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Abstract: The present paper reports on a Finite Element Method (FEM) analysis of the experimental
situation corresponding to the measurement of the temperature variation in a single cell plated on
bulk diamond by means of optical techniques. Starting from previous experimental results, we have
determined—in a uniform power density approximation and under steady-state conditions—the total
heat power that has to be dissipated by a single cell plated on a glassy substrate in order to induce
the typical maximum temperature increase ∆Tglass = 1 K. While keeping all of the other parameters
constant, the glassy substrate has been replaced by a diamond plate. The FEM analysis shows that, in
this case, the maximum temperature increase is expected at the diamond/cell interface and is as small
as ∆Tdiam = 4.6 × 10−4 K. We have also calculated the typical decay time in the transient scenario,
which resulted in τ ≈ 250 µs. By comparing these results with the state-of-the-art sensitivity values,
we prove that the potential advantages of a longer coherence time, better spectral properties, and the
use of special field alignments do not justify the use of diamond substrates in their bulk form.

Keywords: bio-sensing; diamond temperature sensors; finite element analysis

1. Introduction

Temperature plays a central role in cell metabolism. Temperature acts as a parameter,
e.g., regulating the speed of ion channel opening [1], but, in turn, it is also affected by
cell activity, e.g., mitochondrial activity induces intracellular temperature variations [2].
Furthermore, an increase in temperature is related to pathological conditions, such as
cancerous cells [3], Parkinson’s disease, and Alzheimer’s diseases [4]. Considering this
central role, temperature measurement at the intracellular scale gives an essential insight
into understanding the cell’s behavior both in normal and pathological conditions, with the
perspective of improving the medical treatment of diseases.

From a theoretical point of view, there is still some debate about the presence of a
general thermodynamical principle governing biological processes. In particular, the mini-
mum entropy production principle is valid only in the linear response regime [5]. A recent
idea, named dissipation-driven adaptation [6], has been proposed that considers far-from-
equilibrium conditions, even if some criticisms have already been raised [7]. Measuring the
temperature near the cellular organelles can shed light on this topic, giving information
about the dissipation rate of specific metabolic processes.

In recent years, an increase in local temperature of up to a few Celsius degrees has
been detected as a consequence of calcium stress [8] or of the use of drugs that increase
the heat produced during cellular respiration [9–11]. The power needed to justify this
temperature increase has been calculated to exceed by a few orders of magnitude what is
expected from thermodynamic considerations [12–15]. A way to tackle this problem can be
based on the simultaneous measurements of temperature at the intracellular level by using
different methods to check for consistency of the different measurement results.

Several intracellular thermometry solutions are reported in the literature, ranging from
fluorescent molecular thermometers [16] to quantum dots [17] to rare earth nanoparticles [18].
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In particular, color centers in nanodiamonds have been widely used in the past few years
for intracellular temperature measurements due to their significant advantages [19,20].
Nitrogen-Vacancy (NV) centers have been used in combination with Optically Detected
Magnetic Resonance (ODMR); see [21,22] and the references therein. ODMR consists of
the measurement, by optical means, of the resonance frequency of the electronic ground
state of the NV centers [23]. Group IV defects in diamond [24], such as Silicon-Vacancy
(SiV) [25,26], Germanium-Vacancy (GeV) [27], and Tin-Vacancy (SnV) [28], have been
used [29] as thermometers, taking advantage of the temperature-dependent shift in their
photoluminescence spectra. In the future, they might be used for intracellular measurement.

In general, nanodiamonds achieve nanometric resolution, are biocompatible [30,31],
and can be functionalized [32]. A recent work [33] has experimentally proved, using SiV
centers, that a nanoscale heat source leads to a significant temperature gradient at the sub-
micrometric scale in an aqueous solution, whereas another very significant contribution
has demonstrated the first measurement of temperature effects related to the synaptic
activity at the intracellular level, using NV centers [34]. On the other hand, nanodiamonds
present a short coherence time [35,36], considering ODMR measurements, and a degree of
imperfection that limits spectral properties [37], which is detrimental for any measurement
involving photoluminescence spectra. Concerning this last point, the use of diamond
crystallites of micrometer size and with a high aspect ratio, called diamond microneedles,
is interesting. Indeed, microneedles are enriched with color centers at the synthesis stage,
leading to better structural and optical properties compared to nanodiamonds [38].

