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Virus-based piezoelectric energy generation

Byung Yang Lee'?, Jinxing Zhang?°, Chris Zueger3*, Woo-Jae Chung'4, So Young Yoo'4, Eddie Wang'#,
Joel Meyer'*, Ramamoorthy Ramesh?> and Seung-Wuk Lee'**

Piezoelectric materials can convert mechanical energy into
electrical energy?, and piezoelectric devices made of a
variety of inorganic materials®-> and organic polymers® have
been demonstrated. However, synthesizing such materials
often requires toxic starting compounds, harsh conditions
and/or complex procedures’. Previously, it was shown that
hierarchically organized natural materials such as bones8,
collagen fibrils®'° and peptide nanotubes™" can display piezo-
electric properties. Here, we demonstrate that the piezoelectric
and liquid-crystalline properties of M13 bacteriophage (phage)
can be used to generate electrical energy. Using piezoresponse
force microscopy, we characterize the structure-dependent
piezoelectric properties of the phage at the molecular level.
We then show that self-assembled thin films of phage can
exhibit piezoelectric strengths of up to 7.8 pm V™. We also
demonstrate that it is possible to modulate the dipole strength
of the phage, hence tuning the piezoelectric response, by
genetically engineering the major coat proteins of the phage.
Finally, we develop a phage-based piezoelectric generator
that produces up to 6 nA of current and 400 mV of potential
and use it to operate a liquid-crystal display. Because biotech-
nology techniques enable large-scale production of genetically
modified phages, phage-based piezoelectric materials poten-
tially offer a simple and environmentally friendly approach to
piezoelectric energy generation.

Owing to their well-defined shape and ability to display func-
tional peptides through genetic and chemical modification, M13
phage and other viral particles have already been used to fabricate
functional materials for inorganic nanomaterial synthesis and
assembly'*>-1, energy storage and generation'®!” and tissue regener-
ation'®1°. Phage can be produced simply and economically by
infecting bacteria. The phage then co-opts the bacterial metabolism
to continuously synthesize and secrete new phage particles, leading
to millions of copies after culturing overnight (for details see
Supplementary Information). Structurally, M13 phage has a long
rod-like shape, ~880 nm in length and 6.6nm in diameter
(Fig. 1a)?*2!. Each phage is covered by ~2,700 copies of a major
coat protein (pVIII) and five copies of minor coat proteins (pIII
and pIX) located at either end. The pVIII proteins have an
a-helical structure with a dipole moment directed from the
amino- to the carboxy-terminal direction and cover the body of
the phage with five-fold rotational and two-fold screw symmetry
(Fig. 1b-d). Because the M13 aligned protein coat structure lacks
inversion symmetry, we expected the phage to demonstrate intrinsic
piezoelectric properties.

We first characterized the piezoelectric properties of the phage at
a molecular level. To do so, we made use of piezoresponse force
microscopy (PFM), in which the mechanical response of the
material was monitored while applying an electrical signal

through a metal-coated atomic force microscope (AFM) tip and
scanning the sample (Fig. 2a, Supplementary Movie S1)*%. To
characterize the structure-dependent piezoelectric properties at
the single-phage level, we fabricated self-assembled phage mono-
layer films, patterned as 1-pm-wide lines, on gold substrates (for
detailed method see Supplementary Information)?. AFM topogra-
phy analysis (Fig. 2b) showed ~7-nm-high phage monolayers with a
directionally ordered nematic structure. Piezoresponse force
microscopy characterization revealed that the piezoelectric phage
responded to an applied electric field in both lateral and axial direc-
tions (Fig. 2c-e). For lateral PFM, when scanning along the long
axes of the phage (Fig. 2c), the films exhibited characteristic
bright and dark fibril textures. When we performed lateral PFM
perpendicular to the long axes by rotating the sample through
90°, the fibril texture contrast disappeared (Fig. 2d). The contrast
in Fig. 2c is probably a result of the net dipole moment of the
phage along its axial direction, which causes the cantilever to
undergo torsion in opposite directions when probing phages that
are oriented antiparallel to one another (Fig. 2f). However, in the
case of Fig. 2d, the tilt angle (~20°) of the a-helical coat proteins
with respect to the phage axis® (Fig. 1d) and the helical screw
advancement of the dipole”® result in a radial component that is
independent of orientation (Fig. 2f). These responses show the
existence of shear piezoelectricity. Meanwhile, the axial response
(Fig. 2e) shows the existence of compressive piezoelectricity,
presumably due to the breaking of the fivefold rotational symmetry
under an electric field.

