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ABSTRACT
Protein- and peptide-based proton-conducting biomaterials have been touted as particularly promising for bioelectronics applications because
of their advantageous chemical and physical characteristics, typically excellent biocompatibilities, and readily understood electrical properties.
Within this context, our laboratory has previously discovered and systematically investigated bulk proton conduction for a unique family of
cephalopod structural proteins called reflectins. Herein, we leverage a combination of experimental and computational methodologies to
investigate the bulk electrical properties of hierarchically nanostructured films self-assembled from a previously reported truncated reflectin
variant. Our findings indicate that the truncated reflectin variant exhibits protonic conductivities and associated figures of merit on par with
those reported for both full-length reflectins and other proteinaceous proton-conducting materials. The combined studies enhance current
understanding of reflectins’ functional properties within the framework of bioengineering and bioelectronics applications and may ultimately
facilitate the development of other protein- and peptide-based conductive biomaterials.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0214285

INTRODUCTION

Protein- and peptide-based proton-conducting biomaterials
have been touted as particularly promising for bioelectronics
applications because of their numerous advantageous character-
istics, including well-defined amino acid sequences, amenabili-
ties to chemical modification, controllable self-assembly properties,
straightforward processabilities, and excellent biocompatibilities.1–6

Within this context, nanostructured films from such biomaterials
have generally exhibited excellent electrical properties because of
their formation of internal conduits that support effective long-
range proton transport.1–20 For example, bovine serum albumin

(BSA) mats consisting of interconnected fibers have shown proton
conductivities of ∼0.04 to ∼0.3 mS/cm because of proton translo-
cation mediated by the fibers’ oxidized amino acids and trapped
water molecules.7,8 In addition, cyclic octapeptide films consist-
ing of self-assembled overlapping nanotubes have featured proton
conductivities of ∼0.2 to ∼0.3 mS/cm because of proton transport
mediated by the nanotube octapeptides’ side chains and intervening
water molecules.9,10 Moreover, tandem-repeat squid ring teeth pro-
tein membranes containing amorphous and crystalline nanoscale
domains have possessed proton conductivities of ∼0.5 to ∼2 mS/cm
because of proton hopping through the domains’ hydrogen bonded
networks.11,12 Last, hybrid tyrosine-rich peptide films/manganese

APL Mater. 12, 101113 (2024); doi: 10.1063/5.0214285 12, 101113-1

© Author(s) 2024

 30 O
ctober 2024 08:35:36

https://pubs.aip.org/aip/apm
https://doi.org/10.1063/5.0214285
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0214285
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0214285&domain=pdf&date_stamp=2024-October-21
https://doi.org/10.1063/5.0214285
https://orcid.org/0000-0001-6451-5159
https://orcid.org/0000-0002-8557-9992
https://orcid.org/0000-0002-3811-552X
mailto:alon.gorodetsky@uci.edu
https://doi.org/10.1063/5.0214285


APL Materials ARTICLE pubs.aip.org/aip/apm

oxide composites containing inorganic nanoparticles in peptidic
matrices have demonstrated mixed electron–proton conductivities
of ~0.01 to ~18.6 mS/cm in part because of electron transfer-
coupled proton migration between oxidized amino acids.13,14 These
and other seminal studies have reinforced the promise and poten-
tial of proteinaceous biomaterials for bioelectronics applications
while helping establish broadly relevant design guidelines for other
biomolecular proton conductors.7–20

Within the area of nanostructured protein- and peptide-based
biomaterials, our laboratory initially discovered and then system-
atically investigated bulk proton conduction in unique cephalopod
structural proteins called reflectins.2,21–27 These proteins, which
are well known for their critical roles in light-reflecting cephalo-
pod skin cells, possess unusual amino acid sequences that contain
multiple conserved repeating domains and feature high aromatic,
charged, and polar amino acid contents.28–35 Due to their unique
primary sequences, both reflectins and reflectin-like polypeptides
spontaneously self-assemble into spheroidal nanoparticles and can
be readily processed into nanostructured thin films under vari-
ous conditions.27,29–31,33–36 Such nanostructured films formed from
either reflectins or reflectin-like polypeptides exhibit proton con-
ductivities of ∼0.07 to ∼0.4 mS/cm at room temperature because of
Grotthuss-type proton transport among charged amino acids within
hydrophilic nanoscale domains.21,23,26,27 Accordingly, the reported
favorable electrical characteristics have made reflectin variants suit-
able as active materials for protonic transistors, photochemically
dopable platforms, and protochromic devices.21,22,24,25 Moreover,
reflectin-based thin films and nanostructures have exhibited excel-
lent biocompatibilities, as verified by their ability to support human
and murine neural stem cell differentiation and their utility as high
contrast markers for visualizing or tracking mammalian cells.37–41

When considered together, the aforementioned studies have sug-
gested that reflectins constitute promising biomaterials for further
research and development from the perspective of bioelectronics
and bioengineering applications.

