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Abstract: Carbon-based materials, such as graphene, exhibit interesting physical properties and have
been recently investigated in sensing applications. In this paper, a novel technique for glucose concen-
tration correlation with the resonant frequency of a microwave resonator is performed. The resonator
exploits the variation of the electrical properties of graphene at radio frequency (RF). The described
approach is based on the variation in transmission coefficient resonating frequency of a microstrip
ring resonator modified with a graphene film. The graphene film is doctor-bladed on the ring
resonator and functionalised in order to detect glucose. When a drop with a given concentration
is deposited on the graphene film, the resonance peak is shifted. The graphene film is modelled
with a lumped element analysis. Several prototypes are realised on Rogers Kappa substrate and
their transmission coefficient measured for different concentrations of glucose. Results show a good
correlation between the frequency shift and the concentration applied on the film.

Keywords: graphene; thick films; microstrip lines; lumped model; scattering parameters; ring resonator;
functionalisation

1. Introduction

Diabetes causes a number of health complications leading to the loss of precious
human lives. These complications include hypoglycaemia, ketoacidosis, retinopathy, neu-
ropathy, stroke, and heart diseases. This also results in an increased financial burden on
health systems around the world. Diabetes is impacting an increasing number of people in
Europe and the US. According to the World Health Organisation, there are about 60 million
people with diabetes in the European region [1]. In the US, according to the Centre for
Disease Control and Prevention, more than 37 million people suffer from diabetes [2].
While it is important to prevent the incidence of diabetes to protect the population, it is
of utmost importance to actively monitor the blood glucose level of people suffering with
diabetes in order to avoid health complications.

In order to provide multiple solutions to people with diabetes, there is a need to
provide them with glucose detection solutions based on other body fluids. However, the
change in blood glucose concentration is reflected in other bodily fluids (tears, saliva, and
sweat) with a reduced concentration variation [3]. Therefore, there is a need to develop
sensor systems capable of the targeted detection of glucose molecules at low concentrations.

The most common type of glucose sensors are electrochemical sensors based on a
selective chemical reaction between enzymes and glucose [4,5]. An electrochemical glucose
sensor is a device that transduces glucose concentration into a quantifiable electrical signal.
In order to immobilise enzyme and glucose, substrates with certain characteristics, for
example, a large surface area and easy functionalisation, are required. Nanomaterials are
an attractive option since they possess these characteristics.
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Graphene is one of the most commonly used nanomaterials. Graphene is a monolayer
of carbon atoms, whose electronic, chemical, and mechanical properties have made it
suitable for many cutting edge applications in the last few years [6]. Pure graphene cannot
be directly used, but printable graphene-based inks can be manufactured by dispersing
flakes into a proper solvent. Among the different printing techniques, the most used
are chemical vapour deposition [7], drop casting [8,9], screen printing [10], and epitaxial
growth [11].

Printed graphene film [10,12-14] can be used for many applications as flexible elec-
tronics [15], humidity sensors [16,17], electro-chemical sensors [18-25], bio-molecular and
drugs detection, and monitoring [18].

For use in biological applications, graphene films are integrated as active components
in biosensor systems [21,24,25]. These biosensor systems could be used for early cancer
detection [26,27] as well as for chemical concentration detection in the body fluid such as
sugar molecules [28] or glucose [29].

In [30], a similar surface immobilisation procedure was used to detect HRP (Horseradish
Peroxidase) concentration, by measuring the frequency shift of the reflection coefficient of a
microstrip antenna. The use of radio frequency (RF) biosensors based on passive and/or
active devices and circuits has already been investigated [31-33]. These biosensors possess
a high potential to modulate their sensitivity and selectivity using tailored chemical func-
tionalisation to adsorb particular molecules. The performance of these biosensors can be
enhanced by the introduction of nanomaterials. Multidisciplinary research capabilities are
needed for the realisation of biosensors with high sensitivity and low concentration limits.

The goal of this paper is to use radio frequency signals to detect glucose concentration.
The device used is a split ring resonator with a graphene film deposited in the split part
of the ring. The film is appropriately functionalised for the detection of glucose. Varying
concentrations of glucose are deposited on the functionalised film varying its impedance
and resulting in a shift in the resonant frequency of the resonator. The levels of glucose
concentration considered are low and correspond to the variation of glucose in bodily
fluids other than blood (saliva, tears, sweat, etc.) [3,32]. A future sensor designed based
on this principle will hence be a non-invasive glucose testing device. A preliminary form
of this study has been published in [34], where the data are limited to simulations and
measurements of a single device with only two concentration values. Here, an exten-
sive study of the resonating device has been performed with more information about
the film, surface functionalisation, the description of materials, circuit model, and more
measurement points.

In Section 2, the ring resonators’ design and fabrication, and the enzyme immobilisation
procedure over the film has been discussed. The realisation techniques of the graphene films
and the scattering parameter measurements setup are introduced. In Section 3, full-wave
simulations of the ring resonator without graphene film are discussed; a circuit model for
the graphene film deposition is proposed and compared with full-wave simulations; drops
with different glucose concentrations are deposited on the film and the corresponding
calibration curves are derived. The variation of the resonant frequency versus glucose con-
centration over time has been analysed. In Section 4, some final considerations are drawn.

