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Here, we demonstrate a chemical modification strategy to create
biomaterials of the M13 bacteriophage with extraordinary thermal
stability, and high compatibility with non-aqueous ionic liquids. The
results provide a blueprint for developing soft materials with well-
defined architectures that may find broad applicability in the next
generation of flexible devices.

Soft materials, gels and polymer-melts, are increasing in
popularity, most notably in the emerging fields of
bioelectronics?!, soft robotics?, and wearable sensors3. As these
fields develop, the requirements for increasing complexity
within these systems introduces challenges in maintaining their
attractive properties. The lack of order within soft materials —
essential for flexibility — is a significant hurdle to the
introduction of complexity. Utilization of biomolecules —
proteins, viruses, and DNA — can provide local hierarchical order
without impacting global disorder
(macroscale structure). lonic liquids, organic salts with melting
points typically below 100 °C, are a relatively new class of
solvent with a range of tuneable and desirable properties such
as negligible vapour pressure, ionic conductivity, and broad
chemical and thermal stabilities. Despite the powerful
combination of programable scaffolds and unique solvent
capabilities, to date, there are no examples of soft materials
comprising of functional biomolecules and ionic liquids. Such
materials could have advantageous properties for interfacing
biology with artificial systems.
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Solvent-free biofluids are a new class of material where surface
modification of proteins allows for a liquid phase in the absence
of solvent.*8 These have been shown to preserve biomolecule
structure®8? and enzymatic function’ in the absence of water,
and importantly, stability.*
Recently, we demonstrated that this biotechnology can be used
to solubilize and stabilize proteins in ionic liquids.1%11

significantly enhance thermal

M13 is a filamentous bacteriophage with an extraordinary
aspect ratio, with a length of ca. 900 nm and width of ca. 6 nm.
Furthermore, it has been used as a versatile, and genetically
engineerable, template for a number of nanomaterial
assemblies.’>714 As a result, it is an ideal archetypal building
block for future bio-based devices that sit at the interface of
materials and biology. Here, we demonstrate for the first time
a thermally robust biofluid of the M13 bacteriophage that has
retained structural integrity and high compatibility with
anhydrous ionic liquids.

Solvent-free biofluids of M13 filamentous bacteriophage ([C-
M13][S]) were prepared using established methods optimised
for the larger dimensions of the bacteriophage construct (see
Supplementary Information)%1>1¢_ Nanoconjugates of M13 and
S; and S, were formed by electrostatic complexation to C-M13
to yield [C-M13][S,] and [C-M13][S,], which had surfactant:p8
coat protein ratios of 19:1 (Fig. 1a). Synchrotron radiation
circular (SRCD) spectroscopy (Fig. 1b)
deconvoluted to show that the a-helicity of the p8 coat protein
increased from 25 % to 49 % upon formation of the
nanoconjugate (Fig. 1b, Sl Table 1). Remarkably, dynamic light
scattering measurements (Fig. 1c) indicated that this increase in

dichroism was

secondary structure did not relate to a change in the overall
quaternary structure of the virus, an observation confirmed by
the presence of filamentous structure by transmission electron
microscopy (TEM, Fig. 1d).

Solvent-free biofluids of [C-M13][S]
freezedrying the nanoconjugates to remove all water, followed

were obtained by
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Flgure 1. (a) UV/Vis spectrum of aqueous [C-M13][S,] 1{1 .8 mg.mL) showing a M13 concentration of 0.6 mg.mL" indicating a surfactant:
or reference. (b) SRCD spectra of aqueous M13 (black) and [C- M13][52]] (redg) (c

measured by DLS) for aqueous M13 (black), C-M13 (red), and [C-M13 lu
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by annealing at 80 °C to form off-white homogenous waxy
liquid-like materials. Differential scanning calorimetry (DSC)
measurements (Fig. 2a) showed thermal transitions for both [C-
M13][S1] and [C-M13][S,] that were distinctly different from
those of the pure surfactant (SI Fig. 1), indicating that the
obtained biofluids were pure liquid phases of M13. Both [C-
M13][S4] and [C-M13][S,] displayed similar thermal transitions,
most notably being the presence of a second melting transition
at 58 °C (Fig. 2a). This was most prominent for [C-M13][S,], and
suggested that there were 3 distinct phases. The first — a
transition between solid and a liquid crystal phase occurring at
27 °C, followed by a second — a transition between a liquid
crystal phase and an isotropic fluid phase at 58 °C. Temperature
dependent wide angle X-ray scattering (WAXS) was used to
probe the surfactant corona around the bacteriophage in
response to the different phases. Profiles for [C-M13][S,] (Fig.
2c) showed distinct peaks at 1.34 Al and 1.61 A%,
corresponding to separations of 4.7 A and 3.9 A respectively.
These were consistent with PEG-PEG and alkyl-alkyl chain
interactions between surfactant molecules in the solvent-free
biofluid. These peaks persist between 0 and 50 °C, albeit with
diminishing intensity, indicating increasing disorder within the
system going from the solid phase to the liquid crystal phase.
Above 60 °C however, these peaks are completely absent,
replaced by a single broad feature at 1.37 A1 (4.6 A), indicating
the absence of any crystallinity. Attenuated total reflection
(ATR) FTIR was used to confirm retention of a-helical structure
of the phage in the solvent-free biofluid (Fig. 2b). Amide | and Il
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peaks at 1655 cm™ and 1545 cm! respectively confirmed this
was the case for both [C-M13][S,] and [C-M13][S,].

