
KURYLOWICZ ET AL . VOL. 6 ’ NO. 12 ’ 10571–10580 ’ 2012

www.acsnano.org

10571

November 08, 2012

C 2012 American Chemical Society

Using Nanoscale Substrate Curvature
to Control the Dimerization of a
Surface-Bound Protein
Martin Kurylowicz, Maximiliano Giuliani, and John R. Dutcher*

Department of Physics, University of Guelph, Guelph ON, Canada N1G 2W1

T
he emergence of nanotechnology
has led to the fabrication of a wide
variety of nanostructures such as nano-

particles of various shapes, nanowires, and
extended molecules of intricate architec-
ture such as C60.

1 The availability of these
nanostructures has made it possible to
probe the effect of nanoscale surface ge-
ometry on the structure and function of
adsorbed proteins. Possible biological ap-
plications of biomolecular-nanoparticle con-
jugates include biosensing,2,3 drug delivery,4,5

and the creation of new classes of advanced
biomaterials.6 Just as pH, temperature, pres-
sure, electric field, and other environmental
conditions influence the state of proteins
and the biological events that they control,
surface geometry offers another means of
manipulating biomolecular events, and it
has the advantage of spatial localization.
A number of studies have demonstrated

changes in protein structure and function
due to the adsorption of proteins onto
NPs of various diameters. Most of these

investigations have used optical spectros-
copy techniques to measure colloidal sus-
pensions of protein-coated NPs with diam-
eters less than∼100 nm, including Trp fluo-
rescence,7,8 CD,9�12 UV�vis,10,13,14 IR,8,10,15

and SPR13,16,17 spectroscopies. These stud-
ies have used NPs of a wide variety of materi-
als and diameters. Gold NPs have been used
to study BSA,16,17 cytochrome c,10 and Aβ
protein.14 A study of Aβ42 on various oxide
NPs found that TiO2 promoted the forma-
tion of β-amyloid fibrils, whereas other oxi-
des, such as SiO, ZrO2, and CeO2, and
fullerenes C60 and C70 did not.18 Although
polymer or latexmicroparticles have been
thoroughly investigated with respect to
protein adsorption,19�21 there are very
few studies of protein adsorption onto
polymer nanoparticles, e.g., a study of
R-lactalbumin adsorbed onto 120 nm
diameter polystyrene (PS) nanoparticles
(NPs).22

Silica NPs have been the most com-
monly used NP in studies of surface-bound
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ABSTRACT The influence of surface geometry on adsorbed proteins offers new

possibilities for controlling quaternary structure by manipulating protein�protein

interactions at a surface, with applications that are relevant to protein aggrega-

tion, fibrillation, ligand binding, and surface catalysis. To understand the effect of

surface curvature on the structure of the surface-bound protein β-lactoglobulin

(β-LG), we have used a combination of polystyrene (PS) nanoparticles (NPs) and

ultrathin PS films to fabricate chemically pure, hydrophobic surfaces that have

nanoscale curvature and are stable in aqueous buffer. We have used single

molecule force spectroscopy to measure the detachment contour lengths Lc for β-LG adsorbed on the highly curved PS surfaces, and we compare these

values in situ to those measured for β-LG adsorbed on flat PS surfaces on the same samples. The Lc distributions measured on all flat PS surfaces show a

large monomer peak near 60 nm and a smaller dimer peak at 120 nm. For 190 and 100 nm diameter NPs, which are effectively flat on the scale of the β-LG

molecules, there is no measurable difference between the Lc distributions obtained for the flat and curved surfaces. However, for 60 nm diameter NPs the

dimer peak is smaller, and for 25 nm diameter NPs the dimer peak is absent, indicating that the number of surface-bound dimers is significantly reduced by

an increase in the curvature of the underlying surface. These results indicate that surface curvature provides a new method of manipulating

protein�protein interactions and controlling the quaternary structure of adsorbed proteins.