2. Materials and Methods
2.1. Prototype and Film Realization

The sensing element is a squared ring resonator with a gap. The ring resonator is
simulated with the finite element-based simulation tool Ansys HFSS. The solution type
used for the simulation is the driven modal type. Excitations are introduced at the end of
the microstrip line feeding the resonating ring. A wave type excitation is used for both the
ports. The dielectric material on which the resonator is placed is the Rogers Kappa 438. It
has a nominal dielectric permittivity of €, = 4.3 and a loss tangent tané of 0.005 (@10 GHz)
at 2 GHz. The height of the dielectric substrate is 1.52 mm with a copper thickness of 35 mm.
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The gap is covered by a graphene film doctor-bladed with the help of a mask (diameter of
5 mm). The film thickness is around 500 pm.

The film is composed of a binder, polyvinylidene fluoride (PVdF), in which graphene
nanoplatelets are dispersed. The filler-to-binder ratio is 9:1. Graphene nanoplatelets were
acquired from Nanoinnova, Spain. They have a surface area-to-weight ratio of 45 m?/g
with a carbon content of 98.9 wt%. A material characterisation and detailed description of
the graphene nanoplatelets can be found in [27]. The binder is first dispersed in a solvent,
N-methyl-2-pyrrolidone (NMP); then the graphene nanoplateles are added. The filler
(graphene), binder (PVdF), and solvent (NMP) are mixed overnight until a homogeneous
mixture is obtained. Then, the mixture is doctor-bladed onto the mask. A drying process
under hoof convection is performed for several days to obtain a film devoid of any solvent
and humidity. Finally, the mask is removed and the film is ready to be functionalised.

The functionalisation of the film and immobilisation of the enzyme are carried out
by the following procedure. It has been derived by adapting the procedure reported in
[35] for silicon substrates. Glucose oxidase was immobilised on the graphene film with the
help of carboxylic groups. Amide bonds are formed between the carboxyl groups of the
carbon material of graphene and the amino groups of GOx. Drops of 1% v/v CPTES toluene
solution in reflux solvent condition were deposited on the graphene film in experimental
anhydrous conditions. This was followed by rinsing the film with toluene and drying
it with nitrogen. Drops of H,SO4 were subsequently deposited on the film in an Argon
environment. This results in the hydrolysis of CN groups into COOH groups.

2.2. Scattering Parameters Measurements and Graphene Film Modeling

The scattering parameters of the transmission lines and ring resonators are measured
with a a two-port USB vector analyser (VNA, P9371A) by Keysight, Santa Rosa, CA, USA
(Figure 1).

Figure 1. Scattering parameters measurement setup.

The signal is generated and transmitted through a microstrip transmission line by a
vector network analyser. The resultant reflections from the resonators are also measured by
the VNA.

Measurements are performed in the 1 GHz to 5 GHz frequency range. Before the mea-
surements, a two-port calibration process is performed with an automatic calibration kit.

A tuning process of the measured S-parameters leads to the derivation of the graphene
film circuit model using AWR Microwave Office. Full-wave simulations with HFSS are
performed to design the squared ring resonator. Full-wave simulations are also used to
analyse the graphene film before and after the functionalisation procedure and to derive
the values of the corresponding surface impedance.
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3. Results

In this section, a ring resonator is first designed to resonate at 2.5 GHz without
the graphene ink deposition. Some prototypes of this resonator are manufactured on
Rogers Kappa 438 substrate. The graphene film is deposited and functionalised to detect
glucose. The variation of the resonance frequency of the ring is measured for different
glucose concentrations (5,10, 20,30 mg/dL). Finally, calibration curves are provided for
two samples and analysed in detail.

3.1. Ring Resonator Design

The ring resonator is composed of a high impedance microstrip line fed split ring
resonator, as shown in Figure 2. The resonator is fed by a microstrip line that has a charac-
teristic impedance of 50 (2. This corresponds to a width, w; = 2.9 mm. The ring is coupled
to the main line. The coupling distance between the ring and the line is s = 0.2 mm. The
internal size of the ring is L;j;; = 9 mm. The width of the ring line is w, = 1 mm. The
ring is split at one end where the graphene film is deposited. The width of the split area is
Ly =2 mm.

Graphene ink
. Gap

Port 1 t Port 2
S I
Wy

Figure 2. Geometry of the squared ring resonator.

The ring resonator is simulated with the help of the full-wave simulator Ansys HFSS
on a Rogers 438 substrate (see solid line in Figure 3) and resonates at 2.5 GHz.

0=

Transmission coclTicient (dB)

'-I simulation
— — —measurement

S 4

(5]

l 1.5 2 2.5 3
Frequency (GHz)

Figure 3. Simulated and measured transmission coefficient of the squared ring resonator.

3.2. Graphene Film Circuit Model

In this section, a circuit model for the graphene film deposition is proposed and
described in detail. By using circuit model parameters, a sheet impedance value for HFSS
simulations is estimated.

The circuit reported in Figure 4 can be suitably used to describe a graphene-filled
gap of 2 mm. The model is chosen to be symmetrical, as is evinced by the measured
S-parameters: 511 = Syppand S;p = Sp1.
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Figure 4. Graphene deposition equivalent circuit. Node A and B correspond to the deposition edges.

