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-sphere array of gold-DNA core–
shells and junctions as opto-plasmonic sensors for
biodetection

Nahid Osanloo,a Vahid Ahmadi, *b Mohammad Naser-Moghaddasia

and Elham Darabic

In this paper, we design opto-plasmonic sensors by the engineered arrangement of gold-nanospheres. We

use DNA-gold nanoparticle (GNP) core–shells and DNA rods as junctions between GNPs with a fishnet

ground layer for controlling and improving the absorbance and reflection in the range of 100–300 THz.

Based on available data, we check the effects of healthy and cancerous cells on the reflection

parameter. Here, we demonstrate how the DNA junctions and distance between the nanospheres can be

considered to modify the reflection. These structures can be utilized as opto-plasmonic sensors with

high sensitivity to distinguish materials in terms of refractive indices. We can use an array of these

sensors for both spectroscopy and optical imaging on a real scale. The proposed structures with

different topologies are analyzed and their figure of merits (FOM) and sensitivities are obtained. The

structure based on the DNA rods as junctions between GNPs shows the best FOM value of 340 RIU�1

and the core–shell heptamer structure has the best sensitivity of about 1287 nm RIU�1.
Introduction

The metamaterial is known for its particular characteristics and
structure, which cannot be found in nature, and has been
designed articially.1,2 This extraordinary behavior of the met-
amaterial has been considered for manipulating the electro-
magnetic wave (EM) in the optical regime3 considering the
surface plasmon (SP)4 and localized surface plasmon resonance
(LSPR).5 The optical metamaterials are used for various goals
such as bending6 or absorbing the electromagnetic wave,7which
is essential for a perfect broadband absorber8 or optical cloak
design.9 The nanoparticles array was studied for the invisi-
bility10 of an object by modifying the permittivity and control-
ling the EM eld using the optic transformer.11 The optic
transformer is considered for determining the effective
permittivity of each layer of the optical cloak.12

Moreover, the plasmonic behavior of nanoparticles is
essential for designing a cloak layer.13,14

The plasmonic characteristic has also been considered for
various optical devices, such as nanoantenna15,16 and optical
absorber for spectroscopy applications.17
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Nowadays, the nanoantennas and nanoabsorber have been
developed with various shapes, such as monopole,18 dipole,19

and bowtie,20 for single resonances. On the other hand, more
complicated models have been studied for a multi-band and
Fano shape, such as ring/disk plasmonic nanocavities21 and
heptamer clusters composed of split nanorings.22 In addition,
these nanoabsorbers have been considered as a part of an
optical sensor for spectroscopy applications23 and other appli-
cations, such as solar cells for energy-harvesting.24

Recently, various research studies have been done on
designing optical devices that are used for the detection of
materials based on frequency shi or other parameters, such as
reection and absorption value.25,26

The metamaterials and metasurfaces with various forma-
tions have been developed for THz applications27 and bio-
detecting.28 In these metasurfaces, the gaps provide capacitance
for concentrating energy and making hotspots to increase the
sensitivity of the sensors.29 The split ring resonators in different
shapes and nanoapertures are the main form of metamaterials
for THz and mid-infrared applications.30 Moreover, the optical
absorber is known as another type of metamaterial, which has
been developed for optical sensing by increasing the gure of
merit as a perfect absorber.31

Herein, a new structure based on an engineered nano-sphere
array of gold with DNA junctions as an opto-plasmonic sensor is
presented for bio-detection. To improve the sensor structure, we
use DNA nanorods to control the electric eld inside the
structure. The fabrication of DNA nanorods has already been
reported.32–34 It is shown that by changing the DNA state and the
RSC Adv., 2021, 11, 27215–27225 | 27215
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distance between the arrays, the absorbance properties can be
changed. In short, the proposed structure can be used for
several applications, including spectroscopy and bio-optical
sensors.
Optical materials definition
The plasmonic material

For noble metals (for example, gold, silver, and copper), the
dielectric function at frequencies higher than the plasma
frequency (up < u) is:

