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Genetic control of aerogel and nanofoam properties, applied to Ni-MnO, cathode design
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Abstract

SCI

Aerogels a ght porous materials whose matrix structure can be formed by interlinking 880

nm long phage particles. In theory, changing the phage properties would alter the aerogel

u

matrix, bu ting this using the current production system leads to heterogeneous lengths. We

have desi a phagemid system that yields a narrow length distribution that can be tuned in 0.3

N

nm increm 50 to 2,500 nm and, independently, the persistence length varied from 14 to 68

nm by myta he coat protein. A robotic workflow that automates each step from DNA

a

construction®o'@@rogel synthesis is used to build 1,200 aerogels. This is applied to compare Ni-MnO,
cathod i[t using different matrixes, revealing a pareto-optimal relationship between

performanc cs. This work demonstrates the application of genetic engineering to create

A

“tuning sweep through material parameter space; in this case, towards creating a

physically strong and high-capacity battery.

[
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Introductio,

Aerogels a materials, sometimes referred to as “frozen smoke,” whose properties are

|
determinegyby the matrix chemistry and pore structure™™”. Their ultra-high surface areas and ultra-
low densiti them ideal scaffolds to create nanomaterial composites with enhanced electrical

conductivity and chanical/thermal stabilities (carbon nanotubes, graphene, metal oxides, silica,

SC

etc.) 6814, e properties are ideal for battery components, such as cathodes or anodes, and
the hierardhical pafous structures of aerogels effectively accommodate any volume changes within
electrodes he charge-discharge process, impossible with traditional electrodes™ **2%. As

such, aerogel-basg@l batteries have been explored for many battery chemistries, including lithium

9

[22-40]

ion/metal/ ulfur/Te and sodium ion/oxygen . Battery performance is dictated by the

aerogel pole size and volume as well as the surface area, controlled by varying synthesis conditions;

El

[24, 26, 28, 41-51]

for exampl ncentration, solvents and gas pressure

o

Al a , aerogels can be templated by crosslinking M13 phage, which are linear 880 nm

rods®?. -templated porous structures have been used for various applications, including

batteries, s s, catalysts, and imaging®™"?. Aerogels built from M13 phage have densities

Vi

betwee ® and porosities as high as 99%°?. The wild-type phage consists of a packed

genome surrounded by an external shell of 2,700 copies of the pVIlI protein. pVIIl has been mutated

I

to alter ch binding sites for metals or nanomaterials, or enable protein-protein interactions

to direct t ssembly into defined structures®™ ®7%. The addition of an N-terminal EEAE to

O

pVIIl incre negative surface charge, which enhances the material nucleation and metal

[71-73]

deposition e surface of the phage scaffolds . Phage flexibility can be changed my

h

mutati M), which increases the persistence length and inverts the pVIIl helix chirality

1

d [74]

from le ande
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So-called phagemid systems are used to produce the phage particles required for material

synthesis”>7®. Phagemids are plasmids containing one or two fl-oris that replicate single-stranded

DNA (sWe presence of phage proteins, expressed by helper phages or plasmids in
Escherichia 2% The replication of ssDNA proceeds following a rolling circle mechanism in the
presence @ge protein that binds to specific sequence sites in fl-ori (nicking region —
TTTAATA, Be=li@EAC, Y — GTTCCA, 6 — TGGAAC) and induces a single strand break at the nicking
site!®!, Thwydroxyl end of the nick serves as a primer for ssDNA synthesis, which proceeds
through di C nt of the nicked strand as ssDNA by DNA polymerase lll and the rep helicase in
the presen gle stranded DNA binding protein (SSB)®2%3, ssDNA replication terminates by pll

cleavage omat a second downstream nicking site®®¥. The ssDNA is circularized, bound by pV
a

proteins fo ort to the cell membrane, and wrapped by the major phage coat and capsid
proteins during eXtrusion of the phage particle. The phage length is determined by the size of the
packaged . Fine control over the size of the packaged ssDNA was previously attempted by
flanking thﬁ sequence length, containing a packaging signal (PS), between a full f1-ori and a

truncated , which was designed to terminate replication®®®%. In this way, various groups
have show e phage can be shortened to as little as 50 nm (~95 pVIII copies) and lengthened

to 1,300 nm®> “W¥The challenge is that the underlying populations are bimodal because unintended

es” are produced by the ssDNA starting at fl-oriA29 and ending at fl-ori. Phages
e f1-ori/f1-oriA29 system require an additional purification step to ensure uniform

length phage

for downstgam material applications.

Heregmgpresent a phage production system that generates uniform phages with precisely

ches, thus compromising the inherent scalability of the phage amplification process

controllabl @ and a high-throughput pipeline for their conversion to aerogels and the
determinat'!taterial properties. This is achieved by modifying f1-ori and f1-oriA29 to block the
readthrouglh of DNA polymerase. This yielded a unimodal distribution of phage lengths that can be
varied f 0 2,500 nm. Further, the persistence length can be varied up to 5-fold by making

different aﬁd substitutions to pVIII residue 21. Using automated liquid handling we can co-

< This article is protected by copyright. All rights reserved.



transform phagemid/helper plasmids into E. coli, produce phages, purify them, make phage-
hydrogels, lyophilize hydrogels to make aerogels and characterize them, all in high-throughput
(”1,000Wd on the measured aerogel properties, we selected five phage lengths to make
Ni—-MnO, c a promising material for lithium ion batteries due to its low cost and non-
toxicitym’g@odes are produced by forming phage hydrogels that are converted to Ni
nanofoam semmmhigh MnO, is deposited®®*”). By changing phage length and stiffness, we are able to
control pofesi attery performance and mechanical strength of the resulting cathode. The
conditions C ing these materials are identical and the properties are tuned solely through the

genetic ma n of the phage.

