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S
urface plasmon resonance (SPR) tech-
niques are ideally suited to measure
surface bioaffinity adsorption by taking

advantage of the sensitivity of the interfacial
surface plasmon polaritons (SPPs) to the
local refractive index (RI) of the dielectric.1

To overcome the lack of biomolecule selec-
tivity of RI sensing, multiplexed measure-
ments using array-based SPR imaging (SPRI)
have been favored to detect the specific
interactions between biologically relevant
species such as DNA, RNA, and proteins.2�4

Although a variety of methods exist for
increasing the sensitivity of SPRI, perhaps
the most successful and widespread ap-
proach is the technique of nanoparticle-
enhanced SPR.5 Nanoparticles with a
range of sizes, shapes, and materials have
been applied in a variety of SPRI sensor
configurations for the enhanced detection

ofmetal ions, small molecules, nucleic acids,
and proteins.6�10 In the general case for
DNA sensing, Au nanoparticles are function-
alized with thiolated oligonucleotides,11

and upon hybridization adsorption to a
complementary surface sequence, the re-
sulting RI change caused by the gold colloid
can grant a 1000-fold increase in SPR sig-
nal.12 Furthermore, it is possible to couple
enzymatic amplification with nanoparticle-
enhanced SPR for even greater sensitivity.13

SPRI measurements are usually con-
ducted on the macroscopic scale by simul-
taneously monitoring tens to hundreds of
individual sensor elements that can range
from 0.01 to 1mm2 in area.14 In recent years,
there has been increased interest in the use
of microscope objectives for high-resolution
SPRI measurements of surface interac-
tions on the microscale. For example,
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ABSTRACT A novel 814 nm near-infrared surface plasmon resonance (SPR)

microscope is used for the real-time detection of the sequence-selective

hybridization adsorption of single DNA-functionalized gold nanoparticles. The

objective-coupled, high numerical aperture SPR microscope is capable of

imaging in situ the adsorption of single polystyrene and gold particles with

diameters ranging from 450 to 20 nm onto a 90 μm � 70 μm area of a gold

thin film with a time resolution of approximately 1�3 s. Initial real-time SPR

imaging (SPRI) measurements were performed to detect the accumulation of

40 nm gold nanoparticles for 10 min onto a gold thin film functionalized with a 100% complementary DNA surface at concentrations from 5 pM to

100 fM by counting individual particle binding events. A 100% noncomplementary DNA surface exhibited virtually no nanoparticle adsorption. In

contrast, in a second set of SPRI measurements, two component complementary/noncomplementary mixed DNA monolayers that contained a very

small percentage of complementary sequences ranging from 0.1 to 0.001%, showed both permanent and transient hybridization adsorption of the

gold nanoparticles that could be tracked both temporally and spatially with the SPR microscope. These experiments demonstrate that SPR

imaging measurements of single biofunctionalized nanoparticles can be incorporated into bioaffinity biosensing methods at subpicomolar

concentrations.

KEYWORDS: surface plasmon resonance imaging . surface plasmon resonance microscopy . DNA hybridization adsorption .
gold nanoparticles . polystyrene nanoparticles
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SPR microscopes have been used to study proteins
binding to micropatterns,15 cell�substrate interac-
tions,16�24 or image individual nanoparticles25�28

and their catalytic activity.29

For the construction of an SPR microscope, a variety
of coupling methods are available. The simplest meth-
od involves a prism coupling and an objective lens for
imaging; however, this geometry suffers from long
working distances and image distortions.26�28,30 Alter-
natively, solely a high numerical aperture (NA), oil
immersion objective can provide the coupling to a
gold-coated coverslip. Light focused by the high NA
objective can be used to locally excite SPPs,31 but the
image must be raster scanned and reconstructed by
Fourier plane analysis32,33 or by interferometry.34,35 On
the other hand, the high NA objective can be used to
output collimated light at high incidence angles and
simultaneously collect the reflected image. This is
achieved by focusing input light onto the back focal
plane (BFP) of the objective with an offset from the
center to set the incidence angle.36

