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Chronic renal disease has become one of the world’s most serious public health problems in recent decades,
leading to physical degradation, and even death. Glucose and creatinine in body fluids are important indicators
used to assess renal dysfunction, but current biosensors only focus on the detection and performance improve-
ment of a single indicator. To break through the idea limitation, a cylindrical metastructure based on indium
antimonide material is proposed in this paper. It innovatively realizes the tunable multitasking renal function
assessment biosensor, which is more suitable for the application of multiple medical detection scenarios.
Through the control of the external magnetic field strength, the glucose concentration of 0 ~ 400 g/L and the
serum creatinine concentration of 80.9 ~ 85.28 pmol/L can be separately detected in real-time, unlabeled, and
non-destructively, which own better performance than previous renal function assessment biosensors in terms of
detection range, R?, quality factor, figure of merit, and detection limit. This proposal has important reference
value for promoting the detection and treatment of renal diseases, and the research of multitasking biosensors.

1. Introduction

Chronic renal disease has become a global public health problem
[1,2], placing a huge strain on the global economy [3,4], and was the
eighth leading cause of death in 2007 [5]. Under normal circumstances,
the production of glucose and creatinine in our daily lives is at a rela-
tively constant rate. Almost all glucose and creatinine are filtered
through the glomerulus [6], and the levels of blood glucose concentra-
tion and serum creatinine concentration (C¢) are kept in a stable range.
When the renal is dysfunctional and secretory capacity is impaired,
blood glucose concentration and C¢ will exceed the maximum physio-
logical range [7]. Therefore, in clinical practice, measurements of blood
glucose and C¢ are useful biomarkers for the detection, disease staging,
and monitoring of renal disease [8,9].

As the main component of human blood glucose [10], the refractive
index (RI) change of glucose aqueous solution is close to that of blood
glucose concentration [11]. The accurate detection of glucose concen-
tration (Cg) provides a certain basis for the study of the latter. The
conventional method is to use a test strip to analyze Cg in urine by
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observing changes in the strip color [12], but its results are inaccurate
due to airborne or finger-borne contamination. In recent years, optical
biosensors have been developed with the advantages of real-time
detection, non-contact, and high sensitivity (S). Chamoli et al. [13]
proposed an infrared Cg-sensitive biosensor, having a high S of 22 THz/
RIU and a quality factor (Q) of 800. However, its figure of merit (FOM)
of 0.3865 RIU™! is very low, causing a noticeable degradation in the
reflectance peak as the RI changes. This is not conducive to accurate
observation. Ghorbani et al. [11] reported a plasma ring nanobiosensor
for detecting Cg with a high S = 36 THz/RIU. However its Q of 16.5 was
very low, and the detection limit (DL) was high, which made the ab-
sorption peak (AP) used for detection difficult to distinguish and brought
inconvenience to the measurement. Cg biosensor performance with high
Q, FOM, and low DL is an important reference for diagnosing blood
glucose concentration to assess renal function. Creatinine, as a waste
product of muscle and protein metabolism [14], is extracted from the
blood by the kidneys and excreted in the urine. When the renal does not
work properly, the creatinine level in the blood increases. Hence,
monitoring serum C¢ is crucial in gaining preliminary knowledge of
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Table 1

The multitasking biosensing performance of the CMS.
B Analyte Range S R? Q FOM DL
0T Cg 0 ~ 400 g/L 0.03664 o/RIU 0.9995 666.46 61.96 RIU! 8.08 x 10 * RIU
1.62T Ce 80.9 ~ 85.28 pmol/L 0.005859 a/RIU 0.9961 11126.23 139.97 RIU ! 3.7 x 107 RIU

renal function. Alternative analytical techniques, such as gas or liquid
chromatography-coupled mass spectrometry, are used to determine C¢
in clinical laboratories [15]. However, these alternative methods are
costly, time-consuming, and require pretreatment of the sample [15].
Therefore optical Cc biosensors with compact structure, real-time
response, and easy operation are favored. Aly et al. [16] designed a
novel biosensor predicated on one-dimensional planar photonic crystals
for detecting C¢ in blood. In the detection range of 80.9 ~ 85.28 pmol/L,
the S was 306.25 nm/RIU. However, its reliability evaluation index of
linear fitting R? was only 0.9132, indicating a significant deviation be-
tween the fitted equation and the actual measurement date. Hence, on
the basis of high Q and FOM values, high R? is also an important stan-
dard for biosensors to have accurate and reliable detection capabilities.

