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ABSTRACT: Peptide coatings on material surfaces have demonstrated wide application across materials science and
biotechnology, facilitating the development of nanobio interfaces through surface modification. A guiding motivation in the field
is to engineer peptides with a high and selective binding affinity to target materials. Herein, we introduce a quantitative force
mapping method in order to evaluate the binding affinity of peptides to various hydrophilic oxide materials by atomic force
microscopy (AFM). Statistical analysis of adhesion forces and probabilities obtained on substrates with a materials contrast
enabled us to simultaneously compare the peptide binding affinity to different materials. On the basis of the experimental results
and corresponding theoretical analysis, we discuss the role of various interfacial forces in modulating the strength of peptide
attachment to hydrophilic oxide solid supports as well as to gold. The results emphasize the precision and robustness of our
approach to evaluating the adhesion strength of peptides to solid supports, thereby offering guidelines to improve the design and
fabrication of peptide-coated materials.

B INTRODUCTION interaction can be achieved through various surface-sensitive
measurement approaches.

In general, quartz crystal microbalance (QCM) and surface
plasmon resonance (SPR) are reliable measurement techniques
for determining the attachment of biomacromolecules to a solid
support by monitoring the kinetics of adsorption and
desorption.'*'> However, some material-binding peptide motifs
are very small in molecular size and weight (e.g, five to six

Engineered peptides possessing high and specific affinity to
target materials have attracted significant attention in materials
science and biotechnology by enabling new functionalities at
the nanobio interface, including bioelectronics, biocompatible
surface coatings, and anti-infective devices.'™ The target
materials include inorganic and organic substrates with diverse

properties and surface features.” Although there are a large amino acid residues), resulting in a low signal-to-noise ratio
number of reports on material-binding peptides, the mecha- with such methods.'® Furthermore, these techniques record
nisms underlying the specific interaction between peptide ensemble-average measurements which can mask critical
motifs and target materials have been revealed in only a few mechanistic information on the single-molecule level. Taken
limited cases.’""' This scarcity reflects the complexity of
peptide—material interactions in aqueous solution, which Received: May 8, 2015
encompass multistep adsorption processes.'”'*> To elucidate Revised:  June 27, 2015
the corresponding mechanisms, precise evaluation of the Published: June 30, 2015
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together, these issues may lead to difficulty in systematic
quantitative analysis and comparison of experimentally
measured binding affinities for different combinations of
materials and peptides.

In another promising approach, atomic force microscopy
(AFM) enables the highly sensitive measurement of the
interaction force between a solid support and Jgeptides tethered
to an AFM probe, with pN-level accuracy.'” Single-molecule
force spectroscopy (SMFS) with dynamic force spectroscopy
(DFS) has often been employed to analyze specific interactions
of ligand—receptor systems."*™>° With DFS, the number and
positions of the energy potential barriers and the natural
lifetime of a bond can be determined. However, the number of
binding sites (not the number of energy potential barriers) and
association constants cannot be obtained in DFS measure-
ments. Taking into account all of these issues, there is strong
motivation to extend the capabilities of AFM force measure-
ments in order to precisely determine the adhesion strength of
peptide—material interactions.

Herein, we introduce a quantitative force mapping method to
evaluate the binding affinity between peptides and material
substrates through statistical analysis of the adhesion force and
probability based on AFM measurements conducted at varying
probe-surface contact times. In contrast to conventional single-
molecule force spectroscopy with DFES as described above, our
method does not require optimization of the density of
molecules on the apex of the probe in order to detect single-
molecule events. In this work, we employ our newly developed
method to evaluate the affinity of gold-binding peptide
(GBP)*' to various oxide materials with several probes each
presenting a different number of molecules on the probe apex.
The standardization afforded by our approach can lead to a
more accurate and robust measurement of the binding affinity
of peptides and other biomacromolecules to solid supports.

