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Correlating single-molecule and ensemble-
average measurements of peptide adsorption
onto different inorganic materials

Seong-Oh Kim,a Joshua A. Jackman,a Masahito Mochizuki,b Bo Kyeong Yoon,a

Tomohiro Hayashi*bc and Nam-Joon Cho*ad

The coating of solid-binding peptides (SBPs) on inorganic material surfaces holds significant potential for

improved surface functionalization at nano-bio interfaces. In most related studies, the goal has been to

engineer peptides with selective and high binding affinity for a target material. The role of the material

substrate itself in modulating the adsorption behavior of a peptide molecule remains less explored and

there are few studies that compare the interaction of one peptide with different inorganic substrates.

Herein, using a combination of two experimental techniques, we investigated the adsorption of a 16 amino

acid-long random coil peptide to various inorganic substrates – gold, silicon oxide, titanium oxide and

aluminum oxide. Quartz crystal microbalance-dissipation (QCM-D) experiments were performed in order

to measure the peptide binding affinity for inorganic solid supports at the ensemble average level, and

atomic force microscopy (AFM) experiments were conducted in order to determine the adhesion force of a

single peptide molecule. A positive trend was observed between the total mass uptake of attached peptide

and the single-molecule adhesion force on each substrate. Peptide affinity for gold was appreciably greater

than for the oxide substrates. Collectively, the results obtained in this study offer insight into the ways in

which inorganic materials can differentially influence and modulate the adhesion of SBPs.

Introduction

Solid-binding peptides (SBPs) are a versatile class of biomacro-
molecules which are widely employed as molecular building
blocks to functionalize various types of inorganic and organic
solid materials.1–3 One of the most intriguing aspects of SBPs is
the possibility of utilizing short amino acid sequences which
selectively bind with high affinity to a target substrate. Indeed,
SBPs are a useful tool for surface functionalization, offering a
simple approach to improve the biocompatibility of a material
surface or act as molecular ligands to facilitate the conjugation
of other biomolecules.4,5 Among the scope of applications, SBPs
enable the fine placement of biomolecules on solid surfaces6–9

and the fabrication of self-assembled nanostructures7,10 towards

nanoarchitectonics-based design strategies.11,12 For all these
reasons, there is significant interest in understanding the factors
which determine how SBPs selectively bind to target substrates.

The interaction between SBPs and material surfaces is governed
by the interplay of various noncovalent intermolecular forces
with different physical origins, including the double-layer
electrostatic force, van der Waals force, hydration force, steric
interactions, and the entropic force.13–16 The binding affinity
and selectivity of peptide attachment are difficult to predict on
the basis of substrate properties and peptide characteristics
(e.g., amino acid composition, electrical charge, polarity) alone.
Empirical investigations are necessary in order to directly address
these questions, and typically focus on comparing the attachment
of sequence-related peptides in a library to one target substrate
or the attachment of one peptide to multiple substrates. In
either case, a combination of different experimental techniques
and theoretical analysis can help to establish correlations
between material properties and peptide binding affinity.17–20

So far, a major emphasis in the field has been on engineering
SBPs with optimal binding properties to a target material, and a
wealth of knowledge remains to be learned about how material
substrates differentially modulate the adsorption properties
of SBPs, with a few studies comparing the binding affinity of
peptides on two substrates.21–23
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The goal of the present study is to investigate the adsorption
responses of one SBP candidate upon attachment to a series
of inorganic substrates – gold, silicon oxide, titanium oxide,
and aluminum oxide. In particular, we discuss a comparative
analysis of the peptide attachment kinetics at the single-molecule
and ensemble-average levels for the first time. The SBP is a 16-amino
acid amphipathic peptide (AGSWLRDIWTWLQSAL) engineered
from a longer 27-amino-acid sequence which has demonstrated
virucidal activity in solution24 and can be noncovalently immobilized
onto hydrophilic solid supports for patterning applications.25 The
engineered peptide investigated here possesses one negatively
and one positively charged residues (electrically neutral) as well
as neutral hydrophilic and hydrophobic residues with an amphi-
pathic disposition (Fig. 1). Systematic experiments are performed
based on adsorption kinetic measurements of peptide binding
affinity by quartz crystal microbalance-dissipation (QCM-D) and
single-molecule force measurements of peptide attachment by
atomic force microscopy (AFM). The combination of experimental
techniques allows us to correlate changes in the peptide binding
affinity and the corresponding attachment/detachment kinetics.

