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of gold–DNA nano core–shell
cloaking characteristics for drug delivery and
cancer therapy

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

and Elham Darabic

The cloaking characteristics of biocells can be considered as a factor to determine drug absorption by the

tissues. The metal–organic core–shell structure can act as a cloak around the molecules of tissue and can

be used as a nanomachine for drug delivery. Thus, we define a ratio of drug absorption based on frequency

red-shift and the effective permittivity in the optical spectrum. Here, a cylinder of molecules coated by

plasmonic nano core–shells is proposed for measuring the cloaking characteristics of biocells. The

overall bandwidth of the proposed cloak for reflectance less than −10 dB is 36%. We check the effect of

the filling factors of nanoparticles on the reflection and the frequency response of the tissue. Besides the

frequency red-shift and change in the level of reflection, the phase and impedance are extracted. We

could obtain the normalized scattering cross-section of 5 dB lower than the cylinder without cloak for

the cylinder with a gold–DNA core–shell cloak. Here, we modify the Maxwell-Garnett equation for

a cylindrical structure to obtain the effective value of the permittivity for cancer and normal tissues. The

results show that obtained permittivity from the simulation has a good match with the calculated

permittivity from the Maxwell-Garnet equation. Therefore, this approach can be considered as an

efficient method for drug absorption and diagnosis of cancer cells from normal cells.
Introduction

A metamaterial is known as a macroscopic composite with
a periodic or non-periodic structure, and possesses unique
characteristics that is not found in nature, such as negative
permittivity and permeability and negative refractive index.1,2

The advancement in metamaterial science and technology has
given rise to some interesting applications such as invisibility
cloaks.3,4

Invisibility cloaks can manipulate the interaction between
electromagnetic elds and matter, redirecting electromagnetic
waves around the cloaked object,5 so that the total scattering
cross-section of the cloaked object is reduced.6 Numerous
techniques and formations have been noticed to suppress or
divert the scattering of objects and improve the cloaking quality
and bandwidth in different frequency regions, including
microwave7 and terahertz (THz) regions,8 infrared, optics,
acoustics, etc.9
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For instance, Schurig et al. developed the split ring resonator
for microwave applications,10 a method later expanded by Wang
et al. to exhibit dual-band characteristics.11 Additionally, other
structures such as photonic band-gap structures have been
employed in microwave applications.12

The cloaks have been developed in the optical spectrum
where the nanoparticles in several shapes have been noticed
based on plasmonic attributes.13,14 Recently plasmonic spher-
ical15 and plasmonic Rods16 have been studied for reducing the
radar cross-section by various placements of the nanoparticles.
In addition, the composition and disposition of the nano-
particle in the PMMA layer were suggested for the design of the
cylindrical cloak.17

When the light is incident to metal in the optical spectrum,
the light photon energy is absorbed by the electron of the
metal.18,19 In this case, the electron has a charge and energy
named polaritons. These polaritons propagate at the interface
between the metal and air or metal and dielectric and cause
oscillations of the metal's plasma.20 Surface plasmon polaritons
(SPPs) waves are the surface waves that result from the inter-
action of incident eld and subwavelength metal at the optical
regime.21 Polaritons which are free electrons of metal have
absorbed the energy of the incident photon and propagate at
the metal–dielectric or metal–air interface. These polaritons
cause oscillations of the metal's plasma, and the metal is
modeled by Palik and Johnson.22 The surface charge density
© 2023 The Author(s). Published by the Royal Society of Chemistry
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oscillations due to surface plasmons can cause to enhance
optical near-elds strongly in the space above the surface. This
characteristic is noticed in designing optical subwavelength
devices such as nano-antenna,23 optical nano lter,24 and
optical coupler.25

