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A B S T R A C T

Scaffolds used in regenerative medicine are increasingly expected to address personalization, bioactivity, and 
sustainability, underscoring the need for characterization methods that reliably predict safety and efficacy. 
Isothermal microcalorimetry (IMC) offers a highly sensitive, label-free, real-time measurement of heat flow from 
energy-generating or -consuming process at scaffold interfaces. By monitoring microbial activity, host cell 
metabolism, material stability, and responses to environmental or therapeutic factors, IMC provides physio
logically relevant insight into scaffold performance over extended periods. Its non-destructive, low-preparation, 
and passive nature preserves samples for complementary analyses, making it a versatile yet underutilized tool in 
biomedical research. This review introduces IMC for scaffold design and characterization, emphasizing its ca
pacity to evaluate vulnerability to biofilm formation and the effectiveness of anti-biofilm strategies. It further 
explores applications in tracking scaffold formation, assessing host cell-material interactions and tissue devel
opment, and probing the antitumor potential of engineered scaffolds. The review concludes with a perspective on 
IMC’s role in advancing scaffold translation within the evolving regulatory landscape shaped by the FDA 
Modernization Acts 2.0 and 3.0.

1. Introduction. Design of scaffolds in the 21st century

Scaffolds for regenerative medicine are no longer merely passive 
materials serving as physical supports for cell growth. In the context of 
the Fifth Industrial Revolution (Industry 5.0), scaffolds—like all modern 
medical devices—are now expected to meet demands for personaliza
tion, bioactivity, and sustainability [1].

Throughout the 20th century, industries developed efficient mass 
production techniques and protocols, leading to cost reductions and 
continuous improvements in product quality. Automation made a wide 
range of products, including those related to health and welfare, more 
accessible to broader populations. However, by the early 21st century, 
not only affordability but also enhanced performance and personaliza
tion is increasingly demanded. As a result, the paradigm shifted from 
mass production to mass personalization or customization, with many 
new associated challenges [2].

Driven by next-generation information technologies, Industry 5.0 
emphasizes “personalization,” placing human well-being at the core of 
manufacturing systems [3]. It builds upon the technological advance
ments of Industry 4.0 by offering highly personalized products and 

services, empowering consumers to play an active role in product 
development. The defining features of Industry 5.0 are human- 
centricity, sustainability, and resilience. In healthcare, digitalization 
has transformed patient care through earlier diagnosis, faster develop
ment of targeted treatments, and more integrated data and monitoring 
systems, all with reduced manual effort [4]. Industry 5.0’s focus on 
personalized automation has made the individualized delivery of care a 
reality. Personalized medicines, patient-specific implants, artificial or
gans, custom transplants, and individualized surgical planning and in
struments are now increasingly feasible [5,6].

Beyond personalization, 21st-century research on medical devices 
must also address two critical challenges: eco-sustainability and anti
microbial resistance. Scaffolds tailored to individual patient needs 
require novel fabrication technologies and bioactive (cell-instructing) 
materials that strike a balance among safety, cost, sustainability, and 
environmental impact [7–9]. Growing concerns over plastic waste from 
medical device production and use are prompting researchers to seek 
biodegradable and eco-friendly alternatives to synthetic polymer
s—often turning to terrestrial and marine biological or bioinspired 
sources [10–12]. Additionally, improving the physicochemical stability 
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of current materials to extend their shelf life is a key area of interest 
[13].

