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ABSTRACT: Thermal therapies, the modulation of tissue temperature for therapeutic benefit, are in clinical use as 
adjuvant or stand-alone therapeutic modalities for a range of indications, and are under investigation for others. During 
delivery of thermal therapy in the clinic and in experimental settings, monitoring and control of spatio-temporal ther-
mal profiles contributes to an increased likelihood of inducing desired bioeffects. In vitro thermal dosimetry studies 
have provided a strong basis for characterizing biological responses of cells to heat. To perform an accurate in vitro 
thermal analysis, a sample needs to be subjected to uniform heating, ideally raised from, and returned to, baseline im-
mediately, for a known heating duration under ideal isothermal condition. This review presents an applications-based 
overview of in vitro heating instrumentation platforms. A variety of different approaches are surveyed, including exter-
nal heating sources (i.e., CO2 incubators, circulating water baths, microheaters and microfluidic devices), microwave 
dielectric heating, lasers or the use of sound waves. We discuss critical heating parameters including temperature ramp 
rate (heat-up phase period), heating accuracy, complexity, peak temperature, and technical limitations of each heating 
modality.
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I. INTRODUCTION

Hyperthermia refers to heating the target cells or 
biological tissues to temperatures exceeding phys-
iologic temperature. Heating induces a number of 
local and systemic effects, from the macroscopic 
tissue level down to the sub-cellular molecular 
level, which may be harnessed for cancer ther-
apy. The specific changes induced by heating are 
a function of the spatio-temporal temperature pro-
files induced in tissue during treatment. In addi-
tion to cytotoxicity,1 mild hyperthermia, 39–42°C 
delivered for > 30 min, induces tumor reoxygen-
ation,2,3 improves drug delivery,4,5 activates pro-
moters for gene therapy,6,7 augments anti-tumor 
immunity,8–10 and sensitizes cancer cells to DNA 
damaging agents by inhibiting DNA repair, sup-
porting the hypothesis that repair pathways can be 
affected by heat.11,12 Multiple phase II/III clinical 
trials have demonstrated the benefit of combining 
hyperthermia with chemo/radiation therapies in 

patients with different types of cancer, showing a 
significant enhancement in treatment effectivity 
without significant toxicity effects.11,13–15 Com-
pared with mild hyperthermia as an adjuvant ther-
apeutic option, high temperature thermal ablation 
(T > 50°C) is increasingly being used for in situ 
destruction of unresectable localized tumors.16 El-
evated temperatures can affect cells in different 
ways, but the primary means of cell death during 
thermal ablation is acute coagulative necrosis. Be-
yond the boundary of the ablation zone, tissue tem-
peratures fall within the mild hyperthermia range 
and thus provide a potential opportunity for cells 
to be more susceptible to other therapeutic modal-
ities.17,18 Conversely, some studies have described 
the potential of extended mild hyperthermic (i.e. 
sub-ablative) heating at the tumor-normal tissue 
boundary contributing to the promotion of distant 
tumor growth.19 Thus, the effects of mild hyper-
thermia on normal and malignant cells are also of 
high relevance to thermal ablation.
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With the development and ongoing clinical trans-
lation of several thermal therapy delivery modali-
ties [e.g., magnetic resonance guided high-intensity 
focused ultrasound (FUS), nanoparticle mediated 
laser therapy, probe-based radiofrequency and mi-
crowave (MW) hyperthermia/ablation], combining 
heat with other cancer therapeutic strategies, includ-
ing immunotherapy and gene therapy, has remained 
an area of research investigation. For instance, ther-
mally-sensitive microbubbles and nanoparticles are 
being explored for highly selective delivery of drugs 
and other therapeutic agents to targeted tissue.5,20 
The augmented immune response elicited by ther-
mal ablation is being investigated to boost the effi-
cacy of immunotherapy strategies, thereby enabling 
local control of tumors and inducing sustained 
anti-tumor immunity.21,22 However, there are few 
standardized quantitative assessment tools linking 
heating profiles to local and systemic effects of heat 
in combination with other therapeutic modalities. 
The availability of such tools would pave the way 
for the design of customized patient-specific heat-
ing strategies that optimize specific physiological 
responses to heat for synergy with other treatments.

The local effects induced by a thermal therapy 
procedure are strongly dependent on the spatio-tem-
poral temperature profiles achieved during treat-
ment.23,24 Mathematical models provide a powerful 
tool for quantitatively assessing the physiological 
responses to heat treatment across multiple spatial 
and temporal scales. These models rely on under-
lying experimental data characterizing bioeffects 
(e.g., cell viability, stress protein expression) as a 
function of intensity and duration of heating. In vitro 
platforms of cells in culture (2D and 3D) provide 
a powerful experimental approach for investigating 
bioeffects of heating across a variety of cell lines. 
These experimental platforms rely on isothermal 
heating of cells for known duration of times to fa-
cilitate development of quantitative models of the 
bioeffects of heating. In quantitative analysis of cel-
lular reactions, it is usually analyzed what happens 
under isothermal conditions and then consider the 
bioeffects of temperature. In isothermal methods, it 
is assumed that bioeffects that are induced by the 
transient portion of the thermal history are negli-
gible compared to those induced by the isothermal 

portion. Therefore, caution should be taken to ac-
count for potential thermal injury during the ramp-
ing and cooling phases.

In vitro studies are highly informative for 
gaining an understanding of the myriad biologi-
cal effects of hyperthermia exposures at the cel-
lular level, such as cytotoxicity effects at different 
temperatures and exposure times, as well as their 
influence on the efficacy of other therapeutic mo-
dalities. An advantage of the in vitro setting is the 
more controlled environment they provide, com-
pared with in vivo setting where there are consid-
erably more sources of heterogeneity within and 
across subjects. This controlled environment can 
be particularly helpful for detailed investigation of 
multi-modality therapeutic strategies. Moreover, in 
vitro evaluation of hyperthermia exposure parame-
ters may help guide the development of predictive 
models and protocols for investigation in future in 
vivo studies. For example, Tang et al. conducted an 
in vitro study investigating the synergistic effect be-
tween hyperthermia and chemotherapy on ovarian 
cancer cells. In their study, hyperthermia in combi-
nation with chemotherapeutic drugs resulted in sig-
nificant increase in cell death when compared with 
chemotherapy alone, providing a valuable tool for 
cancer treatment.25

