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Abstract

Gold nanorods are promising platforms for label-free biosensing. We have functionalized gold
nanorods with biotin thiol linkers of increasing chain length and evaluated their ability for
molecular detection of streptavidin. We have found an unexpected effect for the increase of
linker length, as it resulted in a substantial improvement of the plasmon response at surface
saturation. The plasmon peak shift increased from 5 nm to 14 nm, i.e. more than twice the
response, between the short and long biotin linker. This effect is only observed for a site
selective tip functionalization, whereas for a full biotin coating there is no improvement observed
with the linker length. The improved plasmon response for tip functionalization is attributed to a
low biotin coverage, but directed to the most sensitive regions, which combined with a longer
chain linker reduces steric hindrance for streptavidin binding on the rod’s surface. The model
sensors were further characterized by measuring their dose-response curves and binding kinetic
assays. Simulations of discrete dipole approximation give theoretical plasmon shifts that
compare well with the experimental ones for the long linker, but not with those of the short
linker, thus suggesting that sterical hindrance affects the latter. Our results highlight the
importance of specifically functionalizing the plasmonic hot-spots in nanoparticle sensors with

the adequate density of receptors in order to maximize their response.
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Introduction

Label-free detection of biomolecules plays a key role in the development of affinity-based
point-of-care solutions for analysis in areas as diverse as clinical diagnostics or food control.'
In the process of label-free detection, the target biomolecule when present in the sample will
interact at a certain point with a transduction element, either optical, electrical, mechanical or
other. Since these interactions usually occur at the surface of the transduction element, the
surface chemistry used in the sensor design takes a crucial part in the sensing process. Most
important, the functionalization with receptors imparts specificity by only binding the target
analyte with high affinity. In this respect, many different types of biomolecular interactions have
been explored using receptors based on antibodies,*” peptides,® aptamers,®!° carbohydrates,!?
or nucleic acids.t314

Colloidal gold particles have interesting optical properties that have been explored in label-free
detection schemes.>® The strong absorption or scattering of light by metal nanoparticles at
characteristic wavelengths is due to localized surface plasmon (LSP) modes. The LSP resonance
wavelength depends on the plasmon mode and in turn on the particle shape, size and
composition. Moreover, it also depends on the local refractive index close to the particle’s
surface. This feature allows to probe molecular binding events by monitoring the response of the
LSP peak wavelength as a function of time. The sensors operating on this principle fall within
the general definition of plasmonic sensors.

Particularly, gold nanorods and other elongated particle shapes have been employed for
plasmonic sensing because their plasmon resonance is more sensitive to local refractive index
than spherical particles.’®?® The ultimate goal of single molecule detection has been

demonstrated by using gold nanorods for label-free detection of single proteins.?®?” The plasmon



shift induced by molecular binding depends on the refractive index contrast in the overlap
integral between the local field and the volume of the molecule. This local field strongly decays
away from the particle surface, therefore molecular binding at or near the particle’s surface
ensures that signal transduction is most effective, however, the sensitivity is usually not
homogeneously distributed across the surface.?® The plasmon resonance gives rise to intense near
fields with a surface distribution that depends on the mode profile, and thus on the particle
geometry. In gold nanorods, the largest near-field enhancements are concentrated at the tips.
These regions are known as ‘hot-spots’ for plasmonic sensing, because the sensitivity to local
changes in the refractive index is highest there.

Recent reports have shown the site-specific functionalization of nanoparticles with the aim to
maximize the sensor sensitivity.2"?>3* For example, we have shown that tip specific
functionalization of gold nanorods enables the maximization of sensor response for single
protein detection by avoiding the binding of the target molecule in regions without sensitivity.?’
Furthermore, this type of functionalization preserves the quality factor of the plasmonic sensor
because it avoids line broadening due to chemical interface damping, in contrast to a full surface
coverage with thiolated receptors.®? Other studies on the selective functionalization of plasmonic
hot-spots, such as edge or vertex sites in gold nanoplates or gaps in dimers of gold disks, have
also shown that optimum sensitivity can be attained by functionalizing regions that exhibit a high
local field.?*3 Those studies have addressed the effect of linker length, and found the expected
dependence, namely, that the plasmon sensitivity decreases upon increasing the linker chain
length.