Plasmonic nanoparticles can conne the light, so the
absorption of light is increased. Therefore, they are noticeable
for perfect absorbers based on metamaterials that have attrac-
ted considerable interest.26 Perfect absorbers can eliminate
multipath reections due to different interfaces and enhance
absorption, reradiating an out-of-phase wave from surface
currents.27 One of the applications of absorbers is in radar-
absorbing coatings28 to reduce the reectance and scatter the
radar signals away.29

THz metamaterial based gold–DNA nano core–shells cloak-
ing can be used as a very promising technique in the eld of
bionanotechnology. This new method can be employed in
various applications such as drug delivery and optical imaging.
The gold–DNA nano core–shells can act as a highly efficient
targeted drug delivery system. The protein coating acts as
a protective layer on the gold nanosphere and increases its
stability and biofriendliness. These nanospheres are able to
accurately carry drugs to the target cells in the body. This
method allows the controlled release of the drug at the stimu-
lated site and makes available the improvement of various
treatment methods. Also, these nanoparticles with extremely
small sizes are suitable for molecular imaging. They can target
specic molecules or tissues of interest and emit signals that
make them promising for the enhancement of molecular
imaging.

Analytical study of phase and impedance, along with
frequency change, reection level, and electrical permittivity,
are used as criteria to determine the amount of drug absorption
and distinguish healthy cells from cancer in optical imaging.
One of the advantages of this work compared to previous
researches is that we have focused on the study of the effect of
the coating ratio on the absorption rate, and this can have
a signicant improvement in the efficiency and control of the
drug used. Also, in the past researches, mostly gold nano-
particles have been used as a hiding agent, but our examination
of the advantages in this eld shows that the use of gold
nanospheres with protein coating has the ability to absorb and
emit light. These properties allow us to utilize these nano-
spheres as optical contrast agents in vector images. This inno-
vation can lead to signicant improvements in detection
accuracy and advancements in light-based imaging
technologies.

By acting as a cloak, the gold–DNA nano core–shells are
designed to protect and deliver therapeutic agents such as
drugs to specic targets, while providing real-time information
about the treatment response. These simultaneous capabilities
enhance the overall efficiency of nano-theranostics. This inte-
grated approach of combining diagnostics and therapeutics
into a single system holds great promise for targeted drug
delivery, allowing for more precise and effective treatments
such as the determination of drug absorption ratio.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Recently, drug delivery methods have been developed for
treating cancer tissue based on nanoparticles.30,31 Many
researches have been done about nanoparticle shape32 and their
effect on the spectroscopy response based on different factors
such as nanoparticle size.33,34 Various techniques have been
studied to realize the ratio of absorption of the drugs by the
cancer tissue in the microwave35 and optical spectrum based on
impedance.36,37

Based on the transformation optics technique, a special coat
can manipulate the electromagnetic wave. So, this behavior can
be considered for measuring drug absorption by tissues. Here,
we present a coat for the cylindrical object and examine the
effect of the coat's permittivity on reection for both TE and TM
modes. In TE (Transverse Electric) mode, all the electric eld
lines are perpendicular to the plane of the incident wave and the
magnetic eld is zero. In TM (Transverse Magnetic) mode, all
the magnetic eld lines are perpendicular to the plane of the
incident wave and the electric eld is zero.

The coat's permittivity impacts both reection level and
frequency. Thus, this coat can be designed by nanoparticles at
the optical spectrum using the plasmonic characteristic as dis-
cussed by Alu et al.38–40 The cancer cells or organic elements in
the human body can be assumed as cylindrical object as shown
in this paper. The nanoparticles with the organic coat can be
supposed as nanomachines for drug delivery.41 So, the absorp-
tion of this organic coat is assumed to correspond to drug
absorption. The absorption and reection of the object can be
changed by the size of the nanoparticles or the number of these
nanoparticles. Therefore, the lling factor can impact permit-
tivity based on the Maxwell-Garnet equation and we can recog-
nize howmuch the drugs are absorbed by the tissue. In addition,
based on the transmission and reection, the impedance of the
coated element can be obtained which shows the ratio of the
absorption of the drug. Also, the phase variation is checked for
structures to increase recognition accuracy. So, the simulations
prove that the lling factor's effects on frequency shi and
absorption are more than the arrangement of the nanoparticle,
and this nanoparticle placement are selected randomly and
studied for TE and TM modes. In short, these studies reveal the
drug delivery relation with cloaking which is important for
accurately detecting and treating cancer cells.
Theory of optical cloaking
Transformation method for cylindrical objects

