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A multiple mode integrated biosensor based on higher order Fano metamaterials (FRMMs) is proposed.
The frequency shifts (Af) of x-polarized quadrupolar (Q,), octupolar (O,), hexadecapolar (H,), y-polarized
quadrupolar (Q,) and octupolar (O,) Fano resonance modes are integrated to detect the concentration of
lung cancer cells. In experiments, the concentrations of lung cancer cells can be distinguished by the
shape and distribution of integrated graphics. In addition, an anomalous response in Af in resonant mode
is surprisingly observed. As the cell concentration increases, the Af at the Q,-dip, Q,-dip and O,-dip suc-
cessively experiences an increasing frequency shift stage (IFSS), decreasing frequency shift stage (DFSS)
and re-increasing frequency shift stage (RIFSS). The extraordinary DFSS confirmed by single-factor ana-
lysis of variance (ANOVA) means an unusual physical phenomenon in metamaterial biosensors. By intro-

Received 10th September 2019,
Accepted 30th November 2019

DOI: 10.1039/c9nr07777d

ducing a new dielectric constant &, we amend perturbation theory to explain the unusual phenomenon in
Af. With the change of the mode order from Q, to H,, the & increases from —2.78 to 0.75, which implies
that the negative ¢ leads to the appearance of the DFSS. As a platform for biosensing, this study opens a
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Introduction

Biosensing has a profound impact on life science and biologi-
cal medicine; especially, since living cancer cells are closely
related to various physiological processes, the successful detec-
tion of these cells turns out to be significant and of great
potential in the fields of cytology, bio-medicine and bio-mole-
cules. Commonly, one of the most used methods is the label-
ling-based fluorescence technique, for example flow cytometry.
However, this traditional labelling-based detection requires
complicated cell staining and consumes long operation time.
In addition, the high cost and limitation of antibodies prevent
this method from developing toward wide applications.
Nowadays, biosensors based on metamaterials to detect bio-
logical substances have attracted great attention due to a lot of
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new window from the perspective of multiple mode integration.

advantages, such as less cost, being time-saving and real-time
detection of biomolecular interactions.'”® Moreover, such bio-
sensors can simultaneously probe structural and binding
characteristics of biomolecular interactions,” exhibiting a
desirable performance in biological applications.® "> However,
there are also inevitable shortcomings in metamaterial bio-
sensors. Their low sensitivity and the lack of biological infor-
mation also limit the development of these biosensors toward
high performance. For this reason, a specifically designed
metamaterial biosensor based on higher order Fano reso-
nances is suggested.'®"”

The improved sensitivity of biosensors based on higher
order Fano resonant metamaterials (FRMMs) is caused by the
sharp optical responses and strong local field. The surface
plasmon characteristics of higher order Fano resonances
supply a powerful photonic platform for metamaterial
biosensors.”"” ' In general, a Fano resonance would occur
when a broad excitation mode (bright mode) interferes with a
narrow excitation mode (dark mode) in a frequency range as a
result of the asymmetric designs of metamaterials.”'®>"** The
dipolar (D) plasmon resonance with high radiative loss usually
serves as the bright mode, which can be directly excited by nor-
mally incident light. Instead, the higher order resonances such
as quadrupolar (Q), octupolar (O), hexadecapolar (H), and tria-
kontadipolar (T) plasmon resonances serve as the dark
mode.>**° The coupling between the two modes brings the
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typically asymmetric Fano lineshape in the frequency spectrum
with sharper peaks.>*? Such a high Q-factor property provides
significant advantages in the application of biological and
chemical sensors.” Furthermore, under the influence of the
external environment, the frequency shift increases with the
improving order of the resonance mode.

