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In this work, we theoretically analyze a gold (Au) core within silver (Ag) shell
(Au@Ag) nanorod dimer biosensor for label-free molecule detection. The incident
light on an Au@Ag nanorod strongly couples to localized surface plasmon modes,
especially around the tip region. The field enhancement around the tip of a nanorod
or between the tips of two longitudinally aligned nanorods as in a dimer can be
exploited for sensitive detection of biomolecules. We derive analytical expressions
for the interactions of an Au@Ag nanorod dimer with the incident light. We also
study the detail dynamics of an Au@ Ag nanorod dimer with the incident light com-
putationally using finite difference time domain (FDTD) technique when core-shell
ratio, relative position of the nanorods, and angle of incidence of light change. We
find that the results obtained using the developed analytical model match well with
that obtained using FDTD simulations. Additionally, we investigate the sensitivity
of the Au@Ag nanorod dimer, i.e., shift in the resonance wavelength, when a target
biomolecule such as lysozyme (Lys), human serum albumin (HSA), anti-biotin (Abn),
human catalase (CAT), and human fibrinogen (Fb) protein molecules are attached to
the tips of the nanorods. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5010902

I. INTRODUCTION

Last few decades have witnessed an increasing research interest in noble metal nanoparticles—
especially gold (Au)!? and silver (Ag)>* nanoparticles—due to their interesting optical properties.
The strong localized surface plasmon resonance (LSPR) observed in Au and Ag nanoparticles is being
exploited in many applications including optical microscopy and spectroscopy, nanophotonic devices,
chemical and biochemical sensing, medical diagnostics and therapeutics, and optical waveguides.’
LSPR in metal nanoparticles can be tuned over a broad range by using different compositions,
sizes, and shapes of materials. LSPR also sensitively depends on the local dielectric environment
surrounding the nanoparticles. When a biomolecule is attached to a nanoparticle, the local dielectric
environment surrounding the nanoparticle changes. The change in the dielectric environment results
in a shift in the peak LSPR wavelength, which is often termed as “LSPR shift.” The LSPR shift due
to the presence of a biomolecule can be measured to detect the biomolecule.”

In a typical LSPR-based biosensor, target biomolecules must be attached to the sensing platform,
e.g., nanoparticles. Therefore, ligands are used to functionalize the surface of nanoparticles to recog-
nize and selectively attach target biomolecules. The presence of the biomolecule in the surrounding
changes the refractive index of the local medium, which leads to a significant shift in LSPR wave-
lengths, providing a sensing platform for label-free single biomolecules. Such refractive index-based
sensitivity of biosensors highly depends on the frequency-dependent dielectric function of materials.
For instance, Ag nanoparticles produce more polarized charges and less plasmonic damping com-
pared to Au nanoparticles as Ag has a greater real part and a smaller imaginary part of dielectric
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function than that of Au. Therefore, biosensors based on Ag nanoparticles are approximately twice
more sensitive than that based on Au nanoparticles.'® However, Ag-based sensors are not preferred
due to their chemical instability and toxicity. By contrast, Au nanoparticles have good biocompati-
bility and chemical stability. However, both chemical stability and high sensitivity can be achieved
in Au-core within Ag-shell (Au@Ag) structures.'"'> Au@Ag nanospheres have already been used
for biosensing, and found to be chemically more stable than bare Ag nanospheres and more sensitive
than bare Au nanospheres.'? Although, in principle, nanostructures with Ag-core within Au-shell
(Ag@Au) will have similar desirable characteristics of a biosensor, the fabrication and control of
shape and size of Ag@ Au nanostructures are still too challenging.'"-1%13

A different shape of Au@ Ag nanoparticles, i.e., nanorods, can provide greater sensitivity than
Au@ Agnanospheres due to local field enhancement at the tips. Additionally, significant field enhance-
ment can be achieved if two nanorod monomers are longitudinally aligned with a small gap between
their tips. Therefore, the sensitivity of detection of biomolecules can be increased significantly by
using the longitudinally aligned coupled monomers, i.e., a dimer, with the target biomolecule placed
in the gap region between the tips. Recently, a proof-of-concept demonstration of field enhancement
due to the excitation of plasmonic modes in an Au@Ag nanorod dimer has been reported.'®

The interactions of the incident light with sub-wavelength dimensional metal nanoparticles and
excitation of plasmonic modes are complex physics. It is important to theoretically model the dynam-
ics for an in-depth understanding so that plasmonic properties of nanoparticles can be exploited and
optimized for sensing of biomolecules.!” Gold nanorods have been extensively studied to understand
the coupling of incident light to plasmonic modes and the change in plasmonic resonances when
protein molecules attach to them.!’~!° The interaction of incident light with single nanorod homod-
imers has also been studied theoretically, including the change in LSPR due to the angle between
excitation polarization and the dimer orientation.”?! Recently, localized field enhancement due to
plasmonic mode excitation has been studied in Au-Ag nanorod heterodimers.”> However, a detail
theoretical analysis of Au@Ag nanorod dimer sensors including understanding of complex physics
when biomolecules attach to the tips is still lacking.

