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B
iological recognitionmechanisms, such
as DNA hybridization and antibody�
antigen binding, can be exquisitely

selective and enable facile assembly of
nanodevices1�3 and programmable mate-
rials.4�6 The specificity of the biomolecular
interactions arises because the interacting
molecules adopt well-defined secondary
structures, such as R-helices in the case of
coiled-coil peptide interactions.7 If biomole-
cule secondary structure can be retained in
the vicinity of a surface, then device build-
ing blocks can be reliably positioned and
oriented on solid planar substrates via bio-
molecular recognition.8,9 Many important
sensing mechanisms also rely on biomole-
cular interactions at interfaces, for example
in DNA and peptide microarrays.10,11 How-
ever, the structure of biological macromo-
lecules near interfaces can be different from
the bulk structure due to confinement ef-
fects and also can be sensitive to surface
chemistry.12�15 Surface-induced effects on
biomolecule conformationpresent a challenge

to the bottom-up assembly of hierarchical
devices on solid substrates because most
of our understanding of biomolecular inter-
actions is based on solution measure-
ments.16,17 Furthermore, while solutions
are relatively homogeneous, solid surfaces
are very heterogeneous chemical environ-
ments due to variations in local surface
chemistry18,19 and interfacial structuring of
the solvent.20�22 Lateral heterogeneity of
surface chemistry presents a particularly
difficult challenge to the self-assembly of
large-scale devices.
The detailed chemical microenvironment

in technologically and biologically impor-
tant systems is generally unknown a priori,
and so there is an acute need for methods
that can study the dynamics of molecules
while properly accounting for environmen-
tal heterogeneity.23 For surfaces, a variety
of chemical imaging techniques exist,24

and low-throughput scanning probe mea-
surements can examine the conformations
of relatively static molecular species.8,25,26
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ABSTRACT Molecular building blocks, such as carbon nanotubes and DNA origami, can be fully integrated

into electronic and optical devices if they can be assembled on solid surfaces using biomolecular interactions.

However, the conformation and functionality of biomolecules depend strongly on the local chemical

environment, which is highly heterogeneous near a surface. To help realize the potential of biomolecular self-

assembly, we introduce here a technique to spatially map molecular conformations and adsorption, based on

single-molecule fluorescence microscopy. On a deliberately patterned surface, with regions of varying

hydrophobicity, we characterized the conformations of adsorbed helicogenic alanine-lysine copeptides using

Förster resonance energy transfer. The peptides adopted helical conformations on hydrophilic regions of the

surface more often than on hydrophobic regions, consistent with previous ensemble-averaged observations of

R-helix surface stability. Interestingly, this dependence on surface chemistry was not due to surface-induced unfolding, as the apparent folding and

unfolding dynamics were usually much slower than desorption. The most significant effect of surface chemistry was on the adsorption rate of molecules as

a function of their initial conformational state. In particular, regions with higher adsorption rates attracted more molecules in compact, disordered coil

states, and this difference in adsorption rates dominated the average conformation of the ensemble. The correlation between adsorption rate and average

conformation was also observed on nominally uniform surfaces. Spatial variations in the functional state of adsorbed molecules would strongly affect the

success rates of surface-based molecular assembly and can be fully understood using the approach developed in this work.

KEYWORDS: single-molecule . R-helix . hydrophobicity . self-assembly . surface chemistry

A
RTIC

LE



MABRY ET AL. VOL. 9 ’ NO. 7 ’ 7237–7247 ’ 2015

www.acsnano.org

7238

Here, we present a unified technique, based on single-
molecule total internal reflection fluorescence micros-
copy (smTIRFM), for simultaneously mapping a sur-
face and extracting thousands of highly dynamic,
single-molecule observations from distinct regions
that are identified. This approach is an extension of
the previously developed technique, known as map-
ping using accumulated probe trajectories (MAPT).
MAPT can distinguish different regions of a surface
based on the dynamics of probe molecules, including
adsorption, desorption, and interfacial diffusion.27 We
have extended MAPT imaging to use molecular con-
formation (specifically molecular end-to-end distance)
as ameasure of surface functionality. OurMAPT images
provide deep insight into conformational dynamics of
adsorbedmacromolecules on heterogeneous surfaces.
We measured relative end-to-end distances for ad-
sorbed molecules using Förster resonance energy
transfer (FRET), which is sensitive to distance changes
over the 1�10 nm range.28 To validate our approach,
we correlated observations on a deliberately patterned
surface with those on uniform surfaces of the same sur-
face chemistries. Themolecular probewas a helicogenic
peptide, which freely adsorbed onto hydrophilic fused
silica (FS) and hydrophobic trimethylsilyl (TMS) sur-
faces. This particular combination of surface chemis-
tries can be patterned with e-beam lithography and
has been used to direct interfacial assembly of biomo-
lecular building blocks, including DNA origami.8,29,30

More generally, by developing a new spatially resolved,
single-molecule technique to study molecular confor-
mation, we can better understand the effect of surface
heterogeneity on the structure of freely adsorbing
molecules.