Cylindrical metastructure (CMS) is an artificial dielectric topology
that has the ability to control the frequency, polarization, and phase of
electromagnetic waves (EWs), which is a physical property that natural
structures do not have [17]. In addition, compared with plane geometry,
cylindrical geometry has higher performance [18], so CMS has advan-
tages in improving lateral propagation constraints, generating a com-
plete band gap, and increasing light extraction rate [18], it also can
achieve single-negative properties like chiral molecules [19-21].
Moreover, the new geometry can increase the possibility of CMS being
used in biomedical and engineering applications [22]. However, the
biggest preponderance of CMS is its ability to be combined with optical
fibers, leading to the creation of metastructure fibers. Compared with
ordinary fiber, the significant advantage of metastructure fiber is its
structural diversity, and it has outstanding performance in many
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aspects, such as the properties of permanent adjustable dispersion,
single-mode transmission, and high birefringence [23]. Thanks to these
advantages, sensors based on CMS have become a research hotspot in
the detection field in recent years. Gandhi et al. [22] designed a novel
one-dimensional defective CMS biosensor based on porous silicon,
capable of detecting very small changes in RI of different serum C¢
samples, with S of 640.29 nm/RIU, Q of 1.15 x 10°, and FOM of 2.6 x
10* RIU™L. Abadla et al. [24] proposed a high-performance one-
dimensional defect CMS temperature sensor and studied the thermal
characteristics of the defect mode in the visible light region in the
transmission spectrum, which could realize the detection of S = 11 nm/
1000°C in the ultra-wide temperature T range of 0 ~ 1000 °C. Mehaney
et al. [25] theoretically discussed a CMS design for biomedical fluid
sensing and detection based on RI changes in the range of 1 ~ 1.5. The
detection formant was formed by metal-induced Tamm/Fano states,
achieving RI detection with S of 6770 nm/RIU and Q of 662. Although
the above sensors predicated on CMS have excellent detection perfor-
mance, they are only limited to the improvement of a single function,
which restricts the development of ideas in related fields to a certain
extent. As a narrow-band semiconductor with high mobility, indium
antimonide (InSb) is highly dependent on magnetic field strength B in
the range from infrared to microwave [26]. Therefore, InSb is often
introduced into designed structures to enable them to be tuned by B
[27]. For the last few years, planar metastructures based on InSb have
been used to design tunable logic gates [28], physical quantity sensors
[29], and magnetic control isolators [30] with excellent performance. In
view of this, the introduction of InSb into CMS will give the CMS the
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Fig. 1. Schematic diagrams of the CMS. (a) Top view of the CMST, (b) the front section view of the CMS, and (c) the cross-sectional view of the CMS on the poz plane
along the +p-axis direction. The overall structure is composed of different dielectrics asymmetrically arranged, ABACDInSbCavity(CDInSb)*DCInSbDCDInSbDC,
where the Cavity symbolizes the detection cavity. For reference, coordinate axes are used to mark the propagation directions of the EWs and B.
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ability to control the electromagnetic characteristics of the propagation
EWs by tuning B, which provides an idea for the research of tunable
multitasking biosensors predicated on CMS and is more suitable for the
application of multiple biosensing scenarios.

In this paper, a tunable multitasking renal function assessment
biosensor predicated on CMS is proposed, which has the advantages of
compact structure, real-time detection, and non-contact. Through the
introduction of the defects, the located detect mode resonance (LDMR)
is excited, generating the sharp AP. By locking the frequency points
corresponding to AP, CMS can realize RI detection. The introduction of
InSb gives CMS the ability to utilize the B to tune the electromagnetic
properties of EWs. Through the method of searching for optimization
and reasonable structure construction, the absence of a magnetic field
(B =0T) and the presence of a magnetic field (B = 1.62 T) can adjust the
range of RI detection. Therefore, biosensing of Cg and C¢ with different
RI ranges is satisfied (see Table 1). Compared with previous renal
function assessment biosensors [11,13,16], Cg and C¢ detected through
the designed CMS have a wider detection range, more reliable R?, higher
Q, FOM, and lower DL. This multitasking renal function assessment
biosensor not only makes use of the geometric and optical properties of
CMS, which is more conducive to biomedical detection but also sup-
plements the traditional single-function biosensor, which has certain
prospects in the application field of multi-scene medical detection. It
should be emphasized that this work only focuses on theoretical inno-
vation research of the ideal structure, and experiments are not included
in the scope of this work due to a lack of funding and experimental
environment.

