
122 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 15, NO. 1, FEBRUARY 2021

Passive Microwave Biosensor for Real-Time
Monitoring of Subsurface Bacterial Growth

Mandeep Chhajer Jain, Student Member, IEEE, Anupama Vijaya Nadaraja,
Sevda Mohammadi , Student Member, IEEE, Bianca Marjan Vizcaino,

and Mohammad Hossein Zarifi , Senior Member, IEEE

Abstract—A real-time and label-free microstrip sensor capable
of detecting and monitoring subsurface growth of Escherichia
coli (E. coli) on solid growth media such as Luria-Bertani (LB)
agar is presented. The microwave ring resonator was designed to
operate at 1.76 GHz to detect variations in the dielectric properties
such as permittivity and loss tangent to monitor bacterial growth.
The sensor demonstrated high efficiency in monitoring subsurface
dynamics of E. coli growth between two layers of LB agar. The
resonant amplitude variations (Δ Amplitude (dB)) were recorded
for different volumes of E. coli (3 µL and 9 µL) and compared
to control without E. coli for 36 hours. The control showed a
maximum amplitude variation of 0.037 dB, which was selected
as a threshold to distinguish between the presence and absence
of E. coli growth. The measured results by sensors were further
supported by microscopic images. It is worth noticing that the
amplitude variations fit well with the Gompertz growth model.
The rate of amplitude change correlating bacteria growth rate was
calculated as 0.08 and 0.13 dB/hr. for 3 µL and 9 µL of E. coli,
respectively. This work is a proof of concept to demonstrate the
capability of microwave sensors to detect and monitor subsurface
bacterial growth.

Index Terms—Microwave resonator, subsurface growth,
gompertz growth model, growth rate.

I. INTRODUCTION

INFECTIOUS diseases caused by virus/bacteria pose a se-
rious challenge to public health and the global economy

[1]–[5]. This is evident from previous clinical reports; for ex-
ample, approximately 75000 cases of sepsis, an immunological
response to infection, is reported in the United States annually
[5]. Another infectious disease, periodontitis, is reported to
affect 20–50% of the population on a global scale [6]. A recent
addition to this is the Covid-19 pandemic, which rapidly spread
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across the world with 509164 cases and 23335 deaths globally as
of March 27, 2020, as reported by the World Health Organization
(WHO) [1], [4], [7].

Biofilm bacteria are of great concern, especially in spreading
infections via medical devices thereby limiting the reusability
of medical devices [8]–[12]. According to the U.S Depart-
ment of Health and Human Services, approximately 1 in every
24 patients in the USA have an infection related to hospi-
tal care and healthcare due to contaminated medical devices
harboring biofilm formation [8], [13]. Biofilm formation pro-
gresses by transitioning of 2-Dimensional bacterial growth to
3-Dimensional growth [14]. To briefly explain, within a biofilm
micro colony several forces act on the bacteria: i) repulsive
forces between the bacteria, ii) frictional force between the
bacteria, and iii) elastic forces of the surrounding media. In
the absence of these forces, bacterial colony transition from 2D
to 3D is confined to the surface of the medium. On the other
hand, these forces cause bacteria to penetrate the medium rather
than growing just on the surface, and this penetration often
leads to deep tissue injury [10], [15], [16]. Henceforth, early
detection of biofilm-forming pathogens in the tissues is critical
in preventing life-threatening infections. This is significant due
to a rapid increase in infections which is predicted to increase
to as high as 171 million by 2030 with an economy loss of $4
in productivity for every dollar spent on healthcare [17]. This
demands innovative techniques for rapid pathogen diagnosis.

