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Abstract 

 

Surgical resection is the standard of care for pancreatic cancer, although 

treatment outcomes remain poor, and a large fraction of the patient population are 

not surgical candidates. Minimally invasive interventions employing non-ionizing 

energy, such as image-guided thermal ablation, are under investigation for 

treatment of unresectable tumors and potentially for debulking and downstaging 

tumors. Tissue regions at the periphery of an ablation zone are exposed to sub-

ablative thermal profiles (referred to as “mild hyperthermia”), which may induce a 

range of bioeffects including change in perfusion, immune modulation, and others. 

Bioeffects induced by heating are a function of intensity of heating and duration of 

thermal exposure. This dissertation presents a suite of tools for integrated in vitro 

experimental studies and modeling for characterizing bioeffects following thermal 

exposure to pancreatic cancer cells.  

An instrumentation platform was developed for exposing monolayer cell 

cultures to temperatures in the range 42–50°C for 3–60 minutes. The platform was 

employed to determine the Arrhenius kinetic parameters of thermal injury to 

pancreatic cancer cells (i.e. loss in viability) following heating. When coupled with 

bioheat transfer models, these parameters facilitate investigations of thermal injury 

profiles in pancreatic tumors following thermal exposure with practical devices.  

There has been growing interest in exploring the potential of thermal 

therapies for modulating tumor—immune system interactions, due in part to 

release of damage associated molecular patterns (DAMPs) from stressed tumor cells 



 
 

and their role in recruiting and activating antigen presenting cells. The in vitro 

thermal exposure platform was further expanded to allow for experimental 

measurement of extracellular DAMPs released from murine pancreatic cancer cells 

following heating to temperatures in the range 42 – 50°C for 3-60 mins. A model 

predicting the dynamics of heat-induced DAMPs release was developed and may 

inform the design of experiments investigating the role of heat in modulating the 

anti-tumor immune response. 

While in vitro experiments on monolayers are informative, 3D cell cultures 

(e.g., spheroid, organoids) provide an experimental platform accommodating 

multiple cell types in an environment that may be more representative of tumors in 

vivo. Furthermore, while the water-bath based in vitro platform applied for 

monolayers is well suited to achieving near-uniform temperature profiles, in vivo 

delivery of hyperthermia often yields a gradient of temperatures that is not achieved 

through water-bath based heating. Thus, an in vitro platform for exposing cells in 

3D culture (co-culture of multiple cell populations) to 2.45 GHz microwave 

hyperthermia was developed. The platform includes a printed patch antenna and 

associated thermal management elements and was applied to study changes in gene 

expression profile of a 3D culture of pancreatic cancer cells and fibroblasts. This non-

contact microwave heating approach may help enable additional studies for 

exploring the bioeffects of heat on cancer cells. 
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Abstract 

 

Surgical resection is the standard of care for pancreatic cancer, although 

treatment outcomes remain poor, and a large fraction of the patient population are 

not surgical candidates. Minimally invasive interventions employing non-ionizing 

energy, such as image-guided thermal ablation, are under investigation for 

treatment of unresectable tumors and potentially for debulking and downstaging 

tumors. Tissue regions at the periphery of an ablation zone are exposed to sub-

ablative thermal profiles (referred to as “mild hyperthermia”), which may induce a 

range of bioeffects including change in perfusion, immune modulation, and others. 

Bioeffects induced by heating are a function of intensity of heating and duration of 

thermal exposure. This dissertation presents a suite of tools for integrated in vitro 

experimental studies and modeling for characterizing bioeffects following thermal 

exposure to pancreatic cancer cells.  

An instrumentation platform was developed for exposing monolayer cell 

cultures to temperatures in the range 42–50°C for 3–60 minutes. The platform was 

employed to determine the Arrhenius kinetic parameters of thermal injury to 

pancreatic cancer cells (i.e. loss in viability) following heating. When coupled with 

bioheat transfer models, these parameters facilitate investigations of thermal injury 

profiles in pancreatic tumors following thermal exposure with practical devices.  

There has been growing interest in exploring the potential of thermal 

therapies for modulating tumor—immune system interactions, due in part to 

release of damage associated molecular patterns (DAMPs) from stressed tumor cells 



 
 

and their role in recruiting and activating antigen presenting cells. The in vitro 

thermal exposure platform was further expanded to allow for experimental 

measurement of extracellular DAMPs released from murine pancreatic cancer cells 

following heating to temperatures in the range 42 – 50°C for 3-60 mins. A model 

predicting the dynamics of heat-induced DAMPs release was developed and may 

inform the design of experiments investigating the role of heat in modulating the 

anti-tumor immune response. 

While in vitro experiments on monolayers are informative, 3D cell cultures 

(e.g., spheroid, organoids) provide an experimental platform accommodating 

multiple cell types in an environment that may be more representative of tumors in 

vivo. Furthermore, while the water-bath based in vitro platform applied for 

monolayers is well suited to achieving near-uniform temperature profiles, in vivo 

delivery of hyperthermia often yields a gradient of temperatures that is not achieved 

through water-bath based heating. Thus, an in vitro platform for exposing cells in 

3D culture (co-culture of multiple cell populations) to 2.45 GHz microwave 

hyperthermia was developed. The platform includes a printed patch antenna and 

associated thermal management elements and was applied to study changes in gene 

expression profile of a 3D culture of pancreatic cancer cells and fibroblasts. This non-

contact microwave heating approach may help enable additional studies for 

exploring the bioeffects of heat on cancer cells. 
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1. Introduction 

 
 

 1.1 Overview 

According to the American Cancer Society[1], an estimated 64,000 new cases of 

pancreatic cancer will be diagnosed in United States in 2023. Depending on the stage 

of the cancer (i.e., localized, regional, distant and combined), the 5-year survival rate 

of patients with pancreatic cancer varies between 3% and 44%, making it the seventh 

leading cause of cancer related deaths for both men and women worldwide[2], [3]. 

Pancreatic cancer tends to not show symptoms in the early stages, and therefore it is 

mostly diagnosed at a late stage where the cancer has already metastasized to other 

organs such as liver or lungs. 

There are several types of pancreatic cancer including adenosquamous carcinoma, 

squamous cell carcinoma and the most common type, adenocarcinoma of pancreas 

which occurs in the lining of the pancreatic duct[4]. Pancreatic cancer can be described 

in terms of the location within the pancreas where the tumor develops – the pancreas 

head, body or tail. Surgery remains the standard of care for patients with pancreatic 

cancer and can be potentially when it is possible to remove the entire tumor and a 

margin of surrounding normal tissue. Palliative surgery is used in patients to relieve 

symptoms, improve quality of life, or prevent certain complications if the tumor cannot 

be resected completely. Curative surgery is often possible in patients tumors arising in 

the head of pancreas since these tumors are more likely to be identified at an earlier 

stage [5]. Although surgical removal of pancreatic tumors through open or distal 

pancreatectomy may offer short-term benefits, poor survival and post-surgery 

complications remain a major concern[6], [7]. Compared to other types of cancers, the 
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5-year survival rate for patients with pancreatic cancer after surgery is still very low, at 

approximately 12%; however, a recent study showed that patients whose tumor is 

diagnosed at the earliest stage, may have a five-year survival of over 80%[8]. 

Unfortunately, far more people are diagnosed at late stages when the disease has 

already metastasized. Moreover, only about 15% of the patients with resectable 

pancreatic tumors may be eligible to undergo surgical treatment[9], [10].  

After surgery, tumor recurrence is common, contributing to the low median 

survival of approximately 20 months. Neoadjuvant systemic therapy followed by 

surgery is the first-line treatment approach for patients with resectable disease[11]. 

Systemic therapy followed by radiation is the standard therapeutic approach for 

patients with locally advanced and unresectable tumors due to the dense and 

aggressive tumor microenvironment. On the other hand, for patients with advanced 

metastatic pancreatic cancer, multiagent chemotherapy regimens are often 

administered, resulting in patient survival of up to 6 months[11]. Several studies have 

highlighted the benefits of combined radio-chemotherapy in patients with locally 

advanced pancreatic cancer[12]–[14] compared to radiotherapy or chemotherapy 

alone, however the overall survival is still low (6–18 months) in treated patients. 

Pancreatic cancer is quite resistant to chemo/radiotherapies which is mainly due to 

the abundance and dense accumulation of stroma cells which hampers delivery of 

oxygen as well as delivery of chemotherapeutics[15], [16]. Such hypoxic 

microenvironment in pancreatic tumors significantly reduces the sensitivity to 

chemo/radiation therapies.  

1.2 Thermal therapy 

Thermal therapy refers to the modulation of tissue temperature for therapeutic 

benefits. Thermal therapies have been used as stand-alone and adjuvant treatments 
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for a range of tumors. In this context, the term ablation is used to refer to treatments 

where heat is used as a standalone modality, with tissue temperatures reaching or 

exceeding ~50 °C. The term hyperthermia is used to refer to treatments where heat is 

used as an adjuvant to other modalities, with tissue temperatures typically raised to 

the range ~40–44 °C. Bioeffects of heating including changes in cell viability, blood 

perfusion, vascular permeability, stress protein expression, and other changes are a 

function of the intensity and duration of heating. Heating can be induced to the target 

regions through a wide range of energy modalities such as non-invasive high-intensity 

ultrasound (HIFU)[17], minimally invasive percutaneous or endoscopically delivered 

microwave (MW)  heating[18], lasers[19], and radiofrequency (RF) currents[20]. 

Figure 1-1 shows the radial temperature profile from a thermal ablation applicator, 

indicating that both ablative (T>50°C) and mild hyperthermic temperature range 

(T<50°C) are obtained following thermal ablation treatment. 

 

Figure 1- 1 (a) An example of a thermal device radial heating within target tissue 

(b) schematic view of regions of the thermal ablation zone illustrating 

hyperthermic regions at the periphery of the ablation zone 

Figure 1-1 (b) highlights the importance of thermal dose dependency (i.e., time and 

temperature history) during heating resulting in different clinical outcomes such as 
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ablation volume due to exposure to extreme temperatures or bioeffects affected by 

mild hyperthermia in regions where sub-lethal tissue heating (42–50°C) occurred.  

Over the last decade, minimally invasive thermal therapy either as a stand-alone 

ablative or as an adjuvant to chemoradiotherapy has received substantial attention for 

the treatment of many local malignancies[21]. Preoperative hyperthermia combined 

with radiation and/or chemotherapy with surgery may benefit patients with locally 

advanced cancer by decreasing local recurrence and improving the survival rate within 

patients[22]. Several clinical studies have highlighted the benefits of thermal ablation 

treatment in patients with pancreatic cancer by heating tumors to cytotoxic 

temperatures of 50°C or higher for 4 minutes or longer[23]–[26]. Thermal ablation is 

increasingly being used as a minimally invasive therapeutic option for surgically 

unresectable tumors and to provide non-toxic localized treatment through multiple 

mechanisms such as coagulative necrosis, protein denaturation, or mitochondrial 

dysfunction with improved overall survival in patients with pancreatic cancer[27]–

[30]. Aside from ablative cytotoxic effects in thermal ablation modalities, it has been 

shown that mild hyperthermia exposure (39–42°C) for >30 min, induces many 

biological effects such as tumor reoxygenation[31], [32], anti-tumor immunity[33]–

[35], improved drug delivery[36], [37], sensitization of cancer cells to DNA damaging 

agents[38], [39], and activating promoters for gene therapy[40], [41].  

1.3 Tumor-immune system interactions 

The release of damage associated molecular patterns (DAMPs) are 

recognized as contributing factor to the tumor-immune system interactions  

[42], [43]. Tumor specific DAMPs released during hyperthermia can activate 

antigen presenting cells (APCs) and thereby contribute to the adaptive immune 
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response. The presence of the hyperthermic zone on the periphery of ablation 

zones, and associated release of DAMPs in these regions, may serve to modulate 

the tumor immune system interaction (see Figures 1-1 and 1-2). The role of the 

kinetics of DAMPs expression following external intervention is recognized as an 

important factor in how the intervention affects the anti-tumor immune 

response[44]. 

 

 

Figure 1- 2 sub sections of ablation zone (figure reproduced from [233]) 

 

1.4 Overview of hyperthermia-induced cancer 

immunotherapy 

There is growing interest in the immunosuppressive state of the tumor 

microenvironment (TME), supported by the hypoxia within tumors[45], [46] that is 

affected by multiple dynamic factors such as tumor cell metabolism and abnormal 

vascular perfusion. Mild hyperthermia treatments at sub-lethal temperatures (40–

45°C) do not cause direct cytotoxicity, however, tumor microenvironment (TME) is 

subjected to change at these thermal doses. It was reported that when tumors were 
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subjected to mild hyperthermic temperatures, increase in tumor oxygenation was 

observed which correlates with the radiation sensitivity of the tumor as well as 

enhanced drug delivery[47]–[49]. Moreover, it was proposed that mild hyperthermia 

may trigger anti-tumor immunity and T cell infiltration within tumors by activating 

tumor specific damage-associated molecular pattern (DAMPs) such as High mobility 

group box protein 1 (HMGB1) and heat shock proteins (HSPs) family[42], [50]–[52] 

that promote recruitment and activation of antigen presenting cells. Multiple cancer-

related studies have reported the application of mild hyperthermia as an 

immunotherapeutic agent. The understanding of the use of mild hyperthermia as an 

adjuvant therapy, and its effects on the immune cells activation and infiltration, are 

limited. Hibma et al.[53] investigated the effects of mild hyperthermia at 43°C on 

tumor regression and on the immune cells and molecules in inoculated murine breast 

tumors. Results from their study showed that local hyperthermia can reduce tumor 

progression and may significantly increase the median survival of tumor-bearing mice. 

Moreover, immunohistochemical analysis revealed a significant reduction in cells 

proliferation in treated tumor, which was accompanied by an abundance of HSP70. 

1.5 Bioeffects of heating as a function of time and 

temperature profile 

Computational models of thermal therapies solve the differential equations 

describing external power deposition and bioheat transfer within tissue and aim to 

predict transient temperature profiles in tissue following a thermal intervention. The 

bioeffects induced by heating are a function of the time–temperature profile during 

heating and may vary across cell types. Mathematical models relating changes in cell 

viability, stress protein expression, and other biomarkers to the time–temperature 

history during heating have been reported, and when coupled with models of bioheat 
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transfer, provide a means for understanding the spatio-temporal profiles of bioeffects 

induced by thermal therapies [54]. Cell/tissue-specific parameters for these models 

can be determined from experiments on cells in vitro. One of the most widely used 

models is the Arrhenius thermal injury model[55], which describes cell death following 

heating as a first-order exponential relationship between temperature and duration of 

heating, and has been applied to assess thermal damage in various cell types, including 

liver cancer cells[56], prostate tumor cells[57], and breast cancer cells[58]. The 

thermal isoeffective dose model (CEM43)[59] which relates an arbitrary transient 

temperature profile to equivalent minutes of heating at a reference temperature, 

typically taken to be 43°C, is derived from the Arrhenius model. While thermal injury 

parameters for a range of cell types have been reported, there are few published data 

reporting on the viability of pancreatic cancer cells following heating. Hence, 

identification of thermal injury parameters is important to inform the design of 

thermal therapy devices and systems, select treatment doses, and to inform 

interpretation of experimental and clinical studies involving heat as a therapeutic 

modality[60]. 

