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Abstract: This work presents the design and evaluation of a planar device for microwave heating
of liquids in continuous microfluidics (CMF) made in polydimethylsiloxane (PDMS). It deals with
volumes in the pL range, which are of high interest and relevance to biologists and chemists. The
planar heater in this work is conceived around a complementary split-ring resonator (CSRR) topology
that offers a desired electric field direction to—and interaction with—liquids in a microwell. The
designed device on a 0.25 mm thick Rogers RO4350B substrate operates at around 2.5 GHz, while
a CMF channel and a 2.45 pL microwell are manufactured in PDMS using the casting process.
The evaluation of the performance of the designed heater is conducted using a fluorescent dye,
Rhodamine B, dissolved in deionized water. Heating measurements are carried out using 1 W of
power and the designed device achieves a temperature of 47 °C on a sample volume of 2.45 uL after
20 s of heating. Based on the achieved results, the CSRR topology has a large potential in microwave
heating, in addition to the already demonstrated potential in microwave dielectric sensing, all proving
the multifunctionality and reusability of single planar microwave-microfluidic devices.

Keywords: microwave heating; complementary split-ring resonator; microwave dielectric sensing;

continuous microfluidics; microwells

1. Introduction

Microwave heating gained momentum in the mid-20th century with the invention of
the tabletop microwave oven, Amana RR-1, which was sold at the time for $495. Since then,
the microwave oven found a way to numerous households around the globe. Moreover, it
found the way to chemistry and made an impact that resulted in a new research domain
called microwave-assisted organic chemistry [1], in which the microwave oven and its
derivatives were used for studying chemical reactions under different heating conditions.
Aside from applications in chemistry, microwave heating has recently been adopted for
lab-on-chip devices within the research domain of micro-total-analysis systems for life
sciences [2]. In lab-on-a-chip devices, several tasks, usually carried out in laboratories
by trained personnel, are transferred and performed on a chip that is as large as a credit
card with miniature fluidic channels originating from the microfluidics research domain.
The motivation for the research and development of microwave heating devices for lab-
on-a-chip systems is multifold: (1) microwave heating is not dependent on the thermal
conductivity of materials, (2) it does not require physical contact between the liquid and
the heater, and (3) it offers large heating rates with high power efficiencies, all resulting in
rapid biological and chemical reactions.

Microwave heaters for continuous microfluidics were, up to now, developed for
picoliter and nanoliter droplets [3—6] in miniature continuous microfluidics (CMF) channels.
To achieve rapid heating of droplets, planar resonators [3,4], interdigitated capacitors [5],
and coupled lines were used [6]. All the reported results represent a significant achievement
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in this domain. Yet, they do not deal with the heating of sub-microliter to microliter range
volumes in CMEF, which are of high interest to biologists and flow chemists as larger volumes
than picoliter droplets are needed for reactions such as polymerase chain reaction [7], and
the generation of various products in chemical reactions [8]. Up to now, there has been
only a limited amount of work presented for microwave heating sub-microliter volume.
Markovic et al. [9,10] reported devices that can heat 0.2-0.5 puL at 25 GHz in a glass-silicon
device using transmission lines (TLs), Shaw et al. [11] presented a cavity resonator for
the heating of 0.7 pL at 8 GHz, and Marchiarullo et al. [12] reported work on microwave
heating using an open-ended microstrip transmission line for a 1.3 pL volume at 5.5 GHz,
while Morgan et al. [13] reported the heating of a complete fluidic chip with a volume
of 20 pL at 2.45 GHz in a cavity. The summary of the state-of-the-art review is shown
in Table 1. Additionally, there has been limited attention given to heating uniformity, on
which the outcomes of biological and chemical reactions depend significantly.

Table 1. State-of-the-art summary of microwave heaters for CMFE.

L f P 1% ATIAt
University Topology GHz W Ul °Cls Other
KU Leuven TL [9,10] 25 1.58 0.465 16 Si manufacturing.
KU Leuven TL [9] 25 1.58 0.315 24 Si manufacturing.
University of Hull Cavity [11] 8 20 0.7 65 Bulk cavity.
University of Virginia TL[12] 55 17 13 g0 ~ Matching network and one
port device.
Cardiff University Cavity [13] 245 2 20 10  Bulkcavity. Complete chip
heating.
PCB manufacturing.
Planar .. .
KU Leuven 25 1 245 4 Optical inspection- and
resonator

cascading-ready.