The current technologies to detect pathogens rely on either
conventional culture-based assays or molecular methods such
as polymerase chain reaction (PCR) and enzyme-linked im-
munosorbent assays (ELISA). However, these are often limited
by longer detection time, as in the case of culture-based assays,
or require extensive sample preparation and expensive instru-
mentations in the case of molecular tools [18]–[20]. To overcome
these limitations, researchers have developed biosensors for
rapid detection and monitoring of microbial growth that can
be used in pathogenic detection [21]–[26]. Of these techniques,
optical and electrochemical biosensors were widely used owing
to their real-time, automated, and label-free detection. However,
optical biosensors suffer from high cost and quick degradation
of reagents, whereas electrochemical biosensors suffer from
a low selectivity and limit of detection (LoD) [26]. Bio-FET
is another class of biosensors that are gaining popularity due
to their label-free, ultra-high sensitivity, scalability, low cost
of fabrication, and minimum power consumption [26]–[29].
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Although the benefits of bio-FET make it a promising candi-
date for the detection and monitoring of bacteria, these sensors
cannot be used in contactless applications. Recently, microwave
sensors have emerged as a potential detection method for various
applications including ice detection [30], wireless permittivity
sensing [31]–[36], dielectric spectroscopy [37]–[40], monitor-
ing cancer [41], [42], detection of glucose and electrolyte level
in aqueous solution [43]–[47], monitoring water quality [48],
and classification and monitoring of bacteria in liquid medium
[49]–[55], owing to their numerous advantages such as low cost,
real-time, label-free, and non-contact monitoring capabilities.
Interestingly, bacterial growth monitoring using microwave sen-
sors is gaining more attention in recent years. Bacterial growth
and its correlation with dielectric variations in the surrounding
environment has been successfully demonstrated [56]–[59]. In
a study using microwave microfluidic biosensor, Narang et al.
[54], was able to monitor bacterial growth in liquid growth
medium and reported a sensitivity of 3.4 MHz/log (OD600). In
another study, various concentrations of E. coli in liquid culture
media were measured using a microwave biosensor operating
between 1–3 GHz and was able to achieve a detection limit of
103 CFU/ml [55].

Detecting bacterial growth in a solid medium is a real chal-
lenge to microbiologists due to the complex nature of solid agar,
and the limitations of conventional plating techniques. Recently,
microwave sensors were successful in demonstrating bacterial
growth detection on solid agar [60], [61]. This offers an avenue to
understand bacterial responses to various environmental factors
in solid matrix even during the early stages of bacterial growth.
Previously, Mohammadi et al. [60], monitored bacterial growth
on LB agar using a differential microwave resonator operating
at 1.95 GHz and 2.11 GHz. The differential resonator was
employed to cancel out the effect of external ambient factors
such as temperature and humidity on the response of the sen-
sor. Bacterial growth monitoring was achieved by measuring
the impact on the response of the resonator due to dielectric
variations in the growth medium caused by bacteria metabolism
[56]–[59], [62]–[65]. Their work successfully demonstrated the
capability of a microstrip resonator to monitor bacteria growth
on the surface of solid agar.

With the ever-increasing threat of bacteria biofilms on the
health and wellness of human beings, various studies have been
performed to understand the growth mechanism of biofilms [8]–
[12]. Previous studies on the growth of microorganisms have
shown that a crucial stage in the subsurface bacterial growth
involves the transition of lateral or 2-Dimensional growth into
3-Dimensional growth into the medium due to mechanical forces
acting on the bacteria [14]. Various studies have investigated the
effects of mechanical forces on the planar to the bulk transition
of bacteria sandwiched between two mediums [10], [16].

Through this work, the capability of the microwave sensor to
monitor subsurface bacterial growth was explored. To the best
of our knowledge, this is a maiden attempt in this direction.
A one-port microstrip line resonator was employed to monitor
the bacteria growth. A critically coupled reflection resonator
sensor was employed due to its extensive application in the
accurate determination of variations in the dielectric properties

of highly dissipative (lossy) and conductive environment [66],
[67]. The experiment was carried out at two different initial
volumes of E. coli i.e., 3 μL and 9 μL sandwiched between two
layers of solid LB agar using a microwave resonator owing to
their robustness, low fabrication cost, contactless and label-free
properties. The changes in the characteristics of the medium
due to the lateral and subsurface growth of the bacteria are
studied by measuring the variation in the resonant amplitude
of the microstrip resonator at two different volumes of bacteria.