With respect to a classic gap model [36], made up of capacitances, the series resistances
model the losses in the dielectric at a high frequency (see Re1, Rgr, Rins Rout, Rp). The
chosen dielectric is Rogers Kappa 438, with a low loss tangent (tand = 0.005 @10 GHz),
leading the resistive elements to be a few tens of Ohms. R accounts for the sheet resistance,
but is also the DC resistance (the only remaining element at zero frequency) between nodes
A and B, and is linked to the percolative path in the deposition. As discussed in [37,38],
an increase in graphene weight fraction makes R lower as the percolative threshold falls.
The described model takes into account both the graphene and the binder due to the
impossibility of removing it. Even if the deposited slurry is a mixture of binder and filler,
the sheet resistance is basically not influenced by the binder, which is non a conductive
material, since the percentage of the binder in the filler is very small, compared to graphene.
As for Cp, it represents the capacitance developed between the two lines, separated by the
2 mm gap. On the other hand, C¢; (Cgr) accounts for the capacitive effect due to the left
(right) microstrip line and the ground plane (fringing field effect). Finally, C;, models the
effect of nanoscale capacitors, for which graphene platelets are the conductive element, and
the binder acts as a dielectric material.

The parameters reported in Table 1 are obtained by tuning the S-parameters measured
from a microstrip line with the graphene deposition, as in Figure 1 (circled inset).

Table 1. Graphene deposition electrical model parameters.

Ry Cpp Rp Cp Rgl Cgl Rgr Cgr Rin G Rout Cout
«@ E» W EPp O E»H O Ep @) EH Q@ (PP

46 0.14 18 12 276 0.06 276 0.06 90 0.15 90 0.15

A microstrip line 32 mm long and 3 mm wide, with a characteristic impedance of 50 (),
is divided into two equal parts by a 2 mm gap. The gap is filled by the graphene-based film
as in Figure 5.

film-filled Gap

Port 1 i—p Port 2
\ 57/

transmission lines

Figure 5. Microstrip line used for graphene model derivation.
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The width (W) of the transmission lines is 2.9 mm, so given a gap 2 mm wide (g) and
the deposition diameter (d) of 5 mm, the aspect ratio (AR) is estimated to be:

AR=9 25 1)
2
Consequently,
Zsheet = Zlumped x AR ()

Simulations are performed in the 700 MHz to 6 GHz range and a comparison between
measured and simulated parameters is reported in Figure 6 for the transmission coeffi-
cient. Even if not reported in Figure 4, two microstrip lines, connected to node A and B,
respectively, were used in the simulations.

0 : :
- --simulated
- ——measured
m
2 -2 —_\\\
() -
) -
2
E 4t 4
o
©
S
6

n

-8

1 2 3 4 5 6
Frequency (GHz)

Figure 6. Graphene-filled gap: measured transmission coefficient (solid line) and circuit simulation
(dashed line).

Figure 6 shows a good agreement between the measured values and the simulated
values in the whole frequency range. A slight mismatch can be observed for frequencies
above 5.5 GHz, due to the dielectric losses. The maximum variation between the measured
and the simulated curves is less than 1 dB for the transmission coefficient. As shown
in [39], capacitances toward GND are mainly due to the binder. In the case of a line with a
gap where the film is deposited, generally, a resistance variation of the film will result in
an amplitude variation of the Sj;, whereas a reactance variation will result in the phase
variation of the Sy [37].

3.3. Full-Wave Simulations of Graphene Film and Prototype Realization

The circuital analysis performed in Section 3.2 resulted in an estimated value of the
equivalent impedance of the film at the frequency of interest, i.e., 3.5 GHz. This value is
(44 — j6.11) Q). This estimated value of the sheet resistance of the film was used as a starting
point for the finite element simulations performed with the help of Ansys HFSS. Since the
film deposited on the resonator has a diameter of 5 mm and the gap is 2 mm wide; therefore,
the lumped impedance is increased by a factor of AR (see Equation (2)) in the finite element
models. The resultant estimated value of the film was thus (111.5 — j15.3) (0/0. With this
value, the resonance of the film did not exactly correspond to the measured value. This
is because many parasitic impacts resulting from the film are taken in to account in the
finite element simulations. Therefore, an optimisation of the finite element simulations was
needed. For the FEM simulation values to correspond exactly to the measured values, a
sheet impedance of (120 — j10) 2/ was used. The resultant measured and simulated
transmission coefficient of the resonator with the graphene film is shown in Figure 7.
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Transmission coclTicient (dB)

simulation
— — —measurement
-10 ‘ : ) ‘
25 3 35 4 4.5 5
Frequency (GHz)

Figure 7. Ring resonator with graphene film. Measurements (dashed line) and simulation (solid line).

Five prototypes of the resonator are fabricated and measured (Figure 8). Two of them
were used for drop volume analysis; the other three were used for the experiments with
glucose oxide. After the deposition of the graphene film across the gap, the resonators
resonate at the frequency of 3.8 GHz as shown in Figure 9.

(@) (b)

Figure 8. Pictures of the five ring resonator; in (a) those realized before the film deposition and in
(b) after the deposition.

0

1l
i 1)
3
e
5

Transmission coefficient (dB)

Ky

-10 ; ; 3
2.5 3 3.5 4 4.5
Frequency (GHz)

Figure 9. Measured transmission coefficient of the five-squared ring with graphene film.

3.4. Film Functionalization

The active area where the chemical process takes place is the film of graphene. The
film is round in shape and with a diameter of 5 mm. A large surface material, such as
graphene, is exploited to accelerate the electron transfer from glucose oxidase toward
the substrate and to promote the electrocatalytic performance of some molecules such as
H,O, [40]. The graphene film should be functionalised in order to be selective to a specific
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molecule. In this case, the surface of the film is functionalised with glucose oxidase with a
standard procedure presented in [41]. On the functionalised surface, a drop of glucose and
buffer solution (phosphate citrate, pH 7.2) of different concentrations is deposited with a
micro pipette. The glucose drop is composed of 50 mM of buffer, 0.3 mM of TMB, and 10%
ethanol for the drop with 5 mg/dL concentration. The drop should be of a specific volume
(30 pL) in order to cover the surface (Figure 10a) but not in too much excess (over 60 pL) so
that it does not fall off or contact the edges of the stub (Figure 10b).

