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Abstract. Raman spectroscopy is used to study low-wave-number
(=20 cm™") acoustic vibrations of the M13 phage. A well-defined
Raman line is observed at around 8.5 cm™'. The experimental results
are compared with theoretical calculations based on an elastic con-
tinuum model and appropriate Raman selection rules derived from a
bond polarizability model. The observed Raman mode is shown to
belong to one of the Raman-active axial modes of the M13 phage
protein coat. It is expected that the detection and characterization of
this low-frequency vibrational mode can be used for applications in
biomedical nanotechnology such as for monitoring the process of vi-

rus functionalization and self-assembly. © 2007 Society of Photo-Optical Instru-
mentation Engineers. [DOI: 10.1117/1.2718935]
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1 Introduction

Viruses are etiologic agents of a multitude of human diseases;
however, they can also be made useful for biological and
medical research. Recombinant viral vectors, such as vaccinia
viruses, have been used as vectors for expressing genes within
eukaryotic cells' as well as for the delivery of antitumor
vaccines.” In addition, bacteriophages such as the M13 phage
have been employed as vehicles for the delivery of DNA into
bacteria for gene amplification® and are potential therapeutic
agents against bacterial pathogens,4 Recently, there has been
increased interest in the use of viruses as nanotemplates for
the fabrication of nanostructure elements.” For example,
rod-shaped viruses such as the M13 phage and tobacco mo-
saic virus (TMV) have been successfully used as biological
templates for the synthesis of semiconductor and metallic
nanowires.™®® Furthermore, genetically modified TMV and
M13 phage have been shown to be useful for the self-
assembly of nanomaterials into liquid crystals, films, and
fibers.®” It is therefore very likely that genetically pro-
grammed viruses will play an important role in developing the
next generation of optoelectronic devices and nanoelectronic
circuits.

For monitoring the just mentioned self-assembly pro-
cesses, an in situ, nondestructive technique is desirable. Ra-
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man spectroscopy has been shown to be a noninvasive tech-
nique in material research. To the authors’ knowledge,
previous studies of viruses using Raman spectroscopy have
focused only on the high-frequency (large-wave-number) re-
gions (=600 cm™!) where the internal virus composition, i.e.,
localized vibrations of multiply bonded or electron-rich
groups in proteins, was studied.'™"" In this paper, we report
the first observation of low-wave-number (<20 cm™!) acous-
tic vibrations of the M13 phage using Raman spectroscopy.
The observed vibrations are compared with theoretical calcu-
lations based on an elastic continuum model and appropriate
Raman intensities and selection rules derived from a con-
tinuum limit of the bond polarizability model. The observed
Raman mode has been shown to belong to one of the Raman-
active axial modes of the M 13 phage protein coat. Because of
the sensitivity of these frequencies on environments, it is ex-
pected that the detection of this low-frequency vibrational
mode can be used to monitor and help to control the process
of virus functionalization, such as when coating viruses with
different materials, attaching viruses to quantum dots and car-
bon nanotubes, and forming multiple superstructures. Further-
more, knowledge of the vibrational properties of viruses can
enhance our understanding of virus structure and help pave
the way for the development of novel viral vectors for appli-
cations in biology and in medicine.
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Fig. 1 Experimental setup for our Raman scattering experiments: M;
mirrors; L, lens.

2 Samples and Experimental Technique

The M13 phage samples in water solution used in this work
were prepared as follows. To propagate the M13 phage, an
overnight culture of the host cell, IM101, was diluted 20-fold
into 125-mL flasks containing 20 mL of Luria-Bertani (LB)
medium. When the culture reached 0.5 of optical density at
550 nm (ODssg), the phage was added at a multiplicity of
infection of 20 and further grown until stationary phase (ca.
12 h postinfection). Crude phage suspensions were prepared
by centrifugation (10,000X g, 15 min) of the culture to re-
move the cells and passing the supernatants through a mem-
brane filter (0.45-um pore size). To concentrate the phage
titer, the filtrated supernatant was precipitated by 0.25 M
NaCl and 2.5% polyethylene glycol 6000 for 4 h on ice. The
pellet collected by centrifugation (13,500 X g for 15 min at
4°C) was dissolved in 100 uL of distilled water. To deter-
mine the phage titer, a double-layer bioassayI2 was performed
on a LB agar plate.