Our previous studies on solvent-free biofluids of small proteins
and enzymes has shown that they had both high thermal
stability, and good compatibility with ionic liquids. Here, we set
out to demonstrate that this was also possible for biofluids of
significantly larger biological constructs (um vs. nm). SRCD of [C-
M13][S,] in the solvent-free fluid and when dispersed in (UV
clear) ionic liquids (Fig. 3a) showed spectra that was consistent
with significant a-helical structure, indicating that secondary
structure was maintained under these anhydrous conditions
(Fig. 3a, SI Table 1). Specifically, spectra deconvolution
estimated a-helicity at 42 % in solvent-free state, 39 % in
[ompyrr][OTf], 40 % in [bmpyrr][MeSO,], and 44% in
[bmpyrr][NTf,]. These values were broadly in line with that of
[C-M13][S,] in aqueous solutions (49 %).

Small angle X-ray scattering (SAXS) was used to investigate the
quaternary architecture of the virus in the solvent-free biofluid
and ionic liquids. SAXS plots for [C-M13][S,] in the solvent-free
state, and in [bmpyrr][OTf], [bmpyrr][MeSO,], and
[bmpyrr][NTf,] all showed features at 0.082 Al and 0.15 A1,
corresponding to separation distances of 80.0 A and 41.7 A
respectively. These distances were consistent with centre-
centre correlations between neighbouring phage molecules in
concentrated liquids, and the internal diameter of the phage.
Crucially, the persistence of the internal phage diameter (ca. 4

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a) DSC thermogram showing heating and cooling cycles of [C-
M13][S,] (black) and iC—M13][S ] (red). First cycles were discarded to account
for thermal history of the sampzles. (b) ATR-FTIR spectrum showing amide I/l
region for [C-Ml?J[Sl] (black), and [C-M13][S;] (red). (c) WAXS profiles for [C-
M13][S,] recorded at 0 °C (black), 30 °C (red), 50 °C (blue), and 60 °C (green).
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nm) indicated that global phage structure was maintained in the
solvent-free biofluid, and in ionic liquids (Fig. 3b). Temperature
dependent SAXS was used to investigate the thermal stability of
the modified phage in solvent-free biofluids (Fig. 3c) and ionic
liquids (SI Fig. 2). Increasing the temperature from 0 °C to 90 °C
had no significant impact on the dimensional features observed
in the SAXS plots for solvent-free liquid [C-M13][S,] (Fig. 3c,d).
At temperatures above 90 °C, the feature at low q (0.082 A1)
broadens and shifts to lower g at 150 °C (0.044 A1), indicating
an increase in the phage-phage separation in the biofluid from
80.0 A to 143.9 A, consistent with increased disorder within the
biofluid at higher temperatures. The feature at higher q (0.15 A
1) attributed to the internal diameter of the phage (41.7 A),
however, remained constant up to 160 °C (Fig. 3c,d). This
indicated that macromolecular architecture of solvent-free
liquid phage was incredibly thermally robust, an important
feature for future applications.

Temperature dependent SRCD (S| Fig. 3a) confirmed high
thermal stability of the solvent-free phage biofluid with respect
to secondary structure. Using a two-state model of
denaturation, a plot of fraction denatured (Sl Fig. 3b) indicated
a half denaturation temperature (7,,) of 184 °C. This was an
increase in thermal stability of almost 100 °C compared to the
aqueous nanoconjugate (86 °C, Sl Fig. 4). In broad agreement
with the SAXS data, the folded state of solvent-free [C-M13][S,]
was maintained up to 150 °C, with denaturation occurring as the
temperature increased further. This demonstrated that the loss
of the internal diameter of the phage was concomitant with a
loss in secondary structure. As such, it was clear that both
secondary, tertiary, and quaternary structure of the M13
bacteriophage had been maintained and significantly enhanced
in the absence of solvent.

Given the high thermal stability of the phage biofuid, and the
maintained structure of [C-M13][S,] in ionic liquids (Fig. 3a,b),
temperature dependent SAXS profiles (Sl Fig. 2) were used to
assess thermal stability of [C-M13][S,] in ionic liquids. Similarly
to the solvent-free case, thermal robustness of [C-M13][S,] was
also evident when dispersed in ionic liquids. Specifically, the
phage internal diameter remained a constant 41 — 458 in
[bmpyrr][MeSO,], [bmpyrr][OTf], and [bmpyrr][NTf,] up to 150
°C, 200 °C, and 170 °C respectively (SI Fig. 2). Comparable to
what was observed in the solvent-free biofluid, this showed that
the architecture of the M13 bacteriophage could not only be
maintained in the non-aqueous environments, but at high
temperatures also. This demonstrated further the applicability
of phage biofluids, where thermal robustness was translated in
both hydrophilic and hydrophobic ionic liquids. As such,
solvent-free biofluids have rich potential in delivering and
stabilizing filamentous bacteriophage to anhydrous ionic liquid
media. The maintained structural fidelity of the virus in the
absence of water and at high temperatures, demonstrates how
genetically programmable functional scaffolds may be
incorporated into future advanced soft materials.

In conclusion, we have shown for the first time, that chemical
modification of the M13 bacteriophage can yield a solvent-free
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biofluid that is compatible with both hydrophilic and
hydrophobic ionic liquids. The secondary and quaternary
structure of the phage was maintained in the anhydrous
environments as evidenced by SRCD, SAXS and TEM.
Significantly, thermal stability was greatly enhanced compared
to aqueous solutions, with phage structure persisting in the
solvent-free liquid and ionic liquids up to 150 °C. As a result, we
demonstrate a new biomaterial for introducing M13
bacteriophage as a high aspect ratio, genetically encodable, and
chemically functionalizable building block in non-aqueous
environments. Where retained quaternary structure of the
virus provides a highly organised scaffold within an ionic liquid
environment. Therefore, these results provide the basis for the
creation of a new class of soft materials with well-defined
nanoscale architectures, high thermal robustness, and
expanded versatility with respect to material environment.
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