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Abstract: A novel, low-cost, sensitive microwave microfluidic glucose detecting biosensor incorpo-
rating molecularly imprinted polymer (MIP) is presented. The sensing device is based on a stub
resonator to characterize water glucose solutions. The tip of one of the stubs is coated with MIP to
increase the selectivity of the sensor and hence the sensitivity compared to the uncoated or to the
coated with non-imprinted polymer (NIP) sensor. The sensor was fabricated on a FR4 substrate for
low-cost purposes. In the presence of the MIP, the sensor loaded with a glucose solution ranging from
50 mg/dL to 400 mg/dL is observed to experience an absorption frequency shift of 73 MHz when
the solutions flow in a microfluidic channel passing sensing area, while the lower limit of detection
(LLD) of the sensor is discovered to be 2.4 ng/dL. The experimental results show a high sensitivity of
1.3 MHz/(mg/dL) in terms of absorption frequency.

Keywords: stub resonator; microwave sensors; molecular imprinted polymer; biosensor;
glucose sensor

1. Introduction

Diabetes is one of the four main noncommunicable diseases and has become one of
the fastest growing diseases in the world. It will be the seventh leading cause of death
worldwide by 2030 [1]. The International Diabetes Federation (IDF) has released a new
report that demonstrates the global population with diabetes has reached 537 million
people, increasing 16% since their previous estimation in 2019 [2].

Monitoring blood glucose level is important in managing diabetes and maintaining it
in a safe range (between 80-120 mg/dL) is essential. Biosensing technologies are constantly
being examined, and two types of optical [3] and electrochemical [4] biosensors are available
in the market. However, electrochemical biosensors are widely used in clinical practice
for the sensitive detection of glucose. The majority of these conventional glucose sensors
are based on enzymatic methods adapting different approaches such as electrochemical,
colorimetric, and chemiluminescence [5-7]. They initially utilize glucose oxidase (GOD)
enzyme, based on a co-product of enzymatic oxidation of glucose molecules by tracking
H,0; to detect and measure glucose. Nevertheless, GOD can be damaged by some chemical
substances and detergents or changes in its optimal environment. Indeed, those GOD-based
glucose sensors are always vulnerable to deactivation due to chemical deformation and
possible thermal changes during fabrication, storage, or even while using [8].

Therefore, many researchers have tried to demonstrate the feasibility of alternative
sensing methods for precise and reliable glucose monitoring. Considerable studies pro-
posed microwave sensors for glucose level detection. The capability of microwave-based
sensors to non-destructively distinguish and measure the parameters inside the liquid sam-
ple volumes make it a great alternative to the invasive daily glucose monitoring techniques.
Microwave biosensors also offer high sensitivity and real-time monitoring [9]. Another
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unique approach of these sensors is that they can perform passively (battery-less). The
sensing principle is based on harvesting energy released in the environment and reflected
radiation from the target under test [10].

Researchers proposed several configurations based on planar technology for resonant
frequency-based glucose sensors [9]. The principle of these sensors is the correlation
between the resonant frequency and the changes in the relative permittivity. The microstrip
line (MLIN)-based resonators such as Split Ring Resonators (SRR) and Stub Resonators
are the most widely used structures for this purpose and attract interest due to their low
cost, small size, and ease of fabrication. A microstrip line-based sensor was proposed to
quantify the variation of the glucose concentration by integrating the MUT in a cavity
under the microstrip transmission line [11]. Stub resonators have also been studied in
the past decade, and a miniature double-stub resonant-based sensor was introduced to
detect the glucose concentrations of two aqueous solutions positioned over the sensing
area of each stub [12]. The simple design and fabrication are the primary advantage of this
technique. Yet the sensitivity of these biosensors is the main limitation and restricts their
application in practical glucose monitoring. Some researchers use labels such as enzymes to
enhance sensitivity. In this context, enzyme-coated SRR with different geometrical shapes
were utilized. For instance, a single SRR configuration has been proposed with an enzyme-
coated extended capacitive gap [13,14]. However, the insufficient stability created due to
the nature of the enzymes is the main disadvantage of utilizing enzymes in monitoring
glucose applications.

Therefore, technical improvements are required to increase sensitivity and selectivity
while reducing size and cost. Accordingly, synthetic receptors and molecular imprinting
to develop such synthetic receptors can potentially reduce and/or removing limitations
of enzyme [15]. Molecular Imprinting Technology (MIT) forms artificial receptors and
provides prearranged selectivity in relation to a specifically targeted molecule that is
practical in various fields [16].

The molecularly imprinting process usually involves starting the polymerization of
monomers in the presence of a template molecule that is extracted later, which leaves
complementary cavities. These polymers have an affinity for the original molecule. The
molecular imprinting schematic illustration is shown in Figure 1. This method has been
applied practically to combine materials with molecular selectivity in past decades [17]. It
is reported that molecularly imprinted polymers (MIPs) are selective for their template.
It implies that when a novel MIP is made for a template, it interacts with the template
selectively compared to similar compounds [18]. Thus, molecularly imprinted polymers
attract considerable attention in sensor fabrication due to their excellent selectivity. Indeed,
new sensors using MIPs were developed in a wide variety of applications due to their high
thermal stability, reusability, and selectivity [19-22].