2. Theoretical model

Through integrating the methods of planar metastructure and non-
magnetized CMS, the transfer matrix equation of CMS is deduced
[31,32]. The model diagrams of CMS are displayed in Fig. 1, which is
formed by the asymmetric arrangement of common dielectrics A, B, C,
and D filled with different colors, detection cavity, and the anisotropic
dielectric InSb. For the actual fabrication of CMC, Refs. [33,34] propose
the use of the etching method to precisely manufacture annular dielec-
tric layer arrangement devices (see the detailed manufacturing pro-
cedure in Supporting Information). To adapt to general conditions, CMS
is exposed to air (RI of 1) with radii of py and p¢ in the inner and outer
layers, respectively. The operating T is selected to be 273 K. Considering
the generality of the results, d is set to a normalized thickness of d = 10
pm. Additionally, the angular frequency w is normalized to @ = 2nc/d,
denoted as a, where c is the speed of light in a vacuum. After the method
of searching for optimization and reasonable structural design, the
corresponding thickness of each dielectric layer is determined as dy =
0.25d, dg = 0.38d, dc = 0.289d, dp = 0.4d, and dj,sp = 0.083d. The
radius of the inner air is pg = 0.07d. The RI of common dielectrics A, B, C,
and D are np = 3.7, ng = 3.2, n¢c = 2.75, and np = 2.78, respectively. It is
worth emphasizing that Leiwin et al. [35] deduced the expressions of
effective permeability and permittivity of composite materials predi-
cated on Mie resonance theory so that the RI required in this paper can
be satisfied in a wide range. This technique has been practically applied
(see Supporting Information for the detailed Mie resonance theory for-
mula derivation) [36]. A cavity set as a detection cavity (dcavity = 0.54d)
is placed into the CMS for biosensing. When biosensing is used to detect
Cg and Cg, inject the analyte into the detection cavity for RI detection
with a precise technique based on micro-infiltration technology by
hollow submicron-size pipettes [37].

In Fig. 1(c), EWs are entering the cylinder from its interior, the
incident direction of the wave vector k is represented by arrow direction,
and the incident angle 6 is formed at the ®oz plane. EWs are vertically
incident into the ®oz plane, § = 0°. Moreover, as shown in Fig. 1(c), the
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external magnetic field strength B is exerted perpendicular to the InSb
layers in the direction of the -z-axis. In this paper, the electric field
vectors belonging to the transverse magnetic (TM) polarization and
transverse electric (TE) polarization are set along the +-axis and +z-
axis, respectively. During EWs propagating in CMS, influenced by Lor-
entz force, B mainly regulates EWs under TM polarization, while EWs
under TE polarization are not modulated by B [38]. Hence, the perfor-
mance of CMS under TM polarization is only focused on in this work and
the entire structure is analyzed by utilizing the transfer matrix method.

By integrating Maxwell’s system of equations with the equation
governing the motion of charged particles, the following expressions can
be derived [39]:

d.
F{Jrvl — 0. x J = &E, @
0H
—-VXE= Fo g, 2)
oE
VXHZSUE+J, 3

where €9 and g respectively symbolize permittivity and permeability in
the vacuum and J = J, + J,, + J, is the density arising from polarization
[39]:
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The effective permittivity of the anisotropic dielectric InSb is
controlled by the B, which is along the -z-axis direction [39]. the cor-
responding effective permittivity function is obtained [39]:

e jea O
emsp = | —j&2 & 0|, (6)
0 0 &3
where [39]
@ (0 + jve
£ = €0 — ool(.iz)v )
ol(@+jv.)” — @2
ORON ®
& =L
T el ) - 02
2
€3 =€ — emi.. 9
o(w+jv.)

