of using FET-based biosensor is to create a cost- and time-efficient lab-on-a chip system,
detection of unamplified/unprocessed nucleic acids or other biomarkers with extremely low
concentration is necessary.

3D texturing of 2D graphene has emerged in bio-applications as it can provide even higher
surface-to-volume ratio and greater mechanical flexibility than flat graphene. Roy et al.
synthesized epitaxial graphene nanowall arrays and demonstrated simultaneous electrochemical
detection of dopamine, uric acid and ascorbic acid at sensitivities orders of magnitude higher than
comparable reports[93]. Similarly, Akhavan et al. demonstrated almost single molecule level
detection of DNA by electrochemical, voltametric sensors based on vertically oriented graphene
nanowalls[94]. Vertically grown graphene provides extraordinary access to edge plane defects
and allowing more efficient heterogeneous electron exchange and this leads to better
electrochemical sensitivity. Araque et al. further improved the performance of textured 2D material
based electrochemical sensors by employing 3D graphene as a nanoscale conductive scaffold to
avoid aggregation of nanoparticles and showed robust, high sensitivity enzyme biosensing[95].

The works described above utilized graphene directly synthesized in a 3D format, limiting
enhancement effects to increased surface area and modified access to edge sites. In reality,
nanoscale mechanics driven crumpling of graphene offers even broader opportunities to increase
sensitivity through heterogeneous chemical and physical modulation of graphene properties as
discussed in the previous sections on texture mediated modulation of the wetting and EDL of 2D
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materials. Hwang et al. recently reported crumpled graphene FETs (Figure 9a-b) as electrical
biosensors with substantial sensitivity enhancement, originating from EDL capacitance
modulation and energy band gap opening of the crumpled graphene (Figure 9c). Nanoscale
crumples of graphene perturb EDL in ionic solutions and result in a decrease of capacitance
values due to reduced Debye screening effect. Reduced Debye screening effect in this region
allows higher detection sensitivity. Furthermore, computational simulations confirm that strain
from the crumpling can open the energy bandgap of graphene, significantly increasing sensitivity
to charged molecules (Figure 9d). Demonstrated crumpled graphene FETs possessed extremely
low LOD of 600 zM in 50 pL, where ~18 molecules were detectable in an hour on a millimeter
sized device, which is more than 10,000 times enhancement than previous reports in graphene
FET biosensing (Figure 9e-f). None of the previous works using electrical or electrochemical
platforms were able to detect nucleic acids below aM concentration level, especially with
millimeter-sized devices within a 1 hour timescale. Considering the incubation time and diffusion
time estimated by Hwang et al., it is possibly only 16% of the target molecules would be bound
on the graphene surface. If that is the case, this platform can detect 2-3 DNA molecules, indicating
the feasibility of single biomolecule detection[58].

In contrast to biomolecule sensing which relies on chemical binding, activity of complicated
biosystems such as cells can be monitored via detection of electrical action potentials originating
from neurons or muscle cells. An action potential is a rapid rise and subsequent fall in voltage or
membrane potential across a cellular membrane and has a characteristic pattern that can be read
by an external electrical device. Early studies showed cell activity monitoring using 1D and 2D
materials. Cohen-Karni et al. demonstrated monitoring signals from embryonic chicken
cardiomyocytes using both Si-nanowire and graphene FETs[96]. Li el al. used graphene FETs to
record optogenetic cell activity[97]. However, as the minimum detectable signal of graphene
transistor-based probes is inversely proportional to the square root of the active graphene area,
higher surface-to-volume area would provide better monitoring. Yang et al. tried to address the
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limit of 2D graphene using crumpled transistors formed by compressing flat graphene down to
16% of its initial area[98]. Similarly, Kim et al. demonstrated potential implantable muscle
monitoring system using uniaxially crumpled graphene electrode[99].

In addition to enhancing sensitivity for biomolecules, texturing driven modification of 2D
material properties can be used to direct cell growth. Adhesion, proliferation, and differentiation
of various mammalian cells on 2D graphene and its derivatives have been extensively
studied[100]. Lee et al. found that differentiation of human mesenchymal stem cells (hnMSCs) was
directed towards osteogenic lineage on graphene while hSMCs differentiated to adipogenic
lineage on graphene oxide[101]. Furthermore, It was shown that graphene induced human neural
stem cells differentiation into neurons rather than glial cells[102]. Furthermore, graphene showed
great cytocompatibility so that purified neuron cells can survive without supporting glial layer or
protein coating[103]. Graphene and graphene oxide showed opposite roles on differentiation of
induced pluripotent stem cells into endodermal lineage[104].