USGE

Results

Phagemid j ing to generate uniform phage

The phage:on system is based on E. coli K561 harboring the phagemid and helper phage
R4745Y, Tmid contains the DNA sequence to be packaged, located between two fl-ori
sequences tHat“@P€ intended to initiate or terminate ssDNA production (Figure 1a). Internal to the
ssDNA ce, the hairpin packaging signal (PS) structure is included to ensure recognition and
encapsulati e ssDNA by the assembly proteins encoded by the helper plasmid®®. With this
design, at the wild-type fl-ori signal (146 bp) both initiated and terminated ssDNA

production, whereas the f1-oriA29 (86 bp) terminated replication and also allowed some level of

[

replication , resulting in unwanted side products (Figures 1b-c).

0] g phagemid (EP475) contained 561 bp of DNA from the natural phage genome

M13KE®?. T truct was intended to generate 475 bp ssDNA (including the PS sequence) for the

assembly o100 nm phages. We quantified the population of phage sizes produced using this system.

Y

Transmissign elecigon microscopy (TEM) images were taken, from which the phage lengths were

measured 1c-f) (Methods). About one third of the phage were in the expected range of

U
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lengths (average = 97 nm), corresponding to the ssDNA produced from replication starting at f1-ori
and ending at f1-oriA29 (475 bp). However, the remaining two thirds of the phage population was
found tMnger with an average length of 620 nm, which corresponds to the packaging of
ssDNA initj fl-oriA29 and terminated at fl-ori (4422 bp). Note that longer phages are
assembled&lack of a defined PS in this region. To confirm the origin of this population of
longer phagemmesdesigned another phagemid (EP1960) to package a larger sequence of 1960 bases.
This again in a mixed phage distribution centered at 310 nm and at 680 nm (Supplementary
Figure 1). T@, we concluded that this was due to replication initiated at f1-oriA29 and not due

to the form polyphages or phages produced from multiple, serial incorporation of ssDNA®®.,

To\eosecisthis problem, we first designed a novel phagemid system by modifying the fl-ori

S

to create i hat only initiate (f1-a) and only terminate (f1-6A29) ssDNA production. To make

U

fl-a, the sequence (AGTCC ACGTT) required for termination is deleted™. When this

sequence i r initiation (EP475a), a bimodal population remains, but the percent of phage

that are th

[l

length improves from 31% to 86% (Supplementary Figure 2). This improvement

is the resul rect replication of ssDNA from f1-oriA29 being unable to terminate at f1-a, thus

d

decreasing on efficiency of incorrect phage. Still, 10% of the phage are the length of the

incorre indicating that the f1-a sequence still retains some ability to terminate.

e created a version of f1-oriA29 that terminates but is not able to initiate. Viral

M

genome replication occurs after the f1-ori sequence binds to pll proteins and is nicked™. There are

four pll binging sites (nicking site, 3, y and &) and binding between four pll proteins and these sites

I

induces co lon changes that promote nicking of the (+) strand (Figure 1b). We sequentially

tested alte -oriA29 sequences where each of these sites was deleted (Supplementary Figure

2). We found that the removal of the & site (f1-0A29), combined with fl-o to create EP475u0,

This article is protected by copyright. All rights reserved.
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Genetic control of ihage length and stiffness

With the i f1-0/f1-8A29 system, phage length is controlled by changing the DNA length
between t itiator and the f1-8A29 terminator (Figure 2a). A set of thirteen phagemids were
designesl thamwiere this DNA ranges from 330 to 19,800 bp, all containing a PS®®. The non-PS
“inactive” Mr of the ssDNA was filled in using a DNA sequence we had previously observed to

E :[102]

be inactive . These phagemids lead to uniform length distributions between 50 to 2,500

nm (with a e standard deviation of £ 5%) (Figure 2b and Supplementary Figure 3). There is a
linear corrm phage length L with the ssDNA size n that follows L = 0.13 n (Figure 2c). Note
that phagemids With a single wild-type fl-ori can also lead to uniform distributions, but the length
cannot be reducedito <200 nm because of additional required DNA in the plasmid backbone (ori and

antibiotic r ce) (Supplementary Figure 4).

Th@lM mutation has been reported to stiffen fd phage from a persistence length of

2.8 umto mor 10 pm long multimers)”%. We mutated this position on the M13 pVIIl protein
atin

to all 20 ds and measured the impact on the persistence length for this smaller phage

(Figure ds). The phage produced by each pVIIl mutant with EP47508 (100 nm phage)
were purifie he hydrodynamic radiuses measured using dynamic light scattering (DLS). From
this, th i e length can be calculated assuming the phage particle behaves as a wormlike

chain and using the phage length measured from TEM images (Methods). This method has been
used to e!imate the persistence length of rod-shaped biomolecules, including DNA®!. The

persistence lemgiths of the mutant 100 nm phages range from 14 to 68 nm, without affecting length

(Figure 2e @ pplementary Figure 5). The Y21M mutation only showed a 50% increase in

persistence when introduced in M13 phage, in contrast to the larger effect observed for fd
phage.