To prevent heating of the samples by laser irradiation dur-
ing the Raman scattering experiments, the second-harmonic
generation (SHG) of a cw mode-locked YAIG laser with av-
erage power intensity about 10 mW was used as an excitation
source.”® As depicted in Fig. 1, the laser, which has photon
energy of 2.34 eV, was operated at a repetition rate of
76 MHz and has a pulse width of about 70 ps. A scattering
geometry of 90 deg was employed. The Raman scattered sig-
nal was collected and analyzed by a standard computer-
controlled Raman system which included a double spectrom-
eter and a photomultiplier tube (PMT) with associated
photon-counting electronics. The spectrometer had a spectral
resolution of about 1.0 cm™!. All the data reported here were
taken at 7=300 K.

3 Experimental Results and Discussions

A typical Raman scattering spectrum taken for M13 phages at
102! pfu/mL (plague-forming units per milliliter) and in the
spectral range between 2 and 20 cm™! is shown in Fig. 2 (the
solid circles). The distinctive feature of the spectrum is a
broad structure around 8.5 cm™! sitting on top of a back-
ground. To rule out both instrumental artifacts and the possi-
bility of contributions from the DNA within the phages, we
repeated the experiments with M13 phages without protein
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Fig. 2 Raman scattering spectrum of M13 phages in water for a con-
centration of 102" PFU/mL with (solid circles) and without (solid
curve) protein coat. The solid curve represents background signal re-
sulting from the imperfection of rejection of elastic scattering of light
by spectrometer.

coats, i.e., with only the single-stranded M13 phage DNA at
the same concentration in water. The results are shown as a
solid line in Fig. 2. Comparison of the two spectra shows that
there is indeed a broad peak at 8.5 cm™' associated with scat-
tering of light from the M 13 phage protein coats. The remain-
ing background is due to imperfections in the rejection of
elastic light by the spectrometer. Note that based on the Ra-
man setup that we used, we estimate that the lowest frequency
vibrational mode that we can confidently detect is about
5 cm™!. The actual low-frequency acoustic vibrational mode
signal from the phages is obtained by the subtraction of these
two spectra. Figure 3 (connected diamonds) shows the result-
ing structure after the subtraction. The broad peak has been
found to center around 8.5 cm™'. It has a full width at half
maximum (FWHM) of about 5.0 cm™'. Since the spectral
resolution of our Raman system is about 1.0 cm™!, we con-
clude that the relatively broad Raman peak observed here
very likely results from inhomogeneous broadening.
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Fig. 3 Raman spectra of the low-frequency vibrational mode of M13

phages for three concentrations in water, as indicated. The Raman

intensity has been found to scale with the concentration of the
phages, as expected.
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Figure 3 shows a comparison of the observed broad struc-
tures for the three M13 phage concentrations studied, 1
X 10%0, 5% 10%, and 1 X 102! pfu/mL. The data are properly
normalized and therefore are ready for comparison. We find
that the integrated areas under the peaks scale very well with
the concentration of M13 phages, as expected.

Judging from the SNR of our Raman scattering spectra, we
estimate that the lowest concentration of M13 phage that can
still be detected using our Raman scattering setup is about
5% 10" pfu/mL.

We notice that a likely alternative technique that we can
use to compare with our Raman results is the Fourier trans-
form IR (FTIR) absorption technique. In general, FTIR ab-
sorption is a technique that is complementary to Raman spec-
troscopy for the detection of vibrational modes in materials, in
particular, if the mode is both Raman active and IR active.
However, since water is an extremely strong absorber in the
spectral range of our interest, i.e., =50 cm™!, the detection of
vibrational modes of 8.5 cm™' demonstrated in our current
Raman work is not feasible by FTIR absorption technique.

To obtain better insight into the character of the observed
low-frequency vibrational Raman mode of M13 phages, we
performed theoretical calculations in which an elastic con-
tinuum model for the M 13 viruses is assumed and appropriate
Raman selection rules were derived based on a continuum
extension of the bond polarizability model.

4 Theoretical Model Calculations

Fonoberov and Balandin investigated low-frequency vibra-
tional modes of viruses used for nanoelectronic self
—assembly14 and phonon confinement effects in hybrid virus-
inorganic nanotubes for nanoelectronic applications.'® In this
section, we describe the models used to interpret the Raman
spectrum. There are two separate aspects of the problem.
They are (1) obtaining the vibrational frequencies (w) of the
modes and their displacement patterns, and (2) from the fre-
quencies and patterns determine their relative Raman scatter-
ing intensity. We model the vibrational modes of the M13
phage using elastic wave theory derived from an elastic con-
tinuum. The resulting spatial displacement patterns from elas-
tic wave theory (EWT) are then used as input into an amor-
phous isotropic bond polarizability (AIBP) model to predict
the relative Raman intensities of the modes. This analysis is
used to determine the characteristics of the vibrational mode
at 8.5 cm™! that is being measure in the experiment.

