analygiglanlistry

pubs.acs.org/ac

Enhancing Sensitivity of Surface Plasmon Resonance Biosensors by
Functionalized Gold Nanoparticles: Size Matters

Tomas Springer, Maria Laura Ermini, Barbora Spackova, Jani Jablonkd, and Jifi Homola*

Institute of Photonics and Electronics AS CR, v. v. i,, Chaberska 57, 182 51, Prague, Czech Republic

© Supporting Information

ABSTRACT: We study how the size of spherical gold
nanoparticles (AuNPs) influences their ability to enhance
the response of optical biosensors based on surface plasmon
resonance (SPR). We present a theoretical model that relates
the enhancement generated by the AuNPs to their
composition, size, and concentration, thus allowing for
accurate predictions regarding the SPR sensor response to
various AuNPs. The effect of the AuNP size is also investigated
experimentally using an SPR biosensor for the detection of
carcinoembryonic antigen (CEA) in which AuNPs covered
with neutravidin (N-AuNPs) are used in the last step of a

Water

Dielectric shell —4£

AuNP AuNP

BAoBYd YIM
wi dNNV-N

JUBISUOD DLYBIBIP

— A — A
Y Y ﬁ' Y Y Y ﬁ' Y Y Y ﬁ' \' Y Dielectric layer
Au layer Au layer
Prism Prism
EXPERIMENT THEORY

sandwich assay to enhance the sensor response to biotinylated secondary antibody against CEA. The experimental data are in
excellent agreement with the results of the theoretical analysis. We demonstrate that the sensor response enhancement generated
by the N-AuNPs is determined by (i) the sensor sensitivity to N-AuNP surface density (S,) and (ii) the ability of the N-AuNPs
to bind to the functionalized surface of the sensor. Our results indicate that, while S, increases with the size of the N-AuNP, the
ability of the functionalized surface of the sensor to bind the N-AuNPs is affected by steric effects and decreases with the size of

N-AuNP.

urface plasmon resonance (SPR) biosensors are among the

most advanced label-free optical biosensor technologies
and hold potential for applications in numerous important
fields, such as medical diagnostics, environmental monitoring,
food safety, and security." In order to push for the detection of
analytes present at extremely low concentrations, various
methods for increasing the sensitivity of SPR biosensors have
been developed. Most of these methods are based on changing
the refractive index at the sensor surface by means of a variety
of (bio)chemical or nanoparticle agents, which are captured by
the sensor surface subsequent to the binding of the target
analyte to the primary biorecognition elements. These methods
include the use of secondary and tertiary antibodies,® *
antibodies labeled with enzymes,® and dielectric”® or metallic
nanoparticles (NPs).**™"* In particular, gold spherical nano-
particles (AuNPs) of diameters ranging from S to 40 nm have
been widely used to enhance the response of SPR biosensors.
For instance, Huang et al. used a biotinylated secondary
antibody along with 20 nm AuNPs coated with streptavidin to
improve the limit of detection (LOD) for prostate-specific
antigen in buffer from 10 ng/mL to subng/mL levels.? Cao and
Sim used a double-enhancement strategy in which AuNPs were
coated with HRP-labeled antibody for the detection of PSA
down to the subng/mL level. In our recent work, we employed
30 nm AuNPs functionalized with streptavidin to detect
carcinoembryonic antigen (CEA) in 50% blood plasma down
to a 0.1 ng/mL level."’ Despite this rather broad use of AuNPs
in SPR biosensors, there is a lack of quantitative data describing
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the influence of the size of AuNPs on the outcome of the
detection.">"*

Previous experimental studies involving the effect of the size
and surface density of bare AuNPs on the sensor response have
been somewhat limited, both in number and in scope. In two
separate studies, Lyon et al. investigated the sensor response to
AuNPs with diameters ranging from 25 to 60 nm. They
observed that the sensor response increased with the size of
AuNPs; however, the increase was not consistent across their
studies.'>'® He et al. adsorbed 12 and 45 nm AuNPs onto a
SiO,-coated SPR chip and observed that 45 nm AuNPs
produced a similar sensor response as 12 nm AuNPs, although
the surface density of 45 nm AuNPs was smaller by a factor of
20."7 Halpern et al. also adsorbed AuNPs having diameters in
the range of 20 to 100 nm and observed that the sensor
response increased with the volume of AuNPs.'® Unlike the
adsorption of bare nanoparticles, AuNPs employed in
biomolecular detection assays are typically functionalized with
molecules that bind to the analyte (or to another molecule
bound to the analyte) previously captured on the sensor
surface. The affinity between the functionalized AuNPs and the
sensor is influenced by several conditions at the surface
(Coulombic interactions, steric effects, stability of the complex
with an analyte), all of which may influence the binding of
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Figure 1. (a) Scheme of the experiment: sandwich assay for the N-AuNP-enhanced detection of CEA. (b) Theoretical representation—multilayer
structure described by multiple refractive indexes (ng, ng, ng, n,) and thicknesses of the layers (D, d).