The a)p:(ezNe/eom*)l/ 2 represents the plasma frequency and m* is
the carrier effective mass that is connected to the electron mass m,.
m*=0.015m, belongs to InSb. ¢,=15.68 is the high-frequency limit
permittivity. w. = eB/m* indicates the electron cyclotron frequency,
which is tuned by B. Moreover, the collision frequency v, is 6 x 10’5wp
[40]. The e and m are on behalf of electron quantity and electron quality,
respectively. The plasma density N is written as [40]:
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N(m™) =5.76 x 10°T"%exp[—0.26/(2 x 8.625 x 107> x T)], 10)

By the equation, the T has a great influence on it. Therefore, Eq. (3)
can be derived as [39]:

oE
VxH= Ear€msb— - (11)
ot
Considering Maxwell’s equations related to H polarization, the gov-
erning equations for the electric field E and magnetic field H in the
context of Maxwell’s equations related to H polarization can be derived

as follows [39]:

- I (12)
10H, . .

; W :ijO(EIE,, —_]EzE¢), (13)
0H,

6/; = —jwey(e1Ey + je2E,). 14)

After eliminating the components E, and E¢ by substituting them
with H,, the following equation can be obtained [39]:

1 1 (e 0 OH, daH‘_i_ adH.+_ 1 0 0H.
pweoe =) 9" 0 op o 0 op 0 0g g
= _JwﬂOHZ' (15)

The angle part of the equation satisfies the following conditions [39]:

2
i7®+mll> 0, (16)

which has a solution in the form of @ ~ ei’""’, and m can be chosen as an
integer or zero.
By combining the standard Bessel’s equation with Eq. (15), H and E

can be gained [39]:

H.(p,d) = V(p)®(¢) = [AJ(kp)+BY,.(kp)]e""", a7

where considering the azimuthal mode m, the Neumann and Bessel
functions are separately symbolized by Yy, and Jp,.

Substituting Eq. (17) into Egs. (13) and (14) results in the following
two equations [39]:

m .

;V(P)eﬂw = wey(e,E, — j&2E,) (18)
av .

%H“"” = —jwey(e1E, +jerE,). (19)

The following equation can be obtained [39]:

jm€2

— L2 AT, (k
wep(e2 — &) [ 1 (kp)

E, {,—,, (4], (kp) + B, (kp) ] —
+ BY,(kp) ] }e’m"’- 0

The expressions that define the relevant quantities are as follows
[39]:
E;, = U(p)e™ . @D

In addition, the forms of V(p) and U(p) can be respectively calculated
as follows [39]:

V(p) = A (kp) + BY, (kp), (22)
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Jme;

Ulp) = JplAT, (ko) + BY, (ko)) = i

(A, (kp) + BY,(kp)],  (23)
where p= (y/eo/smsb)l/ 2cosf, k = wp(s%—e%) £o/ €1.

As for InSb, the permittivity is [39]:
ensy = (61 — &3) /e, (24)
and the refractive index of the InSb is [39]:

Nnsy = (elnsb)]/z' (25)

When considering different radii of the same dielectric, the rela-
tionship between U and V can be described by a second-order transfer
matrix in the following form [39]:

o] o)

where pg = 0.07d is the core radius, and py is the outermost radius. j
donated by A, B, C, D, InSb, and cavity, symbolizes the different
dielectric layers.

The the transfer matrix of InSb symbolized Mg}, can be depicted as
[39]:

_ (M My
MI"Sbi(MZI M22>‘ 27)

Then, according to Jm(kpo)Yg(kpo)-J 'm(kpo)Ym(kpo) = 2/(nkp) [39],
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Under TM polarization, kppsp = @/cnpspcosfmsp is the wave vector
component in the ®oz-plane and r]:(Eo/,Mo)l/ 2npsp/cosd is the light
conductivity. For ordinary dielectrics that are unaffected by B, their
transfer matrix can be expressed as follows [39]:

A/lj _ (mn mlz)} (32)
mpy  Mp
r , ,
my = Ekil’i—l Y, (kip;_1)In(kip;) — I, (kip;_1) Yo (Kip;)], (33)
7 ki
mpy = *JE ;pi—l Un(kipi_ )Y (kip;) = Yo (kipi_y ) (Kip;)], (34
ny) :]Ekipipi—l (Y, (kipi_i) ], (kip;) = T, (kip;_ ) Y, (Kip,)], (35)
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0.3933aand B=0T, and (d) f = 0.4661 @ and B = 1.62 T.