The optical transformation method for the cylindrical coordi-
nates is used for designing the homogeneous cylindrical cloak
as described by.42,43 Maxwell's equations in the original space
are

V� E þ ium$H ¼ 0;
V�H � iu3$E ¼ 0

(1)

where E and H represent the intensity of the electric eld and
magnetizing eld respectively, 3 is the permittivity, and m the
permeability may depend on position. If we suppose that the
coordinate transformation between the virtual space and the
physical space is
RSC Adv., 2023, 13, 23244–23253 | 23245
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x′ = x′(x) (2)

Maxwell's equations in the new coordinate system become

V
0 � E

0 þ ium
0
$H

0 ¼ 0;
V

0 �H
0 � iu3

0
$E

0 ¼ 0
(3)

with

E′(x′) = (LT)−1E(x); H′(x′) = (LT)−1H(x) (4)

m
0�
x
0� ¼ L$mðxÞ$LT

detðLÞ ; 3
0�
x
0� ¼ L$3ðxÞ$LT

detðLÞ (5)

where the Jacobian transformation matrix is dened as43

Lij ¼ vx
0
i

vxj

;
�
L�1�

ij
¼ vxi

vx
0
j

: (6)

The transformation matrix has been presented for the
cylindrical cloak. It is in the two dimensions normal to the
cylinder's axis and has been oriented from Jacobian trans-
formation based on converting virtual and physical spaces. The
transformation for a cylindrical cloak is an identity along the z-
axis; hence the coordinate transformation is in the xoy plane.
Spatial transformation in the Cartesian coordinates is

x
0 ¼

�
b� a

b
þ a

r0

�
x;

y
0 ¼

�
b� a

b
þ a

r0

�
y;

z
0 ¼ z;

(7)

where a is the inner radius, b is the outer radius of the cylin-
drical cloak and r0 = x2 + y2.

Then the transformation matrix oriented from Jacobian
based on converting virtual and physical spaces is

L ¼

0
BBBBBBBBB@

vx
0

vx

vx
0

vy

vx
0

vz

vy
0

vx

vy
0

vy

vy
0

vz

vz
0

vx

vz
0

vy

vz
0

vz

1
CCCCCCCCCA

¼

0
BBBBBB@

r
0

r
� ax2

r03
�k3axy

r03
0

�kaxy

r03
r
0

r
� k3ay2

r03
0

0 0 1

1
CCCCCCA

(8)

in which r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x02 þ y02

p
, r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

. Or written in a closed-
form expression:

det
	
L


¼ r

0

r

�
r
0

r
� a

r0

�
(9)

Therefore relative permittivity and permeability tensors for
the cloaking shell can be obtained by eqn (5) and (8).

3r ¼ mr ¼

0
BB@

3xx 3xy 0

3yx 3yy 0

0 0 3zz

1
CCA (10)

The material parameters are43
23246 | RSC Adv., 2023, 13, 23244–23253
3xx ¼ r

r� a
þ a2 � 2ar

ðr� aÞr3x
2; (11)

3xy ¼ a2 � 2ar

ðr� aÞr3 xy ¼ 3yx; (12)

3yy ¼ r

r� a
þ a2 � 2ar

ðr� aÞr3y
2; (13)

3zz ¼
�

b

b� a

�2
r� a

r
: (14)
Plasmonic material

For determining the localized surface plasmon resonance
(LSPR), the Drude model can be used as

