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Robust Virus Fibers**
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Angela M. Belcher*

Despite the increasing need for material multifunctionality
in optical and semiconducting fibers, antimicrobial textiles,
molecular-filtration membranes, and other applications, the
production of functionalized fibers has posed a challenge in
materials science and engineering. Here we report the design
and synthesis of fibers with genetically controllable and func-
tionalized surfaces using M13 filamentous viruses (or bacter-
iophages). This work applies genetic engineering, chemical
conjugation, and biotemplating methods to produce continu-
ous fibers of centimeter-scale length and micrometer-scale
diameter from nanometer-scale virus scaffolds. In addition,
we find the virus fibers to be mechanically comparable to syn-
thetic homopolymer fibers. The tunable functionalities and
mechanical properties of the virus fibers show the promise of
these high-aspect-ratio structures as useful materials for var-
ious applications including detection, catalysis, energy storage,
and power generation.

Increasing demand for tuning the molecular dimensions,
structures, and functionalities in nanoscience has driven the
search for materials with precisely controllable properties. Fi-
bers are currently used in energy and electronic applications
to obtain high energy density, energy capacity, and transporta-
tion efficiency, which may all be further improved by using
nanostructured materials."™ Synthetic polymers are com-
monly used as fiber materials;>® however, as it is difficult to
produce varied functionalities on a single-fiber surface, syn-
thetic polymer-based fibers often lack functional versatility.
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Surface modifications of synthetic fibers usually require multi-
step chemical modifications and/or expensive enzyme treat-
ments.["! In addition, because of the lack of control over
molecular structures and conformations, mixing incompatible
functionalities in a material often leads to disorganized struc-
tures at the molecular level or to micro- to macroscopic phase
separation, resulting in unintended or defective functionalities
in the fiber surface.

Consequently, biological macromolecules such as DNA,
proteins, and micro-organisms (e.g., virus and fungi) have
become key material-design components because of the inher-
ent nanoscale control of molecular functionalities and struc-
tures.'04 In nature, functionalities and hierarchical struc-
tures of fibrous proteins are precisely controlled by DNA and
widely used to construct strong and functional fibers such as
spider silk!>7l and collagen.!"8! However, these natural pro-
teins are already highly evolved for specific functions, and it is
difficult to engineer new design parameters into them. By
adopting and combining the principles of fabrication found
both in nature and in laboratories, we can design the building
blocks with desired functionality and structural hierarchy at
the nanometer level and further assemble these building
blocks into continuous, mechanically robust fibers.

Here we employ the M13 filamentous virus as a genetically
controlled organic building block. M13 bacteriophage has a
high aspect ratio with a length of about 880 nm and a diame-
ter of 67 nm. Its hierarchical structure and functionalities are
genetically controlled by the single-stranded viral DNA
packed within the bacteriophage. The virus displays about
2700 copies of pVIII major coat proteins along its longitudi-
nal axis, with functionalities that can be altered via modifica-
tion of the viral genome. For example, the virus can be
modified to display peptides, which are capable of binding,
nucleating, and organizing specific inorganic materials.'*?
To select a suitable peptide for mediating a specific material
interaction with a virus template, an evolutionary screening
process called biopanning is commonly used. This technique
has been used to identify peptides that assist to produce me-
tallic (e.g., Au) and semiconducting (e.g., ZnS) virus-based
nanoarchitectures including nanowires and nanoparticle ar-
rays.|'*?24 Additionally, M13 contains various chemical func-
tional groups, which can be genetically programmed to be ex-
pressed on the pVIII proteins of the virus and are chemically
accessible to a variety of reagents.[zsl Thus, an M13 virus can
be chemically and genetically modified to obtain desired func-
tionalities.
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The ease of modifying M13 makes this virus an attractive
platform for the growth and assembly of a variety of materi-
als. At sufficiently high concentrations, M13 viruses behave as
lyotropic liquid-crystalline mesogens and self-organize to
form micrometer-scale long-range order in aqueous solu-
tions.?*?"l The liquid-crystalline property of M13 is driven by
its high aspect ratio and anisotropic polarity. Inspired by the
synthesis routes and properties of natural fibers,”! we used
viral liquid-crystalline solutions to fabricate virus-based
fibers.””! Here, our goal was to fabricate genetically function-
alized fibers by spinning engineered M13 viruses. We demon-
strate two routes to fabricate two different virus-based func-
tional fibers: i) biotemplating the viruses with desired
functionality before spinning the viruses into fibers; and
ii) spinning evolutionally selected and genetically modified
viruses into fibers or outer sheaths of fibers for subsequent
biotemplating.