B MATERIALS AND METHODS

AFM Probe Functionalization. For all force measurements, we
used Si cantilevers (CSG-01, NT-MDT, Moscow, Russia). The probes
were cleaned with a UV—0O; cleaner (UV-300, SUMCO, Tokyo,
Japan). The cleaned probes were first coated with a wetting layer of
germanium (thickness 2 nm) by thermal evaporation under vacuum
(base pressure 1.0 X 107* Pa), followed by the deposition of a gold
thin film (thickness 20 nm). After the evaporation process, the probes
were immersed in an ethanol solution containing 2-aminoethanethiol
(10 mM, Tokyo Chemical Industry, Tokyo, Japan) for 2 h. After
immersion, the probes were rinsed with pure ethanol solution and
immersed in anhydrous toluene (Wako Chemicals, Tokyo, Japan)
solution containing N-hydroxysuccinimide-PEG24-maleimide ester (1
mmol/L, Quanta BioDesign, Plain City, OH) for 8 h. After the probes
were rinsed with toluene solution, they were immersed for 8 h in PBS
buffer solution that contained cysteine-terminated triply repeated in
tandem GBP (1 mg/mL, purity >95%, C (MHGKTQATSGTIQS);,
Scrum, Yokohama, Japan). After immersion, the functionalized probes
were rinsed with pure PBS buffer solution. A schematic illustration of
the cantilever modified with GBP is shown in Figure 1(a).

AFM Operation. The basic principles of our force measurements
are described elsewhere.”> We used a commercial AFM system (MFP-
3D, Oxford Instruments, UK). All force measurements were carried
out in PBS buffer solution (pH 7.4) which included Tween 20 (0.05
wt %) in order to block hydrophobic interactions between the peptide
and probe tip with the substrates that are present due to hydrophobic
contaminants on the surfaces. The spring constants of cantilevers were
evaluated by measuring the thermal fluctuation of the cantilevers. For
acquisition of the force mapping images, force—distance curves were
taken at 32 X 32 or 64 X 64 points. The scanning area was 90 X 90
um’. The velocity of the probe approach and the loading rate of the
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Figure 1. Experimental strategy for quantitative force mapping of
peptide-material interactions. (a) Amino acid sequence of gold-binding
peptide (GBP) and chemical structure of PEG-GBP moieties
immobilized on gold-coated AFM probes. The backbones of the
GBP, charged residues, and neutral polar groups are represented by a
ribbon, red spheres, and green spheres, respectively. (b) Representa-
tive AFM force—distance curves on approach and retraction for a
peptide—substrate adhesion event. The definition of adhesion force in
this work is indicated by a two-sided arrow.

force on the retraction step were fixed at 2000 nm/s and 400 pN/s,
respectively. We controlled the contact time (0.01, 1.01, and 3.01 s)
between the probe and substrate with a feedback loop in order to keep
the loading force in the range of 400—450 pN (Figure 1(b)).

The letters (N, T, U, T, S, and G) were written with Au over Al,O5,
TiO,, and SiO, substrates in order to provide distinct areas of surface
chemistry for the AFM probe to detect. For the preparation of the
substrates, a layer of Al,O; (thickness 100 nm) or TiO, (thickness 100
nm) was formed on a clean Si(100) substrate by atomic layer
deposition. For the preparation of the SiO, substrate, a layer of SiO,
(thickness 100 nm) was deposited on a cleaned Si wafer with
tetraethylorthosilicate using the chemical vapor deposition method.”®
The oxide substrates were masked using photoresist, and then the
oxide substrates were coated with chromium (thickness 20 nm)
followed by coating with gold (thickness 100 nm) using a thermal
evaporation method. After the photoresist mask was removed, the
substrates were cleaned by sonication in toluene for 15 min. Note that
the different probes were individually prepared for measurements on
each substrate; however, an identical procedure was employed in all
cases.