In this work, we report on the effect of the linker length in the response of a tip-functionalized

nanorod sensor. To this end gold nanorods were immobilized on a glass substrate to allow for



transmission probing of plasmon shifts. The nanorods were tip-functionalized on the glass
surface using a protocol that has previously proved to be site-selective.?”*? The functionalization
was done with three biotin linkers of increasing chain length (Fig. 1A and Table S1 in the SI).
The performance of the nanorod sensor was evaluated by measuring the LSP peak shift upon
streptavidin binding (Fig. 1B). We find a strong dependence of the plasmon shift on linker length
where, surprisingly, the longer chain linkers give larger plasmon shifts, in contrast to the
expected trend where longer linkers result in decreased signal. On the other hand, the fully
functionalized particles do not show almost any increase of the plasmon shift with the linker
length, which we attribute to the high density of biotin receptors in a full surface
functionalization that hinders streptavidin binding and imposes a larger distance to the particle’s
surface, thus reducing the sensor response. Tip-specific functionalization seems to result in a
lower density of biotin receptors at the nanorod’s hot-spots, that combined with longer and

flexible linkers, favors streptavidin binding and maximizes the sensor response.

A
3’7 PEG-4
PEG-12
B — LSP peak shift
56
Ay .
= 2, £3
5 él T T 1
wwe Biotin linker MM Streptavidin 500 600 700 800

Wavelength (nm)
Figure 1. A) Chemical structures of the biotin thiol linkers: PEG-0; PEG-4; and PEG-12. B)

Scheme of the principle of plasmonic sensing using the peak shift of the longitudinal surface



plasmon (LSP) of gold nanorods tip-functionalized with biotin (orange) for specific binding of

streptavidin (green).

Experimental Section
Materials and Instruments

Gold nanorods coated with CTAB and approximate size of 10 nm x 30 nm were acquired from
Nanopartz Inc. as aqueous suspensions with an optical density of 1 or 100 (product # A12-10-
700 or A12C-10-700). Precursors for the biotin thiol linkers of commercial names: EZ-Link™
NHS- Biotin; EZ-Link™ NHS-PEG4-Biotin; and EZ-Link™ NHS-PEG12-Biotin, were acquired
from Fisher Scientific and used as received. Cysteamine was from Sigma with a purity above
98%. (3-Mercaptopropyl)trimethoxysilane was from Aldrich with a purity of 95%.
Hexadecyltrimethylammonium bromide or CTAB was from Sigma, BioXtra grade. Surface
coating reagent methyl-PEG4-thiol was from Fisher Scientific and used as received. Streptavidin
from Streptomyces avidinii was acquired from Sigma, already affinity purified and lyophilized
from 10 mM potassium phosphate. Biotin was from Sigma-Aldrich with purity above 99%.
Phosphate buffer saline (PBS) buffer was acquired as tablets from Sigma, and dissolved in Milli-
Q (Merck Millipore) deionized water. Ethanol absolute for UV, IR, HPLC was from Panreac,
and toluene for spectroscopy, Uvasol grade, was from Merck. Glass slides of rectangular shape
with thicknesses # 1 and 1.5 were acquired from Menzel-Gl&ser or Deltalab.

Extinction spectra were measured in an UV/Vis spectrophotometer from PerkinElmer, model
Lambda 35. Glass surfaces were cleaned using an UV/Ozone chamber model PSD-UV3 from
Novascan. AFM measurements were performed in tapping mode using a Nanoscope llla

multimode microscope from Digital Instruments, Veeco. AFM imaging was carried under



ambient conditions using silicon tips, TESP-SS from Bruker AFM Probes, with a resonance

frequency of ca. 320 kHz, at a scan rate of 1.0 - 1.5 Hz.

