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Abstract
Amino acid non-centrosymmetric self-assemblies, possessing inherent polarization as well as biocompatibility, can be em‐
ployed as bioinspired alternatives for the development of implantable piezoelectric bioelectronics. This could enable the har‐
vesting of biomechanical energy for in situ in vivo monitoring and avoid the need for secondary surgeries, potentially over‐
coming the trade-off between high-efficiency sensing and the biosafety limitations of traditional inorganic or polymeric 
piezoelectric counterparts. In this regard, the electromechanical coupling behaviors of the minimalistic metabolite self-
assemblies are reported. Experimental tests reveal that compared to other natural amino acid crystals, threonine (T) crystals 
exhibit a high Young’s modulus of up to approximately 80 GPa by forming a denser three-dimensional hydrogen-bonding 
network, with each molecule interacting with seven adjacent ones. Computational analysis reveals that side-chain entities dra‐
matically affect crystal packing, with polar hydroxyl moieties accounting for the distinct piezoelectric features underlying the 
macroscopic performance. This highlights the potential of exploiting T crystals to develop biodegradable piezoelectric bio‐
electronics that exhibit highly sensitive linear responses for tactile sensing and post-implantation in vivo motion monitoring. 
This study demonstrates the feasibility of exploiting minimalistic metabolite self-assemblies for piezoelectric bioelectronics 
in bio-machine interface and biomedical engineering applications.
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1　Introduction

The development of novel piezoelectric systems for diag‐
nostic and therapeutic monitoring has attracted significant 
research attention, driven by the growing demand for flex‐
ible adaptation, histocompatibility, and environmental com‐
patibility for bioelectronic devices [1‒7]. Although inor‐
ganic ceramics (e.g., barium titanate (BTO) [8]) and organic 
polymers (e.g., polyvinylidene difluoride (PVDF) [9‒11]) 
exhibit excellent electromechanical conversion properties, 
their inherent biotoxicity and metabolic residue issues se‐
verely limit their expansion in applications for implantable 
medical devices. In this context, crystalline materials based 
on amino acid molecules are regarded as ideal candidate sys‐
tems for next-generation bio-piezoelectric materials due to 
their natural biosafety, affinity properties, degradability, and 
green-scale synthesis. In particular, using crystal materials 
with various side-chain properties and tyrosine (Y) [12, 13], 
threonine (T), and other basic amino acids [14] as building 
blocks not only provides a unique platform for asymmetric 
modulation of crystals due to their diverse molecular con‐
formations, but also retains the intrinsic physicochemical 
properties of natural amino acids. These amino acid crystal‐
line materials are particularly suitable for the development 
of in vivo degradable physiological signal-sensing systems 
and offer unique advantages for long-term implantation and 
monitoring scenarios that require a balance between mate‐
rial safety and environmental friendliness.

Molecular piezoelectric crystals have attracted atten‐
tion for their immense potential in solid-state piezoelec‐
tricity [15, 16]. Recent breakthroughs, such as flexible 
ferroelectric/piezoelectric crystals [15] and the discovery of 
the self-healing properties of piezoelectric crystals [17], 
have significantly advanced this field. A series of studies 
has provided in-depth explorations of the piezoelectric prop‐
erties of molecular crystals, such as amino acids, using 

computational and experimental approaches, revealing the 
high piezoelectric response of β- and γ-glycine [18‒20]. 
These advancements highlight the potential of organic mate‐
rials to replace traditional inorganic piezoelectric ceramics. 
However, despite the ongoing research boom, a significant 
gap persists between the fundamental design principles of 
molecular crystal microstructures and their macroscopic 
piezoelectric properties. The intrinsic relationship between 
structure and performance in such materials remains un‐
clear, hindering the design of high-performance piezoelec‐
tric biomaterials. The present study analyzed structural fea‐
tures, such as molecular side chains, and quantitatively cor‐
related intermolecular interactions, crystal mechanics, and 
piezoelectric response to guide future material development.

The study focuses on four common natural amino acids 
categorized by their side-chain structure: the hydrophobic 
aromatic amino acids phenylalanine (F) and Y, and the hy‐
droxyl group-containing hydrophilic amino acids serine (S) 
and T. Two categories of molecules represent different 
forms of intermolecular forces, namely π–π stacking and hy‐
drogen bonding. The hydroxyl groups, replacing the hydro‐
gen atom in the F/Y category and located at different posi‐
tions in the S/T category, affect steric repulsion and, conse‐
quently, molecular packing in crystalline structures. Such 
interactions, which affect the balance with other forces, 
such as hydrophobic forces and dipole–dipole interactions, 
enrich the possible self-assembly and packing patterns. Fur‐
thermore, these amino acid building blocks, which are pres‐
ent in physiological environments, ensure biosafety and bio‐
degradability for potential applications. We characterized 
the molecular stacking structure, mechanical properties of 
the crystals, and self-assembled morphology using scanning 
electron microscopy (SEM), single-crystal X-ray diffraction 
(SC-XRD), and atomic force microscopy (AFM) (Scheme 1), 
demonstrating that the crystalline structures were influ‐
enced by both growth conditions and molecular structure. 
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Notably, density functional theory (DFT) calculations com‐
bined with experimental analyses revealed that the crystals 
exhibit surprisingly good mechanical properties, with 
Young’s modulus up to approximately 80 GPa. More im‐
portantly, we successfully fabricated biocompatible piezo‐
electric sensors from the aforementioned amino acid crys‐
tals that exhibit piezoelectric properties. The fabricated sen‐
sors enable real-time in vivo monitoring of dynamic physi‐
ological signals. Our research reveals the effect of intermo‐
lecular hydrogen bonding on macroscopic piezoelectric 
properties and offers new possibilities for the biocompatible 
fabrication of soft implants.

2　Materials and methods

2.1　Materials

All chemicals used in this study were commercially avail‐
able and used directly without further purification. L-F, L-Y, 
L-S, and L-T powder and L-3,4-dihydroxyphenylalanine (L-
DOPA) were procured from Sigma‑Aldrich (Merck KGaA, 
Darmstadt, Germany; purity ≥98%). Water was treated us‐
ing a purification system (Millipore Ellix, Milli-Q Biocel, 
Germany) with resistivity above 18.2 MΩ·cm.

