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Microchannel resonators containing a miniaturized volume of a solution can have various applications in
different fields. In this study, a microchannel cantilever was loaded with a solution containing a very
small number of Pseudomonas fluorescens bacteria suspended in M9 growth medium. The liquid-filled
microchannel cantilever was irradiated with a 532-nm laser. The shift in the frequency of the cantilever
due to varying bacterial loads is less reliable; therefore, it could not be used for monitoring the bacterial
concentration. The energy loss of the cantilever extracted from the quality factor exhibited reliable

Ke.y word?: . results and a very strong correlation with the bacterial concentration. The results showed a linear relation
Microfluidic resonators . ) . . . R .

Oscillation between the damping factor of the cantilever and the bacterial concentration. Accordingly, these findings
Damping parameters were expected because the bacteria inside the solution can be considered as particles acting against the
Bacteria cantilever motion due to the solution’s viscosity. Thus, more bacteria caused more damping, in agree-

ment with the experimental observations. A semiquantitative experiment was conducted with a heat

source (i.e., laser beam) that focused at the cantilever tip to demonstrate the redistribution of the bacte-

rial load within the solution due to the thermal gradient.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Thermal gradient

1. Introduction

Temperature can influence cell morphology, metabolism, and
death of living organisms. At a molecular level, temperature can
be manifested through changes in the protein structure and
DNA/RNA functions. Recently, the thermal activity of biological
cells has attracted increasing interest and huge efforts have been
devoted for developing simple and low-cost thermal sensors to
monitor it (Raiteri et al., 2001, Lee et al., 2009, Chen and
Chatterjee 2013, Lee et al., 2014, Koren and Kiihl 2015, Ricciardi
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et al, 2015, Lee et al., 2016, Maduraiveeran et al.,, 2018, Guo
et al., 2019, Mater6n et al., 2019). It is possible to determine the
working of cells by measuring their energy consumption. The aver-
age readout signal of measurements performed on a large number
of the same cells are frequently employed to represent the thermal
activity of a single cell through bulk measurements (Nedergaard
et al, 1977, Clark et al., 1986). Thus, the caloric production of indi-
vidual cells is inaccurately measured due to conflicting factors
from surrounding cells (Inomata et al., 2016). However, by detect-
ing metabolic release within single cells, researchers can signifi-
cantly reduce the research cost, time, and resulting waste.
Therefore, it is important to monitor the thermal behavior of single
cells in laboratories in the fields of medicine and biotechnology
(Kucsko et al., 2013, Park et al., 2013).

Various components and nanomaterials have been used to mea-
sure the heat produced by individual cells, such as chemical sen-
sors, fluorescent nanogels (Gota et al., 2009), thermocouples,
quantum dots (Yang et al., 2011), multiwalled carbon nanotubes
(Vyalikh et al., 2008), thermosensitive dyes (Zohar et al., 1998),
and green fluorescent proteins (Verhaegen et al., 2000). These com-
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ponents are extremely sensitive (Kucsko et al., 2013); however,
they require the insertion of a thermometer into the cell. Research-
ers have used microfabricated thermal nanocalorimeters for mea-
suring the heat produced by individual cells (Verhaegen et al.,
2000, Johannessen et al., 2002). Such devices involve the immer-
sion of cells in water, which reduces the sensitivity of the devices
due to liquid damping. Microfluidic techniques, particularly
droplet-configuration microfluidic techniques, have been used to
overcome the limitations associated with the immersion of cells
in water (Yeo et al., 2011, Inomata et al., 2012, Inomata et al.,
2016). These techniques have attracted increasing attention owing
to their extensive applicability in DNA amplification, protein anal-
ysis, single-cell assays, and chemical synthesis (Yeo et al., 2011). In
principle, the microfluidic calorimeters measure the frequency of
the resonator to determine the amount of heat generated by the
attached cells. Additionally, experiments are usually performed
in vacuum, resulting in minimal heat loss and damping. Mean-
while, microcantilever calorimeters are appealing owing to their
compactness and high sensitivity (Barnes et al., 1994, Toda et al.,
2010). In particular, metal-dielectric cantilevers are preferred,
where the metal layer reflects the incident light and the dielectric
layer absorbs it. Silicon nitride is commonly used as the absorbing
dielectric layer owing to its high absorption across the associated
infrared (IR) spectrum, whereas aluminum is commonly used as
the metallic layer owing to its high thermal expansion coefficient.
As a result, silicon nitride-aluminum is the most desirable material
for microcantilever calorimeters. Due to the different thermal
expansion coefficients of the component layers, minor temperature
variations cause a bimaterial microcantilever (BMC) to suffer from
mechanical deflection (Miriyala et al., 2016). Nevertheless, owing
to the ultrasensitivity of the BMC, it is used in various applications
as sensing platforms (Singamaneni et al., 2008, Canetta and
Narayanaswamy 2013). Toda et al. developed a temperature-
sensing BMC and were able to measure the local heat produced
by a single mammalian cell in situ (Toda et al., 2017). Their tech-
nique promoted the lab-on-a-chip technology; thus, the combina-
tion of optics and microfluidics has recently attracted considerable
attention. Nanomechanical IR spectroscopy has been used in sev-
eral sensing applications (Rahimi et al., 2015, Etayash et al,,
2016). In this technique, a BMC undergoes mechanical deflection
in response to the heat produced by IR radiation. To successfully
measure the heat capacities of five volatile organic compounds at
varying temperatures, Khan et al. demonstrated the use of BMCs
as optically heated closed-chamber calorimeters (Khan et al.,
2016). Online measurement of the thermal properties of a small
amount of liquid at quite a reasonable level of precision (23 mj/
gK) is obtained using the reported device. This system combines
the high thermal sensitivity of a BMC and optical heating via infra-
red radiation to overcome the limitations of resistive heating while
showing high application potential for performing thermal mea-
surements. BMCs with a temperature resolution of 10™> K and a
power of 40 pW are renowned for their high thermal sensitivity
(Varesi et al, 1997). Alodhayb used COMSOL Multiphysics to
develop a heat transfer model for calculating the heat capacity of
a biological cell resting on a microcantilever surface by calculating
the thermal time constant from the BMC deflection curve
(Alodhayb 2020).