AuNPs on a surface of SPR biosensor.'> The affinity binding of
AuNPs of varying sizes has been reported only in a limited
number of SPR studies,''**° which due to these complexities
produced results which are difficult to draw universal
conclusions from. While the studies performed by Uludag
and Tothill"" and Albers et al.*® led to the conclusion that
larger AuNPs produce a higher sensor response enhancement,
Mitchell et al. observed no significant difference between the
sensor response enhancement when using AuNPs with
diameters ranging from 25 to 50 nm."” This suggests that the
role the size of AuNPs plays in the interaction with an SPR
surface is not fully understood.

In this paper, we investigate the ability of functionalized
AuNPs to enhance the response of an SPR biosensor in a
biomolecular detection assay, with special attention given to the
study of the effect of the size of AuNPs. The sensor response (a
shift in the SPR wavelength, A4,) is studied in terms of two
aspects: the surface density of captured AuNPs (Ac) and the
sensor sensitivity to AuNP surface density (S,) which are
related as follows:

Al = Ac-S, (1)

The first aspect (Ao) is defined by the ability of the
functionalized AuNPs to bind to the SPR sensor surface (the
interaction of the functionalized AuNPs with the target
molecule). This aspect is investigated in a model experiment
in which a cancer biomarker (carcinoembryonic antigen, CEA)
is detected using an SPR biosensor in a sandwich detection
format. Specifically, neutravidin-functionalized AuNPs (N-
AuNPs) of different sizes are used to enhance the sensor
response to CEA via a biotinylated secondary antibody (Figure
1a). The second aspect (S,) is defined only by the optical
properties of both the functionalized N-AuNPs and the
properties of the sensor. This aspect represents the ratio
between changes in the sensor response to changes in the N-
AuNP surface density. To offer a better insight into this aspect,
we present a new analytical theory describing the relationship
between S, and the parameters of the experimental setup based
on both perturbation theory,”" which is used to describe the
sensitivity to surface refractive index changes of a multilayer
structure (Figure 1b), and the theory of an effective dielectric
constant of a film consisting of randomly distributed nano-
particles.”” Compared to previous theoretical studies concern-
ing the effect of the presence of AuNPs on the optical response
of an SPR sensor,””** the model presented here provides an
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analytical formula that makes it possible to quantify the effects
of parameters directly related to the experiment and,
furthermore, allows for the design of an experimental system
providing optimal performance.

B MATERIALS AND METHODS

Reagents. Sodium acetate buffer solution, 3 M, pH 5.2 (25
°C), KH,PO,, Na,HPO,, KCl, NaCl, ethanolamine, bovine
serum albumin (BSA), streptavidin, and glutaraldehyde were
purchased in molecular biology grade or higher from Sigma-
Aldrich, USA. N-Hydroxysuccin imide (NHS) and 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC)
were purchased from GE Healthcare, USA. Primary IgG1-type
antibody (Ab,) against CEA, biotinylated secondary IgG1-type
antibody (Ab,) against CEA, and CEA were purchased from
Fitzgerald, USA. Carboxy-terminated [HS—(CH,);;—EG4—
OCH,—COOH] and hydroxy-terminated [HS—C;;—EG,—
OH] alkanethiols were purchased from Prochimia, Poland.
Ethanol for spectroscopy (purity 99.9% or greater) was
purchased from Merck, USA. The composition of phosphate
buffer (PBS) was 1.4 mM KH,PO,, 8 mM Na,HPO,, 2.7 mM
KCl, and 137 mM NaCl, pH 7.4 at 25 °C. PBSy,¢; consisted of
phosphate buffer with the addition of 750 mM NaCl. PBSgss
bufter was prepared by adding BSA to PBS to reach a
concentration of 250 yug/mL. SA, consisted of 10 mM sodium
acetate, pH S at 25 °C. All buffers were prepared using
deionized water (18 MQ/cm resistivity, Direct-Q from
Millipore).