Immobilization of gold nanorods on glass slides

Glass coverslips 24 x 60 mm of thickness # 1.5 were thoroughly cleaned by performing a
UV/ozone treatment for 90 min followed by immersion in HCI (1 mM) for 1 hr, then rinsing
copiously with water and, finally, by sonicating in water and methanol for 20 mins with
intermediate steps of N> blow drying. The clean slides were silanized by immersion in (3-
Mercaptopropyl)trimethoxysilane, 5% (v/v) in ethanol, then rinsed copiously with ethanol and
sonicated during 20 min in methanol. The silane coating creates a glass surface functionalized
with thiol groups that was used to covalently attach the gold nanorods for the subsequent surface
chemistry.

Gold nanorods were centrifuged and the supernatant was replaced with an aqueous solution of
CTAB (50 uM) for at least three times, in order to wash down CTAB concentration and facilitate
surface adhesion. The washed suspension of particles was dispensed on the silanized glass
surfaces, over an area of approximately 1 cm?, by leaving a 300 pL drop in contact with the glass
for 20 min then rinsing copiously with water and blow drying with N». This procedure was
repeated 3 to 5 times until the particle density on the glass surface reached an O.D. of 0.003 to

0.010.

Tip-specific functionalization of gold nanorods
The biotin thiol linkers were prepared by a coupling reaction between the EZ-Link™

precursor (10 mM) with cysteamine (1 mM) in PBS buffer. The reaction was allowed to proceed



for 30 min before the mixture was used without purification in the following functionalization
steps. The biotin thiol linkers were named after the length of the oligoethylene glycol spacer in
the precursor: PEG-0, PEG-4 and PEG-12, respectively for NHS-Biotin; NHS-PEG4-Biotin;
and NHS-PEG12-Biotin.

The glass slides containing gold nanorods were gently cleaned by 10 min of UV/ozone
treatment, then rinsed with water and blow-dried with N2. The first step of tip-specific
functionalization was the incubation of the area where rods were immobilized with a CTAB
solution (ca. 1 mM) for about 30 mins. Then, the CTAB solution was replaced with a solution of
biotin thiol linker (1, 10 or 100 uM) and CTAB (ca. 1 mM). The CTAB molecules present
during the functionalization step create a bilayer coating over the nanorods that is more compact
over the side of the rods, thereby favoring the thiol attachment at the tips. The thiol attachment
reaction was allowed to proceed for 90 min. Finally, the surface was thoroughly rinsed with
water and left overnight immersed in PBS buffer to remove any reactant residues. The thorough
removal of CTAB surfactant is important to avoid any interference during the sensing assays.

Alternatively, to achieve a full coating with the biotin thiol linkers, the CTAB detergent was
not added to the thiol solution. The glass surfaces with the gold nanorods were exposed to an
aqueous solution of the biotin thiol linker (1 mM) for 90 min, and after the surface was cleaned

with the same protocol as before.

Streptavidin sensing with functionalized gold nanorods
The glass slides containing the biotin functionalized gold nanorods were assembled into a
liquid cell by attaching over each one a clean glass slide of thickness # lusing a melted thin

frame of Parafilm M. The liquid cells are about 1 mm thick and hold approximately 500 uL of



solution. Before the sensing experiments, each liquid cell was left overnight in PBS buffer to
remove any additional residues. A stock solution of streptavidin was prepared by dissolving 1
mg of protein in 1 mL of PBS. This solution was diluted in PBS buffer to obtain the final
concentration of streptavidin. The extinction spectra of the liquid cell filled with PBS was
recorded to obtain the initial peak position of the longitudinal surface plasmon (LSP). Then, the
PBS buffer was replaced with a streptavidin solution, and consecutive spectra were recorded
each minute, over a wavelength span of 100 nm around the peak position at a speed of 120
nm/min. After each Kkinetic run, that typically lasts 90 or 120 min, the streptavidin solution may
be replaced with another of higher concentration to perform another kinetic run. This procedure
was used, for instance, to test the full output response of each surface by using a streptavidin
concentration high enough to saturate all biotin receptors. The gold nanorods are firmly attached
to the glass surface which precludes any eventual interference effect from particle aggregation on
the plasmon peak shift.