3ðuÞ ¼ 3N � up
2

u2 þ igu
(1)

where up ¼ 1.38 � 1016 rad s�1 and s ¼ 1/g ¼ 9.3 � 10�15 s.35,36

Here, 3N is usually considered to be between 1 and 10, while the
value for gold is 9.1.36
Fig. 1 (a) Gold-DNA core–shell nanosphere structure (Type-A). (b)
The heptamer gold-DNA core–shell nanospheres structure (Type-B).
(c) 3 � 3 nanosphere array of the gold-DNA core–shell structure
(Type-C). (d) The geometry of the proposed structure (Type-D) with
gold-fishnet ground.
The DNA material

Organic materials, such as DNA composed of metals and poly-
mers, are considered for controlling the resistance of electronic
devices in order to create a switch.37,38 Even though the electrical
conductivity of DNA is low, it can be controlled by combining
DNA with metal nanoparticles (e.g., Au, Ag, Li) and creating
quasi-metal structures.39 The DNA rods have less volume than
the metal part (nanospheres and substrate), so the effect of the
refractive index of the DNA on the response of the absorber is
not impressive. The conductivity of the conventional DNA is
very low, in the range of 10�12 S m�1, which is different for
various types of DNA.40

For example, to increase the conductivity of DNA, it is
combined with Li nanoparticles.41 The 3 of DNA bio-material
components is in the range of 1 to 1.2.42 Therefore, in our
simulation, we assume an average value of 1.1 for n and ignore
its frequency dependency. Therefore, the bonding of DNA with
nanoparticles of silver or gold43 and designing DNA crystals
have been considered for using the recongurable characteris-
tics of the DNA in the optical spectrum. According to the prac-
tical results in ref. 44, we consider that the DNA combined with
metal NPs has the conductivity of 1000, which is based on
a current–voltage diagram presented in ref. 38. Apparently, the
ratio of the DNA to the silver or gold nanoparticle plays an
important role in determining the value of the conductivity of
the DNA.
Modeling of the proposed structures

The proposed structures are shown in Fig. 1(a)–(d). Here, we use
a nanosphere structure that is located on a substrate of Si3N4

with a thickness of 50 nm and a refractive index of 1.74. It is
placed on a shnet form as a ground layer. The thickness of the
shnet layer is assumed to be 10 nm and the size of the aper-
tures is 20 � 20 nm2. The reason for choosing the shnet
structure is its use on skin to detect cancer. On the other hand,
it improves the operation. Moreover, the gaps in the shnet
make a new capacitance in our system, and we also have
27216 | RSC Adv., 2021, 11, 27215–27225
a higher effective inductance value as the electrical length of the
metal is increased.45

In this paper, the CST microwave studio soware is used to
simulate our analysis in the time-domain. A hexahedral legacy
is dened by the soware, and a wave port is utilized to excite
the proposed structures.

Because of the symmetrical shape of the structure, the
polarization effect can be ignored. Therefore, it does not matter
whether the TE or TM mode is examined, so we choose the
periodic boundary conditions. We consider the X side as the
perfect electric conductor (PEC), and the Y side as the perfect
magnetic conductor (PMC) to provide the periodic boundary
condition. We take TM polarization in the simulation.

The Palik model is used for the metal nanoparticle, which is
known as a practical model, and it is available in the material
library of the CST microwave studio.46 It is a tested model for
nanoparticles, and will yield almost identical results with
experiments. Here, we assume d¼ 70 nm for the diameter of the
nanospheres. As shown in ref. 47 for the diameter of 60 nm,
once a gold nanoparticle has the same behavior as a planar
surface and for increasing the coupling between elements to
provide higher absorption in this study, the diameter of the
elements is assumed to be 70 nm and w ¼ 320 nm for the total
size of the unit cells.

We will study the structures based on the gold-DNA core–
shell or DNA as a junction. First, as shown in Fig. 1(a), we create
a nanosphere with a shell of DNA rods with lengths of 15 nm
and a diameter of 5 nm. We call this structure Type-A.