In this work, we will combine a high NA SPR micro-
scope with the technique of nanoparticle-enhanced
SPRI to image single-nanoparticle DNA hybridization
adsorption events in real-time. First, a near-infrared
(NIR) SPR microscope is described with two key inno-
vations: (1) an 814 nm wavelength was selected to
provide a smaller SPR angle and greater SPR sensitivity
as compared to visible wavelengths used in the micro-
scopes noted previously, and (2) a knife-edge mirror
was used to redirect the focused input light, yet allow
the reflected image to be collected by the microscope
tube lens to eliminate fringing caused by multiple
reflections. The microscope was characterized with
dielectric polystyrene (PS) nanoparticles from 450 to
85 nm in diameter and metallic Au nanoparticles from
100 to 20 nm in diameter. Next, single-particle

hybridization adsorption events of DNA-modified
40 nm Au nanoparticles onto 100% complementary
surfaces were counted at concentrations from 5 pM to
100 fM. Finally, two component mixed DNA mono-
layers that contained a very small percentage of com-
plementary sequences ranging from 0.1 to 0.001%
were used to detect permanent and transient single-
particle adsorption events.

RESULTS AND DISCUSSION

NIR SPR Microscope Construction and Characterization. The
SPRmicroscope relies on a high numerical aperture, oil
immersion objective, capable of focusing light at high
incidence angles to achieve the excitation of SPPs on a
gold-coated coverslip. The optical setup, shown sche-
matically in Figure 1a, is based on the work of Huang
et al. with two key modifications.36 The first modifica-
tion was the selection of an 814 nm NIR diode laser
source for two reasons: (1) it is in the wavelength range
determined for maximum SPR sensitivity, as compared
to shorter visible wavelengths,37,38 and (2) it narrows
and shifts the SPR angle, θspr, to lower incidence
angles.39 This has an important consequence for se-
lecting an immersion objective when constructing an
SPRmicroscope. For example, at 814 nm, θspr =∼65.5�,
whereas at 633 nm, θspr = ∼75.7�. Although we have
used a 1.49 NA objective in this work, selecting 814 nm
(or longer wavelengths) will offer the advantage of
allowing for more common, less expensive 1.4 NA
objectives that can only attain a maximum half angle
of 67.5�, still large enough for SPR imaging on the steep
half of the SPR curve.

The NIR laser light was prepared for the SPR micro-
scope by passing it through a spatial filter to expand
and collimate the beam. The polarization and intensity
was controlled by a λ/2 plate (not shown) and a linear
polarizer placed before and after the spatial filter,

Figure 1. (a) Schematic diagramof theNIR, objective-coupled, highNASPRmicroscopeutilizing a knife-edgemirror. (b) In situ
SPR curve of a gold-coated coverslip at 814 nm sampled on the SPRmicroscope (dots) with a four-phase Fresnel calculationfit
for a BK7/Cr/Au/H2O interface (solid).
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respectively. For macroscopic SPR imaging, it is impor-
tant to illuminate the sample with a highly collimated
beam to limit the broadening of the SPR resonance
curve. In the case of the SPR microscope, in order to
output collimated light from the front element of the
objective, a lens was used to focus the input light onto
the back focal plane of the objective.36 The second
modification was the implementation of a gold-coated
knife-edge mirror to direct the focused light upward
into the objective. The mirror is positioned so it can
redirect the focused input beam yet allows the re-
flected image collected by the objective to pass with-
out being clipped. Typically, objective-coupled SPR
microscopes use a beam splitter to redirect the fo-
cused light and simultaneously collect the reflected
image;25,36 however, the mirror offers two advantages
over beam splitting optics: (1) the mirror enables the
collection of the full amplitude of the signal since no
light is lost to splitting, and (2) interference effects that
might occur from multiple reflections are eliminated.