In the era of antimicrobial resistance, tissue regeneration faces two 
major challenges: many wounds and damaged tissues are already 
infected before treatment, and scaffold implantation carries inherent 
infection risks, especially from nosocomial bacteria introduced during 
surgery. Biofilm formation is notoriously difficult to eliminate, making 
prevention crucial. To develop materials that can resist or combat bac
terial colonization, better techniques are needed to characterize 
scaffold-bacteria interactions. As noted by Serrano-Aroca et al. (2022), 
the design of infection-resistant scaffolds requires attention to fabrica
tion, material properties, and bioactivity [14]. Assessing bacterial 
viability is essential to evaluate infection risks and avoid cross- 
contamination of tissues and patients, ensuring public health. Tradi
tional methods rely on three main indicators: culturability, membrane 
integrity, and metabolic activity. While culture-based techniques assess 
the ability of bacteria to grow on media, they fail to detect viable but 
non-culturable cells, i.e., living microorganisms that have lost their 
ability to grow and reproduce on standard laboratory media but remain 
metabolically active and capable of resuming growth under different 
conditions. Membrane integrity assays, though more comprehensive, 
are often complex and equipment-intensive. Metabolic activity-based 
methods can detect non-culturable cells but may still miss dormant 
bacteria that temporarily cease metabolic function [15].

Similar to bacterial assessments, the evaluation of mammalian cell 
compatibility with scaffolds and tissue growth is typically done at fixed 
time points. These endpoint measurements offer a static snapshot but 
often miss dynamic interactions occurring during incubation. Addi
tionally, the impact of pre-treatments—such as sterilization—on scaf
fold performance, cell/bacteria interactions and short-term biomaterial 
behavior is frequently overlooked, potentially biasing quality assess
ments [16,17]. Techniques capable of real-time monitoring of bacterial 
or cellular activity on scaffolds can provide deeper insights into these 
interactions, aiding the rational design of next-generation scaffolds.

In this context, isothermal microcalorimetry (IMC)—an established 
yet still underutilized technique—is attracting renewed interest. One of 
its main advantages is the ability to analyze virtually any type of ma
terial, from liquids to solids, without extensive preparation. Bio
materials and scaffold samples can be directly placed into 
microcalorimeter ampoules. By continuously monitoring heat flow in 
comparison to controls, IMC enables the quantification of both physical 
degradation processes (such as hydrolysis or corrosion) and biological 
interactions, including the adhesion of mammalian cells or bacteria to 
material surfaces, in terms of both rate and magnitude [18,19].

This review first introduces IMC, highlighting its advantages and 
limitations for biomedical applications, with a particular focus on 
monitoring events at biomaterial–biological interfaces. The literature to 
date has primarily focused on using IMC to monitor microbial growth. 
Accordingly, the subsequent sections of this review will analyze the heat 
flow signatures of bacterial and fungal activity and assess IMC’s po
tential to evaluate scaffold susceptibility to biofilm formation and the 
effectiveness of anti-biofilm additives. Finally, the review will explore 
IMC applications in monitoring the formation and physicochemical 
stability of scaffold-forming biomaterials, evaluating mammalian tissue 
development, and assessing the antitumoral activity of implanted 
scaffolds.

2. Direct microcalorimetry

Every living organism is in constant heat exchange with its envi
ronment. All metabolic processes that occur within an organism produce 
heat and every living organism is an open system that constantly ex
changes heat with its surroundings. Heat production occurs via cellular 
metabolism (bioenergetics) and cell work. Measuring the heat released 
requires a very sensitive system—the calorimeter.

Calorimetry derives from the Latin word ‘calor’ (heat) and the Greek 

word ‘metrion’ (measure). Direct calorimetry is the gold standard means 
of quantifying the heat produced from aerobic and anaerobic meta
bolism by measuring heat exchange between the body and the envi
ronment [20]. First direct calorimetry systems dated back to the 18th 
century with the ice calorimeter of Lavoisier and Laplace, who pio
neered the measurement of animal heat and demonstrated that it mainly 
comes from the combustion of carbon-based sources (Fig. 1A) [21]. In 
the late 19th century, the first human calorimeters were constructed. 
The Atwater–Rosa calorimeter, also known as a respiration calorimeter, 
was the most popular since it was able to integrate indirect and direct 
calorimetric measurements, although it required more than 6 h for the 
measurements to stabilize (Fig. 1B). This calorimeter enabled the mea
surement of gaseous exchange between a living organism and the sur
rounding atmosphere (indirect calorimetry), as well as the simultaneous 
measurement of the heat produced by that organism (direct calorimetry) 
(Fig. 1C) [22].

