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In only afew decades, lithium-ion batteries have revolutionized technologies,
enabling the proliferation of portable devices and electric vehicles', with substantial

benefits for society. However, the rapid growth in technology has highlighted the
ethical and environmental challenges of mining lithium, cobalt and other mineral ore
resources, and the issues associated with the safe usage and non-hazardous disposal
of batteries®. Only a small fraction of lithium-ion batteries are recycled, further
exacerbating global material supply of strategic elements®>. A potential alternative is
to use organic-based redox-active materials®® to develop rechargeable batteries that
originate from ethically sourced, sustainable materials and enable on-demand
deconstruction and reconstruction. Making such batteries is challenging because the
active materials must be stable during operation but degradable at end of life.
Further, the degradation products should be either environmentally benign or
recyclable for reconstruction into anew battery. Here we demonstrate a metal-free,
polypeptide-based battery, in which viologens and nitroxide radicals are
incorporated as redox-active groups along polypeptide backbones to function as
anode and cathode materials, respectively. These redox-active polypeptides perform
as active materials that are stable during battery operation and subsequently degrade
ondemand in acidic conditions to generate amino acids, other building blocks and
degradation products. Such a polypeptide-based battery is a first step to addressing
the need for alternative chemistries for green and sustainable batteriesinafuture

circular economy.

Organic radical batteries promise increased environmental friendli-
ness, independence from strategic metals and faster charging rates
compared tolithium-ion batteries>*°*, However, akey challenge, even
takinginto account the beneficial aspects of organic polymer materi-
als, is the design of functional plastics with an end-of-life considera-
tion®™. The most-studied active materials in organic radical batteries
are polymers that carry redox-active pendant groups'®**¢—gychas
2,2,6,6-tetramethyl-4-piperidine-1-oxyl (TEMPO) and 4,4’-bipyridine
derivatives (viologen)"'¢*®2°—along non-degradable, aliphatic back-
bones>?°2, Although a few studies have investigated redox-active
degradable polymers and others have explored fully polymeric bat-
teries (Extended Data Table 1)*"'*?428 none has combined these two
concepts to create fully polymeric metal-free batteries that degrade
ondemand, whichwould be afirst step towards the design of sustain-
able, recyclable batteries™>**¥, We postulate that redox-active pen-
dant groups along a polypeptide backbone might provide a suitable
material platform for degradable organic radical batteries®.

Here we report an on-demand-degradable, polypeptide-based bat-
tery (Fig. 1). We designed and synthesized polypeptide anodes and
cathodes that contain redox-active pendant groups, determined their
redox activities and established their behaviours in all-polypeptide
batteries. First, each polypeptide was assembled into a lithium metal

half-cell battery to elucidate its fundamental energy-storage character-
istics. Then, we constructed ametal-free, polypeptide-based battery. As
ademonstration of recyclability, we conducted hydrolytic degradation
under acidic conditions and determined the degradation products. In
addition, we quantified the effects of the intact redox-active polypep-
tides and their degradation products on the viabilities of three different
cell types. By merging degradable polypeptide backbones with the
energy-storage properties of the redox-active moieties, this bioin-
spired polypeptide-based battery addresses some of the challenges
of conventional lithium-ion batteries (for example, the use of scarce
resources, safety concerns and high-cost recycling).

Syntheses of redox-active polypeptides

From L-glutamic acid as acommon starting amino acid, two diver-
gent five-step synthetic pathways were used to prepare distinct anodic
and cathodic L-glutamate-based polypeptides—viologen polypeptide
and biTEMPO polypeptide, respectively (Fig. 2). Both pathways began
with esterification reactions to install chloro or alkynyl groups at the
y-position®® (which were later used toincorporate the final redox-active
moieties), followed by cyclization to establish monomer structures
and then polymerization to produce poly(L-glutamates) (Fig. 2a).
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Fig.1|Apolypeptide-based organicradical battery. Schematicsofa
polypeptide-based organicradical battery and thereactions that occur during
charging and discharging are shown on the left and right, respectively. The
redox reactions for the TEMPO (top) and viologen (bottom) pendant groups

The synthesis of viologen polypeptide involved activation of the
chlorosside-chain functionality to allow for efficientinstallation of the
dicationic oxidized form of the viologens. The synthesis of biTEMPO
polypeptideinvolved the opposite sequence of installation of TEMPO
precursors onto the alkynyl side chain, followed by activation to the
nitroxide radical state (Fig. 2b).

The chloro- and alkynyl-containing polypeptides were synthe-
sized (Fig. 2b) via ring-opening polymerization of y-(6-chlorohexyl)-
L-glutamate N-carboxyanhydrides (CHLG NCAs; 3) and y-propargyl-
L-glutamate N-carboxyanhydrides (PLG NCAs; 11), prepared from
chloro- and propargyl-decorated L-glutamic acids, respectively, as
thefirst two steps of the five-step sequence. The ring-opening polym-
erization reactions were monitored using attenuated total reflectance
Fourier transforminfrared spectroscopy by the decrease inintensity of
the anhydride absorption of N-carboxyanhydrides at about 1,780 cm™.
On completion, poly(y-(6-chlorohexyl)-L-glutamate) (PCHLG; 4) and
poly(y-propargyl-L-glutamate) (PPLG;12) were obtained with degrees
of polymerization of about 50 (as confirmed by 'H nuclear magnetic
resonance (NMR) spectroscopy; Supplementary Figs. 14, 22) and nar-
row dispersities (1.09 and 1.13, respectively; Supplementary Fig. 2).