This article is protected by copyright. All rights reserved.
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Automated workflow for aerogel creation

Lab automation protocols were developed to encompass all steps from plasmid transformation into

E. coli to aerogel formation (Supplementary Figure 6). The creation of phages of different lengths

and stiffne simplified by having each property encoded in separate phagemids and helper

plasmids tha o-transformed. To this end, 60 phagemids were constructed containing DNA

H I
sequencesganging from 330 to 19,800 bp in increments of 330 bp (Supplementary Table 2). These
were co-tr%d together with the 20 helper plasmids, each coding for a different pVIII mutant.

The 1,200 8trains Were constructed using Echo and Mantis liquid handlers to mix the plasmids/cells

C

and transformations were performed in 96-well format using Bravo and Hamilton automated

handling sy§teins (Ehe detailed workflow is described in the Methods) (Figure 3a and Supplementary

S

Figure 6). sformation, cells were plated using the Hamilton, incubated and then picked into

9

96 deep-well plates (1.3 mL of 2xYT media instead of LB media to increase phage titer
(Suppleme igure 7)) using a colony picker (Supplementary Figure 6). The culture was grown,

cells remo by centrifugation, and then PEG/NaCl was added using the Hamilton to precipitate the

El

phage fro wth media. The precipitated phage pellets were then re-dispersed in water.

3

d

Typically, e particles were produced through this workflow and they follow the same

length s obtained from low-throughput techniques (Supplementary Figure 8).

ere synthesized from the phage variants using the Hamilton to deposit them on

M
©

hydrop lides that are then heated at 50 °C for 30 min to increase phage concentration

past the critical point (0.08 wt%) where phage particles interlink through Van der Waals forces™.
The interli e form a hydrogel that was then converted to an aerogel using the freeze drying
method®?

3b).

Iting material had the highly-porous structural characteristic of aerogels (Figure

¢l

Th& mechanical strengths (Young’s moduli, E) of the aerogels were measured using atomic

a

force micr@scopy gAFM)!% %1 A force displacement curve can be plotted from indentation at a

1

single point on the phage-aerogel surface by the AFM tip in contact mode (Figure 3c). Using the

U
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Hertzian model™, the E of an aerogel can be calculated from the force-displacement curve
assuming a Poisson ratio of 0.5, which is consistent with biomaterials (Figure 3c). Because AFM is
difficultWe, a subset of 300 variant samples was selected and their E measured (Figure 3d).
The aeroge, ced from smaller and more rigid phage tend to produce stiffer aerogels, with a 6-
fold range&ed over the complete set (Figures 3e-f). These results are consistent with
numerieal simmmlagions predicting particle size effects on the mechanical properties of silica

(1088209

1

[110-112]

aerogels ] has been experimentally observed for other porous nanomaterials

Genetic optimi of structural battery electrodes

SC

High-perfo tructural batteries rely on simultaneous optimization of coupled electrochemical

U

and mechanical perties, and we therefore sought to determine whether these properties could
be controll o-optimized using phage genetics. Biotemplated nickel aerogels were produced

from genetigally modified phage and employed as current collectors by electrodepositing an active

1

material in @rderto produce robust Ni-MnO, biotemplated nanofoam electrodes. Different phage

lengths wele s d from our subset: 320, 430, 550, 750, 960, and 1,300 nm (all pVIII-EEAE Y21).

Biotem | nanofoam current collectors were constructed following a previously-reported

|[9 3

protoco Briefly, the phages are chemically crosslinked with glutaraldehyde to form

hydrog jch nickel is deposited first using an electroless deposition solution followed by

M

the electrodeposition of a manganese oxide active material (Figure 4a) (Methods). The effect of heat

treatment Was assessed using thermogravimetric analysis (Supplementary Figure 9).

[

M roduced using phage of different length and stiffness but identical processing

conditions

0

aluated (Figure 4b). Scanning electron microscope (SEM) images reveal that

nanofoam ed phages exhibit distinct morphologies. This variation was quantified in order to

N

assess phage genetics on foam porosity. Foam porosity was quantified from the SEM

images, at an intermediate phage length (750 nm) yielded the maximum porosity (Figure

{

This article is protected by copyright. All rights reserved.
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4c).

Batteries were constructed using the biotemplated Ni-MnO, electrodes as cathodes. The
batteries *re assembled using lithium foil as the negative electrode, a celgard separator and an
@ g of 1M LiPFg in EC:DMC (Methods). The rate capability of the electrodes was

electrolyte

determined By electrochemically cycling batteries using different currents, showing how rapidly a
I . . o

battery chgge or discharge. The active material mass was calculated by weighing dry electrodes

both befo fter active material deposition, and nominal capacity upon discharge was

calculated fby divifling the electrochemical discharge capacity measured during cycling by these

a dischargélc up to 135 mAh/g similar to previous published manganese oxide data!****"],

active materia ss. Typical discharge curves are shown in Supplementary Figure 10 . These exhibit
2]
First cycle ic efficiencies are given in Supplementary Figure 11, and are high due to organic

residues. Howevef§ cycling data shown in Supplementary Figure 12 show stability for 20 cycles.

Electrodesc&ing higher porosity nanofoams show a shoulder near 2.8 V corresponding to

manganeseqoxide intercalation. Electrodes based on lower porosity samples, by contrast, show a

havior with no shoulder. This indicates that intercalation plays less of a role in

electrochefic ling when the porosity is low. This would be expected if lithium diffusion through

the liqui e is blocked due to lower sample porosity. This effect of biologically controlled
porosity on de rate capability was assessed by Ragone plots of batteries using phage of
differe upplementary Figure 13). Low rates result in higher capacity for all electrodes.

The strong effect of porosity on rate capability in these batteries indicates that these electrodes

contain elirochemically inaccessible active material.