To tune the incidence angle on the sample, the lens
and mirror are coupled together on a linear translation
stage and translated across the center axis of the objec-
tive. The in situ reflectivity curve shown in Figure 1b
was collected by translating the mirror in 10 and 5 μm
increments across the SPR resonance. The full SPR
curve was obtained by translating the mirror by only
100 μm, with the steepest half of the SPR curve
occurring in only ∼20 μm of displacement. A theore-
tical curvewas fit as a function of incidence angle using
a four-phase Fresnel calculation for a BK7/Cr/Au/H2O
interface using the minimum of the SPR curve as a
reference point (displacement = 0).

To image in situ adsorption of individual nanopar-
ticles, the incidence anglewas set to 30% reflectivity on
the SPR curve, as denoted by the vertical dotted line in
Figure 1b. The gold surface was previously modified
with a positively charged monolayer of 11-mercapto-
undecamine (MUAM) and was protected by a small
droplet of water contained in a silicone isolationwell. A
solution of either negatively charged polystyrene or Au
nanoparticles was then spiked into the droplet, and

electrostatic adsorption was monitored by continu-
ously taking the difference image between the most
recently acquired frame and the previously acquired
frame. Note that a nanoparticle will only appear in the
difference image when it initially adsorbs onto the
surface since the nanoparticle causes an instantaneous
localized increase of reflectivity; in subsequent differ-
ence images, if both frames contain the nanoparticle,
then no difference will appear. This frame-by-frame
difference imaging eliminates any long-term intensity
fluctuations caused by the light source or by the focus
drift.

Example difference images of PS or Au particles are
shown in Figure 2. Five 200 nm diameter PS particles
can be seen in the difference image at the moment
they bind to the surface in Figure 2a. The nanoparticle
response pattern appears as a bright center region
with alternating positive and negative tails flowing to
the left;in the direction of plasmon propagation. For
these particles, the tails are visible for up to 50 μm and
are due to the long surface plasmon propagation
length in the NIR. Also visible are the interference
patterns that result when the tails of nearby nanopar-
ticles overlap. Considerably shorter tails have been
previously observed in SPR images of nanoparticles
in works using visible wavelengths.25,27

To determine if there is a material dependence on
the response pattern, the adsorption of Au nanoparti-
cles was also observed. The response pattern for 50 nm
diameter Au particles is identical to that of PS, as seen
in the image in Figure 2b. The slight differences in the
PS and Au images are the result of inaccuracies in
setting themicroscope focus before the image acquisi-
tion.We believe that the tails that appear to the right of
the bright center region (in the direction opposite to
the plasmon propagation) are also attributed to the
microscope being slightly out of focus, due to the
shallow depth of the field of the objective.

A variety of particle sizes, from 450 to 85 nm
diameter PS particles and from 100 to 20 nm diameter
Au particles, were observed in this manner using the
SPR microscope. The change in reflectivity (Δ%R)

Figure 2. SPRmicroscope difference images of (a) 200 nm polystyrene and (b) 50 nm Au nanoparticles. Scale bars are 25 μm.
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values of Au (blue circles) and PS (red triangles) as a
function of particle diameter are displayed on a
log�log plot as shown in Figure 3a. The Δ%R value
for each particle was calculated by dividing the peak
intensity of the difference image by the intensity of the
raw frame and multiplying by 0.3 (the angle was set at
approximately 30% reflectivity). For the PS particles,
the largest particles (450 nm) caused a massive in-
crease of ∼40 Δ%R, while the 200 nm particles dis-
played in Figure 2a showed only∼4Δ%R. The smallest
PS particle imaged was 85 nm and displayed ∼0.2 Δ%
R. For Au particles, the largest particles (100 nm) caused
an increase of ∼20 Δ%R, while the 50 nm particles
displayed in Figure 2b caused an increase of ∼2 Δ%R.
For DNA hybridization adsorption experiments, we
have decided to use the 40 nm Au particles such as
the one displayed in the SPR difference image in
Figure 3b. These particles were easy to detect
(∼1 Δ%R), and their signal was not overwhelming, as
with larger particles such as the ones shown in
Figure 2b. The smallest Au particles that a Δ%R value
was obtained for were 20 nm in diameter and showed
an increase of∼0.1 Δ%R. To make the response of the
small particle more apparent, a custom Fourier filter
was used, resulting in the image displayed in Figure 3c.
This Fourier filter was used in later sections for easy
visualizing of particle binding. The filtering procedure
is described in the Supporting Information.