As 2D graphene is an ideal material for micro- or nano-patterning or fabrication, it has
been broadly employed to guide cellular assembly. Wang et al. showed alignment of fibroblasts
on uniaxially crumpled graphene, when C2C12 mouse myoblast cells were seeded on their
platform. Kim el al. further demonstrated that wavy graphene surfaces (Figure 10a-b) not only
induce the alignment and elongation at a single-cell level but also enhance differentiation and
maturation of myotubes compared to cells on flat graphene (Figure 10c-d)[99,105,106]. Owing to
the ease of fabrication and scalability, the crumpled graphene cellular template can be promising
tool for tissue engineering and regenerative medicine for skeletal muscle tissues.

Employing 3D textured graphene in bio-applications is still in its early stages. So far, in
most cases 3D textured graphene was used for increasing the surface-to-volume ratio. A few
recent works have shown that interesting physical and chemical phenomena at near the nano-
scale curvature of the 2D material enhance sensing and it is anticipated that more research will
focus on expanding this concept. To date, crumpled graphene FET-based biosensors have only
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shown nucleic acid detection so it will be of interest to see if other biomarkers also can be
detectable by crumpled graphene FETs with superior sensitivity and selectivity. Furthermore,
Hwang et al. only showed biomolecular detection on macro-scale devices, therefore
miniaturization of the device in arrayed format should allow even better sensitivity, high
throughput, and parallel detection of many biomarkers. Moreover, a few works have shown that
the usefulness of crumpled graphene as scaffolds for templating of neurons and muscular cells.
Therefore, other kinds of cells and cell mixtures such as neuro-muscular junction can be tested
on the crumpled graphene in the future. Also, cellular templating with different crumpling
geometries can be researched to study more active interface between deformed 2D materials
and biosystem. Graphene is known to be flexible and stretchable however, deformed 2D materials
can provide much better functionality on these features. As graphene is biocompatible and non-
toxic material, it can be expected that crumpled graphene can be useful in bio-applications such
as flexible, wearable, implantable and skin electronics.
7. Conclusion

In conclusion, while it is understood that 3D structures modulate wettability and
electrostatic interaction at the solid liquid interface, the study of 3D texturing on 2D material-liquid
interaction has been limited. Given the complex, heterogeneous effect of texturing on 2D
materials’ surface properties, crumpling 2D materials could serve as a unique route to tune fluid
interaction. Texture enabled heterogeneous chemical modification of 2D materials may influence
the local contact state of liquids with 2D materials. Similarly, texturing 2D materials could have
the combined effect of directly obstructing liquid slippage while creating a corrugated energy
landscape resulting in frictional behavior which varies between polar and non-polar solvents.
Finally, heterogeneous band structure modulation and extrinsic doping effects of texturing could
further result in complex modulation of wetting over a textured 2D material surface. Unfortunately,
previous work on 3D textured 2D material fluid interaction has been limited to observation of a
transition in water contact from Wentzel to Cassie Baxter states and basic simulation of fluid
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interaction in systems which resemble 3D textures including carbon nanotubes and graphene
bilayers. In order to broaden current understanding of liquid — textured 2D material fluid
interaction, it is necessary to develop methods to inform continuum scale simulations with inputs
of small volume atomistic simulations at local points which can be combined with experimental
local probing of surface properties with macroscale contact angle and flow measurement.
Sophisticated understanding of the influencing of texturing on 2D material liquid interaction will
permit diverse application including chemical barriers, friction-controlled surfaces and complex
structures for energy storage, sensing, catalysis, and templating.

Recent theoretical explorations, using atomistic MD simulation, have begun to elucidate
the specific interaction of molecules dispersed in an aqueous phase with textured 2D materials.
It is now known that the structural properties of the EDL next to textured and flat graphene differ
considerably. Most importantly, near concave sections of a textured graphene surface ions are
confined to a higher degree increasing the thickness of the EDL. This increased EDL thickness
results in a reduction in molecular screening which could lead to the development of highly
sensitive chemical sensors. Furthermore, modified ionic interaction enabled by texturing has
shown promise for improving the performance of EDL capacitors by increasing the quantum
capacitance of the 2D materials used in their construction and increased the number of entrained
ions. Lastly, texture driven variation in surface chemistry extends tuning beyond ionic interaction
enabling a variety of options for tuning fluid phase chemistry including amplification of the HER
and the ORR over graphene surfaces.