Fi hows the measured nominal capacity as a function of the length of the phage
used to ma iotemplated electrode. It follows the same trend as the porosity of the material,
including a m at 750 nm. The peak value of 121 mAh/g is similar to the theoretical maximum
capacitﬂganese oxide active material of 147 mAh/g, indicating an 82% active material

utilizati the active chemistry is the same for these materials, these data indicate that the

< This article is protected by copyright. All rights reserved.
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morphology changes the lithium ion transport through the liquid electrolyte. Materials with lower

porosity contain a lower volume fraction of liquid electrolyte, resulting in a corresponding rate

IimitatiWium diffusion constraints.

Th @ ical strengths of the cathodes were measured using AFM (Figure 4f). There is a

aller phage leading to mechanically-stronger materials, similar to the relationship
H I . . )

between :ge length and mechanical strength for the aerogels (Figure 3e). However, there is an
optimum cathode biotemplated by 430 nm phage (Figure 4f). This reveals the competing

needs of afstructuffal battery to have high mechanical strength, requiring robust scaffolds, and high

C

capacity, whic quires that the foam be highly porous. Using phage of different length, we can

identify t tigjum in balancing both of these constraints, which for our system is the

biotempla des produced using 750 nm phage.

Us

Discussion

N

Our syste es the structural features of an aerogel or hydrogel in the genetics of the

a

scaffolding ¥ Mutations can then be made to sweep through material properties without
changi chemistry or processing conditions. As an 880 nm rod, the geometry of M13 phage has

proven val o scaffold an enormous range of materials, including batteries, catalysis,

M

photov ®ensors, and optical tools™*®. Control over the rod length and stiffness paves the

way for the exploration of new regions of the phage materials space, with potential new functional

[

properties, ious efforts have led to mixed populations that lead to heterogenous materials.

With the igned phagemid/helper plasmid system (f1-a/f1-6A29) and automation of the

&

material co on process, we are able to access new parameters for phage templated material

developmefit: can sweep through the gel porosities and scaffold morphologies to identify

n

optimal or the target application. Porosity control is critical for many applications of

[

phage-t aterials, including flexible electrodes, filtration membranes and drug delivery

This article is protected by copyright. All rights reserved.
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[119-122]

systems . Control over the metal nanowire morphology in the material is essential for

photonic/electronic nanodevices and biomedical sensors™2> 24,

Hek, pHage genetic control used to create cathodes that balance the competing needs for

high capag @ ly porous) with mechanical strength (robust scaffolding). The optimal phage-

templated NI=MNO, Cathode using 750 nm phages have ~120 mAh/g of nominal capacity as well as
H I . . .
~20 MPa s Young’s modulus. The capacity of the cathode is competitive compared to other

cathodes ion batteries™®. On the other hand, the Young’s modulus of cathode is lower

than minir@e (~1 GPa) needed to structure panels of battery material™®. However, using
stiffer phages template could improve mechanical strengths of the materials as the cathode
made by efQigin€ergd phage with Y21A pVIII (exhibited ~2.4 times higher Young’s modulus that made
by wiId—tyj). Incorporation of strong metallic materials to the phage templates may
additionally enhagée the mechanical strength. Our ability to genetically manipulate the filament
properties s can be used to optimally design for structural batteries that are able to carry a
mechanica§load as well as efficiently store electrical energy, with the ultimate objective of

eliminating d for a conventional battery by replacing it with multifunctional body panels™”

128)

ngth-controlled phage have several advantages over abiological methods to create
porous na ials. They provide higher mono-dispersity and uniformity compared to the
comme - ble polymeric particles or carbon-based nanoparticles™ 3%, The crystal packing
of M13 phage is 4 nm with evenly spaced nucleation events that gives small and uniform particles
sizes. In adelibi e proteins of phage can be easily engineered by adding specific peptides, which

allows us various metal ions or organic/inorganic materials uniformly on the surfaces of

M13 phage urthermore, the phage is easily crosslinked with servers to form filaments, which
allows us any additives in the cathode synthesis. The disadvantage of using phage is the
ability or the production of bulk materials. Several companies have been able to scale

phage pHrough fermentation to multi-kilogram scales. Another approach is to use what is

< This article is protected by copyright. All rights reserved.
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learned from the phage materials to direct the synthesis of an abiological version that is easier to
scale. An example of this was demonstrated by Cambrios, where silver nanowires for touch screens,

phones Wne computers were initially discovered using phage and then reconstructed for
bulk produ Huawei. To this end, our ability to control phage properties allows for the
systematic f thousands of materials with altered properties, beyond that which is easily

accessilie thmewglmchemical techniques.

Methods

Strains, pl s, dihd culture media.  Chemically competent E. coli XL1-Blue (recA1 endAl gyrA96

SCr

thi-1 hsdR17 supE44 relAl lac [F proAB lacl’ZAM15 Tn10 (Tet")]) (Agilent Technologies, 200249) was

J

used for all molecdilar cloning and phage production experiments. Chemically competent cells were
purchased using the Mix & Go E. coli Transformation Kit (Zymo Research, T3001). All E. coli

strains werggrown at 37 °C in LB-Miller media (BD Biosciences, 244620) and LB/agar plates (1.5% of

{11

Bacto Agar science, 214010) unless otherwise indicated. The engineered phagemids were

derived fre plasmid pLS77%, and the helper plasmid M13-f1 was constructed based on

[135]

M13m equence and detailed plasmid map are provided in Supplementary Table 1 and

Supplementa re 14. The following concentrations of antibiotics were added to maintain

\

plasmi ultures and plates: 100 ug mL™* ampicillin (GoldBio, CAS#69-52-3), 40 pg mL*

tetracycline (GoldBio, CAS#64-75-5) and 50 pg mL™ kanamycin (GoldBio, CAS#25389-94-0).