The viologen-iodide (viol-I) polypeptide 6-1 was obtained via Sy2
substitution of halide-containing side chains by the viologen pre-
cursor, 1-methyl-[4,4']bipyridylium iodide (MBPI; 1), prepared via
methylation of 4,4’-bipyridine (Fig. 2b). Installation of 1 was initially
attempted directly from the chloro-containing polypeptide PCHLGs,
4, but negligible conversion was observed. The use of an additional
activation step to replace the chlorine atoms with iodine via Finkel-
stein reaction and obtain the iodo-containing polypeptide poly(y-
(6-iodohexyl)-L-glutamate) (PIHLG;,; 5), before the installation step,
yielded the viol-I polypeptide with quantitative conversion, as deter-
mined by elemental analysis and '"H NMR spectroscopy (Extended Data
Table 2, Supplementary Figs.14-16). The iodide ion was exchanged to
chloride, resulting inthe viologen-chloride (viol-Cl) polypeptide 6-ClI,
which was then used for all electrochemical measurements.

For the synthesis of biTEMPO polypeptide, terminal alkynes were
incorporated as the side-chain functionality to allow for thiol-yne
‘click’ chemistry with thiol-decorated TEMPO precursors, followed
by deprotection for activation®**, Methyl-protected methoxyamine
derivatives were installed as TEMPO precursors to prevent reduction
of the TEMPO-based nitroxide radicals to hydroxylamine in the pres-
ence of thiols***. Esterification of the methylated 4-hydroxy-TEMPO
(MTEMPO; 7) with 3,3’-dithiodipropionic acid and reduction of the
disulfide bond with 1,4-dithiothreitol afforded the thiol-decorated
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areshowninthe middle. For example, during charging, nitroxide radical
functional groups at the cathode oxidize to oxoammonium cations, and
viologen functional groups at the anode reduce to their neutral forms.

methyl-protected TEMPO 9. This thiol was then clicked onto PPLGs,
12 under ultraviolet irradiation in the presence of 2,2-dimethoxy-2-p
henylacetophenone (DMPA), followed by oxidative cleavage with
meta-chloroperoxybenzoic acid (m-CPBA) to afford the biTEMPO
polypeptide 14. Elemental analysis suggests that the TEMPO precur-
sorswere incorporated with a quantitative amount and that about 18%
of the nitroxide radicals were oxidized to the oxoammonium cation
(Extended Data Table 2). The efficiency of the final activation step was
also evaluated using X-ray photoelectron spectroscopy (Supplemen-
tary Figs. 7, 8), indicating that the thioethers (162-164 eV) of 13 were
quantitatively oxidized to sulfones (167-169 eV) in 14 and that around
30% of the nitroxide radicals (401 eV) were oxidized to oxoammonium
(405 eV). The latter findings were confirmed with ultraviolet-visible
spectroscopy (Supplementary Fig. 4) and electron paramagnetic reso-
nance spectroscopy (Supplementary Fig. 5).

We used attenuated total reflectance Fourier transform infrared
spectroscopy (Supplementary Fig. 6) and circular dichroism spectros-
copy (Supplementary Fig. 3) to confirm the secondary structures of
the polypeptides over multiple steps of post-polymerization modifica-
tion. The viol-Cl and biTEMPO polypeptides both exhibited a-helical
conformations, as evidenced by the absorbances in the Fourier trans-
forminfrared spectra (Supplementary Fig. 6) at 1,650 cm™ (amide |
region) and 1,547 cm™ (amide Il region) and by the bands at 208 nm
and 222 nmin the circular dichroism spectra (Supplementary Fig. 3).
Thisisexpected, because polypeptides can have secondary structures,
including helices, sheets, coils and so on?>¥%,

In addition to the redox-active polypeptides, we synthesized
small-molecule analogues of the peptide repeat units (Extended Data
Fig.1) to guide structural determination, verify redox potentials and
identify degradation products. Synthetic details of these molecules are
provided in Supplementary Information (schemes 3 and 4).

Electrochemical characterization

We used cyclic voltammetry of viol-Cl and biTEMPO polypeptide
thin films (1 um thick, 0.5-0.6 mg cm™) to assess the electrochemi-
cal response of the polypeptides in a metal-free electrolyte (0.5M
tetrabutylammonium triflate (TBACF,SO,) in propylene carbonate;
Fig. 3). The viol-Cl polypeptide exhibited two quasi-reversible redox
peaks, at 2.23Vand 2.69 V versus Li/Li* (Fig. 3a). The lower potential
(2.23V)isassignedto the reversible reaction between viologen™ (Viol ™)
and viologen® (Viol°); the higher potential (2.69 V) is associated with
the reversible reaction between viologen®" (Viol?") and Viol 182040,
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Fig.2|Syntheses of redox-active polypeptides. a, b, Synthesis strategy (a)
and detailed synthetic schemes (b) for redox-active polypeptides. Modified
aminoacids are converted into polypeptides, followed by installation of the
desired redox-active groups. The viologen group was installed as the anode
active material, and the TEMPO nitroxide radical wasinstalled as the cathode

The biTEMPO polypeptide exhibited one quasi-reversible redox peak,
at3.69 VversusLi/Li*, whichis associated with the reversible reaction
between the nitroxide radical (N-O¢) and oxoammonium cation (‘N=0;
Fig. 3b)'. The peak current and peak separation for both the viol-Cl
and biTEMPO polypeptide thin films scaled with the square-root of
the scan rate, which is indicative of a diffusion-limited reaction (Sup-
plementary Figs. 35, 36)'*., Solution-state cyclic voltammetry of the
viologen and biTEMPO analogues (Supplementary Fig. 34) exhibited
asimilar response.