Both ingredients of the analysis, EWT and AIBP, are non-
atomistic. These models are valid only for long-wavelength
(low-frequency) modes. The low-frequency modes probe glo-
bal features of the structure and can loosely be described as
sound wave resonances within the structure. It is these modes
that are of interest in this work. In contrast, more “usual”
applications of Raman spectroscopy measure much higher
frequencies that are more closely related to individual bonds
or bonding groups—here, atomistic approaches would be
necessary.

The solutions of EWT are sensitive to the geometry of the
virus. The fundamental building unit of the M13 phage is a
small peptide chain that has an alpha helix secondary struc-
ture, as seen in Fig. 4. These building units self-assemble to
create a protein coat of the M13 phage that takes the shape of
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Fig. 4 Single peptide chain building unit of the viral capsid. This unit

assembles itself with the helical axis roughly aligned along the central
axis of the viral capsid.

a long hollow cylindrical shell. A detailed picture of a section
of the assembled protein coat is shown in Fig. 5. The inner
hollow part of the protein coat houses the single-stranded
DNA (ss-DNA) and water. The viral coat is modeled as a
cylindrical shell of inner radius R, and outer radius R,,.

We first describe EWT. Much of the analysis can be found
elsewhere.'®!” The fundamental quantity is the displacement
pattern u of the medium, which can be separated into contri-
butions from a scalar (P) and vector potential (H), such that
u=V®+V X H. These potentials generate separate equations
for the transverse and longitudinal elastic waves of the me-

(a) Side View

(b) Axial View

Fig. 5 M13 bacteriophage coat structure composed of single peptide
building units: (a) side view of the coat showing the single peptide
alpha-helix building units and (b) axial view of the coat representing
each atom in the structure as a ball.
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dium, namely V2®=(1/c})(P®/d?) and V*H=(1/c3)
X(PH[dr*). The solution of these equations in cylindrical
coordinates (r, 6,z) involve products of linear combinations
of Bessel functions in r [J,(ar) and Y,(ar)], trigonometric
functions cos (n6) or sin (n6) in 6, and ¢ in z. Here « is
w/c; or w/cy, and n is a nonnegative integer
(n=0,1,2, ...). The tube is assumed to be uniform and infi-
nite along z, giving rise to traveling waves of wave vector k.
The boundary condition on the solutions is that the net radial
force vanishes at the inner and outer radii of the tube. This
produces a 6 X 6 determinant, which is required to vanish at
the allowed frequencies w. The corresponding nonzero eigen-
vector determines the precise linear combination of Bessel
functions that comprise the mode pattern at the frequency .
Full details can be found in Refs. 16 and 18. The solutions to
EWT are completely determined by four parameters—cr, ¢y,
R,, and Ry,

The AIBP model uses the displacement pattern of the
mode determined from EWT and predicts the mode’s relative
Raman intensity. We make the usual approximation that the
very long wavelength of light only probes the k=0 modes.
The incident laser light polarizes the material, and the result-
ing time dependent charge polarization radiates like an an-
tenna. The polarization due to the laser electric field is p
=akFE, where « is the polarizability tensor. The polarizability
has two contributions. The first is a static component and the
second is modulated by the vibrational frequency w due to
perturbation by the oscillation. Thus, the polarization is,
a=ay+Aa, where Aa is the modulation produced by the
vibration. The AIBP model makes two major assumptions.
The first is that the polarization can be obtained by summing
up the polarization of individual bonds within the material.
This assumption has been used in several applications involv-
ing crystals and molecules and has been shown to produce
good results. Its genesis is the bond-polarizability (BP) model
of Go et al.,19 Snoke and Cardona,20 Dong and Sankey,21 and
Guha et al.** and is widely used. Each bond is assumed to
have polarizability «; (parallel to the bond), and « (perpen-
dicular to the bond). Changes in the polarizability due to
changes in the bond length Ad from a vibrational distortion
are described by polarizability derivatives o’ =(da)/[d(Ad)].
These parameters modulate the components of the parallel
and perpendicular components of the BP as o Ad and &' Ad,
respectively, where Ad varies harmonically. The second major
assumption has two subcomponents. Both take the view that
over longer length scales the folding and coiling behavior of
protein components of the virus can be averaged over as if it
were an amorphous isotropic material. The first subcompo-
nent is then that the microscopic chemical identity of each
bond is replaced by an average bond. Thus, the variety of BP
derivatives is replaced by a single set (| and L) of BP deriva-
tives of bond length d. The second subcomponent concerns
the direction of the bonds making up the virus. We average
the BP tensor over all directions as if the material was truly
amorphous.