The calorimeters evolved in the last 200 years, and today whole- 
body human metabolism is measured using indirect calorimetry, while 
direct calorimetry is reserved for cell-scale measurements. Direct calo
rimetry relies on the fact that the heat of a reaction can be measured as 
the heat flux or exchanged between a substance and its environment, if 
the reaction occurs in an enclosed, isolated system of known heat ca
pacity. The reaction heat (heat energy) is quantified by the change in 
temperature of the system. By definition, heat is the quantity of energy 
exchanged per unit time between two systems in the form of a heat 
exchange. Thus, calorimetry is the measurement of heat energy, and a 
calorimeter is used to measure this heat. To be effective, a calorimeter 
must be a closed system to ensure that all of the produced heat is 
measured, and no transfer of energy occurs between the calorimeter and 
its surroundings. Unlike indirect calorimetry, direct calorimetry mea
sures the total heat dissipated by the body because of both anaerobic and 
aerobic metabolisms [20]. Assessing the rate of oxygen consumption 
provides insight into the level of aerobic respiration. When heat dissi
pation and oxygen consumption are measured together, the calores
pirometric ratio can be calculated, revealing the relative contributions 
of aerobic and anaerobic respiration [23].

Traditional direct calorimeters measure heat released from the cells 
using either air or water to absorb and carry away the heat. This method 
relies on the specific heat capacity of the chosen medium, i.e. the 
amount of heat needed to raise its temperature by 1 ◦C. By measuring the 
temperature change of the medium and knowing its specific heat ca
pacity, the amount of heat exchanged can be calculated.

Differently to other calorimeters, isothermal microcalorimeters 
(IMCs) can measure heat production rates as low as a microwatt (μW =
μJ/s) and operate at nearly constant temperature. This allows for 
continuous and highly accurate monitoring of the metabolism and 
growth of small populations of cultured bacteria, protozoa, human cells, 
and even small animals at any chosen temperature. In IMCs, heat 
generated or absorbed within the calorimetric ampoule flows to or from 
a heat sink, typically an aluminum block. This process helps maintain 
the ampoule and its contents within a few millidegrees of the heat sink’s 
temperature, which is regulated by the calorimeter’s thermostatic sys
tem. The actual sensors in this setup are thermoelectric modules, such as 
Seebeck or Peltier modules, positioned between the sample and the heat 
sink. These modules detect even the slightest temperature differences 
and convert them into electrical signals, which can then be easily 
recorded [19].

The development of microcalorimeters with multichannels, also 
known as multicalorimeters (Fig. 1D), opens the possibility of evaluating 
several specimens or samples of the same specimen as well as controls in 
the same run [24]. Microcalorimeters adapted to 48-well microtiter 
plate have recently been designed [25]. Flow microcalorimeters are 
being also developed to monitor cell growth in bioreactors intended for 
biotechnological production of biopharmaceuticals [26].
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2.1. Advantages and limitations of direct microcalorimetry

Microcalorimetry is particularly useful for studying how environ
mental changes or added substances affect microorganisms and 
mammalian cells survival or cell-scaffold interactions over periods 
ranging from hours to days. It is a non-destructive technique that re
quires minimal sample preparation and is entirely passive, preserving 
the sample for further analysis [19,27]. Main general advantages and 
limitations of direct microcalorimetry are listed below.

Main advantages refer to: 

- Versatility: Dynamic measurements of virtually any chemical or 
physical process by recording related heat production or 
consumption.

- Sensitivity: Most microcalorimeters have a sensitivity of at least 2 μW 
or lower. Thus, only small specimens (e.g., g or mL range and 
smaller) are required. Considering that one active mammalian cell 

generates between 1 and 100 pW [28,29], samples containing a 
relatively small number of cells, e.g. 104–105, generate quantifiable 
results.

- Accuracy: Commercially available microcalorimeters have high 
temperature stability (0.001 ◦C) and very small baseline drift (< 5 
μW in 24 h).