For the former case, we chemically conjugated amine-termi-
nated cadmium selenide quantum dots (QDs) to M13 virus
templates via the carboxylic acid side groups displayed on the
pVII proteins. A continuous fiber of micrometer-scale diam-
eter (microfiber) was created through a wet-spinning process
where a concentrated QD-conjugated virus solution was spun
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vertically into 2.5 % glutaraldehyde solution at a constant rate
(see Experimental). The virus fibers containing QDs emit red
light under exposure to UV light (Fig. 1a and b). This demon-
strates that conjugated QDs can be retained in virus fibers
after the wet-spinning and washing processes. These QD/fiber
assemblies may serve as optical devices and advanced sen-
sors.”"l To adjust the optical performance of a virus fiber, in-
creasing the displayed copies of carboxylic acid side groups on
pVIII proteins may result in relatively higher quantity of QDs
to be conjugated to the virus. To demonstrate this surface tun-
ability, a genetically engineered glutamate (Glu)-rich virus,
named E4, was used for QD conjugation. This virus contains
four Glus and one aspartate (Asp) in the outer six amino acids
at the N-terminus of the pVIII protein. Compared with the
wild-type M13KE virus (New England Biolabs, Inc), E4 has
two additional Glus in the outer part of each pVIII protein
and therefore exhibits increased conjugation of amine-termi-
nated QDs (Fig. 1c). This experiment demonstrates that
genetic engineering is essential to improve or tune the bio-
templating properties.

For the latter fabrication route, we demonstrated the capa-
bility of surface-functionalized M13 virus to construct self-
supported or composite functional fibers for subsequent bio-
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Figure 1. Images and schematic design of chemically and genetically engineered functional fibers. a) Fluorescence microscopy image of E4 virus (a ge-
netically engineered glutamate (Glu)-rich virus) fiber conjugated with QDs excited by using UV light. b) Under exposure to UV light, virus fibers conju-

gated with QDs emit red light (left) and nonconjugated virus fibers emit blue light (right). ) The E4 virus (left) shows a relatively higher intensity of

light emission than the wild-type M13KE virus (right) after QD conjugation and purification. d) Schematic illustration of an inserted DNA sequence
displaying specific peptides (orange) along the M13 virus that is spun into a fiber with the desired surface functionality.
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templating of gold. The peptide sequence Valine-Serine-Gly-
cine-Serine-Serine-Proline—Aspartate-Serine (Val-Ser-Gly—
Ser-Ser—Pro-Asp-Ser), termed p8#9, was selected from
screening a type 8 bacteriophage library on gold substrates.
Genetically modified M13 virus containing p8#9 peptides has
been shown previously to act as a template for growing gold
nanowires and gold nanoparticle arrays.m Through genetic
engineering, bacteriophage building blocks provide flexibility
in designing and modifying the fiber surface (Fig. 1d).

Continuous microfibers were produced using the same wet-
spinning process described above. After the virus fibers were
rinsed with water to remove unreacted glutaraldehyde, gold
nanoparticles were directly nucleated from aqueous Au’** so-
lutions upon reduction with NaBH,, resulting in nanoparticles
which bound specifically to the engineered virus fibers at
room temperature. The fiber surface and the distribution of
biotemplated gold on the virus fibers were analyzed using
scanning electron microscopy (SEM) and energy-dispersive
X-ray (EDX) imaging. The homogeneous coating of gold
nanoparticles on the genetically functionalized p8#9 fibers in-
dicates the correct presentation of functionalities on the virus
fiber surface (Fig. 2a).