Here, we describe proton conduction in nanostructured films
self-assembled from a previously reported Doryteuthis pealeii
reflectin A1 truncated variant (RfA1TV), as illustrated in Fig. 1.35

Initially, we comparatively investigate the concentration-dependent

structural characteristics of monomeric and self-assembled RfA1TV
ensembles in solution, as well as study the morphologies and
structural characteristics of nanostructured films fabricated from
the self-assembled RfA1TV nanoparticles. Subsequently, we inter-
rogate the electrical properties of our nanostructured RfA1TV films
with a combination of alternating current (AC) and direct current
(DC) electrical measurements. Finally, we probe the molecular-
level arrangements of our monomeric and self-assembled RfA1TV
ensembles with both computational and experimental methods. Our
findings enhance current understanding of reflectins’ reported func-
tional properties and may also help guide the development of other
protein- and peptide-based conductive biomaterials.

RESULTS AND DISCUSSION

We initially comparatively investigated monomeric and self-
assembled RfA1TV ensembles in solution. For this purpose, we pre-
pared aqueous solutions containing RfA1TV at low and high con-
centrations and then characterized them with dynamic light scatter-
ing (DLS) and circular dichroism (CD) spectroscopy [see, for exam-
ple, Fig. 2(a) and the supplementary material for details].27,34,35,40

For monomeric RfA1TV, the DLS volume distributions revealed
a primary peak at typical RH values of ∼1 to ∼2 nm, which
corresponded to a single dominant nanoparticle population [Fig.
2(b)]. The protein’s corresponding CD spectra exhibited a main
negative peak at ∼200 nm followed by smaller negative shoul-
ders, indicating a partially ordered secondary structure contain-
ing a ∼0.10 helical fraction and a ∼0.56 beta structure fraction
[Fig. 2(c)]. For self-assembled RfA1TV, the DLS volume distri-
butions revealed peaks at typical RH values of ∼10 to ∼900 nm,
which corresponded to multiple distinct nanoparticle populations
[Fig. 2(b)]. The protein’s corresponding CD spectra exhibited two
negative peaks between ∼203 and ∼215 nm, indicating a more
ordered secondary structure containing a ∼0.37 helical fraction and a
∼0.41 beta structure fraction [Fig. 2(c)]. Notably, the concentration-
dependent size distribution and secondary structure trends observed
for RfA1TV were similar in water and ammonium formate buffer
[compare Figs. 2(b), 2(c), and S1] but were quite different from
the previously reported analogous mechanical agitation-dependent

FIG. 1. (a) An illustration of a nanostructured film (left) fabricated from self-assembled nanoparticles (middle inset) consisting of a D. pealeii reflectin A1 truncated variant
(RfA1TV) (right inset). (b) The sequence of RfA1TV, where the conserved motif is denoted by an orange oval.35 Note that this truncated reflectin variant features an additional
N-terminal methionine resulting from bacterial expression.35
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FIG. 2. (a) An illustration of nanoparticles self-assembled from RfA1TV. (b) Representative DLS volume distributions obtained for monomeric (green trace) and self-assembled
(blue trace) RfA1TV in water. (c) Representative CD spectra obtained for solutions of monomeric (green trace) and self-assembled (blue trace) RfA1TV in water. (d) An
illustration of a nanostructured film consisting of RfA1TV nanoparticles. (e) A representative plot of the grazing incidence small-angle x-ray scattering intensity I as a function
of the horizontal scattering vector q obtained for a nanostructured RfA1TV film. (f) A representative solid-state CD spectrum obtained for a nanostructured RfA1TV film.

trends at low concentrations.35 These findings provided insight
into the evolution of RfA1TV’s structural characteristics upon
concentration increase-induced self-assembly into nanoparticles in
solution.