Gold Nanoparticles. Spherical AuNPs covalently function-
alized with neutravidin via a 2 nm polymer bridge were
purchased from Nanopartz Inc., USA. The diameters of the
gold core of N-AuNPs were calculated as (10 + 2), (15 + 2),
(21 £ 2), (33 = 1), and (52 + 3) nm via scanning electron
microscopy (SEM). These N-AuNPs were highly purified upon
purchase; however, for precautionary measures, we washed
them with PBSgg, in order to remove any potentially free
neutravidin from the solution prior to the SPR experiments.
The N-AuNPs were centrifuged once for the 10 and 15 nm N-
AuNPs (at 12 500 rpm for 30 min) and five times for the 21,
33, and 52 nm N-AuNPs (at 10 000 rpm for 1S min). Between
the centrifugation cycles, the supernatant liquid was removed
and the pellet was dissolved in 1 mL of PBSgg,. After the last
washing cycle, solutions of N-AuNPs were diluted in PBSgg, to
reach an optical density of 0.1 for the 10 and 15 nm N-AuNPs
and 0.3 for the 21, 33, and 52 nm N-AuNPs (maximum of UV
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absorbance peak, 1 mm optical path length). The optical
densities of N-AuNPs were measured using a NanoPhotometer
Pearl UV—vis absorption spectrometer (Implen, Germany).
The concentrations of N-AuNPs were calculated to be 10.5 (2.6
or 16.7 nM for the control experiment), 3.1, 3.4, 0.9, and 0.2
nM (0.11 or 0.45 nM for the control experiment) for N-AuNPs
of the diameters of 10, 15, 21, 33, and 52 nm, respectively. The
extinction coefficients (obtained from Nanopartz Inc.) for the
10, 15, 21, 33, and 52 nm N-AuNPs were 9.5 X 107, 3.2 X 108,
8.8 X 10% 3.3 X 10°, and 1.5 X 10°° M~! ecm™}, respectively.

SPR Biosensor. A laboratory four-channel SPR platform
based on the wavelength spectroscopy of surface Iz)lasmons
(Plasmon IV)*! using dispersionless microfluidics®*® devel-
oped at the Institute of Photonics and Electronics, Czech
Republic, was used in this study. In this type of SPR sensor, the
angle of incidence of the light beam is fixed and the SPR dip is
observed in the spectrum of light coupled to a surface plasmon.
The sensor response is expressed in terms of the wavelength at
which the SPR dip occurs (SPR wavelength). This response is
sensitive to changes in the refractive index caused by the
binding of molecules to the surface of an SPR chip. A shift of 1
nm in the SPR wavelength represents a change in the protein
surface coverage of 17 ng/cm>'® SPR chips were prepared by
coating BK7 glass substrates with thin layers of titanium (1-2
nm) and gold (48 nm) via e-beam evaporation in vacuum.

The SPR chips used in this work were functionalized with a
self-assembled monolayer of mixed carboxy-terminated and
hydroxy-terminated alkanethiols, on which antibodies were
immobilized using the covalent coupling as described
previously.'® A brief description of the immobilization process
is provided below. Initially, a 3:7 mixture of HS—(CH,);;—
(EG)¢—OCH,—COOH and HS—C,,—(EG),—OH thiols was
dissolved in ethanol at a total concentration of 0.2 M. A clean
SPR chip was immersed in the thiol mixture for 10 min at 40
°C and stored at a room temperature for at least 12 h. Then,
the chip was rinsed with ethanol and deionized water and
mounted into the SPR sensor. SA,, buffer was flowed along the
SPR chip surface for 5 min, after which the chip surface was
incubated in 0.5 M NHS/0.1 M EDC (dissolved in SA,,) for 10
min to activate the carboxyl groups. After the activation, Ab, at
a concentration of 10 yg/mL (67 nM) in SA,, was injected for
15 min to achieve a maximum surface coverage level. After
short injection of SA;j, PBSy,c was pumped for S min to
remove the noncovalently bound Ab,. After another short
injection of SAo, 1 mM aqueous ethanolamine (pH 8 at 25 °C)
was flowed along the sensor surface for S min to deactivate any
remaining carboxyl groups.

