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Abstract

Bioinspired assemblies bear massive potential for energy generation and storage. Yet, biological 

molecules have severe limitations for charge transfer. Here, we report L-tryptophan-D-tryptophan 

assembling architectures comprising alternating water and peptide layers. The extensive 

connection of water molecules results in significant dipole–dipole interactions and piezoelectric 

response that can be further engineered by doping via iodine adsorption or isotope replacement 

with no change in the chemical composition. This simple system and the new doping strategies 

supply alternative solutions for enhancing charge transfer in bioinspired supramolecular 

architectures.

Peptide assemblies exhibit flexible supramolecular morphologies1–3 with diverse 

physicochemical properties, such as semiconductivity, piezoelectricity and ferroelectricity.
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4–6 However, due to the inherently low dielectric constant, energy translocation through 

peptide architectures is inefficient, which severely hinders their practical application.7 

Incorporation of water molecules can improve the conductivity of bioinspired 

supramolecular structures,8 thus prompting the search for peptide building blocks that can 

template long-range hydrogen-bonded internal water molecule networks.9 Another way to 

improve charge transfer inside peptide assemblies is by the utilization of doping, such as 

through chemical conjugation or co-assembly with functional moieties.10 However, 

commonly-applied doping strategies generally alter the molecular structures or self-

assembly mechanism, resulting in uncontrollable changes in the peptide supramolecular 

structures.11

Here, we report the design of a simple aromatic dipeptide, L-tryptophan-D-tryptophan (Ww). 

We show the Ww dipeptide to form needle-like crystals (Fig. 1a) that are monoclinic in 

symmetry (Cif. S1, ESI†),9 with the length and width aligned along the b and c direction, 

respectively (Fig. 1b). Intriguingly, a large population of ordered water molecules was 

present in the crystal, with four water molecules, marked as ①–④, connected to each 

peptide monomer through hydrogen bonds (Fig. 1c).9 Correspondingly, the crystal was 

comprised of alternating peptide and water molecule domains (Fig. 1d, middle panel). The 

hydrogen bonding network formed two circular channels with the peptide backbones along 

the b direction (Fig. 1d, subpanel “1” and “2”). Specifically, the wider channel was formed 

by the amino group and one of the carboxylic oxygen atoms from the peptide backbone 

along with four water molecules positioned in a sequence of NH3
+–①–②–④–③–COO− 

which formed hydrogen bonds 2.89 Å (Namino…O①), 2.79 Å (O①…O②), 2.71 Å (O②…

O④), 2.79 Å (O③…O④) and 2.76 Å (O③…Ocarboxylic) in length (Fig. 1d, marked with 

green dashed lines). The narrower channel was formed by the amino group and the same 

carboxylic oxygen atom with two water molecules in a sequence of NH3
+–③–④–COO− 

forming hydrogen bonds of 2.70 Å (Namino…O③), 2.79 Å (O③…O④) and 2.66 Å (O④…

Ocarboxylic) (Fig. 1d, subpanel “1”, marked with magenta dashed lines). The remaining 

hydrogen bonds provided structural support and interconnectivity, including those between 

the amino group and water ② (Namino…O②; 2.86 Å), water ② and the amide oxygen 

(O②…Oamide; 2.76 Å), and water ④ and the other carboxylic oxygen atom (O④…

Ocarboxylic; 2.80 Å) (Fig. 1d, subpanel “1”, marked with blue dashed lines). The adjacent 

channels were connected to each other through the protrusion of water ① along the a 
direction (Fig. 1d, subpanel “2”), thereby generating an extensive hydrogen bonding 

network with a long-range sequence of ③–④–②–①–②–④–③ water molecules (Fig. 1d, 

subpanel “3”). The ①–③ water molecules lined up in the ab plane, leaving the two ④ 
water molecules distributed at the two sides to connect the peptides through a hydrogen 

bond of 2.80 Å (O④…Ocarboxylic) (Fig. 1d, subpanel “4”), thus completing the “sandwich”-

like architecture. Away from the highly hydrated hydrogen bonding networks, the side-chain 

indole rings organized into hydrophobic regions (Fig. 1d, middle panel, marked with red 

shadow), where the aromatic rings formed two edge-to-face π–π interactions, with dihedral 

angles of 56° and 47° and closest contacts of 3.69 Å and 3.76 Å, respectively (Fig. 1d, 

subpanel “5”).