For the quantitative analysis of bioeffects of 
heating, it is informative to distinguish between 
effects as a function of intensity of heating (i.e., 
temperature) alone vs. the intensity and duration of 
heating (i.e., time - temperature history).26 For this 
reason, in vitro systems aim to provide rapid heat-
ing to target temperatures that approach the ideal, 
but not practically feasible isothermal heating. By 
assessing bioeffects at a number of combinations of 
target temperatures and heating time, the kinetic pa-
rameters of bioeffects can be determined for estimat-
ing the impact of non-isothermal thermal profiles. It 
is noted that during in vivo exposures, iso-thermal 
exposures are seldom achievable; different rates of 
heating are likely to be observed in varying regions 
of the targeted tissue. Tang et al. compared the syn-
ergistic effects of two different heating methods, 
laser induced rapid rate heating and incubator in-
duced slow rate heating. The IC50 value of the com-
bined chemotherapeutic drug was lower with only 1 
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minute of laser induced fast heating when compared 
with 60 minutes of incubator induced slow heating 
on ovarian cancer cells, highlighting the importance 
of heating rate when cancer cells are subjected to 
hyperthermia treatments.27

In vitro heating can be delivered using differ-
ent strategies; the vast majority of studies employed 
conductive and convective processes using circulat-
ing water baths and CO2 incubators.28–32 Recently, 
other modalities have been developed to deliver in 
vitro heating, including: Joule heating,33,34 micro-
waves,35–38 lasers,39–42 alternating magnetic fields,43,44 
and ultrasound mediated heating.45–47 Achieved peak 
temperature, accuracy of heating, and technical lim-
itations may vary significantly depending on the 
selected heating approach. Traditional heating mo-
dalities such as water baths and incubators facilitate 
uniform temperature regulation with a high degree 
of accuracy and simplicity; however heating rate is 
slow, limiting the opportunity to study the mecha-
nisms of heat-induced cellular response. Accurate 
control of cell culture temperature provides several 
opportunities to study the temperature-dependent 
cellular responses. For example, it enables one to 
characterize transient response of cells during heat-
ing and cooling phases, or to determine a thermal 
dose threshold necessary for the heat-induced cell 
death.48–50 Characteristics of in vitro hyperthermia 
exposure apparatus include: (1) high temperature 
ramp rate (the time to reach the target temperature) 
and/or short heat-up phase; (2) precise control of 
temperature with high degree of accuracy; (3) ho-
mogeneous heating pattern throughout the sample 
area, and (4) simple design and being easy to use.

The objective of the present review is to pro-
vide an overview of currently available in vitro 
heating modalities and recent advances in the field. 
All reported techniques along with the correspond-
ing specifications (heat-up phase, heating accuracy, 
complexity, peak temperature and heating limita-
tions), are summarized in Table 1 where “TOutput” 
denotes obtained sample temperature, “TInitial” is the 
initial temperature of the sample prior to heating, 
“Input” is the input signal (e.g. power, temperature, 
voltage), “Accuracy” is the accuracy of temperature 
control during heating, “Uniformity” is tempera-
ture distribution homogeneity during heating, and 

“NSensors” describes number of temperature sensors 
that was used in each heating system. We also pro-
vided an assessment of the relative complexity of 
each system, based on the number of elements re-
quired to assemble the overall system, and our as-
sessment of the challenges with doing so. For each 
of the above parameters, if the original reference did 
not provide information to assess that parameter, the 
term “NA” (not available) was used in Table 1.

II. OVERVIEW OF HEATING METHODS

A. CO2 Incubators

Temperature-controlled CO2 incubators, which are 
routinely used for providing a controlled environ-
ment for culturing cells, have been adapted as a 
primary heating source for in vitro hyperthermia 
studies.29,51,52 Convective heat exchange between 
cells in culture and the air in the incubator provides 
a means for heating; however, the air temperature 
within the incubator may not be stable when the in-
cubator door is opened to move the plates in or out of 
the incubator, taking extended periods of time to sta-
bilize. Consequently, this may lead to poor control 
of temperature during transient hyperthermia expo-
sures. The incubator’s specifications with respect to 
uniformity and temperature control fluctuation are 
normally within 0.25°C and 0.1°C, respectively. To 
directly record the sample temperature, thermocou-
ples are inserted inside the cell culture dish during 
hyperthermia treatments. Nytko et al.51 described 
such a system using a 5% CO2 incubator, and re-
ported that it took approximately 40 min for cells to 
achieve the hyperthermic temperature (42°C). Fig-
ure 1 illustrates the temperature profiles inside the 
culture dish that was measured in different runs.

Shellman et al.29 also used a conventional CO2 
incubator to perform in vitro heating. They devel-
oped a heating system using multiple thermocouples 
(T-type) and measured the temperatures in multiple 
wells (Fig. 2). Temperature of sample that was con-
trolled in their study was reported with 0.2°C of 
accuracy. As shown in Fig. 2, using custom made 
copper blocks in contact with the 96-well plate 
inside the incubator provided a significantly fast 
ramping rate with a heat-up phase of ~ 20 min to 
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achieve desired hyperthermic temperature (in this 
case 48°C) while using no copper blocks during in-
cubation led to a significantly longer heat-up phase 
(40 min). A technical obstacle in their study was that 
heating the cells with copper blocks in the incubator 
achieved 0.8°C less than of the desired hyperther-
mic temperature which can be resolved by adjusting 
the temperature setting in the incubator.

B. Water Baths

Many studies have used temperature-controlled wa-
ter baths to heat cells in vitro.19,28,53–56 Briefly, this 
method involves immersing the cells within the cul-
ture container into a water bath set at the desired 
hyperthermic temperature. An electronic interface 
in most water baths allows users to set a desired 
temperature. Figure 3 depicts the photograph of a 
temperature-controlled circulating water bath.

However, to prevent contamination of the cells 
in culture, the plates need to be sealed. The effects of 
lower CO2 levels in the media accompanying long 
incubation time can affect cell viability in some 
cell types as previously described by Shellman et 
al.29 Another challenge with the water bath heating 

technique is that the cell culture plates heated in a 
water bath tend to have condensation on their lid 
that may cause inconsistency in the volume of the 
media of each well after heating. This can decrease 
the reproducibility of certain biological assays. It is 
recommended for the cell culture plates to be placed 
on a stand in the preheated water bath to avoid direct 
contact with the metal bottom of the water bath upon 
the immersion. This is to avoid adhesion of depos-
ited chemical substances to the culture plates at the 
bottom of the water bath. The time constant for tem-
perature equilibration through a plastic container is 
relatively slow (~ minutes), thus some studies have 
aimed to decrease this time by adding heated media 
at the desired target temperature to the sample, and 
then placing the container within the water bath to 
maintain temperature.57,58

Massey et al.32 presented a method for mea-
suring target engagement in adherent cells. In their 
study, a preheated water bath was used as the heat 
source for cells at the target temperature of 55°C. 
Meanwhile, the temperature changes inside the cell 
culture plates were determined by using two dif-
ferent thermocouples. The ramping rate to desired 
hyperthermic temperature was determined in both 

FIG. 1: Temperature profile of the incubator during heating from 37°C to 42°C steady state with three different runs. 
Dot makers show the temperature displayed by the incubator while the solid lines describe actual measured tempera-
ture of the sample based on three different runs inside cell culture dish (adapted from Nytko et al.).51
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thin-walled PCR tube and 96-well plates, either 
floating or submerged in the preheated water bath 
(Fig. 4). The PBS in the PCR tube heated up rap-
idly reaching 54°C within 45 s. The heat-up phase 
to achieve a temperature of 54°C was 3 and 5.5-fold 
slower in a cell culture plate that was submerged and 
floating in a preheated water bath, respectively.