Clearly the goal of the approximations used is to treat the
material as if it were a continuum, thus removing the
atomistic dependence from the problem. The final result'® for
the polarization using the AIBP model is in terms of the strain
tensor u,:j=%((9ui/(9)c‘j+(9u‘j/(9xi) and is given by Aa=agug
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Table 1 Parameters used for the geometry, elastic wave theory, and
the amorphous isotropic bond-polarizability model.

Inner Outer  Llongitudinal Transverse Ratio of
Radius Radius  Sound Speed  Sound Speed  Polarizabilities
Rq (nm) Ry, (nm) ¢; (m/s) cr (m/s) ac/ as
1.9 3.4 1817 915 0.5

+acTr(u)l. Here s and ¢ refer to shear and compressional
components, Tr is the trace, a,=(2/5){[d(aj-a')/3]+(
-a))} a.= f;l(a/H' +2a, ), Lis the identity (unit) tensor, and u;
is the traceless shear component of the strain tensor,
u,=u—(1/3) Tr (u)I. These relations yield an expression for
the Raman intensity for 90-deg scattering of'®
I=1{13[Tr (Ax)?]-[Tr (Ax)]?}, where Ay is the average
susceptibility over the volume of the virus, Ay=fAad’r. The
intensity factor [, is an overall intensity factor that depends on
many things, including the laser intensity. We compute only
relative intensities so that it drops out of the analysis. The
only nonvanishing contributions after integ:{ration18 are those
modes with n=0, 1, and 2 in cos (n6) or sin (n6). The Raman
intensities for different n values scale with the parameters «,
and a, as @ (1/3+2¢a,/a,)?, o and &’ for n equaling 0, 1,
and 2, respectively. Absorbing af into [, for all cases, the
results depend only on the ratio a/ a. This reduces the num-
ber of parameters from two to one. And then only the relative
intensity for the n=0 modes depends on this single parameter.

We now summarize the parameters appearing in the model.
The five parameters of the model are R, and R, (geometry),
¢; and c7 (elasticity theory), and the ratio a./«a; (the AIBP
model). The parameters we use are listed in Table 1.

The radii R, and R, are obtained from the size of the
protein building unit (Fig. 4) and averaging the diameter of
the assembled capsid structure (Fig. 5) obtained from the
x-ray diffraction structure.” The longitudinal and transverse
sound speeds were obtained from measurements of the
lysozyme protein.* These values were also used by
Fonoberov and Balandin'*"> and Balandin and Fonoberov® in
their pioneering work on tubular viruses. There is no certain
method to determine the AIBP ratio a./ag. We can only
make an estimate based on a reasonable extrapolation. We
consider an “average” bond within the peptide to be a carbon—
carbon bond, and determine the ratio a/ ag based on experi-
mental measurements”" of carbon-based materials specifically
Cgo- We use a value for o/ ag of approximately 0.5 based on
these measurements. It is easy to estimate the effect of chang-
ing this parameter since I(n) scale as [(1/2+2x)?, 1, 1] for
n=0 modes, where x=a/ as.

We next describe the Raman-active modes that we obtain
from w=0 to 25 cm™! and their character. Then we compute
their Raman intensities, and finally compare with experiment.
Table 2 lists the Raman-active modes in this range, their char-
acter, n value, Raman intensity, and expected damping.

There are 21 modes (not including degeneracies) in this
range, of which 10 are Raman, are labeled from 1 to 10 in
ascending order of their frequency. Although the frequencies
are low on a scale usually measured in Raman scattering,
recall that a frequency of 10 cm™! corresponds to 300 GHz,
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Table 2 Predicted Raman-active vibrational modes of M13 phage in the frequency range of 0 to 25 cm~

equal to zero (appropriate to Raman experiments).

!, all modes have k vectors along the axis

Mode Frequency n value cos (nf)

Number o (cm™) Character or sin (n6) Relative Raman Intensity (Max.=1) ~ Damping  Expected Raman Intensity
1 1.22 radialtorsional 2 7.9x104 yes 0.00

