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Abstract
The fast label-free detection of specific antibodies and their concentration in blood plasma is useful for many applications, 
e.g., in Covid-19 patients. The change in biophysical properties like the refractive index of blood plasma due to the production 
of antibodies during infection may be very helpful in estimating the level and intensity of infection and subsequent treatment 
based on blood plasma therapy. In this article, Fano resonance-based refractive index sensor using plasmonic nanomatry-
oshka is proposed for blood plasma sensing. The interaction between hybridized modes (bright and dark modes) in optimized 
nanomatryoshka leads to Fano resonance, which by virtue of steeper dispersion can confine the light more efficiently com-
pared with Lorentzian resonance. We propose the excitation of Fano resonances in sub 100-nm size nanomatryoshka based 
on newly emerging plasmonic materials ZrN and HfN, and one of the most widely used conventional plasmonic material, 
Au. Fano resonance-based plasmonic sensors leads to sensitivity = 188.5 nm/RIU, 242.5 nm/RIU, and 244.9 nm/RIU for 
Au, ZrN, and HfN, respectively. The corresponding figure of merit (nm/RIU) is ~ 3.5 × 103, 3.1 × 103, and 2.8 × 103 for Au, 
ZrN, and HfN, respectively. Present theoretical analysis shows that refractive index sensors with high sensitivity and figure 
of merit are feasible using Fano modes of plasmonic nanomatryoshka.
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Introduction

In the backdrop of the fast growing world population, the 
need for developing efficient healthcare systems, particularly 
for medical testing and diagnostics, is at its high demand [1, 
2]. The recent worldwide spread of COVID-19 pandemic 
has emphasized on the vitality of fast testing and diagnos-
tic techniques. This is the motivation that encourages the 
researchers to explore the possibility and scope of devel-
oping efficient, long-lasting, economical, and practically 
feasible solutions to the existing as well as future medical 
challenges posing threat to the existence of humanity. The 
photonic systems provide solution for the development of 
label free fast detection/sensing system in which various 
types of resonances, e.g., Fabry-Perot resonators, Bragg 

resonators, reflection filters, antireflection filters, and trans-
mission gratings, have played the key role [3]. Beyond clas-
sical diffraction limit, sub wavelength metallic structures 
show nanoscale optical confinement by virtue of excitation 
of surface plasmons having unique properties [4]. Such 
structures will provide a better platform for switching, spas-
ing, molecular energy transfer, energy harvesting, bacteria 
detection, cancer therapy, etc. [5–16]. Plasmonic systems 
are emerging as the backbone of medical diagnostics, e.g., 
large efforts of physicists, chemists, biologists, and material 
scientists, are focused on the development of an ultrasensi-
tive plasmonic sensor for bio-molecular sensing. The origin 
of asymmetric resonant (Fano resonance) interaction [17] 
in the complex geometry like concentric or non-concentric 
nanoshell [18–20], rings [21], septamer [22], trimers [23], 
and disks-ring [24] provides hybrid plasmonic systems char-
acterized by rich plasmonic spectra. This not only open the 
possibility for new devices based on Fano modes but may 
also improve the performance of existing plasmonic device 
[25, 26]. Fano resonance usually involves the interference 
of two modes, the one with spectrally broad background and 
the other with narrow resonanceand characterized by strong 
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light confinement [27]. Fano resonance shows steeper dis-
persion and strong dependence on size, shape, and surround-
ing medium, compared with Lorentzian resonance [27]. In 
the last decade, asymmetric Fano resonances in plasmonic 
nanostructures have been a subject of intensive reaserch. 
For example, N. Halas and S. Link [28] at Rice University 
reported the first “plasmonic Fano switch for color display” 
based on tiny gold nanoparticles and liquid crystals. It is 
now well established that the Fano resonances originate 
from near-field coupling of “bright” and “dark” plasmon 
modes of individual nanoparticle within the cluster [28]. 
The excitations of Fano resonances in optimized structure 
provide a platform for detection [29], surface-enhanced 
Raman spectroscopy [30], nanolithography, microscopy, 
sub-diffraction imaging [31], ultra-small size laser [31], 
interferometric phase detection, ultrasensitive spectros-
copy, identification of molecular monolayer [32], X-Ray 
tomography, structural analysis, and precision metrology 
[33]. Irrespective of geometry, polarization insensitive sub 
100 nm multilayered core-shell structure called nanoma-
tryoshka (core/shell/shell) shows the inherent capability of 
spectral tuning and unique characteristics [16]. In optimized 
nanomatryoshka the interaction and coupling of low and 
high energy hybridized modes lead to the excitation of Fano 
modes [20, 21]. In addition to the choice of an appropriate 
geometry of plasmonic nanostructure, the proper selection 
of plasmonic material is also very crucial for designing fast 
and efficient optoelectronic systems. Traditionally, the coin-
age metals like gold, silver, copper, and aluminum have been 
the primary choice of plasmonic materials in the plasmonic 
systems and devices. The real-time fabrication issue and 
incompatibility with standard fabrication [34], with inher-
ent loss due to large real part in noble metals, are the key 
motivations for using newly emerging plasmonic materials 
like refractory transition metal nitrides (ZrN, HfN, etc.) for 
existing plasmonic-based devices [35–40]. In our previous 
work, it was examined that the refractory transition metal 
nitrides (RTMNs) like ZrN and HfN show plasmonic prop-
erties similar to the conventional plasmonic material Au [7, 
8]. Hence, refractory transition metal nitrides (i.e., ZrN, TiN, 
and HfN) and the ternary alloy (TixZr1-xN) exhibit attractive 
plasmonic properties which play a crucial role in design-
ing a better platform for refractive index sensing/detection. 
The unique biophysical signature (like refractive index and 
morphology) of bio-molecules (e.g., cells, bacteria, blood 
plasma, proteins) pave the way for label-free detection and 
sensing [41–43]. In a normal human being, the blood con-
sists of about 55% plasma (90% water and 10% proteins) and 
45% cells (99% erythrocytes, 1% leukocytes, and thrombo-
cytes). Since, blood plasma contains proteins (antibodies) 
and other ingredients, due to slight variation in the blood 
plasma concentration cause variation in the pH value of 
blood, which in turn leads to serious health deterioration. 