Low-throug hoge production and purification. E. coli is first transformed with the

or

phagemid a er plasmid. Cells are then streaked on LB/agar plates with ampicillin and

kanamycinfand grown at 37 °C overnight. The single colonies were inoculated in 70 mL of LB media

q!

with ampiaillin anghkanamycin and grown in 250 mL Erlenmeyer flasks at 37 °C and 250 r.p.m. in a

{

U

New Brun ova 44 shaker-incubator overnight. The cultures were transferred to a 250 mL

This article is protected by copyright. All rights reserved.
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Nalgene PPCO centrifuge bottle (Thermo Scientific, 3120-0250) and centrifuged at 10,000 g at 4 °C
for 30 min in a Sorvall RC 6+ centrifuge (Thermo Scientific) with the Fiberlite F14-6 x 250y fixed angle
rotor (TWtific, 78500) and the supernatant containing phage was collected. To purify the
phage, 20 mv) PEG8000 (Sigma Aldrich, 89510) and 10 mL 5M NaCl (Sigma Aldrich, S3014)

were adde lected phage solution. The phage mixtures were incubated at 4 °C for 24 hr
and them cemtmifuged at 20,000 g at 4 °C for 30 min. After gently removing the supernatant, the
phage—PEGWcipitations were re-dispersed vigorously in 2 mL of 1X TBS buffer (Sigma Aldrich,
T5912 dilu 18Rinto DI water). To remove cell debris and extra PEG/NaCl, the solutions were
transferre hilled 2.0 mL microcentrifuge tubes (VWR, 20170-170) and centrifuged at 15,000
r.p.m. at 30 min in a refrigerated benchtop Eppendorf Centrifuge 5424R (Eppendorf,

540400138)%8nd ¥Ae supernatants were collected and hereafter referred to as the “phage solution”.

This protoco! was}ed for the data shown in Figures 1 and 2.

Transmissigon Microscopy. A 10 puL aliquot of phage solution was deposited on a 200-
mesh forrrmon—coated copper TEM grid (Electron Microscopy Sciences, FCF200-Cu). The spot
o

was allowe for 3 min and then the excess liquid was removed using a Kimwipe. The phages
were st sing 10 uL of 1% uranyl acetate alternative (Gadolinium Triacetate, Ted Pella, 19485)
that is depgsi on the TEM grid and allowed to rest for 20 min. The excess stain solution was
remove mwipe. High-resolution TEM (JEOL 2010) was performed at 200 kV accelerating
voltage (Electron Microscopy lab at the Center for Materials Science and Engineering CMSE, MIT).
The image llected at 15000x magnification for lengths EP330a to EP52800.6 and 10000x
maghnificatj @ ngths EP66000d to EP19800a8. To quantify phage length, the TEM images were
analyzed ustigai¥age) software. For each phage the line was manually drawn along the phage, and
then tm’ command was used to measure the line length. The histograms were drawn by
rando 198 phage particles produced from phagemids EP475, EP1960, EP475a, EP475af3,

EP4750LM5(18 and the remaining histograms were drawn by randomly sampling 99 phage

< This article is protected by copyright. All rights reserved.
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particles. The experiments were performed as three replicates where bacterial growth was initiated

on different days and even numbers of phage particles were selected from each replicate (e.g., the

99 partiWom 3 replicates and 33 particles from each replicate).

Q.

Dynamial ightsSeattering. Dynamic light scattering was performed using a cuvette-based DLS
instrumenMTechnology Corporation, DynaPro NanoStar). A 450 ulL aliquot of phage solution
was pipettg® in plastic cuvette (Eppendorf, 952010069) and the hydrodynamic radius <R*> of

d [103]

phage was ed. The persistence length P was calculate considering <R*> and the phage

length L, agfOr, 0 <R = 2LP - 2PY(1 - &™),

Phage—to—o;/orkflow. To construct the 1,200 strains, 60 phagemids and 20 helper

plasmids vire mixed in a 96-well PCR plate (Thermo Scientific, AB-800) using the Echo 550 acoustic

liquid han
E. coli Xlemnt Technologies, 200249 or made in our laboratory) was added to each well
ntis

using a Ma
shock t at 42 °C for 35 s. Cell mixtures were recovered using 70 pL of SOC outgrowth media
(New Engl abs, B9020S) added using a Bravo automated liquid handling platform (Agilent).

After incubating at 37 °C for 60 min, the cells were transferred to 24 channel LB/agar trough plates

yte) and the Echo Cherry Pick software. A 10 pl aliquot of chemically-competent

id handler (Formulatrix). A thermocycler (Bio-Rad C1000 Touch) was used to heat

(Analytical Sales and Services, Inc., 47025) with ampicillin and kanamycin using a Hamilton Microlab
STAR liqui g system (Hamilton). The plates were incubated at 37 °C for 2 days. The single
colonies w, m lated in 96 deep well plates (Southern Labware, 503501) (in 1.3 mL of 2xYT

media (BD ences, 244020)) using Rapid Complete Colony Picker (Hudson Robotics) and
incubazﬁ and 250 r.p.m. overnight in a Multitron Pro shaker-incubator (INFORS HT). To
remov , the 96 deep well plates were centrifuged at 4,000 g and 4 °C for 30 min in a

Sorvall Mcentrifuge. A 700 pL aliquot of supernatant was transferred to another 96 deep
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well plate and mixed with 200 pL of 50% (w/v) PEG8000 and 100 pL of 5M NaCl using the Hamilton
Microlab STAR liquid handling system (Hamilton). The cell mixtures were incubated at 4 °C for 24 hr
in a refWe 96 deep well plates were centrifuged at 4,000 g for 30 min and then the
supernata moved gently. The phage-PEG/NaCl pellets were re-dissolved in 100 pL of DI
water, addmamilton Microlab STAR liquid handling system (Hamilton). To remove debris,
the 96 wie|mplatesmwere centrifuged at 4,000 g and 4 °C for 30 min in a Sorvall Legend XFR centrifuge

and 50 uL Mernatant were transferred to a new 96 deep well plates using Hamilton Microlab

STAR liqui n system (Hamilton).

