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Ferroelectric hydrogels
from amino acids and oleic acid

Erica Pensini,1,2,6,* Peter Meszaros,1 Nour Kashlan,1 Alejandro G. Marangoni,2,3 Thamara Laredo,4

Stefano Gregori,1 Saeed Mirzaee Ghazani,3 Joshua van der Zalm,5 and Aicheng Chen5
SUMMARY

Ferroelectric bio-based materials with a high water content (z90 wt %) were not previously developed.
Here, we develop hydrogels containingz90 wt % water, amino acids (lysine and arginine) and oleic acid.
The NH and CH groups of lysine hydrogen bond water, as shown by attenuated total reflectance-Fourier
transform infrared spectroscopy, yielding electrically conductive solutions. Lysine also interacts with oleic
acid, yielding hardmaterials with a lamellar crystal structure, as revealed by synchrotron small angle X-ray
scattering. Polarized light microscopy and shear rheology show that aqueous mixtures of amino acids and
oleic acid are birefringent gels. These gels have a columnar, hexagonal crystal structure with 54–85 wt %
water, and a bi-continuous sponge crystal structure with 89wt%water. They are piezoelectric, as demon-
strated by cyclic voltammetry. Thus, they deform and undergo crystalline phase transitionswhen exposed
to electric fields. The piezoelectric materials developed can find use in medical applications and clean en-
ergy harvesting.

INTRODUCTION

Piezoelectric materials arematerials able to generate an electrical charge in response to amechanical stress or deformation (direct piezoelec-

tric effect).1 They also deform when subjected to an electric field (inverse piezoelectric effect). The piezoelectric effect was first described in

1707 by JohannGeorg Schmidt in the book Curiöse Speculationes bey Schalflosen Nächten (Curious Speculations During Sleepless Nights),2

relevant passages of which have been translated to English.3

Piezoelectric materials are harnessed for diverse applications including (but not limited to) pressure sensors, actuators for precise posi-

tioning, wireless sensing, clean energy harvesting (achieved by converting mechanical vibrations into electrical energy), self-powered elec-

tronic devices and ultrasonic transducers for medical imaging.1,4–15 In medical applications, they are also used to produce patches that pro-

mote healing,1 for cartilage remodeling,16 or for wearable devices.17 Finally, ferroelectric materials have been harnessed to produce catalysts

able to enhance the remediation of organic pollutants.18

A common characteristic of piezoelectric materials is the lack of symmetry in their crystal structure. This observation was reported in 1880

by Jacques and Pierre Curie, who discovered that a compression of asymmetric inorganic crystals along their hemihedral axes produces elec-

tric polarization.19 Examples of such crystals are quartz and tourmaline (a crystalline silicate gemstone with a range of appealing colors,

composed of boron and either aluminum, iron, magnesium, sodium, lithium, or potassium), as well as Rochelle salt.20,21 The Curie brothers

also observed that the effect of compressing and expanding asymmetric crystals along their hemihedral axes is similar to that of cooling and

heating them (pyroelectricity).19 Indeed, cooling and heating also deform materials. Extensive experimentation on the pyroelectric behavior

of the piezoelectricmaterial tourmaline was conducted in 1859 byGaugain.22 The commonnature of the pyroelectric and piezoelectric effects

was clearly laid out by W.C. Röntgen in 1883.23

In addition to inorganic materials, organic materials can be both electrically conductive and piezoelectric. The piezoelectric properties of

biological molecules have attracted interest in recent times, for the development of bioelectronic devices.24 For example, peptide-small

molecule conjugates have been used to produce self-assembled organic conductors.24 In particular, amino acids have been used with con-

jugated molecules, to produce self-assembled electronically delocalized nanostructures.24 The dielectric properties of proteins and amino

acids in both their solid state and in water have been discussed in an informative series of manuscripts published in the Transactions of

the Faraday Society (e.g., studies by Bayley25 and Gent26). In their native environment, proteins conduct mainly through electron transfer,

although they also allow short-range electron transport upon integration into solid-state junctions.24 While proteins conduct electricity in
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both their wet and dry states, the electrical conductivity of proteins markedly increases in the presence of water.27 Similarly, water layers ad-

sorbed on the surface of peptides promote proton conduction and carboxylic acid side chains act as proton-donors, thereby playing an

important role for conductivity.24 Importantly, many biological materials are highly ordered and have low symmetry, rendering them piezo-

electric.28 For instance, different proteins are piezoelectric, such as collagen in the humanbody.29 Bone is composedof collagen and hydroxy-

apatite ceramics.29Mechanical stress on the bone produces electrical signals, which support bone growth, healing, and remodeling. Mechan-

ical stress acting on bones generates an electric potential, which attracts osteogenic cells because of the formation of electric dipoles.29

Similarly, cartilage, ligament, tendon, skin, and hair are composed of collagen or keratin, both of which are piezoelectric proteins.29

This manuscript focuses on amino acids, which are the building blocks of proteins. There are 20 amino acids in total. They are organic

compounds containing a carboxyl (-COOH) group, an amine (NH2) group, hydrogen, and a side functional group which varies for each indi-

vidual amino acid. Amino acids can form 3D crystal structures. The structures formed dictate if they are piezoelectric. For example,

L-enantiomers of amino acids crystallize in either monoclinic or orthorhombic forms, and are piezoelectric.28 L-tryptophan is an exception,

because it is triclinic (P1 symmetry) and it is not piezoelectric.28 In 1970, Vasilescu et al. had already listed the piezoelectric properties and

the crystal structure of different amino acids.30 The authors reported that L-lysine hydrochloride is piezoelectric.30 Our manuscript focuses

on materials produced with L-lysine. The simplest amino acid is glycine. A recent study published in 2023 used glycine to produce piezoelec-

tric films.31 While solvent cast films are brittle and have poor piezoelectric properties, the authors produced flexible piezoelectric nanofibers

of glycine crystals embedded inside polycaprolactone.31 In this study, the authors proposed that the piezoelectric properties of the films are

due to the stretching and alignment of the nanofibers during the fabrication process. A previous study also analyzed the piezoelectric prop-

erties of g glycine.32 The authors ascribed the high piezoelectric coefficients of g glycine to the efficient packing of glycine molecules along

specific crystallographic planes and directions.32 Other authors developed piezoelectric materials using alanine and polyvinyl acetate.33

While bio-based materials were described before, previous studies did not develop piezoelectric hydrogels with amino acids and fatty

acids, such as those presented in our study. Our hydrogels contain high proportions of water and are completely benign. Therefore, they

are suitable for diverse applications, ranging from clean energy production to medical applications, to enhance healing of damaged tissues.

Here, we describe such materials, exploring the molecular interactions occurring between their components, their structure both in the

absence and in the presence of applied electric fields, as well as their piezoelectric properties.
RESULTS

In this section, we will first discuss the conductivity and the interactions between L-lysine (in brief lysine) and water, in binary aqueous solutions

without oleic acid. We will then elucidate interactions between oleic acid and lysine, without water. Finally, we will examine interactions in

ternary mixtures of lysine, oleic acid and water, their rheological properties and crystalline structure, as well as their piezoelectric properties.