Having verified the inherent piezoelectric response of the phage
fibres, we modulated the piezoelectric strength of the phage by
engineering the pVIII coat protein using recombinant DNA tech-
niques. Because the pVIII coat protein dipole should be induced
mainly by its charge distribution (that is, the densely packed positive
charges near the C-terminus and the densely packed negative
charges near the N-terminus; Fig. 2g), we engineered the pVIII
N-terminus with a variable number of the negatively charged
amino-acid glutamate (E). The residues (from one (1E) to four
(4E)) were inserted between the first (Ala) and fifth (Asp) amino
acids of the wild-type pVIII major coat sequence (Fig. le). The
wild-type sequence contains two negative charges within the insert
region, so 4E-phage displays two additional negative charges and
1E-phage displays one less negative charge than the wild-type
phage (protein sequences are available in the Supplementary
Information). Phage monolayers were prepared with 1E-, 2E-, 3E-
and 4E-phages as described previously?s. These genetically
engineered phages exhibited a chemical structure-dependent piezo-
electric response (Fig. 2h). Vertical PFM measurements revealed
that the effective piezoelectric coefficient (d,q) of the wild-type
phage, calculated from the slope of the PEM amplitude versus the
applied voltage curve, was 0.30+0.03 pm V. We observed that
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Figure 1| Schematic of piezoelectric M13 phage structure. a, The M13 phage is ~880 nm in length and ~6.6 nm in diameter, is covered by ~2,700 pVIII
coat proteins and has five copies each of plll (grey lines) and pIX (black lines) proteins at either end. b, Side view of the electrostatic potential of M13 phage
after bioengineered modification with four glutamate amino acids. The dipole moments generated by ten a-helical major coat proteins are directed from

the N-terminus (blue) to the C-terminus (red). Yellow arrows indicate dipole direction. ¢, Vertical cross-sectional view of the electrostatic potential of

M13 phage. The pVIII coat proteins assemble with five-fold rotational and two-fold screw symmetry. d, Side-view representation of the electrostatic

potential of a single M13-phage pVIII coat protein. The pVIII coat protein has an ~20° tilt angle with respect to the phage long axis. The colours of the
molecular surface indicate positive (red), neutral (white) and negative (blue) electrostatic potentials. Yellow arrows filled with two colours (red and blue)
represent the dipole pointing from negative (blue) to positive (red) regions. e, Primary structure of the engineered major coat protein. Amino acids with
positively and negatively charged side chains are labelled in red and blue, respectively. The engineered four-glutamate (4E) amino-acid sequence

is underlined.

the 1E-phage had the lowest d ¢ value of 0.1440.03 pm V', with an
increase in d,g for each additional negative charge up to the 4E-phage,
which exhibited the highest value of 0.7040.05 pm V™~ '. The wild-
type phage exhibited a response similar to that of the 2E-phage, as
expected because of their similar charge distributions.

The piezoelectric properties of the phage could be further
enhanced by controlling the thickness of the phage films as verified
by preparing multilayer phage films of varying thicknesses using the
4E-phage (for detailed methods see Supplementary Information).
An AFM topography image (Fig. 3a) of a phage film shows that it
has a smectic structure (ordered in both direction and
position) with a band spacing of ~1 pm (Fig. 3a and inset). The
phage particles formed a ridge and groove band pattern, composed
of the pVIII major coat proteins, and the pIII and pIX minor coat
proteins, respectively (Fig. 3b). We measured the mechanical
properties of our multilayer phage films using nanoindentation
(for details see Supplementary Information). The films had a
hardness of H=214.0+21.4 MPa and Youngs modulus of
E=4.1+0.6 GPa (Supplementary Fig. S1). A piezoelectric coeffi-
cient mapping image showed that d.; of the ridge areas was
higher than that of the groove areas. Additionally, the observed
piezoelectric response was dependent on the film thickness
(Fig. 3c). The phage films exhibited an increased effective piezo-
electric coefficient with increasing film thickness up to a saturated
level of d g ~ 3.9pm V™' for films greater than ~100 nm thick.
The increased piezoresponse with film thickness is presumably due
to a corresponding decrease in the contribution from the substrate
clamping effect?’. Because a non-uniform electric field was applied
to the sample through the AFM tip during the piezoelectric measure-
ments, the relationship between d,4 obtained from the PFM
measurements, and the piezoelectric coefficient d; is not straight-
forward®. Previously, it has been reported that, in the weak
indentation regime, where the indentation of the AFM tip into the
sample (~2 nm) is less than the tip radius (~10 nm), the d,; value
can be approximated by d.z=0.5 x d;; (ref. 22). Based on this
relationship, we can estimate the actual d,; value of the phage film
tobe 7.8 pm V.