The kinetic traces are built from a time series of extinction spectra. Each peak was fitted with a
Gaussian function and the maximum wavelength retrieved from the fit was represented as a
function of time. The Kinetic traces were fitted with a single exponential or a stretched
exponential function, and the quality of the fits was evaluated from the residuals plot. The
plasmon (LSP) peak shift was evaluated as the difference between the value of the fitted

exponential function at the end of the trace and the initial peak position.

DDA simulations
We have used the discrete dipole approximation (DDA) method to evaluate the extinction

cross-section and the near-field enhancement of gold nanorods.® The particle geometry used was



that of a spherically capped cylinder discretized as an array of point dipoles centered in cubic
volume elements with size of 0.25 nm. The dielectric function of gold, as reported by Johnson
and Christy, was used in these calculations.®® It was scaled by dividing with the dielectric
constant of the solvent to simulate the surrounding environment. The details on the coated
particle models used to simulate the functionalization with the linker layer and the binding of the
target layer are given in the supporting information. The near-field intensity maps were

calculated using the subroutine implemented in the ADDA software package. 3’

Results and Discussion

Gold nanorods that have been functionalized with biotin thiol linkers respond to nanomolar
concentrations of streptavidin by displaying a red-shift of their longitudinal LSP peak (Fig. 2A).
Time traces of the peak position show that after several minutes the peak shift slows down and
eventually it stabilizes suggesting that a dynamic equilibrium between protein association and
dissociation has been established (Fig. 2B). The peak shift stabilizes at increasing values when
protein concentration is increased up to hundreds of nanomolar. In this range, the peak shift for
biotin-functionalized nanorods reaches several nm. In comparison, bare nanorods show only
about 1.5 nm of peak shift in the same concentration range (grey symbols). The control
experiments show that the response measured in biotin-functionalized nanorods is from specific
adsorption mediated by the strong streptavidin-biotin pair interactions, while in non-
funcionalized nanorods only a marginal response is observed due to non-specific adsorption of

protein at the particle’s surface (Figs. S1 and S2 in the SI).
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Figure 2. (A) Plasmon (LSP) peak shift in the extinction spectrum of gold nanorods tip-
functionalized with PEG-12 biotin thiol linker in response to streptavidin binding. (B) Kinetic
traces showing the change in the LSP peak position over time for several concentrations of
streptavidin (SA), as indicated in the figure. The grey symbols show the kinetic trace of a control
experiment performed with bare (non-functionalized) gold nanorods. The red curves show the
fits performed with a stretched exponential. (C) Values of the binding rate constant, kon, and

exponent 3 obtained from fitting kinetic traces.

The kinetic traces are approximately exponential at low protein concentration, but deviate
considerably from first order kinetics at higher concentrations. The fittings using a stretched
exponential yielded values of binding rate constant, kon, around 10* - 10° M-s with an exponent
B varying from 1 to 0.3 as protein concentration increases (Fig. 2C). The non-exponential
behavior resulting in B values well below unit is typically associated with heterogeneity in
reaction kinetics at surfaces,®3° e.g. due to steric hindrance or surface charge effects. In these
conditions, the Langmuir adsorption model with a single adsorption rate constant might not
suffice to describe the heterogeneous adsorption process. Moreover, a transition between

diffusion and reaction-limited regimes is another probable source of complexity for the binding
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kinetics. At low protein concentrations, the adsorption rates are most likely diffusion limited,
similar to other studies on the adsorption of streptavidin onto SAMSs of biotin receptors.*%* The
weak variation in the initial adsorption rates for the different linkers and conditions used in this
work seems to support this hypothesis. As protein concentration is increased and mass transport
becomes faster, it occurs a transition to a partially reaction-limited regime that shows up in the
adsorption Kkinetics (see Sl for further details). At higher surface coverage, protein interactions
due to crowding on the surface of the particle again lower the adsorption rates. The consequence
for the binding kinetics would be equivalent to a broad distribution of adsorption rate constants,
as opposed to a Langmuir type of adsorption with a single rate constant. This argument holds for
both non-specific adsorption and for specific streptavidin-biotin binding. In the latter case, the
availability of biotin receptors on the nanorod’s surface can be hindered by interactions with
neighboring chains or by nearby streptavidin already bound, and further contribute to the
emergence of heterogeneity in adsorption Kinetics.