Preliminary data obtained with another amino acid, namely L-arginine (in brief, arginine), are instead provided in the supplemental informa-

tion file (Figures S9–S11).

Lysine and arginine yield electrically conductive solutions in water, with unadjusted pH, as seen in Figure 1. Without adjustment and with

0.2–0.8 M lysine in water, the pH is approximately equal to 10. Recall that the pKas of the alpha carboxyl and alpha amino groups of lysine are

2.16 and 9.06, respectively, while the pKa of the sidechain amino group is 10.54. For arginine, the pKas of the alpha carboxyl and alpha amino

groups are 2.14 and 8.72, respectively, while the pKa of the sidechain amino group is 12.48. Fits of conductivity data for different amounts of

lysine added to water using Zhang et al.’s model yield a value of n for lysine close to 1, indicating almost complete dissociation of lysine in

water, as discussed in the materials and methods section. The lower value of n for arginine is consistent with its lower solubility in water. The

lower degree of arginine dissociation in water can account for the lower conductivity observed.

The conductivity of amino acids in aqueous solutions was previously reported.35 The dielectric constants of amino acid mixtures in water

have been found to increase with amino acid concentrations ranging from 0.1 mol/kg to 0.35 mol/kg of solution for L-proline, glycine,

L-alanine, and L-serine.36 A study from 1951 reports changes in electrical conductivity during bacterial growth, due to amino acid formation

in the growth medium, observed even before bacteria began to multiply.37 The electrical conductivity of amino acids has been further exam-

ined in a study from 1959, which discusses alanine, glycine and tyrosine, as well as proteins (of which amino acids are building blocks).38 In their

native environment, proteins conduct mainly through electron transfer, although they also allow short-range electron transport upon integra-

tion into solid-state junctions.24 While proteins conduct electricity in both their wet and dry states, the electrical conductivity of proteinsmark-

edly increases with increasing adsorbedwater.27 Similarly, water layers adsorbed on the surface of a peptide promote proton conduction, and

carboxylic acid side chains act as proton-donors, thereby playing an important role for conductivity.24 Previous authors proposed that the

percent humidity affects the conductionmechanisms of peptides (of which amino acids are also building blocks).39 Specifically, at low relative

humidity, conduction is mediated by electrons and protons, whereas at high humidity conduction increases and is mediated by protons.39 As

discussed in the introduction, the pyroelectric and piezoelectric effects are correlated to one another. A study proposes that the pyroelec-

tricity of amino acid crystals is due to layers where the polar moieties of the amino acids are hydrated.40 The authors report that amino acid

crystals weremarkedly less pyroelectric after they were fully dried.40 Another recent study also analyzed the role of a protein-water interface in

controlling proton conduction across protein-based biopolymers.41 This study reports that proton transfer in bovine serum albumin fibers

requires a hydrogen (H) bond network between amino acids andwatermolecules.41 Another study discusses H bonding between amino acids

and water, probed throughmolecular dynamic simulations.42 This study investigates a number of amino acids, including lysine and arginine. It

reports that amino acids can interact with water by either donating or accepting H bonds. H bond donors include the amino groups NH, NH2,

and NH3 of lysine, arginine and other amino acids. H bond acceptors include the CO carbonyl groups. The OH on the -COOH groups can
2 iScience 27, 110601, September 20, 2024



Figure 1. Electrical conductivity of aqueous solutions of lysine (LYS) and arginine (ARG),

with varying amino acid molar concentrations

In the figure, the experimental data points are shown as symbols, whereas the continuous

lines represent the fit using the model by Zhang et al.34 Error bars are fairly small. The

averages and standard deviations estimated based on three to five measurements are as

follows. Pure water: 1.07 G 0.10 mS/cm. Lysine: 0.0625 M 373 G 2 mS/cm, 0.125 M 684 G

19 mS/cm, 0.25 M 1275G 32 mS/cm, 0.5 M 2290G 78 mS/cm. Arginine: 0.0625 M 167G 8 mS/

cm, 0.125 M 233 G 6 mS/cm, 0.25 M 288 G 10 mS/cm, 0.5 M 411 G 5 mS/cm.
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either accept or donate H bonds.42 The fact that lysine can either accept or donate H bonds is reflected in its sigma profile, shown in Figure S2

(supplemental information file).

We use ATR-FTIR to probe the interactions between lysine and water, comparing the IR (infra red) spectrumof dry lysine with the spectrum

of lysine in water (Figure 2A). In the spectrum of dry lysine shown in Figure 2, in the 1,200–1,800 cm�1 region, there are peaks at 1,403 cm�1

(ns(COO) 43,44) and at 1,615 cm�1 (nas(COO)), and at 1,582 (nas(COO) 45 or das(NH) +nas(COO) 46). There are also peaks at 1,510 cm�1 and

1,561 cm�1 (dNH2
43,47,48). Rao et al. report that the NH band at higher frequencies (1,560 cm�1) is bonded, whereas the one at lower fre-

quencies is free.49 Note that other authors ascribe the peak at 1,561 cm�1 to non-pure modes due to n(COO) and d(NH) vibrations.50 More-

over, some authors report that lysine can be in a zwitterionic state even in its solid form, not only in aqueous solutions.51 Others report the co-

presence of neutral and zwitterionic forms of other amino acids, including glycine, sarcosine andN,N-dimethylglycine.52 Therefore, we cannot

discount that each of the two NH bands seen in the IR spectrum corresponds to NH2 and NH3
+, since the strength of the N-H bond should

differ between NH3
+ and NH2 groups. This aspect will be further discussed later. In dry lysine, H bonding between lysine molecules occurs

through the NH and carboxyl groups. A previous study reports that the crystalline structure of L-lysine is layered and contains two hydrogen-

bonded regions.53 One region is composed of two H bonded sheets, each of which is formed by the head groups two L-lysine molecules: the

ammonium groups act as H bond donor and the carboxyl groups act as H-bond acceptor. In the other region H bonding occurs exclusively

between NH2 groups that are connected to each other by the two-one screw axis.53

Uponmixing with water, theNHpeak at 1,510 cm�1 corresponding to free aminesmarkedly decreases, indicating that H bonding between

lysine and water occurs through this group. Also, the peak corresponding to bonded NH at 1,561 cm�1 shifts to lower wavenumbers. H

bonding can affect the peak position, as for instance reported for the NH band of melamine upon H bonding triazine.54 Moreover, a study

reports that protonation induces large red shifts in the n(NH) wavenumbers.55 We propose that the NH groups of lysine can form more H

bonds when lysine is in water than when it is in the dry form, as indicated by the relative decrease in peak corresponding to free NH. This

is likely because the NH groups of lysine become more protonated when lysine is mixed in water, compared to its dry state. Aqueous lysine

solutions (with 0.2–0.8 M lysine) have a pHz 10. At this pH, lysine exists in a zwitterionic state with one COO-, one NH2, and one NH3
+ group.