In this work, we analytically and computationally investigate the plasmonic properties of Au@Ag
nanorod dimers so that sensitivity can be optimized for label-free biomolecule detection. We derive
analytical expressions to calculate the absorption cross-sections of nanorod dimers for transverse mag-
netic (TM)- and transverse electric (TE)-polarized incident light. We also calculate the detail dynamics
of Au@ Ag nanorod dimers for broadband incident light by computationally solving Maxwell’s equa-
tions using finite difference time domain (FDTD) technique when the core-shell ratio, relative position
of the nanorods, and the angle of incidence of light vary. We find that the results obtained using the
developed analytical model match well with that obtained using FDTD simulations. Furthermore, we
investigate the sensitivity of Au@ Ag nanorod dimers for single biomolecule detection for lysozyme
(Lys), human serum albumin (HSA), anti-biotin (Abn), human catalase (CAT), and human fibrinogen
(Fb) protein molecules.

Il. BIMETALLIC NANOROD DIMER STRUCTURE

In Fig. 1, we show a schematic illustration of an Au@ Ag nanorod dimer. In an Au@ Ag nanorod,
an Au nanorod core is coated by an Ag shell layer. In this work, the Au@ Ag nanorod has a tip-to-tip
length of 33 nm and a diameter of 11 nm. Both ends of the nanorod are hemispherically capped with
aradius of 5.5 nm. When two such Au@ Ag nanorods are placed on a SiO, substrate in a longitudinal
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FIG. 1. Schematic illustration of Au@ Ag nanorod dimer-based sensor for biomolecule detection.
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TABLE I. Key parameter values of different protein molecules.

Dimension (nm)

Protein Shape Major axis Minor axis-1 Minor axis-2 Mass (kDa) Refractive Index
Lys Ellipsoid 4.5 1.8 1.8 14.3 1.495
HSA Ellipsoid 7.5 6.5 4 66.4 1.445
Abn Ellipsoid 7.4 7.2 7.2 150 1.45
CAT Ellipsoid 9.7 9.2 6.7 230 1.465
Fb Elongated ellipsoid 46 6 3 390 1.39

TABLE II. Refractive indices of ligands.

Ligand Refractive Index
Biotin 1.455
Bilirubin 1.460
Polyethylene glycol 1.457

alignment, we have a bimetallic dimer structure. A small gap of ~10 nm between the tips of nanorods
is kept to probe the presence of biomolecules. It has been reported that when biomolecules are brought
in the proximity of functionalized nanorods, ~65% of them attach to the tip and the rest to the side.'®
Therefore, in this work, we assume that the Au@Ag nanorods are functionalized at the tip with a
0.5-nm-layer of ligands or conjugating materials so that biomolecules are attached to the tips. As a
result, essentially, biomolecules will be located in the gap between the two nanorods of the dimer.
In practice, Au@Ag nanorods can be functionalized using a procedure described in Ref. 18. For
example, to functionalize the tips with biotin conjugate material, first the nanorods are incubated in
2 mM cetyltrimethylammonium bromide and 2 uM thiolated biotin solution, and then flushed with
phosphate buffer saline.

To investigate the performance of Au@Ag nanorod dimer biosensors in the presence of a
biomolecule, we use a number of proteins as target molecules, e.g., Lys, HSA, Abn, CAT, and
Fb. We note that these proteins are used as biomarkers in early detection of many severe diseases,
e.g., theumatoid arthritis, Alzheimer’s disease, coronary artery disease, and pancreatic and lung can-
cers.”>23 For early detection, often the target biomolecule count is extremely low so that a highly
sensitive sensor, if possible, with a capacity of single molecule detection is necessary. The target
molecules may also vary significantly in their physical characteristics such as size, shape and weight,
and in their optical characteristics such as refractive index, which may affect the sensitivity of the
sensor. The characteristic parameter values of the target biomolecules considered in this work are
obtained from experimental reports'®?¢2° and are given in Table 1.