The previously reported work required a complex and expensive manufacturing
process involving silicon [9,10] and bulky cavities in which selective heating was not
possible [13], and offered limited scalability due to the size of the microwave structures [12].
In this work, we focus on a planar microwave topology that requires readily available and
affordable manufacturing technology with a high scaling potential and efficient use of the
chip area. Thus, we chose the complementary split-ring resonator (CSRR) topology and
the printed circuit board (PCB) lithography process in combination with CMF prototyping
using polydimethylsiloxane (PDMS) and the casting process. In summary, once this work is
compared to the state-of-the-art summary in Table 1, it can be concluded that for a relatively
minimal cost in performance, a new topology that offers readily affordable manufacturing,
scalability, and optical inspection of the sample during the heating is demonstrated.

The CSRRs were, up to now, mostly used for dielectric sensing and numerous designs
were presented, which operated at different frequencies [14-21]. It was only partially that
CSRR was developed for heating in the context of microwave hyperthermia (temperatures
from 41 to 45 °C) [22-27]. Nevertheless, according to our best knowledge, a CSRR topology
has not yet been used for microwave heating in CMF. Therefore, we mainly focus on a
design of a CSRR for uniform microwave heating and secondly on microwave dielectric
sensing to demonstrate the versatility and reusability of microwave-microfluidic devices.

In this work, the CSRR sensing capabilities are demonstrated using demineralized
water, physiological liquid, glucose solution and isopropyl alcohol, all having different
complex permittivities and conductivities. The heating performance of the developed
device is evaluated using a mixture of demineralized water and a temperature-dependent
fluorescent dye, Rhodamine B, at a concentration of 1 mmol/L [28,29]. The CSRR mi-
crowave heater achieves the temperature of 47 °C on a sample volume of 2.45 uL after
20 s of heating. The sensing results on a sample volume of 2.45 pL. demonstrate a resonant
frequency shift of 5.7 MHz per arbitrary unit of relative permittivity. In conclusion, the
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developed device demonstrates a heating result that is relevant to biology and chemistry,
and requires rapid heating combined with dielectric sensing.

2. Materials and Methods
2.1. Device Fabrication, Integration and Measurements

The CSRR is fabricated using the in-house available lithography process on a 0.25 mm
thick Rogers RO4350B substrate (Evergem, Belgium) with 18 pm thick copper cladding.
The CMF channel and the microwell are manufactured using PDMS and the casting
process in a poly (methyl methacrylate) (PMMA) mold manufactured using the in-house
available Trotec laser cutters. The printed circuit board (PCB) with the CSRR and the PDMS
microchannel are bonded together using a thin layer of PDMS and fixed together to a PMMS
holder to ensure mechanical stability, as depicted in Figure 1. End launch subminiature
version A (SMA) coaxial connectors are soldered onto the PCB for interconnection with
microwave measurement equipment. The Tygon tubing, in combination with metal inserts,
is used to feed the liquid to the CMF channel and the microwell.

The manufactured devices are evaluated using a Keysight M9735A vector network
analyzer (VNA), a 2-8 GHz BSW Test System & Consulting power amplifier (Boxmeer,
the Netherlands), an Olympus IX73 microscope (Antwerp, Belgium), a Hamamatsu Orca-
Flash4.0 LT+ digital camera (Mont-Saint-Guibert, Belgium), a CoolLED pe-4000 light source
(Andover, United Kingdom) and a Pico Elite syringe pump [24] (Holliston, MA, USA).

Port 1 Port 2

&S 87 o

| / / I
PMMA holder Rogers PCB  SMA connector PMMA holder CSRR PDMS Fluidic inlet

(a) (b)

Figure 1. (a) A top view of the stack-up with a microstrip transmission line on a PCB with SMA
connectors and the top part of a PMMA mechanical holder. (b) A bottom view of the stack-up with a
CSRR in ground plane that is covered by PDMS with a microfluidic channel and microwell in the
middle, and the bottom part of a PMMA mechanical holder.

2.2. Heater Design

The microwave-microfluidic heater is designed based on the CSRR topology that
originates from the metamaterial domain, in which reactive components or small resonators
are used to modify the characteristic impedance and dispersion of transmission lines [30].
The CSRR is a planar structure consisting of a microstrip transmission line with a defected
ground plane, depicted in Figure 2a, that can be modeled with an equivalent electric circuit
incorporating a parallel resonant circuit that is capacitively coupled to a transmission
line [31], shown in Figure 2b. Based on the shape and size of the deformation in the ground
plane, this is a resonant circuit.