The data in Figure 3a were fit as a function of the
diameter cubed and therefore appears on the log scale
as a line with a slope of 3. This clearly shows that the
magnitude of Δ%R is dependent on the volume of
the nanoparticle, as has been previously demonstrated

experimentally25,27 and theoretically.40 For each parti-
cle size, the Δ%R values for at least 25 particles were
averaged. The distribution of Δ%R values may be
caused by the distribution of the particle sizes in
solution, as well as from the assumption that all
imaging takes place at the 30% reflectivity point on
the SPR curve.

Real-Time Single-Nanoparticle SPRI Measurements of DNA
Hybridization Adsorption onto 100% Complementary DNA Mono-
layers. In order to observe single-nanoparticle binding
events caused by DNA hybridization adsorption, 40 nm
Au particles were modified with thiolated T30 oligonu-
cleotides following the procedure detailed by Hurst
et al.11 A solution containing 1 pM of these particles
was exposed to a gold surface modified with a full
monolayer of A30 thiolated oligonucleotide, and the
hybridization adsorption was observed with the SPR
microscope. Figure 4a is a 90� 70 μm2 Fourier filtered
difference image showing the binding of five nano-
particles marked by the red circles. Overlaid on this
image is a particle binding map showing the position
of every particle that bound to the surface over the
course of the 300 s experiment asmarked by the yellow
dots. These data can be displayed as a kinetic binding
curve; the number of particles bound in each differ-
ence image was counted and added cumulatively as
shown in Figure 4b. Theparticleswere injected after 30 s,
and over the course of 300 s, a total of 152 particles
bound to the surface. We attribute the shape of the
binding curve to the diffusion of nanoparticles to the
surface since there was no active mixing. As a control,
the solution of nanoparticles was exposed to the
noncomplementary sequence (SeqA), and only one

Figure 3. (a) Change in reflectivity,Δ%R, of a variety of sizes of Au (blue dots) and PS (red triangles) particles fit to functions of
the diameter cubed. (b) Difference image of a 40 nm Au nanoparticle and (c) Fourier filtered difference image of a 20 nm Au
nanoparticle. Scale bars are 10 μm.
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particle was observed binding to the surface (blue
curve in Figure 4b).

Binding curves for a range of nanoparticle concen-
trations, from 5 pM to 100 fM, were obtained and
displayed on the semilog plot in Figure 5a. Each
binding curve has the same shape as the 1 pM data
in Figure 4b when plotted in a linear scale. For the
highest concentration of nanoparticles (5 pM), over
1000 particles were counted binding to the surface
(blue curve). In comparison, for the lowest concentra-
tion (100 fM), only 11 particles were counted and the
digital nature of the binding events is apparent from
the black curve in Figure 5a. As expected, the total
number of particles counted for each concentration of
nanoparticles followed a linear relationship as shown
in Figure 5b. Error bars are assigned as a percentage of

the total signal since particles cannot be counted in the
few frames following the initial injection of the nano-
particle solution from the large disturbance it caused
before the difference images stabilized. Each concen-
tration of particles was also run on a noncomplemen-
tary surface that displayed negligible nonspecific
binding (3 counts for the 5 pM, 1 count for 1 pM, and
zero for concentrations below). We note that, due to
the surface docking area of each 40 nm nanoparticle, it
is highly likely that each binding event is the result of
hybridization between multiple DNA strands on the
nanoparticle and the surface.Wewill deal with the case
of a nanoparticle binding to a single surface strand by
creating mixed surface monolayers of complementary
and noncomplementary DNA in the following section.