Target biomolecules will need appropriate ligands or conjugate materials to make bonds and
attach to the sensor platform. Thiolated biotin is often used as a conjugating material to capture a
number of biomolecules, including Lys, Abn, and Fb that have been analyzed in this manuscript.30
Bilirubin is used as a conjugate material to capture HSA and polyethylene glycol is used as a conjugate
material to capture CAT.3!-3? The refractive indices of the ligands are obtained from Refs. 33-35 and
given in Table II. We note that since we use only a 0.5-nm-thick conjugate material layer at the
nanorod tip and the conjugate materials have almost equal refractive indices, the choice of conjugate
materials does not have noticeable effect on the LSPR shifts of the nanorod dimer biosensor. We
assume water as the buffer medium. Therefore, the dimer biosensor system is submerged in water.

lll. ANALYTICAL MODELING

In this work, we develop a dipolar model of plasmonic behaviors of bimetallic nanorod dimers.
Since the nanorods are much smaller than the wavelength of the absorbed light, they can be considered
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FIG. 2. (a) Au core nanorod with a semimajor axis of @, semiminor axis of by, and dielectric function of &4,. Au core is
covered by an Ag layer with a thickness of d and dielectric function of £4. The surrounding medium has a dielectric function
of £. (b) Equivalent homogeneous nanorod with a semimajor axis of a;, semiminor axis of b;, and average dielectric function
of £,y.

as dipoles,*® and the dimers can be modeled as the electrostatic interaction between two electric
dipoles situated at the centers of the two nanorods. The electric dipole moments of Au@ Ag nanorods
will sensitively depend on the polarizability, and hence, on the average equivalent dielectric function
of the nanorods. In this work, we derive expressions for absorption cross-sections of Au@ Ag nanorod
monomers and dimers that can be used to understand the interactions of Au@ Ag nanorod monomers
and dimers with the incident light.

A. Au@Ag nanorod monomer

In Fig. 2(a), we show an Au@ Ag nanorod monomer that has an Au core with semimajor axis of a;
and semiminor axis of bj, and Ag coating layer of thickness d on the Au core. The dielectric functions
of Au, Ag, and the surrounding medium are represented by £y, £ag, and &, respectively. Optically,
the bimetallic structure in a homogeneous equivalent medium can be replaced by an average dielectric
function using dipole equivalence principle.?” Figure 2(b) shows the homogeneous equivalent nanorod
with semimajor axis of ay, semiminor axis of by, and average dielectric function of &,,. We assume
that the equivalent nanorod has the same overall dimensions, i.e., a = a; + d and b, = by + d. The
optical properties of the equivalent nanorod are attributed to &,y. Therefore, using dipole equivalency,
we derive an analytical expression to calculate the average dielectric function of an Au@ Ag nanorod
monomer as given by

1 ey

Eav = EAg

4 L] ,
1 _fasPL,T
where f is the volume fraction of Au in an Au@Ag nanorod and «; is the polarizability of the Au
core. The parameter P T is the depolarization factor of the Au@Ag nanorod that depends on the
overall dimensions a; and b,.3® The subscripts “L” and “T” represent the longitudinal and transverse

modes, which are excited due to TM- and TE-polarized incident light, respectively.

We have calculated &,y for an Au@ Ag nanorod using the derived expression in Eq. (1). In Fig. 3,
we present the real (1) and imaginary (&) parts of &,y for different Ag shell thicknesses. We assume
that a, = 16.5 nm and b, = 5.5 nm. We vary d from 0 to 3 nm, where d = 0 represents a bare Au
nanorod. We keep d < 3 nm, because an Au@ Ag nanorod is susceptible to physical deformation if the
Ag shell occupies 2 50% of the volume fraction.” In Fig. 3(a), we show that & gradually increases
in the wavelength range from 250 nm to 340 nm, while gradually decreases in the wavelength range
from 350 nm to 650 nm when d increases. The greater or smaller value of £; means more or less

-
‘,ooo* - L3I

1.5¢ ¥
T
L Il L N 07 ( ) L L Il L 1
250 350 450 550 650 250 350 450 550 650
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FIG. 3. (a) Real (g1) and (b) imaginary (£;) parts of the dielectric function of Au@Ag nanorods for different Ag shell
thicknesses d.
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polarized charges in the nanorod when light is incident. Meanwhile, &, gradually decreases in the
wavelength range from 250 nm to 650 nm as d increases as shown in Fig. 3(b). The greater or smaller
value of £, means more or less damping of the excited plasmonic modes by the incident light.