The effect of the thiol linker length in the specific response of biotin-functionalized gold
nanorods to streptavidin adsorption was characterized by their dose-response curves (Fig. 3). The
dynamic range for streptavidin detection extends from ten to about one hundred nanomolar of
streptavidin. At protein concentrations below 10 nM, the measured peak shifts are below the
threshold of 1.5 nm (dashed line), which is the non-specific response measured in bare nanorods
at full surface coverage. Above micromolar concentrations, the limit of receptor saturation is

reached and the LSP peak shift is saturated.

12



14] 141 B 16
o 12] e 12] £ 144 C
£ 10] £ 10] = 121
] o 8]
o 69 o 61 P @]
— | J
2] 2 g 4
] ] = 2'
0 IS == S— ———
10° 100 10° 10® 10* 10° 100 108 10® 10* PEGO PEG4 PEGT2
Conc. streptavidin (M) Conc. streptavidin (M) Biotin thiol linker

Figure 3. Dose-response curves for plasmonic sensing of streptavidin with gold nanorods: (A)
tip-functionalized; (B) fully coated with biotin thiol linkers: PEG-0 (blue); PEG-4 (green); and
PEG-12 (red). The error bars represent the standard deviation for at least three independent
measurements of the same streptavidin concentration. The curves shown were adjusted with a
Langmuir adsorption type of model. The horizontal dashed line represents the full response for
non-specific adsorption measured for bare gold nanorods. (C) Plasmon peak shift measured at
surface saturation (full response) for streptavidin sensing with gold nanorods: tip-functionalized

(closed symbols) or fully coated (open symbols) with different biotin thiol linkers.

The dose-response curves were fitted with a 1:1 binding model based on a Langmuir type of
adsorption used here to describe the specific streptavidin-biotin interaction on the nanorod’s
surface. As previously noted, this approach might be over-simplistic to describe these systems.
Nevertheless, it allows to extract an apparent association constant, Ka, for the streptavidin-biotin
pair interaction. The values obtained fall in the range of 107 - 108 M (Table S2 in the SI). These
values of binding affinity are much lower than the well-known value of 10 M that makes
streptavidin-biotin interaction one of the strongest biomolecular interactions.*>*® The values of

Ka from our assays are probably affected by the reduced response of our sensor at low protein
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concentrations due to mass transport limitations. As a consequence, the dose-response curves do
not reflect the actual Ka from the streptavidin-biotin pair association, but rather the protein
concentration at which diffusion becomes efficient to deliver it to the surface on the time interval
of our assays. Our values of Ka compare well with several other examples of binding affinity
assays of streptavidin-biotin pair measured with plasmonic sensors.?%?147-52 Nevertheless, there
is a wide range of Ka values reported in the literature, which most likely are related to the
specific details of each binding assay. For instance, large values of Ka have been reported for
long incubation times at low protein concentrations, or incubation under flow conditions, to
overcome mass transport limitations.>>4

The full response of our plasmonic sensors at surface saturation changes with the biotin linker
chain length for the tip-functionalized gold nanorods. Counterintuitively, the longer PEG-12
linker shows the largest peak shift of ca. 14 nm, while the shorter PEG-0 linker gives a full peak
shift of only 5 nm. The initial guess was that the shorter linker would give the largest response
because it would bind streptavidin closer to the nanorod’s surface in a region of larger near field
enhancement and, thus, of larger refractive index sensitivity. However, the sparse density of
biotin linkers in tip functionalization probably still allows for streptavidin to approach the rod’s
surface, even if bound to long linkers, because of their flexible chain. On the other hand, the
linker effect just described is not observed for a full functionalization, in which case the plasmon
response at surface saturation is around 5 £ 1 nm, and it practically does not change for the
different chain lengths investigated. The full functionalization gives always lower sensor
responses at surface saturation than tip functionalization with the same thiol linker, except for the
short PEG-0 linker that has practically the same the response in tip and full functionalization.