In the following, we consider a more complex structure of 7
nanospheres with a shell of DNA rods to create the heptamer
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Magnitude of the reflection of structures with gold-DNA core–
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structure. This structure is given in Fig. 1(b), and we call it Type-
B. The distance from the center of the nanosphere to the center
of the other nanospheres is 100 nm, and six nanospheres are
arranged with a 60� angle. The DNA rods lengths are 15 nm with
a diameter of 5 nm. The height of the nanospheres from the
substrate is equal to the length of the DNA rod (15 nm).

In the next step, the 3 � 3 nanosphere array of gold-DNA
core–shell is presented in Fig. 1(c), and we call it Type-C.

In the last structure, we connect nanospheres with 30 nm
long and 10 nm diameter rods, as shown in Fig. 1(d), and we call
this structure Type-D. This structure is a kind of 2D DNA-based
plasmonic crystal.33,48 The nanosphere with negative permit-
tivity makes an inductance parallel with resistance, and two
capacitances appear on two sides of the nanosphere, where the
energy concentrates there. In addition, the dielectric capaci-
tance should be taken into account in an equivalent circuit.49
shell nanospheres (Type-A, Type-B and Type-C).
Discussions and results

As shown in Fig. 1(a)–(d), our focus is on three different struc-
tures, Type-B, Type-C and Type-D. These gold-DNA plasmonic
structures ultimately can be considered as a sensor element for
cancer diagnosis. In this section, the reectance and electric
eld distribution are considered as the two main parameters.
Fig. 3 The electric field distribution for (a) Type-A at 290 THz, (b)
Type-B at 240 THz, (c) Type-C at 230 THz.
Gold-DNA core–shell nanospheres

In this section, we study the gold-DNA core–shell nanosphere
and examine the structure reection for the three different
structures of Type-A, Type-B and Type-C, as shown in Fig. 2. In
Type-A, the reection value is about �19 dB at the frequency of
290 THz. In Type-B, the reection value is increased to �16 dB
at 240 THz, and it is about �13 dB at 230 THz in Type-C. This
reection increase is originated from the losses of the metal
nanosphere resistance. On the other hand, in Type-B and Type-
C, with increasing number of nanospheres, the resonance
frequency is red-shied, which can be attributed to the increase
of the capacitance in the structures.

The distribution and intensity of elds are signicant to
analyze the performance of each structure. The electric eld
distribution for Type-A is presented in Fig. 3(a). The simulation
results indicate that the conductivity in the DNA rods leads to
the diffusion of the eld, which makes this structure qualied
for optic imaging as a lens covering all over the zone uniformly.
Meanwhile, the interaction between DNA and the shnet
network causes the distribution of the eld, as presented in
Fig. 3(a). Extended eld distribution causes an increased
absorption eld.

One of the main factors of the sensor elements is the
uniformity of the eld along the surface, which makes the
sensing position independent. Due to the larger number of gold
spheres in Types B and C, their gaps capacitance is larger than
that of Type-A. So, they will have the higher E-eld. However, the
larger number of organic rods in Type-C leads to a wider
distribution of the eld. As a result, the electric eld reduces in
this case to 160.7 dB, as compared with Type-B with the electric
eld of 162.4 dB.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Regarding the results, the structure Type-B has better eld
distribution than the two other types. To adjust Type-B, the
density and the conductivity of the DNA rods are increased, and
the results are presented in Fig. 4. We assume the values of
100 000 S m�1 and 1000 S m�1 for the high and low conductivity
modes, respectively.