The electronic band structure of pristine Ww crystals was calculated by density functional 

theory (Fig. 2a). The corresponding bandgap was found to be 3.87 eV, indicating the wide-
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gap semiconducting nature of the supramolecular architectures.9,12 Aiming to further 

modulate these properties, we doped the Ww crystals. As state-of-the-art chemical or 

electrochemical doping approaches may alter the supramolecular conformations,11 we 

applied two alternative doping strategies, i.e., iodine adsorption and isotope replacement.

The UV-vis absorption spectra at 200–295 nm demonstrated a step-like absorbance of the 

Ww crystals (Fig. 2b), characteristic of 2D quantum well structures which are likely located 

at the hydrogen bonding and aromatic interaction regions.13 After immersion in iodine vapor 

for several hours, the Ww crystals were decorated with iodine, showing the characteristic 

absorbance peak of iodine at 206 nm (indicated by an arrow in Fig. 2b).14 Iodine vapor 

oxidation is widely applied for chemical doping of organic semiconductors,11 yet the redox 

reactions inevitably damage the original molecular structures. In contrast, the molecular 

weight of the Ww crystals before and after iodine doping remained almost identical (389.4 

amu; Fig. 2c) and the supramolecular morphologies were conserved (Fig. S1a, ESI†), 

indicating the original structure was retained. Notably, the colour changed from the original 

white into yellow (inset in Fig. 2c).

Motivated by the extensive contribution of water molecules to the assemblies, another 

doping strategy was employed by using deuterium oxide as the solvent instead of H2O. The 

introduction of neutrons in this way retained the molecular backbone of the Ww crystals 

which still conserved the D2O layers (Fig. 2d), morphology (Fig. S1b, ESI†) and lattice 

parameters, with only a minor change in symmetry (Fig. 2e and Cif. S2, ESI†). This analysis 

indicated that similar to iodine adsorption, the introduction of neutrons did not significantly 

alter the structure of the Ww crystals (Fig. S1b, ESI†).

The emission maxima of the pristine Ww side-chain indole rings showed a significant red 

edge excitation shift (REES)15 as they were surrounded by a highly polar environment 

comprising extensively hydrogen-bonded water molecules and backbone terminals (Fig. 3a).
16 The relaxation (reorientation) of the molecules in such polar media is slower than that 

required for fluorescence lifetime,17 thus endowing the Ww assemblies with diverse colours 

of emission ranging from blue to red under different excitations (Fig. 3b, upper row). The 

red-shift magnitude was found to be 10 nm (from 384 nm to 394 nm), with a linear slope of 

0.1 nm nm−1 (Fig. 3c and Fig. S2, ESI†). A plausible explanation is that during the 

relaxation of dipoles of highly-restricted water molecules with respect to the excited indole 

rings, various intermediate states (I states) between the initial excited state (Franck–Condon 

state, FC state) and the final relaxed one (R state) were formed (Fig. 3d, upper panel) to 

minimize the interaction energy,15 thus resulting in the REES phenomenon.17 However, the 

REES effect was attenuated upon doping, with iodine doping showing more significantly 

weakened fluorescence (Fig. 3b, lower rows). Doping created defect charge states that 

allowed the otherwise restricted water molecules to move around the indole rings with a 

higher degree of freedom. This can reduce the relaxation time and weaken the REES effect 

(Fig. 3d, lower panel), probably by promoting charge hopping that helped shrink the electron 

transitions and emission intensities (see fluorescence data in Fig. 3e).18

The increased degree of freedom of the hydrogen-bonded water molecules also implies an 

enhanced proton transfer upon doping (Fig. S3, ESI†). Pristine Ww showed a Grotthuss-type 

Tao et al. Page 3

Energy Environ Sci. Author manuscript; available in PMC 2021 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



proton conduction mechanism19 of 3.93 × 10−6 S cm−1 at room temperature (25 °C, RT) 

under relative humidity (RH) of 98% (Fig. 3f) and 1.53 × 10−5 S cm−1 at an elevated 

temperature (60 °C) with calculated activation energy of 0.33 ± 0.02 eV (Fig. S4, ESI†). 