Real-Time Single-Nanoparticle SPRI Measurements of DNA
Hybridization Adsorption onto Two Sequence Complementary/
Noncomplementary Mixed DNA Monolayers. As an alternative
to detecting low concentrations of particles in solution,
the SPR microscope was tested to detect low surface
coverages of a complementary sequence. As a model
system, mixed monolayers consisting of 0.1 to 0.001%
of the complementary sequence (A30), diluted by a
noncomplementary sequence (SeqA), were formed on
gold coverslips.41 The surfaces were then exposed to a
30 pM solution of the T30-modified nanoparticles. In
these experiments, only a small fraction of the surface
sites were available for hybridization. Using literature
values for a fully packed monolayer of ∼7 � 1012 DNA
molecules/cm2, on average, there will be only one
complementary sequence in a 40 � 40 nm2 area for
a 0.1% monolayer.42 We therefore assume for the
experiments with the mixed monolayers that each
particle that bound to the surface was the result of a
single DNA�DNA hybridization.

The usage of the two sequence mixed monolayers
had an unforeseen effect on the nanoparticle binding
behavior. For this example using amixedmonolayer of
0.01% A30, we observed nanoparticle binding events
such as the image shown in Figure 6a. As seen pre-
viously, this is indicative of a particle binding to the
surface, andwedeem this as a “positive”binding event,

Figure 4. (a) Fourier filtered difference image of a 1 pM
solution of T30 nanoparticles binding to a complementary
surface showing five binding events (red circles). The loca-
tions of all the particles bound after 300 s are marked by
yellow dots and are overlaid on the image. Scale bar is
25 μm. (b) Particle binding curves for the 1 pM solution onto
complementary (red) and noncomplementary (blue) sur-
faces over the 300 s.

Figure 5. (a) Particle binding curves as a function of time for nanoparticle solutions from 5 to 0.1 pM and (b) total particle
counts as a function of concentration after 10 min.

A
RTIC

LE



HALPERN ET AL. VOL. 8 ’ NO. 1 ’ 1022–1030 ’ 2014

www.acsnano.org

1027

in accordance with positive reflectivity change at the
bright center region. However, in the exact same
location in the following difference image shown in
Figure 6b, an inverse intensity pattern compared to
Figure 6a was observed, with a negative difference in
the dark center region. This can only be due to the
particle leaving the surface, causing a decrease in
reflectivity; we deem this a “negative” event. We
attribute this behavior to transient adsorption of nano-
particles to the surface; a particle adsorbs to the surface
causing a positive event followed shortly by desorption
causing a negative event. In the example shown in
Figure 6a,b, the particle was released from the surface
after just one frame (3 s). Typically, the particles were
transiently adsorbed for a few frames; however, we
have observed particles having transient adsorptions
lasting up to 15 frames. This transient adsorption
behavior was observed for all the mixed monolayer
surfaces.

For the 0.01% A30 surface, a particle binding map
was generatedwith the locations of all the positive (red
dot) and negative (blue circle) binding events as shown
in Figure 7a. Evident from the map, no particle desorp-
tion exists without a prior adsorption, as should be
expected. The accumulation of positive and nega-
tive binding events over time is plotted in Figure 7b,
with the black binding curve showing the amount of
particles permanently adsorbed. For this surface,

approximately 25% of the events were transient ad-
sorptions, with∼200 positive events and∼50 negative
events. For comparison, when the same nanoparticles
were exposed to a full noncomplementary surface
(100% SeqA and 0% A30), there were only 17 positive
events and 13 negative events, with a net of only 4
particles nonspecifically adsorbed. Since the amount of
positive and negative events depends on the percen-
tage of A30 on the surface, we believe that the transient
adsorption was due to weakly bound nanoparticles
held by only a few A�T base pairs.

Binding curves from mixed monolayer with 0.1 to
0.001% A30 are compiled in the semilog plot as shown
in Figure 8a. For the 0.1% surface coverage, over 1000
permanent binding events were observed, whereas for
0.001%, only 11 permanent events were counted. Again,
the digital nature of particle binding can be seen in the
lower surface coverages; however, this time, positive and
negative fluctuations can be seen as a result of particle
transient adsorptions. These data can be plotted as a
function of the percent of A30 in themixedmonolayer as
displayed in Figure 8b and fit to a linear relationship as
expected. The error bars are assigned as a percent of the
total counts for the same reason as Figure 5b.

