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In this article, we report on the development of a flow cell
optimized for the heat-transfer method, a versatile biosensing
technique. The design of the flow cell ensures that the heat
flow is focused with minimal heat loss through the
surroundings of the cell. This results in a more stable
measuring signal and an improved sensitivity of the
measuring technique. The sensor was characterized by
performing background measurements in air, water, and
phosphate buffered saline (PBS) solution. Heat flow through
the setup was simulated using COMSOL in order to provide
insight in the contribution of convection to the heat flow and
recommendations for possible future improvements to the
cell. Additionally, a two-step algorithm for calculating
thermal resistance was defined, allowing the user to
accurately derive thermal conductivity from experimental
data. Finally, the potential of the flow cell for bacteria
(Escherichia coli) detection was assessed and compared with
the results obtained in the original HTM setup in a similar
experiment. This experiment demonstrates that we were able
to improve the limit-of-detection (LoD) to 2.10� 104 colony

forming units (CFU) mL�1 by changing the geometry of the
measuring cell.

Sensor setup for thermal biodetection experiments with a
directed heat flow.

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Over the past few decades, multiple
biosensors have been developed for application in diverse
fields including medical diagnostics, toxicology, and envi-
ronmental analysis [1, 2]. As biological receptors are difficult
to incorporate into commercial devices, biomimetic sensors,
which use synthetic receptors, are emerging as an alternative
todetect theanalyteof interest [3–5]. Incaseof thedetectionof

macromolecular entities such as proteins, mammalian cells or
pathogens, surface-imprinted polymers (SIPs) have been
particularly used as synthetic receptors in these sensing
platforms [6–8]. Biological and synthetic receptors have been
combined with electrochemical [9, 10], optical [11, 12],
microgravimetrical [13, 14], and thermal [15] transducers for
the development of a wide range of applications.
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Recently, a novel thermal transducer principle, coined
the heat-transfer method (HTM), has been developed by the
authors of this article. This fast, label-free, and sensitive
platform has proven to be very versatile in terms of
biosensing [16]. HTM is based on the analysis of thermal
transport across a functionalized interface. To this extent,
the temperature underneath the sample is kept constant by a
temperature control unit consisting of a thermocouple, a
heat source and a thermostat. The temperature above the
solid–liquid interface is monitored over time. This enables
the user to calculate the thermal resistance of the solid–
liquid interface at any point in time. Changes occurring at
the interface will alter its thermal resistance, which can be
detected by the setup. HTM has been used for a wide range
of applications including DNAmutation analysis [17], small
molecule detection [18], and the detection of proteins [19],
mammalian cells [20–22] and bacteria [23].

Although HTM has been combined successfully with
numerous receptors for the applications summarized above,
the sensitivity of the device is still a limitation when aiming
at commercial applications for cell-based point-of-care
diagnostics. It can be noted that the current limit of detection
(LoD) might suffice to diagnose patients with a disease that
is associated with a high count of disease-related cells in
blood samples, such as chronic lymphocyte leukemia
(CLL) [24]. Most cancers, however, are characterized by
a much lower number of circulating tumor cells (CTCs) in
patient blood samples. For example, breast cancer,
concentrations of 1 tumor cell per mL blood and higher
are considered a relevant marker for metastasis [25].
Likewise, while the concentration of the bacterium
Campylobacter jejuni in fecal matter obtained from infected
chickens might be as high as 108–1010 colony forming units
per gram [26], the presence of bacteria in a drinking water
sample is not tolerated [27]. For this application, the sensor
should, therefore, be able to detect a single bacterial entity in
a 100mL sample.

In order to improve the sensitivity of the HTM
methodology, this article introduces an optimized flow cell
for thermal sensing. In the original design, a large copper
heat sink was coupled to a Perspex flow cell to transfer heat
to the functional interface. This way, the flow cell suffered
from considerable heat loss to the environment and
perturbations in the ambient temperature led to an extensive
level of noise on the signal [17–23]. The new design should
provide an improved focus of the heat flow through the
functional interface, less heat loss through the cell
surroundings, lower power consumption, and an improved
temperature control within the heat provider. In addition, the
temperature inside the flow cell is monitored much closer to
the sensor surface, ensuring that the relative contribution of
the functional interface to the overall thermal resistance
increases. The accuracy of the optimized setup was studied
by measuring the thermal resistance of water, air, and
phosphate buffered saline (PBS) solution, and comparing
the obtained values to theoretical values in the literature. In
addition, the performance of the setup was optimized by