1.6 Research approach and contributions of this dissertation 

This dissertation reports on the development and application of integrated in vitro 

experimental and computer modeling tools to enable studies investigating the 

bioeffects of heating.  

Chapter 2 provides a literature review for in vitro heating apparatus to explore 

the bioeffects of heating in experimental cell culture models. In vitro thermal 

dosimetry studies have provided a strong basis for characterizing biological responses 

of cells to heat. We conducted a review of hyperthermia instrumentation platforms and 

surveyed a variety of different approaches for heating cells in vitro, including CO2 
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incubators, circulating water baths, microheaters, electromagnetic sources, acoustic 

sources, and microfluidic devices. We discuss critical heating parameters including 

spatio-temporal thermal profiles, complexity, peak temperature, and technical 

limitations of each heating modality. The application of these in vitro platforms for 

identifying kinetics of thermal injury processes is discussed. 

In chapter 3, we report on experiments in monolayer cell culture in vitro to 

assess the kinetics of thermal injury (i.e. loss of cell viability) in two murine pancreatic 

cancer cell lines, and one normal fibroblast cell line following heating to temperatures 

in the range 42.5–60°C for up to 60 min. While thermal injury parameters for a range 

of cell types have been reported, there are few published data reporting on the viability 

of pancreatic cancer cells following heating. Identification of thermal injury 

parameters is important to inform the design of thermal therapy devices and systems, 

selection of treatment doses, and to inform interpretation of experimental and clinical 

studies involving heat as a therapeutic modality. Experimental data were used to 

identify parameters of thermal injury for three established models of thermally-

induced cell death, and the models were comparatively assessed against experimental 

measurements where cells were subjected to time–temperature profiles similar to 

those anticipated at the periphery of an ablation zone. 

Chapter 4 reports on measurement and modeling of heat-induced DAMPs 

release from murine pancreatic cancer cells with application to informing strategies 

for anti-tumor immune stimulation. Several in vitro studies have shown the role of 

heat stress in inducing DAMPs release from cancer cells, thereby promoting 

recruitment of activation of antigen presenting cells to tumor sites. Although these 

studies demonstrated increased levels of extracellular DAMPs in cancer cells following 

heat exposure, there are few studies reporting on quantitative characterization of the 
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heat-induced release of DAMPs from pancreatic cancer cells. We assessed the extent 

of the heat-induced release of HMGB1, HSP70 and HSP90, release from two murine 

pancreatic cancer cell lines. The experimental data were modeled as dependent on the 

thermal isoeffective dose and coupled with computational models of bioheat transfer. 

This may enable development of thermal dosimetry guidelines and predictive models 

for DAMPs release and cell injury as a function of thermal stress (CEM43) to introduce 

and design thermal therapies in the context of potentiating immunotherapy 

approaches. 

In chapter 5, we present the design and characterization of a microwave (MW) 

device for delivering hyperthermia to 3D cell culture models. The in vitro experiments 

for studying changes in cell viability and DAMPs release following hyperthermia 

reported in Chapters 3 and 4 were conducted on monolayer cell cultures with a water-

bath based heating apparatus. While water baths present a practical method for 

uniform delivery of thermal doses, inhomogeneous thermal profiles are expected 

during in vivo and in the clinical scenario. Further, 3D cell culture models, including 

those that support co-culture of multiple cell populations may provide an in vitro 

experimental platform more representative of in vivo tumor architectures than 

monolayers. A microstrip antenna operating at 2.45 GHz was developed to expose cells 

in culture to temperatures up to 60°C, thereby providing a platform for studying the 

bioeffects of hyperthermia and thermal ablation. Computational models of 

electromagnetic power absorption and heat transfer were used to optimize the antenna 

geometry and feedpoint. Optimized antenna designs were fabricated, and their 

electromagnetic and thermal performance was characterized. The developed platform 

was employed in pilot studies to assess changes in gene profiles of pancreatic cancer 
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cells and normal fibroblasts in co-culture after exposure to temperatures in the range 

42–46 °C.  
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2. Background:  a literature review1 

 

 
2.1 Hyperthermia 

Hyperthermia refers to heating the target cells or biological tissues to 

temperatures exceeding physiologic 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 therapy. The specific changes 

induced by heating are a function of the spatio-temporal temperature profiles induced 

in tissue during treatment. In addition to cytotoxicity[55], mild hyperthermia, 39–

42°C delivered for > 30 min, induces tumor reoxygenation[31], [32], improves drug 

delivery[61], [62], activates promoters for gene therapy[63], [64], augments anti-

tumor immunity[65]–[67], and sensitizes cancer cells to DNA damaging agents by 

inhibiting DNA repair, supporting the hypothesis that repair pathways can be affected 

by heat[38], [39]. 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[38], [68]–[70]. Compared to mild hyperthermia as an 

adjuvant therapeutic option, high temperature thermal ablation (T > 50°C) is 

increasingly being used for in situ destruction of unresectable localized tumors[71]. 

Elevated temperatures can affect cells in different ways, but the primary means of cell 

death during thermal ablation is acute coagulative necrosis. While irreversible cell 

damage, microvascular thrombosis and hypoxia can occur at cytotoxic temperatures 

                                                           
1 This chapter has been published as: F. Chamani, I. Barnett, M. Pyle, T. Shrestha and P. Prakash, “A Review of 
In Vitro Instrumentation Platforms for Evaluating Thermal Therapies in Experimental Cell Culture Models,” Crit. 
Rev. Biomed. Eng., vol. 50, Issue. 2, 2022. (DOI10.1615/CritRevBiomedEng.2022043455) by Begell House, Inc. 
www.begellhouse.com 
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(T > 50°C), coagulative necrosis (i.e. thermal ablation boundary) would be visible at 

temperatures near 60°C[72], [73] where rapid protein denaturation occurs[74]. 

With the development and ongoing clinical translation of several thermal 

therapy delivery modalities (e.g., magnetic resonance guided high intensity focused 

ultrasound, nanoparticle mediated laser therapy, probe-based radiofrequency (RF) 

and microwave (MW) hyperthermia/ablation), combining heat with other cancer 

therapeutic strategies, including immunotherapy and gene therapy, has remained an 

area of research investigation. For instance, thermally-sensitive microbubbles and 

nanoparticles are being explored for highly selective delivery of drugs and other 

therapeutic agents to targeted tissue[62], [75]. The augmented immune response 

elicited by thermal ablation is being investigated to boost the efficacy of 

immunotherapy strategies, thereby enabling local control of tumors and inducing 

sustained anti-tumor immunity[76], [77]. 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 heating 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-temporal temperature profiles achieved during 

treatment[78], [79]. 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 underlying 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 
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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 facilitate development of quantitative models of the 

bioeffects of heating.  

2.2 Rational in selecting in vitro heating platforms 

In vitro heating can be delivered using different strategies; the vast majority of studies 

employed conductive and convective processes using circulating water baths and CO2 

incubators[80]–[84]. Recently, other modalities have been developed to deliver in 

vitro heating, including: Joule heating[85], [86], microwaves[87]–[90], lasers[91]–

[94], alternating magnetic fields[95], [96] and ultrasound mediated heating[97]–[99]. 

Achieved peak temperature, accuracy of heating, and technical limitations may vary 

significantly depending on the selected heating approach. Traditional heating 

modalities 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 mechanisms 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 heating and cooling phases, or to 

determine a thermal dose threshold necessary for the heat-induced cell death[100]–

[102]. Characteristics of in vitro hyperthermia exposure apparatus include: 

 High temperature ramp rate (the time to reach the target 

temperature) and/or short heat-up phase 

 Precise control of temperature with high degree of accuracy 

 Homogeneous heating pattern throughout the sample area 
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 Simple design and easy to use 

The objective of the present review is to provide an overview of currently available in 

vitro heating modalities and recent advances in the field. All reported techniques along 

with the corresponding specifications (heat-up phase, heating accuracy, level of 

integration, peak temperature and heating limitations), are summarized in Table 2-1 

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 temperature distribution homogeneity during heating, 

“TSensors” describes number of temperature sensors that was used in each heating 

system, and finally, level of integration was subjectively assessed based on complexity 

of each hyperthermia system in order to systematically assemble higher-level systems 

from lower-level ones considering the number of implemented elements. 

2.3 Overview of in vitro heating methods 

2.3.1 CO2 incubators 

Temperature-controlled CO2 incubators, which are routinely used for providing a 

controlled environment for culturing cells, have been adapted as a primary heating 

source for in vitro hyperthermia studies[81], [103], [104]. 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 

incubator door is opened to move the plates in or out of the incubator, taking extended 

periods of time to stabilize. Consequently, this may lead to poor control of temperature 

during transient hyperthermia exposures. The incubator’s specifications with respect 

to uniformity and temperature control fluctuation are normally within 0.25˚C and 
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0.1˚C, respectively. In order to record the sample temperature directly, thermocouples 

can be inserted inside the cell culture dish during hyperthermia treatments. Nytko et 

al.[103] described such a system using a 5% CO2 incubator, and reported that it took 

approximately 40 min for cells to achieve the hyperthermic temperature (42°C). 

Figure 2-1 illustrates the temperature profiles inside the culture dish that was 

measured in different runs.  

 

Figure 2- 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 

temperature of the sample based on three different runs inside cell culture dish 

(figure adapted from [103]) 

Shellman et al.[81] also used a conventional CO2 incubator to perform in vitro 

heating. They developed a heating system using multiple thermocouples (T-type) and 

measured the temperatures in multiple wells (Figure 2-2). Temperature of sample that 

was controlled in their study was reported with 0.2°C of accuracy.  
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Figure 2- 2 (a) Equipment setup for temperature measurement of media in a 96-

well plate consisting of five sealed thermocouples in different wells of the culture 

plate to monitor the actual sample temperature during hyperthermia exposure, 

(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) (figure adapted from [81]) 

As shown in Figure 2-2, 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 achieve desired hyperthermic temperature (in this case 

48°C) while using no copper blocks during incubation led to a significantly longer heat-
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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 hyperthermic 

temperature which can be resolved by adjusting the temperature setting in the 

incubator. 

2.3.2 Water bath 

Many studies have used temperature-controlled water baths to heat cells in 

vitro[80], [105]–[109]. Briefly, this method involves immersing the cells within the 

culture 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. 

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.[81]. 

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 

deposited chemical substances to the culture plates at the bottom of the water bath. 

Massey et al.[84] presented a method for measuring 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 different thermocouples. The 

ramping rate to desired hyperthermic temperature was determined in both thin-
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walled PCR tube and 96-well plates, either floating or submerged in the preheated 

water bath (Figure 2-3). The PBS in the PCR tube heated up rapidly 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.  

 

Figure 2- 3 (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 and green color, respectively (figure adapted from 

[84]) 
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Similarly, Rylander et al.[110] used a constant temperature circulating water bath 

as a heat source to identify elevated levels of heat shock proteins following 

hyperthermia exposures. Two K-type thermocouples were used on 25 cm2 phenolic 

flask containing cell culture medium and recorded the temperature during heat 

exposure in the bottom and 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 durations (1–30 min). Samples were subjected to temperatures of 44, 46, 48, 

and 50°C with six samples for each time increments. A relatively fast temperature 

ramping rate (~4 s) was obtained, achieving ~63% of the desired hyperthermic 

temperature. Temperature 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. 

2.3.3 Electromagnetic radiation 

Conventional incubators, such as dry air ovens, heating blocks and water baths, 

rely on conductive and convective processes for heat transfer. The techniques 

described in this section involve active heating of cells in culture with the use of 

electromagnetic radiation. 

2.3.3.1 Microwave hyperthermia systems 

Microwaves non-ionizing electromagnetic radiation at 30 MHz–300 GHz 

frequency range can efficiently generate heat by rapid changes in the electric field 

within lossy media, such as cell culture samples. Recently, different types of MW 

applicators have been reported for in vitro hyperthermia assessment of cells in 

culture[111]–[113].  
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Kiourti et al.[111] developed a MW system to heat the cell culture samples in a 

temperature controlled manner. Figure 2-4 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 record 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. 

 

Figure 2- 4 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 temperature of three samples with 

standard deviation (SD) error bars (figure adapted from [111]) 

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 
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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 Figure 2-4 

(d). On average, temperature rise inside the culture dish rose from initial room 

temperature (24℃) to hyperthermic temperatures of 40℃ and 50℃ 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 radiation. Asano et 

al.[114] 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 to 20 W to maintain the temperature under the 

cell culture dish at a specific value using an 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 drifting 

temperature over the desired temperature range was within 3°C inside the cell culture 

dishes (Figure 2-5). 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 to regular incubation. 
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Figure 2- 5 Changes in temperature and output of microwave irradiation (a) 

changes in temperature and output power within 30 min of MW irradiation and 

(b) over 0–1 min of MW irradiation 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 (figure adapted from [114]) 

Manop et al[113], investigated the efficacy of MW heating at cellular levels 

taking into account the microwave power and heating time. In their study, in vitro 

microwave heating experiment was performed on HepG2 cells. A microwave generator 

was used to generate energy at the frequency of 2.45 GHz, and was connected to a 

coaxial triple slot antenna for transferring microwave 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 (Figure 2-6). An 

infrared (IR) camera was also utilized to measure the temperature at the surface of 
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culture samples in each well. They reported the effects of different powers and heating 

duration on cell viability and surface temperature uniformity.  

 

Figure 2- 6 (a) Placement of microwave 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 (figure 

adapted from [113]) 

Figure 2-6 demonstrates the temperature distribution at various points (T1–

T4) inside each well during MW exposure. The heat-up phase from room temperature 

(~25°C) to target temperature was significantly reduced by increasing the power level; 

however, increasing the power level led to higher temperature heterogeneity (~5°C) 
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throughout the sample. This indicates the trade-off between the ramping rate and 

temperature distribution throughout the sample. 