KEYWORDS: protein adsorption . surface curvature . nanoparticles . dimerization . single-molecule force spectroscopy
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proteins, including investigations of lysozyme,9,12,23�25

BSA,15,25�27
fibrinogen,15 human carbonic anhydrase I

(HCAI),11 ribonuclease A,28 hemoglobin,26 and β-lacto-
globulin (β-LG).8 Soft, flexible proteins such as lyso-
zyme, BSA, and hemoglobin undergo a partial loss of
structure and a loss in enzyme activity when bound to
SiO2 NPs compared to their activity in solution, but lose
more of their activity when bound to a flat SiO2 surface.
In general, these studies indicate that the smaller the
NP, the closer the adsorbed protein is to its native state
in solution,11,12 presumably because the protein is
locally exposed to a less denaturing surface area for
very high curvatures.
Other surfaces with nanoscale curvature such as

liposomes29 and single-walled carbon nanotubes30,31

have been investigated for their effect on the catalytic
activity of enzymes. These measurements suggested
that proteins can be stabilized on surfaces with nano-
scale curvature more readily than on flat surfaces by
suppressing unfavorable lateral protein�protein inter-
actions. We hypothesize that surface curvature could
also suppress favorable protein�protein interactions
that hold together dimers and higher order oligomers.
Testing this hypothesis is the goal of the present study.
Atomic force microscopy (AFM) has been used for

over a decade to study protein unfolding at the single-
molecule level,32,33 and this is referred to as single-
molecule force spectroscopy (SMFS). Protein mole-
cules will attach spontaneously to an AFM tip that is
brought into contact with a layer of adsorbed protein
molecules, and the proteins can be unfolded by trans-
lating the tip away from the substrate while measuring
the force experienced by the AFM tip (force�distance
curve). This is the mechanical equivalent of chemical
denaturation,34 and this can be both reversible35,36 and
irreversible.37 The pH-dependent transition between
dimeric and monomeric forms of β-lactoglobulin has
been studied using SMFS on a hydrophilic mica sub-
strate,38 and this was compared to the oligomeriza-
tion behavior of β-LG on the hydrophobic surface of
immobilized oil droplets.39

β-LG is an ideal protein for investigating interfacial
phenomena. Although it is water-soluble, it adsorbs
readily on both hydrophilic and hydrophobic sur-
faces.19,38�40 The native environment of β-LG is at the
oil�water interface in bovine milk, where it acts as an
emulsifier. Its structure has been determined using
X-ray crystallography41,42 and NMR spectroscopy.43,44

β-LG has a hydrophobic ligand-binding pocket45

between two crossed beta-sheets (four strands each)
with an R-helix and an additional β-strand on the
external face. In solution, β-LG is composed of 15%
R-helix, 50% β-sheet, and 30% random coil and has
four of its five cysteine residues bound in disulfide
bridges. Under physiological conditions, the ruminant
variety of β-LG forms a dimer in solution, but dissoci-
ates into monomers below pH 3.46

In the present study, we have used SMFS to study
changes in the lateral interactions between molecules
of β-LG adsorbed onto hydrophobic solid substrates of
well-defined nanoscale curvature. Capping of PS NP
monolayers with an ultrathin PS film allowed us to
obtain chemically pure, highly curved, hydrophobic PS
surfaces that were stable in buffer. The samples con-
tained regions of close-packed NP monolayers as well
as bare flat regions, allowing for in situ comparisons of
β-LG unfolding on curved and flat surfaces. SMFS
measurements of β-LG adsorbed onto the PS NP
surfaces exhibited well-defined peaks in the detach-
ment length (Lc) distributions, which we identify as
monomers and dimers of β-LG. We show that increas-
ing the surface curvature, i.e., using smaller PS NPs,
results in fewer dimers of β-LG, demonstrating that
protein�protein interactions are reduced significantly
for highly curved surfaces. The results of the present
study indicate that control of surface curvature pro-
vides a new method of modifying the interactions
between adsorbed proteins, offering the possibility
to spatially target native protein structures within cells
and on biosensing surfaces.

RESULTS

A key step in the present studywas the development
of a protocol to fabricate highly curved, chemically
pure, hydrophobic surfaces that are stable in buffer.
This allowed SMFS experiments to be performed on
proteins immobilized on surfaces under biologically
relevant conditions. It was necessary to use hydropho-
bic PS NPs on a hydrophobic PS substrate so that water
would be excluded from the NP-coated surface, since
hydrophilic NPs or substrates would allow water to
displace the NP film into the buffer. An added advant-
age of using hydrophobic surfaces in buffer is that
these interfaces are analogous to the oil�water inter-
face that is the native environment for β-LG molecules
in bovine milk.
A schematic diagram of our sample preparation

technique is shown in Figure 1 (for details, see the
Methods section below). First, we spin-coated a thin
(∼80 nm) film of pure,monodisperse PS onto a Si wafer
to form a flat hydrophobic PS substrate. Next, we spin-
coated a dilute aqueous suspension of surfactant-
stabilized PS NPs onto the PS substrate. By adjusting
the spin-coating conditions, it was possible to obtain
regions that were coated by close-packed monolayers
of the NPs, separated by bare regions of the underlying
substrate.
Since the NP suspensions used in the present study