As shown in Fig. 4, the reection in the low conductivity and
low density mode is the same as the reection in the low
conductivity and high density mode. High conductivity and low
density mode have lower reection than low conductivity and
low density mode. However, for high conductivity and high
density mode, increasing the density leads to a decrease in both
reection and resonance frequency.
RSC Adv., 2021, 11, 27215–27225 | 27217
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Fig. 4 Magnitude of the reflection comparison for the four states of
conductivity and density of the DNA core–shell of Type-B.
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In fact, the conductivity of organic materials plays the role of
resistance and inductance. They can be controlled by the values
of density and conductivity. When the low conductivity is
assumed for the organic material, the inductance and resis-
tance value can be neglected. As shown in Fig. 4, the density
does not have a considerable effect on the reection in this
mode. When the conductivity is increased, the value of this
inductance and resistance cannot be ignored. It means that the
inductance and resistance values are more than that in the low
conductivity mode, and the higher inductance can reduce the
operating frequency, while the resistance provides better
matching and lower reection.
Nanosphere with the DNA junction

Here, we analyze the characteristics of the Type-D structure,
where DNA is located as a connection between the nanospheres.
These connections give us two options. First, avoid the scattered
elds. Second, eld control is carried out by DNAs with different
conductivity; thereby, absorption and electrical eld improve-
ment in these structures can be achieved. Various models can
be suggested for this type of nanoparticles and junction
between the central and peripheral nanospheres. Plus, the rods
with higher conductivity can connect the nanospheres together
and lessen their gap capacitance.

Here, we propose three structures for Type-D, as shown in
Fig. 5. The distance from the center of the nanosphere to the
Fig. 5 Proposed structures for Type-D1, D2 and D3.

27218 | RSC Adv., 2021, 11, 27215–27225
center of the other nanospheres has two values of 80 and
100 nm, and the results are compared for these two values.

As already mentioned, the conductivity of the DNA can be
controlled by combining the DNA with the nanoparticles of Ag,
Au or Li. Thus, various conductivities can be assumed for the
DNA-based rods. Twomain types of conductivities are supposed
for this absorber. In the rst model, the low conductivity is
dened as 1000 Sm�1 (pink color).38When the ratio of themetal
NPs is increased in the DNA rod, the conductivity increases. The
Fig. 6 (a) Magnitude of reflection comparison of the proposed
structures for two distances between the centers of the nanospheres
of 80 and 100 nm. (b) Two-ports model. (c) Magnitude of transmission
and reflection of structure Type-D3 at 80 nm distance.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The electric field distribution for (a) Type-D1 with d¼ 80 nm, (b)
Type-D1 with d ¼ 100 nm, (c) Type-D2 with d ¼ 80 nm, (d) Type-D2
with d¼ 100 nm, (e) Type-D3with d¼ 80 nm, and (f) Type-D3with d¼
100 nm.
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conductivity of 100 000 S m�1 is for the high conductivity case
(blue color). In Type-D1, all DNAs are assumed with low
conductivity. For Type-D2, one junction is changed to high
conductivity. In Type-D3, two junctions are changed to higher
conductivity. These cases are selected among many possible
cases for changing the two rods' conductivity to a higher value
between six rods in Type-D3.

When nanospheres are placed near each other, the energy
concentrates on their sides. It means that more energy is stored
inside the unit cell, and the Q-factor of the structure increases
as described by:

Q ¼ ures

G
(2)

where ures and G are the resonance frequency and resonance
bandwidth, respectively.50

Fig. 6(a) presents the reection of the proposed structures
for two distances between centers of the nanospheres, d ¼ 80
and 100 nm. As seen here, Type-D3 has the best reection at the
distance of 80 nm, reaching �54 dB. Remarkably, the distance
between the nanospheres is a contributory factor in the
absorption. Structures with d ¼ 80 nm distance between the
centers of nanospheres have more absorption than d¼ 100 nm.
Moreover, the other point is that decreasing the space in the
structure will decrease the resonance frequency to a higher
value. The reason for this decrease is the increase in the
capacitance between nanospheres. Therefore, an increase in
power saved in capacitors leads to reection reduction and
causes a higher Q-factor for the distance of 80 nm. To simulate
these structures, we use the two-ports model (Fig. 6(b)). As
shown in Fig. 6(c), high transmission of about �3 dB is reached
beside a high reection, which makes this nanostructure suit-
able as an opto-plasmonic sensor for both optical imaging and
spectroscopy.