Proton conductivity under ambient conditions (RT and 98% RH) increased by an order of 

magnitude in iodine-doped (2.53 × 10−5 S cm−1) and neutron-doped (4.56 × 10−5 S cm−1) 

crystals (Fig. 3f). The conductivity of the neutron-doped crystal further increased by an 

order of magnitude at 60 °C (1.38 × 10−4 S cm−1), with a smaller activation energy of 0.27 

± 0.04 eV (Fig. S4, ESI†). The activation energy for iodine-doped Ww assemblies was not 

measured due to the collapse of the tested sample upon rapid sublimation of the adsorbed 

iodine at the elevated temperature. Fig. 3g depicts the proton translocations inside the Ww 

crystals following the Grotthuss model. A mobile proton (marked in blue, Fig. 3g) hops 

along the ①–②–④ water molecules to the backbone carboxylic group, and is then released 

out. As the motions of the water molecules are restricted in pristine Ww crystals, proton 

hopping is limited. Iodine doping generates a strong electrostatic attraction between the 

valence electrons of the iodine atoms and the protons of the water molecules. When the 

water molecules are replaced with deuterium oxide, the neutrons slightly increase the 

molecular mass as well as the momentum of the deuterium nuclei. Therefore, both doping 

methods could abate the restriction, leading to a decrease of the activation energy and 

enhancement of the proton conductivity.

The extensive and directional hydrogen bonding along with the aromatic interactions endow 

the Ww assemblies with high mechanical rigidity and stability,7,20 showing a statistical 

Young’s modulus of 14.6 ± 2.0 GPa and a point stiffness of 75.1 ± 10.1 N m−1 (Fig. S5, 

ESI†), thus exemplifying their promising potential for pressure responsive applications.21 

Piezoelectric force microscopy (PFM) characterization revealed the vertical coefficient of 

the pristine Ww crystals, denoted here as the d33 coefficient, to be 47.4 ± 12.8 pC N−1 (Fig. 

4a and Fig. S6a, S7a, ESI†), 3–8 fold higher than previously reported peptide-based 

supramolecular structures22–25 such as diphenylalanine assembling arrays (9.9–17.9 pC N
−1)26,27 (Fig. 4b, magenta region). Furthermore, the average piezo-response was 

significantly higher than most of the reported non-peptide organic materials such as 

electrically-poled poly(vinylidene fluoride/trifluoroerhylene) (P(VDF–TrFE), 42 pC N−1) 

(Fig. 4b, blue region),28 and inorganic piezoelectric materials such as poled LiNbO3 (13.2–

22 pC N−1) (Fig. 4b, grey region).23 However, after doping with iodine, the d33 value 

decreased to 17.2 ± 5.5 pC N−1 (Fig. 4a and Fig. S6b, S7b, ESI†), probably due to the force 

dispersion of the adsorbed iodine layer during the pressure engagement. In contrast, the 

average d33 value was enhanced to 61.9 ± 9.5 pC N−1 after doping with neutrons (Fig. 4a 

and Fig. S6c, S7c, ESI†), a significantly high value for (bio)-organic constituents (Fig. 4b), 

which represents very large voltage constant (2.3 V m N−1) and normalized energy density 

for a given force and aspect ratio (67 J) compared to state-of-the-art piezoelectric ceramics 

(~0.05 V m N−1 and ~14 J).

Prototype piezoelectric power generators were further fabricated using the Ww crystals as 

the active components (Fig. 4c and Fig. S8, ESI†). An axial force of 38 N (stress of 26.4 × 

104 Pa) produced an open-circuit voltage (Voc) of 0.6 ± 0.04 V and a short-circuit current 

(Isc) of 22.3 ± 3.2 nA for a pristine Ww assembly-based device (Fig. 4d and Fig. S9a, ESI†), 

with an equivalent resistance of 26.9 MΩ. Neutron-doped assemblies showed enhancement 
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of 17% for Voc (0.7 ± 0.02 V) and 36% for Isc (30.4 ± 0.7 nA) compared to the pristine Ww-

based device (Fig. 4d and Fig. S9b, ESI†), consistent with the increase of longitudinal piezo-

response. However, the equivalent resistance was almost identical, confirming the ability of 

neutron doping to enhance the electron transfer of the peptide assemblies. In comparison, the 

iodine-doped crystals performed relatively poorly, with the peak Voc and Isc reaching 0.3 