RESULTS AND DISCUSSION

Peptide Conformation in Solution and on the Surface. We
examined the conformation of short adsorbed pep-
tides, rich in alanine with lysine residues included to
confer solubility (specific sequence given in Methods).
Peptides with such sequences are known to be strong

R-helix formers in solution.31,32 As depicted in Figure 1,
the peptide was end-labeled with donor dye (HiLyte
Fluor 488) on the N-terminus and acceptor dye (HiLyte
Fluor 594) on the C-terminus so that, upon excitation
of the donor dye, the end-to-end distance could be
monitored with FRET. To characterize the solution
conformation of the peptide, we performed circular
dichroism (CD) spectroscopy of the peptide solution
and found that the spectra could be fit reasonably well
using a linear combination ofR-helix and coil reference
spectra (Figure S-1). Based on this fit, we estimated that
the ensemble-averaged R-helical content of the pep-
tides in solution was ∼40% at room temperature. The
conformational heterogeneity of alanine-rich helical
peptides has been an active area of both theoretical
andexperimental researchover the last twodecades.31�41

A broad distribution of conformations exist at inter-
mediate fractional helicities for peptides that are ap-
proximately 20 residues in length, and the kinetics of
the conformational state transitions are strongly se-
quence-dependent.36,40,41 However, the two-state ap-
proximation of single-helix structures in equilibrium
with coil structures is widely accepted.33,36,38 Impor-
tantly, atomistic simulations show that the average
end-to-end distance for the single-helix population is
significantly longer than the average-end-to-end dis-
tance for the coil population, evenwith some fraying of
the helix ends, at temperatures where the overall
helical content is approximately 40%.33

Adsorption of a peptide to a solid surface changes
the free energy landscape with respect to molecular
conformation. For example, hydrophilic silica surfaces,
which are negatively charged at neutral pH,19 can
stabilize helical conformations of peptides containing
positively charged residues such as lysine through
electrostatic interactions.42,43 In contrast, the helical
content of peptides generally decreases upon adsorp-
tion to hydrophobic materials, such as carbon nano-
tubes,16,44,45 unless the peptide has been carefully
designed to be amphiphilic.46,47 For many proteins,
including bovine serum albumin and fibrinogen, more

Figure 1. Schematic of mapping technique. On a heterogeneous surface with defined hydrophobic trimethylsilyl (TMS) and
hydrophilic fused silica (FS) regions, singlemolecule observations were accumulated in specific regions (pixels). Peptide end-
to-end distance dwas identified by Förster resonance energy transfer (FRET) between a donor dye at the N-terminus and an
acceptor dye at the C-terminus. The end-to-end distance was large for a peptide in the helix state, resulting in low FRET
efficiency; for the majority of possible coil conformations, the end-to-end distance was shorter, resulting in high FRET
efficiency. The conformations of adsorbed peptides depicted in this scheme are idealized representations for illustrative
purposes.
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secondary structure is lost upon adsorption to hydro-
phobic surfaces than to hydrophilic surfaces,48�50

which may also explain why adsorption is much more
favorable on hydrophobic surfaces.51�53 Therefore, we
expected a hydrophilic silica surface to favor helical
peptide conformations and a hydrophobic surface to
destabilize the helix.

Using smTIRFM, we observed peptides freely ad-
sorb to and desorb from each surface, across a field
of view (FOV) of∼103 μm2. In an initial set of screening
experiments we captured image sequences ofmultiple
FOV on several samples of each type. An analysis of the
trajectories found that they were qualitatively similar
and suggested that, in order to achieve sufficiently
high resolution, we would be required to accumulate
a massive number of trajectories in a particular FOV.
Accordingly, a second set of experiments was per-
formed, where we chose one representative FOV on
each type of sample and performed long experiments
where we captured at least 105 trajectories. These
image sequences were used for the detailed analysis
presented below. During the experiments, we re-
corded in separate channels the fluorescence intensi-
ties of the FRET donor and acceptor dyes, which were
spectrally well-separated and were denoted as FD and
FA, respectively. Single-molecule fluorescence intensity
measurements were converted to relative end-to-end
distance, d = (FD/FA)

1/6 based on FRET theory.28 In the
Methods section, we detail the theoretical relationship
between d and absolute end-to-end distance. In short,
d is approximately equal to the absolute end-to-end
distance divided by a distance on the order of the
Förster radius (∼5 nm). We imaged peptides adsorbed
on hydrophilic FS, hydrophobic TMS (water contact
angle of 91� ( 1�), and photopatterned TMS/FS sur-
faces. The patterned TMS/FS surface had with ∼6 μm
diameter FS holes every ∼13 μm on a square grid.