The eld distribution of the proposed structures for the two
distances, d ¼ 80 and 100 nm, in their resonance frequency is
presented in Fig. 7. As shown in Fig. 7(a), (c) and (e), for
a distance of 80 nm, the elds of these structures are 164.9
(Type-D1), 166.1 (Type-D2), and 166.5 dB (Type-D3). However,
for the structure with a distance of 100 nm as presented in
Fig. 7(b), (d) and (f), it is reduced to 161.7 (Type-D1), 161.5
(Type-D2) and 162.6 dB (Type-D3), respectively. As can be seen,
the Type-D3 structure has a higher maximum eld than the
other two in the same distance. It means that more electric eld
is stored in this nanostructure, and the Q-factor increases. On
the other hand, the space between the nanospheres impacts the
electric eld. With a higher space, the electric eld is reduced.
Moreover, the electric eld is distributed in a broader area for
structures with d ¼ 100 nm.
Fig. 8 The schematic of MUT over the structure as a biosensor.
Proposed structures as biosensors

We evaluate the proposed structures, Type-B, Type-C and Type-
D3, as sensors based on some criteria. We consider a coating
layer with 100 nm height containing the material under test
(MUT), which covers the top of all the structures. The schematic
of the Type-D3 sensor is shown in Fig. 8. The gure of merit
© 2021 The Author(s). Published by the Royal Society of Chemistry
(FOM) and sensitivity are used to quantify the performance of
a sensor. Here, the FOM is dened by:51,52

FOM ¼ DI(l)/(I(l) � Dn) (3)

where DI(l)/I(l) is the relative intensity change at a xed wave-
length caused by small refractive index change Dn.50 The
sensitivity of the device, S, is dened as:53,54
RSC Adv., 2021, 11, 27215–27225 | 27219
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Fig. 9 Reflection magnitude and resonance frequency for different
values of refractive indices MUT for (a) Type-A, (b) Type-B, (c) Type-C,
(d) Type-D1, (e) Type-D2, and (f) Type-D3.

27220 | RSC Adv., 2021, 11, 27215–27225
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S ¼ Dl

Dn

�
nm RIU�1� (4)

The S and FOM are obtained for Dn variations from 1 to 1.2
with steps of 0.05.

Fig. 9 presents variations of the magnitude of the reection
due to the small refractive index (RI) change for Type-B, Type-C
and Type-D3. In the equivalent circuit of this structure, we can
consider the capacitance increases with the permittivity and
assume that the equivalent inductance is constant. We

conclude from fr ¼ 1=ð2p ffiffiffiffiffiffi
LC

p Þ that the higher capacitance
leads to lower resonance frequency.

Fig. 9(a)–(f) show the magnitude of reection and resonance
frequency for different values of refractive indices of MUT for
Type-A, Type-B, Type-C, Type-D1, Type-D2 and Type-D3. The
Fig. 10 The plots of (a) reflection magnitude versus variation of RI at
sensor resonance frequencies, and (b) resonance wavelength shift
versus variation of RI for the proposed types of sensor.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the operation frequency, FOM and sensitivity
of the proposed types of sensors

Structure type Frequency (THz) FOM (RIU�1)
Sensitivity
(nm RIU�1)

Type-A f ¼ 291.2 5 737
Type-B f ¼ 198.4 130 1079
Type-C f ¼ 228 3 1287
Type-D1 f1 ¼ 202 92 1289
Type-D1 f2 ¼ 227.2 26 781
Type-D2 f1 ¼ 208 80 1206
Type-D2 f2 ¼ 223.6 189 72
Type-D3 f1 ¼ 202 218 1000
Type-D3 f2 ¼ 227.2 340 521

Fig. 11 The schematic of two distribution models (a) concentrated
and (b) non-concentrated for cancerous skin tissue.
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magnitudes of the reections for Type-B and Type-D3 are near
zero at the resonance frequencies (198 THz for Type-B, 202 and
227 THz for Type-D3). Thus, they have higher FOM as compared
with Type-C.

