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The type IV pili of Pseudomonas aeruginosa are essentially protein nanofibres composed of mul-
tiple copies of a single pilin subunit. Type IV pili extend from the bacterial surface, and mediate
specific adherence to biotic and abiotic surfaces. While deletion of the N-terminal region of the
pilin’s �-helix allows for the ready expression of a highly soluble monomeric pilin protein, incubation
of the monomeric protein with undecanethiol results in pilin oligomerization into protein nanotubes.
In the present study, the ability of pilin-derived protein nanotubes to bind to grade 304 stainless
steel surfaces was evaluated. Protein nanotubes bound to stainless steel with high affinity. Protein
nanotube surface binding was observed to be a tip-associated event through competitive inhibi-
tion with a synthetic peptide corresponding to the pilin’s C-terminal receptor binding domain. AFM
studies established that the protein nanotubes utilize the pilin receptor binding domain to directly
interact with the steel surface, demonstrating a 2-fold higher adhesive force for grain boundaries
than for regions within grains. The adhesive force of the pilin receptor binding domain with the
steel surface was determined by two methods and was conservatively estimated to be in the order
of 26–55 pN/molecular interaction. Direct, specific binding of protein nanotubes, and/or receptor
binding domain composite materials to a steel surface generates a novel metallo-biomolecular
interface that forms preferentially on grain boundaries, enhancing the potential for these unique
nanostructures in the development of biologically amenable nanosystems.
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1. INTRODUCTION

The development of novel nanotube solubilization strate-
gies has allowed for modification and creation of func-
tional carbon nanotubes (CNTs);1�2 this solubilization of
CNTs has led to wide implications for their use in nano-
technological applications.3–5 Their potential to act as
biomolecular probes4 and function in nanoelectronics,3
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makes CNTs a fascinating model system for both indus-
trial and medical applications. Indeed, CNTs have been
shown to increase neuronal signal transfer, dendrite
elongation, and cellular adhesion, demonstrating the func-
tionality of these nanofibres in disease alleviation.6 Fur-
thermore, magnetic particles have been demonstrated to
insert into CNTs to create a magnetic and easily manip-
ulated nanostructure.7 This suggests that CNTs could be
used in nanoelectronic applications including magneti-
cally guided medical devices for drug delivery, as well
as wearable electronics.7–9 However, the fabrications of
biological-metal interfaces has proven challenging with-
out employing self-assembled monolayers on gold sur-
faces. The development a simple, versatile, high affinity
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biometallic interface could facilitate nanoelectronic and
nanomechanical fabrication.
Despite the unique physical and electrochemical proper-

ties of CNTs, their use in biological systems remains lim-
ited due to toxicity issues, and has received considerable
adverse reaction and concern in the general population.
CNTs have been demonstrated to lead to cell death through
direct cytotoxicity,10�11 and through the induction of apop-
totic cascades.12 Methods of increasing the biological
application of CNTs have focused on the covalent and
non-covalent attachment of biochemical moieties onto a
CNT scaffold. For example, the adherence of a carbohy-
drate mimetic polymer onto a CNT scaffold resulted in
CNT-cellular interactions mediated by carbohydrate recep-
tors on the cell surface.13 Such chimeric molecules provide
an intriguing blend of chemical and biochemical proper-
ties, and may well lead to novel biotic-CNT interfaces and
applications.
Efforts to develop more biologically amenable nano-

structures have begun examining the assembly of nanosys-
tems from protein precursors. For example, recent reports
on template-driven nanotube assembly has been reported
for proteins including human serum albumin14 and glu-
cose oxidase.15 These studies demonstrate the feasibil-
ity of generating nanotubes from proteins not normally
thought to assemble into such structures. Also, Patol-
sky and colleagues have reported the synthesis of gold
nanowires based upon the assembly of gold derivatized
G-actin monomers into actin filaments.16 In our investiga-
tions into protein-based nanosystems, we recently reported
the non-template driven self-assembly of a biologically-
based protein nanotube (PNT; Fig. 1) generated from an
engineered form of the PilA protein (pilin).17 The PilA
protein is a 13–15 kDa monomeric protein which nor-
mally assembles into the type IV pilus (T4P) in the
bacterial pathogen Pseudomonas aeruginosa. Native T4P,
which mediate bacterial attachment to various surfaces and
substrates,18–20 are long filamentous polar appendages that
extend from the bacterium, are 6 nm wide and up to sev-
eral micrometers long.21 The PilA binding domain, which
mediates binding to both biotic and abiotic surfaces, is
encoded within residues 128-144; synthetic peptides that
encompass this region have been shown to bind biotic and
abiotic surfaces.20 P. aeruginosa colonization of stainless
steel surfaces is of interest both medically and industrially.
In clinical settings, stainless steel and instrument colo-
nization generates a significant reservoirs of the pathogen,
resulting in elevated noscomial infection rates, as well as
increased morbidity and mortality. Industrially, P. aerugi-
nosa biofilm formation is associated with corrosion issues
and product contamination. The molecular basis for T4P
mediated binding to steel surfaces, while of considerable
interest, has not been extensively investigated. PNTs, gen-
erated from a truncated form of the pilin protein, have been
shown to be structurally similar to T4P,17 and are an ideal

