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old and silver nanoparticles ex-

hibit localized surface plasmon

resonances (LSPR) at visible and
near-infrared frequencies, leading to sharp
peaks in their spectral extinction.! The de-
pendence of the resonance condition on
the local dielectric environment enables a
simple form of molecular sensing in which
analyte binding to the nanoparticles surface
causes a shift in the spectral extinction
peak.? LSPR sensing is therefore the nano-
particle analogue of surface plasmon reso-
nance sensing (SPR), which similarly moni-
tors the resonance condition for surface
plasmons in thin gold films.® SPR is a pow-
erful surface analytical technique since it
can detect submonolayer quantities of ana-
lyte at the gold film surface. Furthermore,
since SPR measures an inherent property of
the analyte, it does not require further label-
ing or chemical amplification. SPR can
therefore measure dynamic processes in
real time such as binding kinetics of biomo-
lecular interactions, rather than simply pro-
viding the end-points. These properties
have led to widespread use of SPR in the
study of biomolecular interactions, as well
as antibody screening for diagnostic and
therapeutic applications.*> However, de-
spite its analytical capabilities, SPR is not
widely used in clinical immunoassays or
other nonresearch applications owing to
the complexity of the optical instrumenta-
tion and the need for precise temperature
control. It has been suggested that LSPR
sensing with nanoparticle substrates will
preserve the virtues of SPR but greatly
broaden the scientific and technological ap-
plications, since LSPR sensing is based on a
simple optical extinction measurement, is
not temperature sensitive, and requires
only common laboratory equipment.® Fur-
thermore, nanoparticles have a highly local-
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ABSTRACT Robust gold nanorod substrates were fabricated for refractive index sensing based on localized

surface plasmon resonance (LSPR). The substrate sensitivity was 170 nm/RIU with a figure of merit of 1.3. To

monitor biomolecular interactions, the nanorod surfaces were covered with a self-assembled monolayer and

conjugated to antibodies by carbodiimide cross-linking. Interactions with a specific secondary antibody were

monitored through shifts in the LSPR spectral extinction peak. The resulting binding rates and equilibrium
constant were in good agreement with literature values for an antibody—antigen system. The nanorod LSPR

sensors were also shown to be sensitive and specific. These results demonstrate that given a sufficiently stable

nanoparticle substrate with a well defined chemical interface, LSPR sensing yields similar results to the surface

plasmon resonance technique, yet with much simpler instrumentation.
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ized LSPR sensing volume which eliminates
the need to trap the interacting molecules
of interest in a polymer matrix to enhance
the signal, as is often done in SPR
measurements.

LSPR sensing has evolved through the
research of several groups over the past de-
cade. The principle was first demonstrated
in 1998 with antibody-conjugated gold
nanoparticles in solution.” To mitigate spu-
rious spectral shifts due to aggregation,
nanoparticles were conjugated to mono-
clonal antibodies specific for a single
epitope on the target ligand. However, to
completely remove the possibility of aggre-
gation, others have worked with nanoparti-
cles bound to a transparent substrate, as
demonstrated with silver nanotriangles cre-
ated by nanosphere lithography,® and gold
colloid films on glass.” Since these initial
studies, there have been many reports on
the technique'®° including demonstra-
tions of multiplexing,?®>° the detection of
medically relevant analytes in clinical
samples,®’ and fiber-based sensors.'*'>

Despite these successes, LSPR sensing is
still not nearly as prevalent as SPR. Thus far,
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Figure 1. Schematic of the nanorod-based immunoassay. The
nanorods are fixed to a glass surface via an APTES monolayer,
and then coated with a self-assembled monolayer to which the
capture antibody is coupled by carbodiimide cross-linking. The
substrate is exposed to antigen (in this case secondary antibod-
ies) and the binding is monitored via real-time absorption
spectra.

biomolecular LSPR sensing studies have focused on bi-
otin/streptavidin and antigen/antibody interactions,
with a few exceptions.'*'®?232 All reports find a red
shift as the ligand binds to the nanoparticles, but most
do not observe the correct equilibrium binding con-
stant (K,,) when the interaction is studied in detail. A
few reports have measured the correct K., value for an-
tigen/antibody interactions,'*?° but these were from
endpoint assays rather than kinetics. Here we describe
real-time analysis of antibody-antigen interactions by
LSPR sensing with self-assembled gold nanorod sub-
strates (Figure 1).3® Through careful control of the sub-
strate surface chemistry, we demonstrate the first suc-
cessful measurement of binding constants by LSPR
sensing.

