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ABSTRACT

Bacteriophage M13 belongs to a class of biomate-
rials that can selectively incorporate nanoparticles and
self-assemble on surfaces. The structure of the virus
once it is bound to inorganic substrates can only be
studied by scanning probe methods. In this work, we
use a combination of AFM and STM on wild-type M13
bacteriophage adsorbed on freshly cleaved graphite in
ambient condition. By using non-contact atomic force
microscopy (AFM) and scanning tunneling microscopy
(STM) on the same sample we are able to obtain both
the vertical and lateral dimensions of the virus that is
bound to graphite. Using the STM we are able to resolve
periodicities in the protein coat of the virus and match
it to known results from X-ray diffraction analysis. We
are also able to observe the location of graphite-binding
motifs along the length of an M13 phage.
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1 INTRODUCTION

The challenge of miniaturization, or creating nanome-
ter scale electronic devices, involves the onerous task of
repeated assembly at the nanometer scale. To achieve
efficient and controlled assembly of nanostructures, sci-
entists have turned towards biological molecules [1]. In
particular, there is a substantial effort towards using
viruses that parasitize bacteria (bacteriophages) as build-
ing blocks in miniaturized circuits. Such an approach to
nano-electronics offers a variety of applications, includ-
ing nanowires and electrodes for miniaturized batter-
ies [2][3][4]. The success of this approach derives from
the properties of viruses to (a) self-assemble into differ-
ent configurations, and (b) selectively bind to inorganic
particles, so as to create nanoscale structures [5]. The
selective binding is engineered by expressing a variety of
peptide sequences (a peptide library) on the viral pro-
tein coat; panning experiments are then used to identify
a peptide sequence that strongly binds to specific inor-
ganic nanoparticles or surfaces [6].

In this paper we focus our attention on the binding
of M13 bacteriophage to the surface of graphite. Con-
ventional microscopy is unable to give details about the

nature of binding and the structure of the virus that
is bound to the graphite substrate. Scanning probe
microscopy, including atomic force microscopy (AFM)
and scanning tunneling microscopy (STM) are the usual
tools for characterizing the monolayer of viruses on most
substrates. Of the several scanning probe microscopes
available, only the AFM has been used thus far to study
the M13 bacteriophage bound to inorganic substrates [7].
The nanoscale (∼ 7 nm) lateral dimension of the virus
(compared to its ∼ 900 nm length), however, imply that
force scanning microscopy tips are unable to resolve de-
tails of its structure and binding due to the usual tip-
sample dilation effects. STM, on the other hand, al-
lows for such a detailed study with good lateral reso-
lution. Using the STM we are able to identify viruses
that bind strongly to graphite. We are also able to study
the structure of viruses bound to graphite surface and
identify periodicities of their protein coat with the pe-
riodicities in the known structure of such filamentous
bacteriophages [8][9]. The STM is well recognized as a
powerful tool in studying the nature of electronic states
in inorganic materials. It also has had some success
in imaging biological and organic materials in ambient
conditions [10][11]. To our knowledge this study is the
first observation of the structure of this class of bacte-
riophage by scanning probe methods.

Figure 1: M13 bacteriophages imaged by AFM
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2 EXPERIMENTAL SECTION

The phage display library Ph.D.-12 of bacteriophage
M13 was purchased from New England Biolabs. It was
diluted in ultrapure water and the concentration of M13
viral units adjusted so that there were about 10 viral
units for every 5 µm2 area on graphite surface. The
graphite surfaces were prepared prior to each experi-
ment by cleaving the highly oriented pyrolitic graphite
(HOPG, grade ZYB) with an adhesive tape. The diluted
solution of M13 virus was added to the surface of HOPG
and allowed to incubate for an hour. The HOPG sur-
face was then washed several times in TBS (pH 8.2) and
ultrapure water to get rid of unbound viruses and salts.
This method of preparation leaves behind a thin aque-
ous layer. The samples were imaged at relative humidity
of 32% and a temperature of 22oC. The STM and AFM
experiments were carried out using Agilent 5500 micro-
scope (Agilent Technologies). AFM characterizations
were operated in non-contact mode, using a typical Si
cantilever with resonant frequency around 310 kHz, and
both topography and phase were recorded. The STM
tip was mechanically cut from Pt/Ir wires (80%/20%).

Figure 2: M13 bacteriophages imaged by STM with tun-
neling conditions: Tip bias Vbias = −20 mV, and current
setpoint Iset = 0.4 pA. The binding strength of viruses
varies along the length of a virus resulting in differing
topography along the virus. Strongest binding is near
the pIII end of the virus which also shows the greatest
height in STM imaging.

3 RESULTS AND DISCUSSION

The bacteriophage M13 is a class of filamentous Ff
bacteriophages that are about 1-2 µm long and 6-7 nm
in diameter. Its cylindrical form is made up of a helical
shell of protein subunits labelled pVIII, surrounding a
circular DNA core. This arrangement of proteins termi-
nates at one end into five copies of pVII and pIX protein

Figure 3: M13 bacteriophages imaged by STM. A dou-
blet of bacteriophages can be seen running from the
upper right side to the bottom. A fainter profile of a
single bacteriophage running parallel to the viral dou-
blet is also visible in this topographic scan. Tip bias
Vbias = −20 mV, and current setpoint Iset = 0.8 pA

subunits. The infectious end of the virus terminates into
five copies of pIII which are anchored to the pVIII pro-
tein through five copies of pVI protein subunit. In this
study we use wild-type M13 from the PhD-12 library (a
12-mer library) on the pIII protein end of the virus. A
recent study using the same library has isolated a pep-
tide sequence on the pIII end that preferentially binds
to graphite surface [12].