II. SENSOR DESIGN AND SIMULATION

A. Microwave Resonator Design and Simulation

A one-port microwave ring resonator was designed and im-
plemented as the core of the sensing platform. A single port
microstrip ring resonator was chosen due to its ability to detect
variations in the dielectric properties of dissipative materials.
Among various types of resonators available, frequency varia-
tion resonators consisting of a single split-ring resonator coupled
to a transmission line was selected. Frequency variation res-
onators are compact and are operated in steady environmental
conditions [32], [68]. Therefore, as an incubator was employed
to monitor bacterial growth, a single split ring frequency vari-
ation resonator was chosen as opposed to a differential res-
onator. The resonator was monitoring the dielectric property’s
variations, mainly permittivity and loss tangent, on its sensitive
region, where the interactions between the electromagnetic field
and the material under test happened. The test material affected
the electrical characteristics of the ring resonator such as reso-
nant frequency, resonant amplitude, and quality factor, and was
monitored by a vector network analyzer (VNA).

The operation principle of the designed sensor was investi-
gated by implementing a structural model in High-Frequency
Structure Simulator (HFSS) and performing finite element
method simulations. Furthermore, a lumped circuit model was
implemented in Advanced Design System 2020 (ADS) simu-
lator, to justify the sensor’s behaviour via the circuit model.
Fig. 1(a) presents the implemented structure and the dimensions
of the microstrip lines. An alignment arch was incorporated in
the actual design to align the resonator with the sample petri
dish. The physical size of the resonator was chosen to achieve
a resonant frequency of 1.76 GHz, which lies in the L- Band of
the microwave spectrum. (1) presents the relation between the
resonant frequency and the length of the resonator.

l =
c

2 ∗ fres ∗ √εr
(1)

Where fres the resonant frequency, c is the speed of light
in vacuum, and εr is the relative permittivity of the carrying
substrate. Based on (1), the length of the split ring was calculated
as 57.5 mm. To increase the sensing area of the resonator to
monitor the entire region of the spotted E. coli, the length of
the resonator gap was chosen as 5 mm. The total length of
the resonator was adjusted to accommodate the increase in the
sensing area to obtain the desired resonant frequency. The width
of the microstrip lines, the coupling gap, and the resonant gap
was optimized to achieve the minimum notch amplitude in the
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Fig. 1. (a) Microstrip ring resonator structure modelled in HFSS. (b) Mi-
crostrip ring resonator structure with its equivalent lumped parameter model. The
values for inductance, capacitance and resistance are L = 2.5 nH, L1 = 1.5 nH,
L2 = 0.5 nH, Cgap = 1.63 pF and R = 0.12 Ω respectively. (c) Simulated and
measured results of the designed sensor.

S11 profile and optimum sensitivity in the sensor’s response. The
feedline was matched to the characteristic impedance of 50 Ω
(port impedance of a standard VNA) using LineCalc (Advanced
Design System 2020) to achieve maximum power transmission
from the microwave source to the sensor. A high impedance
quarter wavelength microstrip stub terminated with a ground
plane was added to the resonator model to discharge any static
charge accumulated due to the presence of weak capacitance
between the feed line and the sample under test.

The high impedance microstrip stub was realized by decreas-
ing the width of the microstrip stub to 0.3 mm, as evident from
(2).

z =
87√

εr + 1.41
ln

(
5.98 × h

0.8 × w + t

)
(2)

Where z is the characteristic impedance of the microstrip line,
h is the height of the substrate, εr is the relative permittivity of
the carrying substrate, w is the width of the microstrip line, and
t is the thickness of the copper cladding.

Fig. 2. Electric field distribution on the resonator model simulated at 1.76 GHz
using HFSS.

The stub acts as an open circuit to the electromagnetic signals
and transfers any static charge accumulated on the sensor’s
surface to the ground.

To justify the behaviour of the microstrip resonator, a lumped-
element model was proposed as shown in Fig. 1(b). The res-
onator was modelled using a series RLC resonator resonating
at a frequency fres. The series RLC circuit was at resonance
when the average stored magnetic energy in the circuit equals
to the average stored electrical energy, thereby leading to an
input impedance that is purely real [69]. In this work, the
lumped-element model of the resonator was designed and sim-
ulated in Advanced Design Systems (ADS) 2020 by Keysight
Technologies. Based on the resonant frequency, the inductance
(L) and capacitance (Cgap) of the network was calculated using
(3).