Modified fluid structure and chemical interaction near textured 2D material surfaces has
informed the development of advanced systems for sensing biomolecules and templating cellular
growth. Crumpled graphene FETs used as a biosensor demonstrated gigantic sensitivity
enhancement. EDL capacitance change and energy band gap opening enabled by crumpling
graphene resulted in a 10,000 times enhancement in sensitivity compared to flat graphene FET
biosensors. At the reported sensitivity level crumpled graphene FET platforms offer the possibility
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of single biomolecule detection. Moreover, crumpled graphene based sensors have shown
promise for monitoring biological networks including individual cells and cell ensembles by
detecting action potentials in cultured neuron and muscle tissue. Crumpled graphene shows the
greatest utility in guiding cellular assembly with wavy textured graphene promoting alignment,
differentiation, and maturation of myotubes cultures across the crumpled graphene surface.
Continuing study of the effects of 3D texturing on 2D material fluid interaction and expanding
studies to include newly developed 2D materials and diverse texturing geometries will enable
even greater opportunities for tuning fluid phase interaction to develop advanced surfaces,

sensors, energy storage systems, and biological templates.
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Figure 1. Various texturing geometries and their key chareristics. (a) Conformal wrinkles: (i)
Conformally wrinkled graphene produced by transfer over seven 20 nm diameter nanospheres
(NS). (ii) profiles of areal strain for conformally wrinkled graphene on 5 nm nanospheres. (iii)
Average graphene areal strain above the central sphere (dashed hexagon in (ii)), vs. NS diameter.
Black dots correspond to data collected from graphene on an assembly of seven NSs, red circles
corresponds to graphene on an assembly of 19 NSs [Reproduced with permission from ref.[22]
Copyright (2018) American Chemical Society]. (b) Delaminated crumples: (i) Photograph
illustrating the original untreated sample of graphene on polystyrene (original, left) versus samples
subjected to various texturing schemes of uniaxial strain (middle) and uniform/equi-biaxial strain
(right). High-magnification scanning electron microscopy (SEM) reveals the unique resultant
graphene crumple morphologies due to uniaxial (71%) (ii) and equi-biaxial/uniform (58%) (iii)
strains, respectively [Reproduced with Permission from ref.[24] Copyright (2015) American
Chemical Society]. (¢) Hierarchical wrinkle structures: (i) Utilization of an iterative skin-patterning
processes (double masking) to fabricate hierarchical graphene wrinkles. (ii) SEM images showing
hierarchically textured graphene on the patterned skin layers using double masking [Reproduced

with permission from ref.[23] Copyright (2016) American Chemical Society].
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Figure 2. Heterogeneous chemical decoration of graphene facilitated by texturing and potential

effects on fluid interaction. (a) Selective fluorination of graphene using 1D wrinkles and crumples.
(i) AFM of wrinkled and crumpled graphene regions. The zoomed-in images for wrinkles and
crumples at the right and left of (i) represent 1 x 1 uym? areas. (i) Raman mapping of
graphene Ic/lp ratios before (left) and after (right) fluorination [Reproduced with permission from
ref.[18] Copyright (2019) American Chemical Society]. (b) Contact angles of water droplets on
graphene (Gr), fluorinated Gr (FG), hydrogenated Gr (HG), and hydrofluorinated Gr (HFG)
surfaces. Insets are images of representative droplets on each surface [Modified after (Zande et
al.)[31]. (© 2019, John Wiley and Sons) (license:

https://creativecommons.org/licenses/by/3.0/legalcode)].
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Figure 3. Texture driven modification of 2D material frictional behavior and its effect on fluid
interaction. (a) Potential energy corrugation driven by corrugation of sliding graphene on an
Au(111). (i) contour maps of the potential energy for the Au(111) surface with an adopted 5.8 nm
square graphene flake, the potential energy is reported in eV. (ii) graphene-gold interaction
potential energy along the sliding path is indicated by the black line in (i) [Modified after (Zhu et
al.)[32]. (© 2018, SpringerNature) (license:
https://creativecommons.org/licenses/by/4.0/legalcode)]. (b) Differences in slippage of water over
graphene and hBN resulting from differences in energy corrugation. (i) Comparison between the
Green—Kubo estimate of the friction coefficient of liquid water on graphene and on hBN.