Chen et al.[115] also performed MW irradiation to treat cancer cells. A 

microwave needle fixed with a temperature measuring probe was inserted into each 

well of 48-well plate containing 500 µL of cell culture media. For the purpose of their 

study, the microwave heating device was set to 15 W power. The heating duration was 

considered to be at 15, 20, 25, 30, 40, 50 and 60 s while the microwave heating 

treatment was repeated 3 times for each duration. Finally, the sample temperature was 

recorded as depicted in Figure 2-7, showing a linear relationship between sample 

temperature and heating duration in MW heating when using a fixed power.  

 

Figure 2- 7 Time-temperature curve based on 15 W microwave heating with three 

trials (n=3), indicating a linear relationship between heating time and obtained 

temperature. Data are expressed as the mean ± SD among multiple treatment 

groups. The time required to reach the target temperatures of 41, 48 and 60°C 

were 15, 30 and 60 s, respectively (figure adapted from [115])  

2.3.4 Near-infrared (NIR) laser heating 

In this section, we discuss laser induced hyperthermia techniques in vitro, 

where laser illumination can produce heat in nanoscale sample volumes. Near-



26 
 

infrared (NIR) Laser has high penetrability and is commonly used in the treatment of 

lesions[116], [117]. 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. This phenomenon leads to a rapid and direct heating inside the 

samples.  

Inagaki et al.[118] used diode laser (810 nm) irradiation 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 2-8 demonstrates their 

system design which includes the laser beam passing through the dichroic mirror for 

irradiating the cells in a culture dish. 

 

Figure 2- 8 Experimental setup for laser irradiation via a dichroic mirror and a 

perpendicular laser where cells were cultured on glass-bottomed dishes with (a) 

diagram illustration and (b) photograph 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 (figure 

adapted from [118]) 
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  As discussed earlier, precise control of temperature inside the samples with a 

uniform heating pattern and short heat-up phase are crucial to study sensitive heat-

induced cellular reactions. Manderson et al.[91] reported a rapid and controlled 

optical heating via NIR laser incubation, where targeted illumination 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 chamber, an NIR diode 

laser (980 nm), a mirror to illuminate sample mixture, and an IR temperature sensor 

to provide real-time temperature data to the feedback 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 with 

the traditional heating block technique. The fast-ramping rate in laser-based 

technique is due to its independence from an external heat source; instead, it is a 

function of laser output power which is regulated by the sample temperature. As 

depicted in Figure 2-9, 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[119]. 
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Figure 2- 9 Laser light absorption by red blood cells (RBCs) shown in pink color 

(a) Without pulsing, laser light absorption rapidly heats the sample (75µL) 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 (figure 

adapted from [91]) 

The laser absorption can be considered as non-uniform due to different 

diffusions of temperature for the seeded cells in various regions inside the culture dish, 

even with a fixed power. Therefore, to overcome these limitations and critical points, 

Miura et al.[92] developed an alternative method that allows to measure the spatial 

temperature distribution inside the cell culture dish while laser irradiation is being 

performed. Figure 2-10 shows the schematic view of laser irradiation platform for in 

vitro heating purposes.  
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Figure 2- 10 (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 5 radial points over 4 

different angles, (c) non-uniform (bell-shaped) distribution of the measured 

temperature across the culture dish (figure adapted from [92] 

As illustrated in Figure 2-10 (a), a culture dish was placed on the heating plate to 

maintain 37°C prior to laser heating while the laser irradiation was being controlled by 

a time-controlled routine. Within seconds of laser irradiation, the temperature inside 

the cell culture dish increased, and led to thermal convection throughout the cells. The 

highlight of this study was the ability to measure the temperature distribution 

throughout the cell culture. The temperature distribution was created by data 
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interpolation based on 21 points on a culture dish where fine thermocouples were 

inserted (Figure 2-10 (b)). Since thermocouples are not recommended 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 2-10 (c) highlights the 

center of the cell culture dish as the highest temperature that was measured during 

laser irradiation. Similar to [93], [119], 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[120], [121]. 

In vitro heating by laser irradiation has the advantage of a fast temperature 

ramping rate as well as ability of temperature control, however, the drawback 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 due to the fact that only a small portion of the light can be absorbed over small 

regions. 

2.3.5 High intensity focused ultrasound (HIFU) 

High Intensity Focused Ultrasound (HIFU) has been clinically applied to non-

invasively deposit energy in deep tissues and has been used for treating several types 

of cancer[122]–[124]. 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 hyperthermia treatments has been widely studied[125], 

[126], the underlying mechanism in which HIFU induced cellular necrosis occurs is 

still unclear. Zhang et al.[127] were able to design an in vitro based system that 
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generates heat through ultrasound in a 96-well culture plate. The HIFU in vitro system 

(Figure 2-11 (a)) consists of a box where the transducer and culture dishes are placed. 

To avoid the formation of unwanted air bubble inside the culture dish, use of degassed 

deionized water was reported that was being circulated in the system through a water 

pump. Finally, a piezoelectric transducer was used in the water container to generate 

the ultrasound induced signal. As shown in Figure 2-11 (b), samples were exposed to 

focused ultrasound at 213 W/cm2 for 30 min. In their study, feedback loop algorithm 

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.  
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Figure 2- 11 The in vitro focused ultrasound 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) measured temperature generated by the FUS 

transducer was measured by an IR thermal camera during focused ultrasound 

heating with different actuation frequencies. The red, black and blue lines 

represent the real-time temperatures in three in-parallel sonicated waves (figure 

adapted from [127]) 

In order to subject the cells to focused ultrasound while ideally provide a fair 

stability and cellular compatibility, we might need to place the cells inside tissue 

mimicking materials. This is because culture medium is far less attenuating than the 
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soft tissue, causing restricted cellular heating during ultrasound exposure. Such 

experimental arrangement was demonstrated by Arvanitis et al.[99]. 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 temperature sensor was recorded every 10 ms with a multiplexer, 

transferring the temperature data to a PC. This design however, may result in reading 

errors due to the possible interference between ultrasound 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.[97]. The authors were able to embed the cells in a compressed collagen gel 

sandwiched between slices of PVA gel. In their study, gels were exposed to ultrasound 

using a transducer at 1.6 MHz frequency. A sterilized fine K-type thermocouple was 

vertically inserted 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.[99].  

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.[97] 

measured and simulated the temperature inside the culture dish at different distances 

from center. As illustrated in Figure 2-12 (a), temperature uniformity was reported 
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within 2°C at 3 mm distance compared to center. Experimental measurements showed 

that heterogeneity of temperature distribution increased significantly (6°C) at 

distances further away from 3 mm of the center. Therefore, achieving a uniform 

heating pattern during HIFU exposures might be difficult, supporting the simulation 

results depicted in Figure 2-12 (b). 

 

Figure 2- 12 Temperature distribution during ultrasound exposure throughout 

the collagen layer. (a) Comparison of simulated (solid line) and measured 

(markers) maximum temperature and thermal dose shown by black and red 

colors, respectively and (b) simulated temperature distributions at different 

time points ranging from 50 s to 300 s (figure adapted from [97]) 

To allow long-term cellular manipulation, it is necessary to maintain a stable 

temperature. Manneberg et al.[98] 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 Figure 2-

13. 
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Figure 2- 13 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 

measured 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) (figure adapted from [98]) 

In their study, the heat-up phase was ~20 min to stabilize the temperature of the 

ultrasonic device. Following the stabilization, 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.[98] 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. 

2.3.6 Microheaters 
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A number of 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 transparent, and 

Joule heating can be generated when electrical power is applied. Mäki et al.[128] 

designed such microheater system with a temperature control working principle using 

a proportional-integral derivative (PID) 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 chamber, and a custom-

written MATLAB (MathWorks, Inc., Natick, MA, USA) user interface software for 

controlling the temperature (Figure 2-14). 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.  
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Figure 2- 14 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 resistors are marked with a red square (figure 

adapted from [128]) 

This microscale cell culture system precisely controls cell culture temperature 

with an accuracy of ~0.3°C during heating, as shown in Figure 2-15 (a). This was 

similar to that in other studies; for instance, temperature variations of ±0.2°C[129]–

[131], ±0.26°C[132], ±0.3°C[133], ±0.5°C[134], and ±0.8°C[135] have been 

previously measured. 



38 
 

 

Figure 2- 15 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 (figure adapted from 

[128]) 

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 temperature of 24°C 

(Figure 2-15 (b)). 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.[130] developed an indium tin oxide (ITO)-based microheater chip 

that serves as a thermal control system for perfusion cell culture outside the incubator. 

The device consists of a multi-channel syringe pump for media supply, medium 
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feeding tubing, microcontroller, perfusion micro-bioreactor 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 2-16 (a) shows the 

microcontroller module with the ITO microheater chip designed in this study.  

 

Figure 2- 16 Temperature control (a) 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)  2-dimensional IR images of top surface of ITO microheater chip and 

chambers, (d) numerical simulation based temperature evaluation inside the 

PDMS microbioreactor chamber (figure adapted from [130]) 

The thermal control mechanism is based on a feedback control loop. In their 

study, a thermocouple was used to monitor the local temperature over the sample 
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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 temperature control 

was experimentally measured as shown in Figure 2-16 (b), indicating high degree of 

temperature control with slight deviation of ±0.2°C following the heat-up phase. The 

heat-up phase was reasonable 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 micro-

bioreactor chamber with cell culture medium. IR imaging demonstrated that a 

uniform thermal field can be obtained at the top surface of each micro-bioreactor 

chamber with slight variation of ±0.2°C as shown in Figure 2-16 (c). Despite the 

uniformity of temperature distribution at the top surfaces, simulation results revealed 

that uniform temperature distribution could not be achieved vertically (bottom to top 

variation) inside each chamber. Figure 2-16 (d) indicates a non-uniform vertical 

temperature distribution in one chamber with variations higher than 5°C. Another 

drawback of this microheater system is temperature overshooting (~4°C higher than 

the target temperature) during the heat-up phase. This may be a major disadvantage 

since large variations at hyperthermic temperatures can significantly affect the 

cellular/molecular response even within short periods. 

Petronis et al.[132] also presented a cell culture chip integrated with indium-

tin-oxide heater to provide steady and spatially uniform thermal conditions using a 

PID feedback control system. The software adjusted the voltage (2.2–2.9 V) applied to 

the heater based on the temperature readings to maintain the temperature of the cell 

culture. The cell culture chip was composed of five poly (methyl methacrylate) sheets, 
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cell culture 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 temperature 

control. In their study, the microheater was tested for thermal control stability and 

they reported an accurate control of temperature with slight variation (±0.26°C). 

Similar to Lin et al.[130], the simulation 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.[134] 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 

characterization 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 Figure 2-17 (a).  
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Figure 2- 17 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, (b) IR image 

of the microheater obtained by the thermal camera during heating as well as top 

view of culture chamber used for performing cell culture. The bright spot on the 

ablation area of the microheater shows the peak temperature of 100°C (figure 

adapted from [134])  

There was no measurement regarding the temperature 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 

microheater chip was measured and not the cell culture chamber. Temperature 

distribution throughout both the cell culture chamber and the microheater was 
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captured by an IR camera which can be visualized in Figure 2-17 (b). Regions near the 

microheater chip demonstrate higher temperatures compared to regions further away 

from the microheater chip, indicating a non-uniform temperature distribution (~10°C 

variation) inside the whole cell culture chamber. One reason for this heterogeneity 

could be due to the large size (2 mm in depth and 8 mm in diameter with the total 

volume of 900 μL) of cell culture chamber compared to regular 96-well plates that are 

supplied with less volume (~200 μL per well) of cell culture media. 

2.3.7 Microfluidic systems 

A number of heating techniques have been reported using microfluidic devices. 

While they have not been widely used in hyperthermia research, they offer 

experimental flexibility to culture cells within a controlled environment[136], [137]. 

Approaches to accurately control the temperature within microfluidic systems have 

been already proposed. De Mello et al.[138] showed controlled ohmic heating in a 

running channel. However, precise control of Joule heating for large variations of 

temperatures remains difficult regarding the conductivity of ionic liquid. Moreover, 

this method did not lead to temperature uniformity due to boundary effects.    

Burke et al.[139] used a millifluidic device to quantify the content of released 

liposomes following mild hyperthermia. Their system consisted of a quartz capillary 

tube which was anchored on top of the Peltier heating elements while was attached to 

a syringe pump as demonstrated in Figure 2-18 (a). In their study, the 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. 
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Figure 2- 18 (a) Schematic of experimental setup for millifluidic release assay. 

The tube was heated to the desired hyperthermic 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 (figure reproduced from 

([139])) 

The developed millifluidic system enabled quantification of content release of 

liposomes affected by mild hyperthermia at very high temporal resolution of less than 

1 s. Figure 2-18 (b) shows the measured temperature of the fluid entering the capillary 

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 demonstrated, temperature 

control was performed with an accuracy of ~1°C during hyperthermia exposure. To 

investigate the temperature uniformity, point measurements were made throughout 

the surface of the heating element. Heating uniformity at the surface of peltier element 

was within 2°C. Thus, to improve this, use of a thin copper layer was reported that was 
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secured on top of the element. This resulted in improved heating uniformity from 2°C 

to 0.5°C.   

Cantoni et al.[140] also reported use of a flexible microfluidic device with 

temperature control ability for biomedical applications. In their study, eppendorf 

tubes (0.5−5 mL) can be inserted into the carrier according to experimental needs 

(Figure 2-19 (a)). 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.  

 

Figure 2- 19 (a) Microfluidic chip on the carrier consisting of piezo pumps, cell 

media reservoirs and the pump connectors and the thermocouple. Each pump is 

connected to an eppendorf tube placed vertically inside the carrier which acts as 

a cell media reservoir, (b) the temperature distribution measured by IR camera 

after the recovery of the cell media turnover inside the microfluidic chip (figure 

reproduced from ([140])) 

Temperature uniformity along the channel was investigated by using an IR 

camera (Figure 2-19 (b)). 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 
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Burke et al.[139], one of the limitation of this study was inability to measure the sample 

temperature distribution. Although the temperature uniformity was monitored at the 

surface of the heating element, there was no report 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. 

Furthermore, variation of velocity across the tube diameter may increase systemic 

error as described by Burke et al.[139]. Another error source in these systems could 

arise from photobleaching phenomenon which significantly limits the heat exposures 

duration of cell culture samples[139], [141].  

2.4 Summary 

2.4.1 Comparative analysis 

In vitro studies with high degree of control of thermal profiles within cells in 

culture have been essential for understanding the relationship between 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/removal of the thermal source, for a known heating duration under 

ideal isothermal condition. The present article has surveyed a variety of heating 
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modalities that have been used for in vitro studies investigating bioeffects of heating. 