Fig. 1. Pilin-derived protein nanotubes (PNTs). (a) Transmission elec-
tron micrograph of K122-4 pilin PNTs negatively stained with 1% uranyl
acetate as imaged in a Philips EM301 electron microscope operating at
80 kV. (b) Molecular model of PNTs employing a 3-start left-handed
helical fiber structure of type IVa pilins proposed by Craig et al.38 The
pilin receptor binding domain for stainless steel is colored green, while
red and blue coloring indicates acidic and basic electrostatic potential,
respectively, and white represents hydrophobic surfaces.

candidate for the development of a biologically amenable
nanostructure for bionanotechnological applications.22

In the current report, we demonstrate that PNTs retain
biological functionality and can bind with high affinity
to stainless steel surfaces. We report that PNT binding
to a stainless steel surface is similar to that observed for
native T4P, and appears to involve a trivalent interaction
with the metal surface. PNT interaction with the steel sur-
face is mediated through a small receptor binding domain
that interacts directly with the steel surface, preferentially
at grain boundaries (GBs). We estimate, utilizing atomic
force microscopy (AFM), that the attractive or adhesive
force between a receptor binding domain and the steel is
in the range of 26–55 pN/molecular interaction, and PNT-
stainless steel adhesive force is in the range of 78–165
pN/PNT-steel interface. The binding of PNTs to stainless
steel generates a novel metallo-biomolecular interface, fur-
thering the potential of these unique nanostructures for use
in bionanotechnology.
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2. MATERIALS AND METHODS

2.1. Purification of Pili, Monomer, and
Protein Nanotubes

K122-4 pili were purified from P. aeruginosa as previ-
ously described.23 Monomeric truncated K122-4 pilin was
purified from E. coli cells harboring plasmids contain-
ing P. aeruginosa strain K122-4 PilA(�1-28).24�25 K122-4
pilin-derived PNT formation was preformed as outlined by
Audette and colleagues,17 where 1.1 M undecanethiol in
methanol containing DTT and EDTA was added to pilin
monomers, triggering nanotube oligomerization.

2.2. Synthetic and Recombinant Peptide Synthesis

All synthetic peptides used in this study were synthe-
sized by solid phase as previously described.20 All pep-
tides are N-�-acetylated with a free carboxyl. Peptides
with a formed disulfide bridge between cysteine 129
and 142 are identified by an ox. E-coil PAK(128-144)ox
was expressed recombinantly from a pRLD-E plasmid
where the PAK(128-144)ox DNA sequence was spliced in-
frame with the E-coil utilizing synthetic oligonucleotides
and expressed in E. coli strain BL-21 as previously
described.20 The expressed peptide was purified by metal
affinity chromatography, the purity and formation of the
disulfide bridge was confirmed by mass-spectroscopy and
N-terminal protein sequencing. The sequences of the pep-
tides used in this study are shown in Table I.

2.3. Stainless Steel Binding and Competitive
Inhibition Assays

Grade 304 stainless steel 2B finish coupons were prepared
as outlined in Giltner et al.20 Purified monomeric pilin
or PNTs (100 �l/well) were added in replicates of six to
the steel manifold and incubated with gentle agitation for
one hour at 37 �C. Steel coupons were washed five times
with Buffer A (PBS pH 7.4 with 0.05% BSA), and bind-
ing was assessed using a polyclonal anti-K122-4 antibody
followed by secondary goat-anti-rabbit HRP (BioRad).
Substrate buffer (0.01 M sodium citrate buffer pH 4.2
containing 1 mM 2,2′-Azino-bis-(3-ethylbenzthiazoline-
6-sulfonic acid) diammonium salt (ABTS; Sigma) and
0.03% (v/v) hydrogen peroxide) was added to steel mani-
folds as described.20 Absorbance (405 nm) was measured

Table I. Synthetic peptides and peptide sequences employed or referred to in this study.

Peptide Sequence

PAK(128-144)ox Ac-K-C-T-S-D-Q-D-E-Q-F-I-P-K-G-C-S-K-OH
PAO(128-144)ox_Scrambled Ac-N-C-P-D-F-D-P-T-K-K-G-M-Q-A-C-T-S-OH
PAO(128-144)ox Ac-A-C-K-S-T-Q-D-P-M-F-T-P-K-G-C-D-N-OH
Cys-K coil Ac-C-(K-V-S-A-L-K-E)5-OH
E-coil Ac-(E-V-S-A-L-E-K)5-OH
E-coil PAK(128-144)ox H5-(E-V-S-A-L-E-K)5-K-C-T-S-D-Q-D-E-Q-F-I-P-K-G-C-S-K

after a 10 minute incubation with substrate buffer and
using a Multiscan Plus version 2.01 plate reader.
For competitive inhibition assays, monomeric pilin and

PNTs (0.75 �g/ml) were mixed with PAK(128-144)ox in
PBS pH 7.4 so that the final peptide concentration ranged
from 0.512 pM to 5.12 nM. Samples were then assayed
for stainless steel binding as described above.

