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ocalized surface plasmon (LSP) reso-

nances supported by noble metal

nanostructures (MNs) have recently
stimulated extensive efforts motivated by
ultrasensitive biochemical optical
detection.' * Beyond using enhanced plas-
mon fields to increase the Raman scattering
cross section in surface-enhanced Raman
scattering (SERS) experiments,>® one can
take advantage of the intrinsic sensitivity
of LSP resonances to small changes of the
shallow refraction index at the metal surface
to use MNs as efficient and compact colori-
metric sensors.” While LSP sensor perfor-
mance is not expected to compete with sur-
face plasmon polariton systems, based on
flat metal films (SPR) in detecting bulk re-
fractive index changes, they are more likely
to enable a higher sensitivity to local pertur-
bations such as those induced by small mol-
ecule binding events occurring at the metal
surface. The main advantage of resonant
MNs over metal films relies on the possibil-
ity for an accurate engineering of their opti-
cal properties by controlling and changing
their size, shape, composition, and environ-
ment.8 In practice, the sensitivity of LSP sen-
sors is determined by both the spectral fea-
tures of the plasmon resonance and the
spatial distribution of the associated mode.
On the one hand, the accuracy in resolving
a tiny frequency shift of the LSP resonance
is determined by the ratio between the
magnitude of the shift and the resonance
bandwidth. While the absorption of metals
in the optical range is responsible for rather
broad resonances, several works have lately
pointed out configurations of coupled MNs
which enable the achievement of sharp
spectral features.>'® On the other hand, the
magnitude of the shift is itself defined by
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ABSTRACT In this study, we report on ultrasensitive protein detection with lithographically prepared
plasmonic nanostructures. We have engineered optical nanosensors by the combined approach of negative resist,
electron beam lithography, and reactive ion etching to form highly reproducible arrays of gold dimers in which
the near-field coupling in their subwavelength gap enables for scaling the sensing volume down to the single-
protein scale. In good agreement with recent theoretical predictions, the dimer geometry offers enhanced
sensitivity compared to isolated particles for the detection of both small organic molecules and proteins. Beyond,
by exploiting size exclusion, we are capable of monitoring the number of proteins able to bind across the gap
region through the precise engineering of the structures coupled to the selective binding of a surface-assembled
monolayer and covalent attachment of the protein.

KEYWORDS: localized surface plasmon - near-field coupling - gold dimers - e-beam
lithography - small organic molecule - protein detection

the perturbation induced by the local

change of refraction index to the mode vol-

ume. It is now well-known that the electro-

magnetic coupling between adjacent MNs

can lead to a subwavelength confinement

of light. In particular, strong field confine-

ment can be achieved in the subwave-

length gap between closely spaced MNs

when the incident field has a component

driving the metal surface charges across the

gap.” "™ While the so-called plasmonic

dimers (also known as gap antennas) are

good candidates for SERS applications,'® it

has been suggested that they could as well

substantially benefit to improve the sensi-

tivity of LSP sensing over isolated MNs

when applied to very local changes of the

refraction index as induced by the presence

of few or single molecules.'®'” However, *Address correspondence to
there exist few techniques capable of engi- ~ "omain-quidant@icfo.es.

neering gap dimers with high precision and  Received for review February 2, 2009

control and thus far this type of sensing and accepted April 14, 2009.
has been unachievable. In addition, most . . .
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and necessitate the use of labels to moni-
tor or visualize the binding event of small © 2009 American Chemical Society
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nanostructured systems (isolated MNs).
Remarkably, our configuration is sensitive
enough to clearly detect whether the ana-
lyte can penetrate into the sensing vol-
ume defined by the dimer nanogap, open-
ing new perspectives toward single-
molecule sensing, size discrimination, and
binding orientation studies.