From the point of view of thermal measurements, both a nanodiamond and a diamond
microneedle are much smaller than a cell. So, the temperature of the nanodiamond, or of
the diamond microneedle, equilibrates to that of the cell, as demonstrated by Finite Element
Analysis (see Supplementary Materials in Ref. [38]), leading to the possibility of sensing
the temperature at the nanometric scale.

The possibility of using bulk diamonds instead of nanodiamonds would be interesting.
Considering ODMR measurements on NV ensembles, nanodiamonds present a lower
sensitivity compared to bulk diamonds, because of their shorter coherence time (as already
mentioned), the lower density of their color centers, and the difficulty in taking advantage
of the field alignment [39] and laser polarization [40]. On the contrary, a bulk diamond
allows ODMR measurements with micrometric spatial resolution on the x-y plane using a
focused laser beam and nanometric resolution along the z-direction using a diamond with
a thin layer of NV centers [41]. Furthermore, a bulk diamond can be nanostructured to
form an array of diamond nanopillars, leading to the possibility of guiding the growth of
the cell network [42] and to further improvements in sensitivity due to the pillars acting as
optical waveguides [43].

The main problems with measuring intracellular temperature using a bulk diamond
are represented by its large mass compared to that of the cell and by its high thermal
conductivity. As a result, the cell temperature equilibrates quickly on a short temporal and
spatial scale to the bulk temperature, which acts similarly to a thermal bath. This implies,
in general, a short acquisition time and a short distance from the cell in order to be able to
measure a temperature signal inside the cell.

The aim of this paper is to model and quantify, by means of Finite Element Analysis,
the temporal and spatial scale of a thermal signal produced by cellular processes for a cell
adhered to a bulk diamond. We consider both the transient and stationary cases, discussing
whether it is possible to measure a cellular temperature given the relevant spatio–temporal
scale and the state-of-the-art sensitivities of diamond-based probes.

The paper is organized as follows: In the Materials and Methods section, the model
used for Finite Element Analysis is described, and the thermal parameters for the different
components of the model are presented. In the Results section, first, in a steady-state
scenario, we estimate the total heat power dissipated Pdiss by a cell adhered to a glass
substrate, considering a temperature increase of ∆Tglass = 1 K, which is typical of recent
experiments [9,34]. Then, we calculate the temperature profiles induced by the same power
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Pdiss but for a cell adhered to a bulk diamond substrate. We calculate also the typical decay
time in the transient scenario. In the Discussion section, we examine the possibility of
measuring the calculated temperature profiles, considering the state-of-the-art experimental
sensitivities. In the Conclusions section, we comment on the limitations of the proposed
model, and we propose future works.

2. Materials and Methods
Finite Element Analysis

Finite Element Analysis is performed by means of the COMSOL Multiphysics software
package, v 5.5 (COMSOL AB: Stockholm, Sweden). A 3D model with cylindrical symmetry
is used (see Figures 1a and 2a) and is filled with a mesh of up to 274,525 triangular elements,
with a minimum element size of 5 nm. A mesh sensitivity analysis has been carried out
and reported in Figure S1 in Supplementary Material. Numerical simulations were carried
out on a computer with 88 GB of RAM and two processors with a clock of 2.4 GHz, and the
computation times did not exceed 5 min.
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Figure 1. (a) Sketch of the model used for the cell–water–borosilicate experimental setup: (i) the cell,
colored in orange, modeled as a hemisphere of 40 µm of diameter; (ii) the water environment, colored
in blue, above the cell, modeled as a cylinder with a base of 400 µm and a height of 200 µm; and
(iii) the borosilicate sample, colored in dark blue below the cell, modeled as a cylinder with a base
of 400 µm and a height of 150 µm. The total dissipated heat power integrated over the whole cell is
fixed at Pdiss = 1.04 × 10−4 W and corresponds to a heat power density Q that is constant throughout
the cell. The temperature of the boundaries is fixed at 310.15 K (37.00 ◦C). (b) Map of the temperature
increase in the z-r plane. (c) Temperature increase profile along the positive z-axis, i.e., inside the cell
and then in the water, and along negative z (d). In (c,d), the radial position is always r = 0 µm. All of
the temperatures are represented in terms of their increase ∆T with respect to the temperature of the
boundaries (37.00 ◦C).