The detection of specific antibodies and the concentration 
of blood plasma in Covid-19 patients are key for monitoring 
their health and extremely useful in blood plasma therapy. 
It is therefore very crucial to develop a label free sensing 
system to monitor the concentration of blood plasma. Micro-
fluidic techniques for estimating the concentration of hydro-
gen sulphide [44], glucose, and cholesterol in blood plasma 
have already been reported [45]. For example, silver-based 
luminescent probe has been designed for enzymatic sens-
ing/detection of glucose level in blood plasma [46]. Fur-
ther, the cancer bio-marker changes the thermal behavior 
of most abundant proteins in blood plasma and its detection 
in blood plasma and urine is normally done by techniques 
such as differential scanning calorimeter and mass spectrom-
etry [47]. The excitation of SPR in optical fiber leads to the 
detection of fibrinogen traces in the blood plasma of Alz-
heimer’s patients with a detection limit of 20 ng/ml [48]. In 
the backdrop of above discussion, it is therefore imperative 
to develop improved methods for detecting minute changes 
in the blood plasma concentration for early diagnosis of the 
diseases.

The present work analyzes the feasibility of efficient 
refractive index sensing of blood plasma concentration using 
Fano modes of transition metal nitride-based nanomatry-
oshka. The crucial role of Fano mode’s lineshape requires 
effective and efficient theoretical tools. The present work 
intends to accomplish the following objectives: (I) to study 
the origin of asymmetric Fano line shape in subwavelength 
sized nanomatryoshka, (II) to investigate the unique fea-
tures of Fano resonances and their comparative study with 
symmetric localized modes, (III) to assess the sensitivity 
and figure of merit of Fano resonances for different sens-
ing environments, and (IV) quantitative analysis of sensing 
properties as suitable for blood plasma sensing.

Theoretical Model

The nanomatryoshka-based plasmonic system considered 
for present investigations consists of three concentric layers, 
namely, the metallic core having permittivity ε1 and radius 
R1, dielectric layer having permittivity ε2 and radius R2, and 
metallic shell having permittivity ε3 and radius R3 as shown 
in Fig. 1. The nanoparticle is ingrained in the medium of die-
lectric constant, �m = n2 , where n is the refractive index of 
the ingrained medium. The numerous analytical (quasi-static 
approach, Mie scattering theory, transfer matrix approach, 
etc.), and numerical (FEM, FDTD, etc.) methods are avail-
able for studying and simulating optical properties of nano-
matryoshaka. In the present work, the well-established Mie 
theory has been used to treat plasmonic nanomatryoshka 
[49]. Mie theory consider that the uniform field incident 
on nanomatryoshka produces scattered and internal fields. 
These fields may be expressed as an infinite series of vector 
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spherical harmonics. This is to be emphasized that the Mie 
analysis is based on the full wave solutions of electromag-
netic Maxwell equation formulated for the system under 
consideration. The solutions are commonly expressed in 
the form of Mie coefficients ( al and bl ) as defined below 
[50, 51], Eq. 1