This paper presents a novel, simple, inexpensive, non-enzymatic, and sensitive charac-
terization method by introducing a microfluidic integrated MIP-coated microwave biosen-
sor capable of quantifying glucose concentration. A glucose imprinted polymer film is
synthesized and applied as a selective coating on a stub resonator, and a microfluidic
system is integrated on the top of the sensing area to control the flow of the liquid for an
accurate dielectric measurement. Changes in resonant frequency due to glucose variation
in the transmitted signal are analyzed.
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Figure 1. Molecular imprinting schematic illustration.

2. Materials and Methods
2.1. Sensor Design

The model of the proposed sensor can be seen in Figure 2. The entire sensor is 70 mm
by 50 mm, without any miniaturization effort. The sensor was designed on the 1.6 mm thick
FR4 with 17 um of copper on both sides. The FR4 material has been chosen as substrate
due to its availability and low cost. It has a relative permittivity of 4.4 and tan of 0.02 at
1 GHz frequency. On the top layer, a 50-() microstrip transmission line, 3 mm wide, was
fabricated. A quarter wavelength stub with a length of 5 mm, and 3 mm wide was placed
in the middle of the microstrip line. The copper of the FR4 was removed using a precise
laser milling process (LPKF U3 system), while 1 mm off the tip of the stub was covered
with glucose-sensitized MIP.

Inlets & QOutlets

50 mm
il
%)
=

- 20 mm E

“ T

(b)

Figure 2. The designed MIP-coated microwave-based stub biosensor (a) Top view of the biosensor
(b) Top view and side view of the microfluidic system with the inlets and outlets (c) View of the
assembled biosensor.

The same stub structure was built to use as a reference, without the MIP, to validate
the measurements. The reference stub was constructed face to face with the sensing one
to simplify the fabrication of the channel and flow of the aqueous solutions in the sensing
region. It allows us to measure both responses simultaneously: the distance between two
microstrips is 17 mm, and the tips of two stubs are 7 mm apart. Each microstrip was
soldered to two subminiature version A (SMA) connectors as input and output RF ports.
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Two duplicated sensors from the same fabrication process were elaborated to validate the
performance of the biosensor at several attempts.

The microfluidic system was designed, and 3D printed by a high-resolution SLA/DLP
3D printer (Creality Model LD-002R) to provide a specific volume of the solution in the
sensing area. It was glued with transparent epoxy on the top of both stub resonators at the
center to seal the sensing area and prevent leakage. To track the flow visually, a transparent
photo resin was chosen to create the microfluidic system. It was printed with a length of
40 mm, a width of 15 mm, and a height of 4 mm. Two pairs of inlets and outlets were
designed with a diameter of 2 mm and placed 18 mm apart. At the bottom of the housing,
two channels were designed with a depth of 1 mm and a length of 18 mm to be filled with
the glucose solutions to be characterized.

2.2. Simulation

In order to analyze the performance of the sensor in terms of frequency responses,
Ansys Electronics Desktop was utilized as a 3D EM simulator. The unloaded sensors were
designed to operate at 7 GHz, and a shift towards lower frequencies was expected when
the liquid under test flowed in the sensing region at the tip of the stub resonator due to the
high relative permittivity of water ¢, ~ 80. The modeled structure of an uncoated sensing
device, shown in Figure 3, was used as a proof of concept for the RF design. Therefore, a
set of simulations was conducted in which the flow channel was first unloaded, filled with
air, and then loaded, filled with DI water with a relative permittivity of 80.

Figure 3. HFSS model of the uncoated microwave-based stub sensing device.

2.3. General Theory of Open Stub Resonator

A general illustration of an open stub resonator is shown in Figure 4. The stub
resonator is open-circuited at one end and connected in shunt with a 50-() transmission
line at the other end.

50 Q line 50 Q line
Port 1 l— —H Port 2

0, le» Stub resonator
|74

Figure 4. Open stub resonator illustration.

The input impedance of the resonator was calculated as in Equation (1) which is
extracted from the mathematical model of the open stub resonator [23].