3 ¼ 1� up
2

u2 þ g2
(15)

where up is the plasma frequency and g is the damping
parameter of the bulk metal.44

In this research, plasmonic gold nanoparticles are consid-
ered as nanoelectronic materials for their superior features.
Gold nanoparticles, because of their biocompatibility, chemical
stability, sharp plasmonic resonance frequency, and favorable
dielectric function can be used in optical imaging, and thera-
peutic applications, for example, in some hyperthermia
methods or cancer treatment.
Simulation and the results
Simulation method

Various types of core–shell structures in previous studies have
been examined based on the shell of DNA rods. The main
problem with the core–shell structures is that they are analyzed
in the uid phase. However, DNA-based core–shells have the
ability to crystallize, and on the other hand, DNA rods around
the sphere structure prevent the spaces from being empty and
the physical contact of the spheres. We determine the effect of
DNA lling space on permittivity and investigate the effect of
different percentages of lling and arrangement geometry on
conductivity. We investigate the effect of DNA for different
lling factors, on the frequency response. We use the Maxwell-
Garnett model to compare with the simulation results.

The arrays of gold–DNA core–shells can be used for cloaking.
We analyze the structures using two ports model in the CST
Microwave Studio soware in the time domain solver with
hexahedral mesh. Finite Integration Technique (FIT) in CST has
high analysis speed. Due to the more accurate mesh generation,
the FIT method is used to solve Maxwell's equations efficiently
and fast. This technique is very efficient, especially in small
dimensions and curved objects, and analyzes complex models
optimally and quickly. Here, a waveguide port is used for exci-
tation on both sides of the nanosphere. Boundary conditions
are assumed to be perfect conductive (PEC) in the X-direction
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The gold–DNA core–shell excited by using two-port exci-
tation (b) the effect of the DNA permittivity on the core–shell
permittivity (c) the effect of the DNA conductivity on the core–shell
permittivity.
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and fully magnetic conductive (PMC) in the Y-direction, and in
the Z-direction, we use open and space conditions.

Nanosphere without coat

Fig. 1 shows how much the permittivity can be controlled by
changing the radius, and this helps us to design broadband
structures and modify the nanosphere for cloak layers. In
Fig. 1(a) the nanosphere is excited by using two-port excitation.
As Fig. 1(b) shows, radius variations cause a change in the
frequency response. At a radius of 50 nm, the maximum
permittivity will be about 30. As can be seen, increasing the
radius reduces the resonance frequency. These variations help
to adjust the resonance frequency in the designs. So that for
a maximum radius of 45 nm, it is at 240 THz but for 60 nm it is
at 170 THz.

Nanosphere with DNA coat

In the second part, we assume a thin rod of DNA with a height of
20 nm and a radius of 2.5 nm in the crystal form as a coat on the
nanosphere (Fig. 2(a)). For DNA, we considered two factors,
electrical conductivity, and permittivity, and studied their
variation effect on the effective permittivity. In the optical
spectrum, the permittivity of the DNA rods can be assumed 1 to
1.2,45 and we assume 1.1 in the nal analysis. And in Fig. 2(b)
a comparison of different permittivity shows that it has no
particular effect on the effective permittivity frequency
response. The second parameter is considered to be conduc-
tivity. DNA conductivity can be controlled by the amount of
silver and gold combined with DNA rods, and different values
have been reported in previous research.46 Therefore, in Fig. 2(c)
we examined the proposed structure for different conductivities
of 10, 100, 1000, and 100 000. As shown in Fig. 2(c) the results
for 10, 100, and 1000 are very close to each other, but when the
value 100 000 is selected, the switching mode is visible in the
Fig. 1 (a) The nanosphere excited by using two-port excitation (b) the
effect of the radius of the nanosphere on permittivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
structure. Here we consider the on or low impedance state to be
1000 and the off or high impedance state to be 100 000, which is
usually reported for DNA structures with an impedance ratio in
the range of a few hundred.47
Design of plasmonic cloak

In this section, the nanosphere array and the coated nano-
sphere are used for cloaking, and the goal is to use the
Fig. 3 The object (a) without a cloak, (b) with a gold nanosphere cloak
and (c) with gold–DNA core–shell cloak.