Now, an expression for the average equivalent polarizability of the Au@Ag nanorod for lon-
gitudinal and transverse plasmon modes that are excited by TM- and TE-polarized incident light,
respectively, can be obtained using the derived expression of &,,. In quasi-static regime, the equiva-
lent polarizabilities ety and aTg for TM- and TE-polarized incident light can be written according
to Clausius-Mossotti equation as*’

4rarby? Eay — Em

aTtm = , (2a)
™ 3 Em + PL(gay — &m)

47ra2b22 Eav — Em

QTE = (2b)

3 &Em + Pr(gay — Sm)'
Equation (2) can be considered as the basis for calculating the absorption cross-section (o) of a
nanorod. The absorption cross-sections of a nanorod depends on the imaginary parts of @ty and @,
and can be written as*!

2

O™ = (TH) Im(atm), (3a)
2r

OTE = (7) Im(aTE), (3b)

where A is the wavelength of the incident light.
B. Au@Ag nanorod dimer

In Fig. 4, we show an Au@Ag nanorod dimer, where each of the nanorods is represented by
its average dielectric function &,,. The longitudinal direction of the nanorods is aligned with the
y-axis of the coordinate system and the transverse direction is aligned with the z-axis. Therefore, the
angle between the longitudinal directions of the nanorods is 180°. Using the coordinate system of
Fig. 4, the electric dipole moment of each nanorod under an externally applied electric field Eq can
be calculated by>°

p; = 0emiE;, “4)

where p; is the electric dipole moment of the nanorod, E; is the total electric field acting on the nanorod,
and &g is the vacuum permittivity. The subscript i = 1, 2 represents either of the two nanorods. The
electric field E; includes the external field Ey and the field caused by the electric dipole moment of
the other nanorod. When i = 1, the total electric field can be written as>®

3(p,-€21)€21 — p»

Ei=Eo+y —2, 5)

dregemr
where r is the center-to-center distance between the nanorods, €;; is the unit vector pointing from
the center of the second nanorod to the center of the first nanorod, and vy is a coefficient introduced
to take into account the bonding and antibonding plasmon resonances in the nanorod dimer. From
Fig. 4, r = 2a; + s, where s is the gap between the tips of the nanorods.

In the defined geometry and coordinate system of Fig. 1, TM-polarized Eqy will have electric field
components in the x-y plane, while TE-polarized Eg will have field components in the x-z plane. For
each polarization plane of Eg, we find expressions for py and p», and E{, and E; for the nanorods
following Eqgs. (4) and (5). We solve the coupled equations for pj, p2, Eq, and E; for TM- and
TE-polarized incident light. Then we add p; and p2 along each polarization plane of Ey to calculate

D, |
S SIS R

FIG. 4. Schematic illustration of an Au@Ag nanorod dimer with average dielectric function &4y .
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FIG. 5. Absorption cross-sections of the Au@Ag nanorod dimer to the incident (a) TM- and (b) TE-polarized incident light
for different Ag shell thicknesses d calculated using the derived expressions in Eq. (7).

the total dipole moment of the dimer for each polarization. For TM- and TE-polarized incident light,
we derive expressions for electric dipole moments of the dimer structure as

2g0emaT™ [1 - (OZTMVB/4”r3)]

1+ (atm?ys?/871%r0)

Prm = EOxy s (6a)

ZSOSmCL/TE [1 + (CL’TE)/A/47TV3)]

1+ (ate?ya?/87%r0)
In Eq. (6), prm and prg stand for electric dipole moments of the Au@Ag dimer for TM- and TE-
polarized incident light, respectively. We note that the TM-polarized incident light creates bonding
plasmon modes, while the TE-polarized incident light creates antibonding plasmon modes in the dimer
structure. The bonding and antibonding modes are considered in Eq. (6) with modifying coefficients
vp and y, respectively. The values of yp and y 4 that give us the best fit to the experimental results
of Ref. 14 are 3.3 and 0.3, respectively.