In this study, bacterial cells were placed in a microcantilever
channel. Subsequently, typical changes in the cantilever dynamic
parameters were identified and correlated with the bacterial load
concentration in the microcantilever. We validated the conclusions
by performing a semiquantitative assessment of bacterial diffusion
in a liquid by measuring the thermal gradient in the liquid inside
the channel created through the precise application of a laser to
the tip of the cantilever. The results were compared with those
having no laser shone on them.
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2. Experimental setup

Experiments were conducted using a U-shaped microchannel
fabricated on the top of a 500-um microfluidic cantilever (MC
516, Fourien Inc. Edmonton Canada). The U-shaped channel was
16-pm wide and 3-pm high. Fig. 1(a) shows a top view of the can-
tilever. The dashed lines represent fluidic ports (500 pm x 500 pm)
at the microchip’s bottom side (5 mm x 5 mm). Fig. 1(b) shows an
angled view of the silicon microchip. The silicon nitride cantilever
is present on the top side of the microchip, whereas the fluidic
ports are present on the bottom, allowing for leak-free solution
loading into the microchannel.The measurements were performed
using an analytical instrument (Picomeasure, Fourien Inc.). The
instrument comprised a microfluidic flow cell, a vacuum chamber,
optical components, and an integrated spectrum analyzer. Detailed
discussion about the Picomeasure system can be found in
Alzahrani et al. (2021).

In this study, we used Pseudomonas fluorescens as the bacterial
model. The measurements were performed using an empty
microchannel and a microchannel loaded with M9 (minimal—mic
robial-growth medium) (control sample). A bacteria-containing
M9 solution was injected into the microchannel using a pneumatic
microfluidic pump. A polytetrafluoroethylene tube was used to
connect the pump to the flow cell. Because the flow cell was made
of polyetheretherketone (PEEK), it was resistant to solvents and
acids, making it suitable for sterilization. The microchip was placed
inside the flow cell using micro o-rings, allowing the loading of the
dense bacterial solution into the microchannel under high
pressure.

During the measurements, the excitation laser (wavelength =
532 nm) was turned ON and OFF at a specific interval to heat
and cool the contents inside the microchannel. To reduce convec-
tive heat loss and vibration damping, the experiments were con-
ducted in vacuum at a pressure of 4.5 x 107> mbar, which was
achieved using a combination of turbo and roughing pumps. The
operation of the excitation laser was controlled using the software
of the Picomeasure instrument.

3. Results and discussion

Fig. 2 presents the changes in the resonance frequency of the
microchannel cantilever as a function of the bacterial concentra-
tion in the M9 solution, when the laser is OFF. There is no clear cor-
relation between the microchannel cantilever’s frequency and the
bacterial concentration.