Interfacial Force Calculations. To estimate the interaction
energy between a single GBP molecule and a solid support, numerical
calculations based on the DLVO forces were performed. We assumed
that peptide attachment to the solid support can be represented as a
sphere in contact with a planar surface. The diameter of the sphere was
defined on the basis of the major axis of the peptide. Using this
approach, we computed the van der Waals interaction energy and the
double-layer electrostatic interaction energy as functions of the
separation distance between the sphere and solid support. The
material properties of the solid support were varied in order to
replicate those of SiO,, Al,O;, or TiO,. While we do not explicitly
calculate the hydration interaction energy due to the lack of reference
data for systems of this kind, we may note that this repulsive force is
also present and is involved in the stabilization of an attached peptide
molecule. Below, we provide more information about the methods of
our calculations.

van der Waals Interaction Energy. The van der Waals interaction
energy as a function of separation distance between a single GBP
molecule and the solid support was calculated by using a classical
sphere—plane model. The interaction energy, V. 4y, is described by

_4R
6d (1)
where A is the Hamaker constant of the system, R is the peptide

radius, and d is the distance between the surfaces of the sphere and the
plane. In the model, the peptide was assumed to be a sphere with R =

Viaw =

Ve
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Table 1. Parameters Used in the van der Waals Interaction Energy Calculations

medium dielectric constant oscillator parameter
anatase TiO,? 31 4.000
$i0,* 3.8 1.098
ALO;Y 7 2.096
peptide® 3.5 1.041
water®® 77.6 0.762

absorption frequency (UV) A,(J) Ao ()

127 x 10% 1.2568 x 107! 7.2433 x 1074
321 x 10% 26724 x 1074 1.9800 x 107!
2.87 x 10" 2.4443 x 107 6.0380 x 107
2.64 x 10"
3.17 x 10"

3.7 nm. Calculation of the Hamaker constants followed the Prieve and
Russell approach,** as described by eqs 3—6 in ref 25. Table 1 presents
a summary of the parameters used in the modeling calculations

The inverse Debye length for our system is calculated by

1 &gk T
K = |——
2

2N,e’1T ()

where I is the ionic strength of the electrolyte in the units of mol/m?,
i.e, 150 mol/m? in the model calculations. T is the temperature of the
solution and is 298 K. The calculated inverse Debye length is 1.2805
nm™.

Double-Layer Electrostatic Interaction Energy. The double-layer
electrostatic interaction energy as a function of separation distance
between a single GBP molecule and the solid support was calculated
by using a classical sphere—plane model, as described by eq 5 in ref 28.
The interaction energy, Vpg, is described by

Voie = _E”R[(Wl + 1/12)2 In(1 — exp(—«d))
+ (= 1) InC1 + exp(—xd))] )

where € is the dielectric constant of the medium, y; is the surface
potential of the sphere, y, is the surface potential of the plane, « is the
Boltzmann constant, R is the radius of the sphere, and d is the distance
between the surfaces of the sphere and the plane. The surface potential
of the GBP molecule was fixed at +10 mV in order to account for its
positive net charge. The surface potentials of the solid supports were
selected as —26 mV for SiO, (ref 29), —S mV for TiO, (ref 30), and
0.4 mV for Al,O, (ref 31) based on values that are reflective of the
experimental pH and ionic strength.

B RESULTS AND DISCUSSION

Figure 2 presents height (morphology) and adhesion force
images of substrates with different combinations of materials
measured with GBP-functionalized AFM probes. Convex areas

Au/Al20;  Au/TiO2

Au/SiO2

Adhesion

Figure 2. AFM mapping of peptide—material interactions for
visualization. Images (32 X 32 pixels) on three substrates with
different material combinations, as measured with GBP-functionalized
AFM probes in PBS buffer solution: (a, b) Au/AlO4, (¢, d) Au/TiO,,
and (e, f) Au/SiO,. All images are 90 X 90 um?” in size.

on the substrate with a height of about 70 nm consist of Au,
and the outer areas are composed of the other materials. As
presented in Figure 2, all of the height images exhibit a similar
contrast, confirming the uniformity of our fabrication approach.
In contrast to the height images, the adhesion force images
show clearly different contrasts depending on the combination
of materials. That is, the GBP expressed high affinity (high
probability and strong adhesion) to Au in all cases, whereas the
adhesion observed on other substrate regions depended on the
material composition. The highest adhesion contrast was
observed for the Au/Al,O; substrate, but the adhesion contrast
for the Au/TiO, and Au/SiO, substrates was smaller.