SG

Aerogel synthesis: The protocol was adapted from one previously published[szl. Briefly, for each

sample, a 50 pL uot of 0.02 wt% of phage was pipetted onto a hydrophobic printed well slide

]

(Fisher Sci , 12-580-23) using the Microlab STAR liquid handling system (Hamilton). The slides

were heat@d at 55 °C for 30 min to concentrate the phage solution through evaporation. Three-

I

dimensional gel'networks were formed at 0.08 wt.% of phage. The slides were lyophilized for 30 min

in a freezel@ry bconco) for 30 min to transform the gel network into an aerogel.

a

Scanning icroscope. Sample slides were first coated with thin Au films using an

M

Au sputter coater in a vacuum (Quorum Technologies, SC7640). SEM images were obtained at

randomly chosen locations using SEM (JEOL 6010 LA, JEOL) with a tungsten lament. The beam

|

voltage wa 0 kV and samples were investigated in secondary electron imaging (SEl) mode.

Atomic Fo ICroscope. A Veeco Dimension 3100 AFM was used with a four-sided pyramid

RO

contact tilever tip (Bruker, MLCT, k = 0.01 N/m). After indentation of AFM tip to the

surfaces

[

s, Ni nanofoams and Ni—-MnO, cathodes, the force-displacement curves were
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obtained. E is calculated using the Hertzian model, F = E (1-v?)}(tan a)2°°8%, where F is total force,
v is Poisson’s ratio (0.5 for phage-aerogeI[BG'Bn, 0.30 for Ni nanofoams!™*® and 0.27 for Ni-MnO,

cathode% edge angle of cantilever tips (15.0° for MLCT AFM tips), and & is total

displacem ach sample, five data points were measured at the different positions and then
averaged t ng’s modulus.
H I
Phage prommd purification for metal nanofoams. The protocol differs slightly than that
r

described the production of nanofoams. After phagemid/plasmid co-transformation and
overnight Mthe single colonies were inoculated in 700 mL of LB media with ampicillin and
kanamycin wn in 2,800 mL Erlenmeyer flasks (Sigma-Aldrich, CLS44202XL) at 37 °C and 250
r.p.m.in amnswick Innova 44 shaker-incubator overnight. The cultures were transferred to a
1,000 mL PCO centrifuge bottle (Thermo Scientific, 3120-1010) and centrifuged at 10,000 g
at 4 °C fom in a Sorvall RC 6+ centrifuge with a Fiberlite F10-4 x 1000 fixed angle rotor

(Thermo S , 096-041053), after which the phage supernatant was collected. To purify the

phage, 20( 0% (w/v) PEG8000 and 100 mL 5M NaCl were added to the phage supernatant.

ations were re-dispersed vigorously into 7 mL of 1X TBS buffer (each bottle). All re-
dispersed phage mixtures were transferred to 100 mL round media storage bottles (Corning, 1395-
100). As a

collected tion. The phage mixtures were incubated at 4 °C for 24 hr and then divided into
le

ication step, 12 mL of 50% (w/v) PEG8000 and 6 mL 5M NaCl were added to the

two samp ansferred to Nalgene high-speed PPCO centrifuge tubes (Thermo Scientific, 3119-
0050PK) a ifuged at 20,000 g at 4 °C for 30 min in a Sorvall RC 6+ centrifuge with the Fiberlite
F21S-8 ngle rotor (Thermo Scientific, 46923). After gently removing the supernatant, the

resultinwlets were re-suspended in 2 mL of 1x PBS buffer (Gibco, 10010023). To remove
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cell debris and excess PEG/NaCl, the solutions were transferred to pre-chilled 2.0 mL microcentrifuge
tubes and centrifuged at 15,000 r.p.m. at 4 °C for 30 min in a refrigerated benchtop Eppendorf
Centriquhe supernatants were then collected, which contained ~10* phage/mL.

Q.

Measurementmefghoge concentration, weight, and titer. The concentration of the phage

solution Mmined by measuring the OD at 269 nm and OD at 320 nm using an UV-Vis
spectrophm(Nanodrop, ND-1000). The difference between ODysonm and ODzygnm reflects the

absorbanc e particles at 269 nm™*°\. The concentration c is calculated using Beer’s law (c =
A ') wh ithe absorption (OD,e — OD3y0), € is the extinction coefficient of phage at 269 nm
(3.84 mL m 101 and 1 is the light path of the UV-Vis spectrophotometer (1 mm). The phage

mass was calcula by multiplying the concentration by the volume of phage solution. The number
of phage pmw

molecular Seigst of wild-type M13 phage (1.64 x 10’ g mol™)™* and N, is Avogadro’s number (6.02

x 10”2 mol
wild-type me final equation for number of phage particles per volume was calculated based
on the folloWin uation: (OD,g — OD320) X 6 x 10™® / (number of DNA base). The phage titer was

calcula ividing the phage number by the culture media volume.

