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Abstract

Single protein molecule detection is important for investigating molecular behavior and diagnosing diseases at an early
stage. Gold nanorod (GNR) biosensors have shown promise for label-free detection of single protein molecules. However,
for widespread applications of GNR biosensors with high sensitivity, detail studies are needed to understand the effects of
the sensing environment and the molecular binding dynamics on the sensitivity. In this work, a comprehensive theoretical
analysis with variable substrate, buffer, ligand, and binding position of the target molecules shows that GNR biosensors
are highly sensitive for single molecule detection of biological samples including critical pathogens such as cancer marker
thyroglobulin and human immunodeficiency virus (HIV) marker glycoprotein. We also propose and show that a GNR
biosensor with a dielectric cladding layer on the body increases the sensitivity by orders of magnitude compared to other
state-of-the-art biosensors.

Keywords Plasmonic nanobiosensor - Single molecule detection - LSPR - SPP - Biosensor - Optical sensor -
Photonic sensor - Optical sensing - LSPR sensor

Introduction necessity to detect an ultra-small quantity of a pathogen

often leads to a single molecule detection, which is the

The early detection of diseases, especially the diseases that
have no available cure, is of critical importance. The spread
of ebola and human immunodeficiency virus (HIV) can be
effectively controlled with an early detection of as small as
only 25% of patients [1, 2]. Similarly, early-stage detection
can lead to control, and in some cases, elimination of
cancer [3]. However, the challenge is to detect the presence
of pathogens at the smallest possible concentration. The
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ultimate precision desired. [4, 5].

Single biomolecules can be detected with and without
the addition of a label. However, the label-free method is
preferable as it does not require the additional processing
and material costs of label-assisted methods, and also
as the biomolecules are detected at their natural states.
Notable label-free biosensors include field-effect transistor
(FET) biosensors [6], magnetic biosensors [7], and optical
biosensors [8]. While it is challenging for FET biosensors
to operate at the noise level required for single molecule
detection, magnetic biosensors are not quite suitable for
single molecule detection due to the large detection
volume that they operate on. By contrast, label-free optical
biosensors show promise for their high sensitivity and low
background noise. Optical biosensors based on photonic
and hybrid photonic—plasmonic cavities have been used to
detect single molecules by measuring the shift of resonance
wavelength of whispering gallery modes [8—11]. However,
these biosensors are relatively large and their sensitivity is
only in the range of picometer to femtometer. Recently,
localized surface plasmon resonance (LSPR) shift of gold
nanoparticles has been used to detect single molecules
[12-15]. These nanoparticle biosensors have nanoscale
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dimensions and a sensitivity in the range of nanometer—
at least an order of three greater than that of photonic and
photonic—plasmonic hybrid cavity biosensors.

When electromagnetic waves are incident on metal
nanoparticles that are much smaller than the incident
wavelength, the collective oscillations of bound electrons
create LSPR. The nanoparticle-based biosensors that use
LSPR for detection of biomolecules are much more
amenable to miniaturization and multiplexing than those
commercially available surface plasmon polariton (SPP)-
based biosensors [16, 17]. Therefore, metal nanoparticle-
based biosensors are an ideal candidate for lab-on-a-chip
or point-of-care diagnostic tools. The nanoparticles offer
excellent and stable tunability of LSPR wavelength (Arspr)
by varying their shape, size, and composition [18, 19]. Since
the decay length of electromagnetic field is 40-50 times
shorter in LSPR biosensors than in SPP biosensors [20, 21],
nanoparticles can offer a much smaller sensing volume, and
hence, become more suitable for single molecule detection.