L ∗ Cgap = (2πfres)
−2 (3)

The series resistance (R Ω) of the network was kept to a mini-
mum, and the feedline and the split ring resonator were critically
coupled to improve the quality factor of the S11 notch. The
inductance (L nH) and capacitance (Cgap pF ) was calculated
using (3) and found to be 5 nH and 1.63 pF, respectively. The
Coupling capacitance ( Cc = 0.0001 pF) was negligible and had
no impact on the result. Thus, by maintaining a low coupling
capacitance (Cc pF ) and minimizing series resistance (R Ω),
a desired S11 response at the desired resonant frequency was
obtained by modelling the sensor structure. Fig. 1(c) compares
the simulation results of the implemented sensor structure in
HFSS and the simulated associated circuit model in ADS against
the measured results of the fabricated sensor. According to
the simulated results, the S11 response of the Lumped-element
model is in good agreement with the simulated bare result of
HFSS.

To investigate the sensitive regions of the designed sensor to
the dielectric property’s variation in the sensor’s near environ-
ment, the electric field was investigated at the resonant frequency
in HFSS simulation. The sensitive region on the microstrip
resonator is the region with maximum concentration of electric
field. The electric field interacts with the molecules of the sample
under test (SUT). This interaction alters the resonant profile of
the resonator through which SUT is detected and characterized.
According to the simulation results, the resonant gap is highly
concentrated with the electric field and was selected to monitor
bacterial growth. From Fig. 2, it can also be observed that the
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Fig. 3. Test sample on the (a) ring gap, and (b) coupling gap. (c) HFSS
simulation results comparing the response of the resonator when the test sample
lies on the ring gap and coupling gap.

alignment marks and the microstrip stub had no impact on the
electric field distribution and the response of the resonator. How-
ever, to validate the sensing region of the sensor, an investigation
in HFSS has been performed by placing test material at two
different locations as shown in Fig. 3(a) and Fig. 3(b). The test
material had a permittivity of 2.2, loss tangent of 0.0009, and
a dimension of 6 × 9 × 1.79 mm. The parameters of the test
material such as the dimension, orientation, and distance from
the sensor were kept constant.

According to the simulated results shown in Fig. 3(c), a
variation of 64 MHz and −2.79 dB was observed while the
test sample was placed over the ring gap, which is larger than
the shift of 1 MHz and −0.01 dB observed at the coupling gap
due to the test sample shown in Fig. 3(c). Thus, the ring gap
was found to be responsive to the presence of the test material
as compared to the coupling gap and was thus chosen. Since the
ring gap demonstrated high sensitivity to the presence of a test
sample, the sensor’s response to variations in permittivity and
loss tangent of test material at the ring gap was simulated, and
its response was studied. The attributes of the test material such
as orientation, dimension, and the gap between the test material
and the microstrip structure were constant.

The effect of permittivity and loss-tangent variation in the
resonant gap was investigated and studied employing a test
material with a size of 6 × 9 × 1.79 mm and changing the
permittivity and loss tangent in the range of 1.5 to 3.0 and
0.0001 to 0.0009, respectively. Fig. 4 presents the results for the
simulations in HFSS. According to these results, the resonant
amplitude of the sensor decreased as the loss tangent of the test
sample increased from 0.0001 to 0.0009 in steps of 0.0002 with
constant permittivity of 2.2 as shown in Fig. 4(a) and (b) while
the resonant frequency remains unchanged. However, a decrease
in the resonant frequency was observed as the permittivity of the
test sample increased from 1.5 to 3 in steps of 0.5 with a constant
loss tangent of 0.0009. The resonant amplitude also exhibited a
decrease from −15.4 dB to −16.8 dB as the permittivity of the
test sample increased from 1.5 to 3 in steps of 0.5 with a constant

loss tangent of 0.0009 as shown in Fig. 4(c) and (d). The results
from Fig. 4 demonstrate, if the change is observed mainly in the
resonant amplitude with a relative constant resonant frequency,
which can be attributed mainly to the loss tangent variation
in the medium and not the permittivity. In bacterial growth
experiments, it is expected to observe significant conductivity
variation in the culture media than the permittivity [70], therefore
resonant amplitude was monitored as the main sensing factor to
achieve the experimental results.

III. MATERIAL AND METHODS

A. Bacterial Growth Media and Culturing

Soft LB agar was used as culture media for growing E. coli.
The composition of media is as follows: 1 gram of LB broth and
0.5 gram of agar was weighed and dissolved in 50 mL of RO
water. The growth media was then sterilized by autoclaving at
121 °C for 15 minutes in an autoclave. Three ml of this sterile
media was then added to a petri dish to prepare LB agar media
of 1 mm thickness.