SPR Experiments. The effect of the AuNPs size on the SPR
sensor response was studied in a model sandwich assay for the
detection of CEA. A scheme of this assay is shown in Figure la.

In a typical SPR experiment, all four channels (two detection
and two reference channels) were used to measure the binding
of two different sizes of N-AuNPs. In each detection channel,
CEA, Ab,, and N-AuNPs were consecutively injected to form
the sandwich, while in the reference channel all the assay steps
were performed except for the injection of CEA. Specific steps
were as follows. Prior to the detection of CEA, the sensor
surface with immobilized Ab; was incubated in PBSgg, for 15
min. Then, CEA at a concentration of 500 ng/mL (2.5 nM) in
PBSpsy and PBSgg, was injected for 10 min through the
detection and reference channels, respectively. After a short
injection of PBSggy, Ab, (10 pg/mL, 67 nM) was pumped
through both the detection and reference channels for 15 min.

After another short injection of PBSgg,, solutions of N-AuNPs
were flowed through both channels. In order to capture the
maximum amount of N-AuNPs (and achieve a maximum
enhancement), the concentrations of N-AuNPs in each SPR
experiment were preselected to maximize the sensor response
obtained within a time frame of several hours, such that the N-
AuNP surface density had approached an equilibrium state.
Finally, the solution of N-AuNPs was replaced with PBSgg,.

An additional experiment was carried out to confirm the
long-term stability of the Ab,-CEA-Ab, complex. In this
experiment, a rather high concentration of CEA (1000 ng/
mL) was used, and after the formation of Ab,-CEA-Ab,, PBSy,
was pumped through the sensing channel for several hours,
while the sensor response was recorded. For the determination
of kinetic and equilibrium constants, CEA at concentrations of
250, 500, 1500, and 5000 ng/mL in PBSys, were injected into
the parallel channels of the SPR sensor and flowed over the
antibody-coated surface for 10 min. Then, PBSys, was pumped
for 20 min to obtain the dissociation phase of the interaction.
The kinetic constants were determined with BIAevaluation
software (Biacore, version 4.1) using a 1:1 Langmuir model,
which also considered mass transport effects. It should be noted
that all SPR experiments reported in this work used a flow rate
and temperature of 20 4L/min and 25 °C, respectively.

SEM Measurements. After the SPR experiments, the SPR
chips were analyzed via SEM (e LiNE plus system produced
by Raith, Germany) in order to determine the diameter and
surface density of the N-AuNPs on the SPR chip surface. In
order to avoid any loss of N-AuNPs from the surface of an SPR
chip during the transition from the SPR sensor to the SEM, the
N-AuNPs were covalently immobilized to the surface of the
SPR chip via glutaraldehyde. The immobilization was
performed as follows. PBSps, was replaced with SA;, and
2.5% (v/v) glutaraldehyde in SA;, was injected for 30 min to
cross-link the amino-groups of molecules on the surface of SPR
chip. Then, SA;, was again injected. Before the removal of a
chip from the SPR biosensor, Q water was flowed through the
flow-cell to remove any residual salts from the surface of the
SPR chip.

The diameter and surface density of N-AuNPs on the SPR
chip surface were determined from SEM images collected by an
e LiNE plus system by means of an in-lens secondary electron
detector and a 10 kV acceleration voltage. Surface densities
were calculated using the public domain software Image]
(http://imagej.nih.gov/ij/). The images (10 gm X 10 pum)
were taken from five different spots across each channel.

B RESULTS AND DISCUSSION

SPR Sensor Response to N-AuNPs. In order to
characterize the enhancement of the sensor response due to
the capture of N-AuNPs, we utilized the sandwich assay shown
in Figure la. A typical sensorgram showing the sensor response
in different stages of the assay is shown in Figure 2. The
injection of CEA (KD(CEA) =33 X 1071 M; see Figure S-1 in
the Supporting Information) gave rise to a sensor response that
increased linearly with time, reaching a value of 0.45 + 0.05 nm
after 10 min (measured across all experiments). This injection
time was limited in order to obtain a sensor surface having a
low CEA surface density as to minimize potential effects related
to crowding. We determined that the surface density of CEA
(M = 200 kDa) was 228 CEA/um?, which implied that only
2.9% of the Ab, (the response of 12 nm, M = 150 kDa) was
occupied by CEA. The response to the secondary antibody was
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Figure 2. Sensor response obtained during a typical CEA assay using
33 nm N-AuNPs.