Materials and methods
Reagents

Phosphate-buffered saline (PBS) (Life Technologies, Carlsbad,
CA), ethanol (Merck Millipore, Billerica, MA), dehydrated toluene
(Fisher Scientific, Waltham, MA), 11-amino-1-undecanethiol
hydrochloride (Sigma-Aldrich, St Louis, Mo), N-hydroxysuccin-
imide–PEG24-maleimide ester (NHS–PEG–MAL) (Product No.
10314, Quanta Biodesign, Plain City, OH) and polyoxyethylene
sorbitan monolaurate (Tween-20, Bio-RAD, Hercules, CA) were
used in the experiments. The PBS buffer solution contained
137 mM NaCl and 2.7 mM KCl salt concentrations. All aqueous
solutions were prepared using Milli-Q-treated water (18.7 MO cm)
(Millipore, Billerica, MA).

Peptides

High purity peptides (495%) were synthesized by Anaspec
Corporation (San Jose, CA, USA). The sequence of the template
peptide is H-Ala-Gly-Ser-Trp-Leu-Arg-Asp-Ile-Trp-Thr-Trp-Leu-Gln-
Ser-Ala-Leu-NH2. For AFM experiments, an additional Cys residue
was added to the N-terminus or C-terminus. The as-supplied

lyophilized peptides were solubilized in deionized water at a
stock concentration of 2 mg mL�1 peptide. The exact molar
concentration of peptide in solution was determined by standard
absorbance measurements at 280 nm and diluted accordingly
before experiments.

Quartz crystal microbalance-dissipation (QCM-D)

QCM-D experiments were conducted using a Q-Sense E4 instru-
ment (Q-Sense AB, Gothenburg, Sweden) in order to measure the
binding affinity of peptides for the solid supports. The QCM-D
technique monitors changes in the resonance frequency (Df) and
energy dissipation (DD) of an oscillating, piezoelectric quartz
crystal sensor chip as functions of time, which reflect the acoustic
mass and viscoelastic properties, respectively, of an adsorbate on
the surface.26 The sensor chips had a fundamental frequency
of 5 MHz and were obtained as-supplied with gold, silicon oxide,
titanium oxide, or aluminum oxide coatings. Before experiments,
the sensor chips were sequentially rinsed with water and ethanol,
dried under nitrogen gas, and were subjected to oxygen plasma
treatment for 1 min using an Expanded Plasma Cleaner (model
no. PDC-002, Harrick Plasma, Ithaca, NY). A baseline signal was
recorded in PBS solution [pH 7.2] and then 7 mM peptide in the
same buffer was added. A washing step with PBS solution
completed the procedure. In all steps, a peristaltic pump (Reglo
Digital, Ismatec, Glattbrugg, Switzerland) was used to inject liquid
samples into the measurement chamber under continuous flow
conditions at a flow rate of 50 mL min�1. During the experiments,
the temperature in the measurement cell was maintained at
25.0 � 0.5 1C. The experimental data were collected at the 3rd
(n = 3), 5th (n = 5), and 7th (n = 7) odd overtones using the QSoft
(Q-Sense AB) software package, and the data were normalized
according to the overtone number. Data processing was performed
using the QTools (Q-Sense AB) and OriginPro 8.5 (OriginLab,
Northampton, MA) software packages. All presented data were
collected at the 5th overtone.