Zs

Ziy = —jZscoths = itand,

M
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where Z; is the characteristic impedance of the open stub resonator and 6; is the electrical
length in degre the ABCD matrix (Equation (2)) of the open stub resonator was extracted
from Equation (1) shown below:

1 0
m=|y 9 l fane 11 @

Then, the S-parameters of the open stub resonator (S1, S»1) were calculated by con-
verting the ABCD matrix in Equation (2) to S-parameter in Equation (3). Hence,

_ _ 2
S12. =51 A+ F+CZy+D

2
14+ + (%) 7o +1 3)
2

= jtanf.
2+ (Z—SS)ZO

A normalized characteristic of impedance and impedance of resonator were considered

s = Zop = 1 to simplify analysis and discussion of the attenuation response of stub

resonators. The electrical length of the stub should be regarded as 6; = 90° (or 7t/2 radian) to

achieve a notch response in an open stub resonator; hence, the S-parameter of Equation (3)
simplifies in Equation (4),

2
512 = 521 = —]‘tan<l) ~0 (4)
2+ ( 7 )1
or in decibel, as shown in Equation (5)
S12|°dB = |Sy|*dB = 20 log,,(0) = co dB (5)

From Equation (5), an ideal infinite attenuation or notch is obtained when the electrical
length of the open stub resonator is a quarter-wave (A/4).

Figure 5 illustrates the model of the biosensor with a stub as a quarter-wavelength
resonator where the MIP was coated at the tip of the stub. An equivalent circuit model of
our proposed sensor is shown in Figure 5b. The stub resonator can be modeled by a resis-
tance (R), inductance (L), and capacitance (C) that is followed by capacitance representing
solutions, shown as Cgjytion-

Port 2

/ J74 Port 2
Ly $ " P R L
1 . ——\/\N‘—”mfj
Yin / Yin T ¢
b 4
ZU. / ! > - T C.a‘n[u[imi
Port1 | .
Port 1 /}\ I, < /4
MIP (a) (b)

Figure 5. (a) Schematic illustration and (b) electrical equivalent model of the stub resonator with MIP.

Therefore, the electrical length of the open stub resonator can be written as in

Equation (6):
0s = 27Tflres V LCyotar (6)
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and the length I, of the open stub resonator was calculated in Equation (7) as

W ?)
T4 4fICiuam  AfVe

where A and f are the operating wavelength and frequency, respectively, Ciy,; is the
total capacitance of C and Cypjy1in, € is the speed of light in a vacuum, and &, is effective
permittivity is approximated in Equation (8) by

&e+1 & —1 1
e = 72 + rz 8)

14+12(4)

which satisfies 1 < ¢,< &, and depends on the relative permittivity (¢,) and thickness (k) of
the substrate, the conductor Width (W), and the frequency (f). The capacitance (C, Cyoytion)
is a function of effective permittivity.

By changing the electromagnetic properties, such as the relative permittivity of the
materials constituting or surrounding the resonator, the amount of energy stored in it
and its losses can vary dramatically. To measure changes in permittivity due to varying
concentrations of glucose, MIP was used as a selective receptor to trap target analytes, and
microfluidic channels were incorporated in the sensor where the solutions flowed in, and a
change in permittivity was sensed. The variation of concentrations of biomolecules attached
to the MIP changes the permittivity, thus resulting in changes in the total capacitance and a
shift in the resonant frequency according to Equation (7). The microfluidic device enables
the water glucose solution to effortlessly pass the sensing area through the channels in the
selected region where MIP was coated to study the changes in permittivity.

2.4. Reagents

In this research, all the chemicals utilized were analytical-reagent grade and acquired
from Sigma Aldrich Co. (St. Louis, MI, USA) The chemicals used in this project are
listed below:

Acrylic acid (AA);

Poly (methyl methacrylate) (PMMA);
Ethylene glycol dimethacrylate (EGDMA);
4,4'-Azobis (4-cyanopentanoic acid) (ACPA);
Dimethyl sulfoxide (DMSO).

2.5. Preparation of Proposed Sensor

Both the MIP and the NIP were prepared by adapting procedures described in the
literature [24,25]. The preparative steps are described below and illustrated in Figure 6:

Template

@ — .
. ) Dry
Functional monomer 9‘, ‘@ IR {(4) Dry in oven
Solven! (DMSO}) \ N\ Em 5
Crosslinker (EGDMA} ~ = =
Initiator (ACPA) (1) Mix the template (5 Polymerize with (3) Wash with DI water
g

and monomer UV light
7) Coat on Sensor (6) Mix with PMMA (5) Milling

%h@ £

A

G
(9) Wash with DI to (8) Dty in Oven

Remove Template

Figure 6. Illustration preparation of the sensor.
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(1) An amount of 1.0 mmol (69 uL) of AA, called a functional monomer, and 0.25 mmol
(0.045 g) of glucose, used as a template, were dissolved in 5 mL DMSO, and stirred for 1 h.
In another flask, 4.0 mmol (0.79 g) of EGDMA and 0.0050 g of ACPA were stirred for 1 h
and then mixed with the former solution. Nitrogen gas was bubbled for 15 min to remove
dissolved oxygen; (2) polymerization was initiated by exposure to UV light (wavelength
of 385 nm and 405 nm) for 15 min; and (3) bulk polymers were washed with water to
remove any non-polymerized monomers and solvents. (4) The MIP was dried by heating at
60 °C for 12 h and (5) then milled with mortar and pestle to make a fine powder. The same
procedure was repeated to prepare the non-imprinted polymer (NIP); however, without
adding the template (glucose) as a control to determine the selectivity of the MIP. (6) The
polymer powders were mixed with a solution of 5% PMMA (Adhesion) in Acetone. The
ratio of PMMA to MIP (or NIP) powders was 50:50. (7) A certain amount (20 uL) of the
mixed solution was applied to the tip of the Stub resonator. Due to the rapid vaporization,
a thin layer of MIP (or NIP) was formed on the sensor’s surface. (8) To evaporate the
remaining solvent, the sensor was heated at 60 °C for 24 h. (9) The final step was to remove
the template (glucose) from the MIP by washing the coated senor with DI water for 5 h. In
order to deposit MIP and NIP accurately in the desired position (tip of the stub resonator) in
sensors, a thin film of Kapton was utilized as a mask, shown in Figure 7a. The microscope
image of the uncoated and the MIP-coated biosensor is illustrated in Figure 7b.