Now, we derive expressions for polarizabilities of the Au@ Ag nanorod dimer for TM- and TE-
polarized incident light using Eq. (4), and use the expressions of polarizabilities to derive expressions
for the absorption cross-sections using Eq. (3). The derived expressions for the absorption cross-
sections are

PrE = Eoy;. (6b)

2 ZCZTM [l - ((ITM)/B/47T}’3)]

= —1Im N Ta
7™ A 1+ ((lTMz’sz/Sﬂ'zré) ( )
27rI 2aTE [1 + (Q’TEYA/47T"3)] by
= —1Mm .
OTE 1 1+ (CYTEZ)’AZ/SHZVG)

where ooy and o1 are the absorption cross-sections of the nanorod dimer for TM- and TE-polarized
incident light, respectively.

We calculate o and o1g of the dimer for different Ag shell thicknesses using the derived
expressions in Eq. (7). The results are given in Fig. 5. We vary d from 0 to 3 nm keeping a, = 16.5 nm
and b, = 5.5 nm. In Fig. 5(a), we observe that o1y increases as d increases. By contrast, in Fig. 5(b),
we observe that o-Tg decreases as d increases. We note that o-g is much smaller than o-1y. Therefore,
the LSPR mode in an Au@ Ag nanorod dimer with TM-polarized incident light is much stronger than
that with TE-polarized incident light. Hence, the sensitivity of the Au@Ag nanorod dimer will be
much greater for a change of refractive index in the surrounding medium when TM-polarized light
is incident compared to when TE-polarized light is incident.

IV. FDTD SIMULATIONS

To calculate the detail LSPR dynamics of an Au@ Ag nanorod dimer when broadband light with
wavelengths in the visible spectral range is incident, we solve Maxwell’s electromagnetic equations
using a three-dimensional full-field FDTD technique. In particular, we study the change in interactions
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when the volume fraction of Au core and Ag shell, the relative position of the nanorods in the dimer,
and the angle of incident light vary. We also study the change in LSPR when biomolecules are attached
to the tips of the nanorods in the gap region so that the sensitivity performance of Au@Ag nanorod
dimers as biosensors can be understood.

A. Setup

In our simulation setup, we use a computational volume of 200 nm x 200 nm X 200 nm that
contains the biosensor system. We apply perfectly matched layer boundary condition in all directions.
We use a uniform mesh size of 0.5 nm within a region that encompasses the dimer structure and a
uniform mesh size of 1 nm further away from the dimer. We use frequency-dependent complex
refractive indices for Au and Ag according to Johnson and Christy.*> We use water as the buffer
medium and SiO; as the substrate with constant refractive indices of 1.33 and 1.45, respectively.
For modeling different biomolecules, we consider their characteristic differences in size, shape, and
refractive index according to Table I.

In this work, we study the response of an Au@ Ag nanorod dimer to both TM- and TE-polarized
light. The incident light is a broadband pulse with wavelengths from 400 nm to 900 nm. After solving
the Maxwell’s equations using FDTD technique, we calculate the absorption using®

1
Paps = 5 X 80 X X Im(e,)|E[%, (8)

where w is the frequency of incident light. We find the total absorption by integrating Eq. (8) over
the spatial dimensions of the Au@ Ag nanorod structure. We calculate the absorption cross-section
by taking the ratio of total absorption to total incident source intensity. The LSPR shift is calculated
as the difference of peak wavelengths between the absorption cross-sections with and without the
biomolecules.

B. Results
1. Core-shell ratio

We calculate absorption cross-sections of Au@ Ag nanorod dimers using FDTD simulations for
TM- and TE-polarized incident light for different ratios of Au core and Ag shell. We vary Ag shell
thickness d from 1 to 3 nm while keeping the total dimensions fixed, i.e.,a, = 16.5 nm and b, =5.5 nm.
Figure 6 presents the absorption spectra of the Au@Ag nanorod dimer for TM- and TE-polarized
incident light for different shell thicknesses d. We note that o1\ increases as d increases as shown
in Fig. 6(a). By contrast, org decreases as d increases as shown in Fig. 6(b). We also note that
oM < ot1g. The relationships between o1y and d and between o1g and d obtained using FDTD
simulations match well with those calculated using the developed analytical expressions presented in
Fig. 5. We note that we observe some weak multipole plasmon resonances in org profiles obtained
using FDTD simulations, which are not observed in the org profiles calculated using the developed
analytical expression. We attribute this discrepancy to the inherent dipolar assumption of the nanorods
adopted in the derivation of the analytical expressions.3

]2 T T T T T
—~—d=0nm 0.88 —d=0nm (b)
9 d=1nm
d=2nm

= —d=3nm
s 6
o

3,

550 600 650 700 750 800 550 600 650 700 750 800

Wavelength(nm) Wavelength(nm)

FIG. 6. Absorption cross-sections of the Au@Ag nanorod dimer to the incident (a) TM- and (b) TE-polarized incident light
for different Ag shell thicknesses d calculated using FDTD technique.
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FIG. 7. Electric field profiles (IEl) of the nanorod dimer for (a) TM-polarized incident light at 710 nm with d = 1 nm,
(b) TM-polarized incident light at 670 nm with d = 3 nm, (c) TE-polarized incident light at 663 nm with d = 1 nm, and
(d) TE-polarized incident light at 600 nm with d = 3 nm.

