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Tunable and Recyclable Piezoelectric Biomaterials via
lon-Directed Guanine-Quadruplex Assembly
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Byoung-Ki Cho, Sang Kyu Kwak,* Ja-Hyoung Ryu,* and Hyunhyub Ko*

1. Introduction

The self-assembly of biomaterials into piezoelectric architecture offers a

promising pathway toward sustainable and functional alternatives to
conventional piezoelectric materials. Herein, guanine-quadruplex (GQ)
structures are introduced as a new class of self-assembled biomolecular
piezoelectric materials, formed via facile ion-mediated assembly of
amphiphilic guanine derivatives in the presence of alkali metal ions (Li*, Na*,
and K*). Through a combination of molecular dynamics (MD) simulations
and experimental validation, an ion-specific piezoelectric mechanism is
uncovered, wherein K*-assembled GQs show the highest dipole distortion
and piezoelectric output due to favorable ionic positioning within the GQ
columnar channel. Notably, the system allows facile tuning of piezoelectric
performance by simply varying the coordinating ion and demonstrates
excellent recyclability through a one-step dissolution—evaporation process.
This work establishes a versatile and eco-friendly platform for developing
tunable, recyclable piezoelectric materials for next-generation bioelectronic

applications.
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Piezoelectric materials generate electricity
in response to mechanical deformation,
a phenomenon originating from the
displacement of internal dipoles within
non-centrosymmetric structures.'3!' This
fundamental mechanism linking me-
chanical deformation to electrical output
enables them to function as transducers
that convert mechanical stimuli such as
pressure,l**] strain,[®7] or vibration!® into
electrical signals and vice versa. Owing to
these properties, piezoelectric materials are
widely employed in diverse applications,
including energy harvesting,l®! wearable
electronics,'¥ and acoustic devices.!*!]
Among various candidates, fluoropolymer-
based materials have been widely used
in flexible piezoelectric devices due to
their strong dipole moments arising from
the difference in electronegativity be-
tween fluorine and hydrogen atoms.['*]
However, their limited biodegradability and toxicity present sig-
nificant challenges for environmental sustainability.['>1¢]

To overcome the environmental limitations of conventional
piezoelectric materials, biomolecule-based alternatives have
gained increasing attention due to their inherent environ-
mental sustainability and biocompatibility.'’-?° For example,
smaller building blocks such as amino acids in chiral symme-
try groups,2?] collagen,[?*?* and nucleotides!®! have been re-
ported to exhibit inherent piezoelectric properties. Meanwhile,
highly organized supramolecular architectures can induce col-
lective dipole alignment, as demonstrated in assemblies of
amino acid??’] and peptidel?®?! and protein-based fibrils.3%3!]
Through precise control of the assembled structure, these sys-
tems form highly ordered architectures that enhance both ther-
mal stability and dipole alignment.[3]

Although significant progress has been made in engineer-
ing self-assembled structures to enhance piezoelectric perfor-
mance, most existing systems still exhibit limited tunability in
their piezoelectric properties. Achieving tunability often requires
altering finely optimized fabrication parameters, such as sol-
vent composition'®] or synthetic method,**! to obtain a spe-
cific supramolecular architecture, which in turn limits adapt-
ability across diverse operational environments with varying per-
formance demands. Furthermore, these complex and condition-
sensitive assembly processes hinder material recyclability, often
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requiring stimulus-specific®! or time-consuming!*®! reassem-
bly steps, thereby compromising practical deployment and cost-
effectiveness.