To investigate the effect of surface chemistry
on peptide structure, we examined the end-to-end
distance distributions of the adsorbed helicogenic
peptide on surfaces of varying hydrophobicity.
The probability distributions of observed d-values
(Figure 2A) had similar features on all the surfaces
studied. While many molecules had intermediate
d-values between 0.4 and 1.8 (i.e., the fluorescence
intensity of both the donor and acceptor dye was
significant), some molecules had extremely high or
extremely low apparent d-values, as represented by
rectangular bins at the ends of the distributions in
Figure 2A. This measurement artifact largely stemmed
from the difficulty of quantifying single-molecule FRET
when fluorescence intensity in one channel was very
low. Thus, the most salient information available from
these d-distributionswas the frequency of low d-values
compared to the frequency of high d-values, that is, the
height of the low d peak (centered at d = 0.8) and the
height of the high d peak (centered at d = 1.5). The low

d and high d peaks were well-separated by a threshold
of d = 1.14 so that two conformational states were
readily distinguished. This general approach has pre-
viously been applied to understand the conforma-
tional states of DNA and proteins.54,55 The only
drawback to this approach was that the fraction of
molecules observed in the high d state may have been
increased slightly by the presence ofmolecules labeled
with only the donor dye, but this artifact would not
have changed the overall trends reported below with
respect to surface chemistry and the kinetics of mole-
cules that changed conformational state.

To assign low d and high d “states” identified by
these distributions to physical molecular conforma-
tions, we carefully considered the potential conforma-
tions that an adsorbed peptide can adopt. Using
NMR spectroscopy, Burkett and Read56 found that
peptides that were strongly helical in solution adopted

Figure 2. (A) Peptide conformation on hydrophobic TMS,
hydrophilic FS, and a patterned TMS/FS surface. The dis-
tributions describe the probability of observing a given
relative end-to-end distance, d. The boxes from d = 0 to 0.4
and from d = 1.8 to 2.2 represent adsorbed peptides with
negligible intensity in either the acceptor or donor channel,
respectively. The area of each box is proportional to the
number of molecules in these extreme states. The cumula-
tive area under the boxes and curve integrates to unity.
Note that probability is reported on a logarithmic axis to
highlight the minima at approximately d = 1.14, which are
marked with a dashed vertical line. This value of dwas used
as a threshold to classify a given observation of peptide
conformation as either “coil” (d < 1.14) or “helix” (d > 1.14).
(B) Absolute end-to-end distance probability distributions
(black curves) for disordered peptide based on a self-
avoiding random walk in 2D and in 3D as described in the
SI (eq S-2) and the end-to-end distance for the fully helical
peptide (gray vertical line).
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conformations that, when adsorbed on silica, retained
significant helical character, with some helical loss
at the peptide termini. Similarly, using molecular dy-
namics simulations, Gnanakaran35 and co-workers char-
acterized the conformations of a 20-residue alanine-
lysine helical peptide and found that, at intermediate
temperatures, in the helix�coil transition regime, helical
loss was also most significant at the peptide termini.
Peptides with significant helical content were consider-
ably longer than the disordered peptides, which had an
end-to-end distance distribution resembling that of a
compact random coil. Thus, with respect to our experi-
ments, while the adsorbed peptides potentially had a
range of fractional helicities, the end-to-end distances
were expected to be systematically larger for molecules
with more helical structure. For simplicity, we refer to
more-extended structures as being in the “helix” state,
and to less-extended structures as being in the “coil”
state throughout the rest of the paper.

If the adsorbed peptides lacked all secondary struc-
ture, then the conformation could have resembled
either the structure of a disordered peptide in solution
(a three-dimensional coil) or the structure of a two-
dimensional “pancake,” with longer end end-to-end
distances.57 Using sum frequency generation (SFG)
vibrational spectroscopy to investigate adsorbed pep-
tide conformations, Mermut and co-workers found
that only certain side chains (charged, polar side chains
on hydrophilic silica and alkyl side chains on hydro-
phobic polystyrene) had significant interactions with
the surface.58 For our alanine-lysine copeptide, it seems
likely then that the coil conformations were largely
three-dimensional in nature. In Figure 2B, we present
theoretical distributions of the end-to-end distance for
two-dimensional and three-dimensional statistical coils
and for a fully helical peptide. (The details of these
idealized calculations are in the Supporting Information
(SI).) Fewer than 17% of the two-dimensional coils and
2% of the three-dimensional coils had end-to-end dis-
tances greater than the end-to-end distance for a fully
helical peptide, as shown graphically in Figure 2B by the
light and dark gray shaded areas, respectively. Thus, it
seemed reasonable that helix-rich and coil states could
be distinguished by end-to-end distance for the major-
ity of expected conformations, which likely were be-
tween the extremes of being purely two-dimensional or
purely three-dimensional.

Based on a long-standing model of polymer ad-
sorption, one could also view the adsorbed peptide as
a sequence of adsorbed “trains” and unbound “loops”
and “tails.”59�63 An adsorbed train is a continuous
section of the amino acid chain in contact with the
surface, and unadsorbed segments are referred to as
tails, if they are at the ends of the chain, or, loops if they
are in the middle. In this picture, the end-to-end
distance increases as the number and length of ad-
sorbed trains increases, causing the adsorbed polymer

to become more two-dimensional in shape. The end-
to-end distance also increases when the stiffness of
unbound loops increases, causing the spacing be-
tween trains to increase. In the special case of amino
acid chains, helical structure would cause the stiffness
of the unbound loops to increase,64 increasing the
distance between adsorbed segments.35 Therefore,
for helix-rich peptides, we would again expect the
end-to-end distance to be greater than for disordered
peptides, in the adsorbed state.