RESULTS AND DISCUSSION

The gold nanorods for this report were produced
by seed-mediated, surfactant directed synthesis,>*3>
which has been widely applied to generate homoge-
neous gold nanorods in high yield with LSPR reso-
nances in the visible and near-infrared. Slight varia-
tions in the reactant ratios yield a variety of other
anisotropic shapes.>* However, further chemical ma-
nipulation of these nanoparticles is somewhat more
complicated than that of classic citrate-stabilized gold
colloid.?® In surfactant directed synthesis, the CTAB acts
as both the source of anisotropic growth and the stabi-
lizer3” The 100 mM CTAB is thought to form a cationic
bilayer around the nanoparticles, yet is clearly bound in
a weak manner since a reduction of the CTAB concen-
tration to below 1 mM causes aggregation. We previ-
ously reported a simple method to displace the CTAB
stabilizer with a thiol terminated PEG.>* Once PEGy-
lated, the nanorods can be transferred to solutions de-
void of PEG or other stabilizers. PEGylation allowed bio-
conjugation of the nanorods in solution and processing
of nanorods into well-ordered films. Figure 2 displays
such a film, demonstrating the uniformity of deposition.
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Figure 2. Scanning electron microscopy of films of gold na-
norods. The coverage is uniform over large areas of the sub-
strate. The individual nanorods are about 15 nm in diam-
eter and 50 nm long.

Our initial attempts to use the PEGylation and bio-
conjugation protocols cited above for LSPR sensing pro-
duced shifts in response to binding, but did not yield
the correct equilibrium binding constant for antigen/
antibody interactions. Therefore, we adopted a surface
chemistry based on self-assembled monolayers
(SAMs).28 First, the nanorod substrates were treated
with oxygen plasma to remove the PEG and expose a
clean gold surface. (The plasma presumably does not
etch the APTES linkages holding the nanorods to the
glass substrate.) Once cleaned, mixed SAMs of mercap-
tohexadecanoic acid and mercaptoundecanol were
formed on the nanoparticles. Since SAMs on nanoparti-
cles larger than 4 nm in diameter have been reported
to exhibit behavior similar to those on planar surfaces,®
the nanorods can be thought of as planar SPR surfaces
in terms of their surface chemistry.

The sensitivity of the SAM-coated nanorod sub-
strates to changes in the refractive index was checked
by measuring the LSPR spectral extinction in air, water,
ethanol (not shown), and formamide (Figure 3). This
yielded a refractive index sensitivity of 170 nm per re-
fractive index unit (RIU). While this sensitivity is not ex-
ceedingly high as compared to those in other reports,*°
the resonances are fairly narrow with a full width of
125 nm in water. The resulting figure of merit (sensitiv-
ity/line width)*' for these sensors is 1.3, which is similar
to other reports on nanoparticle ensembles.*®

The nanorod substrates were tested as LSPR sen-
sors in the flow cell by activating the carboxylic acid
groups on the SAM via carbodiimide chemistry.® Rab-
bit IgG was coupled to the SAM to serve as a capture an-
tibody, so that the binding of specific and nonspecific
antibodies could be studied. The LSPR peak wavelength
throughout such a reaction is displayed in Figure 4.
First, the peak wavelength was allowed to stabilize
against solvent annealing under a flowing buffer (not
shown).*? Exposure of the activated carboxy-terminal
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Figure 3. Characterization of the LSPR sensitivity to refrac-
tive index of the nanorod films: (a) Spectra of a nanorod film
in three dielectric media. (b) The slope of the line yields a
sensitivity of 170 nm/RIU.