as derived from the concentration ¢ using cMW p.ee 'Na™" where MW, is the

molecular weight of M13 phage is proportional to ssDNA (6407 bases for the

Fabrication_of phage-templated cathode. Metal nanofoam current collectors were

synthesizehg a procedure previously described, with the following modifications'*®. The 10"

phage parti solution in PBS buffer was prepared as described above. Substrates for electrode
samples w ed by immersing electrode spacers (Pred Materials International, SUS316L) in 18
M sulfuric R, 470302-872) for 30 min followed by thorough rinsing with DI water. Substrates
for addﬂles were prepared by cutting glass slides into 0.5 cm?” chips and treating with

ozone (Hsure) for 10 min. To crosslink the phage, 10 pL of phage-PBS solution was

-
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pipetted onto the substrate and enclosed in a polypropylene chamber (1 L volume) with 20 mL
excess DI in order to maintain humidity for 4 hr. Samples were then removed and allowed to sit in
0.2 mL Wldehyde (Sigma Aldrich, 340855) under ambient conditions for 8 hr in order to
evaporate iquid. These samples were rinsed 3 times with DI water in order to remove
glutaralde)&es were sensitized for 30 min using 10 mM tetraamminepalladium chloride
solutionm(Sigmmamdldrich, 323438), and rinsed three times with DI water. The nickel electroless
deposition ion was made in a 2,000 mL glass bottle (VWR, 10754-822) by first mixing 1,000 mL

[

of DI wat itA4Y.17 g sodium DL-lactate (Sigma Aldrich, L4263) and 20.93 g 3-(N-morpholino)

G

propanesu id (MOPS, Sigma Aldrich, 69947) and adjusting the pH to 7.0 using sodium

hydroxide Idrich, S8045). Nickel sulfate hexahydrate (Sigma Aldrich, 227676) (8.411 g) was

3

added and oWed by stirring, followed by the addition of 3.948 g borane dimethylamine (Sigma

Aldrich, 18 . Samples were exposed to the electroless deposition solution for 45 min, followed

t

by rinsing es with DI water. The sample is then dried under ambient conditions.

Depositionf aneseoxide active material. An electrodeposition solution of 0.1 M

all

manganese ‘acet@e (Sigma Aldrich, 221007) and 0.1 M sodium sulfate (Sigma Aldrich, 239313) was
prepar ept in a glass bottle. Nickel current collectors were fabricated as described in the

previous s d then heated in air in a small box furnace (MTI Corporation, KSL1200XIJF, 6 °C /

M

min ra by holding at 350 °C for 30 min). The nickel current collectors were weighed
following heating. The back of the sample was covered with Kapton tape (Uline, S-11730) in order to

block dep

£

he sample, Pt counter electrode (Millipore Sigma 298093) and reference

electrode BASi MF-2052) were placed in a 3-electrode setup using 50 mL of deposition

O

solution. El osition was performed using a potentiostat (BioLogic VMP3) by maintaining -1.8

V versus t r electrode for 15 min (-1.0 V versus reference electrode). Samples were then

i

washe using DI water, allowed to dry and heated in air in a box furnace (6 °C min™

{

ramp fo holding at 350 °C for 30 min). As-deposited manganese hydroxide films were
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golden brown and turned black upon conversion to manganese oxide during heating, forming the
Ni—MnO, electrode. The nickel current collector weight was subtracted from the final weight of the

Ni—MnOMsamples in order to determine the active material mass.

Q.

Calcula.')r_ity. The porosities of nanofoams were calculated from SEM images.
Grayscale i ere loaded into FlJI/Imagel) and processed using the thresholding function (Image
> Adjust > ). The B&W setting was selected such that nanofoam struts would appear white
and the bud would appear black. The ‘Auto’ setting was used to automatically choose a

thresholdi that typically divided a bimodal brightness distribution between a bright

SC

foregroun d @dark background. Following thresholding, the resulting average pixel value was

measured (wit lyze > Set Measurements, select Limit to threshold setting enabled, the average

€

pixel brig as measured with Analyze > Measure). This pixel value was divided by the

maximum Prightness of 255 to achieve the fraction of the image occupied by nickel nanowires on a

N

scale of 0 which 1 is 100% strut and zero porosity). The porosity was calculated by

subtractin e from 1. This analysis was performed on images from each condition, and the

g

average porosi s calculated from these values.

M

Battery Electrochemical cycling tests were performed in CR2016 coin cells (Pred

Materials International) assembled in an Argon glovebox (Mbraun; Airgas AR UHP300). Biotemplated

T

Ni—MnO,

samples w &

Sigma Aldrie 11) was added. Two pieces of 11/16” diameter separator (Celgard 3501) and a

samples were dried overnight under vacuum at 80°C for use as cathodes. These

d on the coin cell casing spring and 30 L electrolyte (1M LiPFg in 1:1 EC:DMC,

9/16” dia ce of Li foil (Alfa 15424745) were added and the coin cell was sealed using a

h

digital trolled crimper (MTI, MSK-160E). Samples were removed from the glovebox and

electroc

[

ycled using a potentiostat (Biologic VMP3). For cycling tests, the rates were
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calculated using the active material mass measure and using a theoretical capacity of 147 mAh/g.
Samples were charged to 4.4 V, and then discharged at varying rates (Supplementary Figure 10) to a

lower VW of 2 V. During cycling, discharge at a given rate was performed for up to 6 cycles
(Suppleme igure 12). The measured specific capacity at a given rate was the total discharge
capacity o ge range divided by the active material mass. Three cycles were performed at

each rate amelmawenaged to calculate the discharge capacity.