Identifying Distinct Regions of a Heterogeneous Surface. As
discussed above, ensemble-averaged measurements
have shown that peptides and proteins typically ex-
hibit less secondary structure upon adsorption tomore
hydrophobic surfaces.16,44,45,48,49 In our experiments,
themeasured conformations of the adsorbed peptides
were very sensitive to surface chemistry. In particular,
the extended helix state (identified in Figure 2A) was
more strongly favored on hydrophilic FS than on
hydrophobic TMS, in qualitative agreement with the
previous literature on the impact of surface chemistry
on helix stability.16,42�45,48 The strong effect of surface
chemistry on peptide conformation suggested that our
single-molecule observations could be used to identify
different surface chemistries in a heterogeneous envi-
ronment based on peptide conformation.

We have adopted the approach of accumulating
multivariate, single-molecule observations in spatial
bins (“pixels”) to construct MAPT images of surface
properties. We previously used adsorption, desorption,
and diffusion data to construct surface maps,27,65 and
we extended the approach here to FRET data to exam-
ine the spatial dependence of molecular conformation.
Figure 3 shows MAPT images of a photopatterned
surface containing circular FS holes within a TMSmatrix.
This patterning approach was independently validated
bycreatingFScircleswithinapatternedamine-terminated
organosilane monolayer to which dye molecules were
covalently bound (Figure S-2). The MAPT images were
assembled based on the adsorption rate and average
peptide conformation in individual pixels (760 nm �
760 nm in size). The pixel size was set so that a signi-
ficant number of molecules were observed in nearly all
pixels (pixels with fewer than 3 observations of mole-
cules are shaded gray in Figure 3).

Both images were assembled from the same set of
∼300 000 molecular trajectories, and the spatial loca-
tions of the underlying surface chemistries were clearly
distinguished via the peptide adsorption rate and
average conformation. On the TMS regions (blue area),
the number of adsorbed molecules (Figure 3A) was
approximately 100 times greater than that on the
circular FS regions (yellow area). At the boundaries
between the two regions (green area), where the
ozone removal of the TMS was likely incomplete, the
number of adsorbed molecules was about 10 times
greater than on FS. These results agreed qualitatively
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with previous observations of fatty acid adsorption on
TMS/FS surfaces, wheremore fatty acid adsorption was
observed on hydrophobic TMS than on hydrophilic FS
regions.27 The difference in adsorption rates could be
partially explained by viewing adsorption as a compe-
tition between the peptide adsorbate and solvent to
attach to the surface.66 Because attachment of polar
solvent molecules to the surface was less favorable on
hydrophobic surfaces, adsorption of the peptide was
more favorable on these areas. This argument is sup-
ported by nuclearmagnetic resonance relaxation spec-
troscopy of water molecules on silica.67�69 Briefly, the
longest orientation correlation times for water on silica
surfaces (on the millisecond time scale) are thought to
arise from the monolayer of water in direct contact
with the solid surface.69 This surface-bound water
forms hydrogen bonds with silanol species.19 Impor-
tantly, on an alkyl-functionalized surface, like TMS,
many silanol species are reacted with the silane or
rendered inaccessible to water molecules, such that
water molecules are less tightly bound, forming
fewer hydrogen bonds on average.70,71 Thus, on a
TMS surface, the enthalpic penalty for removing
solvent-bound water is weaker, and peptides can
adsorb more easily than on the FS surface. There is
an electrostatic driving force for adsorption, as well,
however, since positively charged lysine residues in the
peptide are attracted to negatively charged silanol
species on the surface.42,43 The electrostatic driving
force has an enthalpic component (Coulombic
attraction) and an entropic component (counterion-
release from the surface).72,73 Intuitively, one would

expect the electrostatic driving force to be greater on
the more charged FS surface than on the TMS surface,
and so the greater adsorption on the hydrophobic
surface is primarily attributed to water-mediated
effects.74 However, biomolecule adsorption is a rich
phenomenon that depends on molecular orientation
and conformation, in addition to the aforementioned
driving forces, and we cannot unambiguously identify
the molecular basis for increased adsorption of the
peptide on the more hydrophobic surface on the basis
of the results reported here.