nanorod SAM substrate to rabbit IgG produced the ex-
pected red shift of the LSPR peak wavelength due to
1gG binding. The subsequent blue shift occurred dur-
ing rinsing and was likely due to the removal of phys-
isorbed rabbit IgG. Exposure to 30 nM goat antirabbit
IgG caused a further red shift as the specific secondary
antibody bound the capture antibody on the sensor.
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Figure 4. Immunoassay with kinetic data fits. The peak ab-
sorbance wavelength was measured versus time as the vari-
ous solutions flowed over the substrate in a continuous ex-
periment. Initially, the substrate was under a pH 6.1 buffer
solution. At step a the substrate was exposed to a mixture of
NHS and EDC, activating the SAM for protein binding. At
step b, the substrate was rinsed with pH 6.1 buffer. At step
¢, rabbit immunoglobulin (IgG) was introduced. At step d,
the substrate was rinsed with pH 7.6 buffer. At step e, it was
exposed to 30 nM goat antirabbit IgG. At step f, it was again
rinsed in pH 7.6 buffer. At steps g through i, these final steps
were repeated twice more.
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Figure 5. Demonstration of sensor specificity. Steps a
through d are as in Figure 4. In step e, the substrate was ex-
posed to 10 nM goat antimouse IgG, a nonspecific second-
ary antibody to the rabbit IgG. The binding is extremely
weak. Step f is a buffer rinse. In step g, the substrate was ex-
posed to 10 nM goat antirabbit IgG, and strong, specific
binding was seen. Step h is a buffer rinse.

Then, the substrate was rinsed and unbinding of the
secondary antibody was monitored via a blue shift. The
final goat antirabbit IgG step was repeated three times
to demonstrate substrate stability. The on and off rates
for antibody binding were fit with a standard 1:1 bind-
ing model*® which yielded the following:

kyz=65%10"5"
kyy=13%x10°M""'s™"

resulting in an equilibrium constant:

Keg=20%10"M""

This is a typical equilibrium constant for an antigen-
antibody interaction,*® and is the first measurement of
the equilibrium constant from kinetic rates by LSPR
sensing. This measurement was repeated several times,
yielding equilibrium constants between 2 X 108 M~'
and 2 X 10° M~ ". The additional data and fits can be
found in the Supporting Information. The rates pre-
sented here match well to those observed for antigen—
antibody binding in SPR.

Figure 5 illustrates a similar assay that tests the nan-
orod LSPR sensor’s specificity. The nanorod conjuga-
tion with rabbit IgG was carried out exactly as described
above, but the substrate was then exposed to 10 nM
goat antimouse IgG as an analyte. As expected, there
was very little binding of the nonspecific secondary an-
tibody. When the specific secondary antibody was
added in a subsequent step, significant binding was ob-
served. This explicit demonstration confirms that the
LSPR sensor retains the specificity of the capture
antibody.

In addition, the detection sensitivity was measured.
In Figure 6, the nanorod conjugation with rabbit IgG is
again the same as in Figure 4, but in this case, the con-
centration of goat antirabbit IgG was raised in subse-
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Figure 6. Test of sensor sensitivity. Steps a through d are as
in Figure 4. In step e, the specific antibody (goat-anti rabbit
IgG) was added at a concentration of 100 pM. The concentra-
tion was increased to 1 nM (at f) and 10 nM (at g). The inset
shows linear fits to the binding curve.

quent steps. When the antibody was added at a con-
centration of 100 pM, there was no measurable
response. When the concentration was increased to 1
nM, the peak began to redshift, with a slope of 0.076
+/—0.005 nm/hour. When the concentration was again
increased to 10 nM, the slope, which should be propor-
tional to concentration (to first order), also increased 10-
fold, to 0.76 +/— 0.007 nm/hour. From this, we found
that the limit of detection of this sensor over a reason-
able time scale is about 1 nM.