Using the same piezoelectric measurement set-up, we compared
the piezoelectric response of the phage film with two control
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piezoelectric materials, periodically poled lithium niobate (PPLN)
and type I collagen films (Supplementary Fig. S2; for details see
Supplementary Information). The d,; values of PPLN and collagen
were 13.2 and 1.1 pm V', respectively (Fig. 3d), which are similar
to previously reported values®. It should be noted that the rather
low d; value for collagen arises because collagen displays a piezo-
electric response mainly in the axial direction, rather than radially®.

Finally, we investigated whether humidity would alter the piezo-
response, because water content is known to affect the piezoelectri-
city of other organic materials®’. The phage film showed similar
piezoresponses within the relative humidity range 30-70%, but
these decreased to ~1.5pm V™' at a relative humidity >80%
(Supplementary Fig. S3).

Using 4E-phage films, we fabricated phage-based piezoelectric
energy generators. First, spontaneously ordered multilayer phage
films with an area of ~1 cm® were created between two gold electro-
des by dropcasting (Fig. 4a; for detailed methods see Supplementary
Information). Periodic mechanical loads were applied to the phage-
based piezoelectric generators using a dynamic mechanical test
system, and the resultant electrical output signal was characterized
by measuring the short-circuit current, open-circuit voltage and
charge (Fig. 4b). When applying a rectangular compressive load
(Fig. 4c) at 6 s intervals, the signal showed two peaks of reverse
polarity, which correspond to the pressing and releasing motion
of the mechanical test system. From this experiment, we typically
observed peak values of ~4 nA for the short-circuit current
(Fig. 4d). The integral of a single peak gives the charge value,
Q~ 380 pC, generated at applied peak load of F= 34 N. Using
the equation for a quasi-static piezoelectric coefficient dy; = Q/F
(ref. 32), we can roughly estimate the piezoelectric coefficient as
dy;=112+0.7 pm V', which is similar to the value measured
by PFM. The open-circuit voltage shows a peak voltage value of
400 mV and a decay time constant of ~0.3 s (Fig. 4e). A connection
polarity reversion test showed that the current and voltage signals
were reversed when the device polarity was switched, indicating
that the electrical signals came from the phage material and not
from electrostatic interactions (Supplementary Fig. S4). We
confirmed that the piezoelectric energy generation originated only
from the phage films by using a charge amplifier, which exhibited
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Figure 2 | Piezoelectric properties of monolayer phage films. a, Schematic of the PFM measurement. A single layer of phages was assembled on a
molecularly patterned gold substrate and PFM responses were measured using lateral PFM (LPFM; i and ii) and vertical PFM (VPFM,, iii) modes. b, AFM

topography (top) and height profile (bottom) of a monolayer phage film. ¢, Lateral PFM image of the monolayer phage film. The lateral PFM signal originates
from the torsional motion of the AFM tip along the phage long axis direction (depicted in a(i)). d, Lateral PFM image obtained after changing the scanning
direction by 90° (depicted in a(ii)). The colour scale applies to both ¢ and d. e, Vertical PFM image of the monolayer phage film (depicted in a(iii)). The
vertical PFM signal is collected from the vertical motion of the AFM tip. f, Schematic depicting phage with randomly mixed dipoles through the axial direction

of the monolayer, which exhibit both axial (red-blue arrows) and radial (green arrows) components of the dipole moments. g, Schematic of a single pVIII
protein with dipole strength that is tunable by modulating the number of glutamates (E; yellow) at its N-terminus. h, Comparison of out-of-plane PFM
amplitudes versus applied a.c. peak-to-peak voltage (V,,,) between phages with genetically engineered coat proteins. Error bars indicate one standard
deviation. 1E-, wild-type (WT)-, 2E-, 3E- and 4E-phage monolayer films exhibited effective piezoelectric coefficient d g values of 0.14 + 0.03, 0.30 + 0.03,