are stabilized by surfactants, the surface chemistry of
the NPs is necessarily different from that of pure PS. To
produce chemically pure, highly curved surfaces, we
used a water transfer procedure47 to cap our PS NP
surfaceswith an ultrathin (10 nm thick) film of the same
PS that was used to create the flat PS substrates
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(Figure 1: also see Methods). The transfer of the ultra-
thin PS film onto the top of the PS NP surface assured
that the surfaces were chemically pure PS that was
identical on the flat and curved regions of the samples,
eliminating the effect of the ill-defined surface chem-
istry of the NPs. By choosing the thickness of the PS
capping layer to be sufficiently small (10 nm thick) and
by performing the water transfer procedure at an
elevated temperature we ensured that the capping
film would conform to the shape of the underlying NPs
for NPs as small as 25 nm diameter.
The morphology of the PS-capped PS NP substrates

was measured using both reflected light optical

microscopy (OM) and atomic force microscopy, and
representative images are shown in Figure 2. By care-
fully selecting the spin-coating conditions, it was pos-
sible to obtain NP-covered regions that containedwell-
ordered, close-packed monolayers of NPs perforated
by large (mm-scale) holes, caused by dewetting of the
water-based suspension during the spin-coating pro-
cess. These holes exposed the flat PS substrate. We
emphasize that although it may be possible to create
NP films with more uniform coverage, the presence of
highly curved and flat regions in the samemicroscopic
domains allowed us to perform in situ comparisons
using SMFS of proteins adsorbed to both curved and

Figure 1. Schematic diagram of the sample preparation procedure. A surfactant-stabilized aqueous suspension of PS
nanoparticles (NPs) (A) is mixed with DMPC and methanol (B) and then spin-coated onto a thin film of pure PS on Si (C),
followed by a methanol rinse to remove the DMPC (D). This creates a textured surface with curved regions of NPmonolayers
andbareflat regions. To create awell-defined surface chemistry for this textured surface,we float a 10 nm thick filmof pure PS
film onmica (E) onto a clean water surface and capture this film onto the NP-coated substrates (F), capping the highly curved
substrate with pure PS for use in the protein adsorption studies (G).

Figure 2. Reflected light optical microscopy (A) and atomic forcemicroscopy (B�D) images of a 60 nmdiameter NP film spin-
coated onto a PS substrate and cappedwith a 10 nm thick PS film. Section 1 (corresponding to thewhite line in part (C)) shows
the edgeof the 60nmdiameterNPmonolayer, in the absenceof the cappingfilm. Section 2 (corresponding to thewhite line in
part (D)) shows the edge of the 10 nm thick PS capping film on a bare portion of the substrate.

A
RTIC

LE



KURYLOWICZ ET AL . VOL. 6 ’ NO. 12 ’ 10571–10580 ’ 2012

www.acsnano.org

10574

flat surface topographies. The 10 nm thick PS capping
film was clearly visible in the optical micrographs due
to optical interference with the underlying film or NPs,
which allowed us to target only the PS-capped surfaces
for curved and flat regions in the AFM experiments.
OM images of the NP-film morphologies for NPs of

different diameters are shown in Figure 3. During the
spin-coating process, the 190, 100, and 60 nmdiameter
NPs self-assembled into films consisting of close-
packed monolayer arrays of the NPs that were perfo-
rated with large dewetting holes, whereas the 25 nm
diameter NPs formed frond-like tendrils that were
separated by bare regions. In each of the OM images
in Figure 3, the edge of the PS capping layer can be seen
as a line in the upper left of the image, with the area
coveredby the capping layer extending to the lower right.
AFM topography images of the same NP films are

shown in Figure 4. As in the OM images in Figure 3, the
edge of the PS capping layer in each AFM image can
be seen as a line in the upper left of the image, with the
area covered by the capping layer extending to the
lower right, with the PS capping film conforming
around each of the NPs. The close-packed NP mono-
layers can be seen in Figure 4A, B, and C for the 190,