Here, for four layer system, and size parameter 
x3 = kR3 where k is the wavenumber, f3 = �3

/
�m is the 

relative refractive index of outer shell medium with 
respect to the ingrained medium, Ricatti-Bessel functions 
ψl(z) = zjl(z) ; χl(z) = −z yl(z) , ξl(z) = zh1

l
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and k is the wave vector and, f1 , f2 and f3 are the refractive 
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Fig. 1   The schematic diagram of plasmonic nanomatryoshka particle. 
The nanomatryoshka consists of metallic core having permittivity �

1
 

and radius R1, dielectric layer having permittivity �
2
 and radius R2, 

and metallic shell having permittivity �
3
 and radius R3. Nanomatry-

oshka particle is ingrained in the medium of dielectric constant �m . It 
is assumed that the particle is placed in the uniform electric field E⃗

0
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where k is the wavenumber of medium and R3 is the radius 
of nanomatryoshka.

Results and Discussion

In order to validate the present approach and the code that we 
developed, the results reported in Wu et al. [50] are repro-
duced for Au-based nanomatryoshka (NMS) and nanoshell 
(NSH) with outer radius of 50 nm as shown in Fig. 2a. The 
validation for three different core sizes (15, 21, 25 nm) is 
shown. The optical constants of refractory transition metal 
nitrides ZrN and HfN are adopted from Kumar et al. [39] 
and that of Au are adopted from Shishodia and Juneja [13]. 
The spectral variation of scattering efficiency for ZrN-based 
nanomatryoshka (R1 = 30 nm, R2 = 50 nm, and R3 = 70 nm) 
is presented in Fig. 2b. For the sake of comparison, the cor-
responding overlay plots for spherical (R = 70 nm) and 
nanoshell (R1 = 50 nm, R2 = 70 nm) geometries are also 
presented. The scattering spectra show the possibility of the 
appearance of Fano resonance in nanomatryoshka. This is 
possible by virtue of indirect coupling between non-radiative 
(dark) and radiative (bright) modes of plasmonic nanostruc-
ture [52–54]. Figure 2 b clearly shows that, Fano modes 
appear in nanomatryoshka but not in sphere and nanoshell. 
Evidently, Fano dip and peak appears at, λ = 635 nm and 
λ = 743 nm. In order to confirm that the resonance appeared 
in nanomatryoshka is Fano resonance, the calculated data 
is fitted into the following standard lineshape expression of 
Fano resonance [17],

In Eq. 8, F is called Fano parameter (degree of asym-
metry), �R is the position of resonance, and w is the width 

(8)f (�) =

(
F × w + � − �R

)2

(
� − �R

)2
+ w2

of Fano resonance. The calculated spectral variation of scat-
tering efficiency and the corresponding fitting into Eq. 8 is 
presented in Fig. 3 for ZrN-based nanomatryoshka ingrained 
in the medium of refractive index 1.333. The fairly good 
fitting of calculated data into Fano expression confirms the 
Fano nature of resonance in nanomatryoshka. The fitting 
parameters are summarized in Table 1. The calculated spec-
tral variation of scattering efficiency ( Qsca ) for nanomatry-
oshka consisting of Au, ZrN, and HfN shell is shown in 
Fig. 4a. Unless mentioned otherwise, the sandwich dielectric 
medium is assumed to be lossless silica with wavelength-
independent dielectric constant, �2 = 2.04 . The size parame-
ters considered for this analysis are R1 = 30 nm, R2 = 50 nm, 
and R3 = 70 nm. This is evident that the scattering efficiency 
(normalized scattering cross-section) spectra show resonant 
behavior by virtue of excitation of localized surface plasmon 
modes, whose interaction results in the characteristic Fano 
resonance. For the nanomatryoshka under consideration, 
Fano peak appears at λ = 737 nm, 741 nm, 703 nm, and Fano 
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Fig. 2   a Validation of Mie theory–based extinction efficiency (Qext) 
for Au-based nanomatryoshka (NMS) and nanoshell (NSH) with 
specifications same as in Ref. [50]. b The calculated spectral vari-
ation of scattering efficiency for ZrN-based nanosphere (70  nm), 
nanoshell (50–70  nm), and nanomatyroshka (30-50-70  nm) particle 
ingrained in the medium of refractive index 1.333

Fig. 3   The calculated spectral variation of scattering efficiency of 
ZrN-based nanomatyroshka (30-50-70 nm) and corresponding fitting 
of calculated data into Fano expression. The excellent fitting of calcu-
lated data into the standard Fano expression confirm the Fano nature 
of resonance