/4 , ,
my = Ekipi—l Vn(kip;_1)Y,, (kip;) = Yo (kip;_ )T, (Kip;)].- (36)
where i indicated by A, B, C, D, and cavity, represents the different or-
dinary dielectrics. k; = w/cn;sind; is the wave vector component on the
+p-axis. Here is the complete positive transfer matrix M [39]:

M = MsMgMsMcMpMinst Meavity (McMpMias, )" MpMcMinss MpMcMpMissMpMe,

My,
M;,;

M,
My,

Mo,
—My

My,
M

- 1 M, M
= (M YT (e e ()
¢ M21 M22

where the specific expressions belonging to M can be derived from the
transfer matrixes of different dielectrics, which are indicated in Egs.
(27)-(36). Furthermore, in Eq. (38), “det” symbolizes the determinant of
the matrix. When TM EWs propagate through dielectric InSb layers, the
transfer matrices are donated as Myngp, and their explicit expressions are
shown as Egs. (27)-(31).

The reflection coefficient r and transmittance coefficient t of the CMS
can be expressed as [39]:

/ Q) ) Q)

_ (M, +JP0Cfno)M11) _jpfcfnf) (My, +JP0C;(n(;M12)

- . , R 2) /. ; 3
_(IPOC;(nlo)Mn +My) +JPfC,(n}(lP0C$(;M12 + M)

(39

_4e7! o
4Er\/;

=
”KPOHEHZ) (kpo)Hr(nl) (kpo)[— UPOCSngl ""le ) +jpfc;(yzzjf) (ipo

ChoMy, +M,,)]
(40)

The values of reflectance (R) and transmittance (T) can be calculated as

37
[40,41]:
R=rl, (41)
T =t (42)
Then, the absorptivity (A) can be gained [40,41]:
A=1-R-T (43)

3. Numerical results and discussion

The multitasking performance of the renal function assessment
biosensor proposed is discussed below. To explain the generation prin-
ciple of sharp AP which is used for RI detection, the A and R spectra are
presented in Fig. 2(a) and (b), when EWs enter into CMS under the in-
fluence of different B and defects. The cases of injection of different
analytes into the detection cavity are discussed. As exhibited in Fig. 2(a),
under the condition that B = 0 T and ncayity = 1.3323, when the defects
are not introduced into CMS, it can be seen from R approximately 1 and



J.-Y. Sui et al. Optics and Laser Technology 174 (2024) 110552
T T T T .y
Blueshift = Ci0gL i
N L &7 U 71 IR
I c~100 gL |
z B c 150 gL
%. 0.6 1 I c~200 g/L -
5 W c 250 gL
2 041 W c~300 /L 1
<
o W =350 gL
“] W c =400 L]
0.0+ @
0.392 0.393 0.394 0.395 0.396 0.397 0.398
Normalized frequency (a) 4
0.48 _ 0.396 1.0
7
e
e
|~
_0.46 - - A>0.9 in this 0.8
2 -7 detection scope
> s —
g - >
2 0.44 7 > 0.6
g %
= - F0.394
T 7
S 0.42 - 0.4
] e
g -7
S Z F0.393
“ 040+ VEK/ 0.2
____________ (b) (©
0.38 . . . . . — = T . . . 0.392 0.0
13 15 17 19 21 23 25 27 133 134 135 136 137 138
ncavi!y nca\'i!y
0.3955 T T T T T T 720 T T T T T T T T T 66 r8.7
@ Detection points o- n\ Average value: 'A
—— f=0.03664n,, ;, +0.3444 o N 0=666.46 K
03950 N ’ 004 © O FOM=61.96 RIU" 7
3 RE=0.9995 Cam400 g/L. \o\ DL=8.08x10" RIU / 8.4
g €350 gL \ . A-A L 63
2 0.3945 - E 680 _o— 7 n
£ o-¢ o A-4 = T
pa C=250 g/L Sl —O0— FOM 7\ 5 Fsaz
2 ¢ —A— DL ,A\I:I— o = o
S 0.3940 1 C¢=200 gL 1 660 ; No— o a
E C=150 gL / \\‘g‘ g\ - 60
=l J—
= 7.8
“ 039354 Com100 gL 1 6401 A N N
C=50 g/L. A a
C=0 g/l d o (e
0.3930 T T T T T T 620 —————T 57 L7.5
133 134 135 136 137 138 139 140 50 0 50 100 150 200 250 300 350 400 450
Reavity Calg/l)

Fig. 3. Schematic diagrams of the Cg detection under B = 0 T. (a) The AP belonging to the Cg of 0 ~ 400 g/L, changing at equal interval of 50 g/L. (b) The top view
of A curves under ncayiry = 1.3 ~ 2.7, and (c) the enlarged diagram under ncayity = 1.33 ~ 1.38. (d) The LFR between normalized frequency and ncayity. (€) The Q, FOM

and DL belonging to different C; detection points.