± 0.01 V and 17.2 ± 2.1 nA, respectively (Fig. 4d and Fig. S9c, ESI†). The lower output 

signals were consistent with the relatively low d33 piezo-response. Nevertheless, the extent 

of decrease was less than the piezoelectric coefficient, with the equivalent resistance 

calculated to be 17.4 MΩ, 35% smaller than that of the pristine Ww-based device, thus 

demonstrating the electron transfer enhancement upon iodine doping. In general, both 

undoped and doped Ww crystals showed high conductivity and piezoelectric currents, which 

is consistent with their wide-gap semi-conducting nature, suggesting potential utility in bio-

integrated micro-devices for biomedical29 and bio-electronic applications.30

In summary, we present an aromatic dipeptide composed of L-W and D-W, which 

crystallized into a layered organic-water structure. The extensive and directional hydrogen 

bonding resulted in significant electronic transitions and supramolecular dipoles, thus 

leading to wide-range fluorescent emissions and large piezoelectric coefficients of the 

bioinspired architectures. We further introduced two doping approaches, iodine adsorption 

rather than the commonly-applied redox, and introduction of neutrons through exchanging 

H2O with D2O. Both doping strategies prompted the motion of the hydrogen-bonded water 

molecules, thus attenuating the REES effect and facilitating charge hopping. The resulting 

enhancement of the charge transfer significantly improved the performances of piezoelectric 

power generators fabricated using bioinspired assemblies. In addition, the neutron-doping 

strategy developed herein provides a first example for the possibility of using isotope 

replacement, such as 14N to 15N or 16O to 18O etc., to modulate the properties of bioorganic 

assemblies.
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Broader context

Peptide assemblies show promising potential for energy applications in biological 

environments and at bio-machine interfaces. Nevertheless, peptide molecules have 

inherent energy transfer limitations. The introduction of extensive water molecules can 

relieve these shortcomings. This study reports a simple aromatic dipeptide, L-tryptophan-

D-tryptophan, which crystallizes into sandwich-like structures composed of alternating 

layers of water and peptide molecules. The extensive and directional hydrogen bonding 

in the water layers results in significant red-edge excitation shift and large 

supramolecular dipoles in the peptide assemblies. We further develop two doping 

technologies, iodine adsorption and isotope replacement by exchanging H2O with D2O. 

Both iodine and neutron doping result in enhancement of the energy transfer and 

significantly improve the performance of piezoelectric microdevices. This simple water-

layered peptide system and the unique doping strategies offer a promising solution for the 

energy transfer obstacle hindering the application of bioinspired supramolecular 

architectures. Especially, we demonstrate that isotope replacement can be used as a 

doping tool, potentially revolutionizing the commonly-used methodologies that, until 

now, could only focus on charged groups. This is a fundamental step towards the design 

and modulation of bioinspired assemblies, paving the way for the realization of a new 

generation of bio-integrated microdevices for energy generation and storage.
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Fig. 1. Crystallographic structure of water-enriched Ww assemblies.
(a) scanning electron microscopy image of Ww crystals. (b) Optical microscopy image of a 

Ww crystal labelled with the crystallographic dimensions. Magnification scale: X60. (c) 

Monomeric structure of the crystal, showing one dipeptide building block incorporating four 

water molecules by hydrogen bonding. The water molecules are numbered for clarity. 

Adopted from ref. 9. (d) Hydrophilic/hydrophobic partitioning and layering in the Ww 

crystal. The hydrophilic section composed of a water layer and the peptide backbone is 

shaded in blue and the hydrophobic section comprising side-chain indole rings is shaded in 

red. Zoom-in panel “1”: a lateral view of the peptide assembly with water molecules strung 

along the b axis. The hydrogen bonds are labelled in different colours to highlight their 
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distinct roles in the system. The green set composes a large channel, the magenta group 

comprises a small channel, and the blue subgroup provides support by bridging the adjacent 

monomers. Panel “2”: top view of the two channels composed of hydrogen bonds between 

peptide backbones and water molecules. The large and small channels are shaded in green 

and magenta, respectively, consistent with the corresponding hydrogen bonds. Panel “3”–

“4”: front and side view, respectively, of the water layer in the crystal. Panel “5”: magnified 

view of the hydrophobic region composed of side-chain indole rings. The two types of 

aromatic interactions are indicated in red and green, respectively, with the dihedral angle and 

nearest atomic distance labelled. The carbon, nitrogen and oxygen atoms are represented as 

grey, blue and red spheres, respectively. The hydrogen atoms are omitted for clarity, and the 

hydrogen bonds are labelled between the donor and acceptor atoms.
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Fig. 2. Doping of Ww crystals through iodine adsorption and introduction of neutrons.
(a) The electronic band structure of Ww crystals calculated by density functional theory. (b) 

UV-vis absorbance spectra of Ww crystals before (blue) and after (red) doping with iodine. 