2.4. Preparation of Peptide Derivatized AFM Tip for
Adhesive Force Measurement

Surface adhesive force that occur between two surfaces
can be measured using an atomic force microscope
(AFM).26�27 An AFM (Digital Instruments) employing the
“contact mode” was used to determine the adhesive force
between the AFM tip and a target surface. Figure 2
schematically illustrates the deflection of a cantilever (con-
nected with an AFM tip) as a function of displacement
when approaching and leaving a sample surface under
external driving force. When the AFM tip is eventually
pulled away from the surface, the tip does not leave
immediately due to the adhesive force between the sample
surface and the AFM tip, which results in deflection of the
cantilever (line 5–6 in Fig. 2). The deformation of the can-
tilever corresponding to this deflection reflects the adhe-
sive force. The deflection of the cantilever is detected by a
laser beam, from which the related force can be quantita-
tively determined if the spring constant of the cantilever is
known. Figure 2 illustrates how the cantilever is deflected
during the entire AFM tip approaching and leaving pro-
cess. The spring constant of the cantilever in the current
AFM study is 0.06 N/m.
In this study, a PAK(128-144)ox peptide-coated AFM

tip was used to measure the adhesive force between the
tip and a steel surface. As the synthetic receptor bind-
ing domain is small (roughly rectangular in nature with
dimensions of ∼15.7 Å by ∼17.5 Å), coupling the peptide
directly to the AFM tip could compromise the interaction
of the peptide with a steel surface area on a nano/micro
scale. An approach was utilized to indirectly derivatize
AFM tips with the peptide being presented on a coiled-
coil structure such that the peptide would be maintained
∼41 Å way from the AFM tip surface allowing the recep-
tor binding domain more freedom to interact with the
metal surface. A de novo designed heterodimeric coiled-
coil system was utilized for this application,28�29 which
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Fig. 2. AFM method of determining adhesive force measurements. The
curve of deflection versus displacement (Z) of cantilever when the AFM
tip is approaching and leaving a sample surface. A recorded deflection
versus Z curve is also presented in the same figure. 1–2: The AFM tip
is pushed by the cantilever towards a sample surface; 2–3: The tip is
pulled down by an attractive force from the sample surface; 3–4: The
cantilever is bent up as the tip touches the surface under an applied
force; 5–6: The tip is attracted by the adhesive force when pulled away
from the sample surface; 6–7: The tip escapes from the surface when the
external force exceeds the adhesive force, which can be determined if the
spring constant of cantilever is known; 7–8: The tip moves away from
the sample surface.

consists of a 35 residue K-coil which is coupled to the
AFM tip and serves to capture a 35 residue E-coil30 with
the receptor binding domain (PAK(128-144)ox) fused to
the C-terminus of the E-coil peptide. The affinity of the
coiled-coil interaction is 60 pM31 and the resulting coiled-
coil is an extraordinarily stable structure that is only par-
tially dissociated in solvent at a temperature of 80 �C.32

The derivatization process is illustrated in Figure 3. A stan-
dard AFM silicon nitride tip was coated with 20 nm of Au
by sputter coating, and then immersed in 25 �M K-coil
peptide synthesized with an additional N-terminal cysteine
residue in PBS pH 7.2 for 40 min at room temperature
such that the K-coil was coupled to the Au coating through
the free sulfhydryl of the cysteine residue. The deriva-
tized AFM tip was then washed with distilled H2O and
then immersed in 5 mM cysteine in PBS pH 7.2 for
40 minutes at room temperature, washed with distilled
H2O and then immersed in 1 �g/ml of E-coil-PAK(128-
144)ox for 40 minutes at room temperature to allow the
formation of the heterodimeric coiled-coil with the recep-
tor binding domain being displayed on the end of the
E-coil at the tip of the AFM tip. Alternatively, synthetic
E-coil was utilized to generate an Au-coated AFM tip
which displayed only the heterodimeric coiled-coil con-
struct as a control AFM tip. The functionalized tips were
then washed with distilled H2O and then air dried for
subsequent use. The peptides were prepared as previ-
ously described with the purity of the peptides being con-
firmed by HPLC reversed phase chromatography and mass

Fig. 3. Schematic diagram of the derivatization of a standard AFM
tip with a coiled-coil displayed PAK(128-144)ox pilin receptor binding
domain. As a control, AFM tips were also derivatized with the same
coiled-coil where the PAK(128-144)ox sequence was not fused to the
E-coil. Sequences of the peptides utilized in this process are presented in
Table I.

spectroscopy.20 Additional peptides utilized in this study
include a synthetic PAO pilin receptor binding domain
(PAO(128-144)ox) and the scrambled PAO pilin receptor
binding domain (PAO(128-144)ox_Scrambled). The purity
of these peptides, and the oxidation state of the disulfide
bond was confirmed as previously described,20 and Table I
describes all peptide sequences used in this study.