A infinitely close to O that the photonic band gap is formed between
frequencies f of 0.39 ~ 0.4 a, blocking the propagation of EWs. When the
defects are introduced, the original structure is broken and an absorp-
tion band is formed in the original photonic band gap [28]. Thus, sharp
AP of A = 0.98 and Q = 702.25 is generated at f = 0.3933 a. When B =
1.62 T and n¢ = 2.565, similarly, a photonic band gap is formed in the
frequency band of 0.4645 ~ 0.467 a in Fig. 2(b). The introduction of the
defects produces a sharp AP of A = 0.92 at f = 0.4661 a. Notably, it has a
higher Q of 15,535 than that in the case of B = 0 T. To more clearly
observe the EWs propagation in the structure under TM polarization, the
distributions of electric field energy corresponding to B=0T and B =
1.62 T are presented in Fig. 2(c) and (d). When EWs enter CMS at f =
0.3933 q, the electric field energy is localized and enhanced on the InSb
defect layer surface in Fig. 2(c), |E| reaches 10% V/m level, LDMR is
excited, and AP sharply increases. When EWs of f = 0.4661 «a propagate
in CMS, Fig. 2(d) exhibits that the electric field energy is localized at the
layers surfaces of the detection cavity and dielectric C, LDMR is excited,
and sharp AP is generated. Compared with the cases of Fig. 2(c), the
electric field energy |E| under this condition reaches the level of 10° V/
m. A larger |E| means a sharper AP [42], which explains the phenom-
enon that the Q of AP in Fig. 2(d) is larger than that of AP in Fig. 2(c).

Modulations of f, phase. and amplitude are common methods of

sensor operation. Among these, f modulation is the most extensively
utilized method owing to its convenient application in experiments and
observations. By establishing a unique linear relationship between the f
and the measured variable (the physical quantity is difficult to directly
detect), and forming a one-to-one correspondence relationship, the
signal that is not easy to observe is converted into the photoelectric
signal that is convenient to detect. The renal function assessment
biosensor designed in this work is also predicated on this mechanism. As
the EWs propagate towards the detection region, which is the detection
cavity, the f position of the resonant AP caused by defects can be shifted
by altering the concentration of the analyte being detected. This
movement also establishes a one-to-one correspondence through f
locking of AP, thereby achieving the goal of determining the concen-
tration of the analyte being detected. In addition, since the dielectric
InSb regulated by the is introduced into CMS, the change of B will alter
the RI of the InSb layer, thus affecting the equivalent RI and impedance
of the whole CMS. The wave vector and phase of the EWs propagating in
the CMS are hence affected, which reflects that the A of AP in the same f
range will be diverse under different B. Taking advantage of this inter-
esting phenomenon, the AP of A > 0.9 is set as the standard that can be
used for detection. Through the regulation of B, biosensing of detected
analyte with different RI can be realized, expanding the range of RI
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Table 2
The C¢ (pmol/L) with attributed RI [16].
C¢ (pmol/L) RI

85.28 2.565
84.07 2.589
83.3 2.610
82.3 2.639
81.43 2.655
80.9 2.661

detection and types of biosensing.

In the absence of an externally applied magnetic field (B = 0 T), CMS
can perform RI detection on Cg¢ from 0 g/L to 400 g/L, as shown in Fig. 3.
Hollow submicron size pipettes are used to accurately inject the
measured concentration of glucose solution into the detection cavity
[23]. The relationship between detection cavity RI ncayity and Cg can be
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phenomenon. 0.3933 a, 0.3935 a, 0.3937 a, 03,939 a, 0.3941 a, 0.3943
a, 0.3946 a, 0.3948 a, 0.395 a are the corresponding normalized fre-
quencies, respectively. To more intuitively show that B regulates the
CMS RI detection range, Fig. 3(b) indicates the top view of the three-
dimensional curve representing the variation of A when the ncayity
continuously changes within the range of 1.3 ~ 2.7. It can be seen that
only in the nc,yity range of 1.3 ~ 1.65 there are continuous changes of AP
that satisfy the detection condition (A > 0.9). Fig. 3(c) displays that the
enlarged figure contains the RI range of 1.3323 ~ 1.3799 corresponding
to Cg of 0 ~ 400 g/L. In the RI range of 1.33 ~ 1.38, the ncayity increases
continuously at the interval of 1 x 107> RIU, obviously existing the AP
blueshift with A > 0.9, which meets the A requirement of RI detection.