FILM DEPOSTION
(@)

Figure 10. Drop dimensions analysis. (a) All the functionalised graphene is covered by the drop, so

the drop interacts only with the film; (b) The drop covers both the graphene ink and the microstrip
lines, directly connecting them. FILM to be replaced with ink.

Without the graphene film, the ring resonator resonates at 2.5 GHz (Figure 3). After
the introduction of the film, the ring resonates at around 4 GHz (Figure 4). Note that there
is a variation in the mismatch due to the conductive behaviour of the film. The resonator is
measured before and after the functionalisation of the graphene film. With the introduction
of the graphene film, the transmission coefficient is slightly altered without significant
variations (Figure 11).

Transmission coclTicient (dB)

6
8t
not functionalized film
— — —functionalized film
-10 : - :
2.5 3 3.5 4 4.5 5

Frequency (GHz)

Figure 11. Measured transmission coefficient with not functionalised film (solid line) and function-
alised film (dashed line).

The presence of the buffer drop over the film shifts the resonant frequency from 4 GHz
to 3.5 GHz as shown in Figure 12. In order to exclude the impact of the sole presence of the
drop over the film, a drop of buffer is deposited over the film. We considered this frequency
as the reference point for the glucose concentration experiment that follows.
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Transmission coclTicient (dB)

-8 graphene film
— — —drop of buffer
————— after the drop
-10
2.5 3 &5 4 4.5

Frequency (GHz)

Figure 12. Measured transmission coefficient with and without a drop of buffer.

The resultant measured and simulated transmission coefficient of the resonator with
the drop of buffer is shown in Figure 13. The full-wave simulations were obtained with
a surface impedance of (50 + j200) Q2/[]. The presence of the drop of buffer drastically
changes the imaginary part of the sheet impedance. This is due to an increase in the
conductivity of the sheet, which tends to reduce its capacitance.

Transmission coefficient (dB)

=2 —Meas| |
--—-Sim
-10 : ; ;
2.5 3 3.5 4 4.5

Frequency (GHz)

Figure 13. Ring resonator with functionalised glucose oxidase graphene film and a drop of buffer.
Measurements (solid line) and simulation (dashed line).

3.5. Glucose Sensor Measuring Range

A number of different bodily fluids, including saliva, sweat, and tears, can be used to
estimate the concentration of glucose in blood. The concentration of the glucose in each of
the bodily fluids is different. The range of detection of the sensor depends on the type of
the bodily fluid taken into account. Some relevant recent works are reported in Table 2.

Table 2. Enzymatic and non-enzymatic glucose concentration sensors comparison.

Data from Measured Physiological Fluid Type of Sensor ml\;[/i;L ml\g;l;L
[42] blood and saliva Enzymatic 180 x 1073 180
[43] sweat Enzymatic 1.4 252
[44] - Non-enzymatic 1.2 3.6
[45] blood Enzymatic 18 72
[46] saliva Enzymatic 0.57 108
[47] tears Non-enzymatic 37.8 x 1073 360
[48] - Enzymatic 54 x 1073 720 x 1073
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5 mg/dL

As indicated in [3], a non-diabetic person’s salivary glucose concentration is between
4.1 mg/dL and 10.3 mg/dL, while in the case of diabetic samples, the range is shifted
to between 9.9 mg/dL and 31.9 mg/dL. Also, ref. [49] confirms that salivary glucose
levels in diabetic subjects lie in the range from 10.00 mg/dL to 32.00 mg/dL. Differently,
non-diabetic people’s levels span between 4.30 mg/dL and 12.90 mg/dL. Since the target of
this work is to consider the detection of glucose in saliva, a range of glucose concentration
of 5 mg/dL-30 mg/dL was chosen (Table 2). The dimension of the sensor, the size of
the film, and the type of functionalisation are appropriately selected to cover this range
(Figure 14).

NON DIABETIC GLUCOSE LEVEL ~ 10.3 mg/dL
4.14 mg/dL

DIABETIC GLUCOSE LEVEL
9.91 mg/dL 31.9mg/dL

MEASURMENT RANGE OF THE RESONATOR
30 mg/dL

Figure 14. Glucose concentration in saliva compared to the range analysed in this work (orange curve).

3.6. Analysis of Different Glucose Concentrations

Each ring resonator is connected to an NA and two-port measurements of the trans-
mission coefficient (S;1) are performed in the frequency band 1 GHz-5 GHz. As the
aim of this work is to quantify the variation of concentration of glucose in terms of the
frequency shift of the ring resonator, drops with 20 uL volume of different concentra-
tions from 0 to 30 mg/dL are deposited on the functionalised film. The introduction
of various concentrations of glucose over the film varies its impedance. This change in
impedance results in a shift of the resonant frequency of the resonator. The resulting trans-
mission coefficients of the ring resonator are shown in Figure 15a for prototype r3 and in
Figure 16a for prototype r5. It can be seen from (Figure 15a) that, with a concentration of
10 mg/dL, the ring resonates at a frequency of 3.56 GHz. Increasing the concentration to
30 mg/dL shifts the resonant frequency to 3.52 GHz, corresponding to a shift in frequency
of 40 MHz. Similarly, there is a shift in frequency of 20 MHz for the prototype r5 (in the
10 mg/dL-30 mg/dL concentration interval). Note that every time a drop of a different
concentration is deposited on the film, the film is washed with a buffer solution. This shifts
the resonant frequency of the ring back to its initial value.