tuning the proportional-integral-derivative (PID) parame-
ters of the temperature control unit, in order to achieve a
maximal sensitivity for cell detection at 37 8C. In addition,
the heat transport inside the flow cell was simulated using
COMSOL Multiphysics. In this way, the results obtained
using the setup can be better understood and recommen-
dations for further optimization of the design in the future
can be given. Finally, the optimized HTM setup was tested
by coating an aluminum chip with a SIP, imprinted with
Escherichia coli. The performance of the optimized
platform in a quantitative E. coli detection experiment
was compared with the results obtained in an analogous
experiment using the original flow cell, optimized for
impedance spectroscopy but without stringent heat flow
engineering [17].

2 Materials and methods
2.1 Optimized HTM setup and measuring

scheme Following the system requirements defined in
the introduction, a flow cell was designed, as schematically
shown in Figure 1.

Aluminum chips (10� 10� 1mm3, Brico N.V.,
Leuven, Belgium) were heated by a power resistor (Farnell,
Grâce-Hollogne, Belgium) via a copper heat provider that
has dimensions similar to the chip to minimize heat loss
through the environment. The temperature of the copper (T1)
was measured by a thermocouple (type K, diameter 0.5mm,
TC Direct, Nederweert, the Netherlands). The signal is
registered by a TC-08 thermocouple data logger (Picotech,
United Kingdom) and transferred to a Labview-based
program (National Instruments, Zaventem, Belgium). The
software-based PID controller uses this information to
adjust the voltage over the power resistor in order to keep T1
constant at 37 8C. A liquid flow cell, with an inner volume of
160mL, was made in polyether ether ketone (PEEK) and
shielded by two O-rings defining a contact area of 36mm2

Figure 1 Schematic representation of the optimized HTM setup.
The aluminum sensor chip is inserted between the heat provider
and the flow cell. The heat flow is focused through the solid–liquid
interface and monitored by two thermocouples, measuring the
temperature of the heat provider (T1) and the flow cell (T2),
measured at 1mm above the chip surface) over time.
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between the chip and the liquid. Given the height of 4.4mm
and a diameter of 6.8mm, the aspect ratio G of the flow cell
is 0.65. PEEK was chosen in function of its unique material
properties allowing for disinfection with numerous solvents
and autoclaving. The temperature of the flow cell containing
the target cell solution (T2) was monitored over time by a
second thermocouple at 0.1mm from the chip surface to
minimize the amount of heat loss through the fluid column.
By monitoring T2 over time at a constant T1, the heat-
transfer resistance (Rth) at the solid–liquid interface can be
derived at any point in time, using the equation: Rth¼ (T1
�T2)/P, with P being the power necessary to keep T1
constant. Within this formula, it is assumed that all of the
input power will flow through the functional interface.

Based on previous results with a similar PID
optimization study on the original HTM setup [28], it
was decided to sweep the P and I values between 1 and 12 in
the current study with a step width of 1. The average thermal
resistance was calculated at 37 8C in de-ionized water over a
period of 30min for each combination and the standard error
(s) was analyzed. In addition, the D value was fine-tuned in
a similar manner, sweeping it from 0.1 to 1 with a step width
of 0.1. All measurements performed using a blank
aluminum chip and were repeated at least three times to
obtain a standard deviation.

To assess the potential of the setup for accurately
determining the thermal resistance, calibration measure-
ments were performed in water, PBS, and air. For each of
the calibration measurements, the temperature was in-
creased stepwise from 25 over 30, 37, 40, 45, 50, 55, 60 to
65 8C. At each temperature, the signal was allowed to
stabilize for 50min and the average thermal resistance and
error over this plateau were calculated. The experimentally
obtained value for water was compared with the literature
data.