As aforementioned, we cannot discount that the two amine peaks correspond to NH2 and NH3
+. Also, the symmetric stretching vibration

ns(COO) of lysine at 1,403 cm�1 shifts to higher wavenumbers upon mixing with water, suggesting that H bonding of the -COOH group

with other molecules is weaker in aqueous lysine solutions than in dry lysine. This could account for the activity coefficients shown in Figure S3

(supplemental information file). These are >1 for both lysine and water in aqueous lysine solutions.

Note that lysine is a basic amino acid, and it can therefore affect H bonding of water directly, by interacting with H2O, or indirectly, by

increasing the proportion of hydroxyl groups in water. A previous study proposes that at acidic pH, protons enhance H bonds only locally.56

In contrast, at basic pH, hydroxide ions induce tetrahedrality in the H bonding network of water.56 Therefore, the increased percentage of OH

groups induced by lysine should enhance H bonding in water. Direct H bonding between lysine and water would also affect the H bonding

network in water. In our previous studies, we used the OH stretch band of water to probe H bonding. Here, we cannot analyze lysine-water

interactions through the OH groups using IR, since both water and lysine have a contribution in the OH stretch region (2,500–4,000 cm�1).

For this reason, we analyze solutions of lysine in D2O, since there is a less marked overlap between n(DO) and lysine, as seen in Figure 3.

Figure 3 also shows data for ternary mixtures containing water, lysine, and oleic acid, which will be discussed later. Deconvolution of the DO

stretch band is given in the supplemental information file (Figure S4). The data show that lysine increases the area of peaks at the lowest wave-

numbers, compared to those at the highest wavenumbers. A previous study reports that addition of bases such as LiOH or NaOH to D2O

increased the area of the peaks at high wavenumbers relative to low wavenumbers.57 In contrast, here we observe the opposite effect,

i.e., an increased area under peaks at low wavenumbers. We ascribe this result to interactions between lysine and D2O, rather than to the

increase in theOHgroups. Shi et al. usedmid-IR to probeD2O at different temperatures, ranging from 10 to 245 K.58 The IR spectra presented

by the authors display a dominant peak at approximately 2,400 cm�1 at 10 K (at which D2O is most crystalline and ordered) and a dominant

peak slightly below 2,500 cm�1 at 245 K (at which D2O is least ordered). In our study, the ratio of the peak at approximately 2,407 cm�1 and

2,500 cm�1 is greatest with lysine in water, lowest for pure D2O and intermediate between these two cases for D2O+lysine+oleic acid (Fig-

ure 3). We ascribe this result to the fact that lysine structures water. Oleic acid interacts with lysine, thereby limiting its interactions with D2O

and restoring the structure of pure D2O, as will be further discussed later. H bonding between lysine and water has been previously reported,
iScience 27, 110601, September 20, 2024 3



Figure 2. Comparison between the IR spectra in the 1,200–1,800 cm�1 region of three types of samples

Dry lysine and of 33 wt % lysine in either water or D2O (A), dry lysine, oleic acid, and equimolar ratios of oleic acid and lysine (B), equimolar ratios of oleic acid and

lysine without water and with 53 wt % water (C), and equimolar ratios of oleic acid and lysine without water and with 53 wt % D2O (D).
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and discussed in the context of the anti-freeze properties of lysine in water.59 In agreement with this report, our data suggest that lysine cre-

ates a more extensive H bonding network in heavy water. This result agrees with the observation that the proportion of H bonded vs. free NH

increases in water (although H bonds weaken compared to dry lysine). A caveat when translating observations made with heavy water to un-

derstanding solutions prepared with light water is that heavy water is more structured than light water.60 De Marco et al. proposed that the

O�D stretching vibrations of D2O are qualitatively different molecular vibrations compared to H2O.61 Also, carboxylic acids may behave

differently in heavy and light water. For example, a study on H bonding of carboxylic acids in water reports peak splitting in the nCC range,

which is not observed in H2O.62 The authors propose the appearance of a new species in D2O solution, which is not present in light water.62

Despite this caveat, overall, our data indicate that lysine can H bond water: H bonding of water becomes more extensive with lysine, and the

proportion of NH bonded groups of lysine increases in aqueous solutions (compared to the dry state).

Furthermore, mixing with water markedly shifts to higher wavenumbers the stretching CH bands of lysine, as seen in Figure 4A. Scheiner

et al. report ab initio quantum calculations showing that CH groups of peptides are strong H bond donors, with binding energies to water

molecules equal to 1.9 and 2.5 kcal/mol for nonpolar and polar amino acids, respectively.63,64 The authors also contend that the H-bond of

charged lysine residue of peptides is stronger than a conventional OH$$O interaction and induces a blue shift in the CH stretching

wavenumber.63,64

In addition to interacting with water, lysine interacts with oleic acid. Without water, equimolar ratios of lysine and oleic acid yield a mixture

that solidifies over time, to create a hard, brittle material. Figure 4B compares the CH of bands of lysine, oleic acid and their mixtures. Neat

oleic acid is not structured and is in the liquid state at room temperature (20�C). This causes the co-presence of trans and gauche conformers,

with asymmetric and symmetric deformation modes nas(CH2) at 2,922 cm�1 and ns(CH2) at 2,853 cm-1,65 as seen in Figure 4B. Peaks below

2,920 cm�1 for nas(CH2) and 2,850 cm�1 for ns(CH2) are characteristic of a structured state, in which the acyl chains are fully stretched and as-

sume an all-trans conformation. With addition of lysine to oleic acid, nas(CH2) shifts to 2,919 cm�1 and ns(CH2) shifts to 2,850 cm�1, indicating

that lysine orders the acyl chains of oleic acid, causing them to acquire a trans conformation. Small angle X-Ray scattering (SAXS) data confirm

ordering of oleic acid by lysine, as will be discussed later. By interacting with oleic acid, lysine disrupts oleic acid dimers, as indicated by the

disappearance of the peak at 935 cm-1,66 as seen in Figure 4D.

Figure 2B shows the COOH and the NH bands of lysine, oleic acid and their equimolar mixtures, without water. The oleic acid carbonyl

group canbe seen at 1,705 cm�1 (n(C=O)), in Figure 2B. The decrease of this peak to about 10%of its original intensity suggests that the amino
4 iScience 27, 110601, September 20, 2024



Figure 3. DO stretch band of D2O

Normalized n(OH) stretch band (A), peak position (B) and percent area (i.e., proportion, bottom) of the peaks convolved under the n(OH) stretch band, at different

wavenumbers (C).