These techniques offer different 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 2-1. 
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Table 2- 1 In vitro heating techniques along with the corresponding specifications 

Cell carrier Sample size               Heating modality Toutpu
t  

(°C) 

Input Ramping  
 

(s) 

Accuracy 
(°C) 

Uniformit
y(°C) 

Complexit
y 

Tinitial  
(°C) 

T 
sensor
s  

  
     (#) 

Petri-dish-10cm[103] 10 mL Incubator (not preheated) 41.5 42°C 2400 0.1−0.5 0.25 + 37 1 

96 WP[81] 100 µL Incubator (preheated) 47.2 48°C 1320 0.2−0.8 2 + 37 5 

96 WP[81] 100 µL Incubator (preheated) 47.2 48°C 3000 0.2−0.8 2 + 37 5 

96 WP sealed[84] 200 µL Water bath (immersed) 46.6 46.8°C 152 0.2 NA ++ 22 2 

96 WP sealed[84] 200 µL Water bath (floating) 52.8 55.8°C 251 3 NA ++ 22 2 

0.5mL PCR tube[84] 200 µL Water bath (floating) 46.3 46.9°C 52 0.6 NA ++ 22 2 

96 WP-wrapped[81] 100 µL Water bath (immersed) 48.6 48.6°C 1200 0.2 0.2 ++ 26 5 

T25 Flask[110] 70 mL Water bath (hot media injection) 49.5, 49.8 50°C 12, 60 0.2−0.5  NA +++ 37 2 

96 WP[72] 100−200 µL Water bath (hot PBS injection) 45−60 45−60°C Instant 1.4 NA +++ 37 1 

6 WP[113] 3 mL Microwave 50 10−20 W 420−180 2 4 +++ 25 4 

48 WP[115] 500 µL Microwave 50−60 15 W 30−50 NA NA +++ 37 1 

Beaker[142] 30 mL Microwave 40−60 1−25 W 17−36 1 NA +++ 25 Self 

Petri-dish-35mm[114] 2.5 mL Microwave 39.5 6.8 W 30 0.1−2.5  NA ++++ 27 1+Self 

Petri-dish-30mm[92] 1.2 mL Laser 40−60 3−16 W 10 NA 2−15 +++++ 37 21 

Petri-dish-35mm[143] 1 mL Laser 30 0.2 W 240 NA 2−6 +++++ 22 1 

48 WP[144] 150 µL Laser 60 3.8 W/cm2 300 2 NA ++++++ 37 1 

Centrifugal tube[91] 75 µL Laser 37−70 2 W 30−200 2 NA +++ 24 1 

Collagen gel[97] 129  ×        86 mm2 Ultrasound 45 1100 W/cm2 300 NA 5 +++++ 23 1 

Agarose phantom[99] 20 × 75 mm2 Ultrasound 45 4.4 MPa 6 NA 3−5 +++++ 37 1 

wells[98] 0.3 × 0.3 × 0.3 mm3 Ultrasound 37 10 V 900 0.02 0.3 +++++ 23 2 

96 WP[127] 420 µL Ultrasound 45 213  W/cm2 120 2.29 NA +++++ 34 1 

Agarose phantom[145] 25 × 25 × 20 mm3 Ultrasound 30 1.54 MHz 70 1.1 4 +++++ 22 3 

Culture dish-60mm[146] 30 mL Microheater 37 5 W 240 2−3 NA +++ 32 1 

Culture chamber[128] 1 mL Microheater 37 2 W 1200 0.2−1.5 0.4−2.9 +++ 24 Self 

Culture chamber[147] 50 µL Microheater 65 0.22 W 1800 5 10 +++ 24 2 

Culture chamber[132] 7.6 mm × 13 mm Microheater 37 2.5 V No heating 0.26 3 +++ 37 Self 

Glass slide[148] 20 µL Microheater 50 1 V 4 0.5 10 +++ 24 1 

Chamber[139] 2−3 mL Millifluidic device 43 3000 AU 0.3 1 0.5 ++++ 37 1 

Eppendorf tube[140] 0.5−5 mL Microfluidic device 37 0.65 W 210 0.2 0.5 +++++ 36.5 1 
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2.4.1.1 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 heating with relatively small variations 

(±0.3°C) over the heating period while other heating modalities using electromagnetic 

waves such as microwave and lasers irradiations are associated with larger variations 

(0.8–4°C) in terms of temperature stability. This is a drawback of using microwaves, 

lasers and also traditional cell culture incubators since even slight temperature variations 

(±0.5°C) during long treatments periods can significantly affect cellular response[125], 

[149], causing inaccurate in vitro thermal analysis. 

2.4.1.2 Ramping rate 

The heating rate in conventional water baths and CO2 incubators is very slow, 

requiring a long heat-up period (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 techniques. On the other 

hand, more integrated heating modalities including microwave, laser, focused ultrasound 

(FUS), and microfluidic 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 incorporating a number of modifications in the system design as follows:  

1- Use of hot media exchange technique during the transition phase and prior to 

immersion in water bath results in an ideally quick heat-up period (~5s) to reach 
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the target temperature as described by Rylander et al. [110] and Herea et al.[83]. 

Unfortunately, this heating approach necessitates the use of large 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 injection 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. On the other hand, use of very small 

volumes (in the scale of microliters) leads to instant temperature drop and 

inaccuracy of temperature control during heating[72]. 

2- Another technique that can be used to compensate 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 significantly 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 technique, however may introduce a 

complexity to the heating platform since switching the culture samples from first 

water bath to the second one must be performed in exact timing to avoid further 

temperature rise of the samples above the target hyperthermic temperature[150].  

2.4.1.3 Heating uniformity 

Another characteristic that has been emphasized by several authors is uniformity of 

temperature distribution during hyperthermia exposures[92], [99], [151]–[153]. Using 
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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 culture 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 

microwave, FUS, laser, microheaters, and microfluidic devices involve the use of large 

sample volumes (e.g., T75 culture flasks, 6 well-plates, 30 mm petri dishes, beakers or 

agar gels) due to technical limitations of the design. 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.  

2.4.1.4 Biological effects considerations 

An ideal in vitro heating modality should not affect the cellular/molecular activity if 

used under normothermic (36.5–37.5°C) conditions. This is to ensure that the resulted 

change in cellular/molecular behavior can be solely attributed to the heat effects; 

otherwise inaccurate thermal analysis may be made. Recently, Asano et al.[114] reported 

decreased cell viability following subjecting cultured cells to normothermic conditioned 

microwave irradiation (37°C for 1 h), indicating that microwave 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 viability even at normothermic 

temperatures[81], 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[92]; however, other physiological changes 

were reported such as overexpression of  heat shock proteins[154], [155], this may result 
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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 chemical interaction between cell 

culture samples and polydimethylsiloxane (PDMS) formulations which is most 

commonly used in microfluidic cell culture devices[136], [156]. 

Many studies have been conducted to address the differences in biological effects 

induced by various in vitro hyperthermia approaches that can contribute to hyperthermia 

treatment in clinical practice. For instance, microwave hyperthermia can induce caspase-

3 dependent apoptosis while reducing the levels of mitochondrial membrane potential in 

lung cancer cells[112] as well as squamous carcinoma cells[115]. The results revealed that 

accumulation of reactive oxygen species was observed in the microwave treated cells, 

leading to DNA damage and increased apoptosis compared to the cells that were treated 

with water bath approach. In ultrasound-based hyperthermia studies, other mechanisms 

such as cavitation can take part beside thermal effects in tissue damaging process[157], 

therefore, researchers have also focused on enhancing the lethality of anticancer agents 

with ultrasound exposures. There is also evidence showing that the response of cancer 

cells to ultrasound are more severe than normal cells, indicating that cancer cells show 

more sensitivity to ultrasound treatment than normal cells[158]. In the context of 

thermotherapies adjuvant to traditional cancer treatments, NIR laser irradiation has 

shown to enhance the efficiency of radiotherapy in melanoma cancer cells by inducing 

radiosensitivity[159]. Moreover, it has been shown that NIR laser irradiation can 

stimulate immunogenic cell death by activating adaptive immune response against dead-

cell-associated antigens. This process induces rapid release of specific biomarkers 
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responsible for immunogenic cell death such as HSP70, HSP90 and HMGB1 from cancer 

cells[160]. 
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3. In vitro measurement and mathematical 

modeling of thermally induced injury in 

pancreatic cancer cells2 

 
 

3.1 Introduction 

Pancreatic cancer is the fourth leading cause of cancer related death in the United 

States, and accounts for 8% of cancer deaths, with a low five-year survival rate of 

approximately 10% [4], [161]. Surgical resection remains the most effective treatment 

strategy; however, only approximately 20% of patients are surgical candidates at the time 

of diagnosis [2,3]. For patients with unresectable pancreatic cancer, use of chemotherapy 

alone or in conjunction with surgery remains the gold standard, although long-term 

survival rates are poor and the regimen comes with risks for major complications in 

patients with advanced disease [4,5]. Thermal ablation [30], and other non-ionizing 

energy-based local interventions such as irreversible electroporation, are under 

investigation as potential adjuvant or stand-alone treatment options for patients with 

unresectable pancreatic adenocarcinoma [166]. In addition to ablative effects, heating in 

the mild hyperthermia range (39–43°C) may offer a means for thermally triggered drug 

                                                           
2 This chapter has been published as: F. Chamani, M. Pyle, T. Shrestha, J. Sebek, S. Bossmann, M. Basel, R. Sheth 
and P. Prakash, “In Vitro Measurement and Mathematical Modeling of Thermally-Induced Injury in Pancreatic 
Cancer Cells”, Cancers., Vol. 15, Issue. 3, 2023. (https://doi.org/10.3390/cancers15030655) by MDPI. 
www.MDPI.com 
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delivery [167]–[169] or serve as an adjuvant to ionizing radiation and/or chemotherapy 

[170]–[173]. 

The bioeffects induced by heating are a function of the time-temperature profile during 

heating, and may vary across cell types. Mathematical models relating changes in cell 

viability, stress protein expression, and other biomarkers, to the time-temperature 

history during heating have been reported [54]. Cell/tissue-specific parameters for these 

models can be determined from experiments on cells in vitro [174]–[176]. One of the most 

widely used models is the Arrhenius thermal injury model [175], which describes cell 

death following heating as a first-order exponential relationship between temperature 

and duration of heating, and has been applied to assess thermal damage in various cell 

types, including liver cancer cells [56], prostate tumor cells [57], and breast cancer cells 

[58]. The thermal isoeffective dose model, which relates an arbitrary transient 

temperature profile to equivalent minutes of heating at a reference temperature, typically 

taken to be 43°C, is derived from the Arrhenius model [59]. Despite its wide usage, the 

standard Arrhenius model fails to represent thermally induced injury or cell death at mild 

hyperthermic temperatures (39–43 °C) for several cell types, showing significant over-

prediction of the initial ‘shoulder’ region as explained by Pearce [175]. Augmenting the 

Arrhenius model with a time delay term has been proposed to account for the delayed cell 

death at low temperatures [177]. Other models for thermal injury have been proposed, 

including a two-state statistical thermodynamic model by Feng et al. [176] and a three-

compartment reaction-based model by O’Neill et al. [178]. While thermal injury 

parameters for a range of cell types have been reported, there are few published data 

reporting on viability of pancreatic cancer cells following heating. Identification of 
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thermal injury parameters is important to inform design of thermal therapy devices and 

systems, select treatment doses, and to inform interpretation of experimental and clinical 

studies involving heat as a therapeutic modality.  

The objective of the present study was to determine the kinetics of thermal injury to 

pancreatic cancer cells in vitro following thermal exposure to temperatures up to 50°C 

and use these data to evaluate predictive models for thermal injury. Given the central role 

of experimental murine models in pancreatic cancer research, we conducted studies on 

two murine pancreatic cancer cell lines (KPC and Pan02), as well as a normal murine 

fibroblast cell line (STO). The KPC murine model (KRAS/TP53 point mutation)[179] is 

an established genetically-engineered and clinically relevant model of pancreatic ductal 

adenocarcinoma that represents many histopathological features observed in human 

disease. The murine pancreatic adenocarcinoma cell line Pan02 [180], [181] syngeneic to 

C57BL/6 is an established grade III model widely used for pre-clinical evaluation of single 

and combination therapies. Given the significance of the stroma in pancreatic tumors, we 

also evaluated the kinetics of thermal injury on STO cells. For each of these cell lines, 

monolayer cell cultures were heated in water baths to temperatures in the range 42.5–

50°C for 3–60 min, and cell viability following heating was assessed up to 24 h following 

hyperthermia and compared to 37°C control. The kinetics of thermal injury were 

estimated from the measured viability data. Finally, we comparatively assessed three 

mathematical models for predicting thermally-induced changes in cell viability based on 

the measured in vitro data.  

3.2 Materials and Methods 

3.2.1 Cell culture 
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KPC and STO cells were cultured with DMEM’s medium (Gibco™ 11995065, Fisher 

Scientific) with 10% fetal bovine serum (Corning™ 35015CV, Fisher Scientific) and 1% 

penicillin-streptomycin (Gibco™ 15140148). Pan02 cells were cultured with RPMI 1640 

Medium (Gibco™ 11875093, Fisher Scientific) supplemented with sodium pyruvate and 

10% fetal bovine serum. Cultures were maintained in a 37°C, 5% CO2 incubator in 75 cm2 

phenolic culture flasks. In preparation for hyperthermia treatment, cells were seeded in 

n = 6 wells of 96-well culture plates at a density of ~30,000 cells/cm2 at a volume of 200 

μL medium/well and maintained in a 37°C, 5% CO2 incubator for 24 h to allow cells to 

reach log phase prior to hyperthermia.  

3.2.2 In vitro hyperthermia to monolayer cell culture 

To expose cells in culture to hyperthermia, sealed 96-well plates containing cells were 

immersed in temperature-controlled water baths (shown to be an effective method for 

accurate and uniform heating of cell culture samples)[182]. To assess temperatures 

during hyperthermia, transient temperature profiles were recorded using five T-type 

thermocouples embedded within distinct wells of a dummy plate that contained no cells 

while filled with 200 μL of water/well. The dummy well plate was immersed in water 

baths simultaneously with the cell-containing plate, thus providing a reasonable 

assessment of the temperatures within the cell-containing wells. Figure 3-1 illustrates the 

dummy plate design, including five thermocouples positioned and sealed within four 

corner wells and one central well.  
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Figure 3- 1 (a) Dummy plate design with five thermocouples for monitoring 

temperature during hyperthermia sealed within four corner wells and one central 

well. (b) Photograph of a thermocouple sealed within a well. (c) Cell-containing and 

dummy plates immersed within the water bath during hyperthermia 

Since the time to reach the setpoint temperature can be rather slow, we employed a two-

step approach. First, both the cell-containing and dummy well plates were immersed in a 

water bath set at an elevated temperature of ~80°C. When the temperature recorded by 

thermocouples in the dummy plate reached within 0.2°C of the target temperature (i.e. 