Sample Preparation. A large number of
prior studies on LSP sensing have focused
on single colloidal MNs mainly motivated

Figure 1. SEM micrographs of patterned arrays of separated dimers (a) and overlap- by cheap synthesis and sharper reso-
ping particles (b) obtained by the combination of negative resist e-beam lithography nances associated with metal crystallin-
and RIE.

molecular weight analytes. Label-less sensing has thus
been limited to larger analyte molecules in the few
thousand Dalton range (or higher). Herein, we present
the systematic development of such bio(chemical) sen-
sors through the amalgamation of nanoscale fabrica-
tion, optical characterization, chemical modification,
and biological binding of the target in what we believe
to be the first experimental demonstration of enhanced
sensitivity of protein detection with plasmonic dimers.
Beyond confirming prior theoretical predictions, our
data reveals the potential of this approach to discrimi-
nate the number of protein molecules able to physically
fit across the dimers nanogap, opening new perspec-
tives toward further specificity based on size exclusion.

RESULTS AND DISCUSSION

There currently exists high interest in the detection
of low concentration of proteins and/or small molecules
(diagnostic proteomics) motivated by key applications
to biomedicine, food assessment, and doping control.
While both chemically synthesized metal colloids and
lithographically prepared metal nanostructures have
been used as biochemical sensors based on a shift of
their LSP resonance, their sensitivity has not yet reached
the level to compete with commercially available SPR
sensing based on flat metal films. While several recent
theoretical works have predicted the enhanced sensitiv-
ity of plasmon dimers, an experimental implementa-
tion is challenging mainly due to high requirements on
the dimers’ quality.’>'623 To fulfill these requirements,
we have developed a fabrication protocol combining
e-beam lithography and reactive ion etching which fa-
cilitates the manufacturing of highly uniform dimer ar-
rays with consistently small gaps (<10 nm) between ad-
jacent particles. We have subsequently utilized
chemical surface assembly, activation, and cross-linking
to selectively bind a protein of choice and optical ex-
tinction spectroscopy to monitor the resulting changes
in the dimers’ resonance. Through the geometric de-
sign and reproducible fabrication, improved detection
levels are realized by these plasmonic nanosensors
(dimers), sufficient to allow detection of small organic
molecules and proteins when compared to existing
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ity.'® However, besides critical issues aris-
ing from particle size dispersion, the accurate
positioning of colloids onto a substrate remains chal-
lenging and, consequently, hinders the use of arrays for
multiplexed sensing and controlled arrangements for
increased sensitivity. Alternatively, nanosphere lithogra-
phy (NSL) is a cheap and parallel process that has been
extensively used to fabricate large arrays of LSP sen-
sors able to detect amyloid-B,'® antibiotin antibody,?
and surface-assembled monolayer of 1-HDT with zepto-
mole sensitivity.?' In order to fabricate arrays of dimers,
flexibility on the shape and positioning of MNs is re-
quired and typically achieved by high-resolution scan-
ning electron beam lithography (EBL). While standard
e-beam processes based on positive electron sensitive
resists such as polymethyl methacrylate (PMMA) com-
bined with lift-off can be optimized to achieve remark-
able results, 2% they suffer from several limitations
mostly originating from the somewhat uncontrolled na-
ture of the lift-off process, which restrict the level of re-
producibility particularly when attempting to develop
small gap sizes (<10 nm). In order to attain better con-
trol over the preparation of extended arrays of dimers,
we have developed an alternative fabrication process
combining e-beam writing on high-resolution negative
resist coated on top of a Au film and reactive ion etch-
ing (RIE). This process allows us to achieve a much bet-
ter level of control over crucial features, in particular, in
terms of size dispersity and minimum gaps between
two adjacent MNs. Furthermore, the procedure does
not require the use of any additional conductive layer
for charge evacuation below the metal film (indium tin
oxide is usually used with positive resist) or Cr/Ti adhe-
sion layers. As a consequence, we observe that the re-
sulting MNs show resonances with at least 20% nar-
rower spectral features compared to what can be
achieved when these absorbing layers are introduced.
Regarding adhesion, our MNs have resisted the pres-
ence of all solvents during sensing experiments as well
as moderate power ultrasound bath sonication. With
this fabrication process, large arrays of dimers (125 X
125 pairs) with gaps down to a few nanometers were
reproducibly obtained.
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Sample Characterization. In our sensing experiments,
we have chosen to work with particles of 40 nm height
and 100 nm in diameter. Dimers are arranged into a
square lattice of 400 nm period, which is reduced to
200 nm for isolated MNs, to keep the metal density con-
stant. Figure 1 shows scanning electron microscope
(SEM) images of a portion of arrays of fused dimers
and dimers separated by 25 nm.