Similarly, Rylander et al.57 used a constant tem-
perature circulating water bath as a heat source to 
identify elevated levels of heat shock proteins fol-
lowing hyperthermia exposures. Two K-type ther-
mocouples were used on 25 cm2 phenolic flask 
containing cell culture medium and recorded the 
temperature during heat exposure in the bottom and 

FIG. 2: (a) Equipment setup for temperature measurement of media in a 96-well plate consisting of five sealed ther-
mocouples in different wells of the culture plate to monitor the actual sample temperature during hyperthermia expo-
sure. (b) Average measured temperature based on five temperature probes sealed in different wells of a culture plate at 
each time point for different heating techniques (i.e. submerged in water bath, placed in incubator rack with no copper 
blocks and with copper blocks) (adapted from Shellman et al.29).
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inside the culture medium. The flask was then filled 
with 70 ml of heating medium (0.1°C equilibrium) 
and immersed in the water bath for different dura-
tions (1–30 min). Samples were subjected to tem-
peratures of 44, 46, 48, and 50°C with six samples 
for each time increments. A relatively fast tempera-
ture ramping rate (~ 4 s) was obtained, achieving ~ 
63% of the desired hyperthermic temperature. Tem-
perature of cells was estimated as the average of 
bottom wall and culture medium values and reached 
within 0.5°C and 0.2°C of desired hyperthermic 
temperature in 12 s and 60 s, respectively.

C. Electromagnetic Radiation

Conventional incubators, such as dry air ovens, 
heating blocks and water baths, rely on conduc-
tive and convective processes for heat transfer. The 
techniques described in this section involve active FIG. 3: Photographic appearance of a water bath system

FIG. 4: (a) Thermometer set up with two k-type thermocouples placed in a cell carrier-96 plate that was sealed with 
an aluminum plate sealer and was heated by immersion in the water bath. (b) measured sample temperature following 
floating and submerged cell carrier-96 plate in a preheated water bath at 55°C, shown by blue color (Floating Plate) 
and green color (Submerged Plate), respectively (adapted from Massey32).
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heating of cells in culture with the use of electro-
magnetic radiation.

1. MW Hyperthermia Systems

Microwaves, non-ionizing electromagnetic radia-
tion at 30 MHz–300 GHz frequency range, can effi-
ciently generate heat by rapid changes in the electric 
field within lossy media, such as cell culture sam-
ples. Recently, different types of MW applicators 
have been reported for in vitro hyperthermia assess-
ment of cells in culture.59–61

Kiourti et al.59 developed a MW system to heat 
the cell culture samples in a temperature controlled 
manner. Figure 5 shows the MW radiation system 
in their study that was equipped with a 2.4 GHz 
antenna, a 50 Ω coaxial cable to feed the antenna 
from the MW generator, a culture dish with copper 
tape to contain 2.75 mL of medium, an amplifier, 
and a K-type thermocouple inside the dish to re-
cord the temperature. Also, use of a 2.4 GHz sleeve 
balun was reported that was placed between the 

power amplifier output and the MW antenna input 
to minimize cable radiation and achieve a balanced 
operation.

Because of the surrounding metal shield, when 
the MW antenna is excited at 2.4 GHz, resonance 
will be achieved which will enhance heating, hence 
causing temperature rise within the culture dish. In 
their study, the generator remained ‘ON’ for 15 min, 
and the heating response was recorded as a function 
of time. The MW source was then turned ‘OFF’ to 
allow the medium to cool as illustrated in Fig. 5d. 
On average, temperature rise inside the culture dish 
rose from initial room temperature (24°C) to hyper-
thermic temperatures of 40°C and 50°C within 8 
min and 15 min of MW radiation, respectively.

Temperature inside the cell culture samples can 
be controlled by adjusting the intensity (radiating 
power) and duration (exposure time) of MW radia-
tion. Asano et al.62 reported such system which can 
provide MW irradiation at varied output powers to 
maintain the temperature at 37°C. In their study, MW 
irradiation was applied at different output powers up 

FIG. 5: MW radiation system. (a) Experimental set-up including power amplifier and a thermocouple probe connected 
to a thermometer for monitoring the temperature during heat exposure. (b) Proposed MW cavity for in vitro heating of 
2.75 mL culture medium. (c) Monopole antenna to be enclosed within the MW cavity. (d) Average measured tempera-
ture of three samples with standard deviation (SD) error bars (adapted from Kiourti et al.).59
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to 20 W to maintain the temperature under the cell 
culture dish at a specific value using an infrared (IR) 
camera. The temperature data from the IR camera 
was transmitted to a controller which estimates the 
reflected power to adjust the output power to the 
system radiator. According to their study, the drift-
ing temperature over the desired temperature range 
was within 3°C inside the cell culture dishes (Fig. 
6). The temperature ramp rate inside the cell culture 
media was within 1 min to achieve 37°C from initial 
temperature of ~ 20°C, indicating a faster ramping 
rate during MW heating when compared with regu-
lar incubation.

Manop et al.61 investigated the efficacy of MW 
heating at cellular levels taking into account the 
MW power and heating time. In their study, in vitro 
MW heating experiment was performed on HepG2 
cells. A MW generator was used to generate energy 
at the frequency of 2.45 GHz and was connected to 
a coaxial triple slot antenna for transferring MW 

energy to the target cells cultured in a 6-well plate. 
Fiber optic sensors were positioned within each well 
to measure the temperature uniformity across four 
different positions (Fig. 7). An IR camera was also 
utilized to measure the temperature at the surface of 
culture samples in each well. They reported the ef-
fects of different powers and heating duration on cell 
viability and surface temperature uniformity. Figure 
7b demonstrates the temperature distribution at var-
ious points (T1–T4) inside each well during MW 
exposure. The heat-up phase from room tempera-
ture (~ 25°C) to target temperature was significantly 
reduced by increasing the power level; however, in-
creasing the power level led to higher temperature 
heterogeneity (~ 5°C) throughout the sample. This 
indicates the trade-off between the ramping rate and 
temperature distribution throughout the sample.