Since error bars are small and hardly visible in (B), we are providing the data in Table S1 of the supplemental information file.
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groups in lysine deprotonatemost of the COOHgroups in oleic acid, forming the anionic species COO�. We also observe amarked decrease

of the peak at 1,561 cm�1, which almost disappears, relative to the peak at 1,510 cm�1. Earlier in this paper we attributed the peak at

1,561 cm�1 to d(NH2) of bonded NH groups, and the peak at 1,510 cm�1 to d(NH2) of free NH groups. It is possible that when combining

equimolar ratios of lysine and oleic acid, only one amine group becomes involved in lysine-oleic acid interactions (by interacting with the car-

boxylic group of oleic acid), while the other amine group remains free. Other interpretations cannot be discounted. As mentioned earlier,

some authors ascribe the peak at 1,561 cm�1 to non-pure modes due to n(COO�) and d(NH) vibrations,50 and other authors attribute the

peak at 1,510 cm�1 to asymmetric CN vibrations.67 Moreover, we cannot discount that each of the two NH bands corresponds to neutral

and protonated NH groups. In particular, we observe that the intensity of the band at 1,561 cm�1 decreases, suggesting that it could corre-

spond to the NH2 vibration. At the same time, the relative intensity of the 1,510 cm�1 decreases, suggesting that it may correspond to the

NH3
+ band.

So far, we discussed binary mixtures and interactions between lysine and water, and between lysine and oleic acid (without water). Fig-

ure 2 also shows IR spectra of equimolar mixtures of oleic acid and lysine, with water. While lysine solutions in water have a pH of approx-

imately 10, gels containing equimolar ratios of oleic acid and lysine have a circum-neutral pH (pH z 7.5). Upon mixing lysine with both
iScience 27, 110601, September 20, 2024 5
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Figure 4. IR spectra in the 2,750–3,100 cm�1 region and in the 800–1,000 cm�1

Comparison between the IR spectra in the 2,750–3,100 cm�1 region of: dry lysine, and 33 wt % lysine in either water or D2O (A), dry lysine, oleic acid and their

equimolar mixtures without water (B), and equimolar ratios of oleic acid and lysine, without water and with either 53 wt % water or D2O (C). Comparison between

the IR spectra in the 800–1,000 cm�1 region of dry lysine, oleic acid and their equimolar mixtures without water (D).
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oleic acid and water, the peak at 1,561 cm�1 (H bonded NH) increases relative to the one at 1,510 cm�1 (free NH) compared to dry lysine,

although to a lesser extent than in lysine-water solutions without oleic acid. This result agrees with the hypothesis presented earlier that

oleic acid interacts with lysine, thereby limiting lysine-water interactions. This would result in a less extensive H bonding network in water.

Furthermore, we observe a difference between the distortion of the n(OD) band of lysine+D2O compared to lysine+oleic acid+D2O, as

seen in Figure 3. Recall that this band can be used to study H bonding because it does not overlap with bands contributed by neat oleic

acid or lysine (dissimilar to the OH stretch band of water). With lysine and water (without oleic acid), the v(OD) band has greater contri-

butions from the peaks at the lowest wavenumbers, compared to pure D2O, as seen in Figure 3 and discussed earlier. Also, the peak

at z2,400 cm�1 (at which D2O is most crystalline and ordered) increases relative to the peak at 2,500 cm�1 (at which D2O is least ordered),

as previously discussed. Oleic acid restores the relative proportion of the peaks convolved under the v(OD) band. Once again, we propose

that oleic acid interacts with the NH groups of lysine, thereby limiting water-lysine interactions and decreasing D2O ordering. Finally, there

is essentially no frequency shift in the acyl chain peaks at 2,900 cm�1 upon the addition of water or D2O to oleic acid-lysine mixtures (Fig-

ure 4). However, these bands are narrower (particularly the nas(CH2)) with water compared to no water. It is possible that addition of water

limits hydrophobic interactions of lysine with the acyl chains of oleic acid, creating a less diverse molecular environment. Indeed, the CH

groups of lysine significantly interact with water, as discussed earlier. Hydrophobic interactions have been reported to play a role in the

overall interaction between poly-L-lysine and the negatively charged phospholipid dipalmitoyl phosphatidyl glycerol.68 This would also

reflect on the ordering of the oleic acid chains. The structure of oleic acid-lysine mixtures with and without water was examined by

SAXS (small angle X ray scattering), as discussed later.

While equimolarmixtures of lysine and oleic acid are hard andbrittle, gels are obtainedwith 85–90wt%water and equimolar ratios of oleic

acid and lysine. Figure 5 shows strain and frequency sweeps conducted in shear rheology experiments. The storage moduli (G0) are greater

than the loss moduli (G00) between frequencies of 0.1–100 rad/s. Specifically, tand = G’’/G0 is 0.15 and 0.31 with 85 wt % and 90 wt % water,

respectively, demonstrating that the materials obtained are gels. As mentioned earlier and discussed in the supplemental information file,

arginine also yields gels. Both lysine and arginine are linear molecules and have electrically charged side chains. Histidine contains a ring

and it yields emulsions rather than gels upon mixing with oleic acid and water. Also, L-serine, L-threonine, and D-alanine do not yield

gels. Also note that while gels are obtained with lysine and arginine, oleic acid, and pure water, addition of salts (e.g., 0.2 M NaCl) disrupts

the gels (cf. Figure S5, supplemental information file). This result demonstrates the fact that electrostatic interactions between lysine and oleic

acid (such as H bonding) play a key role. Without salts, gels were stable over a period of three weeks, both at room temperature (z20�C) and
in the fridge (4�C). Longer observations were not conducted. During this time and at these temperatures, we did not observe any changes

when gels were prepared with deionized or Milli-Q water. In contrast, gels could not withstand exposure to �80�C for 48 h. When they were

exposed to �80�C and thawed, they were liquid rather than gels.

Figure 6 compares polarized light microscopy images of equimolar oleic acid-lysine mixtures without water and with water. Polarized light

microscopy reveals that water fosters the formation of structures spanning hundreds of microns, which extend across the gel. Without water,

such large structures are not observed. We hypothesize that the elasticity of the materials is due to these structures.

A previous study reports that the crystal structure of neat L-lysine is layered and contains two hydrogen-bonded regions.53 The authors

assign the hydrogen-bonded sheets in the crystal structure of L-lysine to the L2 structure type.53 Note that an older study also analyzed

the crystalline structure of L-lysine and reports a monoclinic structure, a primitive P21 space group, with a = 4.902 Å, b = 30.719 Å, and

c = 9.679 Å, b = 90⁰, and V = 1457.7 Å3.69 In our previous study, we determined that oleic acid at 4�C self-assembles into lamellar structures.1

Here, we use synchrotron SAXS (small angle X ray scattering) to characterize the structure of the lysine-oleic acidmixtures, in the presence and

in the absence of water, as well as in the absence and in the presence of applied electric fields (Figures 7, 8, and 9). SAXS data show that

equimolar ratios of lysine and oleic acid yield lamellar structures with a d spacing, d = 55.3 Å, in the absence of water or applied electric fields.