In order to get a complete range of gap sizes, rang-
ing from separated MNs (>100 nm) to fused dimers,
during the fabrication process, we exposed several ar-
rays (50 X 50 wm) of nanoparticle pairs with varying
particle spacing. For the larger gap sizes (>40 nm), the
spacing was changed by steps of 10 nm, while as struc-
tures approached touching dimers (gap <20 nm), the
sampling was refined from 5 to 2 nm steps as higher de-
tail was needed in this regime. The fabricated arrays
were then probed by extinction spectroscopy in order
to measure their resonance properties and to assess the
gap size. Figure 2 shows the evolution of the extinc-
tion spectrum as a function of the interparticle pair
separation. For fused particles, the structures behave
like nanorods whose dipolar resonance (centered
around 775 nm) continuously red shifts toward the
near-IR as overlap decreases, and therefore, the size of
this equivalent nanorod increases (Figure 2, dotted ar-
row). At some point, the dipolar peak shifts to the IR re-
gion (>1 um), out of the range of our spectrometer.
Further separation between the nanoparticle pairs pro-
vides even longer nanorod-shaped structures and leads
to the appearance of a multipolar peak around 600
nm (Figure 2, dashed arrow), which also continually
red shifts with the overlap decrease. Once the conduc-
tive bridge between the two MNs breaks, this multipo-
lar peak evolves into the coupled dipolar mode.” The
first instance, where the measured resonance blue
shifts, for an intended 2 nm separation, is the signa-
ture of the smallest gap achievable for well-defined
dimers with our fabrication process. Thereafter, the
resonance exponentially blue shifts as the gap increases
(Figure 2, solid arrow) and finally stabilizes around 630
nm, corresponding to an array of “isolated” MNs. The in-
set in Figure 2 shows the exponential evolution of the
measured peak resonance corresponding to dimers as
a function of the gap size, together with the least-
squares fit to a single exponential function y = y, +
ae™" with a decay length of 17.24 = 0.8 nm and a cor-
responding correlation of R*> = 0.995, in good agree-
ment with previous findings.?*

Thereafter, we also fit our experimental data to the
plasmon ruler equation, AN/N = a X e 7 (AN is the
resonance shift due to plasmon coupling, \ is the reso-
nant wavelength of isolated particle, and x = gap size/
particle diameter ratio), to describe the universal scaling
behavior of metal dimers independently of their spe-
cific dimensions.?#% By plotting the plasmon shift due
to particle near-field coupling, normalized to the iso-
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Figure 2. Evolution of the extinction spectrum from fused (negative
gap values) to separated dimer arrays. Dotted arrow: Dipolar peak of
overlapping MNs (high overlap) red shifts. Dashed arrow: Emer-
gence of the multipolar resonance peaks of weakly overlapping
MNs (corresponding dipolar peaks are outside of detection range in
IR). Solid arrow: Blue shift of the dipolar peak of separated dimers
with increasing particle separation. Inset refers to resonance peak
positions as a function of gap size. The line is a least-squares fit to a
single exponential function y = y, + ae'™/.

lated particle case, as a function to gap/diameter ratio,
one expects to obtain the same parameter T from
sample to sample. In our case, T was found to be 0.179
+0.016 (R = 0.989 + 0.011, N = 6). These results agree
well with, for example, 0.18 + 0.02 recently reported?
and further confirm our gap size estimations.