2 1.85 axial 1 6.1x1072 no 6.1x1072
3 3.29 radial 0 2.4x1072 yes 0.00

4 6.33 radialtorsional 2 0.42 yes 0.00

5 10.48 axial 1 1.00 no 1.00

6 13.39 radial-+orsional 2 0.70 yes 0.00

7 18.77 radial+orsional 2 0.21 yes 0.00

8 20.47 radial 0 0.82 yes 0.00

9 20.49 axial 1 2.1x1072 no 2.1x1072
10 23.54 radial+orsional 2 0.44 yes 0.00

or 0.3 THz. The character of the modes is described as a
solely axial displacement, or a combination of a radial and or
torsional displacement. An axial displacement is similar to the
motion of a drumhead in that the motion is up or down along
the axis of the tube. Radial displacements have their displace-
ment perpendicular to the axis of the tube, i.e., along the
radial direction. Finally, the torsional displacements involve a
twisting of the tube along the axis. For n=0, only radial and
axial displacements are possible, while for n>0, the modes
are either axial modes or a combination of radial and torsional
displacements. The angular dependence of the modes is given
by its n value. Only n=0, 1, or 2 are Raman active. The
degeneracy factor g(n) for modes of n=0, 1, and 2 is g(n)
=1, 2, and 2, respectively. This factor occurs because for n
>0, both sin(nf) and cos(n6) are possible, but only
cos (n6) exists for n=0. These degeneracy factors are incor-
porated into the Raman intensity factors in Table 2. The in-
tensities are relative and the highest intensity is arbitrarily set
to unity.

We see that 10 modes potentially could be measured from
Raman scattering in this frequency range. However, the ex-
periment finds a single major peak, perhaps due to a single
mode. We believe the origin of a single mode is the result of
damping of viral modes by the surrounding solution. The
character of the modes gives information on which modes are
expected to be damped by water and those that are not. Ex-
pected highly damped modes are those that are radial (i.e.,
radial expansion/compression) modes. These have compres-
sional displacements at the surface that push against the sur-
rounding water—in both the exterior and the interior cavities.
In contrast, the axial modes have displacements along the tube
and are expected to be largely protected from the solution.
Their motion relative to water at the surfaces is shearlike
rather than compressional.

We take this qualitative argument concerning damping into
account in the expected Raman intensity column of Table 2.
The expected Raman intensity is removed to zero if the mode

Journal of Biomedical Optics

024009-5

is expected to be damped. We conclude that there are three
modes contributing to the experiment. By far the largest con-
tribution is the single axial mode at 10.5 cm™'. The remaining
two modes are about 6% or less of the major mode and are
not visible through the noise. The sketch of the 10.5 cm™!
mode is shown in Fig. 6. The mode is such that the thickness
of the tube is near about one half of the radial wavelength.
Since the skin of the tube is composed of « helices, a rough
interpretation is that the alpha helix experiences a shear with
the outer side moving in opposition to the other. Additionally,
the mode has n=1, which gives the pattern a “tilted” overall
behavior with opposite sides of the tube being 180 deg out of
phase.

We now compare with experiment. A plot of the theoretical
Raman spectra is shown in Fig. 7, which includes only the
axial modes in Table 2. We have broadened it by 5 cm™ to
mimic the inhomogeneous broadening seen in experiment. We
find a large central peak similar to experiment. The additional
two peaks at 1.85 and 20.49 cm™! are washed out due to the
inhomogeneous broadening and the relatively small intensities
compared with the central peak at 10.5 cm™'. Experimentally,

Axial Shearing Mode At 10.5 cm!

Fig. 6 Displacement pattern for the axial mode with frequency
10.5 cm™". The resulting displacement of the alpha helical unit block
is a shearlike motion.
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Fig. 7 Theoretical Raman intensity profile taking into account damp-
ening of the radial modes due to surrounding water and including a
5 cm™' broadening. 8.
9.
there is one peak at 8.5 cm™! that is in satisfactory agreement
with the theoretical spectrum in Fig. 7.
10.
5 Conclusion
Low-frequency vibrational modes of the M13 phage were 1
studied by Raman spectroscopy. The observed vibrational
mode at 8.5 cm™! agrees well with theoretical model calcula- 12.
tions (predicted at 10.5 cm™") that are based on an elastic
continuum model and a bond polarizability model with Ra-
man selection rules. With the help of theoretical data, we de- 13.
termined that the observed Raman mode corresponds to an
axial (drum-head-like) vibrational mode of the M13 phage
protein coat that suffers minimal damping in the exterior sol- 14.
vent. Our results suggest that Raman spectroscopy is a fea-
sible, nondestructive technique for probing the process of vi- 15.
rus functionalization, such as when coating viruses with
different materials, attaching viruses to quantum dots and car-
bon nanotubes, and forming multiple superstructures. Bacte- 16.
riophage M13 is one of the simplest paradigms for viral 17.
capsids, and the characterization of its low-frequency vibra-
tional modes is a significant step toward the use of vibrational 18.
properties in functionalization studies. 19.
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