Next, we fabricated polypeptide composite electrodes (carbon
black and polyvinylidene fluoride; 6-7 pm thick, 0.4-0.5 mg poly-
peptide cm™) for evaluation in lithium metal half-cells. The theoretical

active material. DCC, N,N-dicyclohexylcarbodiimide; DCM, dichloromethane;
DMAP, 4-dimethylaminopyridine; DMF, N,N-dimethylformamide;

DMSO, dimethylsulfoxide; DTT, bL-dithiothreitol; TEA, triethylamine;

THF, tetrahydrofuran; TMSCI, trimethylsilyl chloride; r.t., room temperature;
hv, irradiation.

capacities for the viol-Cland biTEMPO polypeptides are 118.3mAh g™
and 71.3 mA h g™, respectively (Supplementary Information, equa-
tion (1)). Theviol-Cl polypeptide composite electrode (Fig. 4a-c) exhib-
ited two quasi-reversible redox couples, at2.13Vand 2.56 V versus Li/Li",
and a discharge capacity of 74.2 mA hg™ (per gram of polypeptide) at
1C (the current required to reach full charge in 1 h), which decreased
t068.0 mAhg™after30 cycles (91% capacity retention). The biTEMPO
polypeptide composite electrode exhibited one quasi-reversible redox
peak, at 3.67 V versus Li/Li*, and a charge capacity of 16.5mAh g™

1C, which faded to 11.6 mA hg ' after 30 cycles (70% capacity retention;
Fig. 4d-f). The main mechanism of capacity fade is dissolution of the
polypeptides into the electrolyte, as verified by solution-state cyclic
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Fig.3|Cyclic voltammograms of redox-active polypeptides. a, b, Cyclic
voltammograms of viol-Cl (@) and biTEMPO (b) polypeptide thin films on
ITO-coated glass substratesinathree-electrode beaker cell configuration. The
supportingelectrolyte was 0.5M TBACF;SO, in propylene carbonate. Lithium
metal wasused as counter and reference electrodes.

voltammetry of the electrolyte after galvanostatic cycling (Supple-
mentary Fig. 37)*.

Finally, we prepared metal-free, fully polypeptide-based cells with
viol-Cl polypeptide composite anodes and biTEMPO polypeptide

composite cathodes using filter paper soaked with electrolyte as
the separator in a sandwich-cell configuration. The theoretical
capacity for the fully polypeptide-based cell was calculated to be
44.5mAhg™(pergram of viol-Cl polypeptide; Supplementary Infor-
mation, equation (2)). Cyclic voltammetry resulted in two pairs of
peaks, centred around 1.3V and 1.6 V, consistent with the differ-
ence in redox potentials of the polypeptide composite anode and
cathode. Cycling stability of the polypeptide-based battery was
determined over 250 cycles of galvanostatic charging at 1C. In the
charge-discharge curves, two plateaus occurred, at1.1Vand 1.6 V
(Supplementary Fig. 38). The charge capacity of the full cell at 1C
faded fromaninitial value of 37.8 mA h g™ (85% theoretical capacity)
to7.5mAhg!after 250 cycles (Fig. 4g-i). The Coulombic efficiency
was less than100% for all cycles, owing to the dissolution of viol-Cl
and biTEMPO polypeptides into the electrolyte*. Although dis-
solution occurred, the post-cycling capacity remained larger than
that of the control full cell (without polypeptides), which confirms
the activity of the remaining polypeptides even after 250 cycles
(Extended Data Fig. 3). There was no visible delamination or mor-
phological change in either composite electrode after 50 cycles
(Extended Data Fig. 4). Alithium-ion-based electrolyte battery was
tested separately (Supplementary Fig. 39).
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Fig.4 |Electrochemical response of polypeptide composite half-cellsand
fullcell. a-i, Electrochemical characterization of the viol-Cl polypeptide
composite half-cell (a-c), the biTEMPO polypeptide composite half-cell (d-f)
and the viol-CI-biTEMPO polypeptide full cell (g-i), including their cyclic
voltammograms (a, d, g), charge-discharge curves (b, e, h; solid, charge;
dashed, discharge) and cycling response (¢, f, i; left axis, charge or discharge
capacity; rightaxis, Coulombic efficiency). For a-f, we used a viol-Cl (a-c) or
biTEMPO (d-f) polypeptide composite electrode separated fromalithium
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metal reference electrode by filter paper soaked in 0.5M TBACF;SO; in
propylene carbonate. For g-i, we used a viol-Cl polypeptide composite
electrodeseparated fromabiTEMPO polypeptide composite electrode by
filter papersoakedin 0.5M TBACF,SO,in propylene carbonate. The composite
electrodes were composed of 30 wt% active polypeptide, 60 wt% carbon black
and10 wt% polyvinylidene fluoride on ITO-coated glass.Incandf, the Crates
werevaried;ini, the Crate was constantat1C.
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On-demand polypeptide degradation