In this paper, we designed a split ring resonator composed
of an asymmetric U-shaped resonator and a rectangle bar reso-
nator to generate higher order Fano resonances. The quadru-
polar (Q,), octupolar (O,), and hexadecapolar (H,) Fano reso-
nances excited by x-polarized THz waves and quadrupolar (Q,)
and octupolar (O,) Fano resonances excited by y-polarized THz
waves are observed at the frequencies of 1.19, 2.89, 3.93, 1.25
and 2.33 THz, respectively. In experiments, lung cancer cells
with different concentrations can be intuitively detected by the
shapes and distributions of graphics integrated with the fre-
quency shift (Af) for each resonant mode. On the other hand,
as far as we know, we firstly observe that with the increase of
the cell concentration, the variation of frequency shifts Af at
the Q,, Q, and O, Fano resonances undergoes an increasing
frequency shift stage (IFSS), decreasing frequency shift stage
(DFSS), and re-increasing frequency shift stage (RIFSS). To
further discuss the underlying physical mechanism, the gene-
ration of the DFSS is discussed by employing the amended per-
turbation theory. By employing this theory to fit the simulation
results, the theoretical curves agree well with the simulated
ones. Such a multiple mode integrated biosensor based on
higher order FRMMs becomes especially attractive because it
can offer opportunities for obtaining dielectric information of
analytes, which is of great potential in label-free biosensing in
future biomedical and biological applications.

Results and discussion

The schematic diagram of the unit cell for the proposed
higher order FRMMs is displayed in Fig. 1(a). The structure is
composed of two plasmonic components: a bar resonator
acting as an electric dipole antenna and an asymmetric
U-shaped resonator serving as a higher order mode antenna.
In simulation, the two resonators are placed on a polyimide
substrate whose permittivity ¢ and tan § are measured to be 3.1
and 0.05, respectively. The numerical simulations are carried
out by employing the finite difference time domain method
implemented in the commercial software CST Microwave
Studio. The simulated x-polarized and y-polarized transmit-
tance spectra are shown in Fig. 1(b). In experiments, the THz
waves along the z axis normally illuminate the samples. The
schematic diagram for the periodic structure is shown in
Fig. 1(c). The x-polarized and y-polarized transmittance
spectra are measured by using a THz-TDS system (ADVANTEST
TAS7500SU) and plotted in Fig. 1(d). Compared with Fig. 1(b),
it is found that the transmittance curves under the incident of
two polarized THz waves in experiments acquire a relatively
good agreement with those of the simulations except for some
discrepancy in the transmission amplitude and resonant peak
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Fig.1 (a) Schematic diagram of the unit cells for the high order
FRMMs; the corresponding structural parameters are p = 50 pm, w =
200 nm, [ = 20 pm, d = 40 pm, g = 8 ym, and h = 10 pm. (b) Simulated
transmittance spectra for the x-polarized (black curve) and the y-polar-
ized (red curve) incidence waves. (c) Schematic diagram for the periodic
structure. (d) Experimental transmittance spectra for the x-polarized
(black dotted curve) and the y-polarized (red dotted curve) incidence
wave.

Transmission (%)

05 1.0 15 20 25 30 35
Frequency (THz)

=]

position, which can be attributed to the fabrication deviation
of unit cells and the larger dielectric loss of practical
materials.

To analyze the physical mechanism of the higher order
Fano resonances under the excitation of x-polarized and
y-polarized THz waves, the electric field distribution of the
FRMMs is shown in Fig. 2. The two arms of the U-shaped reso-
nator break the spatial symmetry of the structure due to the
different length, which determines the degree of asymmetry.
Such spatial symmetry breaking induces the coupling of the
electric dipole mode and higher order modes. The transmit-
tance curve of x-polarized THz waves and the electric field dis-
tribution of the z-component for higher order Fano resonances
are shown in Fig. 2(a) and (b), respectively. The asymmetric
configuration generates 4, 6 and 8 nodes in the electric field
distribution of the FRMMs, which are denoted as Q,, O, and
H, modes, respectively."'” On the other hand, the transmit-
tance curve of y-polarized THz waves and the near field distri-
bution of the z-component for higher order Fano resonances
are shown in Fig. 2(c) and (d), respectively. The 4 and 6 nodes
in the electric field distribution of the FRMMs demonstrate
another two higher order Fano resonant modes, which are
denoted as Q, and O,, respectively.