Probe functionalization

In order to measure the peptide binding interaction, silicon
AFM probes (CSG-01, NT-MDT, Moscow, Russia) with a spring
constant of around 0.03 N m�1 were employed. The probes were
coated with a 2 nm thick germanium adhesion layer, followed
by a 20 nm thick gold layer by thermal evaporation in a vacuum
(base pressure, 1.0 � 10�4 Pa). In order to attach the peptide to the
probe tip, the gold-coated probes were first submerged into an
ethanol solution with 10 M 11-amino-1-undecanethiol hydrochloride
for 2 hours and were then washed with pure ethanol solution.
The probes were next immersed in dehydrate toluene solution with
N-hydroxysuccinimide–PEG24–maleimide ester (1 mM) for 2 hours.
After immersion, the probes were rinsed with pure toluene solution
and were allowed to air dry. The dried probes were incubated with
1 mg mL�1 of peptide in deionized water. Before AFM experiments,
the functionalized probes were rinsed with PBS buffer solution.

Atomic force microscopy (AFM)

A commercial AFM system (NX-Bio, Park Systems, Suwon, South
Korea) was employed for the force spectroscopy measurements.

Fig. 1 Schematic of experimental design. Helix net wheel plot of the
16-amino acid long peptide is presented. By combining multiple experi-
mental techniques, it is possible to investigate peptide adsorption kinetics
and binding affinity for various inorganic substrates.
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Before force measurements, the AFM probes were calibrated
using the thermal method, which monitors thermal vibration
of the cantilever. All force spectroscopy experiments were
performed at room temperature in PBS buffer solution. The
probe approach speed and maximum loading force were set at
2 mm s�1 and 1 nN, respectively. Among various possible approaches,
autocorrelation analysis is one of the major statistical approaches to
evaluate single-molecule adhesion forces.27–29 Under our conditions
for the preparation of AFM probes, the histograms exhibited
quantized features consisting of multiple peaks originated from
events of single and multiple bond attachments. Therefore, the
single-molecule adhesion force corresponds to the gap between
the peaks. To evaluate the periodicity of the peaks (the gap), we
analyzed the autocorrelation of the histograms. In this work, the
curves were differentiated to precisely evaluate the periodicity.
Error bars were calculated from the standard deviation of the
periodicity observed in the differentiated autocorrelation plots.

Results and discussion
Peptide binding affinity for solid supports

In order to compare the binding affinity of the peptide for different
substrates, quartz crystal microbalance-dissipation (QCM-D) experi-
ments were performed. An initial baseline signal was recorded in
aqueous buffer solution, followed by addition of 7 mM peptide at
t = 20 min under continuous flow conditions. Peptide adsorption
caused a significant decrease in the frequency and a minor increase
in the energy dissipation shifts (Fig. 2A and B). The low energy
dissipation shift indicates that the adsorbed peptides are rigidly
attached to the substrates,30 and also permit the quantitative
analysis of the bound adsorbate mass by using the Sauerbrey
relationship. The bound mass was in the range of 350 to
450 ng cm�2 which is consistent with a closely-packed peptide
adlayer.31 After reaching near-saturation values, a buffer washing
step was performed and peptide desorption was monitored, as
detected by a positive frequency shift and negligible change in the
energy dissipation. More appreciable desorption was observed on
the oxide films than on the gold substrate. In general, the peptide
affinity for gold was appreciably greater than to the oxide films, as
judged on the basis of a larger frequency shift due to adsorption and
smaller frequency shift due to desorption.

Depending on the substrate, there were quantitative differences
in the frequency shift of the adsorption step (Fig. 3A and B).
On gold, the average frequency shift was around �30 Hz,
while the shifts were around �24 Hz on aluminum oxide and
titanium oxide. The smallest shift was around �20 Hz on
silicon oxide. In all cases, the average energy dissipation shifts
were less than 1 � 10�6. After buffer washing, the final
frequency and energy dissipation shifts were also recorded
and take into account the effects of peptide adsorption and
subsequent desorption (Fig. 3C and D). The final shift was
around �27 Hz on gold, and smaller on the oxide substrates,
including �12 Hz on titanium oxide, �10 Hz on silicon oxide,
and �7 Hz on aluminum oxide.