Sensors 2024, 24, 200 4 of 11

(e)

Diamond

(d)

Cell Water

(c)

0 50 100

0

50

100

z
(µ

m
)

r (µm)

0.06

0.2

0.3

0.4

0.6

(b)
Water

Diamond

Cell

r

z

0

400 µm

200 µm
300 µm

(a)

Figure 2. Results of the stationary scenario. (a) Sketch of the model using cell–water–diamond: (i) the
cell, colored in orange, modeled as a hemisphere of 40 µm of diameter; (ii) the water environment,
colored in blue, above the cell, modeled as a cylinder of a base of 400 µm and a height of 200 µm;
and (iii) the bulk diamond sample, colored in light blue below the cell, modeled as a cylinder with a
base of 400 µm and a height of 300 µm. The origin of the frame of reference is located at the center
of the cell hemisphere. The total dissipated heat power integrated over the whole cell is fixed at
Pdiss = 1.04 × 10−4 W and corresponds to a heat power density Q that is constant throughout the
cell. The temperature of the boundaries is fixed at 310.15 K (37.00 ◦C). (b) Map of the temperature
increase in the z-r plane. (c) Temperature increase profile along the positive z-axis, i.e., inside the cell
and then in the water, and along negative z (d), i.e., inside the diamond. (c,d) have different scales.
In (c,d), the radial position is always r = 0 µm. (e) Spatial decay along r of the temperature increase
for z = −0.01 µm, z = −0.1 µm, and z = −1 µm, i.e., at 3 different depths inside diamond. All of the
panels show the temperature increase with respect that of the boundaries (37.00 ◦C).

For the stationary scenario, the classical time-independent heat equation is imple-
mented [44]:

∇ · (−k∇T) = Q (1)

Dirichlet boundary conditions are imposed by setting the temperature of the external
surfaces of the model at the fixed value Tboundary = 310.15 K, i.e., 37.00 ◦C. The heat source
Q is defined as a uniform power density generated by the cell. This power density is
fine-tuned in order to have a maximum temperature inside the cell of 311.15 K, i.e., a
maximum temperature difference of 1 K, when the cell is in contact with a borosilicate glass
substrate, as it was experimentally observed in [34] (see Figure 1). A precision of 10−5 K is
necessary for the specification of the boundary conditions due to the minimal temperature
differences resulting from the simulations.

The very same power density is then inserted in the stationary simulation with a
diamond substrate; see Figure 2.

For the time-dependent case (see Figure 3), the equation considered is [44]:

ρcp
∂T
∂t

+∇ · (−k∇T) = 0, (2)

where the same boundary conditions have been imposed as for the stationary scenario, and the
initial state at t = 0 has been set as the solution obtained from the stationary simulation.
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(b)(a)

Figure 3. Results of the transient scenario for cell–water–diamond. This scenario starts, at t = 0,
with the temperature increase calculated in the previous stationary scenario. The temperature
increases inside the diamond are plotted as a function of time for the points (r = 0 µm, z = −0.01 µm),
(r = 0 µm, z = −0.1 µm), and (r = 0 µm, z = −1 µm) for the first 300 µs (a) and for the first 10 µs (b).

The thermal parameters used for the different materials are reported in Table 1; we
use the parameters reported in [45] for the cell and the ones present in the COMSOL [46]
database for the other materials.