In order to explore the sensitive properties of higher order
modes of FRMMs, lung cancer cells are adopted as analytes.
The process of cell culturing is schematically shown in Fig. 3.
The presence of cancer cells with certain concentrations
changes the dielectric environment of the higher order
FRMMs and leads to frequency shifts.” Before the experiment,
we use an analyte layer with a thickness of 11 pm to simulate

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) The simulated transmittance spectra for the x-polarized inci-
dence wave. (b) The electric field distribution of the D, (dipole), Q
(quadrupolar), O, (octupolar) and H, (hexadecapolar) Fano resonances
for the x-polarized wave. (c) The simulated transmittance spectra for the
y-polarized incidence wave. (d) The electric field distribution of the D,
(dipole), Q, (quadrupolar), and O, (octupolar) Fano resonances for the
y-polarized wave.

Fig. 3 Schematic representation of the cell culturing method on higher
order FRMM-based biosensors with A549 cells binding to the metal
surface and its equivalent dielectric environment transition mechanism.

the dielectric environment which is described by the dielectric
constant ¢ of the analyte layer. In order to study the biosensing
performance of the proposed higher order FRMMs, firstly we
calculate the theoretical sensitivity defined by the derivative of
the resonance frequency shift to the change of refractive index.
Fig. 4(a) shows that with the refractive index n varying from 1
to 1.7, the Q,-dip, O,-dip and H,-dip show obvious red-shifts,
which change from 1.21 to 0.9 THz, 2.88 to 2.4 THz and 3.8 to
3.3 THz, respectively. Moreover, the dependence of the relative
frequency shifts Af = ) — %2 on the refractive index of the
analyte layer is extracted and shown in Fig. 4(b). Obviously, the
curves exhibit a linear relationship between Af and n. Thus,
the sensitivity S can be acquired by calculating the corres-
ponding derivative of the Af~n curve. The theoretical sensitivity
S for different higher order modes (Q,-dip, O,-dip and H,-dip)

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Simulation transmission curve and frequency shift. (a) The
x-polarized transmission curve with the analyte refractive index increas-
ing from 1 to 1.7. (b) The x-polarized frequency shift under the different
refractive indices of the analyte extracted from (a). (c) The y-polarized
transmission curve with the analyte refractive index increasing from 1 to
1.7. (d) The y-polarized frequency shift under the different refractive
indices of the analyte extracted from (c).

is calculated to be up to 267.12, 619.91 and 1016.5 GHz RIU™"
(RIU, Refractive Index Unit) respectively. These results are
mostly superior to those of previous studies, which induces
the conclusion that the same refractive index variation could
cause larger frequency shifts with mode order increases.'>"'>"'”
In addition, the simulated y-polarized transmittance spectrum
of the proposed higher order FRMMs with an analyte layer (n =
1, 1.3, 1.4, 1.5, 1.6 and 1.7) is displayed in Fig. 4(c). Similarly,
with the change of refractive index, the Q,-dip and O,-dip red-
shift from 1.3 to 1.1 THz and 2.3 to 1.9 THz respectively. The
effect of refractive index of the analyte layer on the Af also pre-
sents a linear relationship, as shown in Fig. 4(d). The resultant
sensitivity of the Q,-dip (~310 GHz RIU™") is larger than that
of the x-polarized Q,-dip with 267.21 GHz RIU". Yet, the sen-
sitivity of the Oy-dip (~541.36 GHz RIU") is smaller than that
of the x-polarized O,-dip with 619.91 GHz RIU™". These results
suggest that the property of the FRMM biosensor platform dis-
plays abundant sensing information from multiple resonant
higher modes for biosensor platforms.