0 120
3 2 =4 100 f
5
2 B0y k
£ -4r S
- < 60
) s
2 67 E
@ 13 buffer 2 bl
g — 3 5 mg/dl AR
= A ; Ay
2 8t 3 10 mg/dl VAT
e 13 20 mg/dl 20t
— — —13 30 mg/dl
-10 : 5
3 32 34 36 3.8 4 0 5 10 15 20 25 30
Frequency (GHz) Concentration (mg/dl)
(a) (b)

Figure 15. (a) Measured transmission coefficient for different glucose concentrations on prototype r3.
(b) Calibration curve.
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;
g 100
|5
z 5 %
5 5
S S 60
E =
z 15 buffer S 40
g 5 5 mg/dl
£ gl [ t510mgd
is 15 20 mg/dl 20
— — —15 30 mg/dl
-10 : 0
3 3.2 3.4 3.6 3.8 4 0 5 10 15 20 25 30
Frequency (GHz) Concentration (mg/dl)
(a) (b)

Figure 16. (a) Measured transmission coefficient for different glucose concentrations on prototype r5.
(b) Calibration curve.

In Figures 15b and 16b, the measured frequency shift is reported as a function of the
glucose concentration. For both prototypes, there is a change in the slope of the response at
10 mg/dL. The shift in frequency is greater in the case of prototype r5.

There is a difference in the frequency shift of the prototype r3 and the prototype r5.
For example, the frequency shift of the prototype r3 with a concentration of 5 mg/dL is
20 MHz whereas, at the same concentration, the frequency shift of the prototype r5 is
42 MHz. As the glucose concentration increases, the difference in the frequency shift of the
two prototypes is reduced. The frequency shift of the prototype r3 at a concentration of
30 mg/dL is 80 MHz and that of the prototype r5 at the same concentration is 110 MHz.
This shows that the accuracy of the ring resonator increases with increased concentration of
glucose. It is pertinent to mention that these concentrations are extreme, even if compared
to standard glucose concentrations in body and those measured by commercial glucose
detection devices. This phenomenon of decreased accuracy in terms of frequency shift at a
very low concentration will be studied in a future article.

In order to verify the stability of the functionalised graphene film and exclude the
impact of the previous concentration used, the transmission coefficient is measured after
each washing procedure. The results are shown in Figure 17 for r5. It can be seen that the
original condition is reached again after each washing step.

0

g — - —
EE |
=]
R
2
= 4
5}
=]
3
=]
9 -6
= washed after S mg/dl
% 8 — washed after 10 mg/dl
§ washed after 20 mg/dl
= - ——-washed after 30 mg/dl

-10

3 32 34 3.6 38 4

Frequency (GHz)

Figure 17. Measured transmission coefficient after washing prototype r5 for different glucose
concentrations.

3.7. Performance of the Ring Resonator over Time

It is important to validate the performance of the ring resonator over time for different
values of glucose concentration. The reaction between glucose and GOx, which takes place
on the graphene surface, is not a kinetic reaction. It is important to evaluate how fast the
reaction actually takes place.
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To this aim, the scattering parameters of the ring resonators were measured for differ-
ent glucose concentrations at ¢y (reference measurement) and ¢; = 60 s, see Figure 18b. In
all cases, there is a variation in the resonant frequency of the resonators with a variation
in the glucose concentration. For lower values of glucose concentration, there is a slight
increase in frequency shift (Af) over time, from ¢y to ¢;. This increase in the frequency
shift is not present for glucose concentration above 20 mg/dL. This could be due to the
depletion of the available GOx on the film surface.

150 ; ; 150

[=4
=}
(=4
(=4

Delta ['(MI1z)
Delta ['(MIz)

W
(=4
n
<

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Concentration (mg/dl) Concentration (mg/dl)

(a) (b)

Figure 18. Calibration curves comparison over time. Blue curve represents the frequency variation at t1,
while the black curves represent the frequency variation at t0. (a) Prototype r3 and (b) Prototype r5.

4. Conclusions

Electrical detection of the concentration of glucose has been performed with the help
of a passive two-port device consisting of a squared ring resonator working at microwave
frequency. The active part of the resonator is a graphene-based film, fabricated and doctor-
bladed on a designated spot on the ring resonator. The film is selectively functionalised
for the detection of glucose molecules. Drops with different concentrations of glucose are
deposited on the functionalised film, which result in a variation of the impedance of the
film. The variation of the impedance of the film results in a shift of the resonant frequency
of the ring. This is read in the transmission scattering parameter of the microstrip line
feeding the ring.

The presence of other body analytes could potentially alter the entire response (e.g., by
shifting the resonant peak to a different frequency or changing the amplitude) but, due to
the functionalisation of the graphene surface, only glucose molecules attach to the surface
of the film causing the frequency shift.

An evaluation of performance over time is carried out. For low glucose concentrations
(<20 mg/dL), slightly higher differences in the resonant peak shift take place when a
larger reaction time is provided, whereas for high glucose concentration (>20 mg/dL), the
frequency shift over time remains constant.

Equivalent circuit models of the graphene film are computed, followed by full-wave
simulations and the fabrication and measurement of a number of prototypes. A maximum
frequency shift of 110 MHz was obtained for a glucose concentration variation of 30 mg/dL.
This is a first step towards the realisation of a non-invasive glucose measuring device.