Guanine-quadruplexes (GQs) are secondary DNA structures
formed by assembly of guanine-rich sequences.l*”] Through ro-
bust supramolecular interactions, including Hoogsteen hydro-
gen bonding, cation-dipole interactions, and z-z stacking(38-*1]
GQs exhibit enhanced thermal stability. Specifically, Hoogsteen
hydrogen bonding between guanine bases gives rise to planar
G-quartets, which stack vertically through z—z interactions to
form a stable columnar core. Monovalent cations coordinated
within the central channel further stabilize the structure by neu-
tralizing electrostatic repulsion between the inward-oriented gua-
nine oxygens.[*>#}] In addition, GQ structure can be simply reg-
ulated by the type of alkali metal ions incorporated, offering tun-
able structural control.l*+*1 Although GQs are biomaterial-based
structures with excellent thermal stability and ion-tunability,
their structural symmetryl“®#’l may have limited the explo-
ration of their piezoelectric properties, which remain largely
uninvestigated.

Herein, we report the first demonstration of piezoelectric
behavior in GQ structures, assembled via alkali ion-mediated
self-assembly of an amphiphilic guanine derivative (Molecule 1,
Figure 1a). This fan-shaped molecule, featuring a lipophilic tri-
alkoxybenzyl group at the N9 position of guanine, is designed to
promote mesogenic organization into either GQ or dimeric struc-
tures depending on the presence of alkali metal ions (Li*, Na*,
or K*).[*8] In the presence of these cations, molecule 1 undergoes
cation-directed self-assembly into well-defined GQ complexes—
designated as 1-Li, 1-Na, and 1-K—via specific supramolecular
interactions (Figure 1b). Through a combination of molecular dy-
namics (MD) simulations and experimental characterization, we
uncover a unique ion-specific mechanism underlying the piezo-
electric response: smaller Li* ions occupy intralayer sites within
the GQ stack, while larger Na* and K* ions localize at interlayer
positions. Upon mechanical deformation, the entire GQ struc-
ture undergoes compression, resulting in reduced interlayer
spacing and rearrangement of both the G-quartet framework and
the coordinated cations (Figure 1c). Under pressure, K* and Na*
ions largely remain confined within the GQ columnar channel
and exhibit pressure-aligned, collective movement along the
stacking direction. In contrast, the smaller Li* ions with larger
voids tend to deviate laterally from the channel under compres-
sion, showing more random and uncoordinated motion, which
leads to less stable and disordered structural rearrangement.
Together with the reorientation of distributed atomic dipoles and
ion displacement, a net change in dipole moment along the stack-
ing axis (Ay,) is induced, which generates an electric potential
and subsequently drives the piezoelectric current. Furthermore,
we demonstrate that the GQ-based piezoelectric devices can
be easily recycled through a simple dissolution—-evaporation
process, with full recovery of their sensing performance across
multiple cycles (Figure 1d). Taken together, this work introduces
a novel class of biomolecular piezoelectric materials that enable
facile ion-dependent tunability and solvent-assisted recyclability.
Without requiring complex synthetic procedures or precise
condition control, both piezoelectric performance and material
reuse can be easily achieved, offering strong potential for sustain-
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able and scalable integration into next-generation bioelectronic
systems.

2. Results and Discussion

2.1. lon-Dependent Self-Assembly of GQ Structures

Self-assembled GQ structures were obtained by adding alkali
metal cations to molecule 1 dissolved in chloroform (Figures
S1-S6, Supporting Information). Notably, chloroform provided
higher solubility for the self-assembled GQ complex than
dimethylformamide (DMF), although both solvents showed low
solubility for molecule 1 alone (Figure S7, Supporting Informa-
tion). The enhanced solubility is attributed to the hydrophobic
effect of the amphiphilic molecule, which facilitates different
self-assembly behavior. Depending on the presence of cations,
molecule 1 self-assembles into distinct structures through dif-
ferent hydrogen bonding patterns: a dimeric structure without
cations (Figure 2a i) and a GQ structure with cations (Figure 2a
ii). Gel permeation chromatography (GPC) traces revealed sharp
peaks at retention times <8 min for the GQ complexes, in con-
trast to the broader peak of molecule 1 at >8 min (Figure 2b),
indicating increased molecular size upon self-assembly. Among
the complexes, 1-K exhibited the highest molecular weight, fol-
lowed by 1-Na and 1-Li, reflecting differences in the supramolec-
ular interactions specific to each cation.[*]