S, Q, FOM, and DL are introduced as important indexes to assess the
sensor performance. Excellent sensors correspond to higher S, Q, FOM,
and lower DL. The relevant expressions are written as [43]:

Af
expressed as [25]: §= Ax (45-a)
Heaviy = 1.33230545 +0.00011889C¢. (44) Y
- . . 0=, (45-b)
As shown in Fig. 3(a), when Cg increases at an equal interval of 50 g/ FWHM
L within the range of 0 ~ 400 g/L, the f of the corresponding sharp AP
will gradually move to the direction of high f, resulting in a blue shift
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Fig. 4. Schematic diagrams of the C¢ detection under B = 1.62 T. (a) The AP belonging to the different C¢ points in the range of 80.9 ~ 85.28 pmol/L. (b) The top
view of A curves under ncayiry = 1.3 ~ 2.7, and (c) the enlarged diagram under ncayiry = 2.5 ~ 2.7. (d) The LFR between normalized frequency and ncayigy. (€) The Q,

FOM and DL belonging to different C detection points.
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Table 3
The published reports compared with the proposed CMS in terms of the performance.
Refs. Multitasking Quantity Range S Q FOM
[13] X Cg 0 ~ 300 g/L 22 THz/RIU 800 0.3865 RIU !
[11] x Ce 0 ~ 200 g/L 36 THz/RIU 16.5 19 RIU™!
[45] X Ce 0 ~ 250 g/L 500 nm/RIU 50 11.82 RIU!
[46] X Cg 0 ~ 350 g/L 4.72 THz/RIU 32.49 14 RIU!
[16] x Ce 80.9 ~ 85.28 306.25 nm/RIU 39,000 15,000 RIU~?
pmol/L
[47] X Cc 0 ~ 2000 pM 0.0025 \ 389.41 M !
nm/pM
[48] x Co 0 ~ 2000 pg/mL 0.41 nm/(pg/mL) 1380 0.0269 mL/pg
[49] x Ce 0.7 ~ 1.1 mg/dL 8.18 AdL/g \ \
This work \/ Cg 0 ~ 400 g/L 6.91 THz/RIU 666.46 61.96 RIU!
Cc 80.9 ~ 85.28 pmol/L 1.104 THz/RIU 11126.23 139.97 RIU!
DL — fr ' (45-0) Fig. 4(d), f= —0.00585%n4yity + 0.4811. S = 0.005859 a/RIU, when thg
2080 normalized thickness d = 10 pm, S = 1.104 THz/RIU. Compared with R
= 0.9132 for C¢ biosensors based on one-dimensional planar photonic
FOM — s (45-d) crystals [16], the LFR of detection points in this work has R? = 0.9961,
FWHM’

where Af and Ax represent the increment of AP f and the change of
analyte physical quantity, respectively. The f of AP and half-height of AP
are separately expressed by fr and full width at half-height (FWHM). To
more clearly show the detection performance of CMS, the linear fitting
relationship (LFR) is obtained by using the linear fitting method corre-
sponding to the detection points taken in Fig. 3(a). Fig. 3(d) exhibits the
LFR of AP f points and ncayity, f = 0.03664ncayity + 0.3444. 0.03664
a/THz is S, and when d = 10 pm, S = 6.91 THz/RIU. The introduction of
R? allows for the evaluation of the goodness of fit in linear regression. R
= 0.9995 indicates LFR has high reliability, and the error between the
value obtained by the fitting curve and the actual measured value is
small. Fig. 3(e) displays the performance evaluation of each detection
point. With the Cg increase, Q and FOM belonging to AP gradually
decrease, while DL gradually rises. The mean values belonging to Q,
FOM, and DL are 66.46, 61.96 RIU ™}, and 8.08 x 10~*RIU. Compared to
the infrared Cg-sensitive biosensor with FOM of 0.3865 RIU! [13], and
the plasma ring nanobiosensor for measuring Cg with a detection range
of 0 ~ 200 g/L and Q of 16.5 [11], the biosensor designed in this work
has a wider Cg detection range, lower loss and more conducive to the
accurate detection of C¢ with a strong resolution, offering a new possi-
bility for the precise observation of blood glucose concentration in
medicine to assess renal function.