To demonstrate the specificity of this gold-binding ability
on genetically engineered M13 virus fibers, fibers were also

~

Figure 2. Effects of genetic engineering on mineralization. SEM and EDX images, and
schematic representations of different types of fibers after gold mineralization.
a) Dense gold nanoparticles are homogeneously mineralized on a fiber comprising
viruses (p8#9) selected to bind gold nanoparticles. b) The M13KE fiber contains no
specific gold-binding affinity and exhibits a small amount of random binding to gold
particles. c¢) The Kevlar fiber exhibits limited, if any, gold-particle attachment. d) Nu-
cleation of gold nanoparticles is only observed on the portion of a Kevlar fiber coated

with p8#9 viruses.

www.advmat.de

M13KE

Kevlar

Compoéite Fiber

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

spun from a wild-type clone, M13KE, which does not contain
the gold-binding functionality. These control fibers contained
discrete and scattered gold islands on the fiber surfaces after
the identical processing for the p8#9 fibers (Fig. 2b). Al-
though the surface roughness of virus fibers provides high sur-
face tension, which may be expected to facilitate nonspecific
binding of gold particles onto the fiber, the M13KE fiber itself
still exhibited low gold-binding affinity. The low affinity re-
sulted in a low density of gold on the M13KE fiber surface.

The ability of Kevlar fibers to bind gold was also explored.
These synthetic homopolymer fibers showed a negligible
amount of gold deposition (Fig. 2¢). Absence of binding affin-
ity to gold and the smooth surface of these synthetic fibers re-
sulted in poor adhesion of gold particles. To create multifunc-
tional fibers having high mechanical strength and capability of
surface mineralization, a core/sheath structure was achieved,
using Kevlar as the core material and the engineered virus as
the sheath. A Kevlar fiber was dipped into a minimally cross-
linked gold-binding virus suspension containing 0.05 % glutar-
aldehyde. Both Kevlar and the virus contain functional groups
in their chemical structures that contribute to secondary
forces, such as hydrogen-bonding and hydrophobic interac-
tions, resulting in adhesion between Kevlar and the virus. This
virus-coated Kevlar fiber was then transferred to a 2.5 % glu-

taraldehyde solution to continue the crosslinking
reaction. After coating with this gold-binding virus,
gold nanoparticles were templated directly onto
the composite fiber (Fig. 2d).

A . Although agents such as glutaraldehyde will
- crosslink the amine groups at the N-termini of
pVIII proteins, no disruption of surface functional-
ity of the M13 viruses in these fibers was observed.
This demonstrates the capability of the genetically
engineered nanometer-scale virus scaffold to min-
eralize inorganic materials at ambient temperature
and to retain the desired functionality when as-
sembled as microfibers. Such micrometer-sized
fibers containing nanoparticles may be used in
catalytic filtration, battery electrodes, and photo-
voltaic devices.'2*3!]

The reproducible dimensions and structures of
these centimeter-long fibers enabled us to study
the mechanical properties of virus fibers for the
first time. Although reports discussing the me-
chanics of protein-based natural fibers have been
reported,”>*! the mechanical properties of virus-
based fibers have not yet been considered. To eval-
uate the practical applications of such functional fi-
bers, the elastic modulus, yield and ultimate tensile
strength, failure stress and strain, and strain-rate
sensitivity of the virus fibers were measured. To
verify the effects of the virus crosslinking density
on the fiber mechanical properties, virus fibers
were synthesized in various concentrations of glu-
taraldehyde ranging from 0% to 10 % (v/v). The
estimated spinning rate was 5.3 cmmin™ for all
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concentrations tested. A change in the liquid-crystalline phase
during fiber spinning is expected to directly affect the me-
chanical properties of the virus fibers because of the orienta-
tion of the viral particles. Thus, all the virus fibers were spun
from nematic liquid-crystalline solutions to avoid variation re-
sulting from different liquid-crystalline phases.

No fiber was formed in the absence of a crosslinking agent;
the fibers spun into 0.1 % and 0.5 % glutaraldehyde were dif-
fuse and semitransparent; and the fibers spun into a crosslink-
ing agent of >1% were solid and opaque. The diameters of
the fibers varied from 10 to 50 um depending on the spinning
rate, the percentage of glutaraldehyde, and effective strain
((L¢- Ly)/L;, where L; is the initial length of fiber spun from
the spinneret in the wet state and L; is the final length of fiber
in the dry state). All the fibers could be pulled out of the solu-
tion by using forceps, indicating sufficient strength for me-
chanical processing such as drawing and weaving.