Owing to their high theoretical sensitivity and multidimen-
sional information provision, it is greatly promising to employ
the higher order FRMMs as a biosensor platform. Here, we cul-
tured six concentrations (at the levels of 1 x 10*, 3 x 10%, 5 x
10*, 1 x 10, 3 x 10° and 5 x 10> cells per ml) of lung cancer
cells A549 on the surface of the higher order FRMMSs to verify
their sensing performance. The lung cancer cell line A549 was
obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). Fig. 5 shows the micrographs of
the higher order FRMM-based biosensors with a cancer cell
concentration increasing from 1 x 10* to 5 x 10° cells per ml. It
can be seen that the number of adherent cells on the surface
of the high order FRMMs sample increases gradually.
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Fig. 5 Micrographs of the higher order FRMM-based biosensor with
A549 cells at different concentrations changing from 1 x 10* cells per ml
to 5 x 10° cell per ml.

Particularly, when the cell concentration reaches 5 x 10° cells
per ml, the surface of the higher order FRMM sample is
almost covered by cells. Considering the fabrication errors of
samples, the resonant frequency of each sample may not
appear at the same positions. If we only select one sample to
be a bare comparison in all experiments, the accurate fre-
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quency shift is hard to determine. In order to solve such a
problem, the transmittance spectrum of every higher order
FRMM sample is measured in advance before culturing the
corresponding cell concentration on it. Under these con-
ditions, the resonant frequency is represented as f°® (i = 1,
2, 3,4, 5, and 6). When the cell culturing is finished, we again
measure the transmittance spectrum of every sample with cells
adhered on it and take its resonant frequency to be f°"% (i =
1, 2, 3, 4, 5, and 6). Thus, the relative frequency shift is defined
as Af= £ — 2% pig. 6a-f show the measured x-polarized
transmittance spectra of the higher order FRMMs at six cell
concentrations, respectively. To improve the reliability of
measurement, three repeated experimental tests for each cell
concentration are performed and the corresponding curves are
plotted in the graphs. Also, the relative frequency shift Af of
the Q,-dip, O,-dip and H,-dip is extracted and displayed in
Fig. 6h-j, respectively. For the Q,-dip position, it can be
observed from Fig. 6h that when the cell concentration is 1 x
10* cells per ml, the resonant frequency shows almost no shift,
whereas after the cell concentration increases to 5 x 10* cells
per ml, the Af gradually increases. Interestingly, when the cell
concentration approaches 1 x 10° cells per ml, the Af drasti-
cally decreases, following that the Af increases again with the
growing cell concentration. Simultaneously, with the cell con-
centration increasing, the Af at the O,-dip and H,-dip gradu-
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Fig. 6 The measured x-polarized transmittance spectrum of the proposed higher order FRMM-based biosensors under different cell concen-
trations (1 x 10* cells per ml, 3 x 10 cells per ml, 5 x 10* cells per ml, 1 x 10° cells per ml, 3 x 10° cells per ml, and 5 x 10° cells per ml). (h), (j), and
(i) The measured x-polarized frequency shift Af of Q,, O, and H, extracted from (a), (b), (c), (d), (e), and (f).
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Fig. 7 The measured y-polarized transmittance spectrum of the designed higher order FRMM-based biosensors under different cell concentrations
(1 x 10* cells per ml, 3 x 10 cells per ml, 5 x 10* cells per ml, 1 x 10° cells per ml, 3 x 10° cells per ml, and 5 x 10° cells per ml) (h) and (i) The
measured x-polarized frequency shift Af of Q, and O, extracted from (a), (b), (c), (d), (e), and (f).