Table 2 shows the relationship between serum C¢ and RI [16]. With
the decrease of C¢, the belonging RI increases. Under the condition of
the existence of an externally applied magnetic field strength B=1.62T,
an unknown concentration of serum creatinine solution is injected into
the detection cavity [23]. By locating the f points of sharp AP, the RI
detection of 80.9 ~ 85.28 pmol/L C¢ can be accurately performed. This
plays a crucial role in the diagnosis of renal disease [44].

Corresponding to the concentration and RI in Table 2, Fig. 4(a)
presents A spectra under different Cc. In the process of raising the ncavity
from 2.565 to 2.661, the corresponding f of AP is 0.4661 a, 0.4659 a,
0.4658 a, 0.4656 a, 0.4655 a, and 0.46548 a, respectively. It is found
that with the decrease of Cg, that is, the increase of ncayity, AP produced a
redshift phenomenon and moved to the high f direction. For the top view
of the three-dimensional change curve of A when the nc,yity changes
continuously in the range of 1.3 ~ 2.7, compared with a continuous
change AP curve with A > 0.9 existing in the ncayity = 1.3 ~ 1.65 under
the condition of B = 0 T in Fig. 3(b), Fig. 4(b) shows that the color
belonging to the same ncayity = 1.3 ~ 1.65 region is yellow. According to
the legend, it means that A of AP approaches 0 infinitely, which does not
meet the detection requirements. On the contrary, in the enlarged dia-
gram Fig. 4(c), there is a good linear change curve belonging to AP with
A > 0.9 in the ncayity range of 2.53 ~ 2.7, also covering the range of
detected serum creatinine RI from 2.565 to 2.661. The LFR is shown in

indicating the reliability of C¢ detection. The Q, FOM, and DL of AP
under each C¢ are exhibited in Fig. 4(a), the corresponding average
values are 11126.23, 139.97 RIU}, and 3.7 x 10~ RIU. High values of
Q, FOM, and low values of DL mean that the C¢ detection error of CMS is
small and the resolution is high.

To systematically and intuitively demonstrate the advantages of the
proposed renal function assessment biosensor based on CMS, previous
biosensors with excellent performance are listed in Table 3. Compared
with them, it can be seen that the designed CMS is able to achieve
multitasking, meanwhile also guaranteeing excellent performance,
which is generally better than the previous biosensors. Therefore, the
biosensor for renal function assessment studied in this paper has a
certain advanced nature and value, owning important reference value
for promoting the detection and treatment of renal diseases.

4. Conclusion

In conclusion, this paper proposes a multitasking renal function
assessment biosensor based on CMS. By introducing InSb, the mode
switch of Cg and C¢ biosensing can be realized by tuning the B. The
multitasking integration of CMS can effectively reduce the cost of mul-
tiple single-function sensors and is more suitable for the application of
multiple medical detection scenarios. After the method of searching for
optimization and reasonable structural design, by locking the f of sharp
AP generated by LDMR, Cg of 0 ~ 400 g/L can be detected when B is
absent (B = 0 T) with S of 6.91 THz/RIU, R? of 0.9995, Q of 666.46, FOM
0f 61.96 RIU"!, and DL of 8.08 x 10~ * RIU. Moreover, the detection has
a wider range and more accurate performance than previous Cg bio-
sensors. In the case of B=1.62 T, the C¢ of 80.9 ~ 85.28 pmol/L can be
detected by the CMS with RI of 80.9 ~ 85.28 pmol/L, with R? of 0.9961,
which is more reliable than the previous C¢ biosensors. Q of 11126.23,
FOM of 139.73 RIU ™!, and DL of 3.7 x 10~* RIU also prove its excellent
detection performance. The multitasking biosensor proposed for renal
function assessment not only has the advantages of the geometric and
optical properties of CMS but also has the properties of real-time
detection, non-destructive and labeling-free by using the electromag-
netic characteristics of EWs for detection. This provides a feasible
scheme for accurate and comprehensive assessment, detection, and
treatment of renal diseases.
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