In Fig. 7, we show the electric field profiles in the Au@Ag nanorod dimer for TM- and TE-
polarized incident light at different resonant wavelengths. In Figs. 7(a) and 7(b), we note strong
coupling of TM-polarized incident light to plasmonic modes at a resonant wavelength of 710 nm
for d = 1 nm and at a resonant wavelength of 670 nm for d = 3 nm, respectively. By contrast, in
Figs. 7(c) and 7(d), we note weak coupling of TE-polarized incident light to plasmonic modes at a
resonant wavelength of 663 nm for d = 1 nm and at a resonant wavelength of 600 nm for d = 3 nm,
respectively.

We investigate the shift in LSPR of an Au@Ag nanorod dimer structure when a CAT molecule
is placed in the gap between the nanorods and the structure is illuminated by TM-polarized light.
To compare the performance, we also calculate the LSPR shifts when the Au@ Ag nanorod dimer is
replaced by an Au@Ag nanosphere dimer and an Au@Ag nanorod monomer. Figure 8 shows the
LSPR shifts for different Ag shell thicknesses. We note that the nanospheres have a radius equal to
the radius of the nanorods in the transverse direction. We find that the Au@ Ag nanorod dimer shows
~179% greater LSPR shift than that of an Au@ Ag nanosphere dimer and ~112% greater LSPR shift
than that of an Au@Ag nanorod monomer. In each case, the LSPR shift increases as the Ag shell
thickness increases.

2. Nanorod positions

We study the interactions of the Au@ Ag nanorod dimer with the incident light when the relative
position between the two nanorods in a dimer varies as schematically shown in Fig. 9. In particular,
we vary the angle 8 between the longitudinal axes of the nanorods while keeping the dimensions
of the nanorods fixed with a; = 14.5 nm, b; = 3.5 nm, and d = 2 nm. We also keep the spacing
between the tips of the nanorods fixed at 10 nm. In each case, the incident light is normally incident,
i.e., ¥ =0°. In Fig. 10, we show the absorption cross-sections for TM- and TE-polarized incident light
for different values of 6. In Fig. 10(a), optical absorption increases for TM-polarized incident light
as 6 increases, while, in Fig. 10(b), optical absorption decreases for TE-polarized incident light as 6
increases. Plasmonic modes are excited by TM-polarized incident light in the longitudinal direction,

1.9 T T T T
1.6 / _
E13- P
! .
] PP
& 077w e a
@ 0.4- === -=-Au@Ag NS dimer
’ - Au@Ag NR monomer
0.1+ -~ Au@Ag NR dimer 7
| | | | |
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d (nm)

FIG. 8. LSPR shifts of an Au@Ag nanosphere (NS) dimer, an Au@Ag nanorod (NR) monomer, and an Au@Ag NR dimer
when a CAT molecule is attached for different shell thicknesses d.
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FIG. 9. Schematic illustration of an Au@Ag nanorod dimer with an angle 8 between the longitudinal axes of the nanorods
and an angle of incidence y for light.
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FIG. 10. Absorption cross-sections of the Au@Ag nanorod dimer to the incident (a) TM- and (b) TE-polarized light with
different angles between the longitudinal axes of the nanorods.

which is maximum at 6 = 180°. By contrast, plasmonic modes are excited by TE-polarized incident
light in the transverse direction, which is minimum at 6 = 180°.

Figure 11 shows the electric field profiles for TM- and TE-polarized incident light when 6 = 60°
and 120°. We note stronger coupling of the TM-polarized incident light to plasmonic modes at 685 nm
when 6 = 120° than that when 8 = 60°. By contrast, we find stronger coupling of the TE-polarized
incident light to plasmonic modes at 647 nm when 6 = 60° than that when 6 = 120°. We note that
the field intensity is much stronger between the tips of nanorods for TM-polarized incident light than
that for TE-polarized incident light.