Among the currently studied metal nanoparticles, gold
nanorods (GNRs) have shown the highest promise in
maximum field enhancement at the tips along with a
mass-producible fabrication method [13]. It is possible to
detect single molecules by selectively attaching the target
molecules to the tip of a GNR and measuring the shift
in LSPR spectra. GNR biosensors are sensitive, molecule-
specific, easy to make, and capable of multiplexing for
monitoring multiple molecular interactions simultaneously
[22]. In addition to experimental demonstrations, GNR
biosensors have been investigated theoretically to under-
stand the excitation of localized surface plasmons [13].
However, plasmonic resonances are affected by the sens-
ing environment and binding dynamics of biomolecules,
and an in-depth analysis for GNR biosensors is still lack-
ing. Therefore, it is important to investigate the effects on
the sensitivity when the sensing environment and molecular

Fig. 1 a Schematic illustration of a GNR biosensor. GNRs are func-
tionalized with ligands and the target biomolecules are attached to the
ligands. b Schematic illustration of a feasible experimental setup for
the incidence of light and the detection of LSPR spectra. GNRs are
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binding dynamics change. It is also important to understand
whether such a biosensor is suitable for different critical
pathogens.

In this work, we investigate the effects of the sensing
environment, i.e., buffer, substrate, and ligands on the
sensitivity of GNR biosensors. We calculate the detection
volume for single molecules. We find that the detection
volume is ideal for single molecule detection—Ilarge enough
for many protein molecules but small enough to suppress the
background noise. We investigate the kinetics and binding-
position-specific sensitivity of GNR biosensors. We propose
and show that a cladding layer on the GNR can increase
the sensitivity by selectively attaching biomolecules to
the tips where plasmonic field enhancement is maximum.
We calculate the sensitivity of the GNR biosensor with a
cladding layer for several critical pathogens such as thyroid
cancer marker thyroglobulin and HIV marker glycoprotein.
We find that the sensitivity of GNR biosensors is orders
of magnitude greater than other label-free optical single
molecule detection techniques.

GNR Sensing System

A schematic illustration of a GNR biosensor is given in
Fig. 1a. GNRs can be manufactured by a seed-mediated
growth technique and then spin-coated onto a substrate
of choice [23]. Before the nanorods are used for sensing,
they are functionalized with ligands to attach target
molecules to them. An appropriate choice of ligands
depends on the target molecule. For example, if the target
molecule is avidin-class of protein such as streptavidin
or streptavidin-R-phycoerythrin, GNRs are functionalized
with biotin [24]. To functionalize, first, GNRs are incubated
in a solution of thiolated biotin for 1 h, and then, the biotin
solution is flushed with phosphate-buffered saline (PBS),
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placed inside a flow cell through which the sample solution flows.
¢ Absorption spectra without (blue) and with (red) a target molecule
attached to the GNR. The difference between the frequencies of peak
absorption of the two spectra is the shift in LSPR (AALspr)
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which results in a ~ 0.5-nm-thick biotin spacer layer around
GNRs [13].

The choice of target molecules and ligand conjugates
determines the ambient environment, i.e., buffer. An
appropriate buffer is critical since even a small change in
pH level can completely change most biological processes.
An appropriate buffer is also crucial for the chemical
stability of the target molecules, ligands, and GNRs [25].
In practice, the choice of suitable buffers in a GNR
biosensor is limited to a few such as adenosine deaminase
(ADA), 3-(N-morpholino) propanesulfonic acid (MOPS),
phosphate buffer saline (PBS), 2-[tris(hydroxymethyl)-
methyl-amino]-ethanesulfonic acid (TES), and piperazine-
N,N-bis (2-hydroxypropanesulfonic acid) (POPSO), which
have a pH in the range of 6.5-7.5. These buffers show
sufficient inertness so that the target molecules, ligands,
and GNRs remain chemically stable [26]. The substrate
in the sensing system is a chemically inert dielectric
medium. In this work, we use silicon dioxide (SiO») as the
substrate with a refractive index of 1.45, unless otherwise
stated.

A feasible setup for the incidence of light and the
detection of absorption spectrum in the GNR biosensor is
schematically shown in Fig. 1b, which is similar to that
presented in Ref. [22]. A fiber-coupled white-light-source
or a superluminescent diode illuminates the prism. The
prism helps the incident light fall normally on the GNR.
The image of the flow cell is captured by a charge-coupled
device (CCD) camera both before and after the excitation
by the incident light. The LSPR spectrum of the GNR is
determined from the difference of the spectral profiles of
the two images. It is possible to detect a spectral resolution
of 0.3 nm using this technique while taking shot noise into
account [22]. The presence or absence of a target molecule
can be detected from a measure of the shift of LSPR spectra
(AXLspr) When the target molecule attaches to or detaches
from the GNR as shown in Fig. lc.