Since each spatially resolved peptide observation
was classified as either helix or coil on the basis of its
FRET signal, the likelihood of observing the helix state
could be calculated for each pixel individually. The
likelihood of observing the helix was the fraction of all
observations that were helical. As shown in Figure 3B,
the likelihood of observing the helix was higher overall
in the circular FS regions than in the TMS regions.
Compared to the spatial variation of the adsorption
behavior on a given surface chemistry, the conforma-
tional behavior was more heterogeneous, both on
the patterned surface (Figure 3) and on the nominally
uniform control surfaces (Figures S-3 and S-4). For
example, in Figure 3B, some pixels (blue, green) in
the circular FS regions had fewer observations of
helical peptides than the more typical pixels (yellow),
whereas FS regions in the adsorption maps (Figure 3A)
were much more uniform. Therefore, for purposes of
comparing the different surfaces chemistries, we used
the more homogeneous adsorption MAPT image
(Figure 3A) to select regions for comparison to unpat-
terned (control) FS and TMS surfaces. Qualitatively,
regions of low, intermediate, and high adsorptionwere
distinguished in Figure 3A, corresponding to regions
with hydrophilic, intermediate, and hydrophobic sur-
face chemistry. We constructed a probability distribu-
tion of the number of adsorption events per pixel
(Figure 4A) and used this distribution to set thresholds
for distinguishing these different surface regions of
low, medium, and high adsorption rate.

For each of these regions with different adsorption
rates, we calculated the likelihood of observing the
helical state, and compared the identified regions of
the patterned surface to the control TMS and FS sur-
faces (Figure 4B). We found that the conformations on
the high adsorption regions were statistically similar to
the control TMS surface and that the low adsorption
regions were similar to the control FS surface. These
results demonstrated that statistically meaningful
comparisons could be made of molecular conforma-
tions on microscopic regions of a heterogeneous sur-
face using the MAPT technique. This validation of the
MAPT approach also suggested that the heterogeneity
in conformational behavior seen in the circular FS
regions of the photopatterned surface and also seen
on the control FS surface (Figure S-4) resulted from

Figure 3. TMS-coated surface that was photopatterned as
described in the SI, such that circular holes of FS were
created in the TMS coating. (A) MAPT image showing the
number of molecules that adsorbed in each pixel (Npixel),
which was higher on TMS than on FS regions. (B) MAPT
image of the likelihood of observing peptides in the helix
state in each pixel. Peptides were more commonly found in
the helix state on FS than on TMS regions. The scale bar
represents 5 μm. The pixel size is 760 nm � 760 nm.
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meaningful differences in surface chemistry, as op-
posed to having been a statistical artifact.

Contributions of Adsorption/Desorption and Folding/Unfolding
Processes to Average Conformation. The difference in con-
formation (likelihood of the helix state) on the
FS and TMS surfaces could potentially have resulted
from a number of different physical mechanisms.

For example, single-molecule imaging of an adsorbed
enzyme, organophosphorus hydrolase, revealed that
most proteins that adsorbed in the folded state quickly
unfolded prior to desorption.55 Thus, the initial con-
formation (measured immediately after adsorption)
favored the folded state when compared to the
final conformation (measured in the frame prior to
desorption). We performed a similar analysis here,
comparing the likelihood of observing the helix state
immediately after adsorption and immediately prior to
desorption (Figure 5A). Interestingly, we did not see
significant differences between the initial and final
conformations of peptides adsorbed to either the
TMS or FS surface (Figure 5A). This implied that most
peptides remained in the same conformation in which
they adsorbed or relaxed to the most favorable con-
formational state within 100 ms (one frame time) of
adsorbing to the surface and then remained in a stable
conformation. The prevalence of unfolding processes
probably depends on how exactly the molecules be-
come immobilized on the surface. We compared
our current results on surface-induced unfolding with
peptides to the previous results with proteins.55 For a
protein, there were many points of potential surface
attachment, and the immobilization of a relatively
small part of the structure on the surface might not
have greatly diminished the ability of the molecule to
unfold. For a smaller peptide, the points of attachment
were much more limited, and the adsorbed peptide
may have been pinned on the surface so that it could
rarely change conformational state without desorbing.

Theaverageconformational statewasnot noticeably
affected by folding/unfolding processes, which were
rare, but it could have been affected by conformation-
dependent desorption kinetics, for example, if coil
peptides had longer surface residence times than helix
peptides. We did not, however, find a significant dif-
ference between the average desorption rate con-
stants for molecules that adsorbed in the helix state

Figure 4. (A) Probability distribution of the number of
adsorbed molecules per pixel (Npixel) on a patterned TMS/
FS surface. The shading indicates subsets of data selected
for subsequent analysis corresponding to regions of low,
medium, and high adsorption (appearing as yellow, green,
and blue in Figure 3A), which cover 26%, 16%, and 58% of
the total surface area, respectively. The low and high
adsorption regions were patterned regions of FS and TMS,
respectively. The medium adsorption regions were located
at the interface between the TMS and FS regions. (B) Like-
lihood of observing peptides in the helix state on control FS
and TMS surfaces and in the regions of the patterned TMS/
FS surface with low, medium, and high adsorption. Error
bars denote standard error of the mean.