2.2　Crystal preparation

Amino acids F, Y, DOPA, S, and T were individually dissolved 
in water at concentrations of 200 mmol/L, 10 mmol/L, 
70 mmol/L, 4 mol/L, and 2 mol/L at 80 °C, respectively. 
Then, they were filtered through a 0.45 μm membrane at the 
same temperature. Crystals formed when the solution was 
cooled to room temperature and were collected after 7 d of 
incubation (Fig. S1 in the supplementary information).

2.3　Scanning electron microscopy

The crystal dispersion was dropped onto a clean silicon wa‐
fer and adsorbed for 30 s. Excess solution was then re‐
moved. The sample was then kept at 40 °C for 8 h. Prior to 
imaging, a 10-nm-thick gold layer was deposited on the 
samples. The surface morphology of the crystals was cap‐
tured using a field-emission scanning electron microscope 
(JSM-7900F, JEOL, Japan) at an accelerating voltage of 
5 kV.

2.4　Powder X-ray diffraction (XRD)

The XRD patterns of all crystals were acquired using an X-
ray powder diffractometer (X’Pert Pro MPD, Panalytical, 

Scheme 1  Schematic presentation of natural amino acids with different side chains self-assembled into diverse non-centrosymmetric crystals, 
which can be employed to develop piezoelectric bioelectronics for sensing at the bio-machine interface and for in vivo monitoring
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the Netherlands) at room temperature. The 2θ range was set 
between 5° and 80°, with a scan rate of 5 (°)/min and a step 
size of 0.02°.

2.5　Single-crystal X-ray diffraction

Crystallographic characterization was carried out on a 
single-crystal diffractometer (SuperNova E, Agilent Tech‐
nologies, Inc., Santa Clara, CA, USA) with a micro-focal 
spot copper target (Cu-Kα, λ=1.541 84 Å; 1 Å=1×10‒10 m). 
Commercially available software packages CrysAlisPro, Olex2, 
and Superflip were used to analyze the collected data, and 
the structure was refined using the SHELXL software pack‐
age for full-matrix least squares.

2.6　Theoretical calculations

All DFT computations were conducted using the Vienna Ab-
initio Simulation Package (VASP) [21, 22]. The electronic 
exchange–correlation interactions were approximated using 
the generalized gradient approximation (GGA) with the 
Perdew–Burke–Ernzerhof (PBE) functional [23]. To model 
core–electron interactions, the projected augmented wave 
(PAW) method [24, 25] was implemented, while valence 
electrons were represented by a plane-wave basis set with a 
kinetic energy cutoff of 450 eV to ensure computational 
accuracy.

The Kohn–Sham orbital occupancies were treated using 
Gaussian smearing with a width parameter of 0.05 eV to 
mitigate convergence challenges near the Fermi level. For 
Brillouin zone sampling during structural optimization (in‐
cluding both atomic coordinates and lattice parameters), a 
Γ-centered k-point grid with a spacing of 0.04 Å−1 was sys‐
tematically generated [26]. Self-consistent field (SCF) itera‐
tions were terminated when the total energy difference be‐
tween consecutive steps fell below 10−8 eV, ensuring high-
precision electronic convergence. Geometries were opti‐
mized until the residual forces on all atoms were reduced 
to less than 0.001 eV/Å, guaranteeing stable equilibrium 
configurations.

To accurately account for van der Waals interactions es‐
sential in weakly bonded systems, the semi-empirical DFT-
D3 dispersion correction scheme proposed by Grimme 
et al. [27, 28] was employed. Spin-polarized calculations 
were explicitly performed to address magnetic interactions 
in the investigated systems. Elastic tensor analyses, includ‐
ing Young’s modulus determination, were executed via the 
elastic anisotropy measures (ElAM) [29] and ELATE [30] 
post-processing modules, which derive mechanical proper‐
ties from second-order derivatives of the energy–strain rela‐
tionship. Rigorous validation of mechanical stability was 
performed by verifying compliance with Born–Huang crite‐
ria for all optimized crystal structures.

2.7　Young’s modulus measurement

Mechanical properties were measured at the nanoscale us‐
ing an atomic force microscope (MultiMode 8, Bruker, 
USA) with a NanoScope V controller (Bruker) in air. A 
single-crystal silicon probe (RTESPA-525, Bruker; cantile‐
ver length, width, and thickness of 125, 40, and 5.75 μm, re‐
spectively; tip radius of curvature of 8 nm; flexural resonant 
frequency of 525 kHz; spring factor of 200 N/m) was used 
in the experiments. Briefly, crystals were adsorbed on a clean 
silicon substrate, and the cantilever was moved above the 
crystals under an optical microscope. The tip approaches 
the crystal surface at a constant velocity, generating a linear 
force curve with respect to time. The Young’s modulus 
was estimated by fitting the force–distance curve to the 
Hertzian model. Based on the mechanical contact model, 
the probe contact force (F) as a function of indentation 
depth (h) can be expressed as follows:

F (h ) = 2
π tan α E

1 - v 2 h 2, (1)

where α is the half-cone angle of the probe, E is the modu‐
lus of elasticity of the crystals, and v is Poisson’s ratio, 
which is selected as 0.5. Typically, three or five regions 
(5 μm×5 μm) were randomly selected for each sample for 
statistical analysis.

2.8　Point stiffness measurement

In the AFM nanoindentation test, the physical nature of the 
measured point stiffness (kmeas) is the equivalent stiffness of 
the cantilever beam-sample composite system, which com‐
prises the intrinsic stiffness of the cantilever (kcan) and the 
local stiffness constant (kcry) of the crystal. Based on the 
principle of superposition of elastomers in series, the point 
stiffness of the crystal can be calculated by Eq. (2):

k cry = k can ×  kmeas
k can -  kmeas

. (2) 

2.9　Piezoresponse force microscopy (PFM)

The piezoelectric coefficient d33 of the crystal was mea‐
sured using an AFM (MultiMode 8, Bruker) in a contact 
PFM mode. The deflection sensitivity of the probe (SCM-
PIT-V2, Bruker; with a spring factor of 3 N/m) was cali‐
brated using a sapphire specimen. When the tip is in contact 
with the sample, a 5-V alternating current (AC) voltage is 
applied to the AFM probe, and a piezoelectric response is 
generated. The phase and amplitude signals of the tip were 
recorded to determine the piezoelectric constant. To deter‐
mine d33, the vertical piezoelectric response was recorded 
under an applied AC voltage of 1–10 V. The data were ana‐
lyzed using NanoScope Analysis software (Bruker), and d33 

566



Bio-Design and Manufacturing (2026) 9:563–578

was extracted from the slope of the amplitude‒ voltage 
curve. Three regions were recorded for each sample for sta‐
tistical analysis.