In other words, once an electromagnetic wave is supplied at port 1, see Figure 1a,b,
a resonance takes place at the CSRR, indicated in Figure 1b. During the resonance of the
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CSRR, a perpendicular electric field is formed over the middle patch, which penetrates
deep into the liquid, as illustrated in Figure 2c. This alternating electric field forces the polar
molecules in the liquid to align to the imposed electric field. During the rotation, a part of
the electromagnetic wave power is dissipated during the friction between the molecules
that generates heat, and the remaining part is transmitted to port 2 once terminated with
a 50 Ohm load. In the case when port 2 is terminated by a short circuit, or left open, the
electromagnetic wave at port 2 is reflected back into the circuit and, once again, a part of
the wave is dissipated into the heat and the remaining part is transmitted to port 1. This
means that the CSRR can be used for heating of a liquid loaded in a single microwell, or
multiple CSRRs can be cascaded for heating of liquids in multiple microwells through the
heating mechanisms of ports 1 and 2.

In this work, we have opted for a square CSRR geometry for the microwave device
for the heating of liquid in a single microwell through the port 1 heating mechanism, in
which the waves are reflected at port 2. The design of the heater is conducted around
several interconnected parameters, which are shown in Figure 2a. By changing the size of
the middle patch A, the CSRR size W, the spacing between the metal lines S, the thickness
of the rings T, and the size of the interconnected patch G, a resonant frequency and,
consequently, the electric field strength sourced from the middle patch (illustrated in
Figure 2c), responsible for microwave heating, are varied. In this work, the design of CSRR
is undertaken in combination with a CMF microwell using COMSOL Multiphysics.

t-q
!

(a)

Liquid in a microwell Electric field direction

(b) ()

Figure 2. (a) A schematic of the CSRR in yellow with width W and A, spacing S, trace width T, and gap G. (b) The equivalent
circuit of the CSRR. (c) The electric field direction of the CSRR with respect to the central patch and the microwell.

3. Results
3.1. Microwave CSRR Heater

The CSRR sources a perpendicular electric field that originates from the middle patch
into the liquid in our stack-up. To maximally exploit this electric field, the design of the
CSRR heater starts from the schematic and equivalent circuit in Figure 2a,b. Port P; is
chosen to be the excitation port, while port P; is chosen to be left open so that a standing
wave pattern along the structure is formed. In other words, a part of the microwave power
sourced at port P; is dissipated into heat by the CSRR and the other part is transmitted to
port P, over the microstrip transmission line. Nevertheless, if P is left open, this amount of
power, to be transmitted out of port 2, is fed back into the circuit and once again is partially
dissipated into heat and partially transmitted to P;. Thus, in addition to the W, A, S, T, G
parameters of the CSRR, a characteristic impedance of the line Zy and its length I, can be
also used in the design to maximize the heating efficiency.

The schematic of the CSRR in Figure 2a is used to design a microwave heater in
COMSOL Multiphysics for a microwell large 2.5 mm in diameter and 0.5 mm in height,
resulting in a volume of 2.45 pL. The microfluidic channel is chosen to be 0.5 mm x 0.5 mm.
These dimensions are chosen because the PDMS slab with the microwell and a channel
is manually positioned to a PCB that has the CSRR heater. Thus, all chosen dimensions
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allow comfortable manual positioning and bonding of the PDMS slab to the PCB. The
CSRR in COMSOL Multiphysics is designed to operate around 3.5 GHz and 3.1 GHz for
air and PDMS covered device, respectively, for P, being terminated with 50 Ohm. Once the
microwell and microchannel loaded by a liquid are incorporated into the PDMS slab, the
operating frequency shifts to around 2.65 GHz. The design values of W =5 mm, A = 3.8 mm,
§=0.2mm, T = 0.2 mm, and G = 0.2 mm were found to satisfy the design criteria, while the
Zy and [, are chosen to be 50 Ohm and 26 mm, respectively. At this stage of the research
of CSRR for heating applications, we did not focus intensively on the study of I, as this
length can be fine-tuned using additional microwave transmission lines.