Table 1   The Fano fitting parameter of nanomatryoshka with 
R1 = 30 nm, R2 = 50 nm, and R3 = 70 nm

Fitting Parameters Au ZrN HfN

F 2.24 2.17 2.12
�
R
 (nm) 738 743 705

W (nm) 45.16 57.45 61.23
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dip appears at λ = 650 nm, 635 nm, 599 nm for Au-, ZrN-, 
and HfN-based nanomatryoshka, respectively. It is evident 
that the Fano peak scattering efficiencies of Au, ZrN, and 
HfN are comparable having magnitude 5.9, 5.7, and 5.4, 
respectively. Moreover, FWHM (nm) values are 45.57 nm, 
57.16 nm, and 61.23 nm, respectively. Figure 4b clearly 
shows the red-shift of Fano resonance peak as the refractive 
index of the surrounding medium around ZrN-based nano-
matryoshka is varied slightly. It is evident that the resonant 
Fano peak wavelength is extremely sensitive even to a slight 
change in the refractive index of the surrounding medium. 
As it is well known that the healthy blood plasma comprises 
of water and crucial proteins with refractive index, 1.32459 
[55], the small change in the concentration of blood plasma 
leads to a change in the refractive index. Next, let us con-
sider a practical scenario, where the sensing medium is the 
defected blood containing different blood plasma concentra-
tions. The refractive index change resulting from the change 
in plasma concentration, e.g., resulting from contaminations 
and diseases may be written as [55],

In Eq. 9, Cp denotes the concentration of defected plasma 
in the blood and it is normally expressed in the units of 
grams per liter. In the present calculations, CP is varied from 
0 to 50 g/l in the steps of 10 g/l. The refractive index val-
ues of blood for different concentrations of contaminants 
in blood plasma are tabulated in Table 2. The calculated 
spectral variations of scattering efficiency ( Qsca ) for nano-
matryoshka consisting of Au, ZrN, and HfN are shown in 
Fig. 5a–c, respectively. The results are shown for six dif-
ferent plasma concentrations in blood. It is evident that the 
Fano resonance appears in the scattering spectra of Au-, 
ZrN-, and HfN-based nanomatryoshka. This is clearly 

(9)n = 1.32459 + 0.000194Cp

evident that the peak position of Fano resonance shifts on 
varying the plasma concentration. Moreover, Fano reso-
nance wavelength varies almost linearly with the concentra-
tion of blood plasma as is evident from Fig. 5d. A significant 
shift in Fano resonance wavelength is observed with minus-
cule change of blood plasma concentration. Interestingly, 
the Fano dip wavelength remains almost unaltered with the 
change in blood plasma concentration. It is interesting to 
note that the scattering efficiency at resonance dip wave-
length in all cases is very close to zero. This corresponds to 
the high optical absorption in this spectral region. This fea-
ture is desired for designing efficient light absorbing nano-
structures. It is evident that the scattering peak wavelength is 
also a highly sensitive function of the refractive index of the 
surrounding/sensing medium. The fractional change in the 
refractive index leads to the drastic reduction in scattering 
efficiency, and the shift in resonant wavelength makes the 
basis of Fano resonance-based biosensing. The calculated 
Fano peak wavelength positions for six different plasma con-
centrations in Au-, ZrN-, and HfN-based nanomatryoshka 
(30, 50, 70) are summarized in Table 3. The sensitivity (S) 
of refractive index sensor is defined as the rate of change of 
resonant peak wavelength (nm) with the refractive index of 
sensing medium. Mathematically, the sensitivity (nm/RIU) 
of the sensor can be written as [14]

The dependence of Fano peak wavelength on the concen-
tration of defected blood plasma and hence the refractive 
index can be fitted into a linear equation of the following 
form,

In Eq.  11, λ0 and S are the fitting parameters.  The 
dependence of resonant wavelength (λR) with change in 
refractive index of sensing blood plasma medium and cor-
responding sensitivity (S) for (a). Au, (b). ZrN, and (c). HfN 
based nanomatryoshka are shown in Fig. 6. The analysis  
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Fig. 4   a The calculated spectral variation of scattering efficien-
cies of Au, ZrN, and HfN-based nanomatryoshka with R1 = 30 nm, 
R2 = 50 nm, and R3 = 70 nm. b The spectral variation of scattering 
efficiency of ZrN-based nanomatryoshka (30, 50, 70) ingrained in 
the surrounding medium of slightly different refractive indices. The 
red-shift of Fano resonance peak with increasing refractive index of 
ingrained medium is clearly evident

Table 2   The optimized refractive index of defected concentration of 
blood plasma [55]

Sr. no Concentration (g/l) Refractive index (n)