42.5, 44, 46, or 50°C), plates were immediately transferred to another pre-heated water 

bath that was set to the desired target hyperthermic temperature for a predetermined 

duration in the range of 3–60 min. A USB thermocouple data acquisition module (TC-08 

OMEGA) was used to record the temperature data from the thermocouples embedded 

within the dummy plate. Following hyperthermia treatment, sealing films were removed 

and the 96-well culture plates were returned to a 37°C incubator for subsequent 6 h and 

24 h recovery of thermal injury. For each cell line, an additional plate containing cells was 

also immersed in a 37°C water bath for the experimental durations considered in this 

study, providing a no-hyperthermia control.  

3.2.3 Cell viability evaluation 
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After an incubation period of 6 h and 24 h post-heating (shown to be effective evaluation 

periods for measuring cell viability [177]), cell culture supernatant was discarded from 

each 96-well culture plate and viability was determined using the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) colorimetric assay [183] which is 

based on the reduction of a yellow tetrazolium salt to purple formazan crystals by 

metabolically active cells. The measured optical density for each time-temperature 

combination was normalized to the optical density measured for no-heat control plates 

immersed in a 37°C water-bath for the same time duration. The normalized values thus 

represent the average concentration of viable cells across n=6 wells following 

hyperthermia exposure for each experimental group.   

3.2.4 Thermal injury analysis 

3.2.4.1 Arrhenius model of thermal injury 

The Arrhenius cell injury method models cell death as a first order chemical 

reaction where the source materials (viable cells) are transformed to the product (non-

viable cells). After identification of the rate parameters for the reaction, the Arrhenius 

model allows prediction of cell injury for arbitrary time-temperature profiles. Equations 

(1) and (2) describe the Arrhenius model: 

 

 

 

 

𝛺 (𝑡) = ln (
𝐶0

𝐶(𝑡)
) (1) 

𝛺 (𝑡) = 𝐴 ∫ 𝑒
−𝐸𝑎

𝑅𝑇(𝜏) 𝑑𝜏,

𝑡

0

 𝑃 = 100 (1 − 𝑒−𝛺) (2) 
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where C0 is the initial concentration of live cells prior to thermal exposure, C(t) is the 

concentration of live cells after t seconds of heating, Ω(t) is a positive number 

representing extent of thermal damage at time t, A is the frequency factor (s−1), Ea is the 

activation energy (J/mole), R is the universal gas constant (8.31 J⋅K−1⋅mol−1), and T is 

temperature [K]. The value of Ω(t) can be cast as a probability, P, of thermally induced 

injury.   

 

 

 

The parameters of the model, A and Ea, are cell line specific, and can be determined from 

experiments where cells are exposed to isothermal heating. As the first step, the rate of 

decay in cell viability (k) can be determined from viability measurements following 

heating as a function of time at multiple temperatures[54], by fitting Equation (3) to the 

experimentally measured cell survival, S. Then, using Equation (4), the relationship 

between the natural logarithm of the constant (k) and the reciprocal of temperature (1/T) 

is plotted to find A and Ea from the slope and y-intercept of the fit, respectively. 

3.2.4.2 Arrhenius injury model with time delay 

As described by Feng et al. [176] and Pearce et al. [177], some cell lines initially exhibit a 

significant shoulder region where cell viability remains high until a threshold lethal 

thermal dose is attained. The conventional Arrhenius model may not accurately represent 

changes in cell viability for these cells. To address this limitation of the standard 

Arrhenius thermal injury model, an improved Arrhenius model was presented by Pearce 

𝑆 = 𝑒−𝑘𝑡 (3) 

ln(𝑘) = ln(𝐴) −
𝐸𝑎

𝑅𝑇
 (4) 
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et al. [177], by adding a temperature-dependent time delay (td) using the slope (m) and 

intercept (b) to compensate for the measured viability data within the shoulder region: 

 

Where t represents total heat exposure duration, td denotes the time delay in seconds, T 

is the temperature in Kelvin, and m and b represent relevant coefficients obtained by 

slope and intercept of the equation, respectively. The ordinary Arrhenius injury process 

is initiated when t> td and is calculated from that point forward. 

3.2.4.3 Two-state injury model 

Feng et al. [176] presented a two-state cell damage model under hyperthermia conditions 

which was reported to be in good agreement with experimental data. In their study, a 

general two-state model was proposed to characterize the entire cell population with two 

distinct and measurable subpopulations of cells, in which each cell is in one of the two 

substates, of either viable (live) or damaged (dead). The resulting cell viability can be 

expressed as follows: 

𝐶(τ, T) =
𝑒(

−Φ(τ,T)
KT

)

1 + 𝑒(
−Φ(τ,T)

KT
)
 (7) 

ln (
𝐶(τ, T)

1 − 𝐶(τ, T)
) = (

γ

T
) −  β −  ατ (8) 

𝑡𝑑 = 𝑏 − 𝑚 𝑇 (5) 

  

𝛺 (𝑡) = {

0,               𝑡 < 𝑡𝑑

𝐴 ∫ 𝑒
−𝐸𝑎

𝑅 𝑇(𝜏)𝑑𝜏

𝑡

0

, 𝑡 ≥ 𝑡𝑑
 (6) 
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𝐶(τ, T) =
𝑒(

γ
T

)−β−ατ

1 + 𝑒(
γ
T

)−β−ατ
 (9) 

𝛷(𝜏, 𝑇) was defined as a function that is linear in exposure time τ when the temperature 

𝑇 is fixed and K is constant. In their study, in vitro cell viability data from hyperthermia 

experiments on human PC3 prostate cancer cells and normal RWPE-1 cells was compared 

against the two-state damage model and used to determine the parameters in the function 

Φ(𝜏, 𝑇). This model requires three experimentally derived fit coefficients (𝛼, 𝛽 and 𝛾) that 

were estimated using a standard bilinear least-squares regression algorithm. Finally, the 

fractional cell survival at any time point can be calculated using Equation (9). 

3.2.4.5 Determination of cell injury thermal dose (CEM43) 

The Sapareto-Dewey thermal isoeffective dose model is a means to compare thermal 

damage accumulated after heating with an arbitrary time-temperature profile against t43, 

the equivalent time needed to achieve the same level of damage when heated to 43°C 

(CEM 43) [184], [185]. t43 can be calculated with Equation (10). 

 

 

Where t43 is the cumulative number equivalent time (min) at 43°C,  𝑇i is the temperature 

at the i-th time interval ti, and RCEM is 0.5 when Ti > 43°C and RCEM is 0.25 when Ti ≤ 

43°C. In Equation (10), RCEM represents the rate at which time taken to achieve a thermal 

damage isoeffect drops for each unit rise in temperature.  

  

𝑡43 = ∑ 𝑡𝑖  𝑅𝐶𝐸𝑀
(43−𝑇𝑖)

𝑛

𝑖=1

 (10) 
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3.2.5 Model assessment 

The accuracy of our developed injury predictive models was assessed on murine KPC 

pancreatic cancer cell lines that were exposed to non-isothermal heating to temperature 

in the range 47–51°C. A coupled electromagnetic–bioheat transfer computational model 

simulating microwave thermal ablation (MWA, 50 W, 10 min with a 14 G water-cooled 

applicator), as described in our prior studies[186], was used to identify time-temperature 

profiles at the periphery of the ablation zone. Detailed information regarding the heat 

transfer model, parameters and the numerical method is explained in the supplementary 

file. 

Finally, in vitro hyperthermia experiments were performed to expose KPC cells to 

temperature profiles similar to those at the periphery of the ablation zone. The measured 

cell viability was compared against model predictions.  

3.3 Results 

3.3.1 Temperature profile in dummy well plates 

Figure 3-2 shows the measured temperature profile inside five wells of the dummy 96-

well plate during a 46°C hyperthermia exposure. Also illustrated are parameters used to 

quantitatively assess the heating profiles, including: ramp time, duration of the steady-

state phase, target error, homogeneity of heating, and duration of the cool-down phase. 

Table 3-1 lists the mean values and ranges for each of these parameters across heating 

experiments for target setpoint temperatures of 42.5, 44, 46, and 50°C for all three cell 

lines considered in this study. Accuracy represents the error between the target 

temperature and mean recorded temperature based on five sealed thermocouples during 

constant heating phase, ramp time represents the time required to reach the target 
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temperature from physiological temperature (37°C), and cooling phase showing the time 

it takes to drop to physiological temperature from target temperature following 

hyperthermia exposure. 

 

Figure 3- 2 (a) Illustration of temperature recorded by thermocouples in the dummy 

plate during a 46°C, 40 min hyperthermia exposure (b) illustration of temperatures 

over 1 min of the steady-state phase (c) illustration of temperatures during the cool-

down phase, and (d) illustration of temperatures during the heat-up phase 
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Table 3- 1 Assessment of transient temperature profiles during in vitro heating 

Target 

temperature [°C] 

Mean error [°C] 

[min–max] 

Mean variation 

between 

thermocouples [°C] 

[min–max] 

Mean ramp time 

[s] 

[min–max] 

Mean cool-down phase 

[s] 

[min–max] 

42.5 0.2 [0.1–0.3] 0.2 [0.05–0.35] 85 [65–130] 130 [95–165] 

44 0.25 [0.1–0.45] 0.35 [0.05–0.55] 75 [55–110] 320 [300–340] 

46 0.25 [0.15–0.35] 0.15 [0.1–0.3] 75 [50–150] 267 [230–300] 

50 0.18 [0.1–0.3] 0.2 [0.15–0.45] 80 [65–125] 320 [290–380] 

 

3.3.2 Cell viability measurement 

Figure 3-3 shows the measured cell viability assessed using the MTT assay for all three 

cell lines at 6 h and 24 h post hyperthermia. 
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Figure 3- 3 Measured cell viability for all three cell lines normalized to 37°C control 

for different recovery times. Error bars represent one standard deviation 
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3.3.4 Arrhenius thermal injury models 

Figure 3-4 (a) illustrates the relationship between ln (k) and 1/T for data measured at 24 

h post-heating. The thermal damage kinetic coefficients A and Ea are determined from 

the intercept and slope, respectively, of the best-fit line to the data. 

 

Figure 3- 4 (a) Correlation between the kinetic coefficients, ln (A) and Ea (KPC + 

Pan02 + STO), (b) comparison between the Wright’s plot (relationship between 

Arrhenius coefficients based on the literature) shown in solid black square markers 

and obtained Arrhenius coefficients for three different cell lines in our study. 

Hollow black, red and green square markers indicate the obtained Arrhenius 

coefficients for STO, KPC and Pan02 cells, respectively at 24 h post treatment in our 

study 

Table 3-2 lists the thermal damage kinetic parameters of Ea, A, and time delay parameters 

(m, b) that were calculated from the measured viability data 24 h post hyperthermia for 

each of the three cell types.  
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Table 3- 2 Obtained Arrhenius coefficients for all three cell lines 

Cell type Ea (J/mole) A (s−1) b m 

STO 455,630 e164.79 127,460 400 

KPC 383,112 e137.63 254,920 800 

Pan02 427,712 e153.63 127,460 400 

 

The coefficient of determination (R2) for calculated kinetic parameters was in the range 

of 95–99%, indicating the suitability of the Arrhenius injury models for predicting the 

extent of heat induced cell injury. The measured and calculated damage were compared 

as shown in Figure 3-5 (a) and Figure 3-5 (b) for the simple Arrhenius model and the 

Arrhenius model with time delay, respectively. The Root Mean Square Error (RMSE) for 

the simple Arrhenius model and the Arrhenius thermal damage model with time delay 

were 12.24% and 8.48%, respectively. 
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Figure 3- 5 Cell viability assessed at 24 h post in vitro hyperthermia exposure in 

KPC, Pan02, and STO cell lines. Markers indicate measured data points. (a) Solid 

lines represent the simple Arrhenius model; (b), solid lines represent the improved 

Arrhenius model with time delay; (c) solid lines represent the predictive two- state 

model 

3.3.5 Two-state model of thermal injury 

The measured and calculated damage were compared as described in Figure 3-5 (c). Cell 

viability data across all considered thermal doses in all three cell lines was investigated. 

RMSE for 6 h and 24 h recovery was 31.66% and 51.22%, respectively. 

3.3.6 CEM43 calculation 

Table 3-3 lists the RCEM values measured in the present study and compares against RCEM 

values for other cell types reported in the literature.  
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Table 3- 3 Calculated RCEM values for pancreatic cancer cells compared to other 

cell lines 

Cell types in our study R (T > 43 °C) Cell type from the literature R (T > 43°C) 

STO (Mice fibroblasts) 0.607 Prostate tumor cells [57] 0.474 –50.624 

KPC (Mice pancreatic tumor) 0.588 Baby hamster kidney cells [187] 0.550 

Pan02 (Mice pancreatic tumor) 0.596 Porcine kidney cells [188] 0.596 

 

Figure 3-6 (b) illustrates the mean value of recorded temperature based on five 

sealed thermocouples in the 96-well dummy plate as well as clinically relevant simulated 

temperature time history.  
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Figure 3- 6 (a) Simulated temperature map in a perfused pancreas tissue following 

10 min of MWA, the white contour indicates the regions where 50°C was achieved 

while the green circle and red x illustrate two positions along the periphery of the 

ablation zone where time-temperature history over 10 min was analyzed; (b) 

temperature plots calculated from the bio-heat transfer model (shown in dashed 

lines) during 10 min of MWA as well as experimentally measured temperatures in 

water bath settings (solid lines); (c) comparison between measured and calculated 

cell survival 

Figure 3-6 (c) shows the comparison between measured and calculated percentage of cell 

survival following hyperthermia exposures that were obtained by MTT assay and our 

developed predictive models, respectively. 
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3.4 Discussion 

Knowledge of thermal sensitivity of representative target cells is informative for the 

design and optimization of thermal therapy protocols (i.e., temperature and heating 

time). Prior studies have investigated the kinetics of thermal injury of hepatocellular 

carcinoma, prostate cancer and renal carcinoma cells at temperatures from 37–63°C 

using different heating modalities [57], [72], [189], [190]. However, there have been few 

reports of the kinetics of thermal injury to pancreatic cancer cells.  