100, and 60 nm diameter NPs, whereas the 25 nm
diameter NPs in Figure 4D form more disordered
morphologies. Despite the disordered morphology of
the 25 nmdiameter NPs, isolated NPs projecting above
the NP array can be identified, and these NPs were
targeted for the SMFS measurements.
We alternately collected AFM images and SMFSdata,

which allowed us to target the tops of the NPs, with
well-defined nanoscale curvatures, for SMFS measure-
ments. For each sample, we collected hundreds of
force�distance curves and used robust selection cri-
teria (see Supporting Information) to select those
curves that contained a well-defined worm-like chain
(WLC) detachment peak (the last and longest peak in
the force�distance curve). We then fit each of these
selected curves to eq 1 (see Experimental Methods
section below) to obtain the best-fit contour length (Lc)
for the detachment peak. A representative force�
distance curve with a WLC-like detachment peak is
shown in Figure SI1 of the Supporting Information,
together with a schematic diagram of the force spec-
troscopy measurement for a protein dimer.
In Figure 5A�D we show detachment length (Lc)

histograms for the curved and flat regions of the 190,

Figure 3. Reflected light optical microscopy images of PS-nanoparticle-coated substrates for 190 nm (A), 100 nm (B), 60 nm
(C), and 25 nm (D) diameter NPs. PS NPs are spin-coated onto a ∼80 nm thick PS film on Si (dark blue flat substrate in all
images) and subsequently capped with a 10 nm thick PS film. The capping film produces a visible color change in both NPs
and the PS substrate; regions of the sample not covered by the capping film are visible on the upper left in all images. The NPs
assemble into web-like morphologies with a network of dewetting holes, for all but the 25 nm diameter NPs. Suspension
concentration and spin speeds were chosen to yield films with approximately equal NP-covered and bare areas. The 25 nm
diameter NPs have amorphous packing, but there are regions that approachmonolayer thickness on the thinnest tendrils (as
shown in the corresponding AFM images of these films in Figure 4).
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100, 60, and 25 nm diameter NP-coated samples. To
facilitate comparisons between the different histo-
grams, we have divided the number of counts in a
given histogram by the total number N (shown in the
legends of each plot) of the force�distance curves
included in that histogram. Each histogram in Figure 5
includes data collected for between four and six dif-
ferent samples, with approximately fifty curves that satis-
fied our selection criteria obtained for each sample. By
combining measurements of multiple samples with
each NP diameter, we obtained excellent statistics for
both the highly curved and bare flat surfaces obtained
for each of the curved surfaces and the corresponding
bare flat surfaces of the samples. In the Supporting
Information, we show composite histograms of the

detachment length (Lc) and the detachment force (Fd),
in which the data correspond to all of the curves
obtained for all of the bare flat surfaces. Since the
contour length of a single β-LGmolecule (monomer) is
about 60 nm (162 amino acids� 0.36 nm/amino acid =
58.3 nm), detachment lengths longer than 60 nm
indicate that the AFM tip has pulled on two or more
proteins that are associated on the surface. There is no
significant difference between the detachment length
histograms for curved and flat surfaces for the 100 and
190 nm diameter NPs; the histograms show a dimer
peak at 120 nm, which is about a quarter of the
magnitude of the monomer peak near 60 nm. For the
60 nm diameter NPs, the dimer peak in the curved
surface histogram is reduced with respect to that for

Figure 4. AFM topography images of NP-coated regions collected in fluid-phase contact mode. The images were collected at
the edgeof the 10 nm thick PS cappingfilm,which covers the lower right of the images. The 190 nm (A), 100 nm (B), and 60 nm
(C) diameter NPs formed close-packedmonolayers with radii of curvature of 105, 60, and 40 nm, respectively, in the presence
of the capping film. The packing of the 25 nm diameter NPs is disordered, but individual spheres that project above the
neighboring spheres can be identified and targeted for SMFS experiments; in the presence of the capping film, the radius of
curvature is 22 nm.
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the flat surface, and for the 25 nm diameter NPs the
dimer peak is not observed. Therefore, the number of
dimers is significantly reduced on the most highly
curved surface used in our experiment, demonstrating
that the oligomerization of surface-bound proteins can
be reduced by increasing the nanoscale curvature of
the underlying substrate.