Fig. 10(a) shows the plots of magnitude of reection of these
types of sensors at their resonance frequencies versus variation
of RI. Based on the RI effect on the variation of themagnitude of
reection (DI), the FOM of these types of sensors is calculated.
The values of I for Type-B and Type-C are 0.0043 and 0.19,
respectively, at their resonance frequencies. For Type-D3, the
values are 0.005 and 0.0025 at its two resonance frequencies.
Fig. 10(b) shows the plots of resonance wavelength shi versus
variation of RI for these types of sensors. This study shows that
the sensitivity for the rst resonance (f1) is better than that of
the second resonances (f2) in Type-D1, Type-D2 and Type-D3,
and the FOM for the second resonances in Type-D1 and Type-
D2 is more than that of the rst resonance. So, by selecting
a special arrangement of DNA rods with different conductivi-
ties, we can modify the sensitivity and FOM for the proposed
absorber.

The FOM and S of these types of optical sensors are checked
in Table 1. While it shows that Type-C has a low FOM, which is
about 3 RIU�1, it has a high S of about 1287 nm RIU�1.

The FOM of Type-D3 at f1 and f2 is 218 RIU�1 and 340 RIU�1,
respectively. The dual-resonance characteristics of the structure
can be used for enhancing the quality of sensing by comparing
unknown materials. Type-D3 has the best FOM between these
structures. Type-B shows the medium FOM and sensitivity of
130 RIU�1 and S 1079 (nm RIU�1).
Table 2 Comparison of FOM, type of the sensor, and sensitivity of the
final sensor with some other models

Frequency
(THz) Type FOM (RIU�1)

Sensitivity
(nm RIU�1)

202 Nanoabsorber 218 1000 This work
186 Nanoabsorber 88 400 Ref. 52
299 Nanoapertures 176 1060 Ref. 53
200 Metasurface 16 1360 Ref. 55
280 Metasurface 56.5 700 Ref. 56

© 2021 The Author(s). Published by the Royal Society of Chemistry
These sensors can be used for both gas and aqueous bio-
logical samples. Recently, various models of nanoabsorbers,
nanoapertures, and metasurfaces have been developed as
optical sensors. Type-D3 (at f1) is compared with some sensors
from previous research studies in Table 2. As we observe, our
sensor has high values for both FOM and sensitivity, as
compared with the other sensors. The other advantage is its
dual-resonance characteristics.
Cancer cell detection

In this section, to detect infected skin tissues from healthy ones,
we examine the structure Type-B at high density and high
conductivity mode.

The use of living cells in the diagnosis of cancer is very much
considered. Many scientic efforts have been made to reveal the
biological properties of cancer cells for monitoring and
detecting the pathway of cancer spread.56 It is well-known in
cancer biology that the index of cancer cells is higher than
healthy cells. The imaginary part of the refractive index for skin
cells is less than 64� 10�4 in the optical spectrum. These values
have been extracted by light extinction estimates technique
based on absorption and scattering;57 so, we can neglect it. The
refractive indices of skin cells and cancerous ones are about
1.35 and 1.45, respectively.56–59 In this study, the healthy and
cancer cells are modeled based on previous practical studies.

Here, a tissue with a thickness of 20 nm is put below the
shnet layer. We assume the refractive index of 1.45 and 1.35 for
the cancerous and the healthy skin tissue, respectively. We
propose two distribution models, concentrated and non-
RSC Adv., 2021, 11, 27215–27225 | 27221
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Fig. 12 Magnitude of reflection (dB) for various percentages of
cancerous cells for Type-B structure (a) with the concentrated model
(b) with a non-concentrated model for cancer cells.

Fig. 13 Magnitude of reflection for various RI of materials under the
Type-B structure.
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concentrated for cancerous skin tissue, as shown in Fig. 11(a)
and (b), respectively. We perform simulations for different
percentages of tissue infections for both distribution models of
cancer cells in the skin tissue. Here, we focus on designing
a sensor independent of a distributionmodel of cancerous cells.
As mentioned in ref. 59 and 60, so far, there is no exact value for
the permittivity of the cancer or healthy cells. Thus, in this
study, we assume a periodic boundary condition with some
distribution models to predict how much of an impact the
distribution models can have on the reection of the sensor. On
the other hand, the arbitrary shape of the nanosurface can alter
the phase of the optical wave, which has the same effect as the
material variation,61 and this phase variation can be modeled by
the distribution model.