Theviologen and biTEMPO polypeptides are designed to containamide
linksinthe backbone and ester links in the side chains, which are prone
to degradationin enzymatic, basic and acidic conditions. Hydrolysis of
the viol-land biTMEPO polypeptides was evaluated under acidic condi-
tions (0.01M,1M and 6 MHCI) at room temperature, 50 °C, 80 °C and
110 °C after 24 h of exposure (Extended Data Table 3). No degradation
was observed with 0.01 M HCl at any temperature examined, nor with
1Mor 6 MHCI at room temperature or 50 °C. Partial degradation of
the side chains was observed with1Mand 6 MHCl at 80 °C. Complete
degradation of the backbone and side chains for both polypeptides was
observed with1M and 6 M HCl at 110 °C (Fig. 5). We also investigated
the degradation of poly(y-benzyl-L-glutamate),, (PBLG,)—a model
polypeptide—and the small-molecule viologenand biTEMPO analogues
in1MHClat110 °Cto guide the identification of the degradation prod-
ucts generated from the backbones and side chains of the redox-active
polypeptides, respectively. We used high-resolution electrospray ioni-
zation mass spectrometry (Supplementary Figs.40-43) toidentify the
degradation species, which were then verified by 'HNMR spectroscopy
(Supplementary Figs. 48, 49).

The viol-I polypeptide backbone degraded into L-glutamic acid
(DS-1) and n-hexylamine (DS-2) in their protonated forms, whereas
the side chains were cleaved to yield DS-3 and chlorinated derivative
DS-4 (Fig. 5, Supplementary Fig.40).In asimilar manner, the biTEMPO
polypeptide backbone also generated DS-1and DS-2, whereas the side
chains were cleaved into DS-5 and DS-6 (the two degradation products
of 4-hydroxy-TEMPO; Fig. 5, Supplementary Fig.42), inaddition to DS-7
(thelinker between glutamate units and TEMPO moieties; Supplemen-
tary Fig. 43)."H NMR spectra suggest that L-glutamic acid was regen-
erated in near-quantitative amounts for both the viol-1and biTEMPO
polypeptides (Supplementary Figs. 48, 49).

We used liquid chromatography to separate degradation products of
theredox-active polypeptides, their small-molecule analogues and the
model polypeptide backbone PBLG;, (Supplementary Figs.44-47). The
order (fromfirst tolast) of elution for the degraded viol-I polypeptide
inpositive-ionmode was DS-1, DS-3, DS-2 and then DS-4. Similarly, the
order of elution for the degraded biTEMPO polypeptide was DS-1, DS-
5,DS-2 and then DS-6. The linker DS-7 was detected separately in the
negative-ion mode (Supplementary Fig. 47). Together, these results
demonstrate the on-demand degradation of the polypeptides, and the
identification and separation of the degradation products.

Reconstructing the polymers from the degradation products would
be the ultimate demonstration of recyclability. We found that the pri-
mary issue with achieving this was separating the degradation prod-
ucts on a scale large enough for subsequent reconstruction into the
original polymers. In principle, the redox-active polymers would be
reconstituted by the following: (1) the regenerated glutamicacid could
be fed directly back into the syntheses of the viologen and biTEMPO
polypeptides as primary synthons; (2) the 4-OH-TEMPO radicals
could be retrieved upon separation, neutralization and oxidation of
the degradation products DS-5 and DS-6, then fed into the synthetic
route of the biTEMPO polypeptide; and (3) the degradation product
DS-3 of the viologen polypeptide side chains could be conjugated with
poly(L-glutamates) to regenerate the viologen polypeptide. Alterna-
tively, a milder degradation process, for instance, enzymatic break-
down, might provide a simpler route to a full cycle of recyclability.

Cell viability study

We conducted cell viability testing with preosteoblast (MC3T3)
cells, mouse fibroblast (NIH/3T3) cells and bovine coronary venular
endothelial (CVE) cells to evaluate the toxicity of the polypeptides,
their repeat-unit analogues and their degradation products. In general,
the viol-I polypeptide was toxic towards MC3T3 and fibroblast cells,
owing to its polycationic nature, whereas the biTEMPO polypeptide
was deemed non-toxic towards all cell lines examined. The degradation
products of viol-I polypeptide had lower toxicity effects than did the
original polypeptide towards all three cell lines tested. The degradation
products of the biTEMPO polypeptides exhibited no toxicity. A sum-
mary of the effect on cell viability of the polypeptides, small-molecule
analogues and their degradation products are provided in Extended
Data Figs. 5-7 and Supplementary Figs. 50, 51.

Summary

We have designed ametal-free, all-polypeptide organic radical battery
comprising redox-active amino-acid macromolecules that degrade
on demand. This concept represents a first step towards sustainable,
recyclable batteries and minimizing global dependence on strategic
metals. Viologen and biTEMPO polypeptide anodes and cathodes,
respectively, were synthesized via ring-opening polymerization of
highly reactive cyclic N-carboxyanhydrides, followed by sequential
post-polymerization modifications to incorporate the redox-active
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groups. The polypeptide battery reached amaximum charge capacity
of 37.8 mA h g™ (theoretical capacity, 44.5 mA hg™). The active com-
ponents degraded on demand in the presence of acid to regenerate
the startingamino acids and other building blocks. Looking forwards,
the main challenges are preventing dissolution of the active material
and boosting the overall cell capacity. Future studies should focus
on preventing dissolution of the polypeptides by crosslinking**, by
post-processing modification® or by taking advantage of the solubility
of the polypeptidesin flow battery cells.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Reagents