Table 1. Parameters used for the different materials in the model.

k [W/(m·K)] ρ [kg/m3] cp[J/(kg·K)]

Diamond 2500 3515 516
Borosilicate glass 1.13 2230 754

Cell [45] 0.565 1050 3682
Water 0.62 994 4177

This time-dependent model has already been experimentally validated in previous
studies [47], where the propagation of the heat deposited by a synchrotron X-ray nanobeam
was investigated as a function of time, with a minimum time resolution of the order
of one ps.

3. Results

As mentioned before, for glassy substrates the typical temperature difference ∆Tglass,
measured inside cells, ranges in the order of magnitude of a few Kelvins, as reported for
different phenomena ranging from thermogenesis due to a mitochondrial uncoupler [9]
to temperature variations related to an increase in synaptic activity [34]. Indeed, it is
important to underline that, in Ref. [34], the cell adhered to a Petri dish, whereas, in our
model, we consider the cell to be adhered to a bulk diamond, which has a much higher
heat conductivity with respect to the Petri dishes; therefore, a much smaller temperature
difference ∆Tdiam is expected in this case.

In order to estimate ∆Tdiam, we first consider a cell adhered to a glass substrate
surrounded by water (Figure 1a), and we calculate the dissipated heat power Pdiss that
causes a temperature difference ∆Tglass = 1 K between the center of the cell and the
boundaries of the glass substrate. Then, we consider a cell adhered to a bulk diamond
surrounded by water (Figure 2a) in two different scenarios:

• The Stationary Scenario. In this scenario, the total heat power dissipated in the interior
of the cell is the same value Pdiss as for the glassy substrate. In this case, we study the
stationary temperature distribution both along the radial direction and in the vertical
direction z inside the diamond. In particular, we calculate the temperature difference
∆Tdiam between the center of the cell and the diamond substrate. This study gives us
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information about how close to the cell the sensor should be placed to measure the
signal coming from a stationary phenomenon. Considering our recent results [34], we
assume that the temporal duration of the phenomenon is 60 s.

• The Transient Scenario. In this scenario, at t = 0, we impose the same spatial distri-
bution of the temperature difference as the one calculated in the stationary scenario,
and keep the same boundary conditions at 310.15 K as well. In this case, it is essential
to determine the behavior of the temperature as a function of time at a certain depth z
in the bulk diamond. This study provides information on how fast and how close to
the cell the measurement should be carried out to resolve a very fast change in the cell
temperature.

We considered a 300 µm thick diamond; this value is typical of commercial diamond
substrates, and it corresponds to the thickness of a substrate that we used in a previous
experiment [39]. Regarding the shape and size of the cell, it must be considered that both
vary according to the cell’s function. The cell considered here has a hemispherical shape
and is 40 µm in diameter because the eukaryotic cell size varies from 1 to 100 µm [48].

3.1. Estimation of the Total Dissipated Heat Power

The results regarding the estimation of the total dissipated heat power are represented
in Figure 1. First, we considered the model in Figure 1a with the temperature of the glass
and water fixed at 310.15 K (37.00 ◦C) and with a fixed dissipated heat power density Q
inside the cell. We then varied Q until we obtained a maximum stationary temperature
difference of ∆Tglass = 1 K at the center of the cell. By using this procedure, we found a
value of Pdiss = 1.04 × 10−4 W after integration over the whole cell volume.

In all plots, we show the temperature increase with respect to the temperature of
the boundaries. The temperature increase map is represented in Figure 1b, whereas the
temperature increase profiles along the z-direction inside the cell/water and in the glass are
represented in Figure 1c,d, respectively. The origin of the frame of reference is located at the
center of the cell hemisphere. It can be noted that along the z-axis the temperature increase
reaches a maximum at approximately 10 microns above the center of the cell and then
decays on a spatial scale of a few tens of microns. Furthermore, the temperature increase at
the cell–glass interface has already reduced by more than 0.3 K with respect to the value of
its maximum (Figure 1c). The value of Pdiss found with this procedure is much greater than
the value of 10−8 W attributed to the power consumption of the cell [49]. This is in accord
with what was discussed in [12,13] and has already been mentioned in the Introduction of
this paper.