ally increases. However, after the cell concentration increases
to 1 x 10° cells per ml, the Af at the O,-dip and H,-dip even-
tually tends to be constant. Additionally, the measured y-polar-
ized transmittance spectra of the higher order FRMMs are
shown in Fig. 7a-f, and the Af of the Q,-dip and Oy-dip is
extracted and displayed in Fig. 7h and i, respectively. The
observation from Fig. 7h shows that the Af of the Q,-dip
increases with the increase of the cell concentration from 0.1 x
10" to 1 x 10° cells per ml. Instead, when the cell concentration
changes from 1 x 10° to 5 x 10° cells per ml the Af of the Q-
dip falls off markedly. Moreover, the Af of the O,-dip has
experienced a more complex change, and it can be seen from
Fig. 7i that firstly the Af of the O,-dip has experienced an
increasing process. When the cell concentration approaches 3
x 10° cells per ml, the Af of O,-dip experiences a drastically
decreasing process. Finally, the Af of the Oy-dip increases
again with the growing cell concentration.

According to the above-mentioned analysis, each Fano reso-
nance mold has its unique sensing characteristics under the
influence of the dielectric environment. Such a unique sensing
property makes the application of the multiple mode integrated
biosensor possible. Furthermore, the integration of sensing per-
formance for different order Fano resonance modes is more

This journal is © The Royal Society of Chemistry 2019

effective and accurate in detecting biological information. Fig. 8
shows the shapes and distributions of graphics integrated with
the Af for each resonance mode under different cell concen-
trations. It can observed that the different cell concentration
can be intuitively detected by the shapes and distributions of
graphics integrated with the frequency shift (Af) for each reso-

j N

s 4

Fig. 8 The shapes and distributions of graphics integrated with the Af
for each resonant mode under different cell concentrations.
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nance mode. For example, from Fig. 8a, when the cell concen-
tration is 1 x 10" cells per ml, the shape of a pentagon formed
by the Af in different resonance modes is different from that of
any other cell concentration. In addition, the distribution of the
pentagon (red region) is mainly concentrated in the area
enclosed by the center, Q,, O, and H,, which is also different
from that of any other cell concentration. Therefore, the mul-
tiple mode integrated biosensor shows excellent performance in
specifically detecting biological information.