Uncoated Sensor

NIP Coated Sensor

Figure 7. Photograph of (a) main fabricated biosensor with the stub resonators coated with MIP and
NIP and (b) duplicate biosensor coated with MIP and uncoated under the microscope.

2.6. Glucose Sample Preparation and Measurement Procedure

A series of 5 water glucose solutions were prepared with glucose concentrations
varying between 50 mg/dL and 400 mg/dL. The experiment was performed after the water
glucose solutions rested for about 12 h to establish the anomeric equilibrium. The solutions
were measured several times in both sensors (MIP-NIP and MIP-uncoated): right after
resting, 1 h after the first measurement, the subsequent measurement was performed after
3 h of rest from the first attempt, and the last measurement was carried out after 24 h of
rest. The glucose solutions were pumped one by one through the channel with the aid of
a peristaltic pump. While the solution kept flowing continuously at a rate of 5 mL/min
in each procedure, three sets of data were collected: right after injecting the solution on
sensor, 5 min, and 10 min after the first measurement. After each measurement, DI water
was pumped into the channel to wash it and remove absorbed glucose from the MIP. To
avoid any shift in the dielectric properties of the glucose solutions, the temperature was
maintained constant at 20 °C.

2.7. Measurement Setup

The performance of the proposed biosensor was characterized in terms of its S-
parameters using a performance vector network analyzer (VNA) (N5227B from, Keysight,
Santa Rosa, CA, USA) in a two- ports configuration after the SOLT calibration up to 20 GHz.
The measurement resolution is 0.1 dB, 1 Hz, and 0.5° in terms of magnitude, frequency,
and phase, respectively. The device under test (DUT) was connected to the VNA ports via



Sensors 2022, 22, 8648

8 of 15

coaxial cables. All experiments were carried out under normal laboratory environment con-
ditions. In this experiment, Sy; scattering parameter was used to characterize the glucose
concentration. Figure 8a and b show the fabricated sensing device with injection accesses,
and Figure 8c shows the complete experimental setup for the measurement: VNA, DUT,
coaxial probes, pump, and the solutions.

pump DUT VNA

glucose

solutions

coaxial

probes
(a) (b) (©

Figure 8. Photograph of (a) solutions and peristaltic pump, (b) assembled sensor, (c) experimental
setup of the sensor with equipment.

In the process, each time, first, the response of the sensor with an empty flow channel
was measured, then the flow channel was filled with DI water continuously as a refer-
ence and also to wash the glucose from the MIP between each experiment to verify the
reproducibility and repeatability of the study, and finally, filled with solutions with various
glucose concentrations. The flow of the solutions was controlled using a pump.

3. Results

The simulated and measured frequency response of the unloaded sensor (empty flow
channel) (in yellow) and the measured frequency response of the loaded flow channel
where DI passes the sensing area on top of the stub (in blue) compared to the simulation,
up to 10 GHz, are demonstrated in Figure 9. The results in both experiments show the
agreement between simulations and measurement is good for the uncoated sensor, which
validates the simulation of the sensor’s behavior in Ansys.

The reflection and transmission coefficients of the MIP-coated biosensor in the fre-
quency range between 2 to 6 GHz are plotted in Figure 10. The sensor was exposed to
glucose solutions with various concentrations ranging from 50 to 400 mg/dL. A shift to-
wards higher frequencies can be observed in the absorption peak when the glucose content
was increased in the solutions.

In this study, we applied the fabricated MIP on two duplicated sensors to validate the
performance of the biosensor at several attempts with different masses of MIP. These sensors
were tested and the sensitivity in terms of a shift in the absorption peak due to changes in
glucose concentrations was verified. Both main and duplicate sensors showed the same
behavior in detecting different glucose concentrations in solutions which demonstrated the
reproducibility of the sensor, as can be seen in the Frequency response of both main and
duplicate senor in Figure 11.
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Figure 9. Measured vs. simulated frequency response of the insertion loss (Sy1) for flow channel
filled with air and DI water.