2.5. Characterization of Steel Surfaces and AFM
Adhesive Force Determination

Commercial grade 304 stainless steel specimens with
dimensions of 2×2×2 cm were annealed at 1160 �C for
20 minutes in Ar atmosphere followed by air cooling. The
steel surface was smoothed by the use of sand papers up
to 1200#, and then polished with an aqueous slurry of
0.05 �m colloidal silica. The polished sample surface was
etched with a hydrochloride/nitric acid solution for 10 sec,
washed ultrasonically with reagent grade acetone (10 min),

Fig. 4. An optical image of a grade 304 stainless steel surface used in
this study obtained in polarized light with the AFM. Note the obvious
grains, grain boundaries, and the AFM probe.
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(a)

(b)

Fig. 5. Monomeric pilin and PNT binding to stainless steel sur-
faces. (a) Direct binding of K122-4 �(1-28)PilA monomer (�) and
K122-4 PNTs (�) to grade 304 stainless steel surfaces as a func-
tion of protein concentration. (b) Competitive inhibition of K122-4
�(1-28)PilA monomer (�) and K122-4 PNTs (�) binding to steel by
PAK(128-144)ox.

95% ethanol (5 min), rinsed with H2O (deionized, then fil-
tered to remove ions, organics and particles immediately
before use), and air dried. The average grain size of the
stainless steel specimens was ∼30 �m, as determined by
microscopic examination employing polarized light.
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Fig. 6. Adhesive force measurements of a PAK(128-144)ox derivatized
AFM tip with stainless steel as a function of distance from the GB. Mea-
surements are for a single experiment with the profile across a single GB.
These measurements demonstrate the considerable increase in observed
adhesive force for the peptide-derivatized AFM tip over that of a standard
Si3N4 AFM tip (30�5±1�0 nN) at and near GBs.

Fig. 7. Adhesive force measurements of AFM tips derivatized with
coiled-coils fused with PAK(128-144)ox and AFM tips derivatized with
coiled-coils which lacked the PAK(128-144)ox sequence with stainless
steel within and at GBs. A one-way ANOVA analysis of the adhesive
force measures was utilized to determine the probabilities of the data
being significantly different.

In order to determine the adhesive force between steel
surfaces and the pilin receptor binding domain, the adhe-
sive force between the AFM tip and a stainless steel sur-
face was measured by two experimental approaches: (1) a
direct measurement employing a coiled-coil derivatized
tip as a reference, and (2) abolishing the interaction
by pre-treating the surface with a synthetic receptor

Fig. 8. Adhesive force measurements of AFM tip derivatized with pep-
tide and stainless steel that had been pre-treated with either PAO(128-
144)ox peptide to inhibit PAK(128-144)ox binding to the steel or with
PAO(128-144)ox_Scrambled peptide which does not interact with the
steel surface.
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binding domain or a scrambled receptor binding domain
sequence that does not interact with steel (PAO(128-
144)ox_Scrambled) as a control. The AFM tip was moved
from one grain to another utilizing the optical controls of
the AFM (Fig. 4) so that the adhesive force at different
grains and GBs could be determined.

2.6. Statistical Analyses

Statistical analyses of all assays were preformed with
GraphPad Prism Version 4.0. P -values were determined
to be significant at P < 0�05. A non-parametric one-way
ANOVA test of the data (the observed data did not differ
significantly from normally distributed data, but some por-
tions of the data were significantly skewed) was employed
to determine the statistical significance of the results. Indi-
vidual binding assays, with six replicates per assay, were
repeated in triplicate. Error bars in Figure 5 represent
±SEM, while for Figures 7 and 8 represent ±SD.

3. RESULTS

3.1. Adherence to Biotic and Abiotic Surfaces

The structure of the K122-4 pilin monomer is composed
of an N-terminal �-helix packed onto a four-stranded
antiparallel �-sheet, connected by a highly variable loop
region, and a C-terminal disulfide bonded receptor bind-
ing domain (D-Region).25�33–36 However, the first 28
N-terminal residues of the �-helix (�1-N), which are
exposed from the rest of the protein, are highly hydropho-
bic. The hydrophobic �1-N region has been proposed to
serve as an oligomerization domain for native type IV pilus
assembly,37�38 a process achieved through the effects of
over 50 separate proteins in the bacterium.39 Truncation
of the �1-N domain yields a highly soluble monomeric
pilin,24�25�34�35 which is unable to form a native pilus struc-
ture. Rather, upon exposure to a hydrophobe, the highly sol-
uble truncated pilin monomer oligomerizes into long, thin
nanotubes (PNTs; Fig. 1(a)).17 PNTs, which like native pili
are made up of thousands of pilin monomers,36�38�40�41 can
reach lengths upwards of 100 �m, considerably longer than
native T4P.17�21 As it is known that native T4P mediate bac-
terial adherence to a variety of biotic36�42–44 and abiotic20�45

surfaces, in particular binding with high affinity to stain-
less steel surfaces, we investigated the possibility that pilin-
derived PNTs may function in a similar fashion.
As T4P and the PilA receptor binding domain have

been shown previously to bind with high affinity to stain-
less steel surfaces,20 the ability of monomeric pilin, and
PNTs to bind to Grade 304 stainless steel was assessed.
Pilin-derived PNTs were observed to bind Grade 304 stain-
less steel in a concentration dependent and saturable man-
ner (Fig. 5(a)). The concentration dependent binding by
monomeric pilin (Fig. 5(a)) occurs as the receptor binding
domain is completely surface exposed. It should be noted

that the binding curves for the monomer and PNTs are not
directly comparable as each PNT molecule is composed
of thousands of monomers.