Figure 7 illustrates the relationship between the
LSPR shift due to the capture antibody binding and
the LSPR shift due to analyte antibody binding over sev-
eral experiments using different substrates. The linear
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Figure 7. Comparison of LSPR shifts upon initial protein
binding and specific antibody binding.

MATERIALS AND METHODS

Gold Nanorod Synthesis. Gold nanorods were prepared as de-
scribed previously,®* but the procedure was scaled up to in-
crease the quantity.>® All solutions were prepared fresh for each
synthesis, except for the hydrogen tetrachloroaurate(lll) (Sigma,
no. 520918), which was prepared as a 28 mM stock solution from
a dry ampule and stored in the dark. An aliquot of the stock so-
lution was diluted to 10 mM immediately before use. Gold seed
particles were prepared by adding 250 pL of 10 mM hydrogen
tetrachloroaurate(lll) to 7.5 mL of 100 mM cetyltrimethylammo-
nium bromide (CTAB) (Sigma, #H9151) in a plastic tube with
brief, gentle mixing by inversion. Next, 600 L of 10 mM so-
dium borohydride (Acros, #18930) was prepared from DI water
chilled to 2-8 °C in a refrigerator and added to the seed solution
immediately after preparation, followed by mixing by inversion

\\&) VOL.2 = NO.4 = MAYER ET AL.

relationship demonstrates that the results are reproduc-
ible and consistent from experiment to experiment,
and that the variation in signal is most likely due to
variation in the yield of capture antibody conjugation.

Most recent work on LSPR sensors has focused on
maximizing the dielectric sensitivity by optimizing the
nanoparticle shape.*®*4=%¢ While this is certainly advan-
tageous, it is not a complete solution to extending
LSPR applications in science and technology. More sig-
nificant issues are the stability and availability of the
sensor substrates, their chemical interface with the an-
alyte, and the need for quantitative dynamic measure-
ments. Here we have addressed these issues by fabri-
cating LSPR substrates based on chemically synthesized
gold nanorods with no lithographic steps and by ex-
ploiting standard techniques in self-assembly and bio-
conjugate chemistry. The resulting substrates are highly
stable, as seen in the >15 h experiment in Figure 6.
Also, the substrates can be plasma cleaned and reused,
with some having undergone >20 such cycles in our
laboratory. Although the nanorod substrates are not as
sensitive as some other LSPR systems and geometries,
their performance is comparable to dynamic SPR mea-
surements in immunoassays. Such immunoassays may
prove to be a significant application of LSPR sensing
given the need for broadly available high throughput
screening in fields such as proteomics, systems biology,
and in vitro diagnostics.

CONCLUSIONS

Gold nanorod LSPR sensor substrates were fabri-
cated by self-assembly for the study of biomolecular in-
teractions. Through careful control of their surface
chemistry, the nanorods were conjugated with capture
antibodies which enabled immunospecific detection of
secondary antibodies. Correct binding kinetics were
measured, thus demonstrating that the nanorod LSPR
sensor can monitor real-time dynamic interactions in a
similar manner to SPR. In combination with recent re-
ports on multiplexed nanorod LSPR sensors®® and high
throughput LSPR assays,?° these substrates may help to
expand LSPR sensing technology more broadly.

for 1-2 min. The pale brown seed solution was stable and us-
able for several hours.

The nanorod growth solution was prepared by adding the
following reagents to a plastic tube in the following order and
then gently mixing each by inversion: 425 mL of 100 mM CTAB,
18 mL of 10 mM hydrogen tetrachloroaurate(lll), and 2.7 mL of 10
mM silver nitrate (Acros, #19768). Next, 2.9 mL of 100 mM ascor-
bic acid (Fisher, #A61) was added and mixed by inversion, which
changed the solution from brownish-yellow to colorless. To ini-
tiate nanorod growth, 1.8 mL of seed solution was added to the
growth solution, mixed gently by inversion, and left still for three
hours. During this time, the color changed gradually to dark
purple, with most of the color change occurring in the first hour.