A few studies were reported with respect to the frequency choice [5,9] for heating
applications, and in this work, we are focusing on a frequency point around 2.5 GHz, given
the commercially available microwave power sources and the freedom to operate, because
2.5 GHz is in the industrial, scientific, and medical (ISM) band. The manufactured device
on a Rogers RO4350B substrate and the electric field strength in a microwell are shown
in Figure 3, while the simulated scattering (S) parameters of the CSRR covered by air, the
PDMS and the microwell loaded with water are shown in Figure 4.

)
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Figure 3. (a) A bottom view of the CSRR together with coaxial connectors and PMMA mechanical
holder. (b) A top view of the CSRR together with the PDMS slab with the microwell and microfluidic
channel. (c) A close-up view of the CSRR, microwell and microchannel. (d) The electric field strength
in kV/m in the microwell with water 1 um above the patch.
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Figure 4. Simulated S-parameters of the CSRR covered by air, PDMS and microwell loaded with
water, and measured CSRR covered by air without the PDMS slab.

3.2. Microwave Dielectric Sensing

It has been already demonstrated that the CSRR topology has a large potential in mea-
surements of various liquids [14-21]. Thus, the CSRR design is evaluated in transmission
measurements (Sp1) for microwell loaded with different liquids. The scattering parameter
S»1 represents the ratio of waves exiting port 2 and waves entering port 1. Namely, the
device shown in Figure 3 is loaded with demineralized water, physiological liquid (0.9%
NaCl), 30% Kela glucose solution and isopropyl alcohol. It can be observed from the data
in Figure 5a that the resonant frequency shifts for 450 MHz for the empty (air, permittivity
1) and water (permittivity 78.5 around 2.5 GHz) loaded microwell, resulting in a frequency
shift of 5.7 MHz per a.u. of relative permittivity. Moreover, if the simulated and measured
resonant frequency in Figures 4 and 5a are compared, a good agreement can be observed.

In addition to transmission measurements (S»1), the CSRR is evaluated in reflection
measurements at port Py (511) once port P; is left open and the microwell is loaded with a
mixture of water and Rhodamine B. The scattering parameter S1; represents the ratio of
waves exiting and entering port 1. It is possible to observe from the data in Figure 5b that
S11 is relatively small around 2.5 GHz, which means that the microwave power supplied
at port 1 is dissipated in the liquid loaded into the microwell and, thus, there is no need
to tune the length I, of the second transmission lines to achieve more efficient heating at
this stage.

-2 T T T T T T T -2 T - T T T - T
4t P i
Bf |
N8t ]
Air
-10F Water
0.9% NaCl
A2} Isopropanol 12t i
30% Glucose ’ Rhodamine B
14 L L L . . L L 14 L L L . .
24 2.5 2.6 2.7 2.8 29 3 3.1 2.4 25 2.7 2.8 29 3 3.1 3.2

Frequency, GHz

(@)

Figure 5. (a) Transmission measurements of the CSRR loaded in the microwell with air, demineralized water, physiological

Frequency, GHz
(b)

liquid (0.9% NaCl), 30% Kela glucose solution and isopropyl alcohol. (b) Reflection measurements of the CSRR loaded in

the microwell with a mixture of water and Rhodamine B.
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3.3. Microwave Heating Experiments

Microwave heating experiments are carried out with the CSRR loaded with a mixture
of demineralized water and Rhodamine B at a concentration of 1 mmol/L. Rhodamine B is
a temperature-sensitive fluorescent dye and its temperature—fluorescence dependency [27]
can be exploited for in-situ measurements of temperature and temperature uniformity.
Moreover, once the fluorescent dye is combined with a fast camera, rapid heating ramps
can be also measured given that there is no thermal mass of a temperature sensor involved
in the measurement setup.

Three different heating scenarios are considered in this work: (1) the liquid is not
moving in the microchannel, (2) the liquid is moving at the flow rate of 5 uL./min, (3) the
liquid is moving at the flow rate of 10 pL/min. Before the heating measurements, the liquid
mixture is loaded into the microwell, and the temperature of the complete chip is measured
using a T-type thermocouple and a National Instruments TC-01 reader. In between all
measurements, the liquid is flushed for several minutes, and time is taken for the complete
chip to cool down and come to the initial state at the laboratory temperature.

The heating measurements in all scenarios are carried out at 2.5 GHz with a power
level of 1 W supplied to port P;. The image of the fluorescent liquid with the corresponding
temperature measurement and temperature—fluorescence calibration curve are used to
calculate the temperature of the liquid during the heating. The average temperature of
the liquid and standard deviation is presented in Figure 6a,b for the previously described
measurement scenarios. The detailed temperature profiles at different time points during
the heating experiments are shown in Figures 7-9. In addition, the images of the fluorescent
liquid loaded into the microwell, taken by the camera, are shown.