In Fig. 12(a), the reection magnitude for the concentrated
distribution model rises from �31 dB for healthy skin tissue to
�28 dB for cancerous tissue at its resonance frequency. Also, in
Fig. 12(b), the reection magnitude for the non-concentrated
27222 | RSC Adv., 2021, 11, 27215–27225
distribution model (similar to Fig. 12(a)), rises from �31 dB
for healthy skin tissue to �28 dB for cancerous tissue. This
increase of reection originates from a larger RI of cancerous
tissue than the healthy tissue. For higher percentages of the
cancerous tissue, the effective refractive index (neff) of the tissue
gets larger, and the capacitance of the tissue under test also
increases. The larger capacitance causes the shi to a lower
frequency, as shown in Fig. 12(a) and (b). The structure Type-B
shows the reection with the narrow band response. So, it is
interesting for optical sensing.

Many types of organic materials, such as red and white blood
cells and healthy and cancerous skin cells, have refractive
indices in the range of 1.35 to 1.45.58 So, the structure Type-B
can be used as a sensor for these materials. Fig. 13 shows that
the magnitude of reection for refractive indices varies from
1.35 to 1.45 under Type-B structure. We can see, as the RI
increases, the magnitude of reection rises to higher values and
the resonance frequency is red-shied. Comparing the results
of Fig. 12 and 13 shows that Type-B as a sensor can distinguish
materials independent of arrangement and the locations of
cells in the samples. This characteristic originates from the
high Q-factor resonance of Type-B and the reection only
depends on neff.
Conclusions

In this paper, plasmonic arrays composed of GNPs are studied.
Several engineered structures based on the opto-plasmonic
effect were proposed. We have used DNA-GNP core–shells and
DNA rods as junctions between GNPs for controlling and
improving the absorbance. In order to transfer and reect
electromagnetic waves from the biological surface, we have
designed the underlying gold layer as a shnet. The heptamer
structure with DNA-GNP core–shells has a uniform electric eld,
which makes it suitable for distinguishing the cancerous tissue,
regardless of the arrangement and location of the cancer cells.
On the other hand, these DNA-GNPs structures were used as
© 2021 The Author(s). Published by the Royal Society of Chemistry
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sensors. The results showed that we could obtain a sensitivity of
more than 1000 nm RIU�1. The structure based on the DNA
rods as junctions between GNPs shows the best FOM value of
340 RIU�1. The dual-resonance characteristics of this structure
can be used for enhancing the quality of sensing by comparing
unknown materials. The core–shell heptamer structure has the
best sensitivity of about 1287 nm RIU�1. The comparison with
previous research showed that these sensors, because of their
high sensitivity and dual-resonance characteristics, could be
used for both material detection and optical imaging.
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B. Hecht, Near-eld polarization shaping by a near-
resonant plasmonic cross antenna, Phys. Rev. B: Condens.
Matter Mater. Phys., 2009, 80(15), 153409.

20 J. Chen, K. He and Z. Zhang, Triangle defects in bowtie
nanoantennas, Appl. Phys. A: Mater. Sci. Process., 2013,
112(3), 591–596.

21 A. E. Cetin and H. Altug, Fano resonant ring/disk plasmonic
nanocavities on conducting substrates for advanced
biosensing, ACS Nano, 2012, 6(11), 9989–9995.

22 S.-D. Liu, Z. Yang, R.-P. Liu and X.-Y. Li, Multiple Fano
resonances in plasmonic heptamer clusters composed of
split nanorings, ACS Nano, 2012, 6(7), 6260–6271.

23 E. Aslan, E. Aslan, M. Turkmen and O. G. Saracoglu,
Experimental and numerical characterization of a mid-
infrared plasmonic perfect absorber for dual-band
enhanced vibrational spectroscopy, Opt. Mater., 2017, 73,
213–222.