DISCUSSION

The importance of dimerization of proteins on sur-
faces has not been fully elucidated, and it is compli-
cated by the additional influence of surface chemistry
and surface forces. In the present study, we have
chosen to study chemically identical flat and highly
curved surfaces by creating surfaces that incorporate
PS NP monolayers capped by a thin PS layer with
intervening bare flat PS patches. This sample geometry
has allowed us to focus exclusively on the geometric
effect of surface curvature on oligomerization of sur-
face-bound proteins. It is worth noting that surface
curvature and roughness are not equivalent, since
roughened surfaces span a wide range of curvatures.
In contrast, by probing the tops of monodisperse NPs
that are arranged in a close-packed array as in the
present experiment, the local surface curvature has a
very well-defined value. As a result, experiments on
surfaces that are roughened on the nanoscale48�50

cannot be compared directly with those performed on
monodisperse NPs.
In addition, we have chosen to study the effect of

surface curvature on a protein, β-LG, whose native
state is at the oil�water interface in bovine milk. Most
studies to date of adsorbed proteins have investigated

globular proteins whose native state is in solution and
which are denatured upon adsorption to a surface.
Surface-active proteins would not be expected to
follow the same trends: although BSA, a globular pro-
tein, was observed to become more ordered on
smaller SiO2 nanoparticles, fibrinogen, a surface-
active protein, became less ordered.15 These find-
ings can be understood by taking into account the
native environment of these proteins: BSA is a glob-
ular protein, and a highly curved surface pushes it
toward the solvent state, whereas fibrinogen is a
surface-active protein that requires lateral interac-
tions to form fibrils.
Consideration of the environment of the protein is

particularly relevant to our current investigation, since
β-LG is found both in aqueous solution and at the
surface of oil droplets in oil�water emulsions. While
β-LG is known to form adimer in solution, its structure on
a hydrophobic surface is not known. A previous study
fromour laboratory compared the detachment lengths
of β-LG on a hydrophilic mica surface with that on a
hydrophobic liquid oil droplet.39 On the hydrophilic
surface, for which β-LG is expected to have a confor-
mation that is similar to that in solution, a peak at
120 nm was observed in the detachment length
histogram that was roughly equal in magnitude to
the monomer peak at 60 nm, indicating a significant
presence of surface-bound dimers. For β-LG bound
to oil droplets, the dimer peak was present but
considerably smaller in the detachment length his-
tograms, indicating a smaller fraction of dimers on
the hydrophobic surface. The distributions of de-
tachment lengths observed in the current study on

Figure 5. Histograms of the detachment length Lc for β-LG molecules on flat and curved regions of the surfaces of PS film-
cappedNP films for NPs of different diameters. On the vertical axis of each histogram,we have plotted the relative probability
P, which is the number of counts divided by the total number N of the force�distance curves included in that histogram. The
number of data points N included in each histogram is shown in brackets in the legend for each histogram. Both curved (red
bars) and flat (gray bars) histograms are shown for PS-film-capped NPs, which have surfaces with radii of curvature of
105 nm (A), 60 nm (B), 40 nm (C), and 22 nm (D), respectively (NP diameter plus twice the capping film thickness, divided
by 2). The vertical dotted lines correspond to the contour lengths of the β-LG monomers (58.3 nm) and dimers (117 nm).
The bin width is 10 nm.
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flat PS are similar to that measured on the oil droplet,
which gives us confidence that the hydrophobic
solid PS substrates used in the present study are
analogous to the hydrophobic liquid oil surface,
which is the native environment for β-LG in milk.
However, we note that the presence of a small dimer
peak in the detachment length histograms for the
flat hydrophobic surface makes it challenging to
measure changes in this peak with increasing surface
curvature.
In the detachment length histograms shown in

Figure 5, a large, well-defined peak in each distribution
occurs at a detachment length of 40�50 nm, which we
attribute to isolated β-LG monomers on the surface,
with no significant differences between the position of
this peak for the flat and curved surfaces. The differ-
ence between this peak position and the contour
length of a single β-LG molecule (58.3 nm) is likely
due to the nonspecific interaction between the AFM tip
and the β-LG molecules, since it is expected that the
AFM tip will sample attachment points near themiddle
of the molecule more often than at the end of the
molecule, and this leads to detachment lengths that
are, in general, less than the full contour length of
the extended molecule. The second peak in the
detachment length distribution occurs at the value of
110�120 nm. This peak position agrees quite closely
with the contour length for two β-LG molecules
attached end-to-end. We attribute this peak predo-
minantly to dimers of β-LG, as in our previous
studies.38,39 Our interpretation of the measured con-
tour lengths is straightforward: if the measured
contour lengths are longer than the contour length
of a monomer, they correspond to oligomers. We
stress that we make no assumptions about changes
to the secondary or tertiary structure of the β-LG
molecules due to adsorption, but we make conclu-
sions only about changes to the oligomerization of
the molecules, as measured in the SMFS experi-
ments. To demonstrate the convergence of our
statistical sampling, in Figure SI2 (see Supporting
Information) we present a composite Lc histogram
for 1128 force�distance curves collected on the bare
flat PS regions of all of the samples used in the
present study, which clearly shows the same features
as in each histogram obtained for the flat bare PS
surfaces in Figure 5. Figure SI2 also shows a compo-
site histogram of detachment forces (Fd) for all bare
flat PS surfaces, which contains a well-defined peak
at Fd ≈ 150 pN and a significant tail to larger Fd
values.
As the surface curvature is increased, we observe a