The contrast in the adhesion images is attributed to the
difference in the binding affinity of GBP to the various
materials. Qualitatively, of the three hydrophilic oxide materials,
GBP demonstrated the strongest affinity for SiO, and the
weakest affinity for Al,O;. Considering the amino acid
sequence of the GBP, one GBP molecule on the probe has a
net charge of +2 under nearly neutral aqueous buffer
conditions. Therefore, GBP is expected to preferentially attach
to negatively charged materials by electrostatic attraction. The
isoelectric points of SiO,, TiO,, and Al,O; are 1.8, 6.7, and 9.1,
respectively, and the trend supports the experimental
observations.** Therefore, we conclude that the electrostatic
interaction between GBP and the substrate is most attractive
for SiO,, followed by TiO, and then AL O;.

To quantitatively compare the results obtained on the three
material substrates, we next discuss the kinetics of peptide—
substrate attachment. Figure 3 presents the histograms of the
adhesion forces observed for GBP and Au (SiO,/Au substrate)
at different contact times. At a contact time of 0.01 s, adhesion
events with a rupture force smaller than 50 pN were dominant.
With increasing contact time (>1 s), strong adhesion (>100
pN) prevails in the statistical ensembles. The greater adhesion
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Figure 3. Dependence of peptide—material adhesion force on contact
time. Histograms of adhesion forces obtained with three different
contact times on the Au/SiO, substrate (0.01, 1.01, and 3.01 s).
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Figure 4. Average adhesion force as a function of contact time. The forces are calculated from the results of the force mapping obtained with the (a)
Au/AlL,O; substrate, (b) Au/TiO, substrate, and (c) Au/SiO, substrate in PBS buffer solution. Error bars represent the standard deviations of the

measurement results obtained in the three different regions.
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Figure S. Adhesion probability as a function of contact time. Results are presented for (a) Au and Al,O; on the Au/ALO; substrate, (b) Au and
TiO, on the Au/TiO, substrate, and (c) Au and SiO, on the Au/SiO, substrate. Solid and dotted lines are the functions of eq 1 fitted to the
experimental results. Error bars represent the standard deviations of the results obtained in the three different regions.

forces measured indicate that the number of attached peptides
increases as a function of the contact time on the scale of 1 s.

Figure 4(a—c) presents the average adhesion force as a
function of the probe—surface contact time on each material
substrate. For all cases, the average adhesion force significantly
increased in the first 1 s. We expect that this time progression
of the adhesion force was due to conformational changes in
attached GBP molecules in order to maximize the attractive
interaction energy.”> We also measured the adhesion force with
longer contact times of up to 10 s; however, we did not observe
a difference in the adhesion forces obtained for contact times of
3 and 10 s. The results demonstrate that the peptide—material
attachment is not in equilibrium within 1 s but reaches
equilibrium at 3 s. The average adhesion forces for GBP
binding to Au at 3 s range between 200 and 600 pN depending
on the probe, indicating that the number of molecules involved
in the adhesion events varies between the probes. We checked
the reproducibility of the density of the peptide moieties on Au
surfaces by X-ray photoelectron spectroscopy and determined
that there was less than 10% variation in the density of the
peptide (N 1s signal). Therefore, we conclude that variations in
the average adhesion force are due to the variation in the
number of molecules on the probe apex originating not from
the density of the molecules but from the shape of the probe
apex (Figure S1). As discussed above, a simple comparison of
the time progression of the adhesion force does not provide
information on the binding affinity of the peptide because the
number of peptides involved in the adhesion event is different
in each case. To circumvent this issue, we propose to evaluate
the binding affinity of GBP to the various material substrates
based on the adhesion probability as a function of the contact
time.

