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Supplementary Figure 1 | Protein nanowire memristor structure. (a) Optical image of fabricated
protein nanowire memristor arrays on a flexible polyimide (PI) substrate. (b) SEM image of a cluster (4)
of as-made protein nanowire memristors sharing the common bottom (Pt) electrode. Note that the nanowire
film is less visible under SEM due to charging effect. (c) Schematic of the device structure and electrical
testing setup. (d) Cross-sectional SEM image of a protein nanowire film deposited by drop-casting method.
Note that a Si/SiO- substrate (instead of a polymeric substrate) was used for better imaging contrast. ()
TEM image of a thin layer of protein nanowires. Note that few-layer nanowires were used for imaging
purpose. Here the nanowire density shown was not a close representation of the packing density in the
actual film used in memristors (~500 nm thick) and in sensors (1-5 pum thick).
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Supplementary Figure 2 | Switching characteristics in protein nanowire memristors. (a) 100
consecutive I-V sweeps (from 0 - 150 mV -> 0) in a protein nanowire memristor, showing a narrow
distribution of Vi (69.2 £ 4.6 mV, #s.d.). (b) Average switching voltage (Vi) and forming voltage (Vi) in
protein nanowire memristors with respect to the change in device size (2 um, 5 pm, 10 um, 20 um, N=30
for each size). The trends show that both Vi and V¢ are largely independent of the device size, consistent
with the filamentary switching mechanism. (c) Statistics of Vi from 117 protein nanowire memristors,
showing a consistent distribution between 64.7+13.6 mV. (d) Bio-amplitude memristive switching in a
protein nanowire memristor, achieving a programming compliance current as low as 100 pA (this device
was fabricated on a Si/SiO; substrate with reduced Off current).
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Supplementary Figure 3 | Switching failure in bare Ag/SiO,/Pt device without protein nanowires.
During attempted electroforming, the 1-V sweeps in a bare Ag/SiO; (~20 nm)/Pt device structure (left
schematic) show a trend toward switching failure (e.g., forming non-switchable high-conductance state).
The numbers indicate the I-V sweep order. All the tested devices (N=6) showed similar failure.



stbstrate

[ ] i n blocker
I steqe

x) 8
Y
e
'4 N
7/ Y
7 N
/
y substrate
re N
7 N

d 8=0 = 60° 6 =120 6 = 180°
100} 100 100)
8o} 80 80
Z60 —60 260

g z g

40 20 40
20 20 20

0 L 0 L

0 50 100 150 0 50 100 150 U 50 100
Vv (mv) V (mV) V(mv)

Supplementary Fig. 4 | Bending test in memristors. (a) To control the bending, the thin PI substrate (~
25 pm thick) was further attached on a commercial polyethylene terephthalate (PET) substrate (~ 127 um
thick). (b) The experimental setup for testing the electrical performance of memristors in bending state. (c)
(Top) schematic of controlling the bending state in the substrate using a home-built setup made from iron
blockers, magnets, and an aluminum plate. (Bottom) schematic of the definition of a bending angle 6. The
substrate had a lateral length ~2 cm. (d) Characteristic I-V curves (10 times each) from the same memristor
at different bending angles of 0°, 60°, 120°, 180°, showing the maintenance of bio-amplitude memristive
switching. Note that the repeated bending tests (Fig. 1c) were performed manually, with the bending angle

close to 180°.
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Supplementary Figure 5 | Voltage output from a planar protein nanowire sensor. The planar protein
nanowire sensor only had a residual voltage output (Vo) of several millivolts in the ambient environment
(e.g., RH ~ 50%). This negligible output is consistent with the expectation of a lack of in-plane moisture
gradient (and hence ionization gradient) due to structural symmetry. The residual voltage may result from
some thickness variation in the protein nanowire film.



600

400+

v, (mV)
Rg (M)