In a final set of HTMmeasurements, the optimized setup
and PID settings were used in a dose-response experiment.
The liquid compartment was filled with PBS at the start of
the experiment and the thermal resistance was allowed to
stabilize for 30min. Next, bacteria were introduced into the
system (3mL E. coli in PBS) at a flow rate of 2.5mLmin�1,
after which the thermal resistance was allowed to stabilize
again for 30min under stopped flow conditions for a faithful
calibration of the measurement; the actual response time is
only 5–10min. Subsequently, the system was flushed two
times consecutively. The cells were killed in the first step by
flushing the setup with 70% ethanol, making them
susceptible to removal by shear force in a second flushing
step with PBS. Both rinsing steps were performed at a flow
rate of 2.5mLmin�1. The thermal resistance was left to
stabilize for 30min after both flushing steps. The chip was
gradually exposed to a higher concentration of target cells,
in order to construct a dose-response curve. Since previous
work has demonstrated that the dynamic range of the device
is located between 5� 104 and 1� 106 cellsmL�1 [23],
concentrations of 1, 2, 5, 10, 50, and 100� 105 colony
forming units (CFU)mL�1 were used. The LoD was defined

as the concentration at which the signal corresponds to three
times the largest standard error on the data. The obtained
value was compared to the LoD obtained in an analogous
experiment, using the previous setup described in Ref. [22].

2.2 Simulation study The HTM setup was analyzed
by means of numerical simulations in COMSOL Multi-
physics (COMSOL, Inc., Burlington, USA). Also, the
contribution of buoyant convection to the heat transfer
within the setup was studied and the effect of the dimension
of the flow cell on this phenomenon was examined. A 3D
stationary simulation study aims at providing insight to the
time-independent advective contribution to the heat
transport and the influence of the flow cell dimensions on
this phenomenon and, therefore, the sensitivity of the
device. This might lead to recommendations for further
improvements to the flow cell. Additionally, a simulation
was combined with experimental HTM data from calibra-
tion measurements in water and air, to verify whether the
experimentally obtained results are comparable to reference
values, such as the thermal conductivity k of water. To be
able to faithfully simulate the conditions within the setup, a
3D schematic representation of the setup in Fig. 1 was
redrawn in COMSOL which is illustrated in Fig. 2, and the
simulated materials and their characteristics can be found in
Table 1.

The temperature of the copper heat provider (domain 1
in Fig. 2) was constraint to 37 8C and covered by the
aluminum chip. The height of the flow cell (domain 10) is
parametrically swept by varying the aspect ratio for a
constant base radius. A thermocouple was inserted at 1mm
from the chip surface, while a gold wire, inserted into the
setup for impedance measurements was placed at 1.5mm
above the chip surface. The PEEK flow cell was surrounded
by a PVC collar for sample positioning, while the PEEK
support was embedded in a Perspex shell. The copper top lid
has a glass window topping of the flow cell for visual
inspection for air bubbles and microscopic observations of

Figure 2 Cross-section of the geometry of the 3D model of the
HTM setup as implemented in COMSOL Multiphysics. The units
of both axes are expressed in meters.
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the functional interface. An image of the fully assembled
device can be found in the abstract figure.

In domains 1–9, the heat transport was modeled via
Fourier’s law

kr2T ¼ 0; ð1Þ

where k represents the thermal conductivity in (W/mK) and
T the temperature in K. Within the flow cell (domain 10) the
simultaneous presence of a density gradient (dr/dz< 0),
produced by the temperature gradient, and a gravitational
body force � Fzj jbz gives rise to an advective contribution to
the heat transport, determined in size and appearance by the
Rayleigh number (Eq. 2).

gb T1 � T2ð ÞL3
av

¼ 0; ð2Þ

where g is the gravitational constant in N kg�1, b the thermal
expansion coefficient in K�1, (T1� T2) the temperature
difference between bottom and top of the fluid cell, l the
distance between bottom and top in m, a the thermal
diffusivity in m2 s�1, and n the kinematic viscosity in Pa � s.
In addition to an energy balance (Eq. 3), the governing set of
equations now consists of a momentum balance (Eq. 4) and
a mass balance (Eq. 5).

rCpu � rT � kr2T ¼ 0; ð3Þ

u � rð Þu ¼ r � �plþ v ruþ ruð ÞT� �� 2
3
v r � uð ÞI

� �
þ g;

ð4Þ

r � ruð Þ ¼ 0; ð5Þ

where u denotes the velocity field in m s�1, p the pressure in
Pa, Cp the heat capacity at constant pressure in J/kg K, r the
density in kgm�3, and I the unity tensor.

These equations are fully coupled using the non-
isothermal laminar flow interface. The choice for a laminar
flow model is justified because the temperature difference
between bottom and top (Text¼ 22 8C) of the cylindrical
domain cannot exceed 15 8C, which results in a Rayleigh
number well below the critical number for the onset of
turbulent convection.