Uncertainties obtained by performing a block average are given by the shaded areas. The friction
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coefficient, A, is given by the plateau. A increases considerably on hBN. (ii) Free energy profile of
water within the contact layer of the liquid projected onto the (1) graphene and (2) hBN primitive
unit cells. A larger corrugation in free energy is present on hBN as well as minor differences in
topography. Transparent graphene and hBN sheets are superimposed on the contour plots. (3)
Most (3) and least (4) stable configuration for water molecule adsorbed on graphene. Most (5)
and least (6) stable configuration for a water molecule adsorbed on hBN. Only a small part of the
unit cells used for the monomer adsorption calculations is shown in panels (3) to (6) [Reproduced

with permission from ref.[34]. Copyright (2014) American Chemical Society].
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Figure 4. Heterogeneous strain driven band structure modification of 2D materials and potential
effects of water adhesion. (a) The variation of the Fermi (EF) level of graphene with strain
[Reproduced with permission from ref.[36], with the permission of AIP Publishing.]. (b)
Relationship between fermi-level and wettability. (i) lllustration of graphene wettability
modulation achieved by shifting Fermi level via doping. (ii) Correlation between WCA (left axis)
and work function (right axis) on polyelectrolyte-doped and undoped graphene samples. WCA

was measured by environmental scanning electron microscopy (E-SEM) and work function was
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measured by scanning Kelvin probe microscopy. Graphene WCA decreases for both n-type and
p-type doping. Insets correspond to E-SEM images of water droplets (false color, scale bars
equal 10 ym) [Reproduced with permission from ref.[20]. Copyright (2016) American Chemical

Society.].
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Figure 5. Explicit effect of texturing on wetting behavior of 2D materials. (a) Schematics of
hydrophobic and anti-adhesive mechanism of pure graphene films, graphene/CNTs film with a
1:5 mass ratio, and pure CNT films [Used with permission of Royal Society of Chemistry from
ref.[39] ; permission conveyed through Copyright Clearance Center, Inc.]. (b) Density of water
inside and outside CNTs for different radii. The density profile of water outside CNTs is invariant

with diameter and the same as that near a flat graphene sheet. The density profile inside the
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CNTs depends on tube diameter [Reprinted from ref.[40] , with the permission of AIP Publishing.].
(c) Effect of delaminated crumpling on the wettability of graphene. (i) the genealogy of reduced
graphene oxide (rGO) multigenerational structures from planar, Gy coatings to multiscale,
Gs, structures. Ay is the area of initial planar film; A is the area of multigenerational rGO film. Scale
bar in the SEM of Gg coating is 10 um, and scale bars in G1, G2, Gz SEM images are all 4 pm. (ii)
Static WCAs of hierarchical structures across various generations and the effect of hydrophobic
functionalization reaction time on static WCA [[Modified after (Wong et al.)[25]. (© 2016, John
Wiley and Sons) (license: https://creativecommons.org/licenses/by/3.0/legalcode)]. (d) Dynamic
wettability of hierarchical, dual-scale MoS; as a function of stretching. (i) Wettability vs. biaxial
tensile strain for crumpled nanoflower MoS, produced by transfer of nano-flower MoS, onto
prestrained (200%) Ecoflex and releasing prestrain. Measurements were made simultaneously
with application of biaxial tensile strain. Insets correspond to nanoflower MoS, at crumpled (left)
and stretched (right) states. Scale bars equal 5 um. (ii) Constancy of wettability during biaxial
stretch and release (1000 cycles). Inset corresponds to SEM images of a 180% restretched
sample after one (left) and 1000 (right) cycles. Scale bars equal 5 ym [Reprinted (adapted) with

permission from ref.[27]. Copyright (2017) American Chemical Society.].
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Figure 6. Molar concentration map of sodium and chloride ions plotted for a flat (a & ¢) and a
crumpled, charged sheet of graphene (b & d). Chloride, counter-ions are distributed over a longer
distance from the graphene surface in concave regions of crumpled graphene (b & d) resulting in
increased Debye length and enhanced charge detection sensitivity. [Modified after (Hwang et al.)

[58]. (© 2020, SpringerNature) (license: https://creativecommons.org/licenses/by/4.0/legalcode)].
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Figure 7. (a) lllustrations of EDL formation on graphene supported on hydrophobic and
hydrophilic substrates. It is hypothesized that EDL is disordered on graphene supported by (a)
hydrophobic substrates relative to (b) hydrophilic substrates as a result of the influence of the
substrate on the surface energy of graphene. Suppressed EDL formation over graphene on
hydrophobic substrates leads to a decreased EDL capacitance. (¢) Capacitance of graphene as
a function of the WCA of the substrates where it decreases with hydrophobicity (higher contact
angles) [Reprinted (adapted) with permission from ref.[10] . Copyright (2019) American Chemical
Society] (d) Theoretical area-specific integrated quantum capacitance C,™ of graphene upon
surface rippling induced by compressive stress. Results are for characteristic wrinkle wavelengths
of, A\ =6.8, 7.3, 7.7, and 8.1 A). (e) Partial density of states for rippled graphene (A = 6.8 A),