Acetonitrile (MeCN), 3,3-dithiodipropionic acid, 4,4’-dipyridine,
meta-chloroperoxybenzoic acid (m-CPBA; 77% purity), dichlo-
romethane (DCM), N,N’-dicyclohexylcarbodiimide (DCC),
4-dimethylaminopyridine (DMAP), 2,2-dimethoxy-2-p
henylacetophenone (DMPA), N,N-dimethylformamide (DMF), dimethyl-
sulfoxide (DMSO), 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
(4-OH-TEMPO, TEMPOL), diphosgene, hexanes, n-hexylamine,
hydrocinnamic acid, iodomethane, iron(11) sulfate heptahydrate
(FeSO,+7H,0), L-glutamic acid, methanol, propargyl alcohol, sodium
iodide (Nal), triethylamine (TEA), trifluoroethanol (TFE), trimethylsilyl
chloride (TMSCI) and triphosgene were purchased from Sigma-Aldrich.
pL-Dithiothreitol (DTT) was purchased from Tokyo Chemical Indus-
try. 6-Chloro-1-hexanol and acetic anhydride were purchased from
Alfa-Aesar. All reagents were used as received, except for propargyl
alcohol, which was distilled under an atmosphere of N, before use.
Ultrapure water was collected froma Milli-Q integral water purification
system (18 MQ cm). Lithium triflate (LiCF;S0O,), tetrabutyammonium
triflate (TBACF,SO5), methanol, N-methyl-2-pyrrolidinone (NMP) and
propylene carbonate (PC) were purchased from Sigma-Aldrich. DCM
and chloroformwere purchased from VWR. Super P carbonblack (CB)
was purchased from TIMCAL Graphite & Carbon. Polyvinylidene fluo-
ride (PVDF; 600,000 g mol™) was purchased from MTI. ITO-coated
glass substrates were purchased from Delta Technologies, and cleaned
by subsequent sonicationin soap water, ultrapure water, acetone and
isopropylalcohol, followed by drying with N, and ozone plasma treat-
ment for 10 min. Lithium metal was purchased from Alfa-Aesar.

Chemical characterization

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra were recorded for powder samples on an infrared Prestige
21 system (Shimadzu) and analysed using IRsolution version 1.40
software. Circular dichroism spectra of the polymer solutions were
recorded ona Chirascancircular dichroism spectrometer from Applied
Photophysics (Leatherhead) equipped with a150-W xenon arc lamp.
The concentration of the biTEMPO polypeptide solutionwas 0.1lmgml™
in MeCN. The viol-Cl polypeptide solution was prepared by adding
2.5plof 40 mgml™inH,0 into1ml of MeCN. Circular dichroism spectra
were acquired between180 nmand 280 nm, using a wavelength step of
1.0nm, inaquartzcell withapathlength of 1.0 cm, and analysed using
Pro-Dataversion 5software. Electron paramagnetic resonance spectra
wererecorded on an X-Band Bruker EMS spectrometer with an Oxford
ESR900 liquid helium cryostat. X-ray photoelectron spectroscopy
(XPS) measurements of the polypeptide and analogue thin films were
recorded on an Omicron XPS system with Argus detector using Omi-
cron’s 400 dual Mg/Al X-ray source. The thin films were prepared by
drop-casting 300 pl of each polymer or analogue solution (4 mgml™in
CHCIl,) onITO-coated glass substrates. After drop-casting, the thin films
were dried at ambient conditions for 24 h, followed by drying under
vacuum at room temperature for 24 hbefore XPS measurements.’Hand
BCNMR spectrawere recorded onaBruker 400 spectrometer. Chemi-
cal shifts were referenced to the solvent resonance signals. Elemental
analysis was conducted using the service provided by Robertson Micro-
lit Laboratories. UV-Vis spectrawere collected in 1-nmincrements from
800 nm to 300 nm using a Hitachi U-4100 UV-Vis—-NIR spectropho-
tometer (341-F). The 4-OH-TEMPO calibration curve was constructed
by varying the concentration from 0.01 M to 0.04 M in chloroform.
The biTEMPO polypeptide sample was prepared at a concentration
of 0.03 M (repeat-unit basis) in chloroform and the radical content
was calculated at 462 nm. High-resolution electrospray ionization
mass spectrometry (ESI-HRMS) experiments were performed using
a Thermo Scientific Q Exactive Focus in positive and negative mode.
The sample was injected into a 10-pl loop and methanol was used as a

mobile phase at a flow rate of 100 pl min™. The Q Exactive Focus HESI
source was operated in full mass spectroscopy in positive mode. The
mass resolution was tuned to 70,000 full-width at half-maximum at
m/z200. The spray voltage was set to 3.75 kV for positive mode and
3.3 kV for negative mode; the sheath gas and auxiliary gas flow rates
weresetto7and O arbitrary units, respectively. The transfer capillary
temperature was held at 250 °C and the S-Lens radio-frequency level
was set at 50 V. Exactive Series 2.8 SP1/Xcalibur version 4.0 software
was used for data acquisition and processing.

Thermal analysis

Thermogravimetric analysis was performed under nitrogen atmos-
phere using a Mettler-Toledo model TGA 2 with a heating rate of
10 °C min™. Measurements were analysed using Mettler-Toledo STAR®
version7.01software. Glass transition temperatures were measured by
modulated differential scanning calorimetry ona Q200 DSC (TA Instru-
ments) with a heat-cool-heat cycle. The samples were ramped from
-40°Ct0200 °Catarate of 5°Cmin™withamplitude of 1.272 °Cfora
period of 60 s with nitrogen purge at 50 ml min™. The glass transition
temperature was taken as the inflection point of the second heating
cycle.