As boundary conditions, cooling by free external
convection in air is set for the top and sides of the geometry
by defining an outward heat flux (6) proportional to
the temperature difference with its surroundings and a
heat transfer coefficient h for horizontal and vertical-heated
plates.

�bnq ¼ h Text � Tð Þ; ð6Þ

where bn is the surface normal and q the heat flux in Wm�2.
The mesh convergence was studied over three different
mesh sizes. Convergence criteria were a constant tempera-
ture in the center at the top side of the flow cell and a
minimal influence on the isotherms. As a result of this study,
0.3mm sized tetrahedral elements were chosen in the fluid
domain. This yields results suitable for qualitative
interpretation within a reasonable amount of time. The
nonlinear problem is solved in a fully coupled approach
using an iterative GMRES solver.

2.3 Bacterial culture E. coli (ATCC
1

8739TM)
strains were obtained from DSMZ (Deutsche Sammlung
von Mikroorganismen und Zellkulturen, Braunschweig,
Germany). To this extent, 20ml nutrient broth (NB,�929.1
ROTH) was inoculated with a single colony of E. coli and
allowed to grow overnight at 37 8C while shaking. Prior to
imprinting, 1ml of the overnight culture was diluted in
20ml of the broth, and allowed to grow at 37 8C for 3 h or
until an optical density of 1 was obtained at 600 nm
(8� 108 cellsml�1). Afterwards, the cells were harvested by
centrifugation and the pellets were washed one time with
PBS, and resuspended in PBS to achieve the desired
concentrations.

2.4 Surface imprinting procedure Polyurethane
layers were formed by dissolving 122mg of 4,40-diisocya-
natodiphenylmethane, 222mg of bisphenol A and 25mg of
phloroglucinol in 500ml of anhydrous tetrahydrofuran
(THF). All reagents were used as received from Sigma–
Aldrich N.V. (Diegem, Belgium) and had a purity of
minimum 99.9%. This mixture was stirred at 65 8C for
200min under an inert nitrogen atmosphere until the
polymer solution reached its gelling point. Then, the
solution was diluted in a 1:5 ratio in THF and spin coated for
60 s at 2000 rpm onto 1 cm2 aluminum substrates. In
parallel, polydimethylsiloxane (PDMS) stamps were cov-
ered with cells to stamp the cells into the spin-coated
polyurethane layer. PDMS stamps were made using the
Sylgard 184 silicone elastomer kit (Malvom N.V., Schelle,
Belgium). Then, the E. coli suspension in PBS (400ml) was

Table 1 Materials used in the COMSOL model in Figure 2,
including their most relevant thermal properties (heat capacity at
constant pressure Cp, density r, thermal conductivity k).

nr. material Cp (J/kgK) r (kgm�3) k (W/mK)

1 copper 385 8700 400
2 aluminum 900 2700 238
3 air 1000 1.12 0.027
4 PEEK 1700 1320 0.25
5 perspex 1466 1190 0.18
6 stainless steel 445 8900 90.7
7 gold 129 19300 317
8 glass 703 2203 1.38
9 PVC 1000 1760 0.1
10 water 4186 1000 0.62
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applied onto the PDMS stamp. After 20min of sedimenta-
tion time, the excess fluid was removed by spin coating at
3000 rpm for 60 s to create a dense monolayer of cells on the
stamp surface. The cell-covered stamp was gently pressed
onto the polyurethane layer and cured for 18 h at 65 8C under
nitrogen atmosphere. After curing, the stamp was removed
from the surface and bound bacteria were removed by
rinsing the layer with 70% ethanol and PBS, leaving behind
selective binding cavities on the polyurethane surface [22].

3 Results and discussion
3.1 PID tuning The effect of the PID values on the

noise on the signal were studied by a parametric sweep as
described in Section 2.1. The average noise on the signal and
its standard error were calculated for each P and I
combination. The best combinations are summarized in
Table 2. From the PID tuning it can be concluded that a
broad range of P and I settings can be considered as optimal
as the average noise on the signal observed using these
settings does not significantly change. An additional tuning
of the D parameter (not shown) did not significantly
improve the noise levels on the signal. These findings are in
line with similar PID tuning schemes, performed on the
original HTM setup in previous work [28] and indicate that a
full PID tuning might not be necessary when future
modifications are made to the setup. Furthermore, it implies
that the device can be used in various surroundings without
significantly affecting its sensitivity.