Chen et al.63 also performed MW irradiation 
to treat cancer cells. A MW needle fixed with a 
temperature measuring probe was inserted into 

FIG. 6: Changes in temperature and output of MW irradiation. (a and b) Changes in temperature and output power 
within 30 min of MW irradiation (a) and over 0–1 min of MW irradiation (b). Sample temperature (shown by blue 
color) was monitored by an IR camera and reached the target temperature of 40°C from initial room temperature 
within ~ 30 s of MW irradiation, indicating a fast ramp rate (adapted from Asano et al.62).
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each well of 48-well plate containing 500 µL of 
cell culture media. In their study, the MW heating 
device was set to 15 W power. The heating dura-
tion was at 15, 20, 25, 30, 40, 50 and 60 s while 
the MW heating treatment was repeated 3 times 
for each duration. Finally, the sample tempera-
ture was recorded as depicted in Fig. 8, showing 
a linear relationship between sample temperature 
and heating duration in MW heating when using a 
fixed power.

2. Near-IR (NIR) Laser

In this section, we discuss laser induced hyperther-
mia techniques in vitro, where laser illumination 
can produce heat in nanoscale sample volumes. The 
NIR laser has high penetrability and is commonly 
used in the treatment of lesions.64,65 NIR laser is a 
form of electromagnetic radiation at wavelengths 
of 800–980 nm which converts optical energy into 
thermal energy through photo-thermal absorption. 

FIG. 7: (a) Placement of MW antenna and fiber optic sensors during heating experiment where all temperature sensors 
were placed within 3 mm spacing from each other with three sensors at the surface and one sensor at the bottom of 
the culture well. (b) temperature distribution at four different points during MW heating based on 5 W applied power. 
(c) Temperature distribution at four different points during MW heating based on 20 W applied power (adapted from 
Manop et al.61).

FIG. 8: Time-temperature curve based on 15 W MW 
heating with three trials (n = 3), indicating a linear rela-
tionship between heating time and obtained temperature. 
Data are expressed as the mean ± SD among multiple 
treatment groups. The times required to reach the target 
temperatures of 41, 48 and 60°C were 15, 30 and 60 s, 
respectively (adapted from Chen et al.63).
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This phenomenon leads to a rapid and direct heating 
inside the samples.

Inagaki et al.66 used diode laser (810 nm) irradi-
ation to target cells in a photocoagulation treatment. 
In their study, epithelial cells were seeded on 32 cm2 

culture dishes and were treated by laser irradiation. 
Figure 9 demonstrates their system design which in-
cludes the laser beam passing through the dichroic 
mirror for irradiating the cells in a culture dish.

As discussed earlier, precise control of tem-
perature inside the samples with a uniform heating 
pattern and short heat-up phase are crucial to study 
sensitive heat-induced cellular reactions. Mander-
son et al.39 reported a rapid and controlled optical 
heating via NIR laser incubation, where targeted il-
lumination of a blood-antibody sample is converted 
into heat through photothermal absorption. In their 
study, a feedback control system was employed to 
accurately maintain the sample temperature. The 
heating platform included a laser incubation cham-
ber, an NIR diode laser (980 nm), a mirror to illumi-
nate sample mixture, and an IR temperature sensor 
to provide real-time temperature data to the feed-
back system program. Laser illumination increased 
the temperature of the sample volume (75 µL) from 
24°C to 37°C within approximately 30 s, while 

the heat-up phase was approximately 150 s when 
using the traditional heating block technique. The 
fast-ramping rate in laser-based technique is due to 
its independence from an external heat source; in-
stead, it is a function of laser output power which is 
regulated by the sample temperature. As depicted in 
Fig. 10, temperature control of sample was obtained 
via pulsating mechanism during laser-based heating 
with an accuracy of 1°C that was in agreement with 
the results presented by other groups.67

The laser absorption may be considered as 
non-uniform due to different diffusions of tempera-
ture for the seeded cells in various regions inside the 
culture dish, even with a fixed power. Therefore, to 
overcome these limitations and critical points, Mi-
ura et al.40 developed an alternative method that al-
lows to measure the spatial temperature distribution 
inside the cell culture dish while laser irradiation is 
being performed. Figure 11 shows the schematic 
view of laser irradiation platform for in vitro heating 
purposes.

As illustrated in Fig. 11a, a culture dish was 
placed on the heating plate to maintain 37°C prior 
to laser heating while the laser irradiation was be-
ing controlled by a time-controlled routine. Within 
seconds of laser irradiation, the temperature inside 

FIG. 9: Experimental setup for laser irradiation via a dichroic mirror and a perpendicular laser where cells were cul-
tured on glass-bottomed dishes with diagram illustration (a) and photograph (b) of the experimental setup. A diode 
laser beam was passed through the dichroic mirror to irradiate a full confluent cultured cell layer perpendicularly on a 
glass-based dish. Use of culture medium with no phenol red was reported to avoid blocking diode laser light (adapted 
from Inagaki et al.66).
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FIG. 10: Laser light absorption by red blood cells (RBCs) shown in pink color. (a) Without pulsing, laser light absorp-
tion rapidly heats the sample (75 µL) to 70°C within 150 s. (b) laser illumination with pulsed on (grey) and pulsed off 
(white) to maintain the sample temperature between 36°C and 38°C (adapted from Manderson et al.39).

FIG. 11: (a) Schematic image of laser irradiation station consisting of a culture dish that was placed on the heating 
plate while the cells are placed 12 cm below the laser fiber tip for providing identical beam size to the inner diameter 
of the dish. (b) Measurement of the temperature distribution at 21 different positions (blue dots) inside the cell culture 
dish with five radial points over four different angles. (c) Non-uniform (bell-shaped) distribution of the measured tem-
perature across the culture dish (reprinted from Miura et al. with permission from JoVE, copyright 201740).
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the cell culture dish increased, and led to thermal 
convection throughout the cells. The highlight of 
this study was the ability to measure the tempera-
ture distribution throughout the cell culture. The 
temperature distribution was created by data in-
terpolation based on 21 points on a culture dish 
where fine thermocouples were inserted (Fig. 
11b). Because thermocouples are not recom-
mended to be used in sterilized cell cultures, the 
authors selected the same amount of medium (1.2 
mL) that was used in the cell culture experiments 
and finally measured the temperature uniformity 
at the bottom of dummy (cell-free) dishes. Figure 
11c highlights the center of the cell culture dish as 
the highest temperature that was measured during 
laser irradiation. Similar to previous work,41,67 
maximum measured temperature was positively 
correlated to laser output power. The non-uniform 
bell-shaped heating pattern in cell culture plates 
during NIR laser radiation was also reported by 
other groups.68,69

In vitro heating by laser irradiation has the ad-
vantage of a fast temperature ramping rate as well as 
ability of temperature control,70 however, the draw-
back is that temperature is not uniformly distributed 
throughout the sample. One possible solution is to 
use lower absorption coefficient in water. However, 
the lasers must have high power since only a small 
portion of the light can be absorbed over small 
regions.