found to increase with time, reaching a plateau of 0.17 + 0.03
nm in 15 min. The subsequent time-response to N-AuNPs was
dependent on the size of N-AuNPs and varied from several
nanometers to several tens of nanometers. The nonspecific
binding of N-AuNPs in a reference channel (caused by both the
adsorption of N-AuNPs to the SPR chip surface and by specific
binding of N-AuNPs to nonspecifically bound biotinylated Ab,)
was in each case lower than 10% of the enhanced sensor
response obtained in the detection channel. Therefore, the
nonspecific binding of N-AuNPs had a rather minor effect on
the outcome of the experiments considering the much higher
specific sensor response.

Using the results of each detection experiment, we calculated
the equilibrium sensor response (AJ,) as the difference
between the sensor response of the detection and the reference
channels, where A/, thus describes the sensor response to only
the specifically bound N-AuNPs. The values of A4, obtained for
the S different sizes of N-AuNPs are shown in Figure 3.
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Figure 3. Sensor responses, A/, for N-AuNPs with diameters of the
gold core of 10, 15, 21, 33, and 52 nm. Errors were calculated as the
standard deviation from at least three measurements regarding
different SPR chips.

The AJ, values obtained for the two smallest N-AuNPs did
not differ considerably, and the A/, values of the three smallest
N-AuNPs were much lower than the AA, values observed for
the two largest N-AuNPs. Specifically, the 52 nm diameter N-
AuNPs generated a A4, value 3.5 times higher than that
observed when using 15 nm N-AuNPs. The trend of higher A/,
values obtained with larger AuNPs is in agreement with results
published in Uludag and Tothill'" and Albers et al.** As follows
from Figure 3, the relative standard deviation of A/, tends to

increase with increasing diameter of N-AuNPs. We believe that
this is mainly due to the greater ability of bigger AuNPs to
enhance the differences among different experiments.

We also performed control experiments where we evaluated
(i) the effect of different concentrations of N-AuNPs (for the
same nanoparticle size) and (ii) the long-term stability of the
Ab,-CEA-Ab, complex. Regarding (i), we investigated whether
AA, was independent of the concentration of the injected N-
AuNPs. We pumped 2.6 and 16.7 nM solutions of 10 nm N-
AuNPs and 0.11 and 0.44 nM solutions of 52 nm N-AuNPs
across the surface with immobilized Ab, at a constant surface
coverage (see Figure S-2 in the Supporting Information). Note
here that these two N-AuNP concentrations were chosen to be
lower and higher than the respective concentrations used in the
main SPR experiment (10.5 and 0.2 nM for 10 and 52 nm N-
AuNPs, respectively). From Figure S-2 in the Supporting
Information, it can be seen that the obtained AA, values were
approximately the same for both N-AuNP concentrations, for
both diameters (10 and 52 nm). Therefore, we concluded that
the AA, values have rather low dependence on the particle
concentration (where the N-AuNP concentration used herein is
well above the equilibrium dissociation constant of the Ab,/N-
AuNP affinity complex). Regarding the long-term stability of
the Ab;-CEA-Ab, complex (ii), buffer was flowed across the
sensor surface with the Ab,;-CEA-Ab, complex for several hours
and the dissociation phase of the bound CEA-Ab, complex was
observed (see Figure S-3 in the Supporting Information). This
experiment revealed that Ab, does not dissociate from the
surface of an SPR chip (in appreciable amounts during the time
scales involved within this study) and confirmed that the
stability of the Ab;-CEA-Ab, complex is not of concern here.

Surface Density of N-AuNPs. The surface densities (Ac)
of N-AuNPs for each measurement were obtained via SEM
images as the difference between the densities measured in the
detection and reference channels (see Figure 4). The mean
values of surface densities Ao were found to be 106.1, 53.2,
19.9, 15.0, and 3.9 N-AuNPs/um? for the diameters of 10, 15,
21, 33, and 52 nm, respectively. From the SPR sensor response
to the biotinylated secondary antibody, we estimated the
surface density of Ab, to be 116 Ab,/um”. Assuming that the
N-AuNP/Ab, obeys a 1:1 affinity interaction, we estimated that
91.5% and 3.4% of Ab, were occupied by the smallest and
largest N-AuNPs, respectively.