RSC Adv., 2023, 13, 23244–23253 | 23247
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cylindrical cloak around the dielectric cylinder structure in the
previous research on silica rods with a permittivity of 2.1.39 In
addition, nanorods of polymer with various lengths have been
used for detecting and trapping breast cancer cells. Thus, in the
rst simulations, the refractive index of the rod is assumed to be
2 which is near to the refractive index of polymer and nally the
rod is replaced with normal and cancer tissues. Fig. 3 shows the
three structures of the object without a cloak, an object with
Fig. 4 Comparison of the magnitude of reflection in (a) TM mode and
(b) TE mode and comparison of the magnitude of transmission in (c)
TM mode and (d) TE mode for a cylindrical simple object, with
nanosphere coat, and with gold–DNA core–shell coat.

23248 | RSC Adv., 2023, 13, 23244–23253
a nanosphere cloak, and nally the object with the gold–DNA
core–shell cloak.

The proposed structure with nanosphere coat and nano-
sphere with DNA coat is examined for two modes of TM and TE,
and results are shown in Fig. 4(a–d). For TM mode in Fig. 4(a),
the reection for the structure with the nanosphere coat shows
dual band characteristics at 147.8 and 177.2 THz. But, the
structure with core–shell cloak has only one resonance at 160.3
THz. In addition, the core–shell structure provides lower
reection from the object in comparison with the nanosphere
coat and this value is about −6 dB. The bandwidth below −10
dB is about 35% (from 132 to 189 THz). For the TE mode in
Fig. 4(b), the reection has one resonance at 173.4 THz. In this
mode, the bandwidth below −10 dB is about 36% (from 141 to
205 THz) for the gold–DNA core–shell coat.

Transmission of simple object, object with nanosphere coat,
and with gold–DNA core–shell coat in their resonance
frequencies in TM and TE modes are compared in Fig. 4(c) and
(d), respectively. As can be seen, the transmission of the object
with nanosphere coat and with gold–DNA core–shell coat in
their resonance frequencies increases nearly to 0 dB. This
transmission increment besides the reection decrement
shows that these coats decrease the absorption according to the
relation of A = 1 − T − R where R is reection, T transmission,
and A absorption. This absorption of near zero can cloak the
object coated with gold–DNA core–shell.
Fig. 5 Reflection of the object covered with nanosphere cloak for
various filling factors for two modes (a) TM and (b) TE mode.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03338d


Fig. 7 The power flow for (a) the object without cloak layer (b) the
object with nanosphere cloak (c) the object with core–shell cloak.
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In Fig. 5(a) and (b), the reections are examined for object
covered with nanosphere cloak for various lling factors for TM
and TE modes, respectively. As shown in Fig. 5(a), by increasing
the number of nanosphere in the coating layer, the resonance
shis to a lower frequency. This resonance red-shi can be
attributed to the increase of capacitance due to the presence of
more nanosphere in the coat of structure in TMmode. For lower
lling factor structure which there is the possibility of different
orientations of nanospheres, we observe that there are different
resonance frequencies for the nanosphere coat (as can be seen
for the 66% structures). However, when we use gold–DNA core–
shells there is no difference between the resonance frequency of
different 66% types (as can be seen in Fig. 6(a) and (b)). In Fig. 6,
the reections are examined for the object covered with gold–
DNA core–shell cloak for various lling factors for TM and TE
Fig. 6 Reflection of the object covered with core–shell cloak for
various filling factors for two modes (a) TM and (b) TE (c) two different
types for filing factor of 66% (type 1 and type 2).