Sensing Experiment. Once optical characterization of
the dimers was completed, sensing experiments were
conducted to demonstrate the enhanced sensing abil-
ity of dimers over isolated MNs for the detection of
small organic molecules and biological proteins. As part
of the experimental procedure, each prepared sample
is first kept in ethanol in order to rule out any changes
induced by solvent. Indeed, exposure of MNs to differ-
ent types of solvents can physically modify their shape
and consequently affect their resonant conditions.?
Since the most common self-assembled molecules that
bind to gold are dissolved in organic solvents, one
should clearly distinguish resonance shifts due to
monolayer formation from structural changes pro-
voked by the solvent (so-called solvent annealing). In a
second step, the gold surface is functionalized with a
self-assembled monolayer (SAM) of mercaptounde-
canoic acid (MUA). MUA is a heterobifunctional alkane
derivate with a 10-carbon backbone. The mercapto
(thiol) headgroup is well-known to coordinate to gold
surfaces by stabilizing surface atoms and modifying the
electronic states. The terminal functional acid group
can be easily modified and used in subsequent bind-
ing steps. Finally, after activation of the acid by carbodi-
imide, we bind the protein bovine serum albumin (BSA)
strongly to the monolayer. After each step, the samples
were optically characterized.

Figure 3a shows the resonance shifts due to solvent
annealing, which will enable us to subsequently isolate
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turbation, which is in this case a slight geometrical
modification. However, for smaller gap sizes, the reso-
nance does not follow the predicted exponential trend.
We perceive this as an underestimation of the overall
blue shifts based on the presence of solvent traces in
the gap region, leading to a partial red shift contribu-
tion.?”

Figure 3b shows the isolated resonance shifts asso-

ciated with the SAM formation. Despite the small size

of MUA molecules (<1 nm), the monolayer formation
is easily monitored by resonance shift. Barbillon et al.

have recently reported and calibrated isolated metallic
nanoparticle MUA sensors.?® From calibration data for
isolated gold MNs (uncoupled) shown in that work, it

w

Resonance shift (nm)

was seen that full monolayer coverage produces a reso-
nance shift of ca. 35 nm (saturation part of the curve).
Thus, by comparing our peak shifts of uncoupled MN ar-
rays with their calibration curve, the degree of mono-
layer coverage can be estimated. In Figure 3b, we see
a shift for isolated particles of ca. 15 nm, indicating 45%
coverage of all MNs. Ideally, in an optimized MUA bind-
ing step, one looks for complete monolayer coverage
to provide maximum available number of binding sites
for the targeted analyte. A partial coverage as ob-
tained here also works but with reduced potential.
Here again, our data show an exponential increase of

Gap (nm)

Figure 3. (a) Evolution with the gap size of the resonance blue
shift (marked as negative values) induced by solvent annealing.
Inset: Schematic of solvent annealed MN dimers. (b) Evolution
with the gap size of the red shift induced by the SAM formation.
Inset: Schematic of mercaptoundecanoic acid monolayer forma-
tion on MNs. Lines are partial exponential fit and used as a guide

to the eye.

the resonance shift induced solely by the SAM forma-
tion. A change of MNs’ shape during the solvent anneal-

ing process has been observed on silver NSL-
made nanoparticles.?® In this case, the main
effects of the solvent, resulting from surface
tension alternations after introducing particles
from air to a different environment (solvent),
were significant edge smoothing, in-plane di-
ameter shrinking, and small height increase.
Resonance shifts observed were substantial,
ranging from a few tens of nanometers to 100
nm. In our case, the solvent annealing effect
was less pronounced for the MNs’ shape and
fabrication process here employed observing
shifts of about 5 nm for isolated or weakly
coupled MNs (Figure 3a). However, these small
modifications become more pronounced when
MNs approach to form close dimers. In fact,
resonance shifts increase exponentially with de-
creasing gaps and can reach up to 20—25 nm.
This observation gives a first indication of the
higher sensitivity of gap dimers to a small per-
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the resonance shifts with decreasing gap, indicating
that for a given density of MUA the perturbation in-
duced by the presence of the molecules increases as
the sensing volume gets smaller. For the smallest gaps
(<8 nm), the shifts no longer follow the exponential
trend, similar to the plot in Figure 3a. We attribute this
in part to the underestimation of the blue shift caused
by solvent annealing, as mentioned above.