As presented in Figure 5, the adhesion probabilities, which
were evaluated by dividing the number of force curves with

adhesion events by the total number of force curves,
monotonically increased as a function of contact time and
reached equilibrium at 3 s. The adhesion probability, p, is
expressed by

pt) =1-— exp[—mpmsAcsz{l — exp(—kgt)}] (4)

where m,, and mj are densities of binding sites on the probe and
substrate, respectively, A. is the contact area, K? is the binding
affinity, k4 is the dissociation constant, and t is the contact
time.>*** First, we fitted the results obtained on the Au surface
and assumed the same lumped affinity, —umSKg and kg, and
different values of A, for each probe (solid lines in Figure S(a—
c)) and obtained the ratio between A, among the probes and
kg Then, we evaluated the umSACKg and ky values for the
ALO;, TiO,, and SiO, substrates (dashed lines in Figure S).
The obtained parameters are summarized in Table 2. We
checked the reproducibility of the affinity and dissociation

constants calculated from the data sets obtained with different

Table 2. Normalized Lumped Affinity and Dissociation
Constants for Peptide—Material Interaction®

normalized lumped affinity

materials (ratio between umSKS) dissociation constant (k)
Au 1+02 34 +£20
SiO, 0.78 + 0.16 20+ 12
TiO, 0.65 + 0.13 0.79 + 0.47
AlLO, 0.028 + 0.006 2.73 + 1.64

“The values were obtained from fitting the adhesion probability vs
contact time to eq 4. The statistical errors indicate the standard
deviation of the fluctuation of the values in the fitting of the adhesion
probability to eq 4 within the error bars indicated in Figure S.
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probes, and the deviations are smaller than +20 and 65%,
respectively.

Finally, we discuss the mechanism underlying the binding
interaction between GBP and the materials used in this work.
There was no significant difference in ky among the materials,
indicating that the stability of attached peptides is similar.*®
This is also rationalized by the results of the experimentally
determined adhesion forces. At the contact time of 3 s
(equilibrated state), the difference in the adhesion forces is
relatively minor compared to large differences in the adhesion
probability (Figure 4). Although the large variance in the
measured properties renders it difficult to show a difference in
the measured ky values for the limited sample size that was
tested in the study, the differences in k4 values alone cannot
explain the contrast observed in the adhesion images and the
differences in the adhesion probabilities (Figures 2 and 4).
Indeed, there exists a correlation between the values of the
normalized umSKg and the adhesion images and probabilities.
Therefore, we conclude that umstj mainly governs the
binding affinity. The positively charged GBP molecules have a
greater chance to form ionic bonds with negative deprotonated
hydroxyl groups, which are abundant on substrates such as SiO,
and TiO,. Therefore, a high m; value is expected in PBS buffer
solution for such cases. On the other hand, the surface of Al,O4
provides less negatively charged binding sites due to hydroxyl
group protonation under the solution conditions, which results
in a lower lumped affinity.