0
-5
-, DI
) -10 e Glucose_50 mg/dL
- e Glucose_100mg/d L
-15 e Glucose_200mg/d L
(a) Glucose_300mg/dL
20 ——— Glucose_400mg/dL
2 3 4 5 6
Frequency (GHz)
0
-5
= —DI
i) -10 Glucose_50 mg/dL
Glucose_100mg/dL
-15 Glucose_200mg/dL
(b) Glucose_300mg/dL
-0 Glucose_400mg/dL
2 3 4 5 6
Frequency(GHz)

Figure 10. Frequency response of MIP-coated microwave-based stub biosensor (a) Reflection coeffi-
cient, S11, and (b) Transmission coefficient, Sy;.

The calibration curves of both main and duplicate MIP-coated sensors were con-
structed by plotting the absorption peak shift versus the glucose concentrations in Figure 12.
In addition, the measurements were repeated several times for each sample solution and
the results were presented using error bars. A linear relationship between the concentration
of glucose and frequency shift can be seen in Figure 12, which confirms the behavior of the
sensor has the same trend regardless of the mass of MIP.



Sensors 2022, 22, 8648

10 of 15

e Glucose_50 mg/dL
Glucose_100 mg/dL
-15 = Glucose_200 mg/dL

Glucose_300 mg/dL
e Glucose_400 mg/dL

-20

3.5 45

6.5

Frequency(GHz)

7.5

Figure 11. Measured frequency response of the insertion loss (Sp1) of duplicate MIP-coated
microwave-based stub biosensor for the glucose solutions with concentration ranging from 50 mg/dL

to 400 mg/dL.
6.5
Duplicate MIP-coated sensor y = 0.0013x + 5.4267
'\ &
=55 2 -
<
B
o
5 y = 0.0013x + 4.1548
=
D 45
= \
Main MIP-coated sensor
3.5
0 100 200 300 400

Glucose Concentration (mg/dL)

Figure 12. Calibration graph for the main and duplicate MIP-coated microwave-based biosensors

exposed to glucose solutions.

In order to verify the proposed sensing principle, the procedure mentioned above
was performed in uncoated and NIP-coated stub resonators. A set of measurements were
performed using the same concentrations of glucose solutions, and the transmitted signal
was recorded. As expected, the frequency response of the uncoated and NIP coated sensing
devices, in the absence of the template cavities (glucose), did not change with the flow of the
same glucose solutions of 100 mg/dL and 400 mg/dL in the flow channel, as demonstrated
in Figure 13. This finding strongly indicates that measuring the various concentrations of
glucose by utilizing a MIP coated biosensor increased the selectivity and, therefore, the

detection of glucose levels.
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NIP_Glucose_100 mg/dL

NIP_Glucose_400 mg/dL

-15 Uncoated_Glucose_100 mg/dL
Uncoated_Glucose_400 mg/dL
=20
2 3 4 5 6

Frequency (GHz)

Figure 13. Frequency response of uncoated and NIP-coated microwave-based stub biosensor for the
same glucose solutions of 100 mg/dL and 400 mg/dL.

To verify the selectivity of the MIP-coated sensor, solutions of glucose and two epimers
of glucose, named mannose and galactose, were studied. Figure 14 shows the frequency
response of 100 mg/dL of glucose, mannose, and galactose solutions. A slight shift in
absorption peak can be observed due to the changes in the relative permittivity of the
sample solutions.

0
-5
&5 -10
& DI
Galactose_100 mg/dL
-15 Mannose_100 mg/dL
Glucose_100 mg/dL
-20
2 3 4 5 6
Frequency (GHz)

Figure 14. Measured frequency response of the insertion loss (Sp;) of main MIP-coated microwave-
based stub biosensor exposed to 100 mg/dL of glucose, mannose, and galactose solutions.

The experiment was followed by the flow of the mannose and galactose solutions
ranging from 100 mg/dL to 300 mg/dL in the channel. The frequency response of the
MIP-coated sensor did not change with the flow of the solutions, even by increasing the
concentration of the mannose and galactose, as demonstrated in Figure 15. This evidenced
that our proposed sensor is effectively selective toward glucose than its epimers.
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Galactose_100 mg/dL
Galactose_200 mg/dL
Galactose_300 mg/dL

-15 = Mannose_100 mg/dL
Mannose_200 mg/dL
Mannose_300 mg/dL

2 3 4 5 6
Frequency (GHz)

Figure 15. Measured frequency response of the insertion loss (Sp;) of main MIP-coated microwave-
based stub biosensor exposed to mannose and galactose solutions ranging from 100 mg/dL to
300 mg/dL.