Electrochemical characterization

Polypeptide thin films were prepared by drop-casting 300 pl of the
polypeptide solution onto clean ITO-coated glass substrates. The poly-
peptide solution was composed of 4 mg of polypeptide in1ml of MeOH/
H,0 (1/1v/v) for viol-Cl polypeptide or CHCI, for biTEMPO polypeptide.
After drop-casting, the thin films were dried at ambient conditions for
24 h, followed by drying under vacuum at room temperature for 24 h
before electrochemical testing. Composite electrodes for both poly-
mers were fabricated by preparing a solution of CB (60 wt%), biTEMPO
polypeptide or viol-Cl polypeptide (30 wt%) and PVDF binder polymer
(10 wt%) in NMP (1 ml). 300 pl of the slurry was then drop-cast onto a
cleanITO-coated glass substrate. After drop-casting the slurry onto the
substrates, the electrodes were dried at 40 °C under ambient pressure
for two days before drying under vacuum at room temperature for
24 h. After drying, the electrode thickness was determined witha TESA
H-HITEinstrument. All electrochemical measurements were performed
inanargon-filled glovebox with a Solartron Electrochemical Interface
1287 potentiostat/galvanostat unless otherwise noted.

The polypeptide thin films on ITO-coated glass substrates were used
inathree-electrode beaker cell as the working electrode with lithium
metal counter and reference electrodes, and 20 ml of 0.5M TBACF;SO,
or LiCF;SO; in PC for the electrolyte. The thin films were conditioned
using three cyclic voltammetry cycles at 10 mV s followed by cyclic
voltammetry at different scan rates (10 mVs™,25mVs™, 50 mVs™or
100 mvV's™).

The composite electrodes were used in a half sandwich cell as
working electrodes, with a lithium metal reference electrode and fil-
ter paper pre-soaked with 0.5 M TBACF,SO, or LiCF;SO; in PC as the
separator (Extended Data Fig. 2a). Cyclic voltammetry (10 mVs™) and
galvanostatic charge-discharge (five cycleseachat1C,2C,5C,10Cand
20Cfollowed by 25 cycles at 1C) were performed. The current (/, mA)
for each Crate was calculated using the theoretical capacity and
coated mass (X, g polypeptide) of the polypeptide. For example, fora
biTEMPO composite electrode at 1C: /[mA]=71.3 [mA h (gbiTEMPO)™] x
X[gbiTEMPO] x1[h™].

All-polypeptide electrochemical sandwich cells were assembled with
viol-Cl polypeptide composite anodes, biTEMPO polypeptide compos-
ite cathodes and electrolyte-soaked filter-paper separators (Extended
DataFig. 2b). The electrolyte was 0.5 M TBACF,SO, or LiCF,SO, in PC.
Before sandwich-cell assembly, the viol-Cl polypeptide electrodes
were conditioned with three cyclic voltammetry cycles at10mVs™in
athree-electrode beaker cell containing 0.5M TBACF,SO; or LiCF,SO,
inPC electrolyte with lithium metal counter and reference electrodes.
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Cyclic voltammetry of the full sandwich cell was conducted at 10 mV's™
before galvanostatic charge-discharge at 1Cfor 250 cycles. We also
conducted electrochemical characterization of the polypeptides as
composite electrodes in three-electrode cell configuration (Supple-
mentary Tables1, 2).

Degradation study

Viologen polypeptide and biTEMPO polypeptide were exposed to
0.01M,1Mand 6 M HCl at 2.5 mg ml™ over 24 h at room temperature,
50 °C, 80 °Cand110 °C. PBLG,, small-molecule analogues of the poly-
peptides and 4-OH-TEMPO were hydrolysed at 2.5 mg ml” with1MHCI
over 24 h at 110 °C to guide the breakdown of the polypeptide back-
bones and sidechains.

We analysed the degradation products using ESI-HRMS and liquid
chromatography coupled with ESI-HRMS, using a Thermo Scientific
Ultimate 3000 Series LC coupled with a Thermo Scientific Qexactive
Focus mass spectrometer. A Scherazo SM-C18 (150 x 2 mm, 3 um par-
ticle size) column (Imtakt) was used for chromatographic separation.
The mobile phase consisted of 20 mM NH,HCO, in H,0 (eluent A) and
100 mM NH,HCO, in H,0/MeCN (1/1v/v; eluent B). The flow rate was
set at 0.3 mlmin™and 10 pl of each sample was injected. The column
compartment was held at 30 °C. Chromatographic gradient elution was
set by first equilibrating the column for 3 minat 5% eluent B. Eluent Bwas
then gradually increased from 5% to 100% for 18 min and held at 100%
for3min. The eluent was then set to the initial mobile phase condition
(5% eluent B) in 0.1 min and kept constant for 3 min. The conditions for
the mass spectrometry were similar to those described above, except
that the capillary temperature was set to 350 °C and the sheath gas and
auxiliary gas flow rates were set to 35and 8 arbitrary units, respectively.