D. High-Intensity FUS (HIFU)

HIFU has been clinically applied to non-invasively 
deposit energy in deep tissues and has been used 
for treating several types of cancer.71–73 Frictional 
heating is generated due to acoustic absorption, 
causing temperature rise within the sample. HIFU 
systems typically operate at ~ 0.5–5 MHz, providing 
a balance between effective heating and penetration 
within tissue. Although cellular response to hyper-
thermia treatments has been widely studied,74,75 the 
underlying mechanism in which HIFU induced cel-
lular necrosis occurs is still unclear. Zhang et al.76 
were able to design an in vitro based system that gen-
erates heat through ultrasound in a 96-well culture 
plate. The HIFU in vitro system (Fig. 12a) consists 

of a box where the transducer and culture dishes are 
placed. To avoid the formation of unwanted air bub-
ble inside the culture dish, use of degassed deion-
ized water was reported that was being circulated in 
the system through a water pump. Finally, a piezo-
electric transducer was used in the water container 
to generate the ultrasound induced signal. As shown 
in Fig. 12b, samples were exposed to FUS at 213 W/
cm2 for 30 min. In their study, feedback loop algo-
rithm based on real-temperature data measured by a 
thermal camera was reported to maintain the mean 
temperature of the samples at 45°C with an accuracy 
of ~ 2°C. A ramping rate of approximately 2 min 
was required to achieve a hyperthermic temperature 
of 45°C from 34°C.

For FUS exposures, embedding cells within 
cellular compatible tissue mimicking material 
can help to provide stability. This is because cul-
ture medium is far less attenuating than the soft 
tissue, causing restricted cellular heating during 
ultrasound exposure. Such experimental arrange-
ment was demonstrated by Arvanitis et al.47 In 
their study, the cells were embedded inside the 
agarose gel with glass microbeads. The cells and 
tissue mimicking gel were immersed in a water 
tank that was maintained at 37°C. A fine type-T 
thermocouple was inserted in the gel to record 
the temperature focally. The signal from the tem-
perature sensor was recorded every 10 ms with a 
multiplexer, transferring the temperature data to a 
PC. This design however, may result in reading er-
rors due to the possible interference between ultra-
sound induced beam and the thermocouple, leading 
to ~ 1°C temperature rise. A temperature rise of 
10–25°C occurred in less than 2 s during HIFU 
exposures within high pressure ranges, indicating 
the fast ramping rate of ultrasound based heating 
modality. The temperature was not kept constant 
during the ultrasound exposure, and instead was 
followed with a continuous increase.

Another application stemming from the use of 
a HIFU was reported by Rivens et al.45 The authors 
were able to embed the cells in a compressed col-
lagen gel sandwiched between slices of PVA gel. 
In their study, gels were exposed to ultrasound us-
ing a transducer at 1.6 MHz frequency. A sterilized 
fine K-type thermocouple was vertically inserted 
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into the collagen layer to monitor the real-time 
temperature for 300 s treatment with a sampling 
rate of 0.01 s. An increase in the temperature of ~ 
23°C was achieved within only 200 s of ultrasound 
exposure, confirming a fast heating rate that was in 
agreement with the results presented by Arvanitis 
et al.47

Although, ideally, HIFU treatment would be 
given as a homogeneous thermal dose distribution 

to all cells, this can be rarely visualized. To this 
end, Rivens et al.45 measured and simulated the 
temperature inside the culture dish at different 
distances from center. As illustrated in Fig. 13a, 
temperature uniformity was reported within 2°C 
at 3 mm distance compared with center. Experi-
mental measurements showed that heterogeneity 
of temperature distribution increased significantly 
(6°C) at distances further away from 3 mm of the 

FIG. 12: The in vitro FUS system. (a) Diagram of experimental design where ultrasound signal was generated using 
a piezoelectric focused transducer driven by a signal generator that was immersed at the bottom of a tank filled with 
degassed water. (b) and (c) represent measured temperature during FUS exposure that was measured by an IR thermal 
camera at 1.142 MHz and 1.467 MHz, respectively. The red, black and blue wavy lines represent the real-time tem-
peratures in three in-parallel sonicated waves (adapted from Zhang et al.76).
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center. Therefore, achieving a uniform heating 
pattern during HIFU exposures might be difficult, 
supporting the simulation results depicted in Fig.  
13b.

To allow long-term cellular manipulation, it is 
necessary to maintain a stable temperature. Man-
neberg et al.46 were able to integrate an ultrasonic 
heating system using a microplate. In their study, 
temperature dependency on applied voltage was 
obtained by inserting a probe in each well of the 
microplate as illustrated in Fig. 14. In their study, 
the heat-up phase was ~ 20 min to stabilize the tem-
perature of the ultrasonic device. Following the sta-
bilization, the temperature was maintained stable 
over a long period of 15 hours with a high degree 
of accuracy (standard deviation of 0.02°C). The 
uniformity of temperature was also measured over 
the chip surface (from the transducer to the opposite 
corner of the chip) that was within 1°C, estimated to 
cause ~ 0.3°C difference in temperature uniformity 
throughout the samples. The presented heating 
technique by Manneberg et al.46 enables precise 
temperature control with high degree of accuracy 
and uniformity throughout the samples; however, 
the temperature ramp rate is very slow (0.2–2°C 

min−1), indicating a major drawback of this heating 
modality.

E. Microheating Plates

Several heating modalities using microheaters have 
been reported for cell culture studies. These methods 
utilize heating elements and cell culture chambers to 
establish a controlled heating throughout the living 
cells. Heating elements used in microheaters are not 
only electrically conductive but also optically trans-
parent, and Joule heating can be generated when 
electrical power is applied. Mäki et al.77 designed 
such microheater system with a temperature con-
trol working principle using a proportional-integral 
derivative controller. In their study, they utilized an 
indium tin oxide plate as a heating element (70 × 70 
× 0.7 mm), a temperature sensor made on a glass 
substrate (49 × 49 × 1 mm), a cell culture cham-
ber, and a custom-written MATLAB (MathWorks, 
Inc., Natick, MA, USA) user interface software for 
controlling the temperature (Fig. 15). Temperature 
measurement was performed by using 14 identical 
sensors that were attached on the heating plate. The 
set power of the controller was limited to 2 W.