3.2. Stationary Scenario for Diamond

Figure 2 presents the results regarding the stationary scenario. Additionally, in these
plots, we consider the temperature increase with respect to the temperature of the bound-
aries. We calculate the temperature maps (Figure 2b) and the corresponding profiles
along the vertical z-direction inside the cell, in the water (Figure 2c), and in the diamond
(Figure 2d). We also calculate the temperature increase profile along the radial direction
r at different depth values, z, inside the diamond (Figure 2e). The origin of the frame of
reference is located at the center of the cell hemisphere. The most interesting outcomes are
the following:

• The maximum temperature increase between the center of the cell and the bulk
diamond ∆Tdiam = 0.63 K is not so small compared to the one with the borosilicate
∆Tglass = 1 K.

• The temperature difference steeply decreases from its maximum towards the interface
with the diamond, passing from ∆T (z = 20µm) = 0.6 K to ∆T (z = 0µm) =
4.6 × 10−4 K. This means that more than 99.9% of the temperature increase ∆Tdiam
takes place inside the cell, which is out of the sensing region for sensors relying on
bulk diamonds.
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• The temperature difference between the cell/diamond interface and the boundaries is
extremely small, about 4.6 × 10−4 K at most.

Further information can be gained by looking at the temperature profiles along the
radial direction r. The temperature increase below the center of the cell and the boundaries
is similar for the different depths, but, in all cases, it is extremely small, around 4.6 × 10−4 K.
Moving away from the center of the cell, the temperature increase is reduced by a factor of
two r = 30µm and and by one order of magnitude at r = 100µm.

3.3. Transient Scenario

The results regarding the transient scenario are presented in Figure 3. This scenario
starts at t = 0 with the spatial distribution of the temperature increase corresponding to the
solution obtained from the stationary simulation. We calculate the temporal behavior of the
temperature increases below the center of the cell for three depths: 0.01 µm, 0.1 µm, and
1 µm, for the first 300 µs (see Figure 3a). A zoom-in on the results corresponding to the first
10 microseconds is shown in Figure 3b. It can be noted that the temperature equilibrates to
∆Tdiam = 0 on a time scale of hundreds of µs for each depth.

However, for the shallowest points, this process starts from a slightly higher tempera-
ture, corresponding to ∆Tdiam = 4.6 × 10−4 K for z = −0.01 µm and z = −0.1 µm, whereas
∆Tdiam = 4.4 × 10−4 K for z = −1 µm.

4. Discussion

Let us now discuss the feasibility of a temperature measurement for the two scenarios
presented in the Results section. The discussion will be divided into the following steps:

• Description of the experimental procedure.
• Estimation of the sensitivity.
• Comparison of the estimated sensitivity with state-of-the-art sensitivities.

For the stationary scenario, the experimental procedure requires measurement of the
temperature difference between two points: the one just below the center of the cell and
the other outside the cell. This measurement could be carried out by using a gradiometric
setup, e.g., a gradiometer exploiting Optically Detected Magnetic Resonance that employs
two laser excitation beams focused on the two selected points.

The fluorescence emerging from the two positions should be collected simultaneously.
Then, the temperature difference between the two spots can be calculated from the differ-
ence between the two fluorescence signals. The sensitivity η, in general, can be expressed as
η = σ

√
τ where σ is the minimum detectable signal and τ is the temporal width chosen for

the measurement. In order to be able to measure a signal of the mean value ŝ, it is necessary
that ŝ is greater than σ, so the minimal required sensitivity is ηreq = ŝ

√
τ. Obviously, a

smaller value for the sensitivity is preferable. Let us consider Figure 2e: We measure at
one point below the center of the cell and simultaneously at a distance r = 60µm from the
center of the cell, choosing as a reference z = −1µm. This leads to a signal ŝ = 3.6 × 10−4 K.
Then, we set τ = 60 s, in agreement with Ref. [34], where an increase in the temperature
of 1 K is detected after the stimulation of the cell with a drug increasing the synaptic
activity. Hence, we need a sensitivity of ηreq(−1 µm) = 2.8 × 10−3 K√