As follows from the SEM measurements (Figure 4), the
dependence of Ao on the size of the N-AuNPs was rather
dramatic: Ao for the 10 nm N-AuNPs was 27 times larger than
that observed for the 52 nm N-AuNPs. This remarkable
difference cannot be explained by the blocking of the N-AuNP
binding due to the closely packed arrangement of N-AuNPs on
a chip surface. We estimate that the surface coverage was only
about 0.8% for both 10 and 52 nm N-AuNPs, which offered
ample room for the capture of additional N-AuNPs. This steep
decrease in Ao cannot be explained by the difference in
concentrations of N-AuNPs, as we observed only very low
sensitivity of A/, to the variations in the concentration of N-
AuNP (see above). Therefore, we hypothesize that this effect of
N-AuNP size on Ac was caused by (a) steric effects that
influenced the accessibility of biotin for binding to the N-
AuNPs, (b) binding of several N-AuNPs to multiple biotins on
a single Ab,, and (c) binding of one N-AuNP to one or more
biotins on multiple Ab, antibodies. These effects will be
explored below.
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Analytical Chemistry

a) b)
120
|
100
£ s
>
3 60| ;
3
o 40+
8
S 20 .
n []
0+— . . . =
10 20 30 40 50 60

Diameter of N-AuNP core (nm)

Figure 4. (a) Surface densities obtained for five different N-AuNP sizes. Errors were calculated as the standard deviation from three different chips,
where five spots were measured across each chip. (b) SEM images of the surface of an SPR chip with N-AuNPs of different sizes.

To investigate the role of steric effects on the binding of N-
AuNPs on the surface of an SPR chip (a), we carried out an
experiment in which the incubation of the surface with the
largest 52 nm N-AuNPs was followed by the injection of the
smallest 10 nm N-AuNPs (Figure S). The sensor exhibited a
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Figure S. Reference compensated sensor response to the injection of

0.2 nM, 52 nm N-AuNPs followed by the injection of 10.5 nM, 10 nm
N-AuNPs.

AJ, value of 20 nm to the injection of the 52 nm N-AuNPs and
was followed by a response of 4 nm to the 10 nm N-AuNPs.
This additional binding of the 10 nm N-AuNPs demonstrated
that there were unoccupied biotins still present on the surface
of an SPR chip, and furthermore, these unoccupied sites
remained active for the interaction with additional N-AuNPs.
Quantitatively, the amount of unoccupied biotin sites after
incubation with the 52 nm N-AuNPs was approximately 50% of
the originally accessible biotin. This experiment clearly
demonstrated that the accessibility of biotins for N-AuNP
binding was higher for the smaller N-AuNPs and, furthermore,
provides a partial explanation for the strong effect that the N-
AuNP size has on Ao seen in Figure 4a. This hypothesis was
also supported by another experiment in which streptavidin was
pumped along the surface of the SPR chip prior to the injection
of N-AuNPs (data are not shown). We estimated that each Ab,
was able to bind approximately three streptavidins. In
comparison, this binding capacity was higher by a factor of 3
and 6 with respect to Ao values of the 10 and 15 nm N-AuNPs,
respectively.
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In regards to (b), the observed Ac may have also been
affected by the binding of several N-AuNPs to a single Ab,.
Although we do not know the exact volume occupied by each
Ab,, the typical dimensions of an antibody vary from 15 to 20
nm in length, from 6 to 15 nm in width, and from 6 to 10 nm in
height.'" These dimensions suggest that the probability of
multiple N-AuNP binding events to a single Ab, will increase
with a decrease in the size of the N-AuNP, in particular for the
smallest N-AuNPs used in this study. Therefore, it is likely that
this effect will lead to an increase in Ao for smaller N-AuNPs.

In regards to (c), the possible binding of one N-AuNP to one
or more biotins on multiple Ab, antibodies, assuming the above
stated dimensions of Ab, (specifically the average footprint: 18
nm X 10 nm), the coverage of Ab, was estimated to be about
2%, having an average distance between homogeneously
distributed Ab, of approximately 77 nm. In reality, the
distribution of Ab, on the surface is random and the real
distance between Ab, will be much smaller, allowing for the
possibility of a larger N-AuNP to bind to biotin sites on
multiple Ab,. As follows, it is likely that this effect will lead to a
decrease in Ao for larger N-AuNPs.