- Continuous real-time data: Microcalorimeters report real-time elec
tronic signals proportional to the heat production rate. Typical 
sampling is 1 data point per second or per minute, depending on the 
length of the test.

- Non-destructive, passive technique: The sample requires no pre
treatment (no fluorescent- or radio-labeling), remains unmodified, 
and is not altered during measurement. Typically, it is placed in 
sterile vials with either air or a specific gas mixture in the headspace 
to simulate aerobic or anaerobic conditions, ensuring a stable envi
ronment over time. For instance, 20-mL vials containing mammalian 
cells cultured in 3 mL of medium can hold enough air in the 

Fig. 1. (A) A cross-sectional view of the ice calorimeter developed by Lavoisier and Laplace. An animal is placed in the inner chamber, and ice is placed in the outer 
chamber. Heat produced by the animal can be measured indirectly by assessing the amount of water (from ice melting) that elutes from the bottom of the chamber, 
which is the impact of the animal’s heat on the ice in the outer chamber. Reproduced from Da Poian et al. [21]. (B) The Atwater and Benedict’s calorimeter; numbers 
1–5 represent the direct calorimetry portion of the chamber. Water flows through the system from 1 to 4 and is collected in a reservoir at 5. Thermometers are placed 
at 2 and 3 to determine changes in water temperature between the inlet and outlet. The subject enters/exits the chamber via number 6 (door), whilst 7 represents a 
glass window. The closed-circuit respirometer is represented by 8 and 9. The air in the chamber is collected through 8, enters the system and undergoes oxygen 
replacement before returning to the chamber through 9. Reproduced from Archiza et al. [22] with permission of Springer Nature. (C) While direct calorimetry 
measures the actual heat generated by biological processes, indirect calorimetry estimates heat production by assessing the rate of oxygen (O₂) consumption and 
carbon dioxide (CO₂) production during metabolic activity, whether at rest or during physical exertion. Reproduced from Kenny et al. [20] with permission of 
Springer Nature. (D) Scheme of the I-Cal Flex isothermal microcalorimeter, which can accommodate up to 8 sample cells of 20 mL each, 2 larger cells of 450 mL, or a 
hybrid setup with 4 smaller (20 mL) cells and 1 larger (450 mL) cell tested simultaneously. Each twin calorimeter cell is individually calibrated using fixed internal 
calibration heaters. To ensure precision and stability, the cells are isolated by a wide air gap, which eliminates thermal interference (crosstalk) between them. A high- 
precision thermostat maintains temperatures between 2 ◦C and 90 ◦C, with a stability of ±0.001 ◦C over extended periods. This allows for long-term experiments 
lasting weeks or even months without temperature fluctuations affecting results. Reproduced from [24].
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headspace to support growth conditions comparable to those in 6- 
and 12-well plates. Additionally, the sample remains suitable for 
further analysis using other techniques after microcalorimetric 
measurements.

- Only produced heat is measured, therefore changes in pH, turbidity, 
viscosity… do not significantly interfere in the measurement.

The main limitations of IMC, along with strategies to overcome them, 
are listed below. 

- Non-specific signal. Heat can be generated from multiple sources, 
necessitating careful experimental design. For instance, controls 
without cells or scaffolds are essential to distinguish heat flow spe
cifically associated with cell growth from other potential sources, 
such as medium or scaffold degradation or unintended contamina
tion. Readers seeking further details on methods developed for 
studying mammalian cell processes are encouraged to consult a 
comprehensive review [27]. Growth of microbiota in human tissue 
biopsies can be prevented by culturing with antibiotics [30].