According to extended-DLVO theory, the peptide—substrate
interaction can be described in terms of the balance of three
interfacial forces: the van der Waals, double-layer electrostatic,
and hydration forces. The attractive van der Waals interaction
energy for this system is nearly equivalent for the TiO, and
AL O; cases and appreciably smaller for the SiO, case (Figure
6(a)). By contrast, the double-layer electrostatic interaction
energy is the most attractive in the SiO, case and less attractive
in the TiO, (moderate) and Al,O; (weakest) cases (Figure
6(b)). On the basis of the experimental results which support
that peptide attachment is in fact strongest on SiO,, the
theoretical analysis supports electrostatic interactions playing a
key role in mediating peptide attachment. Another important
factor is the repulsive hydration force which is appreciably
greater on TiO, and Al,O; versus SiO,, as recently
discussed*®*” in the context of lipid—substrate interactions on
the same set of material substrates. The hydration force arises
from the energy required to remove confined interfacial water
molecules attached to the oxide film substrates, and the
variation in this force among the three substrates is due to the
differences in surface polarizability (TiO, > Al,O; > SiO,)**—
greater surface polarizability is correlated with the binding
strength and thickness of the hydration layer on the substrate.®
When all three interfacial forces are taken into account and
viewed collectively, the trends observed in the calculated
adhesion forces and probabilities from the AFM measurements
are in excellent agreement with theoretical predictions based on
extended-DLVO theory. The high affinity of the peptide for
SiO, over the other two oxide substrates is likely due to the
combination of strong electrostatic attraction and a weak
repulsive hydration force. Considering that the peptide has the
lowest affinity for Al,O; out of the three oxide film substrates,
we conclude that the double-layer electrostatic force is the
major contributing factor that governs peptide attachment in
general. Taken together, these findings provide insight into how
the balance of interfacial forces mediates the attachment of
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Figure 6. Interaction energies of peptide attachment on material
substrates. (a) van der Waals interaction energy as a function of
separation distance for a single GBP peptide molecule near a solid
support. (b) Double-layer electrostatic interaction energy as a function
of separation distance for a single GBP peptide molecule near a solid
support.

biomacromolecules to solid supports and validate our AFM-
based measurement approach.

From our results (Table 2), the strong affinity between GBP
and Au can also be attributed to a large umSKg. In contrast to
the oxide substrates, there is no explicit surface charge
originating from the ionization of the surface atoms on an Au
surface except for accumulated ions from the solution because
the gold surface is relatively inert to oxidation under neutral pH
conditions. The mechanisms underlying molecular adhesion on
gold include charge transfer, van der Waals attraction, and the
polarization of gold (image charge effect).**™** In the case of
the aforementioned interactions, the gold surface provides
binding sites with low positional and orientational dependence,
resulting in a larger m.** On the basis of the GBP sequence,
polar and charged groups are abundant (nine neutral polar, two
cationic, and three hydrophobic residues in the repeating unit),
which may lead to a larger m,,. In addition, molecular dynamics
simulations suggest that the functional groups on peptide
chains tend to maximize their interaction with an Au(111)
surface by dynamically forming epitaxial configurations.*> As a
result, the lumped affinity for GBP—Au binding is higher than
the affinities of GBP to the oxide film substrates (Table 2). This
binding model is also consistent with the model proposed by
Sarikaya et al. in which polar groups of peptides were reported
to play an anchoring role for highly conductive metals such as
Au and Pt.*™
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B CONCLUSIONS

In this work, we have developed a quantitative force mapping
method to evaluate the binding affinity of material-binding
peptides to various materials. We have also demonstrated the
application of this approach to evaluating the binding affinity of
GBP to Au and hydrophilic oxide film (SiO,, TiO,, and Al,O5)
substrates, and we discuss the physical origins underlying the
quantitative differences in the adhesion probability and binding
affinity of GBP to the different material substrates. One
advantage of this approach over a conventional single-molecule
force spectroscopic approach is that our approach does not
require the optimization of conditions for the preparation of
probes to detect single-molecule events. Using several data sets
of the probabilities of adhesion to a reference material (Au in
this work) and other materials which were measured at
different contact times, we can evaluate the binding affinity
while taking into account variations in the number of peptides
involved in adhesion events. Our experimental findings show
excellent agreement with theoretical extended-DLVO calcu-
lations and demonstrate that our AFM-based measurement
approach can be used to quantitatively measure the adhesion
forces associated with the attachment of single biomacromo-
lecules to various materials for various applications such as
antifouling coatings and drug delivery.***’
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