Taken together, the QCM-D experiments indicate that
the peptide affinity for gold is the greatest among the tested
cases. The results obtained with the oxide film substrates were
more nuanced because there was no general trend between
the adsorption and desorption behaviors. The adsorption
data support that the peptide has higher binding affinity
for titanium oxide and aluminum oxide over silicon oxide.
However, despite the observed adsorption behavior, peptide
attachment to aluminum oxide was relatively weaker than to
the other two substrates.

Adhesion force analysis

Adhesion force analyses were next performed using atomic
force microscopy (AFM) in order to evaluate the interaction
between the peptide and solid surfaces. First, the AFM probe tip
was coated with an N-hydroxysuccinimide–PEG24–maleimide
ester that served as a linker for peptide functionalization.
The peptide contained an additional cysteine amino acid
at either its C- or N-terminus in order to permit covalent
binding to the maleimide functional group. Representative

Fig. 2 Representative QCM-D kinetic data for peptide adsorption onto
solid supports. Changes in (A) frequency and (B) energy dissipation are
presented as functions of time. Peptide was added at t = 20 min. On panel A,
the labels i and ii represent the measurement values at the saturation and
post-washing stages, respectively.

Fig. 3 Comparison of QCM-D measurement responses. Maximum
changes in (A) frequency and (B) energy dissipation are reported for peptide
adsorption on the different substrates. Final changes in (C) frequency and
(D) energy dissipation after a washing step are also reported. All reported
values are the average and standard deviation for n = 4 measurements.
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AFM measurement data characterizing the adhesion force of
peptide attachment onto gold are presented in Fig. 4. Adhesion
peaks in the force–distance curves were always observed after
the stretching of the PEG chain (around the separation distance
of 10 nm) (Fig. 4A), indicating that the adhesion is due to the
peptide–substrate interaction and not due to other non-specific
interactions. As presented in Fig. 4B, the histogram of collected
adhesion forces consists of several peaks due to the sum of the
events for the detachment of one or more bound peptides from
the substrate. In order to determine the adhesion force of an
individual bound peptide, autocorrelation function analysis
was conducted in order to identify periodic trends in the

adhesion force histogram (Fig. 4C). An autocorrelation func-
tion, G(x), of the histogram data was calculated according to the
following equation:

GðxÞ ¼ 1

Nx

XNx

k¼1
Df ðkÞDf ðkþ xÞ

where Df ¼ f ðkÞ � 1=N
P

f ð jÞ for integer j from 1 to N, and Df
corresponds to the unit binding force. The calculations assume
that the histogram has period P such that f (x) = f (x + P) = f (x� P).
Indeed, periodicities were observed in the autocorrelation
function, as indicated by arrows and there was a unit adhesion
force of around 120 pN for this particular case. Similar periodi-
city was also seen in the autocorrelation functions for peptides
on the other substrates.

Hence, the AFM measurements enabled the comparative
measurements of the mean adhesion force for peptide attach-
ment to the different substrates as well as the adhesion force of
an individual peptide molecule on each substrate.

Table 1 summarizes the mean adhesion force, which was
experimentally measured for peptide attachment on each sub-
strate. On gold, the mean adhesion force was around 290 pN,
whereas lower adhesion forces of around 120–140 pN were
observed on titanium oxide and aluminum oxide. The smallest
adhesion forces were recorded on silicon oxide, with a value
of around 70 pN. Peptides with cysteine residues at either the
C- or the N-terminus were both evaluated, and demonstrated
similar adhesion forces. The AFM results indicate that it is
possible to evaluate the affinity of peptide for solid supports
regardless of the choice of which terminus is chosen for fixation
to the AFM probe.