Toxicity study

Preosteoblast (MC3T3) cells were purchased from ATCC and cultured
in Alpha Minimum Essential Medium, with ribonucleosides but without
ascorbicacid, supplemented with10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (Millipore Sigma), with final concentrations
of 100 Uml™ penicillinand 100 pg ml™ streptomycin. Bovine CVE cells
were gifted by CynthiaJ. Meininger and Andreea Trache at Texas A&M
Health Science Center. CVE cells were cultured in Dulbecco’s Modified
Eagle Medium Nutrient Mixture F-12 (DMEM/F-12) supplemented with
10% FBS and 1% antibiotic (final concentration: 100 U ml™ penicillin,
100 U ml* streptomycin, 0.25 mg ml™ amphotericin B (Lonza) and
20 U ml™ heparin (Midwest Vet Supply)). Mouse fibroblast (NIH/3T3)
cellswere purchased from ATCC and cultured in DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin (Millipore Sigma), with
final concentrations of 100 U mI™ penicillin and 100 pg ml™ strepto-
mycin. Reagents were purchased from Thermo Fisher Scientific unless
otherwise stated.

CellTiter 96 AQ One Solution Cell Proliferation Assay was purchased
from Promega and used without modification, as described previously*.
Cellswere grown to confluency. Viologen polypeptide, biTEMPO poly-
peptide, viologen analogue and biTEMPO analogue were dissolved in
sterile DMSO at10 mg ml™, whereas their degraded products were dis-
solved in sterile PBS buffer pH 7.6 at similar concentration. All testing
substances were filtered via sterile syringe filter and added to the cells
atconcentrationsindicated in Extended Data Figs. 5-7 and Supplemen-
tary Figs. 50, 51 (0.05-100 pg ml™). Control cells were incubated with
fresh culture medium. The plates were thenincubated at 37 °Cfor 72 h.
Subsequently, a 20-pl aliquot of MTS reagent was added to each well
andincubated for another 2 h. The absorbance was recorded at 490 nm.
Cellviability below 50% was considered indicative of cytotoxicity. Data
are expressed as mean + s.d. of three determinations.

The viologen polypeptide exhibited no cytotoxicity towards CVE
cells (ICs, > 100 pg ml™), but showed cytotoxicity towards MC3T3

cells (IC5, =1.52 pg ml™) and fibroblasts (ICs, = 2.68 pg ml™; Extended
DataFig.5). By contrast, the viologen analogue revealed nolossin cell
viability towards MC3T3 and CVE cells (IC5,>100 pg ml™), but revealed
someadverse effect on fibroblasts (ICs,=34.9 ug ml™; Supplementary
Fig.50). This difference may originate from the polycationic nature of
the viologen polypeptide, which promotes cell-membrane disruption
and cell death. The higher IC,, values against CVE cells may be compli-
cated by the addition of heparinto the cell media, whichis polyanionic
and may complex to different extents with the cationic viologen-based
polypeptides, analogues and degradation products. The biTEMPO
polypeptide exhibited little to no cytotoxicity towards all three cell
lines (IC5,=88.9 pgml™, ICy,=63.2 ug ml™and ICy,>100 pg ml* towards
MC3T3, fibroblast and CVE cells, respectively; Extended Data Fig. 5).
Whereas the small-molecule biTEMPO analogue exhibited limited cyto-
toxicity towards MC3T3 (IC5,=55.9 pg ml™) and fibroblast (47.3 pg mi™)
cells, itexpressed a greater effect towards CVE cells (IC5,=17.3 pgml™;
Supplementary Fig. 50).

Ingeneral, the degradation products for both polypeptides exhibited
lower toxic effects compared to their original, undegraded forms and
similar effects to the degradation products of their small-molecule
analogues (Extended Data Fig. 6, Supplementary Fig. 51). The viologen
polypeptide degradation products expressed lower cytotoxicity at
higher IC,, towards MC3T3 and fibroblast cells (ICy, = 31.3 pg ml™ and
17.9 ug ml?, respectively), compared to the original polycationic violo-
gen polypeptide (IC5,=1.52 ug mi™and 2.52 pg ml™, respectively). The
toxicity for the degradation products being at much lower concentra-
tion towards CVE cells (ICy,=33.6 pg ml™ compared to ICy,>100 pg ml™
ofthe original viologen polypeptide) may againbe complicated by the
increased positive-charge density of the degradation compounds, in
additionto the effect of heparinin the cellmedia (Extended DataFig. 6).
The degradation products of biTEMPO polypeptide and biTEMPO ana-
logue showed no toxicity towards all three cell lines (IC5,>100 pgml™;
Extended Data Fig. 6, Supplementary Fig. S51).
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Extended DataFig.1|Molecular structures of viologen and biTEMPO analogues.
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A Half Sandwich Cell B Full Sandwich Cell
Top view E Palypeptide electrode Top view E Polypeptide anode
Li metal / Polypeptide cathode /

Side view / Polypeptide electrode Side view / Polypeptide anode

Li metal / Separator Polypeptide cathode / Separator

Extended DataFig.2|Electrochemistry assemblies. a, The halfsandwich cell: viol-Cl polypeptide composite working electrode and biTEMPO
cell: viol-Clor biTEMPO polypeptide composite working electrode and lithium polypeptide composite reference electrode, with afilter-paper separator.
metalreference electrode, with afilter-paper separator. b, The full sandwich
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Extended DataFig. 3 | Electrochemical performance of full cell without
polypeptide active material as a control. Electrochemical characterization
ofaPVDF + CB symmetric full cell is shown, including cyclic voltammograms (i),
charge-discharge curves (ii) and cycling response at 1C (iii) (PVDF + CB
composite electrode, 0.5M TBACF,SO,in PC and filter paper, PVDF + CB
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composite electrode). The composite electrodes were castinanidentical
manner to the polypeptide composite electrodes, with acomposition of

86 wt% CB and 14 wt% PVDF onITO-coated glass substrates. After 250 cycles,
the capacitywas1.7 mAhg™, whereas the capacity of the polypeptide-based
fullcellwas7.5mAh g™ (Fig. 4g-i).