GNR Sensing Theory

When an electromagnetic wave is incident on a GNR, the
conduction band electrons are set into oscillations, resulting
in absorption and scattering of the incident field. The
strength of oscillations is determined by the polarizability of
the GNR. Gans [27] extended the Mie theory [28] to derive
an analytical formulation for LSPR excitation of a prolate
spheroid. GNRs can be approximated as prolate spheroids
as shown in Fig. 1a, and the polarizability per unit volume
can be written as [29, 30]:

€(w) — em(w)
Le(@) 4+ (1 — L)em(®)’

o(w) =

ey

where ¢ and € are the dielectric permittivities of
surrounding environment and gold metal, respectively, and
L is the geometric factor given by:

RErER 1+ f
b= [ (5) )

In Eq. (2), f depends on the tip-to-tip distance a and
diameter b of the GNR as f = /1 — (b/a)?. Then, the
absorption cross-section, Cyps, of GNRs can be calculated
by [30]:

Caps = kIm(), (3)

where Im(«) denotes the imaginary part of polarizability
and k = 27/ is the wavevector, where X is the wavelength
of the incident light. Although GNRs absorb as well
as scatter the incident electromagnetic waves, for small
nanoparticles with feature sizes < A, the absorption is
much greater than the scattering [31, 32]. For GNRs with
dimensions a = 31 nm and » = 9 nm that are considered
in this work, Caps 2 200Cscqt, Where Cycy 1S the scattering
cross-section [33]. Hence, only C,ps can be assumed to be
the signature of the interactions of the incident light with
GNRs.

We note that Eq. (1) is valid when the x-component
of the incident electric field is non-zero, i.e., Ex # 0,
which excites longitudinal LSPR in GNRs. By contrast,
when the y-component of the incident electric field is non-
zero, i.e., Ey # 0, transverse LSPR is excited, which is not
as sensitive as longitudinal LSPR. Additionally, transverse
LSPR occurs at ~ 500 nm, where the absorptions in both
biological target samples and GNRs are significantly high.
Therefore, transverse LSPR is usually considered unsuitable
for biomolecule detection [34]. Moreover, the confined
field is relatively uniformly distributed everywhere over
the surface of the GNR for transverse LSPR, so that the
field intensity at any point is much smaller than that at the
tip of the GNR for longitudinal LSPR. Therefore, a GNR
biosensor employing longitudinal LSPR is more sensitive to
the change in € than that employing transverse LSPR.

In Eq. (1), € is the effective permittivity of the
surrounding environment of a GNR that depends on the
individual size, shape, and refractive indices of substrate,
buffer, ligand, and target molecules. Therefore, € is not
a simple mathematical average of refractive indices of
substrate, buffer, ligand, and target molecules. Any change
in the material or geometry of the surrounding components
will change €, and hence, A spr. Therefore, when a target
molecule is attached to the GNR, € of the environment
changes, and hence, Arspr changes. The change of € also
depends on the location of the biomolecule where it is
attached to the GNR. Therefore, to determine the sensitivity
AMlLspr in varying conditions, a numerical approach is
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necessary that can include the size, shape, and refractive
indices of the surrounding components.

Simulation Methodology

To calculate the LSPR spectra of biosensors with and
without biomolecules attached to them, we solve full-
vectorial Maxwell’s equations in three-dimensional space
using the finite difference time domain (FDTD) method.
We consider a broadband plane-wave light incident on
the biosensor with wavelengths 600-1200 nm. Since
both GNRs and biomolecules strongly absorb light at
wavelengths <600 nm [35], we do not consider light with
wavelengths <600 nm. In FDTD simulations, materials are
modeled by their frequency-dependent complex refractive
indices. Although Au is dispersive in the wavelength
range of the incident light, dielectric materials including
biomolecules are non-dispersive and non-absorbing [13].
Therefore, we consider biomolecules as dielectric materials
with constant real refractive indices. The refractive indices
of different biomolecules simulated in this work are given
in Table 1. We use refractive indices of SiO, and Au from
Palik [36], and Johnson and Christy [37], respectively.