Considering that the size of an oleic acid crystalline lamella from our X-ray diffraction (XRD) data is 41.6 Å and the size of a lysine crystalline

lamella is 16.2 Å (Figure S6 and a study by Pensini et al.1), and the size of a crystalline lysine-oleic acid lamellar complex is 55.3 Å, we propose

that the structure of this complex is composed of two oleic acid and two lysine molecules (Figure S7, supplemental information file). With

water (54–85 wt %) and without electric fields, equimolar oleic acid-lysine mixtures acquire a columnar, hexagonal crystal structure, as

seen from the peak positions shown in Figure 8 (1 :
ffiffiffi
3

p
:

ffiffiffi
4

p
:

ffiffiffi
7

p
; study by Hyde70). Water swells the structures formed, increasing their

size from approximately 61 Å with 45 wt % water to 115 Å with 85 wt % water, at an equimolar lysine to oleic acid ratio. Note that hexagonal

mesophases can arrange to form ribbons,70 which we observed in other piezoelectric gels obtained with oleic acid and ethanolamine.1

Further increasing the water content to 89 wt % yields another transformation from hexagonal crystals to bi-continuous cubic sponges, in

the absence of applied electric fields (Figure 8).

SAXS also reveals that electric fields change the crystalline structure of gels of lysine, oleic acid and water, as demonstrated for samples

containing 89 wt % water (Figure 8). These undergo a crystalline phase transition from a bi-continuous cubic sponge to a lamellar structure

upon applying 1 V. The transformation is progressive, as seen by applying a voltage ramp (with 0.2 V increments). The observed changes are

due to the piezoelectric nature of the materials developed, as shown by cyclic voltammetry, and as will be further discussed later. A study

applied very high electric fields (up to 4.0$106 V/cm) to unoriented and biaxially oriented phase-II poly(vinylidene fluoride) films.71 This study
iScience 27, 110601, September 20, 2024 7
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Figure 5. Shear rheology strain and frequency sweeps

Strain (A and C) and frequency sweeps (B and D) of gels obtained with lysine, oleic acid and either 85 wt % water or 90 wt % water.
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found that the applied electric field induced both a crystal transformation and an increase of the piezoelectric activity.71 More recently, a den-

sity functional theory study showed that applied electric fields caused a transition from a to b chains of poly(vinylidene fluoride).72 Other au-

thors also report that lead zinc niobate-lead titanate single crystals undergo very large piezoelectric strains when electric fields are applied
Figure 6. Polarized light microscopy of piezoelectric materials

Polarized light microscopy of materials obtained with equimolar ratios of lysine and oleic acid, with 75wt % water (A, B, and C) and without water (D).

The scale bar is 100 mm.
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Figure 7. Synchrotron SAXS patterns of equimolar mixtures of oleic acid and lysine, without water and with varying water percentages
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along the unit cell edges.73,74 Park et al. propose that this is due to a phase transition,74 whereas Kisi et al. contend that a phase transition is in

this case indistinguishable from a large piezoelectric distortion.73

The effect of electric fields is further highlighted by applying 10–20 V to samples containing equimolar ratios of lysine and oleic acid, and 89

wt %water. We determined the azimuthal plots for these samples, as well as for samples without applied electric fields, as shown in Figure 10.

Azimuthal plots show intensity variations relative to the average for different azimuthal angles. The fitting parameters are given in the

supplemental information file (Tables S2–S4). The variations of the intensity seen in the azimuthal plots are related to orientation in the sam-

ple. Without any applied voltage, samples display some orientation. This orientation is markedly accentuated upon applying 10 V to the sam-

ples, as indicated by the evident increase in the integrated intensity peaks shown in Figure 10A. Also, with 10 V ordering increases, as seen by

the decreased peak width (characterized by the full width at half maximum, fwhm). The standard deviation of the Gaussian curves used to fit

experimental data isz 17.5 without applied voltage and 16 with 10 V. Interestingly, 20 V decrease ordering and increasing the standard de-

viation of the Gaussian curves toz22. Nonetheless, the azimuthal plot of the normalized integrated intensity (Figure 10B) reveals a progres-

sive shift of the intensity peaks from0V, to 10 V and finally to 20 V. This shows that the applied electric field progressively aligned the crystalline

structures within the sample. Note that while this effect wasmostmarked at these high voltages, a similar effect was also seen in voltage ramps

conducted with 0.2 V increments, up to 1 V. In particular, the position of the intensity peaks progressively shifted, indicating once again that

the applied electric fields aligned the structures in the sample, as seen in Figure S6 (supplemental information file). Nonetheless, the applied

voltage ramp up to 1 V did not increase orientational ordering, as indicated by the progressive increase in peak width (Table S5, supplemental

information file). We explain these results based on the relative orientation of the applied electric field relative to the initial orientation of the

crystalline structure in the sample. This was largely random, as samples were in part compressed upon mounting in the SAXS sample holder.

The data show that applied fields aligned the structures in the sample. Nonetheless, if the direction of the applied fieldwas at an angle relative

to the initial orientation of the structures in the samples, disorder could increase within the time frame during which experiments were con-

ducted. Note that a widening of the Gaussian peaks could have also been due to an increase in temperature during the course of the mea-

surements, although temperature was not monitored.
iScience 27, 110601, September 20, 2024 9
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C

Figure 8. SAXS pattern of a sample containing equimolar ratios of oleic acid to lysine and 89 wt % water

SAXS pattern of a sample containing equimolar ratios of oleic acid to lysine and 89 wt % water, without electric fields applied (A); comparison between the

SAXS patterns of this sample before and after applying voltages increasing from 0 to 1 V, in increments of 0.2 V (B); SAXS pattern for the sample upon

exposure to 1 V (C).

ll
OPEN ACCESS

iScience
Article
In addition to SAXS, XRD was used to analyze oleic acid-lysine mixtures, as shown in Figure S7 (supplemental information file). The data

confirm that the pattern of oleic acid+lysinemixtures is not merely the overlap of the XRD peaks observedwith neat oleic acid and neat lysine.

The data also reveal that water impacts the crystalline structure of oleic acid-lysine mixtures, rendering them more amorphous in the WAXS

(wide angle X ray scattering) region at the highest water percentages tested (75 wt %).

Note that here we have not investigated the effect of oleic acid to lysine ratio on the crystal structure of their mixtures, nor have we

systematically examined the effect of fatty acid chain characteristics. Both would affect the crystal structure, thereby impacting the piezo-

electric properties of the materials. For example, the structures observed here with oleic acid (unsaturated) differ from those reported for

saturated fatty acids, lysine and water mixtures.75 With saturated fatty acids, the authors observed aggregates ranging from micelles, ves-

icles, sponge structures, and fibers depending on the composition and the chain length of fatty acids.75 A systematic investigation of the
10 iScience 27, 110601, September 20, 2024



Figure 9. SAXS pattern of a sample containing equimolar ratios of oleic acid to lysine and 89 wt % water, without electric fields applied, and upon

applying 10 V and 20 V
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fatty acid characteristics and fatty acid to amino acid ratio on the crystal structure and piezoelectric behavior of the materials developed

will be the objective of our future research. Although we have not conducted such a systematic investigation, we also probed the structure

of materials obtained with lysine and linoleic acid, using SAXS and XRD. SAXS data also reveal lamellar structures upon mixing equimolar

ratios of linoleic acid and lysine, without water (supplemental information file, Figure S9). Instead, SAXS patterns were amorphous with 85

wt % water (supplemental information file, Figure S10). In this research, we used SAXS, XRD, and polarized light microscopy to characterize

the piezoelectric gel structures. Atomic force microscopy and transmission electron microscopy may also provide useful insights in future

research.