On the other hand, as shown in Fig. 6h, with the increase
of the cell concentration, the Af of the Q,-dip has experienced
three different stages which are defined as an increasing fre-
quency shift stage (IFSS), decreasing frequency shift stage
(DFSS), and re-increasing frequency shift stage (RIFSS). The
observation of the DFSS is indeed abnormal, because as far as
we know, metamaterial-based biosensors only exhibit the IFSS
with the change of analyte characteristics such as refractive
index, thickness and concentration in various present
studies.’?*?* The extraordinary DFSS implies an anomalous
response in the frequency shift. As to the O,-dip and H,-dip
(Fig. 6i and j), however, such an unusual DFSS is not observed.
Similarly, from Fig. 7h and i, it can be seen that the Af of the
Qy-dip and Oy-dip also exhibits an obvious DFSS respectively.
To verify the validity of the DFSS by judging the variation of
Af, single-factor analysis of variance (ANOVA) is used to evalu-
ate the significant difference of the Af at six cell concen-
trations. The difference degree of averaged Af is considered
statistically significant when P < 0.05. The different (or identi-
cal) letters (‘a’-‘g’) in superscript in ESI Table 1} represent a
significant (or insignificant) difference between every two
experimental cases. For convenient comparison, the details of
Af values are given as well. It can be implied that the Afis sig-
nificantly influenced by cell concentrations. The unique super-
script letter ‘c’ of Q, (ESI Table S17) for a cell concentration of
5 x 10* cells per ml implies a significant change (P < 0.05),
which confirms the validity of the DFSS. However, there is no
significant difference (P > 0.05) observed between 1 x 10* and
1 x 10° as well as 3 x 10° and 5 x 10° cells per ml.
Furthermore, the O,-dip is also significantly influenced by the
cell concentration (P < 0.05) before the cell concentration
reaches 1 x 10° cells per ml. After that, the difference turns out
not to be significant (P > 0.05). In fact, this observation illus-
trates that when the cell concentration changes from 1 x 10” to
1 x 10° cells per ml, the more cells are growing on the higher
order FRMM sample, the larger difference of Afis. This result
is in agreement with that of Yan et al. who reported that the Af
increases as the cell concentration is increased.! In addition,
this also indicates that when the cell concentration increases
to 1 x 10° cells per ml, the Af may reach the detecting satur-
ation of the higher order FRMM biosensor. The averaged Af
for the H,-dip exhibits the same trend as that of the O,-dip, as
seen in ESI Table S1.f Similar to ESI Tables S1, ESI Table S2+
shows that the averaged Af based on the y-polarized higher
order resonance is significantly influenced by both the cell
concentration and the higher order mode of Fano resonances.
The Af of Q, for a cell concentration of 1 x 10> cells per ml was
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significantly (P < 0.05) higher than that for other cell concen-
trations. This observation further demonstrates the evidence of
the DFSS. The underlying physical mechanism of the anoma-
lous DFSS can be interpreted by the effect of dielectric hemi-
spheric balls with different refractive indices on the Af in the
simulations. The corresponding relationship for the Q,-dip, O,
dip and H,-dip is given in Fig. 9a-c, respectively. From Fig. 9a
and b, it can be seen that with the number of the dielectric
balls increasing from 1 to 11 balls on the FRMMSs, the Af at the
Q,~dip and O,-dip both experience the DFSS when the number
of hemispheric balls approaches 9 under different refractive
indexes, whereas after the frequency reaches a higher order
mode at the H,-dip, it can be found from Fig. 9c that the DFSS
disappears no matter what the number of hemispheric balls
and the refractive index are. Here, in order to explain the physi-
cal mechanism of the DFSS, we amend perturbation theory by
introducing a new dielectric constant e. However, commonly,
the relationship between the change of the dielectric environ-
ment and the Af can be described by perturbation theory. The
relative change of angular frequency Aw/w, can be calculated by
the following equation:”"*

Jhcen
En(r) (e —=1) - En(r)dr
= 1)

om 2 r B - dr
m
0

Awm

where E,(r) is the electric field and ¢ is the equivalent dielec-
tric constant of the higher order FRMMSs. Because the electric
field decays exponentially along the direction normal to the
metamaterial, the frequency shift calculated from eqn (1)
scales with the analytes as follows:"

Awm o (e — 1)hcen 2)

Om Ifiela
Eeell = €—1 (3)

where €. is the difference of the equivalent dielectric con-
stant between the bare and analytes (cancer cells); Ay is the
equivalent thickness of the analyte layer; and Iscq is the pene-
tration depth of the THz field. According to eqn (2) and (3),
the equivalent dielectric constant of single-layer cells (ecey) is
proportional to the cell number, and because /e > 0, Ifielq > 0,
indicating that the increase of the cell concentration will cause
an increase of the resonant frequency shift.'® That is to say, as
the cell concentration increases, the Af of the Q,-dip, Q,-dip
and O,-dip must increase and there is an increase function
relationship between the Af and the cell concentration. In this
case, the DFSS is unlikely to appear. Such a conclusion is con-
tradictory to the observations in previous simulation and
experimental results, in which the DFSS is displayed in the Af
related curves. Therefore, we guessed that a special electromag-
netic response has occurred in the multipolar Fano resonance
system. In addition, some previous studies reported that the
negative resonance response has occurred in the multipolar
Fano resonance system. For example, Chen et al. observed a
net negative optical scattering force based on Ag core-shell

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 The simulated x-polarized frequency shift Af under different
number dielectric hemispheric balls with a refractive index from 1 to 1.7.
(@) Q,-dip, (b) O,-dip, and (c) H,-dip.

particles.’® And it has been proved that the negative resonance
response in the material leads to a negative value of equivalent
permittivity.*®*” Therefore, we guessed that our designed mul-
tipolar Fano resonance system may produce a negative equi-
valent permittivity under some specific conditions. Based on
the above analysis, we amend perturbation theory to explain
the occurrence of the DFSS as follows:

Ecell = (e +6) — 1 (4)

where w is a coefficient and & is the amending dielectric
constant.