Uniaxial tensile tests were conducted to examine the me-
chanical properties of these virus fibers in the dry state
(Fig. 3a). On average, engineering stress—strain responses of
pure virus fibers indicated a Young’s elastic modulus E of
ca. 3 GPa, an ultimate tensile strength g, of ca. 33 MPa, and
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an ultimate tensile strain ¢, of ca. 1.3%. Overall, E of the
pure-virus fiber was similar to that of Nylon 6,6
(E=1-3 GPa) and glassy homopolymers such as polystyrene
(E =2-4 GPa). Fiber ultimate tensile strength ¢, was compar-
able to that of atactic polystyrene and polytetrafluorethylene
(64=15-50 MPa).*¥ The normalized tensile strength (cu/E)
of the virus fibers (0.005-0.030) was bounded by that of Nylon
6,6 (0.02-0.06) and polystyrene (0.002-0.02),5 indicating that
the mechanical strength of virus fiber is similar to common
synthetic (and glassy) homopolymers (see Supporting Infor-
mation).

Mechanical data were analyzed statistically using one-way
ANOVA (analysis of variance). When varying the crosslinker
concentrations in the processing, statistically significant
changes occurred in stiffness as quantified by FE
(F(4,20)=2.919; F(x,y) is the measurement of difference
between individual distributions, where x is the degrees of
freedom for the between group, and y is the degress of
freedom for the within group, probability p < 0.047) (Fig. 3b)
and effective ductility as quantified by &, (F(4,20)=4.966,
p <0.006); however, changes in strength as quantified by o, as
a function of the percentage of glutaraldehyde were not statis-

(b)

E(GPa)

0 1 1 L 1 1
0 2 4 6 8 10 12

[Glutaraldehyde] (%)

(e)

[—] Tension Test
[ Bending Test

Unoriented Oriented

Figure 3. Mechanical properties of virus fibers. a) Representative engineering stress—strain response of virus fibers. No plastic deformation is ob-
served until fiber fracture. b) Effects of glutaraldehyde concentration on the Young’s modulus E shows a local minimum around 5 % glutaraldehyde.
c,d) Polarized optical microscopy (POM) images of virus fibers (left) and schematic graphs of virus assemblies (right), where rods represent individual
virus particles constrained by crosslinks (green). The virus fibers fabricated from 0.5% (c) and 5% (d) glutaraldehyde solutions before stretching
(top) and after manual elongation while drying (bottom). €) Comparison of E for unoriented and oriented virus fibers consisting of 0.5 % glutaralde-

hyde solution under uniaxial tension test and cantilevered bending test.
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tically significant (F(4,20) = 0.9765, p < 0.44) (Supporting Infor-
mation). It is important to note that the variation of measured
mechanical properties is attributed to both the resolution of
the uniaxial tensile apparatus and the imprecise elongation of
virus fibers during the drying process, the latter of which affects
the extent of fiber crystallinity, as discussed below.

The extent of elongation in the wet state and the crosslink-
ing density of a virus fiber will determine the percentage of
crystallinity in the fiber and its mechanical properties. Virus
fibers fabricated from <1 % glutaraldehyde can be elongated
5-20 % before drying in air. The maximum E was observed
for the lowest crosslinker concentration of 0.5 % glutaralde-
hyde. This is because the crosslinking density of the virus fiber
determines the degrees of freedom of virus orientation during
the processing prior to drying. The effects of virus orientation
on fiber crystallinity were observed using polarized optical
microscopy (POM) (Fig. 3c and d). The crystallinity of the
virus fibers with low crosslinking density can be easily in-
creased by elongating the wet fibers. This elongation process
reorients the virus particles and promotes secondary interac-
tions among viruses. In other words, low crosslinking density
gives the fibers sufficiently high degrees of freedom for reori-
entation of the virus particles upon extension in the wet state.
Conversely, for the fibers with high crosslinking density, the
virus particles have limited degrees of freedom, resulting in a
lower degree of crystallinity even upon elongation of the virus
fiber in the wet state.