The PEG-0 linker has a length comparable to the depth of the biotin binding pocket of

14



streptavidin, which hinders protein interactions with biotin on the rod’s surface. The longer
linkers relieve some of the steric hindrance in the streptavidin-biotin interactions and probably
favor the binding of more proteins, thus giving larger sensor responses in tip functionalization;
whereas in full functionalization, the molecular packing of linker chains prevents the protein
from approach the rod’s surface, where plasmon sensitivity is larger.

We have also investigated how the density of biotin receptors affects the full peak shift at
surface saturation by changing the concentration of the PEG-12 linker in the functionalization
step of the tip-specific procedure (Fig. 4). At low concentration, the full sensor response is
smaller due to a low density of biotin receptors. It reaches a maximum for an intermediate
concentration, before it falls off at the higher concentration used. The optimum concentration of
PEG-12 linker in the functionalization step to obtain a maximum sensor response is attributed to
a compromise between the number of biotin receptors per rod and the emergence of steric
hindrance at high biotin densities. In line with our results, others have reported that steric
hindrance on plane substrates can significantly decrease the saturation coverage of streptavidin in

SAMs of biotin by 1.5 to 4-fold.*?

LSP shift (nm)
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Figure 4. Plasmon peak shift for streptavidin sensing with gold nanorods functionalized with
PEG-12 (closed squares) and PEG-0 (open squares) as a function of the linker concentration used

at the functionalization step of 1 to 100 uM and also for a full functionalization.

The short PEG-O0 linker also shows a non-monotonic variation of sensor response as the linker
concentration is increased, although in this case the change in trend is observed at a
concentration of 100 uM. We cannot exclude that the larger plasmon response may occur
between this concentration and full functionalization, which would suggest that the biotin density
for PEG-0 linker was still increasing. While comparing linkers of different length, it should be
considered that the number of biotin receptors on the rod’s surface may change for linkers of
different chain length. For instance, it was found evidence that longer linker chains give lower
grafting densities by monitoring the plasmon linewidth of individual nanorods.®> The plasmon
linewidth is broadened by the number of thiols on the surface through a chemical interface
damping mechanism. The functionalization of gold nanorods with long thiolated polyethylene
glycol chains gives less line broadening compared to a short chain, which suggests a lower
number of attached thiols. However, a lower number of thiols, and thus of biotin receptors on the
rods’ surface, does not necessarily affect the number of attached streptavidin molecules at
surface saturation, if the grafting density corresponds to at least one receptor per surface area
occupied by a single protein. A lower grafting density can even be beneficial, if it separates
biotin receptors farther apart on the rod’s surface, thereby decreasing the steric hindrance due to
interaction between binding sites. Our results seem to support this hypothesis as the longer linker
gives a larger sensing response in a tip functionalization and practically the same response in a

full coating functionalization.
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In order to evaluate molecular crowding of streptavidin binding on the surface of gold
nanorods, we have used AFM to obtain topographic information on the gold nanorods
functionalized with PEG-12 linker. We have selected this biotin linker because it gives the larger
difference in the plasmon peak shift for tip-selective vs. full coating. The fully-functionalized
gold nanorods after saturation with streptavidin show an increase of height by ca. 5 nm which
matches well the size of streptavidin (Fig. S11 in the Sl). In contrast, the tip-functionalized gold
nanorods after saturation with streptavidin show no increase in their height, which suggests that
in this case there is much less protein on the side of the particles than in fully-functionalized
nanorods.

To understand the effect of the distance of the biotin receptors to the gold surface on the
plasmon shift, we have employed numerical simulations of a coated gold nanorod in the discrete
dipole approximation (Fig. 5). The thickness of the linker layer was matched to that of PEG-12
linker at two limiting cases: that of a freely rotating chain (ca. 1.8 nm) or the fully extended
chain (ca. 5.2 nm). The peak shifts calculated for the first case reach almost 14 nm for a target
layer having the thickness of a full monolayer of streptavidin (closed squares, Fig. 5C). This
value compares well to the experimental peak shift obtained at surface saturation for tip
functionalization with PEG-12 linker. This implies that the linkers behave like a freely rotating