Hz
. This value is two

orders of magnitude smaller than the best sensitivity achieved in Petrini et al. (2020) [21],
i.e., ηbio = 0.35 K√

Hz
for intracellular temperature measurement with a biocompatible optical

power of 1 mW.
For the transient scenario, the procedure would consist first of the measurement of the

temperature just below the center of the cell in the absence of the transient phenomenon,
i.e., 310.15 K, and then of the measurement of the temperature at the same point in the pres-
ence of the transient phenomenon. The last step of the procedure would be the evaluation
of the difference between the temperatures in the two previous cases. For the shallowest
points at z = −0.01 µm and z = −0.1 µm, we can estimate ŝ = 2.5 × 10−4 K, considering
the arithmetic mean of the temperature difference profiles in Figure 3 and τ = 300 µs. This
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corresponds to the required sensitivity of ηreq(−0.01 µm) = 4.3× 10−6 K√
Hz

. For z = −1 µm,

we can estimate ŝ = 2.4 × 10−4 K and τ = 300 µs, corresponding to a required sensitivity
of ηreq(−1 µm) = 4.2 × 10−6 K√

Hz
. These two values of sensitivity are very similar but, in

this case as well, very far from the best sensitivity achieved in Ref. [21].

5. Conclusions

In summary, we have calculated the total dissipated heat power that creates a station-
ary increase of 1 K between the internal part of a cell and the surroundings, according to
what was reported in a previous experiment, i.e., glass below the cell and water above.
We then moved to another hypothetical environment composed of a diamond below the
cell and water above. We used the calculated dissipated heat power to demonstrate that
it is challenging to resolve both the transient phenomenon of a fast-changing tempera-
ture and the one where the temperature difference between the cell and the diamond is
considered stationary.

It is worth mentioning that a related experimental study has been presented by
Tanos et al. (2020) [50], where the focus was on the possibility of realizing wide-field
thermal imaging with a bulk diamond, considering a two-dimensional heater that gen-
erates a fixed power. In their paper, the authors confirm, in the specific condition of
their experiment, the general finding of our paper, i.e., that bulk diamonds cannot be
exploited for sensing a local temperature increase because of their efficient thermalization
properties. Specifically, we have focused our study on the relevant case of intracellular
temperature measurements, whose expected experimental conditions are well known given
our experimental results [34].

In our model, we have considered uniform heating inside the cell, but, from a biological
point of view, it is more correct to consider a localized source of power dissipated in the
correspondence of each mitochondrion, the organelle that generates most of the chemical
energy needed by the cell. From this point of view, it would be interesting to extend
the analysis conducted in the present paper by considering several sources of power
dissipated in the interior of the cell, studying also the appearance of gradients inside
the cell. Furthermore, in our model we consider a non-structured bulk diamond with a
size of hundreds of micrometers, but nanostructured diamonds would probably perform
better as temperature sensors. It is possible to fabricate single crystal diamond membranes
with thickness values around 100 nanometers [51]: in this case, the smaller mass of the
membrane and the reduced diamond cross-section area that are available for heat transfer
out of the cell region should lead to a greater temperature difference between membrane
regions beneath the cell and far away from it, even for the dissipated heat power treated
in this paper. The arrays of diamond nanopillars should also show similar advantages
compared to those of bulk diamonds: the reduced cross-section area of the pillars should
limit the heat flux across the pillar bases towards the bulk diamond, leading to a smaller
temperature difference between the cell and the location of the NV centers.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/s24010200/s1: Mesh Sensitivity Analysis. Thermal Effects of
Laser irradiation. Figures S1: Temperature at r = 0 and at three different depths in the stationary
scenario as a function of the different number of mesh elements. Figures S2: Temperature profiles
along z and r directions obtained considering the heat generated by a 1 mW 532 nm laser [52].
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