Cyclic voltammetry experiments conducted by the method described previously demonstrates that materials obtained with equimolar

ratios of oleic acid, lysine and 74–85 wt % water show significant double layer charging in the region examined, which would be expected

for a piezoelectric material (Figure 11). This is evident from the shape of the cyclic voltammetry curves, which show that electricity is not

zero at the origin. Using the cyclic voltammetry curves taken at different scan rates we estimate an anodic capacitance of 0.7–0.9 mF/cm2

and a cathodic capacitance of approximately 0.6–0.7 mF/cm2.

The human blood contains 83%water, the heart 79%, and the brain 73%. Note the similarity between thewater content of the piezoelectric

materials developed and thewater content of different human organs andblood. Given this similarity and the gel composition, we expect that
Figure 10. Azimuthal plot for piezoelectric materials containing lysine, oleic acid and

91wt% water

Azimuthal plot showing the integrated intensity (A) and normalized integrated intensity (B) of

SAXS patterns over different azimuthal angles.

Samples contained equimolar ratios of lysine and oleic acid, and 91 wt % water. These plots

compare samples without applied electric fields, and upon applying either 10 V or 20 V. In (B),

the colored symbols are the experimental data and the continuous black lines are the fits to

the data. The fwhm was calculated from the standard deviation SD of the Gaussian peak, as

fwhm = 2.355$SD.
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Figure 11. Cyclic voltammetry curves (current j vs. voltage E, normalized by the area of the electrode) obtained using a graphite working electrode,

using materials obtained with equimolar ratios of lysine and oleic acid, and water (74 and 85 wt %), and current vs. scan rate

The current values were taken at a voltage of 0.2 V. Note the error bars in the figure are small (<0.002) and thus not visible.
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our piezoelectric materials have significant potential for medical applications. Fatty acids are the building blocks of cell membranes and

amino acids are the building blocks of proteins, and they are the constituents of our gels.

Given their piezoelectric nature, the volume ofmaterials containing equimolar ratios of lysine and oleic acid, and 91wt%water deform and

change volume when exposed to an electric field, as seen in Figures 12 and 13. The piezoelectric coefficient measures the volume change

occurring when a piezoelectric material is subjected to an electric field.76 In the samples tested, the volume change was 18% (from 7 to

5.7 mm3) when materials containing equimolar ratios of lysine and oleic acid, and 91 wt % water were exposed to 5 V for 17 s, using steel

wire. This voltage corresponds to 3,626 V/m, based on the electrode distance. If equilibrium had been reached after 17 s, this volume change

would have corresponded to a piezoelectric coefficient of 3.63 10�13 m/V. However, equilibrium is not immediately reached, as seen in Fig-

ure 13. After more extensive exposure of the material to higher voltages (up to 10 V), we estimate a piezoelectric coefficient of approximately

1.2$10�13 m/V. Note that these values are approximate, because of the numerous air pockets, which were not taken into account in the es-

timate of the volume in themeasurement shown in Figure 13. As a reference, the piezoelectric coefficient for quartz is 2.3$10�12 m/V, while the

piezoelectric coefficient for barium titanate is 1–1.9$10�12 m/V.76

In summary, lysine and oleic acid yield piezoelectric crystalline gels uponmixing with high proportions of water. The crystalline structure of

these materials can be tuned by applying electric fields, as a result of their piezoelectric nature.

While this manuscript mainly focuses on lysine, the amino acid arginine also yields piezoelectric gels. Preliminary data obtained with argi-

nine are enclosed in the supplemental information file (Figures S10–S13). Arginine yields conductive solutions in water, although the conduc-

tivity is lower than for lysine, as seen in Figure 1. Dissimilar to lysine, arginine yield dispersions in oleic acid, which phase separate over time.

While arginine and oleic acid remain phase separated without water, they yield gels in the presence of water. The storage moduli (G0) are
greater than the loss moduli (G00) between frequencies of 0.1–100 rad/s. Specifically, tand = G’/G0 is 0.21 and 0.31 with 85 wt % and

90 wt % water, respectively (Figure S10). Cyclic voltammetry also show some differences in the piezoelectric behavior with arginine than

lysine (compare Figures 11 and S13, supplemental information file). With arginine, oleic acid and 85 wt % water, the anodic capacitance is

0.6 mF/cm2, and the cathodic capacitance is 0.5 mF/cm2. Arginine has more NH groups compared to lysine and these groups would interact

with the carboxyl groups of oleic acid. Our future research will focus on further exploring the piezoelectric properties of hydrogels obtained

with fatty acids and benign molecules containing amine groups, to obtain materials useful for clean energy production, medical patches to

promote healing or sensors.
12 iScience 27, 110601, September 20, 2024



Figure 12. Contraction from 7 to 5.7 mm3 of a material containing equimolar ratios of

lysine and oleic acid, and 91 wt %, upon applying 5 V for 17 s, using a steel wire

The scale bar is 1 mm. The material was confined in a cell 1 mm thick, without constraining its

sides. Note that only the largest air pockets were subtracted from the overall volume to

obtain the actual volume occupied by the soft piezoelectric material.
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DISCUSSION

This study describes piezoelectric hydrogels containing large percentages of water (up to 89 wt %), and equimolar ratios of oleic acid and

either lysine or arginine.

Lysine yields conductive solutions in water. Conductivity vs. lysine concentration curves are well described by the model by Zhang et al.

Based on the parameters estimatedby fitting themodel to the data, we conclude that lysine is largely dissociated inwater. Arginine also yields

conductive solutions in water, but its dissociation is lower, thereby resulting in lower conductivity.

ATR-FTIR demonstrates H bonding between lysine and water. In addition to NH and COOH groups, CH groups also interact strongly with

water, as indicated by the marked blue shift of the CH stretch band. H bonding is further revealed by analyzing the DO stretch band of D2O,

which does not overlap with bands contributed by lysine. Lysine-D2O interactions result in a distortion of the DO stretch peak, increasing

contribution from peaks at low wavenumbers. This is indicative of the ability of lysine to structure D2O, due to H bonding.

Lysine also interacts with oleic acid (at equimolar ratios), yielding a brittle solid with a lamellar crystalline structure, as shown by

synchrotron SAXS. With 54–85 wt % water, oleic acid-lysine equimolar mixtures acquire a columnar, hexagonal crystalline structure, while

they form bi-continuous sponges with 89 wt % water. Shear rheology demonstrates that these materials are hydrogels between frequencies

1–100 rad/s (i.e., their elastic modulus G0 exceeds their viscous modulus G00). Specifically, tand = G’’/G0 is 0.15 and 0.31 with 85 wt % and
Figure 13. Contraction from 18.7 to 17.8 mm3 of a material containing equimolar ratios of lysine and oleic acid, and 91 wt %, using a steel wire

The material was confined in a glass cell, 1 mm thick and roughly 3 mm wide. The scale bar is 1 mm. Note that air pockets were not subtracted from the overall

volume to obtain the actual volume occupied by the soft piezoelectric material.
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90 wt % water, respectively. Polarized light microscopy reveals self-assembled structures spanning hundreds of microns in size. Such struc-

tures are not observed without water.