AFM and STM scans were used to identify a clean
and relatively flat area on freshly cleaved graphite. The
graphite was then incubated with the M13 virus in ul-
trapure water/TBS with pH 8.2. The isoelectric point
of the virus is close to pH 4.0. A typical AFM scan
in the non-contact mode after incubation is shown in
Fig. 1 and shows the distribution of heights and lengths
of the virus. It is hard to make out any difference in
binding amongst the viruses based on either topogra-
phy or phase and amplitude scans. The diameter of the
tip used in the AFM scan is around 10 nm and it is ob-
vious that the convolution of the tip and virus result in
a greatly exaggerated lateral dimension for the virus.

For STM scans we worked at low currents (< 1 pA)
to ensure that the tip-sample separation was large enough
to be not too disruptive for the particles. We first
obtained tunneling current I versus tip separation z
data for freshly cleaved graphite. By fitting the tun-
neling conductance G to an exponential of the form
G = G0e−βz, where G0 is the conductance quantum
(the conductance at contact G0 = 77.48 µS), we ob-
tained a β ≈ 2.0 nm−1. Using this decay parameter we
estimated the tip-sample separation to be around 6-7
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nm in the low current tunneling range. We were unable
to get stable results for all viruses that are adsorbed on
graphite surface (as revealed by AFM scans), because
the STM tip exerts sufficient force to knock away the
weakly bound viruses. As shown in Fig. 2, strongly
binding viruses are imaged by STM and the image is
quite stable.

To increase the probability of finding graphite bind-
ing virus particles we doubled the density of viral units
which are incubated with HOPG. STM measurements
were performed after air drying the graphite surface in a
relative humidity of 32%. The increased density resulted
in pairing of viruses as shown in Fig. 3.

Figure 4: A doublet of M13 bacteriophages imaged by
STM shows details of the pVIII protein coat. Scale bar
at the bottom right is 50 nm. Tip bias Vbias = −20 mV,
and current setpoint Iset = 0.4 pA

Remarkably, the doublet of viruses stay bound to the
HOPG during the STM scans and retain their hydration
levels, much longer than the single virus. Consequently
the STM scans resolve features at a nanoscale of the
doublet of viruses, shown in Fig. 4, better than those
on the single virus of Fig. 2. The M13 bacteriophage’s
primary protein coat is made up of about 2700 copies of
the pVIII protein subunits. These protein subunits are
arranged in a helical shell around the virus axis as shown
in Fig. 5. The end points of these protein subunits (col-
ored blue in Fig. 5) are separated by about 3.2 nm along
the axis of the virus [9]. This is the separation that we
observe in the STM scans of the M13 doublet shown in
Fig. 4, and in greater detail in Fig. 6.

We note that the tunneling topography across viral
proteins shows no significant change when the tip bias
polarity is changed from −20 mV to +20 mV. Also,

Figure 5: The pVIII protein coat of the M13 virus re-
constructed from X-ray fibre diffraction and NMR data;
The right end of this coat (colored red) is attached to
pVI and pIII protein copies to form the infectious end
of the virus (not shown). Data obtained from Protein
Data Bank ID code 1ifj.

Figure 6: A doublet of M13 bacteriophages imaged by
STM compared with a model of the partial structure of
the viruses put together head-to-tail. The periodicities
in the STM image correspond to the periodicities in the
inter-virus binding. Double arrowed line represents the
periodicity interval of 3.2 nm. Scale bar is 20 nm.
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the viral major protein coat (pVIII) always shows up as
a positive image, although the height of this image is
hydration dependent ranging from 0.3 − 1.0 nm. Fur-
ther, as seen best in the M13 doublet, the tunneling
topography can resolve nanoscale features of the pVIII
protein coat. These facts, along with the stability of
STM scan of the doublet, suggest that the tunneling
current has two contributions: (a) from the graphite
substrate through the bacteriophage; (b) from conduc-
tive elements of the bacteriophage protein coat bound
to graphite. A more detailed study of this tunneling
mechanism will be presented elsewhere.

4 CONCLUSION

To summarize, in this work we present a preliminary
investigation of wild-type M13 bacteriophage bound to
graphite surface using both AFM and STM. The num-
ber of isolated M13 viruses that could be reproducibly
imaged by the STM was substantially less than those
seen in the AFM scan for the same area of observation.
This suggests that the STM tip is far more intrusive than
non-contact AFM. Further, the viruses that are bound
to graphite substrate show stronger binding at the pIII
end than anywhere else, which is in accordance with
the results of panning studies conducted in Ref. [12].
When the viruses are bound to each other as well as
to graphite the STM scan can resolve the protein coat
structure revealing the 32.3 Å axial repeat periodicity of
the pVIII protein coat [9]. In summary, the STM study
reveals the nature and strength of bacteriophage bind-
ing to conductive substrates as well as the structure of
the protein coat of the virus.
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