Solvent-dependent self-assembly behavior was investigated via
'H nuclear magnetic resonance (NMR) spectroscopy. As shown
in Figure 2¢, molecule 1 dissolved in dimethyl sulfoxide (DMSO-
d,) exhibits minimal changes in cation-dependent chemical shift,
suggesting limited intermolecular interactions owing to the high
solubility of both the guanine moiety and the added salts in
the polar solvent. Under these conditions, molecule 1 remains
mostly unassembled, with hydrogen bonding between molecule
1 and ion-dipole interactions with added cations effectively sup-
pressed. In contrast, chloroform enables cation-induced self-
assembly, as evidenced by cation-dependent chemical shift vari-
ations (Figure 2d). Specifically, the formation of Hoogsteen hy-
drogen bonds and reduced intermolecular distances in the self-
assembled structures lead to an upfield shift of the N1H reso-
nance compared to molecule 1 (at 12.2 ppm). As the ionic radius
increases from Li* to Na* to K*, the N1H resonance becomes in-
creasingly split and shifts slightly downfield, reflecting more het-
erogeneous local environments. Similar splitting patterns are ob-
served for the N2H, C8H, and N9CH protons, indicating progres-
sively more complex supramolecular assemblies with increasing
cation size.[*]

Diffusion-ordered spectroscopy (DOSY) NMR analysis re-
vealed a decreasing trend in diffusion coefficients in the order
of 1, 1-Li, 1-Na, and 1-K, indicating progressively larger self-
assembled structures (Figure 2e). Based on these values, the rel-
ative assembly sizes are estimated as dimer, 4-mer, 8-mer, and
16-mer complexes for 1, 1-Li, 1-Na, and 1-K, respectively.’*>1]
These results confirm that amphiphilic guanine derivatives form
self-assembled GQ structures through cation-dependent self-
assembly in polar aprotic solvents. Such solvents play a critical
role by dissolving ionic species while preserving the hydrogen-
bonding capability of guanine moieties, thereby facilitating
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Figure 1. lon-dependent self-assembly and piezoelectric behavior of GQ complexes formed from amphiphilic guanine and alkali metal ions. a) Chemical
structure of the guanine derivative (molecule 1) and its self-assembled structures: dimer (without ions) and G-quadruplex (with alkali metal ions). b)
Cation-dependent self-assembly of GQ complexes (1-Li, 1-Na, 1-K), showing distinct ion positions: Li* within G-quartet layers (intralayer) and Na*/K*
between layers (interlayer). c) Schematic of the piezoelectric mechanism in GQ complexes. External pressure induces structural rearrangement, and
dipole reorientation generates a net dipole moment change (Ay,), forming an electric potential. d) Recyclable and wearable piezoelectric sensor fabri-

cated using the self-assembled GQ complex.

directional supramolecular interactions essential for GQ forma-
tion. Additionally, the structural complexity of the resulting as-
semblies is strongly influenced by the specific identity of the al-
kali cation.