Applied electric fields (up to 1 V) markedly alter the hydrogel crystal structure. Synchrotron SAXSwas conducted on hydrogels with 89 wt%

water while exposing them to up to 1 V, allowing us to observe in real time the progressive crystalline phase transition from a bi-continuous

sponge to a lamellar structure. We also analyzed samples exposed to 10 V and 20 V. Azimuthal plots of the normalized integrated intensity

reveal a progressive shift of the intensity peaks from 0 V, to 10 V and finally to 20 V. This shows that the applied electric field progressively

aligned the crystalline structures within the sample.

This effect is due to the piezoelectric nature of the hydrogels, which is revealed by cyclic voltammetry. We estimate an anodic capacitance

of 1 mF/cm2 and a cathodic capacitance of approximately 0.4–0.5 mF/cm2. When an electric field is applied, hydrogels deform and change

volume, as seen by observing them in real time under an optical microscope.

This studymainly focuses on lysine, but arginine mixtures with oleic acid and water are also piezoelectric gels. Arginine and lysine are both

endowed with charged side chains, and they are linear. Other amino acids such as histidine L-serine, L-threonine, and D-alanine did not yield

gels, demonstrating that both the amino acid structure and charge play a key role.

Limitations of the study

This study has analyzed only a sub-set of amino acids and fatty acids. Our future research will continue examining the correlation between

structure of suitable amphiphiles, amino acids or amines and fatty acids and piezoelectric hydrogel performance. The overarching goal of

this research is the development of benign hydrogels containing high proportions of water, for diverse applications, ranging fromdelocalized

clean energy production to medical patches that promote healing. We have yet to test the piezoelectric hydrogels developed for these

applications.
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Développement par compression de
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

L-lysine Sigma Aldrich Canada Cat# L5501

L-arginine Sigma Aldrich Canada Cat# A5006

L-serine Fisher Scientific Canada Cat# S003525G

L-threonine Fisher Scientific Canada Cat# AAA1685114

L-histidine Fisher Scientific Canada Cat# AC166150250

D-alanine Fisher Scientific Canada Cat# A017725G

Oleic acid Sigma Aldrich Canada Cat# 364525

Software and algorithms

COSMO-RS SCM http://www.scm.com

ImageJ https://imagej.net/ij/ https://doi.org/10.1038/nmeth.2089

Quasar Orange Orange https://quasar.codes/

Prism 10.1 GraphPad Software, San Diego, CA https://www.graphpad.com/

Microsoft Excel 2016 Microsoft Version 2405
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Erica Pensini

(epensini@uoguelph.ca).

Materials availability

This study did not generate new unique reagents. L-lysine (purityR98%) and L-arginine (purityR98%), as well as oleic acid (90% purity) were

purchased fromSigmaAldrich (Canada).Other amino acids tested include L-serine (99%pure, Thermo), L-threonine and L-histidine (both 98%

pure, Thermo), D-alanine (>98% pure, TCI America), all purchased from Fisher Scientific. Milli-Q was used in all experiments conducted.

Milli-Q water was obtained using Milli-Q Equation 7000 Ultrapure Water Purification System (Sigma Aldrich, Canada).

Data and code availability

� All data can be obtained from the lead contact, provided the request is reasonable.

� This paper does not report original code.
� Activity coefficients of amino acids and water in binary mixtures were estimated using COSMO-RS, version 2023.1 (http://www.scm.

com) was developed by Vrije Universiteit, Amsterdam.77 ImageJ (https://doi.org/10.1038/nmeth.2089) is a free software developed

by the National Institutes of Health and the Laboratory for Optical and Computational Instrumentation, LOCI (University of Wisconsin).

ATR-FTIR spectra were processed using Quasar Orange, which is a freely available software.78,79 SAXS patterns were processed with

GSASII (Argonne National Laboratory (C), 2010).80,81 Excel (Microsoft corporation) was used to process cyclic voltammetry data and

shear rheology data, to obtain averages and standard deviations based on at least two replicates.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The experimental model details are fully described in the main text (See section ‘‘results’’). We did not use humans or animals in the study

(there are no participants).

METHOD DETAILS

Attenuated total reflectance- Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIRmeasurements were conducted to analyzemixtures containing L-lysine and oleic acid, L-lysine andwater, as well as ternarymixtures

containing L-lysine, oleic acid and water. Absorbance spectra were collected using an ATR-FTIR spectrometer (Thermoscientific Nicolet
iScience 27, 110601, September 20, 2024 17
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Summit FTIR spectrometer with an Everest ATR), with an accompanying IR solution software. Each spectrum is the average of 20 scans, with a

resolution of 2 cm�1, in the wavenumber range of 400 cm�1 to 4000 cm�1.

Conductivity measurements of mixtures of amino acids in water

Conductivity measurements of mixtures containing varying concentrations of L-lysine and L-arginine in water were conducted using a Thermo

Scientific Orion Star A212 Conductivity Benchtop Meter. Each measurement was conducted three or more times at 20�C.

Cyclic voltammetry experiments

Cyclic voltammetry experiments were conducted using piezoelectric materials prepared with equimolar ratios of lysine or arginine, oleic

acid, and varying water percentages, in a three-electrode cell using a 1.2 cm2 graphite rod as a working electrode, Pt counter electrode,

and a Ag/AgCl reference electrode. The voltage range was from �0.3 V to 0.5 V, with scan rates varied from 10, 20, 50 and 100 mV/s. The

sampling interval was 0.001 V, with a pause of 2 s between steps. Measurements were conducted using a CHI660E workstation (CH

instruments).

Shear rheology and viscosity measurements

Shear rheology experiments were conducted at 23�C using a rotational torque-controlled (i.e., combined-motor-transducer type) rheom-

eter (MCR302 Anton Paar, Graz, Austria). Experiments were conducted with a parallel plate geometry (diameter = 50 mm), using samples

containing equimolar amounts of either L-lysine or L-arginine and oleic acid, and varying amounts of water (up to 89 wt %). Two sets

of rheology measurements were conducted: strain amplitude sweeps and frequency sweeps. Strain amplitude sweeps were conducted

at a frequency of 6 rad/s, and a strain ranging from 1%–1000%. Frequency sweeps were conducted at a frequency ranging from 1 to

100 rad/s, at a strain at which G0 and G’’ are independent of it. This strain was identified in strain sweeps, and depended on the gel

analyzed.

Powder X-ray diffraction

Powder XRD measurements were conducted on samples prepared with equimolar amounts of oleic acid and L-lysine, without water and

with 90 wt % water. Measurements were also conducted using equimolar ratios of L-arginine and oleic acid, and varying water percent-

ages. Measurements were conducted using a Rigaku MiniFlex 300/600 equipped with a BTS 150 chamber and a D/teX Ultra2 detector.