We next investigated the morphologies of films processed from
RfA1TV nanoparticles. For this purpose, we prepared continuous
films from high-concentration RfA1TV solutions and then charac-
terized the films with grazing incidence small angle x-ray scattering
(GISAXS), atomic force microscopy (AFM), and solid state circu-
lar dichroism (ssCD) spectroscopy (note that films prepared from
low-concentration RfA1TV solutions were typically discontinuous
and, therefore, were challenging to characterize) [see, for example,
Fig. 2(d) and the supplementary material for details].27,34,35,40 First,
the GISAXS scattering intensity data collected and computation-
ally analyzed for the RfA1TV films indicated a radius of gyration
(Rg) value of ∼170 nm and a Porod exponent (P) of ∼2, which were
consistent with the presence of large ellipsoidal nanoparticles [Fig.
2(e)]. Second, the AFM imaging performed for continuous RfA1TV
films confirmed that their surfaces consisted of coalesced nanopar-
ticles with variable sizes of hundreds of nanometers (Fig. S2). Third,
the ssCD spectra obtained for the films revealed a positive peak at
∼195 nm and two negative peaks at ∼208 and ∼222 nm, and there-
fore, indicated an ordered secondary structure containing a ∼0.43
helical fraction and a ∼0.35 beta structure fraction [Fig. 2(f)]. Here,
the sizes of the RfA1TV nanoparticles comprising the films were
consistent with those of nanoparticles dispersed in solution [Fig.
2(b)] or cast onto solid substrates (Fig. S3). Moreover, the secondary
structure of the RfA1TV biomolecules comprising the nanoparticles
remained comparable in solution [Fig. 2(c)] and within films [Fig.
2(f)]. These findings showed that self-assembled RfA1TV nanoparti-
cles readily formed films with a distinct nanoscale order and that the

nanoparticles’ constituent biomolecules generally maintained their
secondary structure in the solid state.

We next interrogated the electrical properties of the RfA1TV
films formed from our nanoparticles via alternating current (AC)
electrical measurements. Toward this end, we fabricated two-
terminal devices consisting of continuous nanostructured RfA1TV
films contacted with gold electrodes and characterized such devices
with electrochemical impedance spectroscopy (EIS) in the pres-
ence of water (H2O) or deuterium oxide (D2O) vapor at a rela-
tive humidity (RH) of ∼90% [see, for example, Figs. 3(a), S4, and
the supplementary material for details].21,23,26,27 The representa-
tive Nyquist plots recorded for the RfA1TV-based devices revealed
semi-circles and inclined spurs corresponding to bulk film and
interfacial film-electrode impedances, respectively, for both H2O
and D2O vapor, as expected for proton-conducting materials [Fig.
3(b)].2,7,8,21,23,26,27,42,43 The representative Nyquist plots recorded for
the RfA1TV-based devices revealed that their average conductiv-
ities decreased by ∼34% from 0.29 ± 0.08 to 0.19 ± 0.04 mS/cm
upon moving from H2O to D2O, with this kinetic isotope effect
suggesting that proton transport occurred via the Grotthuss mech-
anism [Fig. 3(b)].2,5,10,21,23,26,27,44 Here, the Nyquist plots were rea-
sonably modeled with a standard equivalent circuit validated for
proton-conducting materials, wherein an RC element represented
the bulk film and a constant phase element represented the film-
electrode interface (Fig. S5).21,27,42,43 Moreover, the electrical char-
acteristics and conductivities measured for RfA1TV were similar to
those previously reported for full-length reflectins and reflectin-like
polypeptides in analogous device configurations under comparable
conditions (Table S1).21,23,26,27 The measurements together indicated
that nanostructured RfA1TV films supported proton transport in
the solid state.
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FIG. 3. (a) A schematic of an RfA1TV-based two-terminal device contacted with gold electrodes illustrating charge transport in the presence of water (H2O) or deuterium
oxide (D2O) vapor. (b) The Nyquist plots measured for a representative RfA1TV-based two-terminal device contacted with gold electrodes in the presence of H2O (black
squares) and D2O (red circles) vapor at a RH of ∼90%. (c) A schematic of an RfA1TV-based two-terminal device contacted with palladium (Pd) electrodes illustrating charge
transport when the electrodes are converted from Pd to palladium hydride (PdHx) by exposure to hydrogen (H2) gas in situ. (d) The current as a function of voltage plots
measured for a representative RfA1TV-based two-terminal device contacted with Pd (black trace) and PdHx (red trace) electrodes at a RH of ∼90%.