2.2. Liquid Crystalline Properties of GQ Complexes
The fan-shaped guanine derivative (molecule 1) was designed

to maintain a stable GQ structure even after solvent evapora-
tion. This feature was assessed by preparing liquid crystalline
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GQ complexes via slow evaporation of chloroform. Magic angle
spinning (MAS) 'H NMR analysis revealed changes in N1H res-
onance associated with Hoogsteen hydrogen bonding, consistent
with the trends in solution-state NMR (Figure 2f). In molecule 1,
the N1H signal appears above 14 ppm, characteristic of a ribbon-
like structure (indicated by “R”), but shifts to below 12 ppm upon
cation addition, indicating the formation of a GQ structure (in-
dicated by “Q”).>"*?] These cation-dependent shifts confirm the
presence of Hoogsteen hydrogen bonds and the formation of
distinct GQ structures regulated by the type of alkali metal ion.
Notably, similar resonance trends in both solution and liquid
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Figure 2. Characterization of GQ complexes. a) Chemical structures of amphiphilic guanine derivative (molecule 1) and its self-assembled forms: dimer
(left) and GQ (left) via alkali metal ion coordination. b) GPC traces of 1 (black), 1-Li (red), 1-Na (blue), and 1-K (green) in CHCl;, showing increased
molecular size upon GQ formation. c, d) Solution "H NMR spectra of 1 and GQ complexes in (c) DMSO-d6 and (d) CDCls, highlighting ion-induced
chemical shift variations. ) DOSY NMR data of 1 and GQ complexes in CDCl;, showing decreased diffusion coefficients with increasing GQ assembly
size. f) Solid-state MAS "H NMR spectra showing distinct NTH resonances for different assemblies (R: Ribbon-like structure). g) FTIR spectra in the
solid state indicate formation of Hoogsteen hydrogen bonds and cation-dependent band shifts in amine and carbonyl regions.

crystalline states demonstrate that the GQ structure is preserved
even after solvent removal.

Fourier-transform infrared (FTIR) spectra of GQ complexes in
the liquid crystalline phase (Figure 2g) reveal changes in trans-
mission bands related to functional groups involved in Hoog-
steen hydrogen bonding. Upon cation addition, the amine bands
at 3287 cm™ (M) and 3149 cm™! (@), as well as carbonyl bands at
1689 cm™' (#), shift, indicating the formation of self-assembled
GQ-structures. Additionally, a new peak appears at ~3440 cm™!
(*), while the N2 peak at 3300 cm™' diminishes, which is at-

Adv. Funct. Mater. 2025, e17112 e17112 (4 of 10)

tributed to the formation of new hydrogen bonds between N2-
H and N7. The new peak at 3440 cm™' becomes increasingly
sharp in 1-K, suggesting enhanced structural ordering and sta-
bility with larger cations.

The designed fan-shaped molecules initially self-assemble into
disk-shaped G-quartet units, which further stack into columnar
GQ structures. These self-assembled GQ complexes exhibit lig-
uid crystalline properties, as confirmed by wide-angle X-ray scat-
tering (WAXS) and polarized light microscopy (POM). The phase
type is tunable by the choice of cation species. WAXS analysis
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Figure 3. Structural and thermotropic properties of GQ complexes. a—c) WAXS profiles (i) and POM images (ii) of 1-Li (a), 1-Na (b), and 1-K (c) after
solvent evaporation, showing square, hexagonal-like, and P2 rectangular columnar phases, respectively. Insets show log-scale plots of the Y axis. d) DSC
profiles of molecule 1, 1-Li, 1-Na, and 1-K during the 1st cooling (i) and 2nd heating (ii) cycles.

of 1-Li indicates a square columnar phase with peaks at 29.8 A
(100), 21.2 A (110), and 14.9 A (200) (Figure 3a i), with corre-
sponding birefringent textures observed in POM (Figure 3a ii).
1-Na exhibits a hexagonal-like columnar phase with peaks at 30.5
A (100), 16.8 A (110), and 15.4 A (200) (Figure 3b i,ii), while 1-K
shows a more complex P2 rectangular columnar structure, with
multiple diffraction peaks at 31.1 A (100), 28.3 A (10-1), 24.3 A
(001), 22.9 A (010), 15.5 A (200), and 14.1 A (-102) (Figure 3c1i,ii).
The variation in packing symmetry and interlayer spacing among
the stacked G-quartets arises from cation-specific ion-dipole in-
teractions between each alkali metal ion and molecule 1. Notably,
1-K exhibits tilted columnar phases, reflecting stronger coordi-
nation between K* ions and the GQ core, where enhanced ion—
dipole interactions!*! induce lateral offset between stacked G-
quartets®?l and promote tilted molecular alignment. These struc-
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tural features, together with the preservation of ordered stacking
observed by MAS NMR and FTIR after solvent evaporation, con-
firm the formation of thermotropic columnar liquid crystalline
phases in the GQ complexes. Additionally, XRD results show
that molecule 1 in chloroform shows a crystalline phase, while
GQ complexes formed with alkali metal ions exhibit mesogenic
phases (Figure S8a, Supporting Information). In contrast, no
GQ formation is observed in dimethylformamide (DMF), even
with alkali metal ion addition, and all samples display similar
crystalline patterns (Figure S8b, Supporting Information). Dif-
ferential scanning calorimetry (DSC) further confirms the ther-
mal reversibility of the mesophase, with phase transitions oc-
curring above the isotropic temperature (Figure 3d). Remark-
ably, the GQ structures remain intact at temperatures well above
the typical DNA denaturation point (~80 °C),>*) demonstrating
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exceptional thermal stability and suitability for applications in
wearable electronics.