Using MUA as a linking molecule, we now investi-
gate the detection of BSA protein. Contrary to the
curves in Figure 3a,b, BSA binding curves are far richer
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Figure 4. Evolution with the gap size of the resonance shift induced
by BSA binding. Inset: Schematic of BSA protein molecule binding
over SAM-modified MNs. Lines are partial exponential fit and used
as a guide to the eye.
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in features (Figure 4). Pertain-
ing to previous observations,
starting from isolated MNs,
the red shift magnitude fol-
lows an exponential rise with
decreasing separation. The
maximum resonance shift is
obtained when the gap
reaches the size of ca. 30 nm.

Thereafter, as the gap fur-
ther decreases, a sudden drop
is observed, followed by an
additional increasing trend.
Again, when gap size reaches
ca. 15 nm, another discrete drop occurs. We attribute
these discrete drops to the relation between the geom-
etry of the dimer gap and the protein size. The shape
of a BSA molecule is rod-like (4 X 4 X 14 nm3). When
the gap is big enough (>30 nm), two such molecules
can fit inside across the shortest distance between the
dimer structure (Figure 5a). By reaching this limiting
gap size of 30 nm, large resonance shifts are expected
due to the optimum overlap of mode volume and BSA
molecules (ca. 30 nm). When the gap decreases further
below the first critical value, only one of the two mol-
ecules can now fit along the dimer axis, bound either to
one or the other MN (Figure 5b). As the gap further di-
minishes, overlap of hot spot and molecule increases
again, up to a point when the molecule can no longer
fit inside (gap of ca. 15 nm).

This interpretation may look simplified considering
BSA is not a spherical molecule and that binding orien-
tation inside the gap could vary. However, it is known
that binding of BSA to glass substrates at the protein’s
isoelectric point favors a long axis linking and therefore
suggests that BSA will protrude perpendicularly out
from the surface.3*** Although this system is not glass,
the protein could behave in an analogous fashion un-
der similar binding conditions and thus on average ex-
tend from the surface. Additionally, this effect is repro-
ducible, and strikingly, it has been found repeatedly
within 4 nm around this critical 30 nm gap distance.
The second drop, although less pronounced, occurs at
15 = 2 nm, corroborating the hypothesis of specific BSA
binding orientation. After the second drop, we ob-
served smaller BSA-induced shifts than for the isolated
MN case (Figure 4), as a consequence of reduced mode
extension away from the gap and the inability of the
BSA molecules to now penetrate into this area due to
size exclusion.?

At this stage, it is hard to provide a reliable value
for the limit of detection of our system. While there ex-
ists an analytical model to assess the sensitivity of SPR
sensors based on extended metal films, its reliability for
LSPR sensors is restricted to unpolarized illumination
and/or symmetric shapes and arrangements of MNs.#30
In the case of dimers (strongly polarized illumination

just a single molecule.
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Figure 5. BSA binding in the gap of a gold dimer (a) when the gap size facilitates 2 molecules or (b)
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Figure 6. Evolution with the gap size of the sensitivity enhance-
ment due to BSA binding: the enhancement is defined as the reso-
nance shift normalized to the shift for isolated particles. Three dif-
ferent levels of MUA monolayer coverage are shown (45, 25, and
15%). Lines are partial exponential fit and used as a guide to the
eye.
and asymmetric particle arrangement), it becomes a
very poor approximation. Nevertheless, it is clear from
our data that the limit of detection of plasmonic dimers
is several times lower than with isolated MNs. In order
to quantify this enhancement, we plot in Figure 6 the
evolution of the BSA-induced shifts normalized to the
shift of isolated MNs as a function of gap size. Three sets
of results are presented corresponding to different
MUA monolayer coverage varying between ca. 15 and
45%. For 45% coverage, a sensitivity enhancement of 6
is measured for a 34 nm gap. While we observed very
reproducible dependences with the gap size for all
three samples, we also confirmed that lower enhance-
ments were obtained when decreasing MUA coverage.
Conversely, this tends to indicate that more BSA bind-
ing sites should be available for complete monolayer
formation, further inducing higher sensitivity (induced
shift for the same analyte concentration). Thus, metal-
lic nanoparticle dimer systems, combined with state-of-
the-art single-particle dark field spectroscopy, could be
good candidates to perform single-molecule sensing.
Furthermore, simulations would help to reveal the ac-
tual sensing volume profile of the dimer system as a