Three μl of E. coli from stock culture (OD600 = 1.5) was
spotted at a designated position in the agar plate. The spot was
covered with an 18× 18 mm coverslip, which was evenly coated
with 8 ml of soft agar as shown in Fig. 5(a) and (b). Special
attention was given to confirm E. coli was positioned between the
two layers of agar. The petri dish was then sealed with parafilm to
avoid contamination of the inoculated sample and to isolate the
bacterial growth environment from external humidity variations.

B. Microwave Sensor Fabrication

The designed microstrip structure was fabricated on a stan-
dard substrate (Rogers 5880) with a permittivity of 2.2 and loss
tangent of 0.0009, as shown in Fig. 6(a). The thickness of the
substrate was 0.79 mm, and the thickness of the copper layer
was 35 μm. The fabricated sensor was contained in a Styrofoam
enclosure for thermal insulation and to minimize the influence
of temperature and humidity variation in its near environment,
as shown in Fig 6(b). A temperature sensor was employed to
monitor the temperature on the sensor substrate, very close to the
agar media. The scattering parameter response from the sensor
was measured using a vector network analyzer, ZNB20 from
Rohde and Schwarz.

The network analyzer was calibrated before each measure-
ment with the calibration frequency range of 1.55 GHz to
1.8 GHz and IF bandwidth of 300 Hz. 6401 was set as the
number of the points before the measurements. The output
power of the VNA was set to 0 dB i.e., 1 mW. As the input
power was sufficiently low, it had no impact on bacterial growth
[71]. Furthermore, the intensity of the power radiated from the
sensitive region of the resonator was measured using a handheld
RF spectrum analyzer and was found to be below−70 dB, which
ascertained that the power radiated at resonance had minimal
to no impact on the operation of nearby electronic devices.
Additionally, any residual cross-coupling between the sensor
and readout circuit was weakened by maintaining considerable
distance between the readout circuit and the sensor. LabVIEW
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Fig. 4. Effect on the resonant profile (resonant amplitude and frequency) due to variation of loss tangent (a) and (b), and permittivity (c) and (d) of a material
under test on the ring gap.

was used to automatically record the S11 response every 2 min-
utes. All the experiment was repeated five-times to demonstrate
the repeatability and reproducibility of the experimental results.
A digital microscope from Celestron was utilized to capture
time-lapse images during the growth process.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Prior to performing the experiments on bacterial growth moni-
toring, the performance of the sensor was confirmed via standard
measurements using standard samples. The S11 response of
the fabricated sensor in the absence of any test material was
measured using the vector network analyser, as shown in Fig. 7.

The resonant frequency of the fabricated sensor in the absence
of any test sample was measured as 1.76 GHz with a resonant
amplitude of −13.52 dB. The performance of the fabricated
sensor was validated by measuring the response of the sensor in
the presence of a test sample cut from a standard Rogers 5880
substrate from Rogers Corporation [72]. The test sample had a
permittivity of 2.2 and a loss tangent of 0.0009 with structural
dimensions of 6 × 9 × 1.79 mm. To validate the sensitive region
of the resonator, determined during the field simulation of the

proposed sensor, the test sample was placed on the ring gap
and the coupling gap as shown in Fig. 7. As evident from the
measured result shown in Fig. 7, a 50 MHz and −2.5 dB shift
in the resonant profile of the sensor from its initial position was
noted when the test material was placed on the resonant or the
ring gap whereas a shift of 1 MHz from its initial position was
observed when the test material was placed on the coupling gap.
Thus, the ring gap was found to be responsive to the presence
of the test sample, and the dielectric loading of the coupling gap
had no impact on the response of the resonator and was in good
agreement with the simulated results.