The nanoscale dimensions of GNRs and biomolecules
demand for ultra-fine mesh grids in FDTD simulations. We
use rectangular mesh grids with a fixed size of 0.5 nm for a
simulation region of 100x100x 100 nm? that encompasses
the biosensor system including the biomolecule. We have
simulated with even smaller grid sizes and found no changes
in the results. We use a perfectly matched layer (PML)
boundary condition with 12 layers in the x- and z-directions.
We find that if a greater number of PMLs is used at the
boundaries, results do not change noticeably. However, if a
smaller number of layers is used, simulations may diverge.
Since the biosensor is symmetric in the y-direction as shown
in Fig. 1a, we use a symmetric boundary condition in the
y-direction, thus reducing the computation time by half.

In this work, we calculate Cy,s within a region of
90x60x40 nm> that encompasses the GNR and the
attached molecule. We calculate Cgyps from the power
absorbed per unit volume (P,ps), which is calculated by

taking the divergence of the Poynting vector P obtained
from FDTD simulations as [38]:

Paps = —0.5Re(V - P). )
For a plane incident field, Eq. (4) can be written as:
Pabs = 0.5 Re(iwE - D¥), 5)

where E is the electric field, D is the displacement vector,
and w is the angular frequency. Now, Cyps is calculated by
calculating the ratio of Pyps to the incident intensity 7 so that
Caps = abs/I [38].

We consider only spherical shapes for biomolecules.
Although biomolecule shapes may vary, a spherical shape
produces the least shift in Apspr when biomolecules
are attached to GNRs [13]. Therefore, calculating the
performance of a GNR biosensor for a spherical molecule is
the measure of the performance for the worst-case scenario
for molecules with same masses but different shapes. We
also consider that the ligands are cylindrically shaped with
a diameter of ~0.5 nm and a height of ~0.5 nm [13]. The
small size of ligands does not affect the effective index of
the medium, and hence, does not affect the LSPR spectra
when the ligand size changes. We varied the diameter
of biotin ligands while calculating the LSPR spectra for
streptavidin-R-phycoerythrin molecules. We observed that
ALsPr remains the same when biotin diameter is varied from
0 to 1 nm as shown in Fig. 2a.

To validate the developed FDTD model, we calcu-
late AApspr when a streptavidin-R-phycoerythrin protein
molecule of variable weight is attached to one of the tips
of the GNR using the developed model and compare to
that reported in Ref. [13] using DDA simulations. We show
the calculated AApspr in Fig. 2b. We note that AApspr
values obtained from FDTD simulations closely match
with those obtained from DDA simulations. There is a
slight discrepancy in results when the weight of attached
biomolecule is <125 kDa. However, the discrepancy in
results can be neglected as the difference is <0.3 nm, which
is the minimum spectral resolution that can be detected.
The difference in results using FDTD and DDA techniques

Table 1 Radius and refractive

index of biomolecules Biomolecule Radius (nm) Refractive index Ligand AALspr (nm)
considered in this work. Also, — —
ligands necessary to attach the Streptav1d1n-R- 4.5 1.45 Biotin 1.14
biomolecules to the GNR and phycoerythrin
calculated Adpspg due to the Thyroglobulin 4.84 1.45 Binding 1.28
presence of biomolecules . .

immunoglobulin

protein

Glycoprotein 120 342 1.56 CD4 0.42
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Fig.2 a AXpspr with diameter
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of biotin ligand in the detection
of a streptavidin-R-
phycoerythrin molecule. b
AMpspr With molecular weight
of biomolecule using FDTD and
DDA simulations. DDA
simulation results are taken from

0.75

—— —.—

A)\LSPR (nm)

-

T 0.7 [ T T

(a)
DDA ®)

P
P

P

P

“FDTD

0.5

- = — —o— —a—

AMLSPR

.
.
.

0.35,

Ref. [13] 0.7

0

Ligand width (nm)

can be attributed to the differences of inherent numerical
approaches adopted by the techniques [39].