decrease in the number of dimers present on the
highly curved surfaces, such that only monomers are
observed for the surfaces incorporating the smallest
NPs with a diameter of 25 nm. To interpret these
results, we first consider changes in the dimerization

of β-LG molecules upon adsorption to a hydrophobic
surface. In solution at neutral pH, the β-LG molecules
exist as dimers. Upon adsorption onto a flat hydro-
phobic surface, there is a significant reduction in the
population of dimers. This can be seen from our SMFS
measurements for β-LG molecules on both large oil
droplets39 and flat PS (the present study), for which we
observe a significant reduction in the population of
β-LG dimers relative to the relatively large population of
β-LG dimers observed on a hydrophilic mica surface.38

This disruption of dimers upon adsorption to a flat
hydrophobic surface likely occurs during the signifi-
cant rearrangement of each of the β-LG molecules, as
they expose their hydrophobic pockets to the under-
lying hydrophobic surface. The effect of increasing
surface curvature in the present study seems to further
disrupt the dimerization of β-LG since each adsorbed
molecule hasmore available space and therefore fewer
tendencies to interact with neighboring molecules
relative to its local environment on a flat surface. This
is observed as the disappearance of the dimer peak in
the contour length (Lc) histogram for the surfaces with
the highest curvature. Since the size of the protein
molecules is small compared to the diameter of even
the smallest NPs, it is likely that the surface coverage of
β-LG molecules is comparable on NPs of different
diameters and that the dominant effect with decreas-
ing NP diameter is weakened lateral interactions be-
tween adsorbed proteins. This result is important since
the oligomerization state of a protein often modulates
its function. Because of this, our results may have
interesting biotechnological applications, especially
in the context of solid-state devices, since it may be
possible to tailor surface topography to invoke biolo-
gical function.
The results of the present study also have direct

implications for biological systems. Oligomerization of
proteins occurs commonly in biology, which suggests
that it is a significant molecular control mechanism in
biochemical signaling. In particular, dimerization is a
common regulatorymechanism in signal transduction,
catalyzing reactions by bringing substrates and active
sites together in favorable orientations and enhancing
specificity by means of increasing the effective surface
area.51 Dimerization occurs in many cell surface recep-
tors, where ligand-induced dimerization at the extra-
cellular domain triggers kinase activity in the cyto-
plasm, which triggers cell response.52,53 Homo- and
heterodimers often exhibit different biological activity
than their constituent monomers, and the monomer�
dimer transition may provide a dynamic trigger for
biochemical cascades, can facilitate chemical modifi-
cations, and can provide temporary storage or stability
for the active monomer pool.54 Models have also
suggested that the fast-binding equilibrium of dimer-
ization reactions can lower the noise in a biochemical
network by absorbing fluctuations and buffering
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against sudden changes in monomer copy number.
Thus dimerization can reduce the noise in the physio-
logically relevant long-time regime by shifting it to
shorter times that do not propagate to the level of
gene activation and transcription.55

The possibility of manipulating oligomerization is of
great interest for medical and biotechnological appli-
cations since the functional state of a protein is often
determined by its oligomerization state. In pharma-
ceutical preparations, chemical additives and cosol-
vents can be used to stabilize or compete with
interprotein contacts,56 or oligomerization can be con-
trolled by alterations of the primary sequence that
target the protein coupling interface.56,57 For exam-
ple, the dimerization interface of β-LG is strongly
influenced by the charged attraction of Asp33 on
onemonomer and Arg40 on the other; changing one
of these residues to an amino acid of the opposite
charge (D33R or R40D/E) strongly inhibits dimeriza-
tion.58 However, these methods are not appropriate
in vivo since they lack the ability to target a specific
protein population without changing the global
chemical environment or altering the protein at
the genetic level. Using substrate curvature to con-
trol oligomerization, as demonstrated in the pre-
sent study, offers the possibility of spatially targeting

native protein structures within cells and on biosen-
sing surfaces.