FIG. 13: Temperature distribution during ultrasound exposure throughout the collagen layer. (a and b) Comparison of 
simulated (solid line) and measured (markers) maximum temperature and thermal dose shown by black (temperature) 
and red (thermal dose), respectively (a) and simulated temperature distributions at different time points ranging from 
50 s to 300 s (b) (adapted from Brüningk et al.45).

  1
  2
  3
  4
  5
  6
  7
  8
  9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

CRB-43455.indd                       54                                                               Manila Typesetting Company                                                               09/02/2022                      08:52PM

Critical ReviewsTM in Biomedical Engineering



Volume 50, Issue 2, 2022

In Vitro Instrumentation Platforms for Evaluating Thermal Therapies � 55

FIG. 14: Temperature control during ultrasound heating. (a) Temperature calibration and maintenance at 37°C where 
red lines show the approximate rates of the faster ultrasonic and slower chamber heating. (b) Temperature was mea-
sured adjacent to the transducer (solid lines) that was dependent on the applied voltage (4−10 V) over the transducer 
and within the fluid in the micro-wells (dotted lines) (reprinted from Vanherberghen et al. with permission from The 
Royal Society of Chemistry, copyright 201046).

FIG. 15: Microscale cell culture system. (a) Experimental setup consisting of ITO plate as the main heating component, 
a temperature sensor plate made on glass substrate and a cell culture device. (b) Temperature logging designed sensor 
layout and temperature sensor plate together with cell culture chamber. Sensor is marked with a green circle while re-
sistors are marked with a red square (reprinted from Mäki et al. with permission from SAGE, copyright 202277).

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

CRB-43455.indd                       55                                                               Manila Typesetting Company                                                               09/02/2022                      08:52PM



56	 Chamani et al.

This microscale cell culture system precisely 
controls cell culture temperature with an accuracy of 
~ 0.3°C during heating, as shown in Fig. 16a. This 
was similar to that in other studies; for instance, 
temperature variations of ± 0.2°C,78–80 ± 0.26°C,81 ± 
0.3°C,82 ± 0.5°C,83 and ± 0.8°C84 have been previ-
ously measured.

Despite an accurate control of temperature 
during heating, the system still lacks some of the 
requirements for an ideal heating modality. The 
heat-up phase took ~ 20 min to reach to the target 
temperature of 37°C from initial room tempera-
ture of 24°C (Fig. 16b). Moreover, temperature 

uniformity was measured between the min and max 
values over the cell culture area by using a thermal 
camera, and was reported as ± 2°C.

Lin et al.79 developed an indium tin oxide (ITO)-
based microheater chip that serves as a thermal con-
trol system for perfusion cell culture outside the 
incubator. The device consists of a multi-channel 
syringe pump for media supply, medium feeding 
tubing, microcontroller, perfusion micro-bioreac-
tor chambers with the format of a standard 96 well 
cell culture microplate each containing 50 μl of 
the mixture, ITO microheater chip, thermocouple, 
and medium outlet tubing. Figure 17a shows the 

FIG. 16: Temperature control. (a) Long-term maintenance of the cell culture temperature with 0.3°C accuracy for 
more than 4 days. (b) Measured cell culture temperature during heating experiment where the set-point temperature 
was randomly changed, and both Toutside and Tcell were recorded (reprinted from from Mäki et al. with permission from 
SAGE, copyright 202277).
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microcontroller module with the ITO microheater 
chip designed in this study.

The thermal control mechanism is based on 
a feedback control loop. In their study, a thermo-
couple was used to monitor the local temperature 
over the sample where the thermal field needs to be 
closely regulated. Then, the generated temperature 
profile was inputted to the microcontroller module 
to constantly adjust the output electric current and 
maintain the temperature. The accuracy of tempera-
ture control was experimentally measured as shown 
in Fig. 17b, indicating high degree of temperature 
control with slight deviation of ± 0.2°C following 
the heat-up phase. The heat-up phase was reason-
able short (~ 60 s) to reach the target temperature 
of 37°C from initial room temperature of ~ 26°C. 

Temperature distribution uniformity over the culture 
samples was evaluated by numerical simulation and 
experimental evaluation. Experimental evaluation 
was carried out by IR imaging after filling each mi-
cro-bioreactor chamber with cell culture medium. 
IR imaging demonstrated that a uniform thermal 
field can be obtained at the top surface of each mi-
cro-bioreactor chamber with slight variation of ± 
0.2°C as shown in Fig. 17c. Despite the uniformity 
of temperature distribution at the top surfaces, simu-
lation results revealed that uniform temperature dis-
tribution could not be achieved vertically (bottom to 
top variation) inside each chamber. Figure 17d in-
dicates a non-uniform vertical temperature distribu-
tion in one chamber with variations higher than 5°C. 
Another drawback of this microheater system is 

FIG. 17: Temperature control. (a) Photograph of the handheld microcontroller (17.1 cm × 11.6 cm × 6.5 cm) with an 
ITO microheater chip connected and a perfusion block. (b) Temperature profile over time (the set temperature was 
37°C and the temperature deviation was evaluated to be within 0.2°C. (c) Two-dimensional IR images of top surface 
of ITO microheater chip and chambers. (d) Numerical simulation based temperature evaluation inside the polydimeth-
ylsiloxane microbioreactor chamber (reprinted from Nieto et al. with permission from Elsevier, copyright 201779).
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temperature overshooting (~ 4°C higher than the tar-
get temperature) during the heat-up phase as shown 
in Fig. 17b. This is a major disadvantage since large 
variations at hyperthermic temperatures can signifi-
cantly affect the cellular/molecular response even 
within short periods.

Petronis et al.81 also presented a cell culture chip 
integrated with indium-tin-oxide heater to provide 
steady and spatially uniform thermal conditions 
using a proportional-integral derivative feedback 
control system. The software adjusted the voltage 
(2.2–2.9 V) applied to the heater based on the tem-
perature readings to maintain the temperature of the 
cell culture. The cell culture chip was composed 
of five poly (methyl methacrylate) sheets, cell cul-
ture chamber (7.6 × 13.0 mm2) with inlet and outlet 
media perfusion, and a thermistor connected to the 
computer and the external power source for tem-
perature control. In their study, the microheater was 
tested for thermal control stability and they reported 
an accurate control of temperature with slight vari-
ation (± 0.26°C). Similar to Lin et al.,79 the simula-
tion based analysis was performed to evaluate the 
temperature distribution uniformity throughout the 
cell culture chamber. Results of 2-D temperature 
distribution modeling indicate heterogeneity up to 
3°C along the cell culture chamber during a steady 
state heating of 37°C.