2.10　Quasi-static d33 measurements of the 
crystal

Quasi-static d33 measurements normal to the crystal films 
were performed using a piezometer (ZJ-4AN, IACAS, China) 
under a dynamic force of 0.36 N.

2.11　Fabrication of flexible sensors

The polylactic acid (PLA) substrate film was first prepared 
by dissolving PLA in dichloromethane (DCM) to obtain 
a 50 mg/mL solution. The solution was cast onto a flat glass 
dish and evaporated at 25 °C overnight, yielding a homoge‐
neous PLA film of uniform thickness. Then the PLA-
polyacrylonitrile (PAN) electrodes were prepared, and the 
prepared PLA membrane was cut into 10 mm×10 mm 
squares, sonicated in 0.5 mol/L sulfuric acid for 20 min, and 
then rinsed with water and dried in ambient air. Next, a 
single side of the cleaned PLA membrane was immersed in a 
mixed solution of 1 mol/L hydrochloric acid and 0.3 mol/L 
aniline at 0 °C for 2 h to promote aniline polymerization. 
After the reaction was completed, the residual solution on 
the surface was fully rinsed with deionized water and dried 
at room temperature for 12 h. The PLA-PAN conductive 
electrode was produced with a thickness of about 140 μm. 
To encapsulate the flexible sensor, the intermediate layer of 
PLA film is drilled with a central hole (length: 5 mm; 
width: 5 mm; thickness: 0.7 mm), which is then filled 
with tightly packed crystals. The crystal layer was placed 
between two PLA-PAN electrodes, forming an electrode–
crystal–electrode sandwich structure, and the through-hole 
region served as the core sensitive area of the flexible sensor. 
The layers were glued using 50 mg/mL PLA in DCM to 
ensure the proper seal of the fabricated sensor. The overall 
thickness of the flexible sensor was approximately 1 mm.

2.12　In vitro and in vivo testing of flexible 
sensors

Polyimide-enamelled copper wires (0.2 mm diameter) were 
connected to the PAN conductive layer to transmit the 
piezoelectric signals. External forces were applied to the 
sensors via a linear motor (QDA60, Zolix, China), and an 
output signal was captured using a high-resistance electrom‐
eter (Keithley 6517B, Keithley Instruments, USA). For in 
vitro testing, the flexible sensors were attached to the sur‐
faces of a volunteer’s fingers and wrists, and the body mo‐
tion signal was collected. For in vivo testing, fabricated 
sensors were implanted underneath the skin of the chest or 

left thigh of 8-week-old male Sprague–Dawley rats (body 
weight (290±10) g, N=3). A 15-mm skin incision was made 
in the shaved area, a flexible sensor was implanted, and two 
copper wires were led out of the body. The external wires 
were connected to a computerized recorder (BL-420S BioMa‐
chine Experimental System, Chengdu Taimeng, China) to 
collect signal outputs from chest motion during voluntary 
respiration and thigh movement.

2.13　In vivo biocompatibility evaluation of 
flexible sensors

To assess cytotoxicity, MDA-MB-231 human breast cancer 
cells were selected as a model system, and cells were inocu‐
lated into confocal dishes at 6×104 cells/dish in the pres‐
ence of a flexible sensor and cultured overnight in a CO2-
free, 37 °C thermostat incubator to allow the cells to adhere 
to the wall. Staining was performed using the calcein ace‐
toxymethyl ester/propidium iodide (Calcein-AM/PI) kit. 
The staining was terminated by washing three times using 
phosphate-buffered saline (PBS), and the results were ob‐
served and photographed.

Fluorescence images were captured using a laser confo‐
cal microscope (LSM 900, Carl Zeiss Group, Germany). 
Cells in confocal dishes were washed three times with PBS 
to remove excess medium, and 4% paraformaldehyde was 
added to fix the cells for 10 min. Cells were washed once 
with PBS and then permeabilized with 0.5% Triton X-100 
for 10 min at room temperature. Cells were washed once 
with PBS, and 4',6-diamidino-2-phenylindole (DAPI) stain‐
ing solution was added. The working solution was incu‐
bated for 30 min at room temperature. Then, fluorescein 
isothiocyanate (FITC)-labeled phalloidin working solution 
was added and incubated for 30 min at room temperature. 
For cytomorphological analysis, the cytoskeleton and 
nucleus were stained with phalloidin and DAPI, respec‐
tively. Images were acquired after 24 and 48 h using confo‐
cal microscopy.

3　Results and discussion

3.1　Crystallographic analysis

To systematically investigate the effect of side-chain chem‐
istry on crystal packing [31] and the resulting properties, a 
series of natural L-amino acids was selected. The study fo‐
cused on T, which possesses a hydroxyl group, and com‐
pared it with S, another hydrophilic amino acid with a hy‐
droxyl group, and with F and Y, which contain aromatic 
benzene rings. DOPA was also included as a more complex 
aromatic analogue. The morphology of the prepared single 
crystals (Fig. S1 in the supplementary information) varied 
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significantly with the amino acid side chain. SEM revealed 
that T crystals exhibit a rod-like shape, whereas F and Y 
crystals are needle-like, S crystals are plate-like, and DOPA 
crystals are blocky (Fig. S2 in the supplementary informa‐
tion). The powder XRD (PXRD) results indicate a high aver‐
age crystallinity, suitable for single crystal analysis (Fig. S3 
in the supplementary information).