3.2. Competitive Inhibition of Surface Adherence

T4P surface adhesion is mediated through the C-terminal
receptor binding domain (D-region) of the pilin
monomer.42�43 Current assembly models of type IV
pili,33–36 and by extension pilin-derived PNTs,17�22 result
in a limited number of non-occluded receptor binding
domains being available for surface adherence being dis-
played at the tip of the structure. To determine whether
functional receptor binding domains in PNTs are indeed
limited, competitive peptide inhibition studies were pre-
formed using the synthetic peptide PAK(128-144)ox, a
well characterized synthetic receptor binding domain.46

The PAK(128-144)ox peptide corresponds to the D-region
of the PilA protein (residues 128-144), is oxidized to form
an internal disulfide bond, and has previously been demon-
strated to specifically inhibit P. aeruginosa strain K122-4
binding to stainless steel.20 The PAK(128-144)ox peptide
was observed to competitively inhibit K122-4 monomer
and PNT adhesion to stainless steel surfaces (Fig. 5(b)).
Peptide inhibition was greater for the monomer than for
PNTs (Fig. 5(b)). PNT binding to steel surfaces demon-
strates a higher (∼10 fold) apparent affinity (or more
accurately avidity) for the steel surface (given the larger
amounts of peptide required to inhibit binding to an equiv-
alent level) compared to the monomer. The difference in
the apparent affinities for steel indicates that >1 recep-
tor binding domain mediates contact of the PNT with the
steel surface. However, the vast majority of receptor bind-
ing domains in each PNT molecule must be occluded in
the PNT due to monomer packing constraints as inhibition
of binding was readily observed. The data is consistent
with each PNT tip presenting 3 functional receptor binding
domains that mediate binding to the steel surface.

3.3. Direct Interaction of the Receptor Binding
Domain with Steel

The high affinity interaction of the receptor binding
domain with the steel surface has not yet been well charac-
terized, nor has the possibility that the interaction with the
steel surface occurs indirectly through the interaction of
the receptor binding domain with an absorbed condition-
ing film rather than the steel surface directly. To investigate
this potential, a direct force measurement approach (also
termed force mapping) utilizing AFM in a “dry” (normal
building relative humidity, 30–40% RH) air environment
with polished and etched steel was utilized. The polish-
ing and etching process removes surface conditioning films
and surface adsorption of organics from air onto steel is
not problematic. Employing a “dry” surface minimizes the
bulk solvent hydrophobic interactions. While the peptides
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will retain bound or solvated water molecules, the lack
of bulk solvent ensures that any adhesive force measure-
ments reflect the forces generated by the interaction of
the peptide with the metal surface rather than interaction
forces generated by hydrophobic effects, largely generated
by bulk solvent energetic contributions.47�48

3.4. Adhesive Force at Grain Boundaries and
Within Grains

The adhesive force of standard Si3N4 AFM tip within the
central region of metal grains is relatively low and, as
anticipated (due to the altered physical–chemical proper-
ties of GBs), near and at GBs the adhesive force was
observed to increase significantly. In this study, the adhe-
sive force was determined with 20 grains and their associ-
ated GBs (replicated 3 times). The average adhesive force
within a grain and at the GB was significantly different
(P < 0�001), with the adhesive force being 17�5±1�0 nN
within the grain and at a GB the adhesive force was 30�5±
1�0 nN. The results indicate that the adhesive force at GB
was ∼1.74 fold higher than that observed within grains.
The increased adhesive force at GBs is largely attributed
to an increase in electron activity at a GB; this interpreta-
tion has been confirmed by measuring decreased electron
work function (EWF) at GBs in other metals.49–52 Bacte-
rial adherence and biofilm formation occurs preferentially
at GBs,20�45 and such is the case with P. aeruginosa pilus
mediated binding to steel.20 Employing a receptor bind-
ing domain derivatized AFM tip revealed that the adhe-
sive force was considerably higher than that observed with
the standard Si3N4 AFM tip, and the adhesive force also
increased significantly at and near GBs (Fig. 6).