To characterize the effective dielectric properties of solid
LB agar encased in a petri dish, the N1501A dielectric probe
kit (Keysight Technologies) was used. The dielectric probe
measurement was used qualitatively to determine the resonant
frequency of the designed sensor. The dielectric probe was
calibrated using standard RO Water at room temperature from
1 GHz to 3 GHz. To measure the dielectric properties, the petri
dish with soft agar was positioned in close contact with the
dielectric probe, as shown in Fig. 8(a). The agar was properly
solidified and sealed within the petri dish using paraffin wax
strips. This was done to prevent change in the humidity in
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Fig. 5. (a) Top view of the solid agar plate with E. coli enclosed between
two layers of agar. (b) Cross section of the agar-agar interface indicating the
agar-agar interface between two layers of agar.

the petri dish. An average of 16 consecutive measurements
was taken to avoid errors. Based on the measured effective
permittivity and effective loss tangent presented in Fig. 8(b), a
low effective loss tangent in the lower end of the L-band (1 GHz
to 2 GHz) of the microwave spectrum was observed. Therefore,
to shrink the size of the resonator and maintain an effective low
loss characteristic of the sample enclosed in the petri dish, the
resonant frequency was chosen as 1.76 GHz.

To test the efficacy of the sensor to detect subsurface bacterial
growth, a preliminary test was conducted with and without the
presence of a coverslip to allow bacterial growth penetration to
soft agar medium. This test was conducted as follows: two Petri
dishes with 1 mm thick agar each spotted with 3 μL of E. coli.
In one plate (control) there was no coverslip, but in the second
petri dish (test) E. coli was covered with a coverslip coated with
a layer of agar (8 ml) to monitor subsurface growth. Both plates
were incubated for 48 hours. The E. coli grown on the control
plate exhibited three-dimensional growth on the surface of the
agar. However, in the test, initially, a lateral surface growth was
observed followed by a penetrated growth into the subsurface
agar medium (Fig. 9).

In the further experiment, E. coli was inoculated to a position
between two layers of agar and was placed on the microstrip
sensor such that the position of inoculated E. coli was aligned
directly above the sensitive region on the resonator. The S11
response of the sensor was measured using VNA and recorded
using LabVIEW. The initial measured resonant amplitude for
various volumes of E. coli was subtracted from their correspond-
ing measured dataset and plotted in Fig. 10(a). The measured
data pertained to the initial 90 minutes of the experiment was
excluded accounting time for stabilization of the apparatus. For

Fig. 6. (a) Fabricated sensor. (b) Experiment setup comprising of VNA,
Styrofoam apparatus containing, sensor, inoculated sample and microscope, and
temperature sensor.

Fig. 7. Measured results with test sample on the ring gap and coupling gap.

Fig. 8. The experiment setup consisting of N1501A dielectric probe placed
in proximity of the solid LB agar plate for dielectric property measurement.
(b) The measured dielectric properties of solid LB agar.
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Fig. 9. Three-dimensional growth of E. coli on LB-agar with and without the
presence of a coverslip coated with LB-agar.

Fig. 10. Measured Δ Amplitude (dB) for 3 µL and 9 µL of E. coli on L.B
agar and the fitted Gompertz model curve at constant time intervals for 3 µL
and 9 µL of E. coli.

the total experimental duration of 36 hours, the three times of the
measured standard deviation: 0.18, and 0.09 dB, for 3, and 9 μL
of E. coli, respectively, were well below the reported values for
the measured subsurface growth.

Variation in the resonant amplitude can be attributed to change
in the conductivity or loss tangent of the growth media due to
bacteria growth. However, resonant frequency variation can be
associated with a change in the permittivity of the material,
which can be associated with a change in the temperature
and other physical conditions surrounding the growth media.
Since, the variation in the resonant frequency for control, i.e.,
no bacteria, 3 μL, and 9 μL of E. coli was negligible, it was
inferred that the fluctuations in the environmental parameters
were negligible. Also, as resonant amplitude variation depicted
changes in the conductivity of the growth medium due to bacteria
growth, it was selected to detect and monitor bacteria growth.

The temperature variation was recorded as 23.8 ± 0.4 °C
for control i.e., no bacteria, 3 μL, and 9 μL. The environment
temperature had no significant impact on the measured results.
As the E. coli was perfectly confined between the two layers of
agar with no air trapped between them, the growth of bacteria
based on visual cues indicated bacterial penetration into the agar
medium. This was further confirmed by the microscopic images
taken at constant time intervals as shown in Fig. 11(a) and (b).