Recently, Nieto et al.83 reported fabrication of 
a glass based microheater (5 × 5 mm2) that was 
comparable to conventional cell incubators for 
cell culture in terms of temperature rise and decay 
characteristics and localized heating. Thermal char-
acterization of the microheater was measured by an 
IR Camera that was placed over the microheater to 
record the local temperature when the microheater 
was subjected to different applied voltages (Fig. 
18a). There was no measurement regarding the tem-
perature ramp rate or the accuracy of temperature 
control inside the cell culture chamber. The main 
weakness of their experimental measurements was 
that only the response characteristics of the mi-
croheater chip was measured and not the cell cul-
ture chamber. Temperature distribution throughout 
both the cell culture chamber and the microheater 
was captured by an IR camera which can be visual-
ized in Fig. 18b. Regions near the microheater chip 

demonstrate higher temperatures compared with re-
gions further away from the microheater chip, in-
dicating a non-uniform temperature distribution (~ 
10°C variation) inside the whole cell culture cham-
ber. One reason for this heterogeneity could be due 
to the large size (2 mm in depth and 8 mm in diam-
eter with the total volume of 900 μL) of cell culture 
chamber compared with regular 96-well plates that 
are supplied with less volume (~ 200 μL per well) of 
cell culture media.

F. Microfluidic Systems

Microfluidic systems are those that employ devices 
for processing and manipulation of small fluid vol-
umes (10−9–10−18 L) within fabricated systems. 
These systems consist of a series of generic com-
ponents: a method for introducing fluidic samples; 
methods for moving the samples around on the mi-
crofluidic chip, a method for combining and mix-
ing; and various other devices such as cell carrier, 
heating elements, and syringe pump.85 Several bi-
ological applications have been reported using mi-
crofluidic devices. While they have not been widely 
used in hyperthermia research, microfluidic systems 
offer experimental flexibility to culture cells within 
a controlled environment.86,87 Approaches to accu-
rately control the temperature within microfluidic 
systems have been already proposed. Accurate zonal 
heating in microfluidic systems may be achieved 
through using complex on-chip resistive heater net-
works which requires additional fabrication steps.88 
Conversely, non-zonal heating can be achieved by 
using a Peltier device.89

De Mello et al.90 showed controlled heating (± 
0.2°C) of the sample medium near electrodes within 
a cell culture chamber using an alternating current 
(50 Hz). However, precise control of heating for 
large variations of temperatures remains difficult. 
Moreover, this method did not lead to temperature 
uniformity due to boundary effects.

Burke et al.91 used a millifluidic device to quan-
tify the content of released liposomes following mild 
hyperthermia. Their system consisted of a quartz 
capillary tube which was anchored on top of the Pel-
tier heating elements while was attached to a syringe 
pump as demonstrated in Fig. 19a. In their study, the 
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output power was adjusted to the Peltier elements 
to control the temperature. This was done through a 
feedback loop based on thermocouple temperature 
readings. Feedback thermocouples were placed in 
the water reservoir and inside the tube 8mm from 
the outflow.

The developed millifluidic system enabled 
quantification of content release of liposomes af-
fected by mild hyperthermia at very high temporal 
resolution of less than 1 s. Figure 19b shows the 

measured temperature of the fluid entering the cap-
illary tube that reached the desired hyperthermic 
temperature of 43°C within 3 mm, corresponding 
to 0.3 s at a flow velocity of 10 mm/s. As demon-
strated, temperature control was performed with an 
accuracy of ~ 1°C during hyperthermia exposure. To 
investigate the temperature uniformity, point mea-
surements were made throughout the surface of the 
heating element. Heating uniformity at the surface 
of Peltier element was within 2°C. Thus, to improve 

FIG. 18: Experimental setup for IR camera setup used for analyzing the heating capabilities of the microheaters and 
an IR image of the microheater including a detailed view of microheater and electrical connectors (a) and an IR image 
of the microheater obtained by the thermal camera during heating as well as top view of culture chamber used for per-
forming cell culture (b). The bright spot on the ablation area of the microheater shows the peak temperature of 100°C 
(adapted from Nieto et al.83).
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this, use of a thin copper layer was reported that was 
secured on top of the element. This resulted in im-
proved heating uniformity from 2°C to 0.5°C.

Cantoni et al.92 also reported use of a flexible 
microfluidic device with temperature control ability 
for biomedical applications. In their study, Eppen-
dorf tubes (0.5−5 mL) can be inserted into the car-
rier according to experimental needs (Fig. 20a). The 
carrier consisted of an integrated perfusion system to 
recirculate the culture media by using piezo pumps 
while a thermocouple was placed against the heater 
to provide temperature control feedback. Stable 
temperature control at 37°C with ~ 0.2°C accuracy 
was obtained by placing a thin heating layer under 
the chip. Temperature uniformity along the channel 
was investigated by using an IR camera (Fig. 20b). 
A temperature gradient of ~ 0.5°C was detected at 
the inlet and the center of the chip for 30 s when a 
flow of 50 µl/min was applied. Similar to Burke et 
al.,91 one of the limitation of this study was inability 
to measure the sample temperature distribution. Al-
though the temperature uniformity was monitored at 
the surface of the heating element, there was no re-
port of actual cell culture sample uniformity during 
heating phase.

Microfluidics enables the precise application 
of experimental conditions to study the behavior of 
cells. The advantages of microfluidic cell culture 
over the macro-scale methods include fast ramping 
rate (i.e. less than 1 s), reduced risk of contamination, 
design flexibility and most importantly, ability to 
provide cell’s natural microenvironment. Although 
microfluidic devises can provide great flexibility 
with respect to experimental design, transferring 
cells from a macroscopic culture environment of 
flasks, dishes and well-plates to microfluidic cell 
culture requires revision of culture protocols, and 
thus increased complexity of the system. Further-
more, variation of velocity across the tube diameter 
may increase systemic error as described by Burke 
et al.91 Another error source in these systems could 
arise from photobleaching phenomenon which sig-
nificantly limits the heat exposures duration of cell 
culture samples.91,93

III. COMPARATIVE ANALYSIS

In vitro studies with high degree of control of ther-
mal profiles within cells in culture have been es-
sential for understanding the relationship between 

FIG. 19: (a) Schematic of experimental setup for millifluidic release assay. The tube was heated to the desired hyper-
thermic temperature through a temperature-controlled Peltier element. (b) Fluid entering the capillary tube reached the 
desired temperature within 3 mm, corresponding to 0.3 s. The Peltier temperature is measured by a thermocouple and 
a control algorithm regulates the output power to control the temperature (reprinted from Burke et al. with permission 
from Taylor & Francis, copyright 2018, http://www.tandfonline.com91).
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bioeffects and applied thermal doses. To perform an 
accurate analysis, cell culture samples would ideally 
be subjected to uniform heating, raised from, and 
returned to, baseline rapidly following addition/re-
moval of the thermal source, for a known heating du-
ration under ideal isothermal condition. The present 
article has surveyed a variety of heating modalities 
that have been used for in vitro studies investigating 
bioeffects of heating. These techniques offer differ-
ent advantages or drawbacks in terms of integration 
and control over heating parameters such as ramp 
rate, accuracy, uniformity, and ease of use that are 
summarized in Table 1.

