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Abstract

A microwave ring resonator based glucose detecting biosensor incorporating glucose oxidase enzyme is presented. Sensor uses a
split ring resonator as a transducer, where the sensing operation is done by the observation of shifts in its resonant frequency.
Resonator was fabricated with basic fabrication techniques and the enzyme was immobilized via conductive polymer agent
PEDOT:PSS. Experimentally observed redshift of resonant frequency of the sensor in response to different loading conditions are
in agreement with simulation results and theoretical expectations. Sensor selectivity is confirmed with control experiments
conducted with NaCl solutions. Experiments done with different glucose solution concentrations yielded a sensor sensitivity of
0.174MHz/mgml!.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Biosensors became prominent tools in a wide range of fields from medical diagnostics to food safety, from process
control to environmental monitoring, thanks to recent developments in research. The most significant of these are the
ones dedicated to diabetes management, making up approximately 85% of the market share [1]. Similar to many other
biosensor-based systems, these biosensors are generally formed of a biological sensing element exploiting the high
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selectivity available in genuine biological systems and a transducer element that performs the read out. Biosensors can
be classified based on the transduction mechanisms such as electrochemical, optical, acoustic, thermometric, and
magnetic [2,3]. Majority of the blood glucose biosensors used extensively are electrochemical and optical ones.

In addition to the above, a simple, cost-effective, compact, and label-free biosensing technology based on ring
resonators are now in a phase of development. Resonant characteristics of these electromagnetic resonators are affected
by the geometry of their structure and the physical properties of the environment they are kept in. Therefore, shifts
observed in their resonant frequencies can be exploited to be used in sensing [4]. Ring resonator-based biosensors
were proposed in the literature for substance sensing and detection of protein-ligand interactions [4,5]. This work
presents a ring resonator-based biosensor for detection of glucose incorporating glucose oxidase (GOx) enzyme as the
biospecific element.

2. Sensor Elements
2.1. Transducer

Several ring resonator architectures were studied in the literature for various applications. The ring resonator
structure used in this work is the basic split-ring resonator (SRR) shown in Fig. 1. It is a slit circular conducting strip
implemented on a dielectric substrate. Electrical behavior of the structure can be modelled with an equivalent
resistance R, capacitance C, and inductance L, forming a RLC circuit as shown in Fig. 1. The C component has two
main contributions from gap capacitance Cg,p and surface capacitance Cg, as shown in Equation (1).

g=2.1lmm Caap
L -

w=1.5mm
- -

L Csur R
, r=80mm

Fig. 1: SRR structure with dimensions indicated (left) with the equivalent RLC network (right).
C= Cgap + Cour (H

Material properties aside, the RLC circuit model parameters are determined by structure geometry - defined by gap
width g, inner circle radius 7, conductor thickness #, and conducting strip width w (not shown in Fig. 1). The resonant
frequency fy of the resonator relates to these parameters as shown in Equation (2). Relative electrical permittivity &, a
physical property of the medium, linearly affects C and thus is inversely related to fy. Exploiting this relationship, the
ring resonator sensor can track exposure of new materials and chemical reactions causing a change in &, through shifts
in its fp.

fo=srie 2

2.2. Biospecific Element

Since enzymes are highly specific to the molecules they react with, they are good candidates as biospecific sensing
elements in biosensors. A multiple number of enzymes are used in biosensing of glucose. GOx is the enzyme most
widely used in glucose biosensing due to its low cost, high bioactivity, and stability [2]. The reaction of GOx enzyme
and glucose are described in the following equations:

Glucose + GOx(oxq) — Gluconolactone + GOX(yeq) 3)
Gox(red) + 02 d Gox(oxd) + HZOZ (4)
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As it can be seen in the equations, GOx can rely on ambient oxygen as the electron acceptor instead of additional
carriers allowing fabrication of simpler sensor systems where the oxygen provision is available. As the reaction
continues substrate and product concentrations change, affecting €, of the environment. SRR transducer can sense this
change as its change of fj. The use of GOx ensures that any substrate concentration change in the environment, or any
shift in £ of the SRR would be principally related to the presence and amount of glucose in a given sample.