Furthermore, to examine the repeatability and stability of the responses, the 100 mg/dL
glucose solution was pumped continuously into the flow channel for 75 min, and the trans-
mitted signal was recorded at the interval of 15 min. The results on Figure 16 show the
repeatability and stability of the duplicate MIP-coated sensor with respect to the changes
in glucose concentrations in terms of the shift in the resonant frequency (absorption peak).
A relative standard deviation (R.S.D.%) of 4.61 was obtained. This indicated that the sensor
performs in a repeatable manner which is comparable with the previously reported values
of 3.9-5.6% [20]. As expected, the frequency response does not change during the time.

e | 5t Read (0 min)
2nd Read (15 min)
-15 3rd Read (30 min)
e 4th Read (45 min)
5th Read (60 min)
——— 6th Read (75 min)

=20

3.5 45 5.5 6.5 75

Frequency (GHz)

Figure 16. Repeatability and stability test for frequency changes in the duplicate MIP-coated
microwave-based stub biosensor: Frequency response exposed to 100 mg/dL glucose solution.

Although the studied range of glucose concentrations (50-400 mg/dL) covers most of
the glucose levels in the human body, the linear response of the proposed biosensor con-
firmed that solutions with various concentrations can easily be measured after appropriate
dilution. Table 1 shows the summary of analytical parameters of the proposed biosensor in
the studied range of glucose concentrations. To understand the extent of imprinting and
explicitness of prepared MIP, the imprinting factor was presented in Equation (9), which
was calculated by dividing the frequency shift response of MIP (Afp;p = 134 MHz from
Figure 10b) by the frequency shift response of NIP (Afyrp = 12 MHz from Figure 13). In
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proposed MIP-coated glucose sensor, the imprinting factor of MIP is 11 times higher than
that of NIP.
_ Afmip _

IF =
Afnip

11 )

Table 1. Analytical parameters of sensing device coated with MIP.

Sensitivity Factor b1ID Imprintin
ap2 y c 0, 1% g
R (MHz/mg dL-1) (ng dL-1) RSD% Factor
0.9839 1.3 24 4.61 11

2 Square Correlation Coefficient, b Lower Limit of Detection, ¢ Relative Standard Deviation.

4. Discussion

Blood glucose level measurement is a challenging task, and there are many factors
affecting measurement accuracy that need to be considered when a real-life glucose range
measurement is concerned. Table 2 summarizes the experimental results of glucose measur-
ing sensors using planar transmission lines stated in the literature and that of our proposed
sensor. The studied frequency and concentration ranges and the average sensitivity values
with respect to the concentration range for each sensor are also presented in this table.
Almost any sensor in the literature shows a frequency shift for different concentrations of
glucose; however, most of them investigate unrealistic glucose levels. Indeed, in most cases,
including [11], researchers eliminate the biomarker to measure glucose level. However,
the result may not be suitable for real-life blood glucose level measurement since they
ignore the effect of other physiological parameters and bioanalyses; hence their selectivity
is ambiguous. On the other hand, the enzyme base biomarkers, as in [13,14], give certain
confidence that the results are related to the glucose concentration. Still, they are not
real-time and less sensitive due to the chemical reaction between glucose and enzyme and
insufficient stability. Research shows the relative shift of frequency in the presence of GOD
occurs within 25 min for glucose to reach the saturation level.

Table 2. Comparison with the state-of-the-art the MIP-coated microwave-based biosensor.

Sample Glucose Concentration Nonloaded f, Operating f, Sensitivity f, 2
Ref. SensorType  yiolume (uL) (mg/dL) (GHp (GHz) ' (MHzpermgidl) K Remarks
Single SRR 90 uL 0-50,000 1.83 1.49 0.107 x 102 0.79 Enzyme-coated
Single SRR 90 uL 0-40,000 1.82 1.59 0.174 x 1072 0.93 Enzyme-coated
100-300 32 x 1072
MLIN 16 OuL 1000-8000 - 4.8-5.7 32 % 10-2 0.98 Non-Enzyme
This work Stub Resonator 40 uL 0-400 7 44 1.3 0.9839 MIP-coated

The proposed MIP-coated open stub resonator biosensor is developed as an inexpen-
sive and sensitive sensing device that detects variation in glucose concentration in the
solution by measuring shifts in the absorption peak. Acrylic acid (AA) is selected as a
suitable functional monomer, and 4,4’-Azobis (4-cyanopentanoic acid) (ACPA) is chosen
as a fast initiator. Furthermore, the frequency response of the stub resonator shifts due
to the varying glucose concentrations, which demonstrates an excellent linear correlation
(R? = 0.9839) within the range of 50400 mg/dL, while the lower limit of detection (LLD)
of the sensor is discovered to be 2.4 ng/dL. Our sensing device differentiates the glucose
variation regardless of the mass of MIP and is effectively selective toward glucose com-
pared to similar compounds. In addition, it requires a small volume of samples (40 uL)
and is highly sensitive (1.3 MHz/(mg/dL)) compared to other similar approaches. This
capacity will help us to miniaturize the sensor. Moreover, the combination of molecularly
imprinted technology and a microwave resonator that can be fabricated easily at a low cost,
provides the opportunity to make a passive and battery-less sensing device for point-of-care
monitoring purposes.