0.35 4 0.01, 0.55 + 0.03 and 0.70 + 0.05 pm V", respectively.

a similar charge output signal and reversible polarity
(Supplementary Figs S5-S7). We also investigated the effects of
strain amplitude and rate on the peak current (Fig. 4f,
Supplementary Fig. S8). The peak current increased linearly for
strains from 0.06 to 0.1 and strain rates from 0 to 0.4s™'. As a
result, we were able to enhance the current output up to a
value of 6 nA. Furthermore, we demonstrated the possibility of
combining a number of our devices to yield higher levels of
current and voltage. When two devices of the same polarity and
similar electromechanical response were combined in parallel or
serial configurations, we observed increased output current or
voltage signals, respectively (Fig. 4gh). This indicates that our
phage-based piezoelectric devices can be scaled up to generate a
higher energy output. Finally, while applying mechanical pressure
to the phage-piezoelectric devices, we could turn on a liquid-
crystal display and visualize the power output of our device
(Supplementary Movie S2; for detailed procedures see
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Supplementary Information). As such, we have confirmed that
these viral particles effectively behave as piezoelectric nanofibres
with the potential for powering microelectronic devices.

At present, the piezoelectricity of biomaterials is not fully under-
stood at the molecular level**. Unlike inorganic piezoelectric
materials, biomaterials commonly show discrepancies in relation
to the behaviours predicted by classic piezoelectric theories. This
mismatch is attributed to the heterogeneity and hierarchical
structure of biomaterials, features that are not accounted for in
classic models based on idealized, crystalline structures. For
example, collagen matrices exhibit a complex piezoelectric
behaviour that in some cases cannot be explained by classical
theory®®®. Both phage and collagen fibrils exhibit shear piezo-
electricity’. Moreover, smectically ordered phage and collagen are
aligned along a preferred axis with hexagonal packing”?. Based
on previous symmetry considerations, the smectically ordered
phage can be described as having either D, or C, symmetry®®.
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Figure 3 | Piezoelectric properties of multilayer 4E-phage films. a, AFM topography image of long-range ordered smectic phase liquid-crystalline film
structure. Inset: AFM image showing smectic-aligned phage particles in ~1um bands. b, Effective piezoelectric coefficient d 4 mapping image (top) and AFM
topography image (bottom) of smectic phase ordered phage films. ¢, Dependence of piezoelectric response of 4E-phage films on film thickness.

d, Comparison of piezoresponse of phage films with those of PPLN and collagen films. Error bars in ¢ and d indicate one standard deviation.
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Figure 4 | Characterization of phage-based piezoelectric energy generator. a, Photograph of a phage-based generator. b, Schematic of piezoelectric
electrical energy generation measurement set-up. A mechanical load was applied to the device while monitoring the voltage and current. ¢, Mechanical strain
applied onto the device. d,e, Short-circuit current signal (d) and open-circuit voltage signal (e) from the phage-based generator. The two vertical dotted lines
indicate the application (left line) and release (right line) of the load; a zoomed-in region is reported on the right. f, Dependence of phage-based generator
peak current amplitude on strain and strain rate. Strain is defined as the ratio of device vertical displacement to initial device thickness, strain rate is defined
as the strain change rate per unit time. g h, Short-circuit current (g) and open-circuit voltage (h) summation of two different devices, under simultaneous
mechanical stimulus. The signals from the two devices (left and middle panels) add to give increased current and voltage signals (right panels) when the
devices are connected in parallel (g) and serial (h) connections (Supplementary Movie S2).
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However, the piezoelectric coefficients corresponding to crystals
with such symmetry do not fully explain the origin of the piezo-
electricity we observed from our films although in the case of
collagen matrices, the discrepancies could be partially reconciled
by the use of space-dependent piezoelectric matrices and
stress and stress-gradient induced polarization®*. Therefore, we
currently postulate that similar mechanisms are at play for
our films, but additional mechanistic details will require
further investigation.