- Variables such as sample volume, medium composition, oxygen 
availability, and temperature can strongly influence cellular meta
bolic activity and the resulting heat flow signals [31,32]. To ensure 
comparability of results, experimental conditions should therefore 
be reported in full detail. For example, different medium volumes 
alter the ratio of culture medium to headspace air in capped vials. In 
aerophilic microbial strains using 20 mL IMC vials, the strongest 
thermal power output and highest cell growth were observed with 
3–6 mL cultures. Increasing the medium volume to 12 mL caused a 
marked decrease in IMC signals due to oxygen restriction [33]. As a 
general guideline, the sample should occupy no more than one- 
fourth of the vial volume to avoid oxygen-dependent artifacts, yet 
not be so small relative to vessel size that reliable signals cannot be 
obtained.

- Extended stabilization time. Accurate heat flow measurements 
require that the sample vial equilibrates to the exact temperature of 
the microcalorimeter. This stabilization process can take up to an 
hour before the recorded signal reliably reflects the biological or 
chemical activity inside the vial. Preheating the vials and culture 
medium to the test temperature can help reduce the stabilization 
time.

- Lack of cell identification. IMC does not inherently distinguish which 
cells are growing within the vial (e.g., in mixtures of bacterial and/or 
human cells). This limitation can be addressed by combining IMC 
with complementary techniques once the vial is removed from the 
instrument. Advanced microcalorimeters equipped with additional 
sensors for physicochemical properties or biomarkers can also pro
vide complementary information during the measurement [34]. 
Furthermore, the growth of specific target microorganisms can be 
selectively promoted by using tailored culture media that suppress 
competing organisms [35].

The distinct and significant advantages of the IMC make it poten
tially useful for numerous applications in biomedicine, yet it remains 
underexplored [19,36,37]. Curiously, IMC is still relatively unknown in 
the biological field, likely due to the limited emphasis on bioenergetics 
and biothermodynamics in the curricula of most biomedical-related 
undergraduate programs [38]. Moreover, IMC is frequently over
shadowed by more widely adopted calorimetric techniques, such as 
titration calorimetry (ITC) and differential scanning calorimetry (DSC), 
which are primarily employed to characterize (bio)molecular in
teractions or temperature-induced transitions, respectively [39–41]. 
Nonetheless, IMC is particularly well-suited for measuring the metabolic 
activity of animal cells. The heat flux produced by cells growing in vitro 
offers a direct measure of their specific metabolic activity, as the ma
jority of the substrate’s Gibbs free energy is dissipated as heat, with only 
a small portion retained as entropy within newly synthesized biomass 

[42]. Overall, IMC provides both kinetic and thermodynamic informa
tion of the process being evaluated [43].

The following sections highlight key applications of IMC, including 
its use in detecting infections, assessing the effectiveness of scaffolds 
loaded or coated with antimicrobial agents, monitoring cell growth for 
tissue engineering, evaluating the stability and biocompatibility of 
materials used in medical and surgical devices, and investigating the 
potential of drug-eluting implantable scaffolds to control tumor growth.

3. IMC for bacteria growth and infection models

Microcalorimetry has been widely used to monitor microbial activity 
[44,45], largely due to the rapid growth of microorganisms and the 
significant heat they generate. However, the signals must be carefully 
interpreted and ideally compared to other methods contrasted in 
microbiology in order to validate the use of IMC for each bacteria [38].

Among the non-calorimetric techniques, culture in appropriate me
dium and plate counting remains as the golden standard. This technique 
is time consuming, requiring several days to obtain reliable results. As an 
alternative, spectrophotometric methods can enable monitoring of cell 
growth, but they cannot differentiate between turbidity caused by viable 
cells and that caused by dead cells. Modern methods based on metabolic 
and biochemical assays are gaining increasing interest [46]. While gene- 
based methods can provide rapid microbial detection, they have limi
tations. Many of these methods do not distinguish between live and dead 
microorganisms (i.e., those actively replicating or metabolizing). Addi
tionally, genetic identification of antibiotic resistance is limited to mi
croorganisms with already known resistance-related genes.