Figure 5. (A) Likelihood of observing the helix state in the “initial” observation for a given trajectory (i.e., the first image after
adsorption) and in the “final” observation (i.e., the last image prior to desorption). (B) Mean rate constants of desorption,
unfolding from the helix to coil state, and folding from the coil to helix state. Mean rate constantswere obtained by fitting the
distributions of surface residence times (desorption rate), initial helix states (unfolding rate), and initial coil states (folding
rate) as shown in Figure S-5 with mixtures of exponential distributions (eq 2). The desorption rate constants were calculated
separately for molecules initially in the helix state and the coil state, as labeled on the bars. The percentage of molecules
undergoing each process is given above the applicable bar. Error bars represent standard error of three different subsets of
the data.
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versus the coil state on either TMS or FS (Figure 5B).
So the higher likelihood of observing the helix state on
FS than on TMS could not be attributed to a large
difference in average surface residence times of differ-
ent conformations. Having eliminated the effects of
folding and desorption processes, we therefore con-
cluded that the average conformational state was
mostly determined by a bias in the initial conformation
adopted upon adsorption. In other words, the differ-
ence in adsorption rates of the helix and coil peptides
determined the average surface conformation, and
these adsorption rates had a strong dependence on
the surface hydrophobicity. We cannot discern to what
extent fast submillisecond relaxation processes of the
adsorbed peptide contributed to these observations,
but the conformations were relatively stable. Most of
themolecules (∼90%) desorbed without changing con-
formation and followed approximately the same aver-
age desorption kinetics regardless of conformation.

Heterogeneous Peptide Behavior on Nominally Uniform
Surfaces. The unique advantage of the single-molecule
approach is access to the full distribution of molecular
behaviors, which can give insight into the effects of
fine spatial differences on nominally uniform surfaces.
Surface residence time distributions are especially
sensitive to surface heterogeneity, and the presence
of distinctly different types of surface sites can lead to
broadly distributed residence times.75�77 Therefore, to
assess the chemical heterogeneity of nominally uni-
form surfaces, we fit the surface residence time dis-
tribution to mixture models, as described in the
Methods section, and examined the populations of
surface residence times. While residence time distribu-
tions on both TMS and FS surfaces required three
populations for an accurate fit, the fraction of mole-
cules exhibiting anomalously long residence times (i.e.,
belonging to the two longer-lived populations) was
∼10% on TMS and greater than 20% on FS (Table S-1).
This agreedwith our initial assessment, based on visual
inspection of the maps of adsorption and conforma-
tion, that FSmight be intrinsicallymore heterogeneous
than TMS. Interestingly, the increased presence of
long-lived species on FS compared to TMS is supported
by previous atomic force microscopy (AFM) measure-
ments.8 Adsorbed DNA could be observed directly on
FS, but remained AFM-invisible on TMS due to fast
desorption kinetics. While AFM is undeniably a power-
ful tool, in an actual molecular device, all species
present will contribute to overall performance; clearly,
single-molecule imaging can supplement characteri-
zation techniques, such as AFM, that are sensitive to
different time scales.

Surface heterogeneity will have an important effect
on surface-based assembly if it alters the spatial
distribution of adsorbed, functional building block
materials (e.g., peptides in the helical state rather than
the disordered coil state). While the residence time

distributions suggested that the uniform surfaces were
chemically heterogeneous, mapping the surface quan-
tified the length scale of that heterogeneity. In this
work, we validated our mapping technique using the
patterned TMS/FS surface and showed that adsorption
rates and conformational states were sensitive to
variations in surface chemistry overmicroscopic length
scales. This approach could be appliedwith confidence
to quantify heterogeneity on the nominally uniform
TMS and FS surfaces and to examine the mechanistic
effects of surface heterogeneity. To determine if the
heterogeneity in the adsorption and conformational
behavior was correlated, we calculated the likelihood
of the helix state in surface map pixels with different
numbers of adsorption events (Figure 6). Interestingly,
we found that helical conformations were more likely
to be observed than coil conformations on regions
with weaker adsorption (lower values of Npixel) on both
TMS and FS. We observed a stronger correlation be-
tween adsorption rate and conformational state on FS
than on TMS, suggesting that FS was less chemically
uniform. The chemical heterogeneity of FS might have
been due the presence of silanol groups with different
characteristic acidities (e.g., isolated, vicinal, or germi-
nal silanols), and this would have affected the behavior
of adsorbate molecules because more acidic silanols
form stronger hydrogen bonds.19,78 It is worth noting
that this type of chemical heterogeneity often accom-
panies physical heterogeneity (i.e., topographic features
like pits and scratches); on crystalline silica surfaces,
different crystal planes are “cut” at these topographic
defects, resulting in different characteristic silanol spe-
cies at the surface.19 In agreement with this picture,
strong adsorption of polar molecules is often correlated
with topographic features at the nanoscale, as com-
bined atomic force microscopy and fluorescence imag-
ing have shown.79 In our system, the TMS coating of FS
had the effect of introducing hydrophobic ligands,
which capped many of the diverse silanol species.
Nevertheless, the same phenomena of helical confor-
mations being more favorable on regions with weaker
adsorption was observed on TMS and FS. So while

Figure 6. Likelihood of helical peptide conformation for
observations in adsorption map pixels with Npixel adsorp-
tion events. Equivalent surface maps of adsorption were
constructed for both surfaces with an average Npixel of 52.
Error bars denote standard error.
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“passivating” layers such as TMS can help reduce
spatial heterogeneity, the effect of spatial heterogene-
ity on conformation and adsorption of macromolecule
seems to be quite general in nature.