3.2 Flow cell calibration The setup’s behavior was
characterized in different media at different temperatures.
The temperature in the flow cell was measured at 0.1mm
from the surface. The results of these experiments indicate
that the power consumption is a factor two lower in
comparison to the original setup, indicating a more
homogeneous flow through the flow cell. The thermal
resistance data (shown in Fig. 3) indicate that the HTM
device is able to measure thermal resistance in a very

consistent manner over most of the temperature range.
However, at low temperatures, we see that the results
deviate as the ambient temperature (21 8C) influences the
PID steering of T1 to a large extent.

When looking at the data in Fig. 3, it canbe concluded that
Rth values of 1.55� 0.12, 4.74� 0.09, and 13.54� 0.11K
W�1 were obtained at 37 8C for water, PBS, and air,
respectively. These data demonstrate that the thermal
conductivity of PBS will be lower than water but higher
thanair. This canbeexplainedby the fact thatwatermolecules
will form a hydration shell around the ions, decreasing their
mobility. Although these values might provide an estimate of
the thermal resistance, which is sufficient for sensing
purposes, an accurate estimation would obviously require a
more thorough study and calculation. For instance, it can be
noted that the experimentally obtained value for air is only 9
times higher than the value for water. However, when
comparing the results to the literature values for the thermal
conductivity of both water and air, a ratio of 23 would be
expected [29, 30]. This can be partly explained by fact that the
PEEKwall of the flow cell has a higher conductivity than air,
resulting in heat loss through the walls of the setup. The heat
flow through the sensor will therefore be examined in closer
detail in the next sections.

3.3 Simulation of heat flow In order to model the
temperature profile of the configuration shown in Fig. 1, the
effect of buoyant convection, which was analyzed in
COMSOL (Fig. 4), has to be taken into account. The flow
cell, which has an aspect ratio (G, defined by the height/
diameter ratio) of 0.65, does not fully comply with the
theory of convection in cylindrical barrels, as the tempera-
ture of the top plate (copper lid plus 1mm glass plate) of the
setup is not actively controlled but cooled passively by
ambient air through natural convection. The Rayleigh

Table 2 Set of optimized PID settings. Measurements were
performed in water at 37 8C on an aluminum chip. The average
noise on the thermal resistance and a standard error (in KW�1)
were calculated and the settings with optimal noise levels are
shown.

P I average noise (KW�1) standard error (KW�1)

1 4 0.05 0.02
1 5 0.05 0.02
1 11 0.05 0.03
1 3 0.05 0.02
1 6 0.05 0.02
1 10 0.06 0.02
1 9 0.07 0.01
1 8 0.06 0.02
1 12 0.05 0.03
2 11 0.06 0.02

Figure 3 Calibration measurements at increasing temperatures in
water (blue triangles), air (red dots), and PBS (black squares). The
error bars are typically smaller than the symbol size.
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number inside the cell can, therefore, be considered as ill-
defined and position dependent. The top plate will serve as a
heat sink but due to the glass plate directly on top of the
liquid, the heat sink effect will be drawn to the sides,
creating an asymmetric flow starting at 25 8C (onset of
convection). Furthermore, the insertion of a gold wire (for
electrochemical measurements such as impedance spectros-
copy) and a thermocouple (for HTM purposes) further
forces the convection into an asymmetric configuration, as
can be seen in the COMSOL simulation in Fig. 4.

3.4 Suppression of convection To overcome con-
vection it is possible to simply invert the setup and heat the
cylindrical fluid column inside the flow cell from above
which has been done for the detection of DNA muta-
tions [17] and proteins [19]. However, for the detection of
macromolecular targets such as cells or bacteria it is
necessary to allow the target particles to sediment to the
functional interface located on top of the copper heat
provider. Therefore, inverting the setup is not an option in
this case. Alternatively, it is possible to change the
dimensions of the fluid cell to diminish convection inside
the setup. The determining factor governing convection is
the temperature difference T1� T2 between the top and the
bottom of the fluid cell. This difference can be influenced by
adjusting the height of the flow cell, thereby decreasing the
aspect ratio. Decreasing the aspect ratio by changing the
diameter of the flow cell will not influence convection.
Figure 5 illustrates the results obtained in a COMSOL
simulation with fictional flow cells in which G has been
decreased to 0.35 and 0.25, respectively. The simulations
show that lowering the aspect ratio will result in a more
homogeneous heat flow through the cell. However, due to
the large copper heat sink and the glass window, the
temperature difference will never be truly uniform.