3.5. Adhesive Force of Receptor Binding Domain
Derivatized Tips and Steel

The adhesive force between the derivatized AFM tip and
the stainless steel surface was then determined as described
above (20 GBs and their respective grains were examined
with each observation being replicated 3 times). The mean
adhesive force at the GB for the peptide derivatized tip
was 86�8±13�3 nN while the mean adhesive force within a
grain was observed to be 47�6±10�7 nN (Fig. 7). This rep-
resents an increase of 2.84 fold and 2.72 fold in the adhe-
sive force between the derivatized AFM tip relative to the
standard AFM tip for the GB and within the grain, respec-
tively, with the GB adhesive force being ∼1.82 fold greater
than that observed within the grains. The derivatized AFM
tips were robust and did not exhibit any evidence of per-
formance decay or change until ∼80 independent mea-
surements were taken. While these observations provide
evidence that the receptor binding domain mediates direct
binding to the steel surface, the derivatized AFM tip varies
considerably from the standard AFM tip (i.e., 20 nm Au

coating, and multiple coiled-coil constructs with displayed
receptor binding domains).
To ascertain how much of the additional adhesive force

was attributable to the receptor binding domain-steel inter-
action two independent strategies were utilized. First, the
adhesive force of control derivatized AFM tips were deter-
mined by employing AFM tips coated with Au and deriva-
tized with an equivalent concentration of the heterodimeric
coiled-coil, but where there was no receptor binding
domain present. Second, the steel surface was pre-treated
with either a synthetic receptor binding domain previously
demonstrated to inhibit pilus mediated binding to steel
(PAO(128-144)ox), or a peptide that had the same amino
acid composition as the receptor binding domain but where
the amino acid sequence was altered such that the pep-
tide did not bind to steel (PAO(128-144)ox_Scrambled).20

Following this surface pre-treatment, the adhesive force of
a derivatized AFM tip that displayed a receptor binding
domain on the coiled-coil structures was measured. The
additional approach utilizing a scrambled non-functional
peptide sequence displayed on the coiled-coil structures
was not deemed feasible. This was due to significant diffi-
culties in oxidizing the two cysteine residues in the scram-
bled sequence to form the disulfide bond found in the
native receptor binding domain (extremely low yields of
the PAO(128-144)ox_Scrambled peptide were obtained in
multiple syntheses), resulting in a high probability of free
sulfhydryl groups that would confound our studies given
the Au coating of the AFM tip.
Adhesive force measurements with coiled-coil deriva-

tized AFM tips indicate that the derivatization of the AFM
tip had minimal effect on the adhesive force measurements
relative to the standard AFM tip (Fig. 7). The adhesive
force attributable to the PAK(128-144)ox receptor bind-
ing domain interaction with the steel surface can there-
fore be deduced to be 28�0± 11�3 nN within grains and
to be 62�2± 14�5 nN, a significant (P < 0�001) 2.22 fold
difference (Fig. 7).
An alternative approach for determining the adhesive

force attributable to the PAK(128-144)ox peptide-steel
interaction is to pre-treat the steel surface with saturat-
ing concentrations of a synthetic peptide that binds to the
steel surface, thereby preventing PAK(128-144)ox binding
to the steel. A synthetic receptor binding domain derived
from PAO pilin, PAO(128-144)ox, has previously been
shown20 to inhibit interaction with steel (this peptide does
not interact with either the PAK(128-144)ox peptide or with
the derivatized AFM tip, data not shown). Conversely, the
scrambled peptide (PAO(128-144)ox_Scrambled) does not
bind to steel and does not prevent PAK(128-144)ox bind-
ing to steel.20 Utilizing this approach, the adhesive force
attributable to the PAK(128-144)ox-steel interaction was
deduced to be 20�2± 12�6 nN within grains and was sig-
nificantly (P < 0�001) higher (2.12 fold) at 43�0±18�3 nN
when measured at the GBs (Fig. 8). These results, obtained
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Fig. 9. Adhesive force measurements of a standard Si3N4 AFM tip across a GB in steel that had been etched for 10 s (top) and across a GB in steel
that had been etched for 20 s (bottom). Note the different AFM surface profiles at the GB, the sample etched for 20 s has greater loss of material at
the GB compared to the sample etched for 10 s.

by a competitive approach, are in reasonable agreement
with the values previously determined by a direct approach.
Notably, both methods report that the peptide-steel inter-
action is ∼2 fold stronger at GBs. Averaging the results
obtained by the two experimental approaches, the adhesive
force attributable to the peptide-steel interaction indicates
that within the grains the force of interaction is 24.1 nN
and ∼2.2 fold higher (52.6 nN) at GBs.
The observation that the adhesive force between the

peptide and the GB was enhanced relative to what could
be attributed to the basic material properties of the steel
GB raised the question as to the basis for the enhanced
interaction of the peptide with the GB. Acid etching of the
steel surface causes a loss of material at GBs, and the pos-
sibility that the altered geometry of the GB could affect the
adhesive force measurements was considered. Steel sam-
ples were etched for 10 or 20 seconds, respectively, and
the degree of loss of material was determined by AFM
examination of GBs using a standard Si3N4 AFM tip. We
observed no difference in the adhesive force at the GB
of steel surfaces etched for the different periods of time,
although the geometric difference in the GB was readily
determined by AFM (Fig. 9). The differential geometry at
the GB on etched surfaces did not contribute to observed
differences in the adhesive forces we observed at the GBs.