Based on the autocorrelation analysis of the adhesion force
histogram for each histogram, the evaluated single-molecule
adhesion forces obtained in each system are all presented in
Fig. 5. The data agree well with the mean adhesion force, with both
types of peptides exhibiting the strongest adhesion to gold among
the tested substrates. Moreover, the peptides interacted more weakly
with the other oxide solid supports, which is consistent with
the QCM-D measurement results. Therefore, the peptide binding
affinity for the solid supports in both the unlabeled and tethered
states was similar and demonstrates the complementarity of the two
measurement techniques. While both techniques can evaluate the
binding affinity based on different physical principles (total uptake
vs. adhesion force), they do so in different coverage regimes and the
QCM-D technique carries the added advantage of probing the mass
and viscoelastic properties of the adlayer, including the corres-
ponding desorption behavior and related conformational aspects.

Of note, the bound peptides to aluminum oxide were sensitive
to buffer washing and exhibited the most significant desorption
behavior, as reflected in the final QCM-D measurement values
(cf. Fig. 4C). Hence, the data support that peptide adsorption
onto the substrates strongly depends on the peptide–substrate
interaction while peptide–peptide interactions are also impor-
tant for adlayer stabilization.

Finally, we discuss the underlying mechanism of the strong
binding between the peptide and gold. The results obtained

Fig. 4 Single-molecule AFM force spectroscopy. (A) Representative force
curve obtained using the P8C–Au system. Adhesion force is indicated with
a double-sided arrow. The dots reflect the individual data points collected
as a function of separation distance and the illustrative line connects
the dots. (B) Representative histogram for adhesion forces observed for
the interaction between the peptide and the gold surface. The peptide
is attached to the tether via a cysteine residue at the C-terminus.
(C) Autocorrelation-lag plot in order to determine the single-molecule
adhesion force.
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clearly support the greater peptide attachment to gold versus
the other three oxides, which is in good agreement with our
previous result for another peptide.20 In that work, the gold-
binding peptide (MHGKTQATSGTIQS) had a large population
of polar residues in its sequence, similar to the SBP in this
work. In both cases, electrostatic attractions are an important
factor in governing the interaction between the peptide and
different surfaces (see, e.g., ref. 32 for preferential adsorption of
charged amino acids on titanium oxide). In the particular case
of gold, the strong interaction is likely due to the electrostatic
interaction of charged and polar groups of the peptide with
their image charges. Compared with the electrostatic inter-
actions between charged amino acid groups on the peptide and
ionized functional groups on the oxide surface, the interaction
between the polar and charged groups with their image charges is
stronger because of the larger number of interaction- and
position-independent bonds formed due to the homogenous
distribution of free electrons in gold.33–37 The charged and

polar groups on the oxide surfaces are fixed. Also, the peptide
in the current study (AGSWLRDIWTWLQSAL) has a large
number of polar amino acids (especially T, R, W) that are
known to have particularly strong binding to gold surfaces
(see ref. 38 and references therein). In such cases, the peptides
need to optimize their conformations and orientations so as to
maximize the interaction energy, resulting in the lower affinities.
Indeed, it should be emphasized that not all peptides prefer
binding to gold over silica-based materials, as evidenced by at least
one peptide that binds to quartz but not gold.39 In that case, it was
suggested that conformationally flexible peptides have greater
propensity to bind to gold surfaces than more rigid peptides with
similar amino acid sequences.38 From these findings, there is
strong motivation to explore quantitative measurement methods
in the context of probing peptide binding affinity and selectivity on
different surfaces.

Conclusion

In this work, we have investigated the adsorption of a short
peptide to four inorganic material substrates. A combination of
experimental approaches allowed us to compare the adsorption
kinetics and binding affinity of peptide attachment for the
different substrates through measurements conducted at the
single-molecule and ensemble-average levels. A general trend in
the total mass uptake and binding affinity was observed, with
the greatest values obtained for bound peptides on gold. These
findings open the door to integrating experimental measure-
ments conducted at the single-molecule and ensemble-average
levels in order to understand the adsorption behavior of peptides
on solid supports.
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