An independent set of samples was tested under uniaxial
tension and bending to examine the effects of virus orienta-
tion on fiber mechanical properties (Fig. 3e). In this experi-
ment, oriented fibers were elongated at least 15 % in the wet
state and analyzed to measure E in the dry state. Under uniax-
ial tension, we observed that the stiffness E of the oriented
virus fiber (3.13+1.88 GPa) increased significantly compared
to the unoriented fiber (0.68+£0.39 GPa) and that the strength
gy of the oriented fiber (35.05+25.53 MPa) also increased sig-
nificantly with respect to the unoriented counterpart
(6.02+5.40 MPa). The bending stiffness (force P normalized
by free-end displacement d) of the same set of samples was
also measured using scanning probe microscopy (SPM)P7!
at different force application points (x +x”) along the cantilev-
ered virus fiber (see Experimental and Supporting Informa-
tion). The elastic moduli E acquired via this method were
(0.98£0.74) GPa and (3.15+1.54) GPa for nonoriented and
oriented virus fibers, respectively, which agreed well with that
measured via uniaxial tension. We therefore conclude that the
crosslinker is only needed to process the virus fibers via spin-
ning but is not necessary to enhance the mechanical proper-
ties of virus fibers. In the case of virus fibers with low chemical
crosslinking densities, both the mechanical strength and stiff-
ness is attributable to secondary interviral interactions such as
hydrogen-bonding and ionic interactions, and the mechanical
properties can be enhanced through fiber elongation that pro-
motes crystallinity via environmentally benign processing.

To evaluate the extent of viscoelasticity in the virus fibers,
uniaxial tensile tests were conducted at three different dis-
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placement rates: 102,107, and 107* mms™, corresponding to
strain rates ¢ of 10™" to 107 s (see Supporting Information).
A slight increase in E(F(2,12) =4.974, P<0.027) and decrease
in &, (F(2,12)=27.78, P<0.0001) were observed as a function
of & For a 100-fold increase in strain rate, E increased only by
1.5-fold. This indicates that the virus fibers are well approxi-
mated as linearly elastic materials, and do not exhibit suffi-
cient viscous damping over these strain rates. In addition, no
statistically significant change in o, (F(2,12) =0.8042, P <0.47)
was observed over this strain-rate range. Neither necking nor
significant plastic deformation prior to fracture was observed
under uniaxial tension (Fig. 3a), and the fracture surfaces ap-
peared globally brittle (flat and normal to the loading axis)
under optical microscopy (see Supporting Information). How-
ever, SEM images showed locally ductile fracture features
(<1 pm in length and <20 nm in width) across the whole frac-
ture surface of the virus fiber (see Supporting Information).
The fracture surface was perpendicular to the loading axis
and was microscopically rough because of this localized pull-
out of virus material. Thus, the mechanical failure of these
virus fibers appears macroscopically brittle and microscopi-
cally ductile, consistent with the hydrostatic stress-sensitive
failure surface of brittle polymers.ml

After nucleation of gold nanoparticles on the virus fibers, E
decreased to 0.2-1.5 GPa, due most likely to the chemical and
physical deterioration caused by the reducing agent and the
formation of gold inside the fibers. This deterioration may be
avoided by employing a milder reduction reaction for gold,
such as hydrogen reduction. On the other hand, the composite
fiber with a core-sheath structure maintained structural integ-
rity upon gold nucleation: E of Kevlar fibers before virus
functionalization was ca. 35 GPa, and remained unchanged
after gold was mineralized onto the composite fibers
(ca. 33 GPa). This indicates that viruses can serve as a func-
tional template to alter the functionality of Kevlar fibers with-
out any chemical or mechanical deterioration of the overall
fiber mechanical properties.

This work provides a new conceptual scheme for fiber
design and fabrication through genetic modification of a
biotemplate. Using an engineered virus to continuously pro-
duce functional materials or coatings for synthetic fibers
could simplify current surface-modification processes such
as multistep chemical or enzymatic treatments. We demon-
strate the potential of the M13 virus to serve as a powerful
toolkit for designing a specific functional fiber material
from standard techniques including biopanning, bacterioph-
age amplification, and genome modification. The virus fi-
bers exhibit mechanical toughness and strength comparable
to synthetic polymer fibers, indicating that this filamentous
virus can be integrated into current fibril and woven-mesh
manufacturing systems. The genetic manipulation of diverse
functionalities on the virus fiber surfaces offers a conveni-
ent and powerful basis for conjugating organic or inorganic
materials for a variety of applications such as the creation
of antimicrobial, catalytic, optical, medical, and electronic
materials.
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Experimental