For comparison of the detection limits of these two
types of experiments, the 100% complementary mono-
layer and the low percentage mixed monolayers, we
refer to the Langmuir isotherm. At low concentration,
we assume θ ≈ CKads, where θ is the equilibrium
surface coverage, C is the concentration, and Kads is

Figure 6. Transient adsorption of a T30 40 nm Au onto a
mixed monolayer containing 0.01% A30. (a) Difference im-
age of a nanoparticle adsorption denoted as a “positive”
particle binding event and (b) its subsequent desorption
denoted as a “negative” particle binding event. Scale bars
are 10 μm.

Figure 7. (a) Binding map of T30 40 nm Au nanoparticle
positive adsorption (red dots) and negative desorption
(blue circles) onto a mixed monolayer containing 0.01%
A30. Scale bar is 25 μm. (b) Positive (red) and negative (blue)
counts as a function of time. The black curve is the sum of
the two and represents permanently adsorbed particles.
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the Langmuir adsorption coefficient. Using a Kads =
1.8 � 107 M�1 for DNA hybridization3 and a minimum
detected surface coverage of θ = 0.001% corresponds
to a concentrationdetection limit of 50 fM, similar to the
100 fM of nanoparticles detected on the 100% com-
plementary surface.

CONCLUSIONS

In this paper, we have described a NIR, objective-
coupled, high numerical aperture SPR microscope.
Two key modifications enabled the real-time imaging
of single-nanoparticle binding events caused by DNA
hybridization adsorption. First, the usage of an 814 nm
wavelength decreased the SPR angle and increased
the SPR sensitivity compared to visible wavelengths.
Although the longer propagation length of the NIR
wavelength causes a decrease in spatial resolution in
the direction of plasmon propagation, we were able to
localize single nanoparticles by their unique response
pattern. Second, a knife-edge mirror was used in place
of a beam splitter to collect the full SPR signal and
eliminate interference patterns. DNA-modified 40 nm
Au nanoparticles with concentrations from 5 to 0.1 pM
were detected on a full monolayer of a complementary
sequence by counting individual nanoparticle bind-
ing events. We expect that single-nanoparticle SPRI

should be directly applicable to study other nanopar-
ticle-enhanced assays at low concentrations such as
miRNA capture and detection.8 An alternative to
detecting low nanoparticle concentrations in solution
was performed by creating two sequence mixed
monolayers composed of 0.1 to 0.001% of comple-
mentary DNA. At these low surface coverages, both
permanent nanoparticle adsorption caused by single
DNA�DNA hybridization and transient adsorption
were observed. This transient adsorption behavior is
reported for the first time using SPRM and was
assigned to be weakly bound particles caused by a
few A�T base pairs; however, additional experiments
on sequence dependence and particle dwell time are
needed to fully understand this behavior. In compar-
ison with the surface-sensitive microscopy techinques
of single-molecule total internal reflection fluores-
cence (TIRF), SPRM offers the advantage of being able
to continuously monitor individual binding events
without the need to account for photobleaching or
blinking of the fluorophores.43 In the future, we antici-
pate the combination of nanoparticle detection with
enzymatic amplification to study complex systems
such as the polyadenylation reaction of single poly(A)
polymerases13 or the formation of microscopic DNA
surface clusters.44

METHODS

Optical Setup. The SPR microscope was built in the config-
uration as shown in Figure 1a using the frame of an IX51
inverted microscope (Olympus, Tokyo, Japan). A 1 mW
814 nm diode laser (Melles Griot, Carlsbad, CA) was expanded
and collimated using a spatial filter (Newport Corp., Newport
Beach, CA). The beamwas polarized and focused with a lens (f =
200 mm) onto the back focal plane of a 100� 1.49 NA oil
objective (Olympus). The focused beam was directed upward
near the edge of the objective by a gold-coated knife-edge
D-shaped mirror (Thorlabs, Newton, NJ) while allowing the
reflected image to pass out the other side. The focusing lens
and D mirror were mounted on an X�Y micrometer to adjust
the incident angle on the sample. Images were acquired on
an Andor Neo sCMOS (South Windsor, CT) by accumulating
30 11-bit exposures. This setup is similar to the one described by
Huang et al.36 Samples were borosilicate No. 1.5 coverslips
(Fisherbrand, Pittsburgh, PA) coated with a 1 nm adhesion layer

of chromium, followed by 45 nm of gold using a thermal
evaporator.