To obtain more control over the temperature of the top
lid, a fictional flow cell without a glass window in the top lid
was used for simulations. The flow pattern in Fig. 6
demonstrates that by replacing the current top lid with a full
copper cylinder with the same base radius as the container
and a uniform height of 2mm, a more homogeneous heat
flow can be achieved. In this way, convection can be ruled
out up to an aspect ratio of 0.3. Even at higher aspect ratios,
convection is decreased significantly, as can be seen in the
flow pattern in Fig. 6. However, copper can be detrimental
for biological samples and might negatively affect imped-
ance spectroscopy due to building up electrochemical
voltages. Furthermore, the top lid needs to be optically
transparent to verify that the flow cell is devoid of air
bubbles. Therefore, synthetic sapphire could be a good

Figure 4 Isotherms (8C) at 1.5mm off the vertical midplane of the
flow cell illustrating the asymmetric flow pattern inside the setup at
37 8C. The thermocouple (lower horizontal line) and gold wire
(upper horizontal line) are shown and clearly influence the flow
inside the liquid compartment of the setup. To illustrate the concept
in a clear manner, the thermocouple was put at 1mm above the chip
surface instead of 0.1mm.

Figure 5 Isotherms (8C) in the vertical midplane of the flow cell at
37 8C for fictional aspect ratios 0.35 (top) and 0.25 (bottom).

Figure 6 Isotherms (8C) in the vertical midplane of a flow cell
(37 8C, G¼ 0.35) where the glass plate on top is removed and a
solid copper lid is used.
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alternative for the glass cover as it has a much higher
thermal conductivity (k¼ 30.3W/mK) in comparison to
glass (k¼ 1.38W/mK) [31].

3.5 Two-step thermal resistance calibration The
thermal resistance values obtained in Section 3.2 are only
approximations because an unknown fraction of the heating
power is dissipated to the ambient without actually passing
through the solid–liquid interface. Theoretically, in the
absence of convection, the thermal resistance for a cylinder
can be calculated from the following formula, with h
and A being the height and surface area of the cylinder,
respectively:

Rth ¼ 1
k
h
A
: ð7Þ

Given the diameter of the flow cell and the fact that the
thermocouple was placed at 0.10� 0.02mm of the chip
surface to avoid convection and to minimize the heat loss
through the fluid column inside the flow cell, it is possible to
determine the theoretical thermal resistance by using the
literature value for kwater (0.624W/mK), this would result in
4.23K/W for water. Although the experimentally obtained
value (1.55KW�1) is still in the same order of magnitude,
there is a significant difference. This can be attributed to the
fact that the above used Rth-formula (T1�T2)/P is not
sufficiently accurate to determine the exact thermal
resistance value. For instance, the formula takes into
account the power necessary to keep T1 constant, while this
is not the amount of heat flowing through the chip, and the
flow cell as part of the heat will dissipate through the side
walls and the bottom of the setup. Therefore, the
experimentally obtained value will be an underestimation
of the true value.

As the absolute heat flux through the sensitive area of
the chip was not known, the formula for the thermal
resistance was revisited based on the assumption that the
environment of the sensor is identical for a measurement in
air and water. To get a good estimate of the heat loss through
the environment (defined as Pd, the power dissipated to the
ambient), a reference measurement in air is performed as
schematically illustrated in Fig. 7. From the data obtained in
this experiment, it is possible to calculate the fraction of
power passing through the air column inside the cell (Pa)
according to following formula:

Pa ¼ DTair

Rth
¼ DTair � kair � Ah

: ð8Þ

From the experiments shown in Fig. 3, a value for DTair
of 3.55� 0.04K can be obtained. Inserting the dimensions
of the cell and the literature value for kair of 0.0262W/m �K
in Eq. (2), yielded a Pa of 33.8� 8.2mW. By subtracting Pa

from the total power provided by the resistor at 37 8C
(Ptotal¼ 260.3� 2.9mW) a value of 226.5� 11.2mW was
obtained for Pd.