1 0 1.324590000
2 10 1.339692811
3 20 1.359112811
4 30 1.378592811
5 40 1.397952811
6 50 1.417372811
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of data shown in Fig. 6 shows that the sensitivity values 
corresponding to the Fano resonances in Au-, ZrN-, and 
HfN-based nanomatryoshka are 188.5 nm/RIU, 242 nm/
RIU, and 244.9 nm/RIU, respectively. This suggests that 
the sensitivity values of ZrN- and HfN-based nanoparticle 
systems are higher than that of commonly used plasmonic 
material gold. Another important sensor parameter is the 
figure of merit (FOM), which is simply the product of qual-
ity factor (QF) of resonance and the sensitivity (S), and it 
is defined as [14]

The calculated FOM (nm/RIU) values are 3.5 × 103, 
3.1 × 103, and 2.8 × 103 for Au-, ZrN-, and HfN-based 
nanomatryoshka, respectively. This suggests that the FOM 

(12)FOM (nm/RIU) = QF × S

of ZrN- and HfN-based nanomatryoshka is comparable 
with that of Au-based nanomatryoshka. The summary 
of calculated parameters for Au-, ZrN-, and HfN-based 
nanomatryoshka is provided in Table 4. The assessment 
of Fano resonance-based sensing characteristics shows the 
following: (I) Scattering efficiencies of ZrN- and HfN-
based nanomatryoshka are comparable with Au, one of 
the most widely used conventional plasmonic material. 

Fig. 5   The calculated spectral 
variation of scattering efficiency 
( Q

sca
 ) spectra of a Au, b ZrN, 

and c HfN-based nanoma-
tryoshka with R1 = 30 nm, 
R2 = 50 nm, and R3 = 70 nm. 
The variation of resonant peak 
wavelength with concentration 
of contaminated blood plasma is 
shown in d 

Table 3   The optimized plasmonic Fano resonant wavelength for dif-
ferent defected concentration of blood plasma and size of nanomatry-
oshka with R1 = 30 nm, R2 = 50 nm, and R3 = 70 nm

Sr. no Blood plasma concen-
tration (g/l)

Fano wavelength (nm)

Au ZrN HfN

1 0 737 741 703
2 10 740 745 705
3 20 743 750 711
4 30 747 754 715
5 40 750 759 720
6 50 755 764 726

1.321.341.361.381.401.42735

740

745

750

755 Calculated
  Fitting

(a)

S (Au)=188.5 (nm/RIU)
��R(Au)=488.15+188.5 n

Refractive index (n)

�� R��
nm

)

1.32 1.34 1.36 1.38 1.40 1.42
740
745
750
755
760
765

Refractive index (n)

(b)Calculated
  Fitting

S (ZrN)=242.5 (nm/RIU)
��R(ZrN)=417.28+242.5 n�� R��

nm
)

1.32 1.34 1.36 1.38 1.40 1.42700
705
710
715
720
725
730

Refractive index (n)

(c)

��R(HfN)=377.98+244.9 n

Calculated
  Fitting

�� R��
nm

)

S (HfN)=244.9 (nm/RIU)

Fig. 6   The calculated dependence of resonant Fano peak position on 
the concentration and hence the refractive index of the blood plasma 
medium for a Au, b ZrN, and c HfN-based nanomatryoshka specified 
by R1 = 30 nm, R2 = 50 nm, and R3 = 70 nm
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(II) Refractory transition metal nitrides like ZrN and HfN 
are potential plasmonic materials for Vis-NIR spectral 
region. (III) Scattering efficiencies of nitride-based nano-
matryoshka geometry are extremely sensitive to the thick-
nesses, aspect ratio, and the refractive index of constituent 
mediums.

Summary

In this work, the sensing characteristics of Fano resonance-
based plasmonic nanomatryoshka comprising of Au, ZrN, 
and HfN plasmonic materials are assessed. It is shown that 
Au, ZrN, and HfN nanomatryoshka-based Fano sensors 
can exhibit the sensitivity (nm/RIU) ~ 188.5, 242.5, and 
244.9, respectively. Moreover, the corresponding figure of 
merit (nm/RIU) ~ 3.5 × 103, 3.1 × 103, and 2.8 × 103 HfN 
is exhibited. Therefore, biosensors with high sensitivity and 
figure of merit can be developed by employing Fano modes 
in plasmonic nanomatryoshka. The availability of compat-
ible nitride-based plasmonic materials can open the door for 
additional applications. The present research can play a vital 
role in developing refractory transition metal nitride-based 
plasmonic systems like solar cells, molecular electronic 
devices, optical switches, and biosensors.
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