The single-crystal structure of T, solved by SC-XRD, re‐
veals an orthorhombic system with the non-centrosymmetric 
space group P212121 (Table S1 in the supplementary infor‐
mation). The asymmetric packing unit [32, 33] contains one 
T molecule (Fig. 1a), and the unit cell comprises four mol‐
ecules (Fig. 1b). The stability of the T crystal is primarily 
derived from an extensive three-dimensional (3D) hydrogen-
bonding network. Each molecule interacts with seven neigh‐
boring molecules through hydrogen bonds (Fig. 1c). The 
amphiphilic nature of the T molecule is a defining feature, 
leading to a unique zip-like interlocking structure formed 
via classic electrostatic interactions [34, 35] between the 
positively charged NH3+ and negatively charged COO−  
groups. Furthermore, the hydroxyl (OH) group on the β-
carbon (Cβ) and the hydrogen on the α-carbon (Cα) partici‐
pate in the hydrogen-bonding network. The Cα hydrogen 
bonds with the hydroxyl oxygen of an adjacent molecule, 
while the OH group donates a hydrogen bond to the carboxyl 
oxygen of another molecule (d(Ohydroxyl…Ocarboxyl)=1.9 Å, 
d(Namino…Ocarboxyl) =1.9 Å) [36] (Fig. 1d). This intricate 
network, modulated by both hydrogen bonding and Cα – H 
interactions, governs the molecular stacking, with the hydro‐
gen bonding controlling the combination primarily on the 
Cα–H branches and enhancing the packing density.

In contrast, although they share some elemental similari‐
ties, the other amino acids exhibit distinct crystal structures. 

S, which also possesses a hydroxyl group, crystallizes in 
the monoclinic space group Pn. Its unit cell contains four S 
molecules (Figs. S4a and S4b in the supplementary informa‐
tion). In the S crystal, each molecule interacts with six 
neighbors (Fig. S4c in the supplementary information). The 
packing is characterized by a layered arrangement along the 
b–c crystallographic plane (Fig. S4d in the supplementary 
information), with intermolecular hydrogen bonding be‐
tween layers providing stability. Although both T and S 
contain hydroxyl groups, the marked difference in their 
stacking patterns stems from a crucial stereochemical dis‐
tinction. An additional methyl group attached to T’s Cβ in‐
troduces significant steric hindrance. This bulky methyl 
group prevents molecular sliding, thereby inhibiting the for‐
mation of the simple layered arrangement observed in S 
crystals. To simultaneously accommodate the hydrogen-
bonding interactions of hydrophilic groups (hydroxyl, 
amino, and carboxyl) and the stacking requirements of hy‐
drophobic methyl groups, T molecules are compelled to 
form a more complex, spatially highly interlocked 3D net‐
work. It is precisely this steric-driven stacking mechanism 
that results in its higher packing density, thereby conferring 
mechanical rigidity far exceeding that of S crystals.

The aromatic amino acids F and Y introduce different in‐
termolecular forces. Y crystallizes in the same orthorhom‐
bic system (P212121) as T, whereas F belongs to the mono‐
clinic P21 space group. F’s crystal cell contains eight mol‐
ecules [37, 38] (Figs. S5a and S5b in the supplementary in‐
formation). Direct hydrogen bonding connects each mol‐
ecule to four neighbors (Fig. S5c in the supplementary in‐
formation), and the benzene rings play a key role in form‐
ing antiparallel dimers, which serve as basic building blocks 
arranged in layers (Fig. S5d in the supplementary informa‐
tion). The stability of F and Y crystals is significantly influ‐
enced by C–H···π interactions (Figs. S6–S8 in the supple‐
mentary information). In Y, two molecules form a planar 
rhombic dimer, and neighboring dimers are further con‐
nected by a network of hydrogen bonds to form an antipar‐
allel supramolecular β-sheet structure [12, 13] (Fig. S7 in 
the supplementary information). Contrasting with the 
hydrogen-bond-dominated structure of T, the packing in F 
and Y represents a delicate balance of hydrogen bonds and 
weaker C–H···π interactions, resulting in distinct structural 
and mechanical properties.

Conversely, DOPA behaves significantly differently 
from F and Y. Its structure involves one molecule in the 
asymmetric unit, and the small unit cell contains only two 
molecules (Figs. S9a and S9b in the supplementary informa‐
tion). Each DOPA molecule forms direct hydrogen bonds 
with six neighboring molecules, arranged along the crystal‐
lographic b-direction to form an interlocked structure 
(Figs. S9c and S9d in the supplementary information). 
Here, π–π stacking interactions are perturbed, and C–H···π 

Fig. 1  Crystallographic structure of T crystals. (a) Asymmetric unit. 
(b) The crystalline cell. (c) Intermolecular hydrogen-bonding net‐
work. (d) Analysis of intermolecular interactions. The carbon, nitro‐
gen, hydrogen, and oxygen atoms are colored dark blue, blue, white, 
and red, respectively. 1 Å=1×10‒10 m
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interactions become the primary stabilizing force (Fig. S10 
in the supplementary information). This reliance on non-
covalent interactions provides a structural basis for the ra‐
tional design of stacking modes in aromatic amino acid 
biomaterials.

The crystal structures of different amino acids exhibit 
pronounced side-chain-dependent variations (e.g., polarity, 
volume, and distribution of hydrophilic groups). These 
structural differences modulate the orientation and strength 
of intermolecular force networks (such as hydrogen bonds 
and C–H···π interactions), thereby determining supramo‐
lecular assembly patterns and crystal stacking. While hydrogen-
bonding networks confer stability, they also predetermine 
the mechanical flexibility of the crystal. More importantly, 
these side-chain-dominated stacking patterns directly in‐
fluence geometric parameters such as bond lengths and 
angles [31, 39], ultimately determining whether the crystal 
exhibits non-centrosymmetric structures, which is a prereq‐
uisite for generating piezoelectric effects. Consequently, 
side-chain architecture is likely the fundamental cause of 
macroscopic variations in piezoelectric properties.