A. Heating Accuracy

While most heating modalities have been suitable 
for delivering the heat in a temperature-controlled 
manner, the control over thermal parameters varies 
considerably. Use of water baths lead to stable heat-
ing with relatively small variations (± 0.3°C) over 
the heating period while other heating modalities 
using electromagnetic waves such as MW and la-
sers irradiations are associated with larger variations 
(0.8–4°C) in terms of temperature stability. This is a 
drawback of using MWs, lasers and also traditional 
cell culture incubators since even slight temperature 

variations (± 0.5°C) during long treatments periods 
can significantly affect cellular response,74,94 causing 
inaccurate in vitro thermal analysis.

B. Ramp Rate

The heating rate in conventional water baths and CO2 
incubators is very slow, requiring a long heat-up pe-
riod (80–2400 s) to reach the desired hyperthermic 
temperatures (42–50°C), hence it will be difficult to 
obtain a detailed thermal history (i.e., temperature × 
time) at cellular levels using these traditional tech-
niques. On the other hand, more integrated heating 
modalities including MW, laser, FUS, and microflu-
idic systems can achieve fast temperature ramp rates 
ranging from 0.1 to 10°C/s, indicating their major 
advantage over traditional heating techniques. The 
slow temperature ramp rate in water bath heating 
modalities can be significantly improved by incor-
porating a number of modifications in the system 
design as follows.

Use of hot media exchange technique during 
the transition phase and prior to immersion in wa-
ter bath results in an ideally quick heat-up period 
(~ 5 s) to reach the target temperature as described 
by Rylander et al.57 and Herea et al.31 Unfortunately, 
this heating approach necessitates the use of large 

FIG. 20: (a) Microfluidic chip on the carrier consisting of piezo pumps, cell media reservoirs and the pump con-
nectors and the thermocouple. Each pump is connected to an Eppendorf tube placed vertically inside the carrier 
which acts as a cell media reservoir. (b) Temperature distribution measured by IR camera after the recovery of the 
cell media turnover inside the microfluidic chip. Figure reproduced from (Catani et al.) under a Creative Com-
mons license.
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sample volumes (~ 70 mL) while use of smaller 
sample volumes such as 96-well plates will not be 
practical. This is because each of the wells in a 96-
well plate usually contain small volumes (100–200 
μL) of cell culture sample, thus in well temperature 
may drop quickly within few seconds following in-
jection and prior to immersion in preheated water 
bath. Heating larger sample volumes tend to show 
less uniformity and/or accuracy during heating 
phase, so the proposed approach may have its own 
drawbacks despite its major advantage. Conversely, 
use of very small volumes (in the scale of microli-
ters) leads to instant temperature drop and inaccu-
racy of temperature control during heating.58

Another technique that can be used to com-
pensate for the slow temperature ramp rate during 
water bath heating is using multiple water baths in 
the treatment design: One water bath set to a sig-
nificantly higher temperature (e.g., 80°C) than the 
target hyperthermic temperature (42–50°C), to be 
used during the transition phase, and one water bath 
set to target hyperthermic temperature to be used 
during steady-heating phase. This heating tech-
nique, however may introduce a complexity to the 
heating platform since switching the culture sam-
ples from first water bath to the second one must be 
performed in exact timing to avoid further tempera-
ture rise of the samples above the target hyperther-
mic temperature.95

C. Heating Uniformity

Another characteristic that has been emphasized by 
several authors is uniformity of temperature distri-
bution during hyperthermia exposures.40,47,96–98 Us-
ing 96-well plate formats is ideal for subjecting cells 
to uniform heating due to the small sample volume 
(100–200 μL) in each well. Water baths and cell cul-
ture CO2 incubators can be easily integrated with 96-
well plates, resulting in ideal uniform heating inside 
each well. Unfortunately, most newly developed in 
vitro heating modalities including MW, FUS, la-
ser, microheaters, and microfluidic devices involve 
the use of large sample volumes (e.g., T75 culture 
flasks, six-well plates, 30-mm petri dishes, beakers, 
or agar gels) due to technical limitations of the de-
sign. This can lead to higher variations (2–5°C) in 

temperature distribution during heating. Therefore, 
level of complexity is not necessarily a determining 
factor in selecting ideal in vitro heating modalities.

D. �Consideration of Non-Thermal Impacts 
of In Vitro Hyperthermia Instrumentation

An ideal in vitro heating modality should not af-
fect the cellular/molecular activity if used under 
normothermic (36.5–37.5°C) conditions. This is to 
ensure that the resulted change in cellular/molecu-
lar behavior can be solely attributed to the heat ef-
fects; otherwise, inaccurate thermal analysis may be 
made. Recently, Asano et al.62 reported decreased 
cell viability following subjecting cultured cells to 
normothermic conditioned MW irradiation (37°C 
for 1 h), indicating that MW irradiation may not be 
an ideal in vitro heating modality for studying the 
thermal dose dependency of cell viability. Similarly, 
use of conventional water baths may affect cell via-
bility even at normothermic temperatures,29 but this 
is possibly due to biological contamination, hence 
careful handling and sufficient sealing need to be 
performed during the hyperthermia exposure of cell 
culture samples. There was no change in viability 
of the cultured cells that were exposed to very low 
doses of laser irradiation;40 however, other physio-
logical changes were reported such as overexpres-
sion of heat shock proteins,99,100 this may result in 
inaccurate analysis between hyperthermia induced 
cell viability and protein expression kinetics when 
using laser irradiation as the heating modality. 
Moreover, there have been reports of artifacts and 
induced cell death arising from a chemical interac-
tion between cell culture samples and polydimethyl-
siloxane formulations, which are commonly used in 
microfluidic cell culture devices.86,101

All heating modalities discussed in the present 
review were carried out on two-dimensional (2D) 
cultured cells. Currently, evidence suggests that 
cells cultured in 2D conditions may not be ideal 
representation of the cells existing in complex tis-
sue microenvironments. Song et al.102 highlighted 
the importance of selecting three-dimensional (3D) 
cell culture models in assessing cellular responses 
to hyperthermia treatment. Currently, there are 
limited number of published studies focusing on 
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hyperthermia-induced cellular response where the 
cells are cultured in 3D conditions.
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