The reference absorption of iodine alone (black) is shown for comparison. (c) Mass 

spectrometry of Ww crystals before (upper panel) and after (lower panel) doping with 

iodine, showing the same molecular weights. The insets show photographs of the peptide 

crystals before and after iodine doping. (d) Crystallographic structure of Ww crystals 

prepared in deuterium oxide. (e) Crystallographic data collection table of Ww crystals in 

normal water and in deuterium oxide, showing nearly-identical crystal parameters.

Tao et al. Page 10

Energy Environ Sci. Author manuscript; available in PMC 2021 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 3. Doping-enhanced charge transfer of Ww crystals.
(a) Crystallographic structure showing the side-chain indole rings of Ww surrounded by a 

hydrogen-bonded, motion-restricted medium composed of water molecules and polar atoms 

(oxygen, nitrogen) of peptide backbones. (b) Fluorescent microscopy images of pristine Ww 

crystals (upper row; scale bar = 30 μm), doped with iodine (middle row; scale bar: 50 μm) 

and with neutrons (lower row; scale bar = 200 μm), showing the attenuated fluorescence 

upon doping. DIC: differential interference contrast mode; dapi: 4′,6-diamidino-2-

phenylindole filter (Ex: 340–380 nm, Em: 435–485 nm); CFP: cyan fluorescent protein filter 
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(Ex: 420–445 nm, Em: 460–510 nm); GFP: green fluorescent protein filter (Ex: 455–485 

nm, Em: 500–545 nm); CY3: cyanine 3 filter (Ex: 528–553 nm, Em: 590–650 nm). (c) 

Maximal emission of pristine Ww crystals vs. the excitation wavelength, showing a 

characteristic linear relationship. (d) Schematic representation showing the continuous 

medium relaxation surrounding the indole rings in pristine (upper panel) and doped (lower 

panel) Ww crystals. The “I state” refers to one of the intermediate states between the initial 

excited state (FC state) and the final solvent relaxed state (R state). v0, vi and vR represent 

the frequencies corresponding to the FC, I and R states, respectively, while λC and λR 

denote the maximal emission wavelengths associated with these states. (e) Maximal 

emission spectra of pristine (black), iodine-(red) and neutron-(blue) doped Ww crystals 

upon excitation at 330 nm. (f) Table summarizing the proton conductivity of pristine and 

doped Ww crystals at different temperatures and 98% RH. (g) Schematic illustration of 

proton translocation along the hydrogen-bonded water molecule chain inside the Ww 

crystals, following the Grotthuss mechanism. The moving hydrogen nucleus is labelled in 

blue.
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Fig. 4. Doping-mediated piezoelectricity enhancement of Ww crystals.
(a) Comparison of the d33 coefficients of pristine and doped Ww crystals measured using 

PFM. (b) Comparison of d33 coefficients among different classes of organic and inorganic 

materials. The magenta, blue, cyan and grey regions show the range of d33 values for 

peptide/amino acid self-assemblies, non-peptide organic materials, organic–inorganic 

hybrids and inorganic constituents, respectively. The Ww series (pristine and doped with 

iodine or neutrons) are denoted in red for comparison. From left to right: M13 bacteriophage 

nanopillars (phage-p),22 γ-glycine (γ-G),24 DL-alanine (DL-A),25 FF microrod arrays 

prepared using electric field (FF array-E),26 FF microrod arrays (FF array),27 M13 

bacteriophage thin films (phage-f) and type I collagen films (collagen);23 nylon, Rochelle 

salt (E337) and triglycine sulfate (TGS),31 diisopropylammonium bromide (DIPAB),32 

croconic acid (CRCA),33 poly(vinylidene fluoride) (PVDF),34 poly(vinylidene fluoride/

trifluoroerhylene) (P(VDF-TrFE)),28 imidazolium perchlorate (Im-ClO3);35 

trimethylchloromethyl ammonium trichloromanganese(II) (TMCM-MnCl3);31 ZnO and CdS,
36 periodically poled lithium niobate (LiNbO3),23 potassium titanyl phosphate (KTP), non-
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poled and poled BaTiO3 [001],31 lead zirconate titanate (PZT).37 (c) Schematic cross-

section diagram of the proof-of-concept generator used as a direct power source comprising 

the peptide crystals as the active components. The inset shows a photographic picture of the 

device. (d) Comparison of the output signals (Voc, Isc) from the generators utilized as a 

direct power source using undoped or doped Ww crystals as the active components, as 

designed in (c).

Tao et al. Page 14

Energy Environ Sci. Author manuscript; available in PMC 2021 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts


	Abstract
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