In summary, we have developed a biopiezoelectric device made
of genetically modified bacterial viruses (M13 phages). The liquid-
crystalline property of these phages enables self-assembly into
phage films, resulting in the simple fabrication of piezoelectric gen-
erators with sufficient energy output to turn on a liquid-crystal
display. A higher energy output can be obtained by combining
ordered phage films?® in series or parallel configurations. Our
phage-based materials exhibit the reverse piezoelectric effect—as
demonstrated by PFM measurements—suggesting possible uses as
actuators and energy harvesters, especially for integration into
miniature-scale devices. Additional levels of control and
optimization may come from exploring different viral particles
and their diverse structural proteins, as long as they have suitably
aligned dipoles!?.

Methods

Genetic engineering of phage. We constructed engineered phages using
recombinant DNA engineering methods. Different numbers of glutamates were
expressed at the N-terminus of the M13 major coat protein, positioned between
the first and fifth amino acids of wild-type pVIII, replacing residues 2-4. The
constructed phages were amplified using Escherichia coli cultures, purified using
polyethylene glycol precipitation, and filtered through membranes with 0.45 pm
pores. To verify phage stability, DNA sequences were confirmed at each step of
the amplification.

Fabrication of piezoelectric phage films. To fabricate monolayer phage films,

a polydimethylsiloxane (PDMS) stamp with a striped pattern was used to generate
2-pum-wide lines in an octadecanethiol self-assembled monolayer with 1 wm
interline spacing on a gold-coated silicon substrate. A monolayer of phage was
coated onto the cysteamine pattern using a phage-coating method as previously
reported®!. The octadecanethiol (ODT)/cysteamine patterned substrate (with a
vertical cysteamine stripe pattern) was vertically dipped into a phage solution and
pulled out at a constant speed (1.2 cm h™") using a home-built pulling machine
controlled by a computer-programmed system. To fabricate multilayer phage films,
either the pulling method or the dropcast method was used. With the pulling
method, we obtained multilayer phage films with a thickness of up to ~300 nm.
To obtain liquid-crystalline phage films with thicknesses greater than 300 nm, we
used the dropcast method, in which 100 pl of phage solution (2 mg ml™" in
deionized water) was dropped onto a gold substrate and kept in a desiccator

for three days.

Piezoelectric response characterization. To characterize monolayer phage films,
we used an AFM set-up (Multimode, Veeco) with a Nanoscope IV controller under
ambient conditions. The effective piezoelectric coefficient d g of monolayer phages
was measured using an MFP-3D atomic force microscope (Asylum Research) with a
platinum-coated AC240TS (Olympus) tip with a nominal spring constant of

~2 nN nm" !, free-air resonance frequency of ~70 kHz and tip radius of ~7 nm,
according to manufacturers’ specifications.

Fabrication of phage-based piezoelectric generators. Gold-coated flexible
substrates were prepared by depositing 10 nm chromium and 30 nm gold on
Thermanox (Ted Pella) films. Then, 200 pl of 5 mg ml™" 4E-phage solution was
dropped on the gold-coated flexible substrate. After completely drying, another
gold-coated flexible substrate was overlaid on the film. The device was then
embedded between two ~2.5-mm-thick PDMS matrices to achieve structural
stability. Signal wires were then soldered onto the gold electrodes.

Piezoelectric generator characterization. The phage-piezoelectric device was
mounted onto a dynamic mechanical test system (Electroforce 3200, Bose), and a
predefined displacement was applied while monitoring the total force on the device
with a load cell. The actual displacement was monitored by a linear variable
differential transformer installed in the Electroforce 3200. The force values from the
load cell were multiplied by the ratio of the phage film area to the total device area to
obtain the effective load applied to the phage film. The open-circuit voltages and
short-circuit currents were measured using a semiconductor parameter analyser
(4200-SCS, Keithley). Full methodological details can be found in the
Supplementary Information.
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