2.3. Theoretical Analysis of GQ Structure

To elucidate the piezoelectric effect of the self-assembled GQ
structure at the molecular level (i.e., 8 layers of G-quartets), we
performed molecular mechanics (MM) and molecular dynamics
(MD) simulations. MM simulations were employed to determine
the energetically stable configurations of stacked G-quartets,
while MD simulations were used to evaluate the changes in the
dipole moment under mechanical stress (see Simulation details).
Upon vertical compression, each self-assembled GQ complex ex-
hibited a collective displacement from its initial position, result-
ing in distortion of the G-quartet structure and corresponding
change in the net dipole moment (Figure 4a; Figure S10, Support-
ing Information). These dipole moment variations, which induce
surface polarization, generate internal electric fields.>*] In partic-
ular, the reorientation of the dipole vector plays a crucial role in
the piezoelectric response. Mechanical pressure induces not only
structural torsion, but also dipole alignment.5>-7] This reorien-
tation of the dipole contributes to internal polarization, leading to
electrostatic potential gradients and the emergence of an electric
signal. Thus, the magnitude of the signal is directly related to the
degree of reorientation: the greater the torsion, the stronger the
induced electric field. In short, the orientation and angular devi-
ation of the dipole moment vector are key factors in determining
piezoelectric strength.

When the z-direction of Ay in the system before and after
compression was checked, 1-Li and 1-Na systems showed the
+z direction, whereas the 1-K system showed the -z direction
(Figure 4b). The result was drawn from the increase and de-
crease trend of cos(f) of the relaxed and compressed systems
(Figure 4c). If 6 is stable over time, the net dipole moment in
that direction can be considered invariant during compression.
In the case of 1-Li, there were changes in the z and y dipole mo-
ments; in the case of 1-Na, only the z dipole moment changed;
in the case of 1-K, there were changes in the dipole moments in
all three directions. When these changes were calculated compre-
hensively, 1-K showed the largest (Figure 4d). This result showed
a good agreement with the order of the piezoelectric signals in
the experiment. Additionally, a peculiar observation was that in
the relaxed system, if the metal ions were in the intralayer, the net
dipole moments were displaced from the orthogonal axes (i.e., 1-
Li). This suggested a disordered alignment of the atomic dipole
moments. However, if the metal ions were in the interlayer (i.e.,
1-Na and 1-K), the net dipole moments were close to the orthogo-
nal axes, indicating a slightly more ordered state. This orderness
did not change even under large pressure, which suggested that
the initial alignment of polarizations could affect the increase in
piezoelectricity.