SUMMARY AND CONCLUSIONS

We have fabricated surfaces with uniform nanoscale
surface curvature that are stable in aqueous buffer, and
we have used SMFS to study the lateral interactions
between molecules of the surface-active protein β-LG.
By capping our NP-coated surfaces with a very thin
pure PS film, we have eliminated the effect of the ill-
defined surface chemistry of the NPs, allowing us to
perform a controlled study of the effect of high surface
curvature on adsorbed proteins. This is an important
result since all NPs must be stabilized with surfactant
(or charge) in suspension, thereby contaminating the
surface of interest in suspension-based studies of
NP�protein interactions. We have measured the dis-
tribution of detachment lengths for β-LG on NPs of
different diameters, and we have found that, for the
most highly curved surfaces, it differs from that mea-
sured on a flat surface on the same sample: there is a
lower incidence of detachment lengths that are longer
than the contour length of a monomer for the curved
surface. We conclude that a highly curved surface
reduces the lateral interactions between adsorbed β-
LG proteins, favoring themonomer formof the protein.

EXPERIMENTAL METHODS
A 1.5% (bymass) solution of polystyrene (PS, Polymer Source,

Mw/Mn = 1.12, Mw = 675 000) in toluene was spin-coated at
1500 rpm onto a 1 cm � 1 cm oxidized Si(100) wafer and
annealed for 18 h at 105 �C under an oil-free vacuum. The
thickness of the resulting films was between 70 and 80 nm,
as measured by ellipsometry and AFM. The resulting hydro-
phobic surface was then used as a substrate to spin-coat PS
nanoparticles.
Suspensions of PS NPs (Bangs Laboratories) of four different

diameters (25, 60, 100, and 190 nm) were purchased with a
concentration of 10% by mass. The 25 nm diameter NPs were
spin-coated directly from this stock suspension. All other NP
suspensions were diluted to 1%bymasswithMilli-Qwater, then
mixed in a 1:1 ratio with a solution of 400 parts methanol to 1
part dimeristoyl phosphatidylcholine (DMPC) by mass (Avanti,
lyophilized powder). The DMPC acted as a surfactant to allow
60, 100, and 190 nm diameter NP suspensions to wet the
hydrophobic PS film substrate with a much lower contact angle
than the pure aqueous suspensions, allowing for convective
self-assembly of NPs at the evaporative front during spin-coat-
ing. The stock 25 nmdiameter NP suspension had amuch lower
contact angle than the others, and we hypothesize that the
25 nm diameter NPs are small enough to act as their own
surfactant, as in Pickering emulsions. After spin-coating, all
samples were flushed thoroughly with methanol to dissolve
the DMPC and then dried in clean nitrogen gas, including the
25 nm diameter NP samples to which DMPC was not added.
For the capping film, a 0.25% (by mass) solution of PS

(Polymer Source, Mw/Mn = 1.12, Mw = 675 000) in toluene was
spin-coated at 2000 rpm onto a freshly cleaved 2 cm � 10 cm
piece of muscovite mica and annealed for 18 h at 105 �C under
an oil-free vacuum. The resulting film was 10 nm thick, as mea-
sured using AFM (see Figure 2). A razor blade was used to score
this film into a grid of twenty 1 cm2 squares. The film-coated

micawas then lowered at a 45� angle into a pool ofMilli-Qwater
at 70 �C. Since mica is hydrophilic and PS is hydrophobic, the PS
film floats onto the water surface. After 1 min of thermal
equilibration under water, the 1 cm2 Si-PS-NP-PS substrates
were lifted at an angle of∼30� under a piece of floating PS film
to transfer the PS film onto the solid substrate. Samples were
put under vacuum for 1 h to remove water and then stored in
air. Although the conformation of the PS film around the highly
curved NPs was not consistent for all samples or regions of one
sample, it was always possible to identify (using AFM imaging)
regions with sufficient conformation of the PS film around the
NPs for SMFS measurements.
The morphology of the PS-NP-PS substrates was measured

using both reflected light optical microscopy and atomic force
microscopy. The OM measurements were performed using an
Olympus BX-60 microscope using bright-field illumination. The
AFM measurements were performed in contact mode in liquid
using a Veeco Multimode AFM with a Nanoscope IV con-
troller. Nanoworld PNP-TR triangular cantilevers with a nominal
tip radius of curvature of 10 nm and a spring constant of
0.08 nN/nm were used. The spring constant for each tip was
measured in situ using the thermal tuning method, and results
were always within 20% of the nominal value. The deflection
sensitivity was also measured for each tip (∼45 V/nm), and the
resulting force exerted on the surface during imaging was
always <2 nN. Images were typically collected using a lateral
range of 1�2 μmusing a scan rate of 1�1.5 Hz, resulting in a tip
speed of <5 μm/s.
A 1% solution (by mass) of β-LG (Sigma-Aldrich, variant A) in