4. DISCUSSION

4.1. Strength of the Peptide-Steel Interface

One of the biological functions of type IV pili is to
power an unusual form of motility. The pilus attaches to

solid surfaces through the pilin receptor binding domain
and is then retracted or depolymerized back into the
cell to effectively pull the cell towards the surface at a
rate of 0.5 �m/s with substantial tension on the pilus.53

In order to determine if our direct force measurements
were consistent with the biological observations, we esti-
mated the force required to disrupt a single peptide-steel
interaction. The potential number of coiled-coil-PAK(128-
144)ox molecules that were displayed on an AFM tip,
and which could potentially interact with the surface of
a stainless steel specimen was conservatively estimated.
The average length of coiled-coil is approximately 82.5 Å,
and the tip of a gold-coated AFM tip is roughly a spher-
ical cap with a radius of 70–90 nm (R), bearing in mind
that the Au coat is ∼20 nm thick. Therefore, the effective
potential contact area may be conservatively estimated as
being between 513083 Å2 (R = 70 nm) and 1�3×106 Å2

(R= 90 nm). The minimal surface area occupied by a ver-
tically attached coiled-coil is represented by a rectangle (as
determined by an examination of molecular structures of
a number of two stranded anti-parallel coiled-coils avail-
able in the PDB) of 26 Å× 21 Å, including a van der
waals surface for the molecule and a single hydration layer
that is physically associated with the peptides and does
not dissociate from the peptide when the peptide is air
dried. Thus the minimal surface area occupied by a ver-
tical coiled-coil is ∼546 Å2. Therefore, an AFM tip may
accommodate from 940 molecules/AFM tip (R = 70 nm)
to 2,381 molecules/AFM tip (R= 90 nm). Employing the
average value reported by the two experimental methods
we estimate that the strength of the PAK(128-144)ox steel
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interaction is in the range from 10 pN/molecular inter-
action to 26 pN/molecular interaction within the grain
and from 22 pN/molecular interaction to 55 pN/molecular
interaction at the GB. Current molecular modeling of the
P. aeruginosa pilus suggests that the structure consists of
3-intertwined filaments that display 3 independent binding
domains at the tip of the pilus.38 Thus 3 pilin receptor
binding domains could enable the pilus to withstand 66
to 165 pN of force when bound to steel. The estimated
force measurements are consistent with existing biological
data which indicates a retracting pilus is under ∼10 pN
of stress,53 and that the native pilus breaks when 120 pN
force is applied.54

4.2. Molecular Basis for Peptide-Steel Interaction

Bacterial biofilm formation on aqueous surfaces and
their associated conditioning films has long been
recognized,55�56 as has the importance of the substrate’s
surface free energy. However, accurate modeling of bac-
terial adhesion to surfaces has been challenging due to
the complexities of the systems, conditioning films and
hydrophobic interactions of cells and surfaces in an aque-
ous environment.57–59 The current experimental approach
employs conditions where hydrophobic effects are min-
imized (non-aqueous, “dry” environment with minimal
bulk solvent affects on ligand interactions), and the poten-
tial involvement of a conditioning film (the steel sur-
faces were polished, etched and solvent cleaned) has
been largely eliminated. Biologically relevant interactions
generally occur in aqueous salt environments where all
components are fully hydrated. While the affinity of bio-
logical interactions varies substantially, in general appar-
ent affinity constants range from nanomolar to millimolar
(most physiologically regulated interactions have an affin-
ity constant in the micromolar range) for univalent inter-
actions; multi-valent interactions allow for much higher
apparent affinity constants due to avidity. The interaction
of proteins and their ligands is generally highly specific
and dependent upon a range of specific molecular inter-
actions and spatial complementarity. However, the affin-
ity and stability of the interaction is largely determined
by what are termed hydrophobic interactions.47 In ther-
modynamic terms, most of the energetic contribution to
receptor-ligand interactions arises from the exclusion of
bulk solvent (water) from the interaction site as the change
in entropy does not positively contribute to the occurrence
of the molecular interaction. The energetic contribution of
direct molecular interactions does not generally negate the
entropic energy term, but rather confers the specificity of
the interaction. Tightly bound water or solvation/hydration
waters are not freely exchangeable with bulk solvent, do
not contribute to receptor-ligand binding energetics, and
are readily observed in protein crystallographic studies
of protein-ligand complex interfacial regions. Thus the

very high affinity of the pilin receptor binding domain
for stainless steel is unusual due to the domain’s high
flexibility in both the cognate protein60 and the synthetic
peptide,61 which increases the entropic penalty for the
interaction, as well as the rather small potential interaction
area of the monomeric peptide with the steel. This sug-
gests that a hydrophobic effect alone does not account for
the affinity of the interaction of the peptide with the steel
surface or a conditioning film found on that surface. We
thus pursued a methodological approach that reduces the
potential of interaction of the peptide with a conditioning
film, and constrains the hydrophobic effect. The polishing,
etching and washing of the stainless steel removed the bulk
water, thereby limiting available H2O to what can experi-
mentally be defined as solvation (bound) water. Receptor
binding domain interactions determined by force mapping
represents a system where there is minimal potential for a
“conditioning film,” with no bulk water to drive or stabi-
lize a molecular interaction between the receptor binding
domain and the steel surface. The direct interaction of the
peptide with the steel surface was therefore measured by
AFM.
A portion of the interfacial interaction between the pep-