We note that the 10-nm-gap between the nanorods is small enough for the nanorods in the dimer
to interact and increase the confinement of the incident electric field in the gap region. On the contrary,
the 10-nm-gap between the nanorods is large enough to accommodate a single molecule of many
biological samples, e.g., a single molecule of Lys, HSA, Abn, and CAT. We note that the interaction
between the nanorods and hence the sensitivity of the sensor will depend on the gap between the
nanorods. If the gap is greater than 10 nm, the interaction between the nanorods will decrease and
the sensitivity will decrease as well.

150
3 3
s )
= 1003,
z 2
) 3]
= 50 =

0

y (nm)

FIG. 11. Electric field profiles (IEl) of the Au@Ag nanorod dimer for (a) TM-polarized incident light at 685 nm when
6 =120°, (b) TM-polarized incident light at 685 nm when 6 = 60°, (c) TE-polarized incident light at 647 nm when 6 = 120°,
and (d) TE-polarized incident light at 647 nm when 6 = 60°.
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FIG. 12. (a) Absorption cross-sections of the Au@Ag nanorod dimer to the TM-polarized incident light for different incident
angles . Electric field profiles (IEI) of the nanorod dimer for TM-polarized incident light at 685 nm when (b) ¥ = 0° and
(©) ¢ =60°.

3. Incidence angle of light

We study the interactions of the Au@ Ag nanorod dimer with the incident light when the incidence
angle varies as schematically shown in Fig. 9. We vary the incidence angle ¢ while keeping the
dimensions of the nanorods fixed with a; = 14.5 nm, by = 3.5 nm, and d = 2 nm. In each case, the
longitudinal axes of the nanorods are aligned, i.e., 8 = 180°. We present results only for TM-polarized
incident light as the absorption does not change much with the change of ¢ for TE-polarized incident
light. In Fig. 12(a), we show that the optical absorption is maximum when ¢ = 0° and gradually
decreases as i increases. We note that the TM-polarized incident light produces plasmon resonance
at 685 nm irrespective of the value of . In Figs. 12(b) and 12(c), we present the electric field profiles
when ¢ = 0° and 60°, respectively. We note that the TM-polarized incident light strongly couples to
plasmon modes and produces greater electric field intensity when ¢ = 0° than that when ¢ = 60°.

4. Biomolecule detection

To understand the response of an Au@ Ag nanorod dimer to the incident light in the presence of
a biomolecule, we calculate the LSPR shifts when protein molecules are attached between the tips
of the nanorods. The results are given in Fig. 13. In particular, we calculate LSPR shifts when Lys,
HSA, Abn, CAT, and Fb molecules are attached to the tips of the Au@Ag nanorod dimer. The target
biomolecules vary in size and refractive index as given in Table I. We assume that the dimer structure
has dimensions a; = 14.5 nm, b; = 3.5 nm, and d = 2 nm. We find that the LSPR shifts are sensitive
to the target biomolecules due to their varying physical dimensions and refractive indices.

In Fig. 13, we present LSPR shifts when the biomolecules have their major axis aligned with the
major axes of the nanorods, except Fb molecules, which have minor axis-1 aligned with the major
axes of the nanorods. According to effective medium theory,** the effective refractive index of local
dielectric medium in the gap region between the nanorods due to the presence of biomolecules can be
expressed as n,, = xn, + (1 — x)n;,, where n, and ny, are the refractive indices of the protein molecule
and the buffer medium, respectively, and x is the volume fraction of the protein molecule in the gap
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FIG. 13. (a) LSPR shifts for five protein molecules attached to the tips between the nanorods with a fixed gap width of 11 nm.
(b) LSPR shifts for the protein molecules when the distance between the nanorods is optimized.
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region. From Table I, we find that heavier biomolecules have larger physical dimensions, and hence,
heavier molecules will have a greater volume fraction in the local environment. We find that the
LSPR shift mainly depends on the change of n,, due to the presence of biomolecule between the tips
of nanorods. Although Lys has the highest refractive index among the molecules considered in this
work, it has the smallest size and mass. Therefore, a Lys molecule hardly changes n,,, and hence,
shows the lowest LSPR shift of 0.3416 nm among the molecules considered in this work. Similarly,
although Fb is the heaviest among the molecules, it has the lowest refractive index. Therefore, a
Fb molecule also changes n,, by a small amount, and hence, shows a relatively small LSPR shift
of 0.4684 nm. However, CAT molecules are heavy and they have a high refractive index as well.
Therefore, a CAT molecule changes n,, significantly, and hence, shows an LSPR shift of 1.513 nm,
which is the greatest among the biomolecules considered in this work.