[
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a Genetic engineering of Uniform phage Engineered

f1-oris in a phagemid production Length Control Stiffness Control phage
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Figure 1. Production of uniform phage of a defined length. a) The steps for the production of
phage are shown. The black triangles show the position of fl-oris in the

phagemid.®he phage length (/) and stiffness (s) were controlled by tuning number of DNA between

-
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engineered fl-oris and mutating one amino acid on pVIll, respectively. b) Engineered phagemid for
the production phage of different length (Supplementary Table 1). The X in the phagemid name
provideM (number of bp) of the ssDNA. The red and blue arrows show the short (long)

sequences to the correct (incorrect) phage. The labels for the modified initiator (f1-a.) and
terminator, equences are as described in the text. c) The phage length distribution

obtainedl frommmthe unmodified initiator and terminator (EP475). The data are from three

1

experimen med on different days, combined into a single distribution (N = 198). The

histogram @as drawn using the bin width of 10. The percent was calculated as the fraction between

&

50 nm and (510 nm and 730 nm). d) An example TEM image showing a phage of correct

length (redf”a correct length (blue). e) The length distribution obtained from the modified

S

initiator and*terminator (EP47500). The data are from three experiments performed on different

days, combined infp a single distribution (N = 198). The histogram was drawn using the bin width of

U

10. f) An eX e TEM image showing the phage produced by EP47500 (representative example

shown in tRe bracket).

f
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Figure 2. Independent control of phage length and stiffness. a) The set of phagemids are shown with
different lengths of ssDNA (numbers are bp). The detailed plasmid map and DNA sequences are
provideWnentary Table 2 and Supplementary Figure 14. b) The length distributions are
shown for agemid. The data were collected from three replicates, performed on different
days, and &create a single distribution (N = 99). The histogram was drawn using the bin
width ofs5@mRepmesentative TEM images are shown four phagemids; yellow highlights the length of

the largest ) The relationship between mean phage length and ssDNA length. The mean is

calculated f#fém Wistributions obtained from three replicates performed on different days and the

C

error bars andard deviations of these means. d) The helper plasmid is shown along with the
location offpVj d the Y21 mutation (the X in the name is the amino acid at position 21). The
sequence d&tiled plasmid map are provided in Supplementary Table 1 and Supplementary

Figure 14. e) Th&phage persistence lengths measured for pVIlIl mutants (using EP475a0). WT

S

indicates t o acid at position 21 of wild-type pVIIl. Data are the means of three replicates

performedfon different days and the error bars are the standard deviations.

£
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a
Mix phagemids and  Pipette cells and Plate cells Phage culture  Deposit phage
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Figure ﬁoughput production and characterization of aerogels. a) Steps of the high-

throughput production of aerogels. Details are provided in the Methods and Supplementary Figure 6.
The first ssE involves the mixing of different phagemids (P) and helper plasmids (H) to control

length and pess, respectively. The high-throughput equipment used for each step are shown

under the @ Representative SEM image of the phage-aerogel made from EP475a.6 and pViIll
Y21A using igh-throughput protocol. c) Force-displacement plot of raw AFM data are shown for
an aerogeNmade from EP6600d and pVIII Y21A. The Hertzian model is used to calculate E by
measuri and displacement (8). d) Three hundred samples are shown from the 1,200

phagemid/, asmid combination. Top to bottom (pVIII): A, D, M, Y, and G. Left to right, all 60
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phagemids are shown. The data are representative of a single screen. e) The impact of length on
Young’s Modulus is shown. Each data point is the mean E for the five pVIIl mutants shown in part d. f)

The im tence length on Young’s Modulus is shown. Each data point is the mean E for the

{

sixty lengt in partd.

P
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Figure 4. Characterization of Ni-MnO, nanofoam cathodes. a) An overview of the fabrication process
is shown (Methods). The additional peptides EEAE were attached on pVIIl proteins. Engineered
phages Mnked the glutaraldehyde (red) to form hydrogels. The samples were sensitized
with tetraa alladium chloride (green). The Ni** ions (orange) were integrated to synthesize
phage—tem&nofoams. After deposition of manganese oxide (purple), the phage-templated
cathodes wensemfabricated. b) TEM images of cathodes synthesized using different lengths of
engineerem ¢) Nanofoam porosity is shown as a function of the phage length used as a
scaffold. F@data point, SEM images were taken at three randomly-chosen positions in a

sample. PorQsi s calculated from the image as described in the Methods. The error bars are the

standard i of these measurements. d) Schematic of battery testing apparatus (Methods)

S

and the ca ti®n of the nominal capacity. e) Capacity dependence on the phage length used to

create the nanof@am. Samples were charged to 4.4 V and discharged at varying rates to 2 V

U

(Suppleme ure 10). Three cycles were performed at each rate and averaged to calculate the

discharge €apacity. The error bars are the standard deviations of these measurements. f) The

£

Young's m e cathodes are shown as a function of phage length.
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A genetically engineered phagemid system generates uniform M13 phage with controllable length

and stiffness. The engineered phage are utilized as templates for synthesis of metal nanofoams (Ni-
|

MnQ,), used as cathodes in Li ion batteries. By changing physical properties of M13 phage, the

y A
electrochemical and mechanical characteristics of the Ni-MnO, cathode can be controlled. This is

applied towards identifying optimal cathodes to be used for structural batteries.
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