Gold Nanorod PEGylation. One mL of CTAB-stabilized gold nano-
rods was centrifuged at 7000g to pellet the nanorods. The CTAB
solution was decanted, and the pellet was resuspended in 2
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mM potassium carbonate. This procedure leaves sufficient CTAB
in the solution that the nanorods are stable for several hours.
Twenty p.L of 20 mM thiol terminated methoxypoly(ethylene gly-
col) (mPEG-SH, 5000 MW, Nektar Theraputics) was added to the
solution and left overnight to displace the CTAB.>* The nanorods
were then taken through at least two more centrifuge/decant
cycles, resuspending each time in deionized water, to further re-
duce the CTAB concentration.

Gold Nanorod Substrate Fabrication. Glass microscopic slides (75
mm X 25 mm) were cleaned in piranha solution (3:1 H,SO,/
30% H,0,), thoroughly rinsed with deionized water, and dried.
WARNING: Piranha solution is very corrosive and must be handled
with extreme caution; it reacts violently with organic materials.
They were then immersed in an ethanolic solution of 5 mM ami-
nopropyltriethoxysilane (APTES) (Sigma, #440140) overnight,
rinsed with water, and dried. The APTES coated slides were then
immersed in a PEGylated nanorod solution overnight. Once
rinsed and dried, a uniform layer of gold nanorods remained on
the surface with an absorbance of approximately 0.1 at the LSPR
peak wavelength. To remove the mPEG-SH and other contami-
nants, the substrates were processed in an oxygen plasma
cleaner at low power for 30 s in 200 mT oxygen (model PDC-
32G, Harrick Scientific) and immersed in an ethanolic solution
of 50 wM mercaptohexadecanoic acid (Sigma, #448303) and 50
M mercaptoundecanol (Sigma, #447528) for 2.5 h to form a
mixed self-assembled monolayer (SAM). The plasma cleaning
step has no significant effect on the nanorod structure as ob-
served by atomic force microscopy and scanning electron mi-
croscopy. Plasma cleaning does cause a small LSPR blue shift
consistent with the removal of a thin polymer coating.

Substrate Bioconjugation and LSPR Sensing Measurements. A closed
flow cell was assembled consisting of two glass slides (one
coated with nanorods covered with the mixed SAM and one
clean) separated by a 1.5 mm thick polydimethylsiloxane (PDMS)
seal with a 1 cm X 2 cm slot that served as the flow volume.
The clean glass slide had two drilled holes to connect the input
and output flows. This flow cell was mounted vertically on an op-
tical bench in between a quartz—tungsten—halogen light
source with collimating lens and a portable spectrometer (Ocean
Optics, USB 4000). The 400 p.L/minute flow rate was controlled
by a syringe pump (NE1000, New Era Pump Systems).

At the start of an experiment, the substrate was exposed to
0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer (Sigma,
#M-0164) at pH 6.1 until the LSPR peak wavelength stabilized.
The carboxyl groups on the mixed SAM were then activated by
exposure to a 1:1 mixture of 0.1 M N-hydroxysuccinimide (NHS)
(Sigma #130672) and 0.05 M 1-ethyl-[3-
dimethylaminopropyl]carbodiimide (EDC) (Sigma #1769) in the
MES buffer, followed by rinsing in the MES buffer. Then, the sub-
strate was exposed to rabbit IgG (Pierce, #31235)) at about 1
.M in the MES buffer, followed by a rinse with 0.05 M phos-
phate buffered saline (PBS) with 0.25 M NaCl at pH 7.6. Finally, ei-
ther goat antirabbit IgG (Pierce, #31210) or goat antimouse im-
munoglobulin (IgG) (Pierce, #31160) was flowed at the desired
concentration in PBS buffer followed by a PBS buffer rinse. The fi-
nal step could be repeated more than once for successive tests
of different secondary antibodies. Absorbance spectra were av-
eraged for 30 s and recorded. Each spectrum was then analyzed
in MATLAB with a Gaussian fit to monitor the peak wavelength,
height, and width versus time.
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