Sensors 2022, 22, 8648 14 of 15

Author Contributions: Conceptualization, A.H.O. and A.A.S.; methodology, A H.O., ].G. and G.PR,;
software, A.H.O. and A.A.S,; validation, A.-H.O. and G.P.R.; formal analysis, A.H.O. and G.PR; inves-
tigation, A.H.O., A.AS., GPR. and A.L.C.S.; writing—original draft preparation, A.H.O.; writing—
review and editing, A.A.S., AL.CS.,GPR, ]J.G. and A H.O,; visualization, A.H.O.; supervision, G.P.R.
and A.L.C.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Sao Paulo Research Foundation (FAPESP) grant number
2016/25779-9 and 2018/08782-1 and by CNPq grant numbers 307501 /2019-1 and 424027 /2018-6.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: The authors are grateful to Wellington B. Gongalves for his help in the Organic
Chemistry Laboratory.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. The Top 10 Causes of Death. Available online: https://www.who.int/news-room/fact-sheets/detail / the-top-10-causes-of-death
(accessed on 30 July 2022).

2. IDF News. Available online: https://www.idf.org/news/240:diabetes-now-affects-one-in-10-adults-worldwide.html (accessed
on 30 May 2022).

3. Zhong, S.; Jang, C.-H. Highly sensitive and selective glucose sensor based on ultraviolet-treated nematic liquid crystals. Biosens.
Bioelectron. 2014, 59, 293-299. [CrossRef] [PubMed]

4. Heller, A.; Feldman, B. Electrochemical Glucose Sensors and Their Applications in Diabetes Management. Chem. Rev. 2008, 108,
2482-2505. [CrossRef]

5. Chen, M;; Cai, W.-P; Zhu, Q.-Z.; Wang, X.-S.; Xu, ].-G. Determination of glucose based on the effect of photons as a substitute for
glucose oxidase. Anal. Chim. Acta 1999, 388, 11-17. [CrossRef]

6. Liu, X.; Niu, W.; Li, H.; Han, S.; Hu, L.; Xu, G. Glucose biosensor based on gold nanoparticle-catalyzed luminol electrochemilumi-
nescence on a three-dimensional sol-gel network. Electrochem. Commun. 2008, 10, 1250-1253. [CrossRef]

7.  Carneiro, ].M.T.; Dias, A.C.B.; Zagatto, E.A.; Santos, J.L.; Lima, J.L. An improved sampling approach in multi-pumping flow
systems applied to the spectrophotometric determination of glucose and fructose in syrups. Anal. Chim. Acta 2005, 531, 279-284.
[CrossRef]

8.  Widi, RK,; Trisulo, D.C.; Budhyantoro, A.; Chrisnasari, R. Preparation of immobilized glucose oxidase wafer enzyme on
calcium-bentonite modified by surfactant. IOP Conf. Ser. Mater. Sci. Eng. 2017, 223, 012050. [CrossRef]

9.  Mehrotra, P,; Chatterjee, B.; Sen, S. EM-Wave Biosensors: A Review of RF, Microwave, mm-Wave and Optical Sensing. Sensors
2019, 19, 1013. [CrossRef]

10. Chebila, F; Jatlaoui, M.M.; Pons, P.; Aubert, H. Pressure measurement from the RADAR interrogation of passive sensors. In
Proceedings of the 2010 IEEE International Symposium on Antennas and Propagation and CNC-USNC/URSI Radio Science
Meeting—Leading the Wave, AP-S/URSI 2010, Toronto, ON, Canada, 11-17 July 2010. [CrossRef]

11.  Shahri, A.A.; Omidvar, A.H.; Rehder, G.P; Serrano, A.M.d.C.L.C. A high sensitivity microwave glucose sensor. Meas. Sci. Technol.
2021, 32, 075104. [CrossRef]

12.  Chretiennot, T.; Dubuc, D.; Grenier, K. Double stub resonant biosensor for glucose concentrations quantification of multiple
aqueous solutions. In Proceedings of the IEEE MTT-S International Microwave Symposium Digest, Tampa, FL, USA, 1-6 June 2014.
[CrossRef]

13. Camli, B.; Kusakci, E.; Lafci, B.; Salman, S.; Torun, H.; Yalcinkaya, A.D. Cost-Effective, Microstrip Antenna Driven Ring Resonator
Microwave Biosensor for Biospecific Detection of Glucose. IEEE ]. Sel. Top. Quantum Electron. 2017, 23, 404—409. [CrossRef]

14. Camli, B.; Kusakci, E.; Lafci, B.; Salman, S.; Torun, H.; Yalcinkaya, A. A Microwave Ring Resonator Based Glucose Sensor. Procedia
Eng. 2016, 168, 465-468. [CrossRef]

15. Bakhtiar, S.; Bhawani, S.A.; Shafqat, S.R. Synthesis and characterization of molecular imprinting polymer for the removal of
2-phenylphenol from spiked blood serum and river water. Chem. Biol. Technol. Agric. 2019, 6, 15. [CrossRef]