This finding was expected because the bacterial load is sus-
pended within the M9 solution, the effect on cantilever’s stiffness
and the change in mass would be minimal. Thus, searching for a
parameter that can make a significant contribution to a measurable
physical quantity is of interest. Therefore, the quality factor (Q-
factor) has been extracted from the data to explore how the bacte-
rial load alters the cantilever’s mechanical response.

Fig. 3 shows the effect of the bacterial load within the solution
on the Q-factor. Interestingly, the Q-factor decreases with increas-
ing bacterial concentration, indicating increasing energy loss due
to increasing bacterial load. This, in turn, prompts a reexamination
of the effect of increased bacterial density on the energy loss when
the damping force is considered. The effect of the coexistence of
semisolid microparticles (bacteria) within an M9 solution is
observed when viscosity is considered.

In vibrational systems, the Q-factor depends on the variable
viscosity-damping parameter, as indicated in Eq. (1):

W mo
Q=2m3w="¢c M
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Fig. 1. (a) Top-view schematic of the microfluidic cantilever. (b) Angled view of the silicon microchip hosting a microfluidic cantilever. (c) Schematic of the Picomeasure
instrument showing the placement of the optics, vacuum chamber, and flow cell for loading the bacterial solution into the microfluidic cantilever MC516.

147.4 4
f (Hz)-Laser Off
147.2 -

147.0

146.8

Resonance Frequency (KHz)

146.6 —|

||
T T T T T T 1

0.0 0.2 0.4 06 0.8 1.0 12
Concentration (mM)

Fig. 2. Microchannel cantilever's frequency as a function of the bacterial concentration.
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Fig. 4. »,/Q vs. bacterial concentration, showing an increasing damping force with increasing bacterial concentration.

where ¢ denotes the viscosity-damping coefficient, m is the mass,
and w, is the resonance frequency.

Fig. 4 shows the relationship between w,/Q and the bacterial
concentration. Under the assumption of negligible mass change,
it is expected that c is proportional to w,/Q.

Fig. 4 shows the practical linear relationship between c and the
bacterial concentration. The greater the bacterial concentration in
the solution is, the greater is the damping force acting against
the cantilever oscillation. The damping is inevitable because the
semisolid bacteria will be out of phase with the solution as the can-
tilever oscillates. Explicitly, increasing the bacterial load increases
the surface area, causing the damping force to become strong; it is
expected to behave linearly, as shown in the Fig. 4.

To verify the previous finding, the tip of the cantilever was irra-
diated with a laser beam to investigate the thermal effect. In prin-
ciple, the heat created by the laser beam should affect the stiffness

of the oscillator, changing its resonance frequency. However, this
may cause some reorganization of the bacterial distribution along
the microchannel. Due to the thermodynamic equilibrium that
maintains a balance between the thermal and concentration distri-
butions, the hot tip of the cantilever is expected to have less bacte-
rial concentration, whereas the cold side is expected to have more.
Thus, there will be a shift in mass uniformity as in this case, the
most sensitive part of the cantilever will be lighter than that at
equilibrium, causing the resonance frequency to increase.

Fig. 5 shows the resonance frequency shifts at each concentra-
tion and for the empty microchannel when the laser beam is ON.
As can be seen from the figure, the resonance frequency increases
in all the cases, in agreement with the conclusion from Fig. 4.
Indeed, the thermal effect of laser-induced heating on the empty
cell and the one with zero bacterial concentration leads to fre-
quency shifts; this is due to the thermal effect of the laser-
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Fig. 5. Frequency shifts due to the laser beam heating of the free tip of the cantilever in the empty microchannel and microchannel filled with different bacterial

concentrations.

induced heating on the cantilever itself and the liquid inside the
channel. Because the solutions with bacterial loads exhibit larger
frequency shifts, it can be inferred that the bacterial rearrangement
is also one of the main parameters affecting the cantilever dynamic
properties.

4. Conclusion

In this study, microchannel cantilevers were used to detect the
bacterial concentrations. The measurements showed a strong cor-
relation between the cantilever’s ¢ and the bacterial concentra-
tions. This can be explained by considering the inertia of the
bacteria acting against the cantilever motion. The conclusion was
further verified through gradient heating induced via laser irradia-
tion. Hence, the damping parameter can be used as one of the sens-
ing means for microchannel sensors. The results reported here can
be potentially used for industrial, environmental, and medical
applications to minimize the cost and time involved in using con-
ventional techniques.
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