24 Y. Wang, T. Sun, T. Paudel, Y. Zhang, Z. Ren and K. Kempa,
Metamaterial-plasmonic absorber structure for high
efficiency amorphous silicon solar cells, Nano Lett., 2011,
12(1), 440–445.

25 R. Adato and H. Altug, In-situ ultra-sensitive infrared
absorption spectroscopy of biomolecule interactions in
real time with plasmonic nanoantennas, Nat. Commun.,
2013, 4, 2154.

26 H. Durmaz, Y. Li and A. E. Cetin, A multiple-band perfect
absorber for SEIRA applications, Sens. Actuators, B, 2018,
275, 174–179.

27 C. Ding, L. Jiang, L. Wu, R. Gao, D. Xu, G. Zhang and J. Yao,
Dual-band ultrasensitive THz sensing utilizing high quality
Fano and quadrupole resonances in metamaterials, Opt.
Commun., 2015, 350, 103–107.

28 A. Tittl, A. John-Herpin, A. Leitis and R. Eduardo, Arvelo, and
Hatice Altug. "Metasurface-based molecular biosensing
RSC Adv., 2021, 11, 27215–27225 | 27223

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03079e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 3
/2

/2
02

6 
11

:1
7:

48
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
aided by articial intelligence, Angew. Chem., Int. Ed., 2019,
58(42), 14810–14822.

29 R. Cheng, L. Xu, X. Yu, L. Zou, Y. Shen and X. Deng, High-
sensitivity biosensor for identication of protein based on
terahertz Fano resonance metasurfaces, Opt. Commun.,
2020, 125850.

30 H. Zhang, Z. Li, F. Hu, T. Chen, B. Qin and Y. Zhao, Sensitive
detection of chlorpheniraminemaleate using THz combined
with metamaterials, Opt. Quantum Electron., 2017, 49(8), 258.

31 E. Aslan and M. Turkmen, Square fractal-like nanoapertures
for SEIRA spectroscopy: An analytical, numerical and
experimental study, Sens. Actuators, A, 2017, 259, 127–136.

32 W. Yang, J. Lu, E. P. Gilbert, R. Knott, L. He and W. Cheng,
Probing so corona structures of DNA-capped nanoparticles
by small angle neutron scattering, J. Phys. Chem. C, 2015,
119(32), 18773–18778.

33 S. J. Tan, M. J. Campolongo, D. Luo and W. Cheng, Building
plasmonic nanostructures with DNA, Nat. Nanotechnol.,
2011, 6(5), 268.

34 D.-K. Lim, K.-S. Jeon, J.-H. Hwang, H. Kim, S. Kwon,
Y. D. Suh and J.-M. Nam, Highly uniform and reproducible
surface-enhanced Raman scattering from DNA-tailorable
nanoparticles with 1-nm interior gap, Nat. Nanotechnol.,
2011, 6(7), 452.

35 S. A. Maier, Plasmonics: fundamentals and applications,
Springer Science & Business Media, 2007.

36 P. B. Johnson and R.-W. Christy, Optical constants of the
noble metals, Phys. Rev. B: Solid State, 1972, 6(12), 4370.

37 Y. Wang, X. Yan and R. Dong, Organic memristive devices
based on silver nanoparticles and DNA, Org. Electron.,
2014, 15(12), 3476–3481.

38 S. Qin, R. Dong, X. Yan and Q. Du, A reproducible write–
(read) n–erase and multilevel bio-memristor based on DNA
molecule, Org. Electron., 2015, 22, 147–153.

39 S. M. D. Watson, A. R. Pike, J. Pate, A. Houlton and
B. R. Horrocks, DNA-templated nanowires: morphology
and electrical conductivity, Nanoscale, 2014, 6(8), 4027–4037.

40 V. Hodzic, V. Hodzic and R. W. Newcomb, Modeling of the
electrical conductivity of DNA, IEEE Trans. Circuits Syst. I:
Regul. Pap., 2007, 54(11), 2360–2364.

41 Z. Kutnjak, G. Lahajnar, C. Filipič, R. Podgornik,
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