These data were used to correct the experimentally
obtained data from a calibration measurement in water,
summarized in Fig. 3. As Pd was hypothesized to be equal
for a measurement in both water and air, the amount of
power flowing through the water filled column (Pw) equals
the total power provided by the power resistor at 37 8C
(Ptotal¼ 332.3� 0.003mW) minus Pd, obtained from the
reference measurement in air, yielding a value of
105.8� 11.1W for Pw. The thermal resistance of the flow
cell in water can therefore be calculated from following
equation:

Rth water ¼ DTwater

Pw
: ð9Þ

Filling in the experimental data for DTwater
(0.540� 0.001K) in Eq. (3), yielded an Rth water of
5.1� 0.54KW�1. Using Eq. (1) and the dimensions of
the cell, this would result in a kwater of 0.54� 0.18W/mK,
corresponding well with the theoretical value of
0.624W/mK at 37 8C [29]. However, it has to be noted
that the error in the corrected value is still relatively large

Figure 7 Illustration of the heat flow in the flow cell when filled
with air (top) and water (bottom). As the power lost through the
ambient, Pd, is approximately equal in both conditions, the
difference between the power input approximates the heat flow
through the water column.
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due to the uncertainty on the distance between the
thermocouple and the chip surface.

3.6 Sensitivity test To assess whether the improved
geometry of the flow cell has led to a significant
improvement of the sensitivity of the methodology in
biosensing applications, the optimized setup was tested in a
quantitative binding assay for E. coli on SIP-covered
aluminum chips. In parallel, the same experiment was
performed using the original flow cell. The results of these
experiments indicate that for both the original flow cell
described in Refs. [22, 23] and the flow cell developed in
this study, the sensor responds in linear fashion to
concentrations between 104 and 105 CFUmL�1 after which
the signal saturates (Fig. 8). However, the change in Rth-
signal in response to an increasing concentration of target
cells, appears to be bigger for the new setup over the entire
concentration range. In addition, the noise on the signal is
considerably smaller for the experiment on the new flow
cell. In order to estimate the net effect on the sensitivity of
the setup, the data were fitted exponentially (Rth¼ a1þ a1
� exp (�c/a3)) and the LoD was defined as three times the
maximal error on the thermal resistance signal (3smethod).
The intercept of this 3s and the linear part of the exponential
fit yielded a theoretical LoD of 2.10 and 4.65� 104 CFU
mL�1 for the optimized and original flow cell, respectively.
From these findings it can be concluded that optimizing the
design of the flow cell has improved the sensitivity of the
methodology by approximately a factor two. This is a good
starting point for further lowering the detection limit. The
repeated exposure strategy, previously introduced by the

authors, is a promising approach in this respect [21, 23].
Within this method, the receptor layer is repeatedly exposed
to the sample under study. The signal gradually increases
with each exposure cycle until it reaches the value
corresponding to 3s.

4 Conclusions The results of the study presented in
this article demonstrate that it is not necessary to perform an
entire PID tuning scheme for HTM whenever adjustments
are made to the flow cell design or when measuring at
different temperatures. The result of the PID tuning
experiment indicates that an optimal PID setting does not
exist, but a range of settings can be applied to achieve an
optimal noise level on the thermal resistance signal while
still maintaining a stringent control over the temperature of
the heat provider. In addition, it has been shown that by
changing the geometry of the setup, we were able to create a
more homogeneous flow through the sensor chip in
comparison to the original setup, as evidenced by the fact
that power consumption was also lowered by a factor of two.
These improvements have led to an increased effect size and
a lower noise level on the measuring signal. These effects, in
turn, result in a higher sensitivity of the device in terms of
bacterial detection. However, simulations indicate that
additional improvement can be made by further adjusting
the geometry of the flow cell. The flow cell with its current
height and aspect ratio, displays buoyant convection,
leading to an asymmetric heat flow through the system.
Decreasing the height of the measuring cell and replacing
the glass lid on top of the system with a better thermal
conductor will further improve the homogeneity of the heat
flow, which will have a positive effect on the sensitivity of
the device. On the other hand, one should also note that these
improvements for thermal sensing are not necessarily
beneficial for the multifunctional character of the device in
terms of optical observation and impedance spectroscopy.
Furthermore, we have developed a two-step calibration
algorithm that allows to determine the thermal conductivity
of a test liquid, in this case water, with good precision
directly from the raw temperature and power data.
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