3. Experimental Setup

A SRR was designed to have a fj at 2GHz with dimensions indicated in Fig. 1 on a 3cm x 3cm FR4 substrate with
a copper thickness t = 35um using basic printed circuit board fabrication techniques. A simple masking layer made of
2.6mm thick stacked sticker layers and patterned by a Versa laser cutter so that a reservoir ditch exposes the resonator
while the rest of the FR4 substrate lays covered by the mask. The enzyme was immobilized in this reservoir channel
using conductive polymer PEDOT:PSS (Sigma-Aldrich 1.3wt% in water). GOx enzyme (Sigma-Aldrich, 50KU, type
X-S from aspergillus niger) itself was prepared into a solution where 15mg of the product was dissolved in 25ml of
0.1M phosphate buffer of pH 6.5 containing 1.5mM ethylenediaminetetraacetic acid as antimicrobial agent and
10%w/v glycerol as stabilizer. 50ul of this solution was applied after a 30ul PEDOT:PSS solution was dried in the
reservoir channel.

The resonator structure was excited with a pair of microstrip antennas and the shifts in f; were observed by
monitoring of s21 parameters using a vector network analyzer (Rohde&Schwarz ZVB4). A grounded metallic plate
was added to reduce noise in the readings, while the sensor elements were kept at their positions via a 3D printed
structure. Experimental setup was shown in Fig. 2.
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Fig. 2: Top view of basic setup elements (left) with the XX’ cross section of mask/reservoir channel interface (right).

4. Results

CST Microwave Studio solver tool simulated s21 parameters of the bare SRR, masked SRR, and 90ul DI water
loaded masked SRR structures. Simulated fy values appeared at 1.97GHz, 1.84GHz, and 1.61GHz, respectively. The
s21 parameters were also measured experimentally for bare SRR, masked SRR, and masked SRR loaded with different
dielectrics (DI water, 0.33M glucose solution, and 1M NaCl solution of 90ul volumes). Plots for experimental results
are given in Fig. 3(a), where simulated resonant characteristics were indicated by vertical line markers. Measured fy
values deviated from the simulated values by 0.1%, 0.5%, and 7.3% for bare SRR, masked SRR, and 90ul DI water
loaded masked SRR cases. The overall redshift observed in measurements are in agreement with the simulation results
and theoretical expectations based on the &, values of given concentrations.

Next, NaCl and glucose solutions at same weight concentration levels were applied to the sensor system in presence
of the GOx enzyme. Relative shifts of fy were recorded within a time span of 25 minutes. The results are shown in
Fig. 3(b). It was seen that the sensor responded to glucose solution 7 times more than it did to the NaCl solution.
Relative shift of fj for the glucose concentration case fits closely (R? = 0.93) to a decaying exponential, following the
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concentration change of a substrate in a first order chemical reaction. Such behaviour is not present for the NaCl
solution, indicating a high response selectivity towards glucose solution.

Finally, fo shift in varying glucose concentrations were investigated. Averages of five measurement results per
concentration level taken 1.5 minutes into sample introduction were plotted in Fig. 3(c). As expected, higher
concentration levels caused a higher shift. A line was fit to data points (R = 0.96) yielding Equation (5). Slope of the
fit line indicates the sensor sensitivity, which corresponds to 0.174MHz/mgml-'.
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Fig. 3: Plots showing measurement results. Experimental shifts observed in f; of the SRR under different loading conditions are shown in (a),
with the dashed lines showing simulation predictions for relevant loading cases. Relative fj shifts in response to glucose and NaCl solutions over
a period of 25 minutes are plotted in (b) along with the fit lines. Averages of five measurements for relative fj shifts vs. different glucose solution
concentrations are plotted in (c).

5. Conclusion

In this work, we presented a SRR transducer biosensor incorporating GOx enzyme for glucose sensing. Sensing is
done by tracking of the changes in fj of the resonator due to environmental changes. Operation of basic transducing
mechanism is observed both in simulation and experimental results. Simulation and experimental results were
consistent with each other and theoretical expectations, resulting a highest error rate of 7.3%.

Target-specific operation of the biosensor was confirmed with the decaying exponential characteristics of fj shift
in time for a glucose solution. On the other hand, sensor response to NaCl solution was negligible as desired. Tests
made with glucose solutions with different concentrations yielded a sensor sensitivity of 0.174MHz/mgml! as
estimated from the slope of the linear fit from the result averages.
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