projected onto carbon atoms at the ripple peak (red curve, site 1) and the inflection point (green
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curve, site 2). The dashed line corresponds to reference data for pristine graphene. (f)
Dependence of C4™ at +0.5 V on local curvature at the ripple peak [Reprinted (adapted) with
permission from ref.[72]. Copyright (2014) American Chemical Society.]. (g) Relative contribution
of quantum and EDL capacitances to the total capacitance of the hybrid and graphene electrodes
at different charges states. Higher capacitance in Graphene/C60 is due to the enhancement in
both the EDL and the electrode (quantum capacitance). [Reprinted (adapted) with permission

from ref.[73]. Copyright (2018) American Chemical Society.]
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Figure 8. (a) lllustration of wave-graphene with compression ratios from 0 to 50%. (b) Calculated
overpotentials of V-, Cr-, Mo- and Ni-WG as a function of compression ratios from 0 to 50%.
[Reprinted (adapted) with permission from ref.[75]. Copyright (2018) American Chemical
Society.]. (¢) Heterostructured electrocatalysts separated by electrically “semi-transparent”
graphene which allows the metal underlayer to affect ORR activity above graphene. (d) Lateral
scans over the graphene/ gold particle with substrate bias ranging from -0.4 to 0.1, increased
current indicates enhanced ORR [Reprinted (adapted) with permission from ref.[76] . Copyright

(2018) American Chemical Society.]

34



DNA/RNA detection on B¢

crumpled FET

Concentration of DNA Concentration of DNA
e 2M 20MZ00aM 204 201N 200N 2pM 20/pM 200 pM 220 oM 200 nM 2 e ooz UM SaM B0M 004 BIM 60/M 600 M BpM 6O pM 600 pM BnM 60 M
002 (oM 204 2074 200TH 2pM 20pM200 pM 20k 200l 200 Y

——Probe i

——2aMm ISG=—" et
20aM ~— I
200am| 7 002 ~

| —a2m -

om | 3 004
8 —200mm | 2
—2pM £ 008
—20pM | S
—200pM| ¢ gog
—2nM a8 —Flat

Crumpled

NC - flat

N
—_200nM 01 NC - crumpled \|\\ J 008 e

0 02y 04 0.6

Figure 9. Deformed graphene channel FET DNA sensor. (a) Graphene FET biosensor scheme
where ‘S’ is source, ‘D’ is drain and ‘G’ is liquid gate electrode. (b) SEM images of crumpled
graphene (500 nm scale bar). (¢) Cross-section of the flat (left) and crumpled (right) graphene
FET DNA sensor s. Probe (black) DNA strands are immobilized on the surface of graphene and
target (red) strands were bound with it. Blue dotted correspond to the Debye length in the ionic
solution, length is increased on concave regions of crumpled graphene allowing more DNA area
inside the Debye length, increasing electrical susceptibility to negatively charged DNA. Inset
boxes correspond to qualitative energy diagrams in K-space, while graphene does not have
intrinsic bandgap, crumpling may open a bandgap. (d) I-V relationship for flat (top) and crumpled
(bottom) graphene FET sensors with hybridized DNA. The DNA hybridization driven shifted of the
I-V curve correlated to the concentration of DNA in solution. The I-V curve shifts on crumpled
graphene is significantly larger than the IV- curve shift on flat graphene. (e) Dirac voltage shift
with hybridization of DNA probes on FET sensors. NC refers to response to non-complementary
control DNA sequences. (f) Dirac voltage shift with hybridization of PNA probes on FET sensors

with. All data points are obtained from three devices. mean + std. *P < 0.05. [Modified after
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(Hwang et al.) [58]. © 2020, SpringerNature) (license:

https://creativecommons.org/licenses/by/4.0/legalcode)].
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Figure 10. Myotube differentiation on uniaxially crumpled graphene. (a) Myogenic differentiation
and alignment of C2C12 cells on crumpled graphene (b) SEM images of crumpled graphene
fabricated using a 300% pre-strain (scale bar equal: 1 ym). (¢) Fluorescence images and angular
distribution of myotubes on crumpled graphene with different surface conditions. Images were
taken after 7 days of C2C12 differentiation in differential media, to gauge alignment and
differentiation, myotubes and nuclei were stained for anti-myosin heavy chain (green) and DAPI
(blue), respectively (scale bar equals 100 um). (d) Quantification of myotube length. Significance:
**p <0.01 and * p < 0.05. Data represented as the mean + standard error (n=5, in the case of
the myotube aspect ratio, n = 100)[Modified after (Kim et al.)[106]. (© 2019, SpringerNature)

(license: https://creativecommons.org/licenses/by/4.0/legalcode)].
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