200+

0.1

Supplementary Figure 6 | Electrical characterizations in a vertical protein nanowire sensor. (a) The
open-circuit output voltage (V,) maintained above 200 mV under different relative humidity (RH). The
trend is consistent with previous study.! (b) Measured internal resistance (Rs) of the device under different
RH. The trend shows that RH greatly affects Rs, which is also consistent with previous study.?
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Supplementary Figure 7 | Neuronal behavior with low input stimulus. (a) Circuit diagram (same as Fig.
2b) of connecting a vertical protein nanowire sensor (D) to an artificial neuron made from a protein
nanowire memristor (M) and a capacitor (Cn). (b) At a low relative humidity (e.g., RH < 50%), the
membrane potential Vi, in the neuron was only charged to a low value (e.g., Vim < 10 mV) due to the low
output from the sensor (Fig. 2a), and the neuron remained silent without current spike (bottom).
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Supplementary Figure 8 | Tactile receptor. (a) Schematic (right top) and actual image (right bottom) of
the resistive pressure sensor made by sandwiching a layer of bristled ZnO microparticles between a pair of
ITO electrodes.® (Left) SEM image of the synthetic ZnO microparticles. The high-density ‘nanospine’
structures in the ZnO microparticles make the device highly sensitive to pressure. Details in the material
synthesis and device fabrication can be found in previous study.® (b) Resistance change in the fabricated
ZnO pressure sensor responding to repeated applied pressure (~10 kPa). (c) Circuit diagram of connecting
the tactile sensory component to a (emulated membrane) capacitor (Cn = 1 pF). The tactile sensory
component was made from a vertical protein nanowire device (D, Fig. 1d) connected with the ZnO pressure
sensor and a load resistor (R = 2 MQ). The protein nanowire device constantly harvested energy from the
ambient humidity® and served as a powering source. The pressure sensor and R, formed a voltage divider.
Pressure-induced resistance decrease in the pressure sensor will increase the voltage drop across R, which
can charge the capacitor to a higher potential (V). (d) Representative evolution in Vi, modulated by
pressing and releasing the pressure on the pressure sensor. The measurements were done in the ambient
environment with a RH ~90%.
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Supplementary Figure 9 | Optical receptor. (a) The optical sensor employed the same device structure
(Supplementary Fig. 8a) by sandwiching a layer of ZnO microparticles between a pair of transparent ITO
electrodes. Since the conductivity in ZnO is highly sensitive to UV light,* the resistance of the device can
be modulated by UV illumination. (b) Resistance change in the optical sensor responding to pulsed (~0.5
s) and prolonged UV (395 nm) illuminations. (c) Circuit diagram of connecting an optical sensory
component to a (emulated membrane) capacitor (Cn = 1 pF). The optical sensory component was made
from a vertical protein nanowire device (D) connected with the ZnO optical sensor and a load resistor (Rc
=2 MQ). The protein nanowire device constantly harvested energy from the ambient humidity and served
as a powering source. The optical sensor and R, formed a voltage divider. Light-induced resistance decrease
in the optical sensor will increase the voltage drop across Ry, which can charge the capacitor to a higher
potential (Vi) (d) Representative evolution in Vin modulated by tuning On and Off the illuminating UV
light to the optical sensor. The measurements were done in the ambient environment with a RH ~90%.
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Supplementary Figure 10 | Memristor modeling for circuit simulation. (a) Previous analysis establishes
that the dynamics of filament formation in the memristor can be treated with a leaky model.® Specifically,
the filament formation is considered a threshold event when the net Ag number (N) reaches to certain value
in a given filamentary volume. The Ag directly comes from Ag*, which consists of a drift (influx)
component 4,5, and a diffusive (leaky) component I;;¢;. Therefore, the Ag number can be related as
AN~(lgrige — laisy) - At. We assume that, before the filament formation, the Ag* ionic currents are directly
correlated to the injection current. The filamentary model can then be further approximated to the model of
a leaky charge reservoir (right schematic), in which the accumulative charge Q(t) can be expressed as:
Q) = f(Vin(t) “Gorr — Lear) - dt (1),
where V;,, (t) is the instant applied voltage, Gos the Off conductance, and liea the leaky current. Here we
consider I, to be constant, which is equivalent to the switching current obtained from experimental data
(lieax =V Gorr, with Vin ~35 mV and Gosr ~108 S). The threshold charge Qw (above which memristive
switching is triggered) is also obtained from experimental pulse measurements as:
Qtn = (Vpuise " Gogr — liear) - T ),
where V,,,;5 is the amplitude of input pulse (e.g., 100 mV), and t the incubation time (e.g., 10 ms) before
the memristor turns on. Based on E.q. (1) and (2), we further define a sigmoid function f(t) to fit the sudden

transition around the switching threshold in the memristor as:®
1 1
f®) = -0 + Qent QD) 3),
1+e S S

1+e

where S is a parameter defines the sharpness in transition. Here, we take S = Q;, /100, which is an
empirical value obtained from comparing the fitting curve to the actual switching curve in the memristor.