3.2　Mechanical characterizations

The engineering application of molecular crystals is highly 
dependent on the synergistic optimization of performance 
parameters, including controllable availability, low-defect 
crystal growth, thermochemical stability, and mechanical re‐
sponse properties, which together form the cornerstone of 
material functionalization. For endogenous biomaterials 
such as amino acid crystals, their mechanical properties 
(e.g., resistance to brittle cracking) directly determine their 
longevity and reliability in real-world applications such as 
drug carriers and biosensors. Central to this research is the 
elastic constant tensor, which not only quantitatively charac‐
terizes the anisotropic response of crystals to external me‐
chanical stresses (e.g., spatial distribution of Young’s 
modulus), but also builds a computable physicochemical 
model for the analysis of the “structure–property” relation‐
ship by correlating the intermolecular forces with the mac‐
roscopic mechanical behaviors across scales. The primary 
objective of the current study is to reveal how the dynamic 
rearrangement of amphiphilic groups in amino acid crystals 
can facilitate mechanical flexibility by reconstructing hydrogen-
bonding topologies, thereby breaking the brittleness bottle‐
neck in traditional molecular crystals. By combining experi‐
ments, first-principles calculations, and theoretical work, 
we aim to elucidate the crystal stacking characteristics and 
their intrinsic relationship with mechanical properties, par‐
ticularly the anisotropic spatial distribution features charac‐
terized by the elasticity tensor [40–42].

The crystal packing mode directly determines mechani‐
cal properties, and mechanical stability is a prerequisite 

for sensors to achieve long-term monitoring within the 
complex mechanical environment of the body. Based on the 
SC-XRD results, the side-chain structure directly governs 
crystal packing and macroscopic performance by modulat‐
ing the type and density of non-covalent interactions: T 
forms a 3D hydrogen-bonding network involving both its Cβ 
hydroxyl and Cα hydrogen, with the dense crosslinking of 
hydrogen bonds significantly increasing packing density. In 
contrast, although S also contains a hydroxyl group, differ‐
ences in its side-chain structure lead to a layered packing 
mode, resulting in weaker hydrogen bond continuity.

Aromatic amino acids (F and Y) rely on a synergistic bal‐
ance between hydrogen bonds, π–π stacking, and C–H···π 
interactions, leading to less dense packing. This difference 
in packing is directly reflected in the mechanical properties: 
the Young’s modulus of T crystals measured using AFM 
reaches (83.7±0.5) GPa, significantly higher than that of 
F ((10.4±0.1) GPa), S ((35.3±0.1) GPa), and Y ((41.3±0.4) GPa), 
confirming that the density of the hydrogen-bonding net‐
work is key to enhancing crystal rigidity (Figs. S11 and S12 
in the supplementary information). Meanwhile, the point 
stiffness trend of the crystals is consistent with the Young’s 
modulus (Fig. S13 in the supplementary information), and 
is also seen in the nanoindentation measurement (Fig. S14 
in the supplementary information), where T crystals exhibit 
the largest Young’s modulus among all samples. However, 
the absolute values of Young’s modulus measured by na‐
noindentation were generally lower than those obtained via 
AFM.

The discrepancy in the values obtained from the two test‐
ing techniques stems from the crystal’s structural heteroge‐
neity. In PeakForce mode, AFM probes the surface of the 
crystal. This region, influenced by growth conditions, exhib‐
its a more complete hydrogen-bond network and fewer de‐
fects, resulting in a measured Young’s modulus that closely 
approximates the theoretical value for a perfect crystal. 
In contrast, nanoindentation involves greater penetration 
depth, probing the bulk phase of the crystal. Minor growth 
defects in the bulk, such as interlayer voids or microcracks, 
can reduce overall rigidity, leading to lower measured values. 
This discrepancy indirectly confirms that the high modu‐
lus of T crystals arises from a hydrogen-bonding network-
dominated structure that extends from the surface to the 
bulk, and that defects in the bulk phase have a limited im‐
pact on mechanical performance. This finding further sup‐
ports the structural stability of T crystals as a core material 
for sensors. Furthermore, the Young’s modulus values of the 
amphipathic amino acid crystals were significantly higher 
than those of N-acetylated counterparts, such as L-AcN [31], 
indicating the effect of hydrogen-bonding interactions. This 
variation with contact position is a direct manifestation of 
the crystal’s anisotropy. Although the crystals predomi‐
nantly lie with their main facet parallel to the substrate, the 
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AFM probe interacts with local surface topography, such as 
atomic steps or minor defects. This effectively probes the 
mechanical response along slightly different orientations, 
causing fluctuations in the measured values within the theo‐
retically predicted range between the maximum (Emax, rose 
lines in Figs. 2e–2h) and minimum (Emin, green lines in 
Figs. 2e–2h) Young’s moduli.

To understand the structural origins of these mechanical 
properties, the elastic behavior was computationally investi‐
gated using DFT simulations (Table 1; Table S2 in the 
supplementary information). These calculations revealed a 
strong anisotropy in the Young’s modulus for all investi‐
gated crystals. The magnitude of the modulus was found to 
be highly dependent on the loading direction relative to the 
crystal’s internal structure (Fig. 2; Fig. S15 in the supple‐
mentary information). Specifically, high Young’s moduli 
(up to 70–90 GPa) [43, 44] were predicted when external 
compression was applied perpendicular to the average orien‐
tation of dense hydrogen-bond networks. This orientation 
dependence arises because denser molecular packing, in‐
duced by the hydrogen-bond network, offers greater resis‐
tance to deformation, leading to a higher measured modu‐
lus. Conversely, directions with weaker intermolecular inter‐
actions or larger voids exhibit lower stiffness.

The T-crystal, in particular, displayed the highest degree 
of elastic anisotropy, being 1–2 times more anisotropic than the 
other samples, especially along the z-axis (001 face) [40, 44] 
(Figs. 2d and 2h). Both the minimum and maximum calcu‐
lated Young’s moduli for the T-crystal were higher than 
those of any other crystal studied, confirming its superior ri‐
gidity, as observed experimentally. This enhanced stiffness 
is attributed to the more efficient steric packing within the 
T-crystal lattice. The spatial anisotropy of mechanical prop‐
erties, including Young’s modulus and shear modulus 
(Table S3 and Figs. S16–S18 in the supplementary informa‐
tion), exhibited a distinct butterfly-like [45] distribution 
with respect to crystallographic orientation. The anisotropy 
of the shear modulus components (e.g., c44, c55, and c66) is 
particularly crucial, as it dominates the material’s shear 
flexibility and bending behavior [18, 40, 46]. This structur‐
ally determined mechanical anisotropy, when coupled with 
the crystals’ inherent non-centrosymmetric nature, provides 

the basis for understanding the anisotropic piezoelectric re‐
sponse observed in these materials.