© 2023 The Author(s). Published by the Royal Society of Chemistry
modes, respectively. Therefore, the resonance frequency of the
gold–DNA core–shell cloak in these structures is independent of
the nano core–shells arrangement.

Fig. 7 compares power ow distribution for the bare struc-
ture without and with 100% nanosphere cloak and with 100%
core–shell cloak at 173.4 THz. As shown in Fig. 7(a), the bare
cylinder disrupts the ow in the absence of the cloak layer.
However, by using the cloak structure, this drawback has been
eliminated and the comparison of Fig. 7(b) and (c) shows us that
the structure with gold–DNA core–shell has helped to improve
the uniformity of the power ow distribution, especially in
corners that are sensitive. There is a strong backscattering for
bare cylinder. However, for the cloaked cylinder, this back-
scattering is reduced properly. So, we consider the object
covered with gold–DNA core–shell cloak as the selected cloak
structure.

To further conrm the selected gold–DNA core–shell cloak,
the scattering cross-section for the proposed cylinder is exam-
ined and compared with a bare cylinder. The results are pre-
sented in Fig. 8. In this case the structure is illuminated by
a TMz-polarized plane wave. As can be observed, at the reso-
nance frequency of 177.2 THz, the cloak has reduced the
normalized scattering cross-section by about 5 dB.
Fig. 8 Normalized scattering cross section for uncloaked cylinder and
core–shell cloaked cylinder.
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Fig. 9 Comparison of the effect of the core–shells nanoparticle filling
factor on (a) magnitude of impedance, (b) phase of impedance and, (c)
transmission phase for normal and cancer tissues in TE and TMmodes.
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Application for medical sensing

For detecting the cancer cells from the normal cells typically the
frequency shi can be considered and this frequency shi also
can be used for various types of viruses such as Flu.48 Moreover,
we can use this property for photothermal therapy of cancer
tissue. By cloaking the normal tissue at its resonance frequency
and illuminating the laser on the whole tissue, only the cancer
cells will absorb the wave and will be treated by the laser tuned
at this frequency. In addition, as mentioned in49, the phase of
the cancer cells is different from the normal tissue. So, the
phase variation can also be checked for different tissue with
various amounts of absorption of the drugs. These analytical
studies are used for the determination of the ratio absorbed
drug with gold nanosphere by the normal and cancer cells. The
conventional pathology techniques for determining the prog-
ress of cancer is time-taking and other techniques of imaging
such as PET scan are not practical in every case. The DNA-coated
gold nanoparticles can be supposed as nanomachines for drug
delivery.41 So, absorption of this organic coat is assumed to be
equivalent to absorption of drugs. Thus, by using the DNA-
coated gold nanoparticles in the process of sampling, detect-
ing, and treating the cancer tumor, we can distinguish the
cancer and normal tissues and also we can predict the ratio of
the drug absorption in normal and cancer tissues. For this
purpose, we can use the magnetic surface impedance
dened as:

z=h0 ¼ 2� 1� T þ R

1þ T � R
(16)

where T is the transmission, R is the reection and h0 is the
impedance of free space.50,51

The values of jZTEj, jZTMj, ;ZTE, ;ZTM and the phase of
transmission for TM and TE modes are presented in Table 1.
As can be seen, for TE and TMmodes, jZTEj, jZTMj, 4TE and 4TM

of cancer and normal tissues have different values without
drug absorption. Increasing the lling factors of core–shell
nanoparticles corresponds to the absorption rate of the drugs.
We compare the results of Table 1 in Fig. 9. As shown in
Fig. 9(a and b), By increasing the percent of absorption of
drugs, both cancer and normal tissues have descending trend
Table 1 Study the effect of the core-shells nanoparticle filling factor on

W/O cover 66% type 2

Normal tissue jZTEj 511.09 288.90
jZTMj 393.81 282.46
;ZTE −89.76 92.50
;ZTM −89.76 84.39