Together, the output current I(t) from the memristor can be expressed as the sum of the Off and On
components:

I(t) = Vin(t) - Gorr + Vin(t) - Gon - (1) (4),

where G, (1073 S) is the On conductance of the memristor.*

(b) Circuit diagram used for simulating the dynamics in the artificial neuron (C»n=10 UF) in response
to breath. The protein nanowire device is modeled by an ideal voltage source connected with a (internal)
resistor (Rs = 600 kQ). The modeling and simulation were done using MATLAB 2019b and LTspice XVII.
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Supplementary Figure 11 | Dissolving protein nanowires. (a) Schematic (top) and optical images
(bottom) of a protein nanowire memristor before (left) and after (right) dissolving the protein nanowire film
by water solution. Scale bars, 8 um. (b) The dissolving time (t) was observed to be highly dependent on the
pH value in the solution. The protein nanowire films showed negligible solubility (e.g., t = 10 min) in close-
to-neutral (pH ~ 8.5) and acidic (pH ~ 1) solutions.
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Supplementary Figure 12 | Reconfigurable protein nanowire sensors. Re-depositions of protein
nanowires films in both (a) vertical and (b) planar nanowire devices yielded similar electric outputs (red
curves) compared to outputs (gray curves) before the nanowire washout.
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Supplementary Figure 13 | Ambient stability in protein nanowire memristor. Protein nanowire
memristors (N=5), with the top Ag electrode passivated by an additional 10 nm Pt layer to prevent oxidation
(left schematic), all maintained the bio-amplitude switching (right panel) in the ambient environment (e.g.,
14 days).
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Supplementary Figure 14 | Water resilience in memristor. Fabricated protein nanowire memristor was
dropcasted with polydimethylsiloxane (PDMS, Sylgard 184, 10:1 mix ratio) and cued in the ambient
environment (RH~50%, 6.5 h). The PDMS-passivated memristor, when immersed in water (left schematic),
maintained the bio-amplitude memristive switching (right panel).



Supplementary Table 1
Comparison of the average programming voltage (Vi), minimal programming compliance current (lcc), and
corresponding programming power (Vinxlcc) in various similar type of (e.g., volatile) memristors.’

Device structure Vin (V) lec Power Ref.
Pt/TiO2/Ag 40 1nA 40 nW 8
Pt/Vac/Ag.S/Ag 0.08 100 pA 8 UW 9
Pt/Cu/TaOx/Cu 0.25 10 pA 2.5 yw 10
Pt/a-Lao.sMno.7SrOs/Ag 0.4 10 pA 4 uwW 11
Pt/TiOx/Cu 0.4 1pA 400 nW 12
Pt/SiO2/Ag 6 100 nA 600 nW 13
Pt/Ag2S/Ag/Pt 0.45 100 nA 45 nW 14
Pt/a-C/Cu 0.55 50 pA 27.5 yWw 15
Cu/HfO2:Cu/HfO/Pt 0.4 10 pA 4 W 16
Pt/SiO2/Cu 0.6 500 A 300 pw 17
Pt/SiO2/Ag 0.2 10 pA 2 uw 18
Pt/ZrOz/Ag 0.15 10 pA 1.50 pW 19
Pt/MgO:Ag/Pt 0.3 1pA 300 nW 20
PUTIO2/TiN/AgTe 0.4 100 pA 40 pW 21
p*-Si/SiO2/HfO2/Ag 1.5 1pA 1.5 pw 22
W/CuzS/W 0.3 10 pA 3uwW 23
Pt/ferritin/Pt 0.7 10 nA 7nW 24
Pt/ ZnO:Ag/Pt 0.5 100 pA 50 pW 25
Ti/h-BN/Cu 0.3 100 pA 30 uw 26
Pt/HfO2/Ag 0.3 10 pA 3w 27
Pt/Ag/SiO2:Ag/Pt 0.5 10 nA 5nW 28
Pt/ZnO:AQ/Ti/PET 0.4 10 A 4uwW 29
Pt/Ti/VO./Ti/Pt 1.2 1 mA 1.2 mW 30
Al/TiN/Ag/GeTes/Ag/TIN/W 24 10 mA 24 mwW 31
AU/Ti/CuO/Ti/Au 2.8 300 nA 840 nW 32
Pt/CoO/ITO 2.4 5mA 12 mW 33
Ag/CsPbls/Ag 0.08 1nA 80 pW 34
Ag/MoS2/Au 0.35 100 pA 35 uW 35
Ag/protein nanowire/Pt 0.05-0.06 0.1nA ~6 pW This work & Ref. 5




Supplementary Table 2

Comparison of the functionalities in some representative neuromorphic sensory interfaces.

Neuromorphic interfaces responding to Flexible & No external Rebuildable
- - — . o Reference
Single-stimulus Multi-stimulus Integrated powering device/circuit
Tactile (pressure) 36
Tactile (pressure) 37
Tactile (pressure) N 38
Optical (visible light) 39
Optical (UV-light) N 40
Optical (mixed color) 41
Thermal (temperature) N 42
Optical (visible light) 43
Tactile (pressure) N 44
Tactile (pressure) 45
Tactile (pressure) N 46
Tactile (pressure) N 47
Tactile (pressure) N 48
Optical (LED light) 49
Humidity (moisture) 50
Optical, tactile, humidity N N N This work
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