Results
Longitudinal and Transverse LSPRs

In Fig. 3, we show electric field profiles due to the interac-
tions of the incident light with a GNR biosensor without the
target biomolecule. The electric field profiles are obtained
using FDTD simulations. The incident light has electric
field components Ey # 0 and E, # 0 in Fig. 3a and b,
respectively. We observe excitation of longitudinal LSPR
and strong confinement of the incident light around the
tips in Fig. 3a. By contrast, we observe excitation of trans-
verse LSPR and confinement of the incident light along
the entire surface of the GNR in Fig. 3b. The peak electric
field in longitudinal LSPR is 26 times greater than that in
transverse LSPR. Therefore, a GNR biosensor designed for
longitudinal LSPR excitation with biomolecules attached
to the tips will show much greater sensitivity than that
designed for transverse LSPR excitation and/or with
biomolecules attached to the body away from the tips.

Effect of Environment on Sensitivity
Substrate

In this work, we have used SiO, as the substrate, which
is often used as the substrate in similar systems [13, 22].

Fig.3 Electric field profiles in a

52 125 225 298
Mol. weight (KDa)

|
0.5 1

However, the material and hence the refractive index of
the substrate (n;) may vary. We have studied the effects
of the substrate on the effective refractive index (n) of the
surrounding environment of a GNR biosensor. The results
are presented in Fig. 4a. We note that the value of n is
dominated by the value of ng mainly due to the size of
the substrate. Therefore, n can be tuned with the choice of
the substrate. Ideally, a large difference between n and the
refractive index of the target biomolecule is expected so that
the sensitivity of detection is high. Therefore, it is important
to understand the relation between n and ng so that a highly
sensitive GNR biosensor can be designed.

Buffer

The refractive indices of commonly used biological buffers
(np) are in the range of 1.30~1.37 [40]. However, there
are few buffers that can have a much higher refractive
index, e.g., POPSO has a refractive index of 1.593 [41].
Since buffer is the host medium for the target biomolecule,
the sensitivity of a biosensor significantly depends on the
contrast of the refractive indices of the buffer and the
biomolecule. We varied the index of buffer from 1.3 to
1.6 and calculated AApspr When a single streptavidin-R-
phycoerythrin molecule is attached to one of the tips of a
GNR. The change in AXrspr is given in Fig. 4b. We note
that there is a change of sign of Airgpr from positive to
negative when ny, > 1.45, which is the refractive index
of the target molecule streptavidin-R-phycoerythrin. When
a biomolecule attaches to the biosensor, it increases the
effective index if it has a greater refractive index than that

longitudinal LSPR excitation 40 26 1
and b transverse LSPR 30 (a) —~
excitation. The color bar has /S\ =
been normalized by the peak = 20 C J 13 0.5 iﬁ/
electric field in transverse LSPR ~ —
excitation =10 R

0 0 0

0 20 40 60

z (nm)

z (nm)
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Fig.4 a Effective refractive 3.88 | : : :
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buffer POPSO 1 2 3 13 1.4 15 186
Ng nh

of the buffer. By contrast, the effective index decreases if
a biomolecule has a refractive index less than that of the
buffer. Now, since Apspr depends directly on the effective
index of the biosensor [31], GNR biosensors can show either
a red-shift or a blue-shift when biomolecules are attached
depending on the difference of the refractive indices of the
buffer and the target molecule. We also note that AA;spr
increases as the difference between the indices of the buffer
and the target molecule increases.

Ligand

The choice of ligands depends on the surface chem-
istry of the target molecule and the biosensor. The lig-
ands should attach the target molecule for a sufficiently
long time for detection and should not affect the tar-
get molecule chemically. Hence, for a particular biosen-
sor and target molecule, the choice of a ligand becomes
specific. Table 1 shows a list of biomolecules and suit-
able ligands for those molecules. Now, the length of a
ligand (d) may vary over a range [13]. Since LSPR con-
fines the incident light very close to the surface of the
GNR, the sensitivity of a GNR biosensor would change
due to the change in d. We have calculated the change in
ALspr When the length of biotin ligand varies in the detec-
tion of a streptavidin-R-phycoerythrin molecule. The results
are presented in Fig. 5a. We note that AApspr decreases
exponentially as d increases. When d 2 3 nm, AArspr sig-
nificantly decreases and the biosensor becomes insensitive

to the presence of a streptavidin-R-phycoerythrin molecule
when d > 5 nm.