In order to test whether this amended perturbation theory
is suitable for describing the variation of Af in the DFSS, the
Af values of Q,, O, and H, are taken as examples for statistical
analysis. In this analysis, the refractive index is adopted chan-
ging from 1.1 to 2.3 and 9 balls are fixed at the appropriate
position. Non-linear regression analysis is applied to calculate
the fitting parameters of the amended perturbation theory.
The coefficient of correlation (R*) is used as the primary cri-
terion to examine the amended perturbation theory. A higher
R value is considered as the criterion for goodness of fit and
the highest value is 1.®°° In other words, the value of R* is

This journal is © The Royal Society of Chemistry 2019
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higher, the amended perturbation theory is more suitable for
describing the variation of Afin the DFSS range. It can be cal-
culated as follows:*°

2 i

1(
S

5

(5)

ﬁ - Afi)re,i) . Z (Aﬁ - Afsim,i)

A
f —
=1

Afprej)z] 13 (afi- Afsim.f)z}

15

where Afgim, is the ith simulation frequency shift, Afy.; is the
ith predicted frequency shift, N is the number of simulation,
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Fig. 10 The comparison between the simulated x-polarized frequency
shift Af and theoretical calculations when the number of dielectric
hemispheric balls with a refractive index from 1.1 to 2.3 is fixed at 9. (a)
Q,-dip, (b) O,-dip, and (c) H,-dip.
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and 7 is the number of constants in the amended perturbation
theory. By using eqn (4), simulation frequency shifts Af of Q,,
O, and H, are theoretically fitted based on amended pertur-
bation theory, as depicted in Fig. 10. It can be observed from
Fig. 10a—c that the theoretical fitting curves (Af versus refractive
index) show a relatively good agreement with the simulation.
In addition, the values of R* for Q,, O, and H, in the amended
perturbation theory change from 0.9846 to 0.9993 respectively
(Fig. 10). These values are greater than 0.97, indicating a good
fit.*® Therefore, the amended perturbation theory is con-
sidered as a suitable model to describe the variation of Af in
the DFSS. ESI Table S31 shows the values of coefficients of w
changing from 38.90 to 107.05 and & from —2.77751 to 0.7508
fitted by the amended perturbation theory, respectively. In
simulation, the w is a proportional coefficient of the amended
perturbation theory, and the fixed values of A (m) and leq
are given as 5.00 x 107® and 1.50 x 10~° m, respectively. From
the amended perturbation theory, with increasing mode order
from Q, to O,, the & parameters change from —2.7775 to
—1.3195 respectively. Therefore, the anomalous DFSS appears
due to the negative ¢ On the other hand, the & parameter for
H, is 0.7508, which implies that the DFSS disappears with the
increase of cell concentration. The fitting results theoretically
confirm that the negative & parameter would lead to the
DFSS in the resonant frequency shift of higher order Fano
resonances.

Conclusions

In summary, higher order FRMM samples have been fabri-
cated and employed to detect different A549 concentrations.
The lung cancer cells with different concentrations can be
intuitively detected by the shapes and distributions of graphics
integrated with the frequency shift (Af) for each resonant
mode. Furthermore, an anomalous response in the frequency
shift Af in resonant modes is surprisingly observed. The orig-
inally amended perturbation theory is proposed to explain the
anomalous response. The fitting results suggest that the
amended perturbation theory model is considered as a suit-
able model to describe the DFSS. The proposed multiple mode
integrated biosensor based on higher order FRMMs may offer
a highly sensitive, specific platform for fast and low-cost cell
detection from the physical perspective.
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