3.3　Fabrication and testing of the piezoelectric 
bioelectronics

In addition to examining their favorable mechanical proper‐
ties, we investigated the piezoelectric behavior of T crys‐
tals, as this functional characteristic is crucial for mechani‐
cal energy harvesting and sensing in flexible electronics. 
The non-centrosymmetric structure of biological amino acid 
molecular crystals gives rise to spontaneous polarization 
within the crystal, which is a fundamental prerequisite for 
piezoelectricity [47, 48]. The piezoelectric effect, as an im‐
portant class of electromechanical phenomena, originates 
microscopically from the asymmetric charge distribution re‐
sulting from the non-centrosymmetric crystal structure. Un‐
der mechanical stress, the relative displacement of positive 
and negative charge centers induces macroscopic electrode 
formation, thereby enabling direct conversion of mechani‐
cal energy into electrical energy.

The generation of the piezoelectric effect relies on non-
centrosymmetric structures and the ordered arrangement of 
molecular polarization. Although both T and Y crystals be‐
long to the P212121 non-centrosymmetric space group, the 
3D hydrogen-bonding network in the T crystal not only en‐
hances packing density but also, through electrostatic inter‐
actions (a zipper-like interlocking of NH3+ and COO−  
groups), constrains the molecular alignment. This results 
in a more cooperative polarization orientation within the 
crystal. Conversely, the presence of C–H···π interactions in 
Y crystals disrupts the continuity of the hydrogen-bonding 
network, resulting in a lower molecular polarization orienta‐
tion order compared to T. Consequently, T crystals exhibit a 
higher d33 value (2.86 pm/V) [17, 49, 50] (Fig. 3a; Figs. S19 
and S20 in the supplementary information). Although this 
d33 value is not outstanding compared to inorganic ceramics 
like BTO, it is comparable to that of other bio-organic crys‐
tals (e.g., Cbz-pentafluoro-Phe, approximately 2.0 pm/V) [51] 
(Table S4 in the supplementary information). The core 
advantage of T-crystal in this study lies not in pursuing ex‐
treme piezoelectric output, but in its unique combination 

Table 1  Young’s modulus statistics of amino acid crystals with different side chains

Method

Calculation

Experiment

Type

Min.
Max.
AFM
Nanoindenter

Young’s modulus (GPa)
F
16.2
41.3
10.4±0.1
-

Y
7.8
45.2
41.3±0.4
27.4±1.0

DOPA
18.6
65.3
43.7±0.7
23.1±1.5

S
16.9
49.6
35.3±0.1
18.9±1.1

T
26.5
79.7
83.7±0.5
30.6±1.0

AFM: atomic force microscopy

570



Bio-Design and Manufacturing (2026) 9:563–578

of ceramic-like high mechanical stiffness (approximately 
80 GPa), biocompatibility derived from natural metabolites, 
and complete biodegradability. This characteristic combi‐
nation directly addresses the core challenge faced by tradi‐
tional piezoelectric materials in implantable applications: 
achieving both high performance and biological safety simul‐
taneously. The DFT calculations revealed an increasing trend 
in molecular dipole moments: Y (2.16 D)<F (2.21 D)<DOPA 
(2.22 D)<S (2.27 D)<T (2.33 D) (1 D=3.335 64×10−30 C·m; 
Fig. S21 in the supplementary information). Crucially, unlike 
the loose packing in F or the layered structure in S, the 
dense 3D hydrogen-bond network in the T crystals synergis‐
tically aligns these high dipoles per unit volume, maximizing 

the macroscopic piezoelectric response without requiring com‐
plex tensor analysis.

Furthermore, in the non-centrosymmetric structures 
F (P21 space group) and S (Pn space group), the layered 
molecular stacking (S) or low packing density (F) further 
diminishes polarization efficiency, resulting in weaker piezo‐
electric responses than in the T crystal. Consistent results 
were obtained from crystal films using a quasi-static d33 pi‐
ezometer (Fig. S22 in the supplementary information), sup‐
porting PFM measurements. As illustrated in Fig. 3b, a flex‐
ible sensor was constructed by sandwiching piezoelectric T 
crystals between two PAN electrode layers, followed by en‐
capsulation with two PLA layers to form a five-layered 

Fig. 2  Computed 3D rendering of the Young’s moduli of F (a), Y (b), S (c), and T (d) crystals. The Emax (rose line) and Emin (green line) direc‐
tions are signified in F (e), Y (f), S (g), and T (h) crystals
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Fig. 3  Fabrication and characterization of the piezoelectric bioelectronics comprising T crystals. (a) Measured oscillating amplitude as a function of 
the applied AC signals, where the slope represents the piezoelectric constant d33. Data are expressed as mean±standard deviation (N=3 indepen‐
dent experiments). (b) Schematic diagram showing the configuration of the piezoelectric device. (c) Size (left) and bending flexibility (right) of 
the fabricated prototype. (d) Open-circuit voltages of the fabricated sensor under different forces. (e) Output voltage of the fabricated sensor un‐
der 25 N compression. (f) Illustration of the magnification of the collected signal, representing its reproducibility. (g) Open-circuit voltages of the 
fabricated sensor fixed to a human finger during fast and slow bending. The insets depict a schematic of the sensor’s movement on the finger. 
(h) Open-circuit voltage of a flexible sensor fixed on a human wrist during bending. The insets show the movements of the flexible sensor on the wrist
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structure. The resulting sensor (10 mm×10 mm×1 mm) dem‐
onstrated good bending flexibility (Fig. 3c). Cross-sectional 
SEM images confirmed layer integrity: the PLA substrate 
was smooth, and the PAN coating formed a uniform, adherent 
conductive layer (Fig. S23 in the supplementary informa‐
tion). The combined PLA-PAN substrate exhibited notable 
flexibility, tensile and tear resistance, and no delamination 
or cracking, thereby facilitating robust sensor fabrication 
(Fig. S24 in the supplementary information).