Now, the decrease of AApgspr with the increase of ligand
length defines the detection volume of a GNR biosensor.
We calculate the detection volume for streptavidin-R-
phycoerythrin molecules with biotin ligands. We assume
AMpspr = 0.3 nm as the sensitivity limit for detection. In
Fig. 5a, we find that AArspr = 0.3 nm when d < 24
nm near the tip of the GNR. Proceeding similarly, we can
calculate the detection volume around the GNR. We place
molecules at different points on the surface of the GNR
and find out d where AXipgpr is 0.3 nm. By changing the
position of the biomolecule over the GNR, we find a region
where AApgpr 2 0.3 nm, which is the detection volume. In
Fig. 5b, we show the detection volume as a shaded region
around the GNR. We numerically calculated the detection
volume of the GNR as ~990 nm?.

Kinetics

Until now, we have presented the results for only one
molecule attached to one of the tips of the GNR. In practice,
in a finite detection time, several single molecular events
are expected to occur. A tip-specific ligand functionalization
of the GNR decreases the possibility of attaching the
biomolecules to the body away from the tips. Nevertheless,
it is possible that molecules attach to the body of the GNR
[13]. An investigation of time-resolved kinetics of single
molecule events and binding-position-specific sensitivity

Fig.5 a AXpspr due to the 1.19 | | 10

presence of a streptavidin-R- /g Y (b)

phycoerythrin molecule with the = 09L | 5

change in biotin ligand length = v ( a) /g

(d). b The red-shaded region ~ 0.6 \v =3 0

around the GNR represents the & U.br N 7] ~—

region where the LSPR shift is 2 AN S g

2 0.3 nm for detection of q 0.3F------- feom-- - - -

streptavidin-R-phycoerythrin I Aol S -10

molecules with biotin ligands 0 2 4 -20 -10 0 10 20
d (nm) x (nm)
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in a GNR biosensor is important. For this investigation,
we assume that the biomolecules attach one-by-one to the
surface of the GNR in two different ways: (1) One of the
molecules attaches to one of the tips first, and then other
molecules attach to the body one by one as shown in Fig. 6a;
(2) two of the molecules attach to the two tips first, and
then other molecules attach to the body one by one as
shown in Fig. 6b. We calculate Cyps and Ay gpr from FDTD
simulations when streptavidin-R-phycoerythrin molecules
attach to the GNR according to the ways mentioned above.
Using the calculated Apspr, and Egs. (1) and (3), we
calculate the change in effective refractive index n of the
surrounding environment when one or more molecules
attach to the GNR.

The calculated Airspr and n are shown in Fig. 6c
and e, respectively, when biomolecules attach to the GNR
according to the first scheme. The calculated changes in
AMpLspr and n are shown in Fig. 6d and f, respectively, when
biomolecules attach to the GNR according to the second
scheme. For both schemes, we note that AA;spr > 0.3 nm
when each molecule attaches to the GNR so that the single
molecule events are easily detectable. We also note that the
changes in AApspr and n are sensitive to the position where
the biomolecules attach to the GNR. The changes are greater
when the biomolecules attach to the tips than that when they
attach to the body away from the tips.

Dielectric Cladding on GNR

To increase the sensitivity of a GNR biosensor, it is
important to exploit the intense electric field confinement
around tips. Therefore, to ensure that the biomolecules are
attached to the tips, and hence, increase the sensitivity,
we propose a cladding layer around the GNR that covers
the body except the two tips. A schematic illustration of
the proposed structure is shown in Fig. 7a. The electric
field profile in the y = 0 plane of a GNR biosensor with
a dielectric cladding layer is shown in Fig. 7b. In the
proposed structure, the target molecule will attach only to
the tips of the GNR where the sensitivity is maximum. The
proposed structure offers decreased ohmic losses incurred
in the metal layer, and hence, an improved sensitivity in the
detection of biomolecules. We calculate the AArspr of a
GNR biosensor with the cladding layer when a streptavidin-
R-phycoerythrin molecule is attached to one of the tips. We
assume that the cladding layer has a refractive index of 3.18
and a thickness of 3 nm. We note that several ternary and
quaternary dielectric alloys have refractive indices close to
3.18. We find a AArspr of 1.14 nm from a GNR with the
cladding layer, which is an enhancement ~ 58% from that
of a GNR without the cladding layer.