Chemical Conjugation of Quantum Dots to the M13 Virus: To con-
jugate QDs to M13 viruses, 5 uL. 1-ethyl-3-(3dimethylaminopropyl)-
carbodiimide hydrochloride (EDC, ~200 mM) was added to 200 pL
virus solution (ca. 5.5 x 10" plaque-forming units (pfu) uL™" in Milli-
Q water), which was mixed with 5 pLL. QD solution (8.25 pm, Qdot 705
ITK amino QDs, Invitrogen Corp.). The mixture was vortexed and in-
cubated at room temperature for 1.5 h. After adding 40 pL polyethyl-
ene glycol (PEG)/NaCl solution (20% (w/v) polyethylene glycol-
8000, 2.5m NaCl), the mixture was centrifuged at 10000 rpm for
10 min. Unbound QDs in the supernatant were removed, and the
virus pellet was resuspended in 10 pL Milli-Q water.

Fiber Preparation and Gold Mineralization: A concentrated virus
solution (ca. 470 mgmL™ in Milli-Q water, 1.7 x 10" pfu uL™") was
spun vertically through a 33 gauge needle into a glutaraldehyde solu-
tion by a syringe pump at a constant speed of 0.025 mLh™", producing
approximately 13 cm of virus fiber per microliter of viral suspension.
After incubating in glutaraldehyde for 2 h, virus fibers were rinsed
with Milli-Q water. These fibers were then vertically pulled out of the
water by using forceps and dried in air. To test the gold-mineralization
capability of fibers, the wet fiber was immersed in a 300 pL chloroau-
ric acid solution (5 mmMm, pH 7.5) and incubated on ice for 10 min. A
150 pL sample of ice-cold sodium borohydride solution (5 mm) was
then added to reduce the gold. After 12 h, the fiber was manually re-
moved from the solution, rinsed with Milli-Q water, and dried in air.

Microscopy and Energy Dispersive X-ray Characterization: POM
and fluorescence microscopy images were obtained using an optical
microscope (Olympus IX51). SEM images were analyzed with FEI/
Philips XL30 Field-Emission Gun Environmental Scanning Electron
Microscope, operated at 10 kV with an electron-backscattering detec-
tor. EDX images were collected at a resolution of 256 x 200 pixels
with 256 frames.

Uniaxial Tensile Testing: Under dry conditions, the ends of each
fiber were secured between two stainless steel shims coated with
cyanoacrylate, and the uniaxial tension tests were performed using
8848 Micro Tester (Instron Corp.) at ambient temperature, humidity,
and pressure. Strain was recorded as crosshead displacement mea-
sured by using a digital optical encoder within the load train.

Bending Stiffness: The fibers were mounted as end-clamped cantile-
vers and fixed at one end with cyanoacrylate at the edges of glass
slides. A scanning probe microscope (3D-Molecular Force Probe,
Asylum Research) was used to acquire the force-displacement re-
sponse of the fibers via deflection of silicon nitride cantilevers
(OMCL-AC160TS, Olympus Corp.). The optical-lever sensitivity of
the silicon nitride cantilevers was 41.64-47.35 nm V™ and the spring
constant k, calculated from the thermal vibration spectrum, was
59.25-71.36 Nm™. Bending stiffness measured at different force
application points can be interpreted to obtain E of the virus fiber
and x” using the nonlinear relation:

P 3EI

=0 1)
d  (x+x)

where [ is the moment of inertia of the cylindrical fibers. In Equa-
tion 1, d is the free-end displacement of a cantilevered fiber when it is
subjected to a force P, x is the distance from the application point to
the reference point, x” is the distance from the reference point to the
support, and the moment of inertia I equals & D*/64 for a cylindrical
fiber of diameter D.

Error Analysis: The dimensions of the fiber and the resolution of
the uniaxial tensile apparatus were the dominant sources of error in
the mechanical properties measured here. The resolution of the uniax-
ial tensile apparatus is 0.1 um in displacement and 10 nN in force.
The suspended length of the fiber was measured using a digital caliper
with an error of 0.1 %, and the fiber diameter was measured using op-
tical microscopy with an error of 5 %. For SPM bending experiments,
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the SPM system calibration had 3 % error for both optical lever sensi-
tivity and cantilever spring constant k. The linear fit of the uniaxial
stress—strain response with an error of 1 % and the nonlinear fit of the
SPM stiffness-position response with an error of 3 % were calculated
using Microcal Origin. For each experimental variable, five specimens
were tested via uniaxial tension or via cantilevered bending tests.
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