Sensitivity to Surface Density of AuNPs. Experimental
values of S, (Figure 6) were obtained by dividing the
equilibrium sensor response A/, (Figure 3) by the surface
density Ao determined by SEM measurements (Figure 4) for
each N-AuNP size.

Below, we present an analytical theory describing the
experimental system. The multilayer structure that we consider
is shown in Figure 1b, which consists of a gold layer (n, =
(88)1/ 2= 0.138 + 4.49i at A, = 750 nm>®), a thin dielectric layer
representing a self-assembled monolayer of alkylthiols with
immobilized biorecognition elements (D = 10 nm, ny = (eg)'?
= 1.42%7), a layer composed of randomly distributed N-AuNPs
of overall thickness d surrounded in aqueous medium, and the
aqueous medium (n, = (e,)"* = 1.33). N-AuNPs were
simulated as core—shell particles, composed of a gold core with
a diameter d; and a dielectric shell representing the linker layer
and biomolecules attached to the surface of the AuNP (d4 = 10
nm). The effective dielectric constant of the layer of N-AuNPs
&g = ng® was simulated using the theory of optical properties of
materials consisting of randomly distributed nanoparticles at
low surface coverage® and can be written as

oa
&g = em(l + —)
d
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@)



Analytical Chemistry

m  Experiment
Theory

[oe]
1

(o2}
1

N
1

o
1

Sensitivity to surface density (nm/um?)
N

10 20 30 40 50 60
Diameter of N-AuNP core (nm)

Figure 6. Theoretical (calculated using eq 6) and experimental sensor
sensitivity S, to surface density as a function of N-AuNP size. The
dotted line represents a cubic dependence of S, on the AuNP diameter
calculated by the simplified model using eq 7. The error bars are the
propagated standard deviation from the results shown in Figures 3 and
4.

where ¢ and « are the surface density and polarizability of the
N-AuNP, respectively. If the N-AuNP size is smaller than the
wavelength of the incident light, we can apply the electrostatic
approximation,”® where the polarizability of the N-AuNP is

expressed as
3 £— ¢

m

6e,, + 2(¢ — ¢, )F (3)

a=nd

where ¢ is the effective dielectric constant of the core—shell
particle,”® £ = e4[1 + 3/(1 — B)], with 8 = fleg — £4)/(3e4 +
(¢ — €4)), and f = d.>/(d, + 2d,)* is the fraction of the total
particle volume occupied by the gold core. The factor F = 1 —
F, — F, — F; includes three correction terms which take into
account the dynamic depolarization F, = (kd)?/4, radiative
damping (F, = i(kd)?/12),” and the influence of the presence
of the gold layer F; = (1/4)[d/(2D* + d)]S((Sg - em)/(sg +
€m)), D* = (Dey)/e, (approximation for high angles of
incidence).*

The sensitivity of an SPR sensor (based on wavelength
modulation) to changes in the surface density of N-AuNPs can
be written as

< - di,  dA dngdeg
" do  dngdeg do

Ss des
2n,, do (4)

where Sg = dA./dng is the sensitivity to refractive index changes
within the layer containing the randomly distributed N-AuNPs.
As follows from perturbation theory,”* the sensitivity Sg can be
expressed as Sg = Sylid, where Sy = (dA,/dn,,) is the sensitivity
to bulk refractive index changes (Sg = 4081 nm/RIU for 4, =
750 nm). The term I is a factor reflecting the exponential
profile of the surface plasmon field and can be written as

1-— exp(—Zd/LPd)
S d (%)

where L4 is the penetration depth of the surface plasmon (L,
= 275 nm for 4, = 750 nm). By applying the perturbation
theory and eq 2 and further neglecting the effect of the
imaginary part of @, eq 4 can be reduced to

S = mg I Re{a}
= — ea
(o 2 B*S (6)