The T-crystal-based sensor displayed a linear response 
over a 13-fold range from 5 to 65 N (Fig. 3d). This linear 
behavior was also observed in the other single crystals ex‐
amined in this study (Fig. S25 in the supplementary infor‐
mation), indicating that natural amino acid crystals and their 
derivatives are suitable piezoelectric materials for such sen‐
sors. Control sensors without crystal layers produced negli‐
gible piezoelectric output (Fig. S26 in the supplementary in‐
formation), confirming that the voltage signal originated from 
the piezoelectric core. Long-term stability and reproducibil‐
ity were assessed under cyclic square-wave loading at 25 N. 
As shown in Figs. 3e and 3f, the open-circuit voltage signal 
returned to baseline within 5 s and maintained consistent 
amplitude and exponential decay over approximately 2000 s, 
with reproducible behavior throughout the testing period.

To further quantify the device’s output capability, the 
short-circuit current was measured as approximately 120 nA 
under a 25-N load (Fig. S27 in the supplementary informa‐
tion), corresponding to an instantaneous power density of 
0.192 μW/cm2. Furthermore, the long-term reliability was 
verified by re-testing the sensor after 14 d of storage 
(Fig. S28 in the supplementary information). The device 
maintained a consistent output signal without noticeable 
degradation, highlighting its excellent environmental stabil‐
ity for practical usage. The sensor was also used to monitor 
finger and wrist motion (Figs. 3g and 3h), yielding periodic 
output signals the frequency of which varied with the move‐
ment. These results demonstrate the potential of the sensor 
for tracking biomechanical motion across different ampli‐
tudes and frequencies, supporting possible in vivo applica‐
tions, and confirming the device’s structural integrity, ro‐
bustness, and reproducibility.

Although the biodegradable PLA substrate and PAN con‐
ductive layer provide good biocompatibility, the high elec‐
trical resistance of the amino acid crystal limited the open-
circuit voltage output of the flexible sensor. To enhance 
electrical performance, the PLA substrate was replaced with 
a more rigid silicon wafer, and the PAN layer was substi‐
tuted with metallic silver (Ag). This design leverages the di‐
mensional stability of silicon and the high conductivity of 
silver to effectively mitigate resistive losses in the system. 
The optimized device achieved a substantially higher open-
circuit voltage output of 1–2 V (Fig. S29 in the supplemen‐
tary information).

3.4　In vivo application of the piezoelectric 
bioelectronics

Having validated the piezoelectric response of the T crystals, 
we further evaluated the biocompatibility and performance 
of the fabricated flexible sensor for potential implantable ap‐
plications. The cytotoxicity of the sensor was assessed in vitro 
using human breast cancer cells (MDA-MB-231). Cells 
were cultured with varying concentrations of the sensor ex‐
tract, and viability was assessed using a cell counting kit-8 
(CCK-8) assay. After 24 h (Fig. S30 in the supplementary 
information) or 48 h (Fig. 4a) of co-incubation, cell viabil‐
ity remained approximately 99%, showing no significant 
difference from the blank control group, indicating very low 
cytotoxicity. This finding was further supported by morpho‐
logical examination of the cytoskeletal network (Fig. 4b; 
Fig. S31 in the supplementary information) and direct live/
dead fluorescence staining (Fig. 4c; Fig. S32 in the supple‐
mentary information). The cytoskeleton (red) and nuclei 
(blue) appeared similar to those of the control group, and 
the majority of cells stained live with Calcein-AM (green) 
over 24–48 h. Collectively, these results confirm the re‐
markably low cytotoxicity of the prepared sensor.

Given its favorable biocompatibility in vitro, the flexible 
sensor was implanted subcutaneously in mice to evaluate 
in vivo biocompatibility and biodegradation. The tissue sur‐
rounding the implant was harvested on Days 5, 7, 12, 28, 
35, and 52 post-operation for hematoxylin and eosin (H&E) 
staining and Masson’s trichrome staining, and blood samples 
were collected for analysis. As shown in Fig. 4d, the surround‐
ing tissue maintained its layered architecture with minimal 
disruption from the implant. Histological analysis [52–54] 
(Figs. S33–S37 in the supplementary information) revealed 
initial immune cell infiltration between Days 5 and 7, with 
the immune response peaking around Days 12–28, coincid‐
ing with the active phase of biodegradation. By Day 35, the 
immune response had returned to normal levels, and tissue 
healing was complete, consistent with macroscopic observa‐
tions (Fig. S33a in the supplementary information). Quanti‐
fication of immune cell count and optical density indicated 
only mild inflammation by Day 28, with toxicity compa‐
rable to that of the sham control, and a return to baseline by 
Day 35 (Figs. 4e and 4f), consistent with reported flexible 
devices. Meanwhile, statistical analysis of fibrous capsule 
thickness revealed that the sensor induced an extremely 
mild foreign body response compared to the control group 
(Fig. 4g). Furthermore, hematological analysis showed no 
significant differences from the control group, with white 
blood cell, red blood cell, hemoglobin, and platelet counts 
all within normal ranges (Figs. S33b–S33e in the supple‐
mentary information). Under physiological conditions in 
simulated body fluid (SBF) at 37 °C, the sensor’s mass de‐
creased to below 50% after 6 weeks (Fig. S38 in the 
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Fig. 4  In vivo detection of T-crystal-based piezoelectric bioelectronics. (a) Cell viability of MDA-MB-231 cells co-cultured with a flexible sen‐
sor for 48 h. The control group was normalized to 100% as the baseline reference. (b) Fluorescent images of the MDA-MB-231 cells cultured 
with the flexible sensor. Cytoskeleton and nuclei were stained with phalloidin (red) and DAPI (blue) after 48 h of incubation. Scale bars: 50 μm. 
(c) Live (green)/dead (red) double staining of MDA-MB-231 cells with the sensor extraction for 48 h. Scale bar: 100 μm. (d) Typical histological 
images stained with H&E (top) and Masson’s trichrome (bottom) at 28 d after subcutaneous implantation of the PLA-PAN membrane. Scale bars: 
200 μm. Statistics of immune cell number (e) and mean optical density (f) from image (d). The cell number in the proliferation assay was counted 
within a 200 μm×200 μm microscope field. (g) Statistics of Masson staining for collagen fiber thickness. (h) Illustrations of subcutaneously im‐
planted sensors in the chest and legs of Sprague–Dawley rats. (i) Output open-circuit voltage signal of a flexible sensor implanted in the chest 
due to respiration. Output open-circuit voltage of a flexible sensor implanted in the leg under periodical gentle stretching upon periodic pressing 
load (j) and variable amplitudes of the loading (k). Data in (a, e–g) are expressed as mean±standard deviation (N=3 independent experiments)
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supplementary information). These data collectively demon‐
strate good in vivo biocompatibility and minimal systemic 
toxicity.