Author Contributions: Conceptualization, M.Y. and P.S.; methodology, M.Y. and P.S.; software, M.Y.
and F.P; validation, M.Y. and P:S.; formal analysis, M.Y. and P.S.; investigation, M.Y. and P.S; resources,
M.Y. and PS.; data curation, M.Y., EP. and P.S.; writing—original draft preparation, M.Y., EP. and
PS.; writing—review and editing, M.Y., EP. and P.S,; visualization, M.Y., EP. and P.S.; supervision,
M.Y. and P.S.; project administration, M.Y.and P.S.; funding acquisition, M.Y. and P.S. All the authors
equally contributed to this work. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was partially funded by Proof of Concept 2018 program, Obloo | Venture
Factory, Milan, Italy and by the GRAMOP project of the German Research foundation (DFG).



Micromachines 2023, 14, 2163 13 of 14

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon request.

Acknowledgments: The authors thanks Gianluca Palmara for the valuable contribution for the film
realisation and functionalisation and during the measurements.

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

References

1.  WHO Diabetes European Web Page. Available online: https://www.who.int/europe/health-topics/diabetes#tab=tab_1 (accessed
on 29 May 2023).

2. Centers for Disease Control and Prevention. National Diabetes Statistics Report Website. Available online: https://www.cdc.
gov/diabetes/data/statistics-report/index.html (accessed on 29 May 2023).

3.  Bruen, D.; Delaney, C.; Florea, L.; Diamond, D. Glucose sensing for diabetes monitoring: Recent developments. Sensors 2017,
17,1866. [CrossRef]

4. Adeel, M,; Rahman, M.M,; Caligiuri, I.; Canzonieri, V.; Rizzolio, F; Daniele, S. Recent advances of electrochemical and optical
enzyme-free glucose sensors operating at physiological conditions. Biosens. Bioelectron. 2020, 165, 112331. [CrossRef] [PubMed]

5. Teymourian, H.; Barfidokht, A.; Wang, J. Electrochemical glucose sensors in diabetes management: An updated review
(2010-2020). Chem. Soc. Rev. 2020, 49, 7671-7709. [CrossRef] [PubMed]

6. Bozzi, M,; Pierantoni, L.; Bellucci, S. Applications of graphene at microwave frequencies. Radioengineering 2015, 24, 661-669.
[CrossRef]

7. Kiraly, B.; Jacobberger, R.M.; Mannix, A.J.; Campbell, G.P; Bedzyk, M.].; Arnold, M.S.; Hersam, M.C.; Guisinger, N.P. Electronic
and mechanical properties of graphene-germanium interfaces grown by chemical vapor deposition. Nano Lett. 2015, 15,
7414-7420. [CrossRef]

8. Yasir, M.; Savi, P. Dynamically Tunable Phase Shifter with Commercial Graphene Nanoplatelets. Micromachines 2020, 11, 600.
[CrossRef]

9. Yasir, M.; Fatikow, S.; Haenssler, O.C. Amplitude-Phase Variation in a Graphene-Based Microstrip Line. Micromachines 2022,
13,1039. [CrossRef]

10. Hyun, WJ.; Secor, E.B.; Hersam, M.C.; Frisbie, C.D.; Francis, L.F. High-resolution patterning of graphene by screen printing with
a silicon stencil for highly flexible printed electronics. Adv. Mater. 2015, 27, 109-115. [CrossRef]

11.  Novikov, S.; Lebedeva, N.; Pierz, K.; Satrapinski, A. Fabrication and study of large-area QHE devices based on epitaxial graphene.
IEEE Trans. Instrum. Meas. 2015, 64, 1533-1538. [CrossRef]

12.  Hill, EW,; Vijayaragahvan, A.; Novoselov, K. Graphene sensors. IEEE Sens. . 2011, 11, 3161-3170. [CrossRef]

13.  Obrzut, J.; Moraes, A.C. Microwave characterization of graphene inks. In Proceedings of the 12th Recent Progress in Graphene
and 2D Materials Research Conference, Soul, Republic of Korea, 10-14 October 2021 .

14. Quaranta, S.; Miscuglio, M.; Bayat, A.; Savi, P. Morphological and radio frequency characterization of graphene composite films.
C 2018, 4, 32. [CrossRef]

15.  Shi, G,; Liu, T,; Kopecki, Z.; Cowin, A.; Lee, I; Pai, ] H.; Lowe, S.E.; Zhong, Y.L. A multifunctional wearable device with a
graphene/silver nanowire nanocomposite for highly sensitive strain sensing and drug delivery. C 2019, 5, 17. [CrossRef]

16. Leng, X,; Li, W,; Luo, D.; Wang, E. Differential structure with graphene oxide for both humidity and temperature sensing. IEEE
Sensors J. 2017, 17, 4357-4364. [CrossRef]

17.  Lei, D.; Zhang, Q.; Liu, N.; Su, T.; Wang, L.; Ren, Z.; Zhang, Z.; Su, J.; Gao, Y. Self-powered graphene oxide humidity sensor based
on potentiometric humidity transduction mechanism. Adv. Funct. Mater. 2022, 32, 2107330. [CrossRef]

18. Pogdcean, F,; Varodi, C.; Magerusan, L.; Pruneanu, S. Highly Sensitive Graphene-Based Electrochemical Sensor for Nitrite Assay
in Waters. Nanomaterials 2023, 13, 1468. [CrossRef]