16. Ding, S.; Lyu, Z,; Niu, X.; Zhou, Y.; Liu, D.; Falahati, M.; Du, D.; Lin, Y. Integrating ionic liquids with molecular imprinting
technology for biorecognition and biosensing: A review. Biosens. Bioelectron. 2019, 149, 111830. [CrossRef]

17.  Figueiredo, L.; Erny, G.; Santos, L.; Alves, A. Applications of molecularly imprinted polymers to the analysis and removal of
personal care products: A review. Talanta 2016, 146, 754-765. [CrossRef] [PubMed]

18. Becskereki, G.; Horvai, G.; T6th, B. The Selectivity of Molecularly Imprinted Polymers. Polymers 2021, 13, 1781. [CrossRef]
[PubMed]

19. Dehdashtian, S.; Hashemi, B. Voltammetric sensing of minoxidil using a molecularly imprinted polymer (MIP)-modified carbon

paste electrode. Chem. Pap. 2019, 74, 157-165. [CrossRef]


https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.idf.org/news/240:diabetes-now-affects-one-in-10-adults-worldwide.html
http://doi.org/10.1016/j.bios.2014.03.070
http://www.ncbi.nlm.nih.gov/pubmed/24747204
http://doi.org/10.1021/cr068069y
http://doi.org/10.1016/S0003-2670(99)00130-0
http://doi.org/10.1016/j.elecom.2008.06.009
http://doi.org/10.1016/j.aca.2004.10.038
http://doi.org/10.1088/1757-899X/223/1/012050
http://doi.org/10.3390/s19051013
http://doi.org/10.1109/APS.2010.5561726
http://doi.org/10.1088/1361-6501/abe1e3
http://doi.org/10.1109/MWSYM.2014.6848570
http://doi.org/10.1109/JSTQE.2017.2659226
http://doi.org/10.1016/j.proeng.2016.11.127
http://doi.org/10.1186/s40538-019-0152-5
http://doi.org/10.1016/j.bios.2019.111830
http://doi.org/10.1016/j.talanta.2015.06.027
http://www.ncbi.nlm.nih.gov/pubmed/26695327
http://doi.org/10.3390/polym13111781
http://www.ncbi.nlm.nih.gov/pubmed/34071653
http://doi.org/10.1007/s11696-019-00860-4

Sensors 2022, 22, 8648 15 of 15

20.

21.

22.

23.
24.

25.

Mirmohseni, A.; Pourata, R.; Shojaei, M. Application of Molecularly Imprinted Polymer for Determination of Glucose by Quartz
Crystal Nanobalance Technique. IEEE Sensors ]. 2014, 14, 2807-2812. [CrossRef]

Ozcelikay, G.; Kaya, S.; Ozkan, E.; Cetinkaya, A.; Nemutlu, E.; Kir, S.; Ozkan, S. Sensor-based MIP technologies for targeted
metabolomics analysis. TrAC Trends Anal. Chem. 2021, 146, 116487. [CrossRef]

Li, G.; Qi, X,; Wu, J.; Xu, L.; Wan, X,; Liu, Y.; Chen, Y.; Li, Q. Ultrasensitive, label-free voltammetric determination of norfloxacin
based on molecularly imprinted polymers and Au nanoparticle-functionalized black phosphorus nanosheet nanocomposite. J.
Hazard. Mater. 2022, 436, 129107. [CrossRef] [PubMed]

Pozar, D.M. Microwave Engineering, 4th ed.; John Wiley &Sons, Inc.: Hoboken, NJ, USA, 2012; pp. 1-756.

Peeters, M.; Troost, F.; van Grinsven, B.; Horemans, F.; Alenus, J.; Murib, M.; Keszthelyi, D.; Ethirajan, A.; Thoelen, R.; Cleij, T.;
et al. MIP-based biomimetic sensor for the electronic detection of serotonin in human blood plasma. Sensors Actuators B Chem.
2012, 171-172, 602-610. [CrossRef]

Marestoni, L.; Wong, A.; Feliciano, G.T.; Marchi, M.; Tarley, C.; Sotomayo, M.T. Optimization and Application of Imprinted
Poly(AA-EGDMA) for Solid Phase Extraction of Ciprofloxacin in Artificial Urine. Curr. Drug Ther. 2015, 9, 270-276. [CrossRef]


http://doi.org/10.1109/JSEN.2014.2316819
http://doi.org/10.1016/j.trac.2021.116487
http://doi.org/10.1016/j.jhazmat.2022.129107
http://www.ncbi.nlm.nih.gov/pubmed/35569369
http://doi.org/10.1016/j.snb.2012.05.040
http://doi.org/10.2174/1574885510999150505160637

	Introduction 
	Materials and Methods 
	Sensor Design 
	Simulation 
	General Theory of Open Stub Resonator 
	Reagents 
	Preparation of Proposed Sensor 
	Glucose Sample Preparation and Measurement Procedure 
	Measurement Setup 

	Results 
	Discussion 
	References