As a transient implantable bioelectronic device, the syn‐
chrony between its functional lifespan and degradation 
curve is critical. The PLA encapsulation layer in this design 
is engineered to maintain structural integrity for approxi‐
mately 35 d, which aligns with tissue-healing cycles. Dur‐
ing this period, the T-crystal core remains effectively shielded 
from bodily fluid erosion, ensuring stable and reliable piezo‐
electric signal output for diagnostic monitoring. As demon‐
strated by in vitro degradation experiments (Fig. S38 in the 
supplementary information), significant mass loss com‐
mences beyond this window. Once the PLA barrier is com‐
promised, the water-soluble T-crystal rapidly dissolves, 
causing a steep decline in sensor functionality and eventual 
failure. Based on our degradation data (mass loss of almost 
50% after 6 weeks) and histological observations (immune 
response peaking between 12 and 28 d), we infer that sig‐
nificant performance degradation may commence within 
3–4 weeks post-implantation. Therefore, we estimate that 
its effective functional lifespan falls within this timeframe. 
This behavior aligns with application requirements, en‐
abling the device to perform its function during the moni‐
toring period before degrading safely, thereby achieving 
the ultimate goal of “no need for secondary surgery for 
removal.”

Based on these findings, the T-crystal-based flexible sen‐
sor was subcutaneously implanted in the chest and left hind 
leg regions of Sprague–Dawley rats (Fig. 4h). Two insu‐
lated wires were used to transmit real-time electrical signals 
during respiration. Under stable physiological conditions, 
the sensor clearly recorded the rat’s regular respiratory 
rhythm, producing voltage signals with stable periodic fluc‐
tuations (left panel of Fig. 4i). Notably, when the rat was 
subjected to external stimuli, such as elevated ambient tem‐
perature or drug injection, its respiratory pattern changed to 
a rapid, shallow rhythm. The sensor sensitively captured 
this dynamic change, with the output voltage signal show‐
ing a distinct increase in fluctuation frequency and wave‐
form density (right panel of Fig. 4i). These results confirm 
the high sensitivity and real-time response of the sensor for 
monitoring physiological signals in vivo, and suggest its po‐
tential for tracking dynamic changes during emotional or 
stress states.

Similarly, when implanted in the hind leg, the sensor re‐
sponded to passive mechanical stretching. Upon stretching 
and releasing the leg, a significant, reproducible voltage sig‐
nal was generated. The signal quickly returned to baseline 
when stretching was paused and recovered promptly when 
stretching resumed (Fig. 4j), demonstrating high sensitivity 
to the onset and cessation of mechanical stimuli. Under dif‐
ferent stretching loads (Fig. 4k), a small load produced a 

low-amplitude voltage fluctuation (approximately 0.3 V), 
whereas a larger load resulted in a substantially higher am‐
plitude (approximately 0.9 V), indicating the sensor’s abil‐
ity to distinguish between different mechanical stimulus in‐
tensities. The larger signal amplitude observed in the leg 
compared with the chest is consistent with the greater defor‐
mation during limb motion. These in vivo results validate 
the sensor’s specificity and intensity discrimination in dy‐
namic mechanical monitoring, supporting its potential for 
the real-time tracking of limb movement and localized me‐
chanical loading.

In summary, these findings demonstrate the successful 
fabrication of a flexible sensor based on amino acid crys‐
tals. The sensor exhibits good biocompatibility, controlled 
biodegradation dynamics, low systemic and hematological 
toxicity, and reliable performance for in vivo monitoring of 
physiological and mechanical signals, rendering it suitable 
for implantable motion-sensing applications. Even with the 
self-induced, non-ideal alignment of the crystals within the 
current sensor matrix (lacking active external optimization), 
the intrinsic mechanical anisotropy and high stiffness of the 
T crystals ensure effective stress transmission, enabling ro‐
bust performance. This confirms the material’s inherent ro‐
bustness for facile device fabrication, while the anisotropy 
data provide a theoretical roadmap for future performance 
enhancement via deliberate directional alignment.

4　Conclusions

This study investigated the intrinsic electromechanical cou‐
pling properties and potential applications of natural amino 
acid non-centrosymmetric crystals, particularly the influ‐
ence of side chains on crystal packing, mechanical proper‐
ties, and piezoelectric responses. Through a combination of 
experimental and computational analysis, we determined 
that the polarity (hydroxyl groups) and volume of the side 
chains dominate the crystal packing mode by modulating 
the non-covalent interaction network. In particular, the 3D 
hydrogen-bond network in T crystals (each molecule 
interacting with seven neighbors) conferred an ultra-high 
Young’s modulus up to approximately 80 GPa, providing 
structural support for bioelectronics engineering. The de‐
gree of ordered molecular polarization within the non-
centrosymmetric structure was critical to the piezoelectric 
response. T crystals exhibited a d33 value of 2.86 pm/V, 
demonstrating tremendous electromechanical conversion ca‐
pability. Therefore, flexible piezoelectric bioelectronics 
comprising T crystals exhibited a linear response, allowing 
them to be employed for in vitro and in vivo biocompatibil‐
ity (approximately 99% cell viability, complete tissue heal‐
ing within 35 d) and for the real-time monitoring of physi‐
ological signals (respiration, limb movement). The paradigm 
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established in this work provides alternative insights for the 
design of next-generation biosafe piezoelectric entities, 
along with the intrinsic biodegradable nature, which lays 
the groundwork for the clinical translation of implantable 
bioelectronics.

Supplementary Information  The online version contains supplemen‐
tary material available at https://doi.org/10.1631/bdm.2600041.
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