The X-ray generator operated at 40 kV and 15 mA. The step width was 0.01� and the scan speed was 3.00�/min. The scan range was

2q = 2–35�.

Polarized light microscopy

Samples were imaged by polarized light microscopy on an OMAX optical microscopemodel M838PL (OMAXMicroscope, USA) using a 10X,

20X, 40X, and 1003 objective lens. Images were captured using amodel A35180U3 digital camera (OMAXMicroscope, USA) using Toupview

software (ToupTek Photonics, Zhejiang, China).

Synchrotron based small angle X-Ray scattering

We used SAXS to analyze samples containing equimolar ratios of L-lysine and oleic acid, either without water or with varying water percent-

ages. Samples were analyzed either with no electric fields applied, or by applying electric fields of varying intensity. SAXS experiments were

carried out at the Canadian Light Source Synchrotron (CLS) on the Brockhouse Diffraction Sector Wiggler Low Energy Beamline (BXDS-

WLE).82 Samples were sandwiched between tape (e.g., Scotch tape). Tape does not contribute any peaks in the region analyzed (cf. Figure S1,

supplemental information file), and is thus a suitablematerial. SAXS data were collectedwith a RayonixMX300 detector, which consists of a 4 x

4 fused array of fiber-optic tapers bonded to CCDs, with 300 x 300mm2 square active area, without gaps in the imaging area. Full resolution is

8192 x 8192 pixels. SAXS patterns were collected with a photon energy of 18.8 keV (l = 0.6595 Å), and sample-to-detector distance of 233 cm.

SAXS patterns were collected in transmission geometry with a 120 s dwell time. Patterns were processed with GSASII (Argonne National Lab-

oratory (C), 2010). This product includes software developed by the UChicago Argonne, LLC).80,81 SAXS data were calibrated with silver

behenate (AgBeh) and instrument parameters such as sample-to-detector distances, detector tilt, beam center, were refined as described

elsewhere.80 Briefly, these were optimized to enable analysis over the desired q range, thereby enabling observation of samples at small an-

gles. SAXS patterns were integrated from q = 0.015 to q = 0.929 Å�1, where q is the magnitude of the scattering vector: q=(4 p/l)sin(q/2),

where l is the wavelength of the X-rays and q the scattering angle. Measurements were done at least in duplicate for each sample. Moreover,

SAXS images were processed using ImageJ (https://doi.org/10.1038/nmeth.2089), which was developed by the National Institutes of Health

and the Laboratory for Optical and Computational Instrumentation, LOCI (University of Wisconsin) and the Radial_Profile_Angle Plugin, orig-

inally developed by Paul Baggethun and extended by Phillippe Carl (http://questpharma.u-strasbg.fr/html/radial-profile-ext.html). This plu-

gin produces a profile plot of normalized integrated intensities around concentric circles as a function of the azimuthal angle. The data ob-

tained using ImageJ and this plugin were fitted to two Gaussian curves by nonlinear regression using Prism 10.1 (GraphPad Software, San

Diego, CA). We used a standard nonlinear regression routine.83,84
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Modeling of conductivity data

Conductivity data were described using the model (1) developed by Zhang et al.34:

k = ðP1T + P2Þmn exp

�
� P3m

T � P4

�
(Equation 1)

wherem is the molar concentration of the electrolyte, and P1, P2, P3, P4, and n are constants. These constants are independent of electrolyte

concentration and temperature, but dependent on the solvent composition.

Specifically, the value of n describes the nonlinear relationship between the concentration of free ions and the concentration of the elec-

trolyte in the solution caused by ionic association at medium or high concentrations. When n = 1, the relationship between the concentration

of free ions and the concentration of the electrolyte is linear. When n differs from 1, their relationship is not linear. The value of n is related to

the dielectric constant on themedium. In particular, n is larger in solvents with a low dielectric constant, while n is typically between 0.5 and 1.2

in solvents with a high the dielectric constant. The rationale for this is that solvents with low dielectric constants aremore likely to form noncon-

ductive ion pairs, thereby decreasing the number of free ions which partake in conduction in the solution. When the solvent has a high dielec-

tric constant, the electrolyte is completely or almost completely dissociated, and n is close to 1.
Estimate of piezoelectric coefficients

The piezoelectric coefficient measures the volume change occurring when a piezoelectric material is subjected to an electric field.76 We esti-

mated the piezoelectric coefficient of a material containing equimolar ratios of lysine and oleic acid, and 91 wt % water. Materials were

exposed to 5 V and 10 V, using a Gw Instek GPS-3030DD DC power supply, and steel electrodes having a 1 mm diameter. Materials were

confined in glass cells having a 1 mm thickness, and they were either also confined laterally or allowed to deform along the xy plane. The

materials were imaged under an VHX digital microscope (Keyence, Canada), to monitor volume changes in real time while subjecting the

materials to an electric field. Knowing that samples were confined along the z axis (to 1 mm thickness), volumes were estimated based on

the area seen in the xy plane by processing microscopy images with ImageJ (https://doi.org/10.1038/nmeth.2089). ImageJ was developed

by the National Institutes of Health and the Laboratory for Optical and Computational Instrumentation, LOCI (University of Wisconsin). Im-

ageJ was also used to determine the electrode distance, to estimate the electric field based on the applied voltage.
QUANTIFICATION AND STATISTICAL ANALYSIS

To determine the azimuthal angle, the data obtained using ImageJ and this plugin were fitted to twoGaussian curves by nonlinear regression

using Prism 10.1 (GraphPad Software, San Diego, CA). We used a standard nonlinear regression routine.83,84 All statistical parameters are

provided in the supplemental information file (Tables S2–S5, supplemental information file). SAXS experiments were conducted in duplicate.

To fit conductivity data to the model developed by Zhang et al., we also used Prism 10.1 (GraphPad Software, San Diego, CA) and a stan-

dard nonlinear regression routine.83,84 Each data point was the average of at least three independentmeasurements.We provide the average

and standard deviation in Figure 1.

All ATR-FTIR experiments were conducted in duplicate at least, to obtain the averages and standard deviations shown in Figure 3 are re-

ported in Table S1 (supplemental information file). ATR-FTIR data were processed using Orange Quasar (see key resources table).

To determine piezoelectric coefficients, we conducted three independent experiments. In each case, the deformation differed, depend-

ing on the time for which an electric field was applied, as seen in Figure 12 and 13 shown in the paper. The different results obtained are

presented. Additional experiments (two independent tests) gave similar results, but are not shown for brevity.

Shear rheology and cyclic voltammetry measurements were conducted in duplicate at least, and sample representative strain and fre-

quency sweeps are shown in the paper. Averages and standard deviations were obtained using Excel.

Polarized lightmicroscopy samples were prepared in duplicate, and observed in different regions. Representative images are shown in the

paper. We do not report averages and standard deviations from these measurements.
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