As follows from eq 6, S, is directly proportional to (i) the
bulk sensitivity Sy that describes the sensitivity of the sensor to
refractive index changes, (ii) the factor I that accounts for the
profile of the surface plasmon field (the I factor decreases with
the size of the N-AuNPs), and (iii) the real part of the particle
polarizability Re{a}. The term Re{a} depends on the size and
composition of the N-AuNPs, the distance of the N-AuNPs
from the metal layer surface, and the incident wavelength.
Specifically, for wavelengths longer than the localized surface
plasmon resonance (LSPR) wavelength of a N-AuNP, Re{a}
increases with the N-AuNP size, while the opposite trend holds
for wavelengths shorter than the LSPR.>*

In the special cases such that the N-AuNPs are rather distant
from the surface (d < D, F; = 0), the effect of their shell is
negligible (¢ ~ Sg); furthermore, if their size is much smaller
that the incident wavelength (d < A, F; & F, = 0), the real part
of polarizability Re{a} increases with dg3. Additionally, if the
diameter of N-AuNPs is much smaller than the penetration
depth of the surface plasmon (d < L,q), I can be reduced to I
~ 2/L,q (becoming independent of d), and the model can be
simplified to

S (& = €m)
R 7[ng 5%m Re g
Ly 6e, + 2(e, — €,) @)

where sensitivity S, is proportional to dg3.

Figure 6 shows S, calculated for a range of AuNP diameters
using eq 6 (solid line) and eq 7 (dashed line). It can be seen
that for very small N-AuNPs (until the diameter of N-AuNP
core reaches about 20 nm) the simplified model (eq 7)
provides accurate prediction and the sensitivity of the SPR
sensor to N-AuNPs increases with approximately the third
power of the diameter of the N-AuNP core. With further
increases in the diameter of N-AuNPs core, the simplified
model yields underestimated values; the faster growth of S, for
larger N-AuNPs is a consequence of dynamic depolarization,
radiative damping, the influence of the presence of the gold
layer, and the fact the SPR wavelength is much longer than the
LSPR wavelength of the N-AuNPs. The theoretical model
described by eq 6 (solid line) is in excellent agreement with the
experimental data throughout the whole range of AuNP
diameters.

B CONCLUSIONS

In this paper, we describe, both theoretically and experimen-
tally, the ability of gold spherical NPs to enhance the sensitivity
of SPR biosensors. The effect of NPs on the response of SPR
sensor was experimentally studied using gold nanoparticles
functionalized with neutravidin (N-AuNPs) in a model
sandwich assay for the detection of carcinoembryonic antigen
(CEA). The detection experiments combined with the
characterization of each SPR chip using electron microscopy
revealed that the observed sensor response enhancement is
determined by two factors: sensor sensitivity to N-AuNP
surface density (the response of the sensor to the single
nanoparticle per unit surface, S,) and the ability of the N-
AuNPs to bind functionalized sensor surface. Both these factors
were found to have dependence on the size of the N-AuNPs;
while the pure optical enhancement was found to increase with
the size of N-AuNPs, the number of N-AuNPs bound to the
SPR chip surface followed an opposite trend. To our
knowledge, this represents the first time that the effect of the
AuNP size on its ability to bind to target molecules on the
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sensor surface has been observed and quantified in SPR
biosensor-based biodetection experiments. In addition, our
findings suggest that this effect can be potentially significant
and should be taken into account when planning the use of
NPs to enhance the sensitivity of an SPR sensor. These results
should stimulate and guide research into surface functionaliza-
tion toward functional sensor surfaces and NPs harnessing the
full enhancement potential of NPs predicted by theory.

A theoretical model has been established that describes the
SPR sensor response due to the presence of the NPs. The
model provides an analytical formula that relates S, with
measurable characteristics of the NPs (composition, size) and
geometry (distance of NPs from the surface of the SPR chip).
This formula offers a simple means for predicting the
enhancement of the sensor response for specific NPs, including
variable experimental geometries, and provides a better
understanding of the roles that pertinent experimental
parameters may play. Special attention was paid to the role of
the diameter of the NPs, and we described the conditions under
which the enhancement follows the intuitive trend of scaling
with the volume of the NP and, furthermore, how (potentially
substantially) the enhancement may differ outside these
conditions. The dependence of the optical enhancement on
the size of N-AuNP provided by the theoretical model was in
excellent agreement with the experimental data. Although the
theory presented herein was developed for SPR biosensors, it
can be adopted to different types of optical biosensors and
expanded to a wide variety of sensor sensitivity enhancing NPs.
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