Article

A Viol-Cl Polypeptide Composite Electrode
i. Before Cycling ii. After Cycling

toh

B BiTEMPO Polypeptide Composite Electrode
ii. After Cycling

™

Extended DataFig.4|Electrode morphology before and after testing the before (i) and after (ii) 50 charge-discharge cyclesin the full sandwich cell
fullcell. a, b, Scanning electron micrographs of the viol-Cl polypeptide configuration (viol-Cl polypeptide composite electrode, 0.5M TBACF;SO;in
composite electrode (a) and the biTEMPO polypeptide composite electrode (b), PC and filter paper, biTEMPO polypeptide composite electrode).
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Extended DataFig. 5| Cell viability study. Dose-response curves for redox-active polypeptides. Data are expressed as mean s.d. of three determinations.
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Extended DataFig. 6 | Cell viability study. Dose-response curves for redox-active polypeptides after acid degradation. Data are expressed asmean +s.d. of
three determinations. The statistical analysis was performed using GraphPad Prism, with the black lines representing four-parameter fits.
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Extended Data Table 1| Performance of selected polymer-based batteries

Output

Cspec

E

Anode Cathode Potential (V)  (mA-hg) (mW’_ ';‘efg.1) Degradable  Ref.
Poly(vinyldibenzothiophenesulfone) Poly(TEMPO methacrylate) 2.6 ~200t 541 No 23

Viologen-chloride Polypeptide BITEMPO Polypeptide 11and 1.6 38 60+ Yes e
Polyviologen hydrogel Poly(TEMPO acrylamide) 1.1and 1.5 165 248t No 20
Poly(2-methacrylamide-TCAQ) Poly(2-vinylthianthrene) 1.3 105 1374% No 5
P°'V(a"tgﬁ;:i:gi“nfif:)bsm”ted Poly(TEMPO acrylamide) 1.1 80 88t No 28
Poly(viologen dibromide) Poly(TEMPO acrylamide) 1.2 ~100t 120 No 7
Hydroquinonesulfonic acid potassium salt$ p-Benzoquinone$ 0.8 ~42t 32 Yes 8
Poly(galvinoxylstyrene) POIY(TnExEOOr;ZﬁZS)mUted 0.7 32 22% No 21
Poly(nitronylnitroxylstyrene) Poly(galvinoxylstyrene) 0.6 29 17¢ No 22

Data from this work and refs. 378202328 _TCAQ, 11,11,12,12-tetracyano-9,10-anthraquinonedimethane; C,... specific capacity; E,.., specific energy.

*Value taken from the first charge-discharge cycle.

'Value estimated from the charge-discharge graph in the relevant reference.
‘Value calculated by multiplying specific capacity by output voltage (largest voltage if two are listed).

SSmall-molecule organic redox-flow battery.



Extended Data Table 2 | Elemental analysis of the synthesized polymers

Polymer % C % H % N % CI
PCHLGe Calc'd 53.49 7.38 5.70 NA
Found 53.63 (0.14)* 7.43 (0.05) 5.62 (0.08) NA
PGy Calc'd 39.45 5.44 4.20 NA
Found 39.66 (0.21) 557 (0.13) 4.31(0.11) NA
Calc'd 41.62 4.63 6.60 NA
Viologen-iodide Polypeptide Found 41.35 (0.27) 4.91(0.23) 6.35 (0.25) NA
Calc'd (wio He0) 58.21 6.48 9.23 15.47
Vi‘ggg%’;';’i‘é‘;ﬂde Calc'd (w/ 140 H0) 52.46 6.95 8.32 13.95
Found 52.36 (0.10) 6.97 (0.02) 8.04 (0.28) 14.10 (0.15)
PPLO Calc'd 57.64 5.54 8.40 NA
Found 57.50 (0.14) 5.50 (0.04) 8.51 (0.11) NA
Calc'd 56.88 8.28 5.85 NA
PPLGs-g-MTEMPO Found 56.65 (0.23) 8.31(0.03) 5.97 (0.12) NA
, .
BiTEMPO Polypeptide oxog;l;%rgg:nfa/:ion) 5140 6.82 521 NA
Found 51.57 (0.17) 7.20 (0.38) 5.57 (0.36) NA

NA, not applicable.

*The numbers in parentheses reflect the differences between calculated and observed values.

**The viol-Cl polypeptide is hygroscopic. Under vacuum, the polymer is dark brown; upon exposure to air it quickly turns yellow.
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Extended Data Table 3 | Degradation conditions used for the viologen and biTEMPO polypeptides

[HCI]

T

r.t.

50 °C

80 °C

110 °C

0.01M

1M

6M

No degradation
No degradation

No degradation

No degradation

Partial degradation
(side chains)

Partial degradation
(side chains)

No degradation

Partial degradation
(side chains)

Partial degradation
(side chains)

No degradation

Complete
degradation

Complete
degradation
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