As seen in Fig. 10, a clear distinction between the measured
E. coli growths can be drawn between 0 μL (control), 3 μL, and

TABLE I
FITTED GOMPERTZ GROWTH MODEL PARAMETERS FOR 3 µL

AND 9 µL OF E. COLI ON LB AGAR

9 μL volume of the bacteria. Maximum amplitude of 0.037 dB
was measured for control i.e., with no bacteria and was used
as a threshold between the detectable and undetectable regions
of bacterial growth. Amplitude variation below the determined
threshold value signifies bacterial growth but was undetectable
due to know and unknown phenomena such as temperature fluc-
tuations, and changes in the metabolic activity of E. coli during
lag phase. However, amplitude variation above the threshold
indicated bacterial growth, which positively correlated with the
microscopic images captured at constant time intervals shown
in Fig. 11(a) and (b).

The rate of change of the measured amplitude correlating to
detectable bacterial growth was found by fitting the measured
results with the Type I Gompertz growth model. This was ob-
tained by plotting the change in resonant amplitude (Y-axis) and
bacterial growth time (X-axis). Type I Gompertz growth model
can be described as a sigmoid model often used to describe
the growth of animals, plants, and various bacteria and cancer
cells [73]. The fitted Gompertz growth curve demonstrated a
good agreement with the measured microwave response. The
equation governing the Type I Gompertz model is given by (4).

y (t) = A ∗ exp (− exp (−KG ∗ (t− Ti))) (4)

Where y(t) is the expected variation in resonant amplitude as
a function of time t, A represents the upper asymptote (adult
value), KG is the growth rate coefficient (which affects the
slope), and Ti represents the time at inflection. The parameter
shifts the growth curve horizontally without changing its shape
and is, therefore, what has often termed a location parameter
(whereas A and are shape parameters). Table I presents the
calculated Gompertz model parameters for 3 μL and 9 μL of
E. coli.

As observed from Fig. 11(a) and (b), although no visible
bacteria growth was observed up to T = 12 and T = 23 hrs
for 3 μL and 9 μL, respectively, the response of the microwave
resonator indicated an increase in the variation in conductivity
of the growth medium due to bacterial growth. A positive cor-
relation between the measured Δ Resonant amplitude (dB) and
the microscopic images successfully established the efficacy of
the microstrip resonator sensor for early detection of subsurface
bacterial growth prior to any visible bacterial growth.

To demonstrate the strength of the presented method, the oper-
ation and results of this work are compared with state-of-the-art
publications and are presented in Table II. This work presents a
unique approach of a non-contact, label-free microwave biosen-
sor capable of detecting subsurface growth of E. coli between
two layers of solid LB-agar. The resonant amplitude variation
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Fig. 11. Measured Δ Amplitude (dB) for (a) 3 µL and (b) 9 µL of E. coli and the corresponding microscope images captured at constant time intervals for 3 µL
and 9 µL of E. coli.

TABLE II
COMPARISON OF STATE-OF-THE-ART BIOSENSORS TO MONITOR AND DETECT BACTERIAL GROWTH
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was measured for control, 3 μL, and 9 μL E. coli volume.
Resonant amplitude variation of control corresponding to no
growth was measured to be 0.037 dB and was used to distinguish
between growth and no-growth of E. coli. The rate of change of
amplitude, which corresponds to the growth rate of the bacteria
was calculated using the Gompertz growth model and was found
to be 0.08173 dB/hr. and 0.13954 dB/hr. for 3 μL and 9 μL of
E. coli, respectively. The performance of the microwave sensor
to accurately monitor and detect the growth of bacteria was
validated through measurements and microscope images.

V. CONCLUSION

In this work, a non-contact, label-free microwave-based
biosensor capable of detecting and monitoring subsurface
growth of E. coli between two layers of LB-agar is presented.
The sensing apparatus consists of a one-port microstrip ring
resonator operating at 1.76 GHz. Bacterial metabolism is accom-
panied by variations in the conductivity of the growth medium.
Resonant amplitude is sensitive to conductivity or loss tangent
variations as evident from this study further suggest that reso-
nant amplitude can be used as a preferred index over resonant
frequency to monitor bacterial growth. The fitting of bacterial
growth measurement to the Gompertz growth model shows the
potential of the currently used sensing tool for bacterial monitor-
ing. Also, this study opens a wide arena of microwave applica-
tions in clinical research for early detection of biofilm-forming
bacterial infections, which has implications for the medical and
food processing industries.
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