19. Murugan, P; Annamalai, J.; Atchudan, R.; Govindasamy, M.; Nallaswamy, D.; Ganapathy, D.; Reshetilov, A.; Sundramoorthy, A K.
Electrochemical sensing of glucose using glucose oxidase/PEDOT: 4-sulfocalix [4] arene/MXene composite modified electrode.
Micromachines 2022, 13, 304. [CrossRef]

20. Hwang, HS,; Jeong, J.W,; Kim, Y.A.; Chang, M. Carbon nanomaterials as versatile platforms for biosensing applications.
Micromachines 2020, 11, 814. [CrossRef]

21. Su, W.; Xu, J.; Ding, X. An electrochemical pH sensor based on the amino-functionalized graphene and polyaniline composite
film. IEEE Trans. Nanobiosci. 2016, 15, 812-819. [CrossRef]

22.  Zhu, Z.; Garcia-Gancedo, L.; Flewitt, A.].; Xie, H.; Moussy, E; Milne, W.I. A critical review of glucose biosensors based on carbon
nanomaterials: Carbon nanotubes and graphene. Sensors 2012, 12, 5996-6022. [CrossRef]

23. Purr, F; Lowe, R.D,; Stehr, M.; Singh, M.; Burg, T.P; Dietzel, A. Biosensing based on optimized asymmetric optofluidic nanochannel
gratings. Micro Nano Eng. 2020, 8, 100056. [CrossRef]

24. Yuan, M.; Alocilja, E.C.; Chakrabartty, S. A novel biosensor based on silver-enhanced self-assembled radio-frequency antennas.
IEEE Sens. . 2013, 14, 941-942. [CrossRef]

25. Yuan, M.; Alocilja, E.C.; Chakrabartty, S. Self-powered wireless affinity-based biosensor based on integration of paper-based

microfluidics and self-assembled RFID antennas. IEEE Trans. Biomed. Circuits Syst. 2016, 10, 799-806. [CrossRef]


https://www.who.int/europe/health-topics/diabetes#tab=tab_1
https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/data/statistics-report/index.html
http://doi.org/10.3390/s17081866
http://dx.doi.org/10.1016/j.bios.2020.112331
http://www.ncbi.nlm.nih.gov/pubmed/32729477
http://dx.doi.org/10.1039/D0CS00304B
http://www.ncbi.nlm.nih.gov/pubmed/33020790
http://dx.doi.org/10.13164/re.2015.0661
http://dx.doi.org/10.1021/acs.nanolett.5b02833
http://dx.doi.org/10.3390/mi11060600
http://dx.doi.org/10.3390/mi13071039
http://dx.doi.org/10.1002/adma.201404133
http://dx.doi.org/10.1109/TIM.2014.2385131
http://dx.doi.org/10.1109/JSEN.2011.2167608
http://dx.doi.org/10.3390/c4020032
http://dx.doi.org/10.3390/c5020017
http://dx.doi.org/10.1109/JSEN.2017.2712717
http://dx.doi.org/10.1002/adfm.202107330
http://dx.doi.org/10.3390/nano13091468
http://dx.doi.org/10.3390/mi13020304
http://dx.doi.org/10.3390/mi11090814
http://dx.doi.org/10.1109/TNB.2016.2625842
http://dx.doi.org/10.3390/s120505996
http://dx.doi.org/10.1016/j.mne.2020.100056
http://dx.doi.org/10.1109/JSEN.2013.2296155
http://dx.doi.org/10.1109/TBCAS.2016.2535245

Micromachines 2023, 14, 2163 14 of 14

26.

27.
28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wu, HW. Label-free and antibody-free wideband microwave biosensor for identifying the cancer cells. IEEE Trans. Microw.
Theory Tech. 2016, 64, 982-990. [CrossRef]

Yasir, M.; Savi, P. Commercial graphene nanoplatelets-based tunable attenuator. Electron. Lett. 2020, 56, 184-187. [CrossRef]
Wasfi, A.; Al Hamarna, A.; Al Shehhi, O.M.H.; Al Ameri, HEM.; Awwad, F. Graphene Nanoribbon Field Effect Transistor
Simulations for the Detection of Sugar Molecules: Semi-Empirical Modeling. Sensors 2023, 23, 3010. [CrossRef]

Zafar, H.; Channa, A.; Jeoti, V.; Stojanovi¢, G.M. Comprehensive review on wearable sweat-glucose sensors for continuous
glucose monitoring. Sensors 2022, 22, 638. [CrossRef]

Peinetti, F; Yasir, M.; Savi, P. RF Sensor with Graphene Film for HRP Concentration Detection. C 2023, 9, 63. [CrossRef]

Lee, H.]J.; Yook, ].G. Recent research trends of radio-frequency biosensors for biomolecular detection. Biosens. Bioelectron. 2014,
61, 448-459. [CrossRef]

Jang, C.; Lee, H.].; Yook, J.G. Radio-frequency biosensors for real-time and continuous glucose detection. Sensors 2021, 21, 1843.
[CrossRef]

Ferrari, A.C.; Meyer, ].C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F,; Piscanec, S.; Jiang, D.; Novoselov, K.S.; Roth, S.; et al.
Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 2006, 97, 187401. [CrossRef]

Yasir, M.; Savi, P. Graphene-based Radiofrequency resonator for non-invasive glucose detection. In Proceedings of the 2023 17th
European Conference on Antennas and Propagation (EuCAP), Florence, Italy, 26-31 March 2023 ; pp. 1-3.