CONCLUSIONS

Using a helical peptide and surfaces with varying
hydrophobicity, we have demonstrated the ability to
correlate molecular conformation with microscopic
regions of a surface. Extended peptide conformations,
likely more helical in nature, were more favorable on
hydrophilic FS than on hydrophobic TMS at the single-
molecule level on patterned surfaces and on uniform
control surfaces. The FS surface captured more mol-
ecules in the helix state than did TMS, and these
conformational states were stable, such that most
peptides did not undergo a conformational change
prior to desorption from the surface. In other words,
the affinities of the helix and coil conformations for
the different surfaces dictated their average folded
state, as opposed to surface-induced unfolding being
the primary effect. On FS, extremely long surface
residence times were observed relatively often; these
rare molecular populations could dominate measure-
ments made over longer time scales and were indirect
evidence of the heterogeneity of the surface. Quanti-
fying the observations made on the surface maps

revealed that the helical conformation wasmore favor-
able on regions with low adsorption rates. These types
of local variations in surface chemistry could strongly
affect the ability of adsorbed biomolecules to recog-
nize other biomolecules through specific interactions
and cold be important in determining the final struc-
ture of self-assembledmaterials or devices. This type of
analysis should prove valuable in characterizing sur-
face coatings designed to promote biomolecular re-
cognition not only for the assembly of molecular
building blocks but also for surface-based sensors.
Typically, the primary role of the coating is to control
adsorption phenomena, but surface-induced dena-
turation of the molecular building blocks or analytes
of interest is clearly undesirable and seemingly corre-
lated with the adsorption kinetics on the surface.
Spatial heterogeneity is an important feature of such
coatings, and we have provided a new, rigorous meth-
od for fine spatial characterization of surface chemistry.
This work demonstrates the importance of consider-
ing spatial heterogeneity at microscopic length-scales
when interpreting ensemble-averaged experiments
and especially when making comparisons to molec-
ular simulations. With this technique in hand, we can
harness the unique capabilities of single-molecule
imaging for characterizing molecular conformation in
diverse biological and functional materials systems.

METHODS

Solutions of End-Labeled Peptide. A fluorescently labeled pep-
tide (purity > 95% by reversed phase high performance liquid
chromatography) was purchased from Anaspec (Fremont, CA).
The amino acid sequence was AAAKAAKAKAAKAAAAKAAK-
KAAAAKAK, with an amidated C-terminus, HiLyte Fluor 488
conjugated to the N-terminus and HiLyte Fluor 594 conjugated
to the side chain of the C-terminal lysine. For single-molecule
imaging experiments, the peptide was dissolved in phosphate
buffered saline (Gibco, calcium and magnesium free, pH 7.4,
ionic strength 162mM, Debye length 0.8 nm) to 10�9�10�11 M.
Prior to acquiring images, the solution concentration was
increased until the field of view had sufficient densities of
adsorbed molecules to provide robust statistics (∼10�3 mole-
cules μm�2).

Surface Preparation and Characterization. Two inch diameter
fused silica (FS) wafers (Mark Optics) were washed with deter-
gent (Micro 90, International Product Corp) and thoroughly
rinsedwith ultrapurewaterwith 18MΩ cm resistivity (Milli-Q UV
Plus, EMD Millipore). Wafers were immediately immersed in a
70% sulfuric acid, 30% hydrogen peroxide, piranha solution
(warning: hazardous corrosive, strongly oxidizing solution) for
1 h, rinsed with ultrapure water, dried with nitrogen, and
further cleaned in a UV/ozone cleaner (Novascan) for 1 h, as
previously described.80 The cleaned wafers were then used for
experiments with uniform FS. To create a trimethylsilyl (TMS)
monolayer, the cleaned wafers were placed in the lid of a
sealed, 2 in. diameter jar with 5 mL of hexamethyldisilazane
in the bottom, for 18 h at room temperature. After this
deposition, the TMS water contact angle was measured with
a custom-built goniometer, using an ∼1 μL sessile drop on
three different positions on the wafer.81 Using a contact
photomask and an ultraviolet light source, the TMS was
patterned as described in the SI to create a TMS/FS patterned
surface.

Single-Molecule Total Internal Reflection Fluorescence Microscopy
(TIRFM). Our TIRF microscope has been described in detail
elsewhere.82,83 Briefly, it consisted of an inverted Nikon
TE-2000 microscope with 60� objective with 1.5� auxiliary
magnification, prism-based illumination provided by a 491 nm
laser, flow cell, an Optosplit III Image Splitter (Cairn Research)
and an electron multiplied CCD-camera (Andor). The micro-
scope was focused at the interface between the surface of
interest and a stagnant peptide solution, which was held at
room temperature. The image was split by a 580 nm dichroic
mirror (Chroma) into donor and acceptor channels, which were
each projected onto different regions of the CCD sensor. The
donor channel was filtered with a bandpass filter with a 95%
transmission interval, centered at 525 nm,with awidth of 39 nm
(Semrock), and the acceptor channel was filtered with a 591 nm
long-pass filter (Semrock). The channels were aligned and
molecules identified as described previously (using an image
processing routine where the raw images were convolved
with a disk matrix and then thresholded to identify distinct
objects).76,83 Only molecules adsorbed to the interface were
localized during image processing because diffusion in solution
was too fast to allow localization at the 100ms frame acquisition
times used in these experiments. Previous studies of FS and TMS
surfaces have shown that adsorbed molecules are typically
confined to regions smaller than the localization precision
(∼100 nm).65,84 Molecular trajectories were formed by tracking
the closest objects in sequential frames that were less than
445 nm (3 pixels) apart. (The finite tracking radius accounted for
uncertainty in the channel alignment and object localization.)
All image processing and object tracking was performed in
Mathematica 9 (Wolfram).