2.4. Piezoelectric Sensor of GQ Complex
To experimentally validate the simulated piezoelectric behavior,

a GQ-based piezoelectric sensor (thickness of 100 um) was fabri-
cated by sandwiching the GQ complex between two copper elec-
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trodes, followed by thermal annealing below the isotropic tran-
sition temperature (Figure S12, Supporting Information). Upon
application of mechanical pressure, the interlayer spacing within
the GQ stack decreases, inducing structural deformation (Figure
5a). This deformation reorients the distributed atomic dipoles
within the G-quartet layers, resulting in a net dipole moment
change (Ap) along the z-axis and thereby generating a mea-
surable piezoelectric current. Piezoresponse force microscopy
(PFM) measurements, performed on a thicker GQ film (300 um)
to obtain a stable signal, revealed that cation-induced GQ forma-
tion significantly enhances the piezoresponse (Figure S13, Sup-
porting Information). The measured PFM amplitude (uV) was
converted to vertical displacement (pm) using the tip sensitiv-
ity factor (33.333 V um™'), and the resulting displacement val-
ues were subsequently used to calculate the piezoelectric coefhi-
cient (d;;) (Figure 5b). Among the complexes, 1-K exhibited the
highest piezoelectric coefficient (d;; = 1.9 pm V1), followed by
1-Na (d;; = 0.9 pm V1) and 1-Li (d;; = 0.5 pm V7). In con-
trast, the cation-free guanine complex demonstrated negligible
piezoresponse (d;; = 0.2 pm V™!, Figure S14, Supporting Infor-
mation) and no signal reversal under polarity-switching condi-
tions (Figure S15a,b, Supporting Information), indicating the ab-
sence of piezoelectricity and underscoring the critical role of the
GQ architecture in enabling piezoelectric behavior. Piezoelectric
current density measurements under mechanical deformation
revealed that 1-K produces the highest output, followed by 1-Na
and 1-Li (Figure 5c). This trend is consistent with both the simu-
lated changes in dipole moment (Ap) along the z-axis and the ex-
perimentally determined piezoelectric coefficients. The superior
piezoelectric current observed in 1-K is attributed to the larger
K* ions promoting more ordered and collective dipole reorien-
tation through tighter packing in the GQ stack, as revealed by
MD simulations. In contrast, the smaller Li* ions in 1-Li gen-
erate relatively more void space within the GQ stack, leading to
more random displacement of ions and a less effective net dipole
change. Furthermore, the piezoelectric voltage of 1-K increases
proportionally with applied pressure (Figure S16, Supporting In-
formation), while 1-Li exhibits minimal dipole change between
compression and release, leading to weak and unstable signals
under high pressure (Figure S17, Supporting Information).
Unlike conventional covalently bonded polymers, the self-
assembled GQ complex exhibits exceptionally facile recyclabil-
ity, enabling repeated reuse in device fabrication with mini-
mal processing. The supramolecular nature of the GQ struc-
ture allows it to be rapidly disassembled—fully dissolving in
chloroform within 5 min (Figure 5d)—and spontaneously re-
assembled upon simple solvent evaporation, without the need
for additional reagents or complex processing steps. This rapid
and reversible recycling process not only simplifies device man-
ufacturing but also enhances the material’s versatility for di-
verse fabrication environments. Furthermore, the GQ complex
can be reprocessed through mild treatments such as sonica-
tion (Figure S18, Supporting Information), reinforcing its op-
erational flexibility. Notably, the piezoelectric performance re-
mains stable across the as-prepared, 1st, and 2nd recycled sam-
ples (Figure 5e), highlighting a key advantage for sustainable
and recyclable device applications. The GQ-based piezoelectric
sensor exhibits excellent operational stability under standard
conditions, maintaining consistent current output over 5000

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Theoretical analysis of the piezoelectric effect of GQs. a) Top and side views of the compressed system after 200 ps for 1-Li, 1-Na, and 1-K.
The alkyl groups are represented by colored lines, and the TFSI~ ions are colored in pink. The guanine of GQs is represented in the CPK model. The grey
arrows mean the direction of compression, and the black dot arrows stand for the movement direction of all atoms in GQ complexes. b) The difference
of dipole moment vectors between the relaxed and compressed system along the z-axis direction, which are illustrated by green arrows. c) The angles
between the net dipole moment vector and x-, y-, and z- axes (i.e., ,, 6,, ), respectively. d) The magnitude of the variable of the net dipole moment
vector (|Au|) between the relaxed and compressed systems. Note that the calculated values are averages of 10 independent simulations for each system.
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Figure 5. Characterization and application of GQ complex-based piezoelectric sensors. a) Schematic configuration of the piezoelectric performance
from the device incorporating the GQ complex. b) PFM amplitude as a function of the applied voltage. c) Piezoelectric current densities as a function
of applied pressure. d) Time-lapse photographic images showing dissolution of the GQ complex containing red dye in chloroform over 5 min. e)
Piezoelectric current output under 40 kPa for as-prepared (black), 1st reuse (red), 2nd reuse (blue) cycles. f) Stability test showing 5000 cycles of 1-K
under 40 kPa. g) Photographic images of the wrist-mounted sensor. h,i) Corresponding sensor output demonstrating Morse code detection of the word
“GUANINE". Error bars in (b) and (c) denote the standard deviation from five and three different samples, respectively.