Frascella, F; Ricciardi, C. Functionalization protocols of silicon micro/nano-mechanical biosensors. In Nanomaterial Interfaces in
Biology: Methods and Protocols; Springer: Berlin/Heidelberg, Germany, 2013; pp. 109-115.

Edwards, T.; Steer, M. Discontinuities in microstrip and stripline. In Foundations of Interconnect and Microstrip Design; Wiley:
Hoboken, NJ, USA, 2000; pp. 225-268.

Yasir, M.; Zaccagnini, P.; Palmara, G.; Frascella, E.; Paccotti, N.; Savi, P. Morphological Characterization and Lumped Element
Model of Graphene and Biochar Thick Films. C 2021, 7, 36. [CrossRef]

Kopyt, P; Salski, B.; Zagrajek, P; Janczak, D.; Sloma, M.; Jakubowska, M.; Olszewska-Placha, M.; Gwarek, W. Electric properties of
graphene-based conductive layers from DC up to terahertz range. IEEE Trans. Terahertz Sci. Technol. 2016, 6, 480-490. [CrossRef]
Peinetti, F; Savi, P.; Quaranta, S. Circuit Model for Graphene Screen-Printed Films. URSI Radio Sci. Lett. 2023, 5, 4.

Zhang, Y.; Zhang, J.; Wu, H.; Guo, S.; Zhang, J. Glass carbon electrode modified with horseradish peroxidase immobilized on
partially reduced graphene oxide for detecting phenolic compounds. ]. Electroanal. Chem. 2012, 681, 49-55. [CrossRef]

Palmara, G. Microcantilever-Based Sensing Arrays for Evaluation of Biomolecular Interactions. Ph.D. Thesis, Politecnico di
Torino, Piedmont, Italy, 2016.

Reghunath, R.; devi, K.; Singh, K. Recent advances in graphene based electrochemical glucose sensor. Nano-Struct. Nano-Objects
2021, 26, 100750. [CrossRef]

Guan, Y,; Liu, L; Yu, S;; Lv, E; Guo, M.; Luo, Q.; Zhang, S.; Wang, Z.; Wu, L.; Lin, Y.; et al. A Noninvasive Sweat Glucose
Biosensor Based on Glucose Oxidase/Multiwalled Carbon Nanotubes/Ferrocene-Polyaniline Film/Cu Electrodes. Micromachines
2022, 13, 2142. [CrossRef]

Ramasami Sundhar Baabu, P.; Mani, G.K.; Rayappan, ].B.B.; Tsuyuki, Y.; Inazu, T.; Tsuchiya, K. Sensor-on-Microtips: Design and
Development of Hydrothermally Grown ZnO on Micropipette Tips as a Modified Working Electrode for Detection of Glucose.
Micromachines 2023, 14, 498. [CrossRef]

Park, B.; Park, H.G.; Ji, ].H.; Cho, J.; Jun, S.C. A reduced graphene oxide based radio frequency glucose sensing device using
multi-dimensional parameters. Micromachines 2016, 7, 136. [CrossRef]

Mercante, L.A.; Andre, R.S.; Facure, M.H.; Fugikawa-Santos, L.; Correa, D.S. Design of a bioelectronic tongue for glucose
monitoring using zinc oxide nanofibers and graphene derivatives. Sens. Actuators Rep. 2021, 3, 100050. [CrossRef]

Van Tam, T.; Hur, S.H.; Chung, ].S.; Choi, W.M. Novel paper-and fiber optic-based fluorescent sensor for glucose detection using
aniline-functionalized graphene quantum dots. Sens. Actuators B Chem. 2021, 329, 129250.

Alwarappan, S.; Liu, C.; Kumar, A.; Li, C.Z. Enzyme-doped graphene nanosheets for enhanced glucose biosensing. . Phys. Chem.
C 2010, 114, 12920-12924. [CrossRef]

Gupta, S.; Sandhu, S.V.; Bansal, H.; Sharma, D. Comparison of salivary and serum glucose levels in diabetic patients. J. Diabetes
Sci. Technol. 2014, 9, 91-96. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/TMTT.2016.2515098
http://dx.doi.org/10.1049/el.2019.3669
http://dx.doi.org/10.3390/s23063010
http://dx.doi.org/10.3390/s22020638
http://dx.doi.org/10.3390/c9030063
http://dx.doi.org/10.1016/j.bios.2014.05.025
http://dx.doi.org/10.3390/s21051843
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.3390/c7020036
http://dx.doi.org/10.1109/TTHZ.2016.2544142
http://dx.doi.org/10.1016/j.jelechem.2012.06.004
http://dx.doi.org/10.1016/j.nanoso.2021.100750
http://dx.doi.org/10.3390/mi13122142
http://dx.doi.org/10.3390/mi14030498
http://dx.doi.org/10.3390/mi7080136
http://dx.doi.org/10.1016/j.snr.2021.100050
http://dx.doi.org/10.1021/jp103273z
http://dx.doi.org/10.1177/1932296814552673
http://www.ncbi.nlm.nih.gov/pubmed/25294888

	Introduction
	Materials and Methods
	Prototype and Film Realization
	Scattering Parameters Measurements and Graphene Film Modeling

	Results
	Ring Resonator Design
	Graphene Film Circuit Model
	Full-Wave Simulations of Graphene Film and Prototype Realization
	Film Functionalization
	Glucose Sensor Measuring Range
	Analysis of Different Glucose Concentrations
	Performance of the Ring Resonator over Time

	Conclusions
	References