chain in the case of tip-functionalized nanorods.
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Figure 5. (A) Near field map obtained from DDA simulations of a gold nanorod of 10 nm x 30
nm at the longitudinal plasmon resonance wavelength. B) Extinction cross-sections calculated
for a gold nanorod: bare (grey); fully coated with a layer to simulate the biotin linker (orange);
and, with another layer to simulate the streptavidin target (green) — see inset. The plasmon peak
shift (A\Lsp) is the difference between the maximum wavelengths of the last two situations. (C)
Calculated peak shifts for the model of coated gold nanorod with varying target layer thickness
up to 5.5 nm to simulate a single layer of streptavidin. The thickness of the linker layer was
matched to that of PEG-12 linker at two limiting cases: a freely rotating chain (closed squares) or

a fully extended chain (open squares).

On the other hand, the measured peak shits for fully functionalized particles are in good
agreement with a model based on a fully extended linker chain with a biotin group ca. 5 nm

away from the surface (open squares, Fig. 5C). The reduced sensor response for a larger distance

18



of target binding matches the maximum peak shift observed for full functionalization with PEG-
12 linker. A similar argument, based only on the target binding distance, does not explain the
lower sensor responses measured for the shorter PEG-0 linker. The calculated plasmon shift for a
full target layer would be 11 nm, and the experimental shift of 5 nm is matched in the
calculations by a layer with approximately half the size of a full layer. In the case of biotin PEG-
0 linker, the surface coverage at saturation is probably hindered by unfavorable interactions
between binding sites and the surface due to the short linker length, as previously mentioned.
This type of effect could prevent the formation of a compact layer of target protein even at
surface saturation.

In order to compare the performance of our nanorod biosensors with other examples reported
in the literature, we have determined the refractive index sensitivity and calculated some figures-
of-merit. The refractive index sensitivity, S = dA,sp/dn, and the figure-of-merit, FOM = S/AA,
for our gold nanorod surfaces were found to be 239 nm/RIU and 0.9, respectively (see further
details in SlI). These values are comparable to those reported by Mayer et al. for a gold nanorod
based sensor.*> The figure-of-merit of our sensor surfaces is below the optimum value of 11 for a
gold nanorod of aspect ratio of 4, as proposed in the literature.!® However, our sensing assays
were performed in ensemble conditions, and thus the plasmon band linewidths are much larger
than those of single nanoparticles used in Ref. 8, which decreases the quality factor of the sensor.
Finally, we have also used a definition of a figure-of-merit (FOMmoi) based on the minimum
number of detectable molecules (MDL). This number can be found using Eqg. S4 in the SI from a
combination of experimental and estimated parameters. We have calculated the MDL of 3.3

molecules and the FOMmo of 9 for our nanorod sensors. This latter is close to the value of 18

19



predicted as optimum FOMmq for gold nanorods of size 30 nm x 60 nm also used in molecular

detection of streptavidin.*

Conclusions

The performance of label-free sensors strongly relies on the molecular interactions between the
target analyte and specific receptors functionalized at the sensing element. This feature is well
illustrated by our results on gold nanorods functionalized with biotin receptors for streptavidin
sensing. The combination of a sparse biotin functionalization, but directed toward the most
sensitive regions of the rod’s surface, and of a long chain linker, resulted in an improvement by
more than two-fold in the full plasmonic response of gold nanorods that were tip-functionalized
with the PEG-12 linker. The expected chain length effect would be that an increase in the linker
length leads to a decrease of the plasmon shift for a given protein coverage. However, we found
the opposite trend in tip-specific functionalized nanorods. This counterintuitive effect is
attributed to the sparse tip-functionalization that combined with longer linkers relieve some of
the steric hindrance present in target-receptor molecular interactions at the rod’s surface. As a
consequence, tip-functionalization with longer linkers seems to allow for a larger number of
proteins to bind resulting in a larger signal and enhanced sensor performance. Further studies
using single particle or single molecule detection will contribute to elucidate the source of

heterogeneity in molecular interactions at surfaces used for plasmonic sensing.
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