Cancer tissue jZTEj 695.24 329.21
jZTMj 765.71 397.84
;ZTE −89.76 84.72
;ZTM −89.76 97.74

Normal tissue 4TE 52.32 −38.05
4TM 59.15 −46.29

Cancer tissue 4TE 65.75 −51.17
4TM 73.56 −55.56

23250 | RSC Adv., 2023, 13, 23244–23253
for jZTEj, jZTMj, ;ZTE and ;ZTM (for the same type of the
structure). The transmission phase variation (4TE and 4TM)
can be used to obtain the type of tissue and percentage of
absorption. The results of transmission phase variation are
shown in Fig. 9(c). The object transmission phase changes
proportionally with increasing the percentages of the drug.
This form of variation can be seen for TE and TM modes in
both normal and cancer tissues. We can analyze the tissue for
various percentages of drug absorption in TE and TM modes.
the impedance and transmission phase (in degrees)

66% type 1 77% 88% 100%

254.67 188.46 163.46 150.71
274.96 231.48 170.98 161.01
80.04 79 74.28 71.54
86.42 82.08 74.82 68.39

310.58 231.75 199.47 186.39
360.70 236.26 175.43 174.52
82.43 80.95 76.98 74.48
87.22 82.22 75.32 69.95

−34.08 −26.69 −22.92 −21.13
−41.67 −33.44 −28.24 −20.92
−38.06 −31.23 −28.24 −26.16
−42.96 −34.46 −25.16 −24.23

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The effect of filling factor changes on the permittivity of the gold–DNA core–shell structure in TE mode for cylindrical surface with
normal and cancer tissues

100% 88% 77% 66% type 1 66% type 2

Normal tissue 3eff,calculation 4.42 4.33 4.25 4.14 4.17
3eff,simulation 4.41 4.29 4.11 4.12 4.05
Frequency (THz) 162.6 166 170.2 175.2 177

Cancer tissue 3eff,calculation 4.67 4.57 4.48 4.44 4.41
3eff,simulation 4.58 4.34 4.16 4.14 4.11
Frequency (THz) 163.8 167.2 171.6 177.5 179.2

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 1

1:
52

:2
5 

PM
. 

 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
By analyzing the impedance and transmission phase and
combining the results we can correct unexpected errors in
experimental measurement.

The results show that changes in the percentage of nano-
spheres affect the effective throughput and we can analyze the
data from the Maxwell-Garnett equation based on the lling
coefficient. Maxwell-Garnett equations are a theoretical method
used to calculate the effective electrical permittivity in
composite materials. Using the Maxwell-Garnett equation and
considering the electrical permittivity of each nanomaterial
component and their relative volumes in the composite, it is
possible to calculate the effective electrical permittivity of
composite materials.

The effective permittivity can be obtained by the Maxwell-
Garnett equation as52

3eff ¼ 30 þ 3f 30
3s � 30

3s þ 230 � ð3s � 30Þf ¼ 30
2ð1� f Þ30 þ ð1þ 2f Þ3s
ð2þ f Þ30 þ ð1� f Þ3s

(17)

Here, we modied the Maxwell-Garnett equation for the cylin-
drical structure to obtain the effective value of the permittivity
for cancer and normal tissues.

Since the Maxwell-Garnett equation is dened for cubic
volume, some coefficients are needed to modify this equation
for the curved surface of the cylinder.