loading—unloading cycles at 40 kPa (Figure 5f), thereby demon-
strating its robustness and reliability for practical applications. As
a proof-of-concept, the sensor was mounted on the wrist to de-
tect Morse code signals (Figure 5g). Short and long touches were
used to represent “Dot” and “Dash”, respectively (Figure Sh),
enabling the electrical encoding of the word “GUANINE”
(Figure 5i). These results highlight the potential of GQ complexes
as flexible and recyclable piezoelectric materials for wearable
electronics.

Adv. Funct. Mater. 2025, e17112 e17112 (8 of 10)

3. Conclusion

This study presents the first demonstration of piezoelectric be-
havior in guanine-quadruplex (GQ) structures formed via ion-
mediated self-assembly of amphiphilic guanine derivatives. The
incorporation of alkali metal ions (Li*, Na*, K*) not only drives
the formation of GQ complexes but also enables facile tun-
ability of piezoelectric response through ion selection, with K*-
assembled structures exhibiting the highest dipole variation

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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and current output, as confirmed by both simulations and ex-
periments. The resulting GQ-based devices are readily recy-
clable via a simple dissolution—evaporation process, maintaining
performance across repeated cycles. This combination of ion-
tunable performance and solvent-assisted recyclability offers a
sustainable and versatile alternative to conventional fluorinated
piezoelectric polymers. Furthermore, the practical functionality
of the devices was demonstrated in wearable Morse-code sig-
nal detection, underscoring their applicability in eco-friendly,
next-generation bioelectronic platforms and human-machine
interfaces.

4. Experimental Section

Preparation of GQ Complexes: Amphiphilic guanine derivative 1 was
synthesized following the synthetic procedure detailed in the Supporting
Information. GQ complexes were obtained by adding excess salts (MTFSI,
M = Li, Na, and K) to 100 mg mL~" solution of molecule 1 in chloroform.
After stirring for one day to allow GQ formation, the excess salts were
removed using syringe filters. The resulting solution was then evaporated
slowly in a dry atmosphere for one day and further dried under vacuum for
another day to obtain solid GQ complexes, labeled as 1-Li, 1-Na, and 1-K.

Fabrication of GQ-Based Piezoelectric Device: A 1.0 x 1.0 cm? hole
was punched through Kapton double-sided tape to serve as an insulating
spacer and was attached to a copper electrode. The hole was filled with
the GQ complex and covered with another copper electrode to create a
sandwich-structured device. In order to reduce the interfacial resistance
between the GQ complex and the electrode, the device was fixed with a
binder clip, annealed at 150 °C, and then cooled to room temperature.