We in turn interrogated the electrical properties of RfA1TV
films formed from our nanoparticles via direct current (DC) elec-
trical measurements. Toward this end, we fabricated two-terminal
devices consisting of continuous nanostructured RfA1TV films con-
tacted with palladium (Pd) electrodes and characterized the devices
via current–voltage (I–V) measurements when the electrodes were
converted in situ from Pd to palladium hydride (PdHx) at a RH
of ∼90% [see, for example, Figs. 3(c), S6, and the supplementary
material for details].21–24,26 The representative I–V curves recorded
for the RfA1TV-based devices contacted with proton-blocking Pd
electrodes revealed slight hysteresis and current densities of 3.0
± 0.3 mA/cm2 at 1.5 V [Figs. 3(d) and S7]. The representa-
tive I–V curves recorded for the RfA1TV-based devices contacted
with proton-injecting PdHx electrodes also revealed slight hys-
teresis but much higher current densities of 65 ± 22 mA/cm2 at
1.5 V [Figs. 3(d) and S7]. Here, the substantial ∼20-fold increase
in the current densities upon transitioning from proton-blocking
to proton-injecting electrical contacts closely matched previous
observations for various biomolecular proton-conducting materi-
als [Fig. 3(d)].13,15–19,21–24,26,45 Moreover, the electrical characteristics
and current densities measured for RfA1TV were similar to those
previously reported for full-length reflectins in analogous device
configurations under comparable conditions (Table S1).21,23,26 The
measurements together confirmed that nanostructured RfA1TV
films supported proton transport in the solid state.

We subsequently experimentally probed the molecular-level
structure of monomeric and self-assembled RfA1TV in vitro. To

achieve this goal, we prepared solutions containing 13C- and
15N-labeled RfA1TV at low and high concentrations and then
characterized the labeled RfA1TV with two-dimensional (2D) het-
eronuclear single quantum coherence (1H–15N HSQC) nuclear mag-
netic resonance (NMR) spectroscopy [see, for example, Fig. 4(a)
and the supplementary material for details].35 The 1H–15N HSQC
NMR spectra recorded for monomeric and self-assembled RfA1TV
revealed different cross-peaks between 15N chemical shifts of ∼105
to ∼125 ppm and 1H chemical shifts of ∼7 to ∼9 ppm, which
could be readily assigned to the individual amino acids [Fig. 4(b)].35

Here, the chemical shifts recorded for specific amino acids upon
RfA1TV’s self-assembly into nanoparticles displayed average per-
turbations Δδ(H,N)= ((ΔδH)2

+ (0.154 ∗ ΔδN)2)1/2 with magnitudes
as large as ∼0.12 ppm, indicating a concentration increase-induced
rearrangement of the protein’s secondary structure [Fig. 4(c)]. Inter-
estingly, the larger chemical shift perturbations found for some
charged amino acid residues, e.g., aspartic acid, suggested their par-
ticipation in local hydrogen bonding or electrostatic interactions
within nanoparticles [Figs. 4(a)–4(c)]. Moreover, the pronounced
chemical shift perturbations found for RfA1TV’s amino acid tracts
with a predisposition toward forming alpha helices suggested sub-
stantial structural changes and a transition from beta to alpha helical
character during self-assembly [Figs. 4(a)–4(c)], in good agreement
with our CD observations [Figs. 2(c), 2(f), and S1]. These exper-
iments afforded molecular-level insight into the global ordering
that occurred for RfA1TV upon concentration increase-induced
self-assembly.
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FIG. 4. (a) An illustration of self-assembled RfA1TV nanoparticles (left) consisting of RfA1TV monomers (middle inset) that feature the dynamic secondary structural charac-
teristics reported for their amino acid sequence (right inset). (b) A representative 1H–15N HSQC spectrum obtained for monomeric (green peaks) and self-assembled (blue
peaks) RfA1TV, where the cross-peaks are labeled with the corresponding numbered amino acids. Note that the signals for the glycine residues are not shown for clarity. (c)
A representative bar plot of the chemical shift perturbations Δδ(H,N) calculated for RfA1TV’s amino acids upon self-assembly into nanoparticles. (d) Representative structural
snapshots of the RfA1TV ensemble during self-assembly into a nanoparticle. Note that the initial snapshot corresponds to the molecular-level experimental NMR structure
reported for RfA1TV.35 (e) A representative distribution of the number of RfA1TV monomers (green bars), dimers (orange bars), oligomers (gray bars), and aggregates (blue
bars) formed during progressive self-assembly of the ensemble into a nanoparticle. (f) Representative box and whisker plots for the total fraction of secondary structure, the
fraction of helices, and the fraction of beta structures for a monomeric RfA1TV ensemble at 0 ns (green boxes) and a self-assembled RfA1TV ensemble at 1000 ns (blue
boxes).