Overall, we have shown that exposure to heat stress decreased cell viability in pancreatic 

cancer cells (i.e., KPC and Pan02), in agreement with other in vitro and in vivo studies 

examining hyperthermia’s effectiveness as a potential therapeutic modality for treating 

pancreatic cancer [191]–[197]. As expected, the rate of decline in cell viability was more 

rapid as the applied temperature increased. KPC cells exhibited slightly greater resistance 

to thermal stress than the STO cells, indicated by their higher cell viabilities following 

heat treatment while Pan02 cells showed the most resistance to heat treatment. We 

quantified the cell viability at 6 h and 24 h post heat exposure to visualize the progression 

of heat-induced cell death over time. For all three cell lines, the viability continued to 

decrease dramatically at 24 h post exposure for high temperature exposures (i.e., T = 

50°C, t > 5 min, T = 46°C, t > 20 min) compared to the viability at 6 h post exposure. 

Baumann and colleagues [198] also exposed pancreatic cancer cells (PANC-1 and BxPC-

3) to 45-50°C for 5 min and measured the viability in different time points up to 7 days 

post exposure. The results were similar to ours, showing that near-complete cell death 

can occur following exposure to high temperatures (e.g., 50°C) where complete cell death 

was not observed immediately post treatment, but instead took longer to fully manifest in 
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vitro. Ludwig et al. [196] also assessed the effect of hyperthermia on BxPC-3 human 

pancreatic cancer cells and showed that exposure to hyperthermia treatment at 41°C and 

43°C for 1 h have almost no impact on cell viability which was also reflected in our 

measured in vitro results.  

Lage et al. [199] investigated the thermal sensitivity of human gastric (EPG85-257) and 

pancreatic carcinoma (EPP85-181) cell lines using water bath hyperthermia and 

calculated the Arrhenius injury model parameters. However, in their study, hyperthermia 

temperature was limited to 45°C. In the present study, the optimized values for activation 

energy (Ea) and frequency factor (A) in murine pancreatic cancer cells (i.e., KPC and 

Pan02) were calculated under near-isothermal heating conditions. The obtained kinetic 

coefficients were aligned with the Wright’s line plot of the Arrhenius coefficients from 

Pearce [200]. The range of coefficient of determination in this study (0.95 < R2 < 0.98, 

see Figure 3-4) for temperatures between 42.5–50°C is similar to the values derived from 

other hyperthermia studies (0.95 < R2 for T > 40 °C) [54], [110], indicating the suitability 

of the Arrhenius model for predicting thermally-induced injury in pancreatic cancer cell 

lines in vitro.  

Similar to O’Neill [178] and Feng [176] we observed initial shoulder region where cell 

viability was not affected at low temperatures with short durations, hence an improved 

Arrhenius model was used to provide a better fit since the traditional Arrhenius 

parameters (activation energy and frequency factor) calculated from low temperature, 

long duration exposures may not accurately predict cell death resulting from high 

temperature, low duration exposures [54], [72]. Calculated RMSE values for all three cell 

lines were considerably improved when switching to the improved Arrhenius model from 
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the traditional Arrhenius model. The thermal dose was also calculated using RCEM that 

was derived from our temperature dependent cell survival data. The calculated RCEM 

values for KPC and Pan02 cells were 0.588 and 0.596, respectively. This was in agreement 

with the results presented by Mouratidis et al. [151] where the RCEM value for human colon 

cancer cell lines were calculated to be in the range of 0.5–0.53 at temperatures above 

43°C.  

We also assessed the suitability of the two-state injury model by Feng et al. [176] for 

predicting changes in viability following heating of pancreatic cancer cells. The results 

presented by Feng reasonably accurately demonstrates the shoulder region of cell viability 

curves in their study on PC3 cell lines. However, in our study a rather poor fit between 

the two-state model and our collected in vitro data was observed, as illustrated in Figure 

3-5. This might be due to limited number of temperatures considered in this study, as the 

model relies on additional measured data at longer heating times where the viability tends 

to drop dramatically. Moreover, Feng et al. point out that the Arrhenius fit might actually 

provide a better estimation of cell viability at the higher temperatures where the shoulder 

region is not relevant. As previously described by Pearce [175], inclusion of more 

thermodynamic states may improve the accuracy of the two-state model. 

Our study was limited to monolayer cell cultures, which may not accurately represent 

tumor cell response to heating in vivo. Previous in vivo studies have demonstrated a lower 

thermal threshold for destruction of tumors when compared to cell culture in vitro under 

thermal exposure profiles [57], [201], [202]. The thermal damage model coefficients 

reported in this manuscript may be used to guide the selection of time-temperature 

profiles that can be anticipated to yield a specified level of thermal damage in pancreatic 
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tumors, although caution should be taken when applying results to the clinical scenario 

given the use of murine cell lines in the present study. Notably, this study highlighted 

variable susceptibility of different cell lines to hyperthermic exposure. Pancreatic tumors 

exhibit relatively high inter-tumor and intra-tumor heterogeneity[203]; understanding of 

the differential thermal susceptibility of various cell populations to thermal exposure can 

inform prediction of the range of thermal damage levels anticipated for a given time-

temperature profile delivered in the clinical scenario. Further, in the clinical setting, 

thermal profiles are likely to vary across the targeted tumor due to the constraints of 

practical heating technology. Given time-temperature profiles observed during heating 

that can be measured with MRI or other thermometry techniques, quantitative analysis 

of thermal damage profiles can be performed using the reported thermal damage 

coefficients. Such analyses, coupled with post-treatment imaging of the targeted tumors, 

can provide means to assess and interpret treatment response[204]. 

3.5 Conclusion 

We measured the extent of thermal injury in murine pancreatic cancer cell lines after 

exposures to temperatures between 42.5–50°C as informed by in vitro studies, and 

derived thermal injury kinetic model parameters. Our results suggest that the improved 

Arrhenius model incorporating the time delay [177] to address the shoulder region is most 

suitable for use in mild hyperthermia therapies up to 60 min of heating. Finally, the 

accuracy of our developed injury predictive models were experimentally validated when 

cells were subjected to time-temperature profiles similar to those anticipated at the 

periphery of an ablation zone.  
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4. Modeling of temperature dependent 

release of Hsp70, Hsp90 and HMGB1 from 

pancreatic cancer cells 

 

 

4.1 Introduction 

Thermal therapies, including stand-alone thermal ablation and mild hyperthermia 

adjuvant to radiation/chemotherapy, are in varying stages of clinical use for treatment of 

tumors in diverse anatomic sites, and have been proposed as part of multi-modality 

treatment regimens for pancreatic cancer. Thermal therapies are known to induce 

expression of damage associated molecular patterns (DAMPs) at temperatures in the 

range 41– 43°C (i.e. in regions not heated to ablative temperatures)[42]. DAMPs such as 

heat shock protein (Hsp) family, high mobility group box 1 (HMGB1), and S100 proteins 

are increased following heat stress in the tumor region and are considered to have a 

pathogenic role in inflammatory diseases. Heat-induced expression of DAMPs may assist 

in refolding and repair of denatured proteins and aid in synthesis of new proteins in 

response to injury in cancer cells[205], [206]. Although Hsp family perform critical 

homeostasis function in normal cells, upregulation of Hsp in tumor cells due to the 

thermal stress may lead to poor treatment outcomes by enhancing tumor cell viability and 

imparting cellular resistance to chemotherapy and radiation treatments which may be 

employed in conjunction with hyperthermia [207], [208]. Gibbons et al.[209] 

hypothesized that increased expression of Hsp family may represent an important 
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survival factor in prostate cancer cell lines, and showed that heating cells results in the 

increased expression of Hsp family that is associated with resistance to radiation-induced 

apoptosis. For thermal ablation treatments, where heat is used as a stand-alone modality, 

tissue regions on the periphery of the ablation zone are within the hyperthermia range. 

Extracellular and membrane-bound DAMPs are recognized as playing a role in 

tumor-immune system interactions [210]. There is growing evidence that hyperthermia 

stimulates the release of DAMPs, leading to immunomodulatory effects of on the tumor 

microenvironment (TME) such as reoxygenation and increased tumor perfusion, and 

increased pro-inflammatory cytokines[42], [211], [212]. Zawawi et al.[53] investigated 

the effects of thermal treatment on tumor regression in  breast tumors and demonstrated 

that heating at 43°C may reduce tumor progression while significantly increasing the 

median survival of tumor-bearing mice. In their study, immunohistochemical analysis 

revealed a significant reduction in cells proliferation of heated tumors accompanied with 

abundance of Hsp70.  

The objective of the studies presented in this chapter was to determine the 

relationship of hyperthermia exposures up to 50°C with extracellular release of 

HSP70, HSP90, and HMGB1 from pancreatic cancer cells with application to 

develop computational models of the effects of heat treatment on tumor-immune 

system interactions. In vitro heating experiments were performed on two murine 

pancreatic cancer cell lines (KPC and Pan02), and protein release measurements 

were assessed by ELISA. Pan02 cells are derived from C57BL/6 mice given 

orthotopic 3-methyl-cholanthrene and contain a loss of function mutation in the 

SMAD4 gene which is functionally similar to mutations in ~30% of human 
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pancreatic cancers[213], [214]. The KPC mouse is involved with a point mutation in 

the KRAS gene (KRASG12D) and is a well-established and clinically relevant model 

of pancreatic ductal adenocarcinoma (PDA) that shows many key features observed 

in human PDA. The measured data were incorporated with computational models 

of bioheat transfer.  

4.2 Materials and methods 

4.2.1 Cell culture 

KPC cells were cultured with DMEM’s medium (Gibco™ 11995065, Fisher 

Scientific, Hampton, NH, USA) with 10% fetal bovine serum (Corning™ 35015CV, Fisher 

Scientific) and 1% penicillin-streptomycin (Gibco™ 15140148). Pan02 cells were cultured 

with RPMI 1640 Medium (Gibco™ 11875093, Fisher Scientific) supplemented with 

sodium pyruvate and 10% fetal bovine serum. Cultures were maintained in a 37 °C, 5% 

CO2 incubator in 75 cm2 phenolic culture flasks. In preparation for hyperthermia 

treatment, cells were seeded in T300 culture plates at a density of ~20,000 cells/cm2 at a 

volume of 30 mL medium/flask and maintained in a 37 °C, 5% CO2 incubator for 24 h to 

allow cells to reach log phase prior to hyperthermia.  

4.2.2 In vitro hyperthermia to monolayer cell culture flasks 

To expose cancer cells to hyperthermia, the caps of the T300 culture flasks were 

sealed with parafilm and then immersed in temperature-controlled water baths. To assess 

temperatures during hyperthermia, transient temperature profiles were recorded using 

three T-type thermocouples embedded within different locations of a dummy flask that 

contained no cells while filled with 30 ml of water/flask. The dummy flask was immersed 

in water baths simultaneously with the cell-containing flask, thus providing a reasonable 
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assessment of the temperatures within the cell-containing flasks. Figure 4-1 illustrates the 

dummy flask design, including three thermocouples positioned and sealed within three 

locations. 

 

Figure 4- 1 Dummy flask design sealed with three thermocouples at the bottom of 

the flask for monitoring temperature distribution during hyperthermia exposures 

Since the time to reach the setpoint temperature can be rather slow, we employed 

a two-step approach. First, both the cell-containing and dummy well plates were 

immersed in a water bath set at an elevated temperature of ~80°C. When the temperature 

recorded by thermocouples in the dummy flask reached within 0.5°C of the target 

temperature (i.e., 42.5, 44, 46, or 50°C), flasks were immediately transferred to another 

pre-heated water bath that was set to the desired target hyperthermic temperature for a 

predetermined duration in the range of 3–60 min. A USB thermocouple data acquisition 

module (TC-08 OMEGA) was used to record the temperature data from the 

thermocouples embedded within the dummy flask. Following hyperthermia treatment, 

parafilm was removed and the T300 culture flasks were returned to a 37 °C incubator for 

subsequent 24 h recovery of thermal injury. For each cell line, an additional flask 
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containing cells was also immersed in a 37°C water bath for the experimental durations 

considered in this study, providing a no-heat control. 

4.2.3 Heat-induced protein release evaluation 

After an incubation period of 24 h post-heating (shown to be effective evaluation 

periods for measuring protein expression[215]), the cell culture supernatant was collected 

from each  culture flask and was centrifuged for 20 min at 1000 g at 5°C  to remove the 

cell debris. The samples then were concentrated using 10k molecular-weight cut-offs 

centrifuge tubes. Finally, the concentrated samples were normalized using the whole 

protein assay (BCA). Similar to[216] enzyme-linked immunosorbent assay (ELISA) was 

performed to measure the concentration of Hsp70, Hsp90 and HMGB1 in concentrated 

supernatant samples. ELISA test is very sensitive and is used to detect and quantify 

substances, including antibodies, antigens, proteins, and hormones[217]. The detection 

of these products is done by antigen-antibody bindings to produce a measurable result. 

The measured optical density for each time-temperature combination was normalized to 

the optical density measured for no-heat controls immersed in a 37 °C water bath for the 

same time duration. The normalized values thus represent the average concentration of 

proteins across 3 flasks following hyperthermia exposure for each experimental group. 

4.2.4 Determination of heat-induced thermal dose (CEM43) 

The Sapareto–Dewey thermal isoeffective dose model is a means to compare thermal 

damage accumulated after heating with an arbitrary time-temperature profile against t43, 

the equivalent time needed to achieve the same level of damage when heated to 43°C 

(CEM 43)[59], [125]. t43 can be calculated with Equation (1). 
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            (1) 

where t43 is the cumulative number equivalent time (min) at 43 °C, Ti is the temperature 

at the i-th time interval ti, and RCEM is 0.5 when Ti > 43°C and RCEM is 0.25 when Ti ≤ 

43°C. In Equation (10), RCEM represents the rate at which time taken to achieve a thermal 

damage isoeffect drops for each unit rise in temperature. 

4.2.5 Mathematical modeling of of heat-induced protein 

release 

A thermal dose (CEM43) dependent model was developed to compute the extent 

of DAMPs release following hyperthermia exposures. This model represents a mixture of 

two Gaussian functions as illustrated in equation (2). 

      (2) 

 

Where the (𝛼1, 𝛽1, γ1) and  (𝛼2, 𝛽2, γ2) are the optimized coefficients for the first and 

second Gaussian function, respectively by fitting the model to the experimentally 

measured in vitro data. This Gaussian function is expressed in terms of the full width at 

half maximum (FWHM) represented by γ, indicating that 𝛼 is the height of the peak, 

and 𝛽 is the center of the blob. 