Quantification of Förster Resonance Energy Transfer (FRET). FRET is
the nonradiative transfer of energy from a donor to acceptor
fluorophore across a distance r with an efficiency that is pro-
portional to r�6 and equals 50% at the Förster radius (Ro).
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For the HiLyte Fluor 488/594 dye pair, we calculated Ro to be
5.1 nm using standard Förster theory (assuming unhindered
dye rotation, orientation factor of 2/3) and the published
absorption and emission spectra.85 The absolute donor�acceptor
distance is given by

r ¼ μd ¼ μ(FD=FA)
1=6 (1)

where FD is the fluorescence intensity of the molecule in the
donor channel and FA is the fluorescence intensity in the
acceptor channel. The factor μ = Ro[(FA|rf0)/(FD|rf¥)] depends
on the Förster radius and the fluorescence intensities of
the donor and acceptor at known separation distances. While
the donor fluorescence in the absence of acceptor, FD|rf¥, can be
empiricallymeasured, the fluorescence of the acceptor in the limit
of 100% efficient energy transfer, FA|rf0, can be derived only by
fixing the dyes with subnanometer precision and assuming no
donor quenching by non-FRET collisional processes. The effi-
ciency of the resonance energy transfer may also be strongly
affected by the presence of the solid surface, which can hinder
dye rotation or interact with the dyes electronically. The absolute
values of FA may also have been slightly increased by bleeding of
the donor emission into the acceptor channel; however, this
bleed-through effect was found to be minor for spectrally similar
donor and acceptor dyes.86 Due to the significant uncertainty in
the parameter μ and the absolute fluorescence intensities, we
reported our data using the relative end-to-end distance d = r/μ =
(FD/FA)

1/6 as in previous single-molecule FRET studies of freely
adsorbing molecules.54,55,83,87

Calculation of Likelihood of Conformational States. For a data set
with N total observations, the likelihood of observing a helix is
n(helix)/N, where n(helix) is the number of observations of the
helix state. For the MAPT images (e.g., Figure 3B), we used the
notation ÆLikelihood Helixæpixel to denote that the likelihoodwas
calculated for observations in each pixel separately. For all other
calculations, the data was pooled from either the whole image
or pixels with a specific number of adsorption events or from
trajectories with specific surface residence times. When com-
paring the initial and final observations in a trajectory, only
trajectories at least 0.2 s (two frames) long were considered.

Characterization of Desorption and Folding/Unfolding Kinetics. For
each molecule, the time interval between adsorption and
desorption was recorded as the surface residence time t.
For each data set considered, we compiled a complementary
cumulative distribution F(t) of residence times. We fit these
distributions using an exponential mixture model, where each
component distribution represents a distinct first-order kinetic
pathway.88

F(τ) ¼ ∑
n

i¼ 1
pie�t=τi (2)

Each component distribution of the mixture model had a
characteristic residence time τi and represented a fraction pi
of the molecules. The distribution was constrained so that Σpi =
1 For amore detailed discussion of the significance of themodel
and fitting procedure, see Mabry et al.76 We fit the distributions
using theminimum number of components necessary for good
fits (R2 > 0.99) to find the average surface residence time, given
by Æτæ = Σpiτi. The desorption rate constant was given by Æτæ�1.
To characterize the folding andunfolding kinetics, wemeasured
the initial state residence time of the coil and helix conforma-
tional states, respectively. We ignored subsequent conforma-
tional changes because the probability of observing a
subsequent conformational change depends on the length of
the trajectory and the previous state residence times, such that
the data could not easily be normalized.54 We utilized a pre-
viously outlined strategy to construct probability distributions
of initial state residence times (eq S-5), which were corrected for
observation bias (the bias to only observe state residence times
shorter than the surface residence times).54 We fit the initial
state residence time distributions to a mixture of exponential
distributions in the samemanner as the surface residence times
and reported the average rate constants derived from these fits.
To decrease the effect of anomalously bright, one-frame “noise”
objects, we included only surface residence times and initial

conformational state times that were 0.2 s or longer. The
percentages of molecules undergoing the associated processes
of desorption and folding/unfolding were calculated based on
the subset of trajectories that could possibly exhibit these
phenomena (specifically 0.2 s or longer in the case of desorption
and 0.3 s or longer in the case of folding/unfolding).
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