We last computationally probed the molecular-level arrange-
ments of monomeric and self-assembled RfA1TV ensembles
in silico. To achieve this goal, we performed all-atom molecular
dynamics (MD) simulations for 27 RfA1TV biomolecules starting

from their experimentally determined monomeric NMR structures
and analyzed the evolution of these proteins’ aggregation states
and secondary structural characteristics [see, for example, Fig. 4(d)
and the supplementary material for details].35,40 The structural
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snapshots and particle size distributions calculated for a representa-
tive RfA1TV ensemble indicated that the monomeric proteins (Rg
of ∼1 nm at 0 ns) formed multiple dimers and oligomers (Rg’s
of ∼2 and ∼3 nm at 10 ns) before merging into a single large
aggregate (Rg of ∼7 nm at 40 ns), which subsequently underwent
some compaction (Rg of ∼5 nm at 200 ns) [Figs. 4(d) and 4(e)].
This multi-stage assembly process appeared driven by the reduction
in the total system potential and protein–protein interaction ener-
gies for the system (Fig. S8). The structural snapshots and changes
in the total fractions of secondary structure calculated for a repre-
sentative RfA1TV ensemble indicated that the individual proteins
generally transitioned from less ordered to more ordered confor-
mations [Figs. 4(d), 4(f), and S9]. This structural transition was
evidenced by a notable increase in the fraction of helices (as large
as +0.33) and a concomitant decrease in the fraction of beta struc-
tures (as large as −0.30) for the ensemble [Figs. 4(d), 4(f), and S9], in
close overall agreement with our CD and NMR observations [Figs.
2(c), 2(f), Fig. S1, and Figs. 4(b), 4(c)]. These simulations confirmed
and reinforced our molecular-level understanding of the structural
changes that occurred for RfA1TV ensembles during concentration
increase-induced self-assembly.

CONCLUSION AND SIGNIFICANCE

In summary, we have demonstrated the concentration-
dependent self-assembly of RfA1TV into nanoparticles, charac-
terized the morphological and structural characteristics of films
fabricated from the RfA1TV nanoparticles, and investigated the
electrical properties of such nanostructured RfA1TV films, with
our combined observations holding significance for several reasons.
First, our synergistic experimental and computational methods con-
sistently indicate that the self-assembled RfA1TV comprising our
nanoparticles features altered secondary structures, i.e., shows an
increase in the fraction of helices and a corresponding decrease in
the fraction of beta structures (relative to monomeric RfA1TV).
These findings afford additional insight into RfA1TV’s previously
predicted ability to sample a broad conformational landscape and
thus could ultimately facilitate the improved design of nanostruc-
tured reflectin-based optical systems.35,40,41 Second, the described
RfA1TV films processed from the self-assembled nanoparticles
exhibit not only global nanoscale-level morphological ordering, i.e.,
packing of their constituent nanoparticles, but also local molecular-
level ordering, i.e., prominent secondary structure changes for some
charged amino acids. These findings are consistent with the broader
widely reported paradigm that hierarchical multi-length-scale orga-
nization promotes effective proton transport in materials derived
from either reflectins or other biomolecules,7–27 thus providing
added insight into reflectins’ solid state structure-electrical func-
tion relationships.21,34 Third, our nanostructured RfA1TV films
surprisingly feature electrical figures of merit, i.e., bulk proton con-
ductivities and associated current densities, which are comparable
not only to those reported for full-length reflectins and reflectin-like
polypeptides but also to many other proteins or peptides.7–14,21–27

These findings suggest that our minimal reflectin variant consti-
tutes a promising and tractable template for the design of mul-
tifunctional reflectin-inspired conductive biomaterials that could
be capable of interfacing with living systems.2,37,38 Altogether, our
findings improve current understanding of reflectins’ functional

properties within the framework of bioengineering and bioelec-
tronics applications and may more generally help advance ongoing
efforts in the development of protein- and peptide-based conductive
biomaterials.

SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed experimen-
tal procedures, atomic force microscopy images of nanoparticles
and films from RfA1TV, optical microscopy images of devices from
RfA1TV films contacted with gold and palladium electrodes, com-
putational fits of the electrochemical impedance spectroscopy data
obtained for RfA1TV films, expanded views of the current–voltage
characteristics obtained for RfA1TV films, the evolution of the
total system potential and protein–protein interaction energies for
the RfA1TV ensembles, and the changes in the fractions of total
secondary structure, helices, and beta structures for the RfA1TV
ensembles.
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