GNR biosensors have shown a AL spr sensitivity orders
of magnitude greater than that obtained from photonic
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Fig. 6 a Scheme 1: One molecule attaches to one of the tips of the
GNR first, then other molecules attach to the body one by one. b
Scheme 2: Two molecules attach to the two tips of the GNR first, then
other molecules attach to the body one by one. AArspr when single
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Fig.7 a Schematic illustration

of a GNR with a cladding layer.

b Electric field profile in the x-z

plane through y = 0 of a GNR X
with a cladding layer

cavity-based biosensors [13]. We compared AXlrspr that
we obtained with a GNR biosensor with the cladding layer
to that obtained using a photonic crystal nanobeam cavity
platform reported in Ref. [11]. Using the same biological
setup, we found an enhancement of AApgpr on the order
of 4. We also calculated Aipgspr for a yeast ribosome to
compare the result to that reported using microtoroid optical
resonators in Ref. [42]. We found a AA;spr ~ 1.71 nm for a
yeast ribosome when attached to a GNR with cladding layer,
which is six orders of magnitude greater than that obtained
using microtoroid optical resonators.

Critical Pathogen Detection

We have extensively studied the sensitivity of a GNR
biosensor while detecting streptavidin-R-phycoerythrin
molecules. Here, we present the sensitivity of a GNR
biosensor for detecting critical pathogens such as thyroglob-
ulin and glycoprotein. Thyroglobulin molecule is a marker
for thyroid cancer [43] and glycoprotein 120 molecule is a
critical component to detect the existence of HIV [44]. Thy-
roglobulin molecule can be assumed spherical with a radius
of 4.84 nm and a refractive index of 1.45 [43]. Glycoprotein
120 molecule can be assumed spherical with a radius of 3.42
nm and a refractive index of 1.56 [44, 45]. While thyroglob-
ulin molecules conjugate with binding immunoglobulin
protein, glycoprotein 120 molecules conjugate with CD4.
Due to its inertness, PBS can be used as the buffer in the
detection of both the pathogens. We find a AArspr of 1.28
nm when thyroglobulin molecules are attached to the tips
of a GNR with the cladding layer. We note that a AALspr
of only 17 fm has been observed using a biosensor based
on a nanoplasmonic—photonic hybrid microcavity [43]. We
find a AApspr of 0.42 nm when glycoprotein 120 molecules
are attached to the tips of a GNR with the cladding layer.
We note that the AApspr values for glycoprotein 120 are
also orders of magnitude greater than that usually obtained
for biomolecules in most photonic and photonic-plasmonic
hybrid cavity biosensors. Therefore, GNR biosensors have
the potential of successfully detecting single molecules of
these critical pathogens, and hence, they are a promising
candidate for early detection of many critical diseases. We
summarize the results in Table 1.
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Conclusion

We have presented a comprehensive theoretical analysis of
the sensitivity of GNR biosensors when the surrounding envi-
ronment, i.e., substrate, buffer, and ligand, changes. We have
found that the sensitivity critically depends on the substrate
and buffer. The sensitivity does not depend on the diameter of
ligands; however, it critically depends on the length of ligands
as it determines the distance of the biomolecule from the
GNR. The presented biosensor has a detection volume of
~ 990 nm?>, which is suitable for single molecule detection
of many proteins that have a radius of ~ 5-10 nm. Single
molecules can be attached to any position on the biosensor—
on the tip or the on the body—and still be detected with
sufficient sensitivity. Our proposed GNR biosensor with a
dielectric cladding layer can increase the sensitivity further
for detection of single molecules and detect the thyroid
cancer marker thyroglobulin and HIV marker glycopro-
tein with orders of magnitude greater sensitivity than that
obtained using other optical label-free biosensors.
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