4.2.6 Integration of bioheat transfer in computational 

modeling 
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A bioheat transfer model was implemented to simulate temperature profiles within 

pancreatic tissue during microwave ablation with a 2.45 GHz water-cooled interstitial 

antenna using a coupled 3D electromagnetic-bioheat transfer model, as previously 

described[218]. The spatial profile of DAMPs release as a function of thermal dose was 

integrated with the bioheat transfer model. The time-harmonic electromagnetic wave 

equation (Equations 3-4) was solved to determine the spatial electromagnetic profile in 

tissue, and the associated electromagnetic power absorbed in tissue is given by Equation 

4. The Pennes’ bioheat transfer equation (Equation (5)) was used to model spatial 

distribution of temperature at each time step.  

 

                                                                        𝛻2𝐄 + 𝛽0
2(ε𝑟 −

𝑗𝜎

𝜔ε0
)𝐄 = 0                                                             (3) 

                                                                        𝑄𝑚𝑤=
1

2
𝜎 ∣ 𝐄 ∣2                                                                                 (4) 

 

                                                                                 𝜌𝑐
𝜕𝑇

𝜕𝑡
= 𝛻. 𝑘𝛻𝑇 + 𝑄𝑚𝑤 − 𝑚𝑏𝑐𝑏(𝑇 − 𝑇𝑏)                                        (5) 

 

Where 𝜌𝑐 represents volumetric heat capacity [J/m3/K], k is thermal conductivity 

[W/m/K], T is the temperature in Kelvin, 𝑄𝑚𝑤 is the time-averaged MW power absorbed 

in tissue [W/m3], 𝜎 [S/m] is electrical conductivity, 𝑐𝑏 is blood specific heat capacity 

[J/kg/K], 𝑇𝑏 is the temperature of inflowing arterial blood [K],  𝛽0 is the wavenumber in 

free space [1/m], ε𝑟 is the relative permittivity, ε0 is the permittivity of free space [F/m], 

and 𝜔 is the angular frequency [rad/s]. Following each time step of the transient solver, 

tissue properties were updated based on the current temperature, and the electric field 

and associated power loss density were re-computed, before solving the bioheat transfer 

equation for the next time step. The simulation proceeded in such an iterative manner for 
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the 10 min of simulated MW ablation. Table 4-1 summarizes the nominal values of tissue 

physical properties (at 37°C) used in our study. The temperature dependent thermal 

properties of pancreatic tissue have been reported in the literature, and these temperature 

dependencies were incorporated within our simulations. To our knowledge, the 

temperature dependent dielectric properties of pancreatic tissue across the ablative 

temperature range have not been reported; in this study, we applied a similar temperature 

dependency to pancreatic tissue dielectric properties as has been reported for other tissue 

types such as liver and lung[219], [220]. The model was implemented with COMSOL 

Multiphysics v6.0. 

 

Table 4- 1 Pancreas tissue biophysical properties employed in simulations 

Tissue property Nominal value at 
37 °C 

Reference for 
temperature 
dependency 

Relative permittivity ε𝑟  57.2 [221] Adapted from [219], 
[220] 

Electrical conductivity 𝜎 1.97 S/m [221] Adapted from [219], 
[220] 

Volumetric heat capacity 𝜌𝑐 3.73 × 106 J/m3/K 

[222] 

[222] 

Thermal conductivity k 0.53 W/m/K [222] [222] 

Perfusion rate 𝑚𝑏 767 ml/min/kg [223] Reduced to 0 above 60 °C 
to simulate microvascular 

stasis [224] 

 

The initial temperature in all tissue domains was set to 37°C. We used a first order 

scattering boundary condition at simulation boundaries and thermal insulation boundary 

condition around the periphery of the tissue domain. The metallic parts of MW applicator 

are highly conductive and thus perfect electric conductor boundary condition was applied 

to those surfaces. Additionally, a convective heat-flux boundary condition shown in 
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Equation 6 was applied to the exterior surface of MW applicator shaft to account for the 

cooling effects of circulating water through the MW applicator.  

 

                                                                                 𝑞0 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇)                          (6) 

 

Where heat transfer coefficient (h) and external temperature were selected to be 200 

[W/ m3/K] and 20 °C, respectively. 

A non-uniform mesh with tetrahedral elements was employed in our study, with mesh 

density highest around the input port of MW applicator while being allowed to grow 

coarser around the applicator shaft. The maximal tetrahedral element edge length was 

0.2 mm, 0.5 mm and 1–2 mm at MW input port, around the applicator shaft, and around 

tissue boundaries, respectively. 

4.3 Results 

4.3.1 Temperature profiles during in vitro heating experiments 

Figure 4-2 shows the measured temperature profile inside the dummy T300 flask 

during hyperthermia exposures. Parameters used to quantitatively assess the heating 

profiles are also illustrated, including: ramp time, duration of the steady-state phase, 

target error, homogeneity of heating, and duration of the cool-down phase.  
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Figure 4- 2 Illustration of recorded temperature (mean ± STD) by thermocouples in 

the dummy flask during heat exposures to 42°C, 44°C, 46 °C and 50°C, (a) 

illustration of temperatures during the heat-up phase (b) illustration of 

temperatures over 100 seconds of the steady-state phase and (c) illustration of 

temperatures during the cool-down phase 

Table 4-2 lists the mean values and ranges for each of these parameters across 

heating experiments for target setpoint temperatures of 42, 44, 46, and 50°C for all three 

cell lines considered in this study. Accuracy represents the error between the target 

temperature and mean recorded temperature based on five sealed thermocouples during 

the constant heating phase, ramp time represents the time required to reach the target 

temperature from physiological temperature (37°C), and the cooling phase represents the 

time it takes to drop to physiological temperature from target temperature following 

hyperthermia exposure. These data demonstrate the suitability of the experimental setup 

for assessment of DAMPs release following exposures to temperatures up to 50°C. 
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Table 4- 2 Assessment of transient temperature profiles during in vitro heating 

 

4.3.2 Measurement of heat-induced DAMPs release 

 Figure 4-3 and figure 4-4 show the measured protein release from the supernatant 

samples obtained from ELISA for two murine cancer cell 24 h post hyperthermia. 
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Figure 4- 3 (a) Heat induced extracellular release of Hsp70 within concentrated 

supernatant samples as a function of heating time and temperature determined 

with ELISA and evaluated at 24 h post heat exposure for KPC and Pan02 cells. The 

values were normalized based on the total protein assay. (b) heat induced 

extracellular release of Hsp90 and HMGB1 within concentrated KPC supernatant 

samples 

As illustrated in figure 4-3, greater than 15-fold increase in HSP70 levels was 

induced in both KPC and Pan02 cells compared to non-heated controls, with maximum 

release of 140-200 ng/ml occurring at 44°C, 40-60 min while diminishing substantially 

at higher temperature exposures of 46°C and 50°C in both cell types. Maximum 

extracellular release of HSP90 and HMGB1 from KPC cells was observed at 44°C, 20 min 

for HSP90 (700 pg/ml) and at 50°C, 5 min for HMGB1 (350 pg/ml). There was no 
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detectable release of HSP90 and HMGB1 from Pan02 cells at all temperatures considered 

in this study, suggesting Pan02 cells greater robustness to thermal stress compared to 

KPC cells.  

 

 

Figure 4- 4 (a) Heat induced extracellular release of Hsp70 within concentrated 

supernatant samples as a function of thermal dosage (CEM 43) determined with 

ELISA and evaluated at 24 h post heat exposure for KPC and Pan02 cells. The values 

were normalized based on the total protein assay. (b) heat induced extracellular 

release of Hsp90 and HMGB1 within concentrated KPC supernatant samples 

Figure 4-5 represents the relationship between the DAMPs release from KPC cells and the 

cell viability following hyperthermia treatments. 
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Figure 4- 5 (a) Comparison of measured cell viability with (a) Hsp70 in KPC cells (b) 

Hsp90 and HMGB1 in KPC cells and (c) HMGB1 in KPC cells as a function of 

temperature and heating duration 

4.3.3 Mathematical modeling of heat-induced DAMPs release 

Figure 4-6 represents the comparison between the experimental measurements and the 

mixture of Gaussians fit as a function of thermal dose.   
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Figure 4- 6 Comparison between measured and model-predicted (a) Hsp70 release 

from KPC and Pan02 cells and (b) Hsp90 and HMGB1 release from KPC cells 

Table 4-3 lists the optimized model parameters that were calculated from the 

measured DAMPs release data 24 h post hyperthermia for KPC and Pan02 cells. 

Table 4- 3 Optimized coefficients for predictive DAMPs release model 
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4.3.4 Simulation results for heat-induced DAMPs release 

Figures 4-7 and 4-8 illustrate the simulated DAMPs release following 5-10 min of MW 

ablation between 10 W and 40 W in pancreatic tumors.  
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Figure 4- 7 Simulation results for DAMPs release where white contour indicates the 

extent of Arrhenius based thermal injury and the white pixels indicate uncertainty 

of the simulated data due to lack of experimental in vitro data: (a) simulation result 

for DAMPs distribution following 10 W applied power during microwave thermal 

ablation for 5 min, (b) simulation result for DAMPs distribution following 20 W 

applied power during microwave thermal ablation for 5 min (c) simulation result 

for DAMPs distribution following 40 W applied power during microwave thermal 

ablation for 5 min (d) simulation result for DAMPs distribution following 20 W 
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applied power while limiting the maximum  tissue temperature to 50°C during 

microwave thermal ablation for 5 min 
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Figure 4- 8 Simulation results for DAMPs release where white contour indicates the 

extent of Arrhenius based thermal injury and the white pixels indicate uncertainty 

of the simulated data due to lack of experimental in vitro data: (a) simulation result 

for DAMPs distribution following 10 W applied power during microwave thermal 

ablation for 10 min, (b) simulation result for DAMPs distribution following 20 W 

applied power during microwave thermal ablation for 10 min (c) simulation result 

for DAMPs distribution following 40 W applied power during microwave thermal 

ablation for 10 min (d) simulation result for DAMPs distribution following 20 W 
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applied power while limiting the maximum  tissue temperature to 50°C during 

microwave thermal ablation for 10 min 

4.4 Discussion 

 Knowledge of heat bioeffects is informative for the design and optimization of 

thermal therapy protocols (i.e., temperature and heating time). Prior studies have 

investigated the heat-induced expression of DAMPs in prostate cancer cells[174], kidney 

cancer cells[225], mesenchymal stem cells[226] and breast cancer cells[227] using 

different heating modalities, however, there are few reports on studies investigating the 

heat-induced release of DAMPs such as Hsp family and HMGB1 proteins from pancreatic 

cancer cells.  

In the present study, significant Hsp70 release (greater than 15 folds) was induced 

following heat stress, whereas Hsp90 and HMGB1 elevations were minimal. The most 

dramatic increase in DAMPs release was associated with Hsp70, indicating that it may 

play a significant role in modulating tumor-immune system interactions following heat 

stress in pancreatic cancer cells as previously reported by Giri et al.[228]. As expected, 

the rate of increase in Hsp70, Hsp90 and HMGB1 release from pancreatic cancer cells 

was more rapid as the applied temperature increased. Pan02 cells exhibited slightly 

greater resistance to thermal stress than the KPC cells, indicated by not only their higher 

cell viabilities but also lower release of DAMPs following heat stress. The release of heat-

induced Hsp family from pancreatic cancer cells showed a thermal dose (CEM43) 

dependent Gaussian trend, increasing in mid thermal doses while significantly 

diminishing to the basal levels when higher thermal dose is achieved. This was in 

agreement with the results presented by Rylander et al.[174], where the Hsp70 expression 
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levels from PC3 prostate cancer cells increased at temperatures in the range 44-46°C for 

10 min while diminishing at longer heating durations. Forika et al.[229] also reported on 

upregulation of Hsp70 from pancreatic cancer cells (Panc1) at 42°C for 60 min which is 

in agreement with the results presented in our study.  

Knowledge of the relationship between temperature distribution during thermal 

treatment of tumors in clinical settings and spatial Hsp distribution in vivo may be 

valuable for predicting regions of treatment success or failure. The use of computational 

models for predicting the extent of the ablation zone for planning ablation procedures has 

been extensively studied. This work illustrates how current modeling platforms can be 

extended to include the dynamics of DAMPs release following treatments, and thus 

contribute to planning of ablation treatments performed together with immunotherapy. 

[230]–[232]. As illustrated in figure 4-7, Hsp70 and Hsp90 release distribution was 

primarily observed at the boundary of thermal ablation. The microwave heating 

applicator was surrounded by two distinct zones including the central and periphery zone. 

The central zone was associated with coagulative necrosis where high thermal doses were 

achieved, while the periphery zone at the boundary of thermal ablation was associated 

with sub-lethal reversible thermal injury and showed increased levels of Hsp release, 

potentially resulting in interaction with antigen presenting cells, attracting immune cells 

and stimulating the anti-tumor immune response. This was in agreement with the results 

presented by Li et al.[233], where a radiofrequency ablation (RFA) device was used for 

thermal ablation of the lung cancer. Zhou et al.[234] also confirmed this hypothesis in 

their study, where significant upregulation of Hsp70 and CD+8 T cells was observed in 

residual liver tumor regions following incomplete radiofrequency tumor ablation. 
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The mechanism as to how the DAMPs are released (e.g., through extracellular 

vesicles (EVs) or binding to receptors) from stressed/dying cells and how these molecules 

are engaged in activating the anti-tumor immune response was not investigated in the 

present study, constituting an area of interest for future further in-depth investigation. 

Another subject of widespread investigation is how thermal therapies can induce a 

systemic tumor-specific response in patients with pancreatic cancer, potentially 

enhancing tumor susceptibility to immunotherapeutic agents by blocking the 

immunosuppressive signals deep in the tumor, and enhancing tumor blood perfusion for 

immune cells infiltration which leads to reduced risk of cancer metastasis, increased drug 

accumulation and improved anti-tumor immune response in patients with pancreatic 

cancer. 

4.5 Conclusion 

We have measured the release of thermally induced HSP70, HSP90, and HMGB1 

from murine pancreatic cancer cells after exposure to temperatures in the range 42–50°C 

as informed by in vitro studies and derived heat-induced DAMPs release model 

parameters. The model coefficients reported in this study may enable development of 

predictive models for protein release as a function of thermal stress to design more 

effective hyperthermia treatments. These models may inform future studies investigating 

how thermal therapy influences cancer immunotherapy approaches. 
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5. A microwave patch antenna for 

hyperthermia treatment of cell culture 

models 

 

5.1 Introduction 

 

 Thermal therapy is a type of medical treatment where the target tumor tissue is 

exposed to temperatures above the body temperature for therapeutic benefits. Several 

clinical studies have highlighted the benefits of thermal ablation in patients with 

pancreatic cancer by heating tumors to cytotoxic temperatures of 50°C or higher for 4 

minutes or longer[23]–[26]. Over the last decade, minimally invasive thermal therapy 

either as a stand-alone ablative or as an adjuvant to chemoradiotherapy has received 

substantial attention for the treatment of many local malignancies[21]. Aside from 

ablative cytotoxic effects in thermal ablation (T>50°C)  modalities, it has been shown that 

mild hyperthermia exposure (39–42°C) for >30 min, induces many biological effects such 

as tumor reoxygenation[31], [32], anti-tumor immunity[33]–[35], improved drug 

delivery[36], [37], sensitization of cancer cells to DNA damaging agents[38], [39], and 

activating promoters for gene therapy[40], [41]. 