50 T T T 1.2 T T T
T —— (@] MRS No flow
045 P T o 1T 1 7y ——— 5 ul flow | T
% %’. I N = == =10 pL flow
240 g = 0.8f - o ,
E‘ ﬁ I' \\ h -
S35 . S06F 4w ~-a 1 1
© 0] ] ., I R |
] o \""-. ......,“ \
230 i To4 fad PEE A 4 —————— |
GEJ No flow %
= 25 ——— 5 ul flow | | 5 0.2 |
- == =10 uL flow n
20 : - 0 : : !
0 5 15 20 25 0 5 10 15 20 25
Time, s Time, s
(a) (b)

Figure 6. (a) The average temperature of the liquid mixture loaded into the microwell for the three measurement scenarios.
(b) The standard deviation of the mixture temperature in the microwell for the three measurement scenarios.
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(a)

Time point-1s

Temperature (deg. C)

22 24 26 28 30

(c)

Time point-0s

Temperature (deg. C)

21.5 22 22.5 23

(b)

Time point-5s

23.5

Temperature (deg. C)

38 39 40 41

(d)

42

Figure 7. The no flow scenario. (a) The image of the fluorescent liquid loaded into the microwell before heating. (b)

The temperature profile of the mixture in the microwell before heating. (c) The temperature profile of the mixture in the

microwell after 1 s of heating. (d) The temperature profile of the mixture in the microwell after 5 s of heating.
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(a)

Time point-1s

Temperature (deg. C)

22 24 26 28

(©)

Time point-0s

Temperature (deg. C)

23 23.5

(b)

Time point-5s

Temperature (deg. C)

34 35 36 37 38 39 40 41 42

(d)

Figure 8. The 5 uL./min flow scenario. (a) The image of the fluorescent liquid loaded into the microwell before heating. (b)
The temperature profile of the mixture in the microwell before heating. (c) The temperature profile of the mixture in the
microwell after 1 s of the heating. (d) The temperature profile of the mixture in the microwell after 5 s of heating.
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Figure 9. The 10 puL/min flow scenario. (a) The image of the fluorescent liquid loaded into the microwell before heating. (b)

The temperature profile of the mixture in the microwell before heating. (c) The temperature profile of the mixture in the

microwell after 1 s of heating. (d) The temperature profile of the mixture in the microwell after 5 s of heating.
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4. Discussion

The data shown in Figures 6-9 show that the CSRR heater achieves uniform heating
over the middle patch, which is in accordance with the conclusions from the theoretical
study of the CSRR topology. After 20 s of heating at 2.5 GHz, the CSRR heater achieves
a temperature of 47 °C. In the initial state of heating, the liquid mixture loaded into the
microwell becomes heated and, in the later stages of the heating, the heat is transferred to
the surrounding PDMS slab in all measurement’s scenarios due to the large temperature
gradient between the liquid and its surroundings.

It is possible to observe that the temperature profiles in Figure 7 have two tails, on the
left and right side of the circle, that originate from the heating, taking place in the gap, that
is crossed by the microfluidic channel. The heating in the gap is, in general, stronger than
over the patch due to the stronger electric field interacting with a smaller volume, which
is opposite to the interaction taking place over the middle patch. This effect can be easily
avoided in future design improvements by routing the microfluidic channel away from
the gaps.

It is also possible to observe that these two tails are reduced to only one in measure-
ment scenarios 2 and 3 (data shown in Figures 8 and 9), since the mixture is flowing in
these measurement campaigns. The overall effect of the tails is on the temperature unifor-
mity, which can be seen from data in Figure 6b. In the later stages of heating process, the
liquid heating in the gap is mixed in the microwell with the warm liquid, and the overall
temperature uniformity improves.

In summary, the CSRR achieves the expected excellent heating results in terms of
heating uniformity over a volume with a large surface-to-volume ratio. The overall tem-
perature and further heating efficiency can be tuned by the supplied microwave power for
heating and the length of the second transmission line, I;, shown in Figure 2b. In addition
to excellent heating results, the CSRR demonstrates significant potential in sensing applica-
tions as it achieves an average resonant frequency shift of 5.7 MHz per arbitrary unit of
relative permittivity of the loaded liquid into the microwell.
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