=4

1235



function of gap size. They could make known what is
the contribution of the molecules bound in the “cold re-
gions” of dimers to the overall shift and help in the op-
timization of the sensing process regarding particular
molecules of interest.

CONCLUSIONS

We have developed a fabrication procedure, us-
ing EBL on negative resist combined with RIE, to in-
crease the control over the critical features of plas-
monic dimers. By efficiently squeezing the sensing
volume into truly nanovolumes, the detection sensi-
tivity of biological proteins is shown to be increased

EXPERIMENTAL SECTION

Fabrication of Metal Nanoparticle Dimers. These were fabricated
employing a novel fabrication process based on negative resist
electron-beam lithography. Glass substrates were cleaned by ul-
trasound exposure in consecutive solutions for a period of 5
min each (detergent/deionized water (DIW) mixture, DIW, ac-
etone, and finally ethanol). Thereafter, gold is thermally evapo-
rated in high vacuum onto the cleaned substrate to a thickness
of 40 nm, which determines the height of our particles. Negative
resist (AR-N 7500.08, Alresist, Germany) was spun coated onto
the gold layer, yielding a resist thickness of ca. 60 nm, as per
manufacturer guidelines. A pre-exposure bake is done at 85 °C
in a convection oven for 30 min. Electron-beam exposure was
performed with a FEI Quanta 200 scanning electron microscope
modified with Raith Elphy Plus lithography add-on, at a maxi-
mum voltage of 30 kV. After exposure, samples were developed
in an AR 300-47 developer and DIW mixture (4:1) for a few min-
utes. The formation of masking nanostructures was confirmed by
an optical microscope, followed by pre-etching resist baking in
the oven for 1 h at 130 °C. Desired nanopatterns are transferred
to the underlying gold layer by reactive ion etching (PlasmalLab
100, Oxford Instruments). Unprotected gold layer was removed
in argon plasma by directional Ar ion bombardment. After re-
moving unprotected gold, the remaining mask was etched away
by isotropic etching in mild oxygen plasma.

Optical Characterization. Optical setup for measuring extinction
response of MNs consisted of a standard microscope in bright
field configuration: white light source (halogen 100 W), bright
field condenser (0.1 NA), BF objective (10X, 0.25 NA). Light trans-
mitted through the sample is collected by an objective and
passed through a beam splitter into a CCD camera for align-
ment and to a spectrometer (Andor, Shamrock) via an optical fi-
ber. Linear polarizer is placed before the BF condenser to provide
linearly polarized light excitation.

Sensor Preparation. As part of the experimental procedure,
each fabricated sample is first kept in ethanol for 24 h to allow
for solvent annealing of the structures. Subsequently, the gold
surface is functionalized with varying amounts of mercaptoun-
decanoic acid (MUA) by immersing the sample into MUA/etha-
nol solution for a further 24 h. Washing is accomplished by rins-
ing in ethanol after each of these steps. To bind strongly the
protein of choice to the MUA monolayer, we first activate the
acid of MUA by immersing the sample in a solution of EDC (20
mM) and NHS (5 mM) in 0.1 M MES, pH 4.7 for 30 min and bind
bovine serum albumin (BSA) through its lysine moiety, again by
immersing the sample to a solution of 50 wg/mL BSA (50 mM
PBS, pH 5) for 90 min. Washing in these latter steps occurs by
rinsing in PBS and DIW. After each step of the binding process,
samples are carefully blown dry in a stream of nitrogen and op-
tically characterized for their corresponding resonance shifts (as
outlined above).
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