Characterization: The synthesized molecules and complexes were
characterized using 400 MHz nuclear magnetic resonance (NMR) spec-
troscopy (400-MR DD2, Agilent and AVANCE Il HD, Bruker), gel perme-
ation chromatography (1260 Infinity GPC, Agilent), differential scanning
calorimetry (Q200, TA Instruments), and Fourier-transform infrared (FT-
IR) spectroscopy (Spectrum Two, PerkinElmer). Solid-state "H MAS NMR
experiments were performed using a 600 MHz NMR spectroscopy (VN-
MRS600, Agilent) with a 1.6 mm HXY fast MAS triple-resonance probe.
Synchrotron WAXD measurements were performed at PLS-Il 6D UNIST-
PAL beamline (Pohang Accelerator Laboratory, Korea) using 11.564 keV
X-rays and a 2D charge-coupled device (CCD) detector (SX165, Rayonix)
with a 220 mm sample-to-detector distance. The piezoelectric coefficient
was evaluated using atomic force microscopy (AFM, Park NX20, Park Sys-
tems). Short-circuit current was measured using a source meter (S-2450,
Keithley) under periodic pressure applied by a custom-built pushing tester
(Tera Leader, Korea). A pushing tip (area of 5 X 5 mm?) applied repeated
loading at a speed of 600 mm s~! with a delay of 0.5 s. Piezoelectric
behavior was confirmed by observing the reverse of current peaks upon
switching electrode polarity (forward: ground on top, reverse: ground on
bottom).

Simulation Details:  To construct the GQ structure, energetically favor-
able configurations of pairly stacked G-quartets were investigated by the
MM simulation[®®] using the COMPASSII forcefield.5°] Three variables
were chosen: stacking direction, rotation angle, and stacking distancel®°!
(Figure S9, Supporting Information); opposite directions of stackings
could produce head-head and head-trail configurations, the azimuthal an-
gle was changed by rotating the top G-quartet by 10° interval till 90°, and
the stacking distance was changed from 3.0 to 4.2 A by 0.2 A interval. The
formation energy (AEg,,,) is calculated as follows,

AEform = Etotal — Etap — Epottom — NEx M

where Ey ;) is the energy of the total system, E;,, and Ejyy,, are the en-
ergy of the top and bottom G-quartet, respectively, n is the number of cen-
tral metal atoms, and E, is the energy of the metal atom (i.e., x = Li, Na,
and K).
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Based on the stable configuration of the pairly stacked G-quartets found
from the MM simulation (e.g., for Li, head-tail direction, 20° rotation,
and the stacked distance of 3.4 A), the model system of GQ structure
was constructed with stacked 8 G-quartets with TFSI~ ions in the box 60
x 60 x 27.2 A3 (Figure S10, Supporting Information). Note that metal
atoms were accordingly charged in the system (i.e., Li*, Na*, and K%).
The atomistic interactions were described by the AMBER force field in
the GROMACS 2020.2 program.[®1] Specifically, the antechamber program
was used to generate interaction parameters of the G-quadruplex.[5263]
The short-range non-bonding interactions were calculated within the cut-
off distance of 12 A, and the particle mesh Ewald (PME) summation was
used to calculate electrostatic interactions. To relax the initial system, the
MD simulation with the anisotropic NPT (i.e., isothermal-isobaric in z-
axis) ensemble was performed for 1 ns at 298 K and 1 atm.[%4] To study
the piezoelectric effect, the relaxed systems were compressed in the z-axis
at the rate of 1 nm ns~! for 200 ps, where the volume was reduced by ~7%
and the maximum pressure was estimated to be no greater than ~1600 bar
at 200 ps. The net dipole moment vector (u) was calculated using the fol-
lowing equation:[6°]

p=y (’f - ’ref) a; @

where r, is a position vector of the it atom, r,. is the reference vector (i.e.,
origin), and g; is the charge of the i atom. To quantify the orientation
of the net dipole moment vector, the angles (6,) between the net dipole
moment vector and x-, y-, or z- axes were calculated as follows:

95 =cos™ (ug/Iul) (@=xy, 2) ®)

where u, (a =x,y, z) is the net dipole moment vector of g-axes and |u] is
the magnitude of the net dipole moment vector.

After compression, the direction and magnitude of the net dipole mo-
ment were analyzed up to 200 ps, and the induced dipole moment was
estimated by the difference between the relaxed and compressed systems.
Note that the model system was considered stable if the variation in the
distances among the four oxygen atoms within the guanine bases of the
G-quartet remained within 5% throughout the 200 ps simulation (Figure
S11, Supporting Information).

Supporting Information

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