tide and steel surface can be directly attributed to mate-
rial properties of the steel both within grains and at GBs.
However, the peptide-steel interaction is dependent on the
peptide’s sequence rather than it’s molecular composition.
This interaction displays a significant preference for GBs
that exceeds what is predicted based of the difference in
surface free energy or material’s adhesive force increase
at the GB (∼2 fold increase for the peptide at the GB as
compared to a ∼1.7 fold or ∼1.3 fold increase observed
with standard or coiled-coil derivatized AFM tips, respec-
tively). The pilin receptor binding domain is a self-folding
domain that in aqueous solution contains two discrete
�-turns62 and two families of conformers due to the exis-
tence of both a cis and a trans conformation of the pro-
line in the sequence. The solution structure of the PAK
pilin receptor binding domain is similar to that observed
in the crystal structure of PAK pilin in a low solvent con-
tent crystal34 but the molecular structure of the air dried
pilin receptor binding domain is unclear. The molecular
basis for the interaction of the peptide and steel is uncer-
tain at this time, but likely results from the stabilization or
sharing of surface electrons from the metal in addition to
the expected van der Waals interactions. The higher adhe-
sive force at GB could be largely attributed to increased
electron activity at GB corresponding to lower EWF.49

The more active the electrons are at a surface, the more
reactive is the surface.50 Grain boundaries have irregu-
lar lattice structures with dislocations and other defects
such as voids and vacancies. As demonstrated previously,51

dislocations can raise electrons’ activity and thus render
dislocation-containing regions or deformed materials more
anodic or reactive.52 It should be mentioned that high
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affinity protein-metal interactions have not been frequently
observed, although proteins that bind very effectively to
metal surfaces have been documented.63 The pilin receptor
binding domain may represent a novel protein architecture
that has evolved primarily for adherence to surfaces. It is
interesting to note that other bacterial T4P have recently
been observed to function as nano-wires to transfer elec-
trons to, or from the bacterial cell surface and metals in
the environment.64�65 The nature of the molecular interac-
tion that occurs between the metal surface and the peptide
remains somewhat enigmatic, and is complicated by the
complexity of a real world metal surface.

4.3. PNT Steel Binding and Potential Applications

The melding of biochemically acceptable functionalities
onto abiotic substrates such as CNTs4–7 is exciting for
the development of biologically amenable nanosystems.
However, despite the unique physical and electrochem-
ical properties of CNTs, current synthetic and purifi-
cation strategies66 hinder their acceptance in biological
systems.10�11 To develop a more biologically accepted
nanosystem, we have attempted to adapt an existing nano-
structure present in the natural world.17 The T4P from
P. aeruginosa is an ideal template system from which to
begin this process; these multi-functional nanostructures
provide the bacterium a means of communication (with its
environment and surrounding cells), motility, and adher-
ence to a variety of biotic and abiotic surfaces.20�22�36�43–46

The observation that P. aeruginosa T4P mediates adher-
ence to stainless steel surfaces20 prompted our investiga-
tion into the potential that pilin-derived PNTs may also
mediate similar interactions. Indeed, PNTs were observed
to bind stainless steel (Fig. 5). Surface binding by T4P
is known to be a tip associated process,43�46 and current
assembly models34–36 present a limited number of acces-
sible binding sites at the tip of the T4P. PNTs binding
to stainless steel was readily inhibited by direct competi-
tion with a monovalent ligand, indicating that PNTs, like
T4P, bind surfaces via a limited number of receptor bind-
ing domains displayed at their tips. If PNT binding was
not tip-associated, a much larger, non-saturable binding
of the steel surface by PNTs would be expected, based
on the increased number of binding domains presented by
the PNT quaternary structure, and a monovalent ligand
would be unable to inhibit the binding of such a multiva-
lent ligand.
The adherence of biochemical moieties to abiotic

substrates is of considerable interest in a range of dis-
ciplines, including biology, biochemistry, surface and
materials chemistry, and nanotechnology. Indeed, the
presentation of distinct nucleic acid sequences on a surface
is the basis of microarray technology, has revolutionized
the analysis of genomes,67 and has fostered consider-
able interest in the physicochemical properties of these

unique interfaces.68�69 Therefore, the adherence of PNTs
to surfaces should lead to novel metallo-biomolecular
interfaces, and applications. Our results suggest that a
pre-fabrication of PNTs, “loaded” with additional ligands
within the solvent accessible interior of the PNTs or cou-
pled to the external surface of the PNTs, could be utilized
to fabricate derivatized PNT tip-coupled D transition metal
surfaces. These biometallic interfaces or surfaces could
be used to generate sensor electrodes, electronically con-
trolled pumps, or molecular scaffolds for various nanotech
applications.
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