In Fig. 13(b), we show the peak LSPR shifts for each protein molecule by optimizing the distance
between the protein molecules and the tips of the nanorods. An optimized distance between the protein
molecules and the tips of the nanorods increases #n,,. Therefore, we find an increase in the LSPR shifts
for all protein molecules. While Lys molecules show only an LSPR shift of 0.3416 nm for the case
shown in Fig. 13(a), they show an LSPR shift of > 1 nm when the distance between the biomolecule
and nanorods is optimized. Similarly, Fb molecules show a significant shift of 0.71 nm when the
distance between the biomolecule and nanorods is optimized. We note that the LSPR shifts slightly
depend on the orientation of the biomolecules with respect to the nanorods as the biomolecules are
ellipsoid in shape. However, we find that the LSPR shifts due to the presence of a biomolecule is
>0.3 nm irrespective of the orientation of the biomolecules, which can be easily measured by modern
detectors.

We find that an Au@ Ag nanorod dimer sensor shows significant LSPR shifts in the presence of
the biomolecules so that reliable detection of biomolecules is possible. Although a relatively greater
LSPR shift does not provide additional information than the presence of a biomolecule, it represents
a relatively higher sensitivity of the sensor, which is a desirable characteristic of any sensor system
for reliable detection, especially against a noisy background. The greater LSPR shifts also reduce the
requirement of a sophisticated detection system.

An Au@ Ag nanorod dimer sensor will be selective to the target molecule by its choice of ligands.
However, in practice, a sample may contain unwanted biomolecules in the background in addition
to the target biomolecule. Intrinsically, the effect of the unwanted noise biomolecule in a nanorod
dimer sensor will be less as the plasmonic resonance predominantly confines light between the tips of
the nanorods, which is occupied by the target biomolecule. Nevertheless, it is important to study the
impact of the noise background on an Au@ Ag nanorod dimer sensor. We study the effect on LSPR
shift when CAT molecules are detected in the presence of HSA noise molecules in the background.
Both CAT and HSA are essential proteins in human blood plasma.*>*¢ While the CAT molecule
is attached to the tips of nanorods, the position of the HSA noise molecule will vary. We vary the
position and distance of the HSA molecule with respect to the CAT molecule and calculate the
change in LSPR shift with respect to when there is no noise molecule in the background. In Table III,
we present the maximum percentage change in LSPR shift for varying position of the noise HSA
molecule but at a fixed distance from the CAT molecule. We find the LSPR shift of CAT molecule
changes by ~8.85% when HSA noise molecule is located too close to the CAT molecule at 1 nm.

TABLE III. % LSPR change due to noise biomolecules.

Target molecule Noise molecule Distance between target and noise molecules (nm) % LSPR change
CAT HSA 1 8.85

2 6.77

3 4.19

4 0.73
CAT Abn 1 11.8

2 9.31

3 5.63

4 1.45
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We find that the change in LSPR shift decreases to ~0.73% when the noise HSA molecule is located
at 4 nm. We also calculated the change in LSPR shift when Abn molecules are present as the noise
background. Abn molecules occur in human serum along with CAT molecules.*’*® The LSPR shift
changes by ~11.8% when noise Abn molecule is located at 1 nm with respect to the CAT molecule,
which decreases to only ~1.45% when Abn molecule is located at 4 nm.

V. CONCLUSIONS

In conclusion, we studied the dynamics of Au@Ag nanorod dimers in detail both analytically
and computationally. The results obtained using the developed analytical model match well with
that obtained using FDTD simulations. Au@ Ag nanorod dimers show enhanced sensitivity in label-
free single molecule detection compared to that obtained from single Au@Ag nanorods or Au@Ag
nanosphere dimers. Au@Ag nanorod dimers show greater absorption and coupling of the incident
light due to the excitation of strong plasmonic modes when TM-polarized light is incident compared
to that when TE-polarized light is incident. The sensitivity of Au@Ag nanorod dimers increases
when Ag shell thickness increases, nanorods are aligned along the longitudinal axes, and the light is
normally incident. Au@Ag nanorod dimers show significant sensitivity of ~0.3416-1.513 nm, i.e.,
shift in the LSPR wavelength, when single molecules of Lys, HSA, Abn, CAT, and Fb attach to the
tips of the nanorods in the gap region. The sensitivity is not significantly affected when unwanted
noise biomolecules are present in the background even only at a few nm from the target biomolecule.
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