The 3eff is the complex permittivity of the composite and the f
is the fraction ratio. The 3s is the permittivity of the Au (gold)
nanosphere which is extracted from Fig. 1(b) in the desired
radius of the nanosphere and 30 is the air permittivity for our
model. The fraction ratio contains two main parts. One part is
the ratio of the nanosphere volume to that of a cube which the
nanosphere exactly ts inside this cube is obtained as 0.52. The
second part is the percentage of the nanosphere in the
arrangement which coats the organic cell, called fS in the rela-
tion. Then the modied Maxwell-Garnett for the composite of
environment and lling nanospheres will be as

3eff ¼ 30
2ð1� 0:52fSÞ30 þ ð1þ 2ð0:52fsÞÞ3S
ð2þ 0:52fSÞ30 þ ð1� 0:52fsÞ3S (18)

The total permittivity, ignoring some other effect such as the
imaginary part of the permittivity and reection between
surfaces can be obtained by

3T = 31 + 32 = 31 + 23eff (19)
© 2023 The Author(s). Published by the Royal Society of Chemistry
where the 31 is the organic cells permittivity with slab structure
and for normal and cancer cells, these values are 1.82 and 2.1,
respectively.

The permittivity of the cylindrical tissue 31cylindircal can be
obtained by the ratio of the circular volume to the rectangular
one as

31cylindircal = (pr2h/4r2h)31slab = (p/4)31slab (20)

where 31slab is the permittivity of the rectangular volume and h is
the height of the cylinder. So, the modied Maxwell-Garnett
equation for cylindrical structure covered by gold–DNA core–
shells is obtained by

3T ¼ 31 þ 32 ¼ ðp=4Þ31 þ 23eff

¼ ðp=4Þ31 þ 230
2ð1� 0:52fSÞ30 þ ð1þ 2ð0:52fSÞÞ3S
ð2þ 0:52fSÞ30 þ ð1� 0:52fSÞ3S (21)

The permittivity for normal and cancer tissues with various
absorption ratios based on eqn (21) for the TE mode is obtained
for cylindrical element in Table 2. The results show obtained
permittivity from the simulation is matched with the calculated
permittivity from Maxwell-Garnet, properly. So, the obtained
permittivity in the test can be supposed as another factor for
determining the type of tissue and ratio of drug absorption
besides the impedance and transmission phase of the sample.
Moreover, the effect of the percentage of nanoparticles on
permittivity is an important factor. The value of permittivity is
reduced for smaller lling factors. Furthermore, as shown in
Table 2, the permittivity of the cancer tissue is higher than
normal tissue.

In brief, the study of the transmission phase, and imped-
ances reveal the ratio of the nanomachine absorption as core–
shell biomaterial by cancer or healthy tissue and the result
shows the percentage of material absorption by tissue impacts
on the operation frequency, phase and impedance. We can
examine suspected tissue for cancer by comparing it with
conventional healthy tissue. Taking new sample aer receiving
the drug can give information about the ratio of drug absorp-
tion by the tissue.
Conclusions

Having analytical data on the ratio of drug absorption can help
us to understand how much a drug is absorbed by cancer and
RSC Adv., 2023, 13, 23244–23253 | 23251
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normal tissues. With the small sampling of patients, we can
determine the type of tissue and drug absorption. In this paper,
we focused on the cloaking characteristics of nanoparticles in
the optical range (100 to 200 THz) to differentiate between
cancerous and normal tissues based on drug absorption. The
nanosphere with DNA coat can impact on phase and impedance
of the environment. The effective permittivity and conductivity
besides the effective length play an important role in phase and
impedance controlling. It means there is a relation between the
absorbed drug ratio and the phase or impedance of the sample.
Here, the results revealed that for the smaller values of absorbed
drug ratio, the phase and impedance value is reduced for both
TE and TMmodes. As a matter of fact, by TE and TM analysis for
impedance and phase, we have made four degrees of freedom.
We can minimize the measurement errors of the cancer tissue.
Furthermore, the Maxwell-Garnett equation was modied for
this structure to obtain the effective value of the permittivity for
cancer and normal tissue for TE mode which was examined for
the cylindrical object. The results show obtained permittivity
from the simulation is matched with the calculated permittivity
from the modied Maxwell-Garnet equation, properly. With
these analyses, the behavior of the tissue and absorbed material
effects on phase, impedance, and permittivity can be discussed
clearly.
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