Thermal therapy can be induced to the target regions through a wide range of 

energy modalities such as non-invasive high-intensity ultrasound (HIFU[17], image 

guided minimally invasive percutaneous or endoscopically delivered microwave (MW) 

electromagnetic heating[18], [235], lasers[19], and radiofrequency (RF) currents[20], 
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[236], [237]. According to the clinical data, preoperative hyperthermia combined with 

radiation and/or chemotherapy with surgery may benefit patients with locally advanced 

cancer by decreasing local recurrence and improving the survival rate within patients. 

Bioeffects of heating including changes in cell viability, stress protein expression, 

and other biomarkers have been defined as a complex function of heat intensity and 

duration of heating (i.e., time - temperature history) which may vary across all tissue 

types. Overgaard et al. showed that the time–temperature relationship follows a variable 

pattern, indicating that each 0.5°C drop in the temperature below 43°C and each 1°C 

reduction above 43°C will double the treatment time required to obtain an equivalent 

therapeutic effect[126]. Cell/tissue-specific parameters for these models can be 

determined from experiments on cells in vitro [54]. Hence, in vitro studies are needed to 

study the bioeffects of heat on cellular levels and to develop tools that allow us to simulate 

clinical trials with sufficient details to study treatment outcomes in different conditions. 

By using these predictive models, clinicians can test and predict treatment failures in 

simulations rather than in patients, resulting in improved treatment design and reduced 

risks and side effects.  

While in vitro experiments on monolayers are informative, 3D cell cultures (e.g., 

spheroid, organoids) provide an experimental platform accommodating multiple cell 

types in an environment that may be more representative of tumors in vivo. Furthermore, 

while the water-bath based in vitro platform applied for monolayers is well suited to 

achieving near-uniform temperature profiles, in vivo delivery of hyperthermia often 

yields a gradient of temperatures that is not achieved through water-bath based heating.  
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Several MW patch antennas have been reported for use in biological tissues 

including a microstrip C patch antenna[238], a microstrip contact flexible antenna[239], 

a rectangular patch antenna[240] and annular ring patch antenna[241]. However, there 

have been very few studies focusing on developing hyperthermia microstrip platform for 

in vitro use.  

The objective of the present study was to develop an in vitro platform for exposing 

cells in 3D culture (co-culture of multiple cell populations) to MW hyperthermia. The MW 

patch antenna includes a printed patch antenna and associated thermal management 

elements and is optimized for resonance at 2.45 GHz. Numerical simulations for antenna 

design optimization are carried out using electromagnetic (EM) simulation software. The 

developed MW hyperthermia platform was used to study changes in gene expression 

profile of a 3D culture of PDAC cancer cells (Pan02) and fibroblasts. This non-contact 

microwave heating approach may help enable additional studies for exploring the 

bioeffects of heat on cancer cells. 

5.2 Materials and Methods 

5.2.1 Antenna and fixture design 

 Figure 5-1 shows the sketch of MW patch antenna with coaxial feeding designed in 

present study as well as the fixture design for placement of the MW applicator for in vitro 

use. Coaxial feeding is one of the most common techniques used for feeding the MW patch 

antennas. As illustrated in figure 5-1, the inner conductor of the coaxial connector extends 

through the dielectric and is connected to the radiating metal patch, while the outer 

conductor is connected to the ground plane. 
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Figure 5- 1 Sketch design of (a) MW patch antenna sketch with coaxial feeding, (b) 

designed fixture for use of the patch antenna in a 35 mm petri dish 

The antenna was designed on 1.5 mm thick substrate with 75 mm of length which includes 

a radiating metal patch, ground metal plane, dielectric substrate, and a coaxial feed line. 

The coaxial feeding cable consists of outer and inner conductors soldered to the ground 

plane and the radiating metal patch, respectively. The functioning and performance of 

microstrip antenna is dependent on the geometry of the patch, feeding position, substrate 

properties and feeding techniques[242]. Rectangular shape patch is the most popular 

type of patch used in microstrip antennas which was used in our study. The dielectric 

substrate should ideally offer low dielectric constant, low loss coefficient and sufficient 

thickness for better radiation efficiency and bandwidth. However, there is a trade-off 

between these properties since although dielectric substrates with lower loss provide 

better performance in radiation, they also result in larger devices in size with narrower 

bandwidths[243], [244]. 
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The patch geometrical parameters including dimensions of the rectangular patch 

(L and W) as well as the thickness of the substrate (h) were obtained and evaluated based 

on the relative permittivity of the manufacturer’s substrate (Table 5-1). 

Table 5- 1 Optimized design parameters 

Parameters Value 
 

2.2 < εr < 12 
 

4.5 

λ = 
𝐶

𝑓×√εr
 6 cm 

L = 
λ

2
 3 cm 

0.003 λ < Dielectric thickness < 0.05 λ 1.5 mm 

 

Where the εr represents the relative permittivity (i.e., dielectric constant) of the substrate 

obtained from the manufacturer’s website, C is the speed of light (3 × 108 m/s), f is the 

resonance frequency (2.45 GHz) and L is the length of the patch, resulting in a 3 cm × 3 

cm dimensions. 

The position of the feed can also be altered to control the input impedance which 

will affect the overall performance of the antenna. The optimized feed position was 

determined using parametric sweeps in the numerical simulations to meet the design 

objective of resonance at 2.45 GHz with best impedance matching as illustrated in figure 

5-2. 

5.2.2 Electromagnetic simulations 
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 Electromagnetic (EM) simulations were carried out which solves time-harmonic 

wave equation for the electric field. Heat transfer module was also used in the simulation 

to calculate for time-dependent temperature distribution throughout the culture media 

inside the petri dish during MW heating. The dielectric properties used in the numerical 

simulations are tabulated in Table 5-2. The boundaries of the computational domain were 

assigned as perfectly matched layers to absorb the scattered radiated EM fields in 

frequency-domain. Swept frequency simulations were carried out for finding the optimal 

coaxial feeding position on the radiating metal patch at 2.45 GHz.  

 

Table 5- 2 Dielectric properties at 2.45 GHz 

Materials Relative 
permittivity 

Electrical conductivity 
(S/m) 

Fr 14 (antenna substrate) 4.3 0.0117 

Copper (metal patch and ground plane) 1 60000000 

Water (medium) 78 1.31 

Air (gap between antenna and media) 1 0 

Teflon (feed insulation layer) 2.1 0 

    

 Figure 5-2 shows the developed geometry of the model along with the top view of 

the MW patch antenna for finding the optimal feeding position. 



98 
 

 

Figure 5- 2 (a) Developed model geometry including the radiating metal patch, 

feeding port, the fixture and petri dish containing water (b) top view of the MW 

patch antenna placed on the designed fixture for heating the petri dish 

5.2.3 Antenna and fixture fabrication 

 Figure 5-3 illustrates the 3D printed fixture along with the fabricated antenna 

suitable for heating the cell culture contents in the 35 mm petri dish. A dummy dish was 

introduced to the system which contains water to monitor the temperature during MW 

hyperthermia exposure (see figure 5-3). To avoid measurement errors due to interference 

in electromagnetic environment, fiber optic temperature sensors were used instead of 

thermocouples in this study. 
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Figure 5- 3 Experimental photograph of the patch antenna long with the fixture and 

the placed temperature sensors (n=4) to monitor the temperature in the dummy 

petri dish filled with 5 ml volume of water during MW hyperthermia exposure 

To assess temperatures during MW hyperthermia, transient temperature profiles were 

recorded using four fiber optic temperature sensors radially placed within the dummy 

petri dish that was filled with 5 mL of water. The fixture was equipped with inflow and 

outflow ports to be filled with water and to absorb scattered electromagnetic radiation. 

5.2.4 3D cell culture hyperthermia platform 

Since the designed MW hyperthermia system requires to remove the petri dish lid for 

more efficient heating, the heat experiments were performed on 3D culture dishes inside 

the biosafety cabinet, avoiding contamination from the air. Figure 5-4 illustrates the 

experimental setup for heating 3D cell culture dishes inside a biosafety cabinet. 
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Figure 5- 4 (a) Experimental setup of MW hyperthermia treatment in vitro including 

the generator, coaxial cable and MW antenna (b) top view of the MW antenna placed 

in the designed fixture (c) 3D cultured sample containing Pan02 and STO cells 

inside the 35 mm petri dish 

5.3 Results and discussion 

5.3.1 Simulation results 

5.3.1.1 S parameters and electric field 
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Figure 5-5 shows simulated electric field intensity near developed patch antenna 

and heating losses profile in medium inside the petri dish. 

 

Figure 5- 5 Simulated electrical results of designed patch antenna (a) S11 calculation 

for different feeding positions located on the metal patch (b) and (c) respectively 

represent the sagittal and axial plane of the electric field norm with white arrows 

indicating the orientation of electric field vector, while (d) and (e) respectively 

represent the sagittal and axial plane of the power loss density when 20 W power is 

applied at the feeding port of the antenna 

 Figure 5-5 (a) shows simulated reflection coefficients (s11) profiles of developed 

patch antenna as a function of various positions of coaxial feeding point, ranging from 5.1 

mm to 5.9 mm offset from center of radiating patch in x-axis and 2.7 mm to 3.5 mm in y-

axis. Overall, the central frequency of -10 dB bandwidth of the antenna is located at 

2.45GHz. By off-setting feeding point of antenna in both x and y axis, the bandwidth of 

antenna was enhanced by introducing 2 resonant peeks with slightly different resonant 
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frequencies with their average value being the target frequency of 2.45 GHz. Such 

enhancement is necessary to ensure that manufactured antenna will retain the acceptable 

matching (<8 dB) at 2.45 GHz even with dimensions which could change within 

manufacturer tolerance range. Figures 5-5 (b-c) show the distribution of electric field 

within the fixture in space between patch antenna and petri-dish filled with medium. It is 

illustrated that due to the high relative permittivity of medium with respect to 

surrounding materials, only a portion of electric field propagates inside media. However, 

in figure 5-5 (d-e) it is visible that the electric field in media still results in appreciable 

heating (W/m3), raising the temperature to ablative temperature range. As shown in 

figure 5-5 (d) and (e), the MW electromagnetic radiation at 2.45 GHz frequency can 

efficiently generate heat by rapid changes in the electric field within lossy media (water).  

5.3.1.2 Temperature map simulation 

 Figure 5-6 shows the simulated temperature distribution uniformity throughout 

the heated media (water) inside the petri dish when 20 W power was applied at the 

antenna’s port for 10 min. 
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Figure 5- 6 Numerical simulation-based temperature evaluation (a) vertically and 

(b) 2D plane of top surface of the media (Water) following 10 min of heating at 20 

W applied power at the antenna’s feeding port 

 Simulation results demonstrated that a uniform thermal field can be obtained 

vertically (bottom to top variation) with slight variation of ±0.4°C as shown in figure 5-6 

(a). Despite the uniformity of temperature distribution vertically, simulation results 

revealed that non-uniform temperature distribution (~5°C) was achieved at the top 

surface inside the petri dish (figure 5-6 (b)). 

5.3.2 Experimental results 

5.3.2.1 S parameters 

 Figure 5-7 illustrates the experimentally measured return loss (S11) of two 

fabricated antennas in our study.  
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Figure 5- 7 Measured S11 parameters for two fabricated antennas with three 

repetitions (n=3) per antenna 

As illustrated in figure 5-7, the S11 at the operating frequency of 2.45 GHz was measured 

to be -15 dB across all measurements, meaning that around 97% of the received power 

goes through the antenna while only 3% of the power will be reflected. This measurement 

agrees with a previous study where a compact C-type MW patch antenna was designed 

for heating the tissues at 434 MHz frequency. In their study, the measured S11 was 

reported to be approximately -15 dB[245]. Furthermore, the consistency of the fabricated 

antennas with regards to their electrical performance was confirmed in the present study.  

5.3.2.2 Temperature measurement 

 Figure 5-8 shows the obtained temperature profiles obtained during MW 

hyperthermia exposures for different power and time combinations.  
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Figure 5- 8 Transient temperature profile of (a) constant MW power heating mode 

(b) controlled temperature MW heating mode measured by five temperature 

sensors during the ramping, 10 min of steady-state and cooling phase 

Temperature inside the media samples can be controlled by adjusting the intensity 

(radiating power) and duration (exposure time) of MW radiation. Similar to Asano et 

al.[114], the power was adjusted at varied output levels to maintain the sample 

temperature inside the petri dish. Ramp time represents the time required to reach the 

target temperature from physiological temperature (37°C), and the cooling phase 

represents the time it takes to drop to physiological temperature from target temperature 

following hyperthermia exposure.  

To heat the 3D culture samples inside the petri dish, the initial generated power was 

selected to be 40 W for 2 min and 2.5 min for reaching to 42°C and 46°C controlled 

heating, respectively. This was followed by 20 min of temperature-controlled MW heating 

by reducing the power level from 40 W to 3 W and 5 W for 42°C and 46°C, respectively. 

Finally, the power was set to zero until the temperature dropped to 37°C (cooling phase). 

The ramping as well as cooling phase in present study were significantly shorter than the 
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raping and cooling phase that were obtained from the in vitro MW hyperthermia device 

presented by kiourti et al.[111]. This indicates a major advantage of the developed MW 

hyperthermia system in present study since longer durations at hyperthermic 

temperature range during raping or cooling phase may significantly affect the 

cellular/molecular response. 

5.4 Conclusion 

A 2.45 GHz MW patch antenna is developed that is suitable for hyperthermia treatment 

of monolayer/3D cell culture inside the petri dish. Simulation results indicate that the 

designed patch antenna can provide heating with ~5°C temperature uniformity 

throughout the 5 mL volume of culture media. Experimental results showed that that the 

2.45 GHz patch antenna is simple and easy to use for heating the cell culture samples to 

desired hyperthermic temperature with a fast-ramping time of ~1 min while maintaining 

the target temperature in the steady-state phase during the hyperthermia exposure.  
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