Polystyrene and Gold Nanoparticle Size Analysis. Carboxyl-coated
polystyrene beads were purchased from Invitrogen (Carlsbad,
CA) with mean diameters of 0.45, 0.39, 0.30, and 0.21 μm and
from Polysciences (Warrington, PA) with a mean diameter of
85 nm. Unmodified gold colloid was purchased from Ted
Pella (Redding, CA) in diameters of 100, 50, 40, 30, and 20 nm.
Positively charged alkanethiol monolayers (11-mercapto-
undecamine, MUAM, Dojindo, Japan) were freshly prepared
on the gold-coated coverslips by immersion in a 1 mM solution
for 12 h. Adhesive silicone isolation wells (Electron Microscopy
Sciences, Hatfield, PA) were used to partition the gold surface
and filledwith 5μL ofwater to protect theMUAM. A 5μL volume
of particle solution (∼109 particles/mL) was injected into a well,
and the electrostatic adsorption of nanoparticles was observed.

DNA Sequences. All DNA was purchased from IDT (Integrated
DNA Technologies, Coralville, Iowa) and stored in 1� PBS buffer
(11.9 mM phosphates, 137 mM sodium chloride, 2.7 mM

Figure 8. (a) Binding curves of permanently adsorbed T30 40 nm Au nanoparticles onto mixed monolayers containing 0.1 to
0.001% A30 and (b) total particle counts as a function of %A30.

A
RTIC

LE



HALPERN ET AL. VOL. 8 ’ NO. 1 ’ 1022–1030 ’ 2014

www.acsnano.org

1029

potassium chloride, pH 7.4, Fisher). The DNA sequences were
50-S-S(CH2)6T30-30 , 50-S-S(CH2)6A30-30 , and a control sequence,
50-S-S(CH2)6TTC GGT TCG TGC TTA TGT GTC TGG ATT TCG-30 ,
which is denoted as SeqA.

DNA Modification of Gold Nanoparticles. Gold nanoparticles
(40 nm) were modified following the procedure detailed by
Hurst et al.11 Briefly described, 5 μL of 1 mM T30 thiolated
oligonucleotide was added to 1 mL of ∼150 pM nanoparticle
stock solution, and the solution was then spikedwith aliquots of
2 M NaCl to increase the concentration to 0.01, 0.05, 0.1, and
then to 1 M in 0.1 M increments. After each spike, the solution
was mixed, sonicated for 10 s, and allowed to rest for 20 min.
After reaching the final concentration of NaCl, the solution was
allowed to rest overnight. To remove unreacted DNA, the
nanoparticles were washed three times by centrifugation at
8000 rcf for 7 min and resuspended in 1� PBS buffer. Through-
out the course of the process, the concentration of SDSwas kept
at 0.01% w/v, except for the final resuspension in PBS. The
concentration of particles after washing was determined to be
approximately 40 pM by UV�vis absorption.

DNA Surface Modification and Nanoparticle Hybridization Experiments.
Gold-coated coverslips were partitioned with silicone isolation
wells and exposed to 5 μL of 250 μM thiolated DNA in PBS for
12 h. For full complementary monolayer experiments, the sur-
faces were modified with 100% A30. For the mixed monolayer
experiments, thiol A30 and thiol SeqA were diluted to the
desired ratio (from 0.1 to 0.001% A30), while keeping the total
concentration of DNA constant at 250 μM. The surfaces were
rinsed, and 3 μL of buffer was put into each well under a
coverslip until the sample was ready to use. To observe the
hybridization of the T30-modified gold nanoparticles, 9 μL of
particle solutionwas injected onto the surface and briefly mixed
before imaging.
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