20 mM imidazole buffer (pH = 6.8) was prepared and stored at
4 �C overnight. Afterwarming to room temperature, 20 μL of the
protein solution was deposited onto the PS-NP-PS substrates
and allowed to incubate for 1 h. Excess liquid was then removed
from the substrate by wicking with a Kimwipe tissue, and the
substrate was rinsed repeatedly (3�) with imidazole buffer,
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leaving only adsorbed protein on the substrate. The sample was
then inserted into an AFM fluid cell and allowed to equilibrate
for 30min before measurement using atomic force microscopy.
The protein layers on the PS-NP-PS substrates weremeasured

with AFM in contact mode in liquid for both imaging and force
spectroscopy measurements. A new AFM cantilever was used
for each curved and flat surface within a single experiment. For
AFM imaging of the protein layers, we used the same operating
parameters as for imaging the PS-NP-PS substrates. For the force
spectroscopy experiments, a vertical range of 400 nm and a tip
speed of 775 nm/s were used, with a 2 s wait time at the surface.
We note that although the hydrophobic interaction of 25, 60,

and 100 nmdiameter NPswas strong enough to adhere them to
the PS substrate, the mechanical perturbation associated with
AFM contact imaging was enough to dislodge some of the
190 nmdiameter NPs if they were not covered with the capping
film. Hence the capping film also served to mechanically
stabilize the adhesion of the 190 nm diameter NPs, and this
made AFM imaging and targeted force spectroscopy measure-
ments of the proteins possible. A slow aging process for the
capping film was also observed, with the PS film conforming
completely around the largest NPs after ∼2 months, which
eliminated the flat areas of stretched film between NPs that are
apparent in Figure 3. The Digital Instruments Nanoscope “Point-
and-Shoot” software module (Bruker AXS) was used to image a
region of the NP monolayer and target the top of NPs that had
six close-packed neighbors. Typically ∼100 force�distance
curves were collected per NP, with a ∼10% success rate for
protein attachment. Because the AFM tip diameter is compar-
able to or less than the diameter of the NPs on our textured
surfaces and we target the top of a given spherical NP for the
SMFS measurements, there is little chance of contacting the
surface of a neighboring NP. To ensure this in the presence of a
small amount of lateral drift of the AFM system, no NP was
probed for more than 2�3 min. Approximately 10 NPs were
probed for each AFM image, and 3�5 images were collected at
different parts of the sample, for both curved and flat surfaces.
This resulted in 300�500 curves for both curved and flat
surfaces per sample, of which one-quarter to one-third con-
tained a well-defined worm-like chain curve (see eq 1 below) at
detachment and were used for further data analysis (see
Supporting Information). Four or five experiments were per-
formed for each size of NP, resulting in∼300 curves per flat and
curved data set. In half of the experiments, force spectroscopy
measurements were performed on the curved surface first and
then on the flat surface, reversing this order in the other half of
the experiments, to ensure that aging of the protein layer did
not affect our observations. Since it was necessary to image NPs
before performing the force spectroscopy measurement on the
protein layer, flat areas were also scanned with a similar force
before performing the force spectroscopy measurements so
that all protein molecules were treated in a similar fashion on
both flat and curved surfaces.
An objective, automated method was developed to identify

and analyze force�distance curves that contained a well-be-
haved detachment peak (see Supporting Information for
details). The criteria for deciding whether or not to include a
given curve in the detachment length (Lc) histogram were as
follows: the data points in the detachment peak had amaximum
force thatwas larger than 50 pN; themaximum force occurred at
an AFM tip�sample separation greater than 5 nm; the data
points beyond the detachment peak in the curve corresponded
to a flat baselinewith near-zero force, and the data points within
the detachment peak tracked continuously to the baseline and
were well-described by the worm-like chain function:59

FLp
kBT

¼ 1
4

1 � x

Lc

� ��2

� 1
4
þ x

Lc
(1)

where F is the measured force, x is the tip�sample separation,
T is temperature, kB is Boltzmann's constant, and Lp is the
persistence length of the chain (fixed at a value of 0.4 nm, which
is typical for proteins). The best fit value of the detachment
length (Lc) was obtained by fitting the detachment peak data to
eq 1.
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