Together with the unique features mentioned in section 2, IMC is 
notably advantageous for detecting viable but non-culturable cells and 
analyzing turbid or solid samples. Unlike most methods, which struggle 
to identify anaerobic bacteria due to their strict growth requirements, 
IMC enables faster and simpler detection by reducing the air volume in 
the vials, simply adding more culture medium [47]. Additionally, since 
most bacteria grow rapidly, the minimum cell density for heat flow 
quantification -usually in the 104–105 range- can be reached rapidly 
even starting from samples with very low bacteria contamination [46]. 
Linear relationships between calorimetric detection time and initial 
bacterial concentrations have been found for growth in both liquid and 
solid media. Such relationships can be used to directly quantify bacterial 
contamination in a variety of products and as an aid in membrane 
filtration protocols for sterility control of pharmaceutical products since 
IMC measurements are significantly faster than visual inspection 
[32,48]. However, direct translation of heat flow curves into biologi
cally relevant information, such as growth rate (μ) and the generation 
time (g) is not straightforward [49].

Typical heat flow curves of bacteria growth are collected in Fig. 2
[49]. The thermograms show a rise and fall pattern as also occurs when 
microbial growth in batch culture is recorded (Fig. 2A). However, the 
patterns may be quite different as they record different properties. Mi
crobial growth commonly follows four phases: lag, exponential, sta
tionary, and death. IMC patterns are usually more complex and a 
decrease in heat flow does not always indicate a drop in cell number 
(Fig. 2B). Interestingly, IMC can sometimes detect two or more peaks 
when microorganisms exhibit a bi-phasic growth pattern. This occurs 
because multiple carbon sources are metabolized sequentially. The mi
croorganisms first consume one food source, then switch to another, 
which causes a temporary drop in heat flow while the new enzymes 
required are being synthesized (e.g., β-galactosidase under catabolite 
repression; Fig. 2C) [50]. Such double peaks in heat flow curves can also 
be seen in complex environments like milk or sourdough fermentation. 
Likewise, metabolic shifts—such as switching from aerobic respiration 
to fermentation—can cause transient decreases in heat flow (Fig. 2D) 
[34].

Importantly, the return of heat flow to baseline does not imply that 
cells are dead or absent; rather, it typically means that metabolic activity 
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Fig. 2. (A) A typical microbial growth curve and (B) microcalorimetric pattern of Enterococcus faecalis. Reproduced from Braissant et al. [49] with permission of 
Elsevier. (C) Microcalorimetric profile of Saccharomyces cerevisiae during sequential utilization of fructose and maltose. Reproduced from Schaarschmidt and 
Lamprecht [50] with permission of Elsevier. (D) Microcalorimetric pattern of Escherichia coli recorded when a decrease in oxygen occurred (indicated by the red 
curve), which caused a switch from respiration to fermentation (when oxygen is absent). The green line represents the optical density of the culture suggesting an 
increase in the cell number. Adapted from Johansson and Wadsö [34] with permission of Elsevier. (E) Microcalorimetric pattern of Escherichia coli (in black) also 
showing the increase in cell number measured by optical density (in red); the line in blue represents the portion of exponential growth (μ). Reproduced from Fan et al. 
[51] under Creative Commons Attribution 4.0 International License. (F) Natural logarithm plot of data reported in plot E can be used to calculate the growth rate (μ). 
Reproduced from Braissant et al. [49] with permission of Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 3. Typical IMC thermograms of bacteria cultures showing the regions used for the analysis. (A and B) The thermal power curve and corresponding integrated 
heat measured during E. coli growth in Basal Medium Eagle (BME) medium. The time to peak (tᵢ) and peak height (ϕᵢ) are marked. The first intersection of an arbitrary 
threshold with the thermal power or heat curves can be used to determine the time to detection. Additionally, the maximum heat (Qmax) is recorded. (C and D) The 
thermal power curve and corresponding integrated heat observed during E. faecalis growth in BME medium. The growth rate (μ) can be determined from both the 
thermal power and integrated heat curves. The Gompertz model enables the calculation of the growth rate (μGompertz), as well as the lag phase duration (λ) and total 
heat (Qmax). Reproduced from Braissant et al. [38] with permission of Elsevier. (E) The heat flow power–time curve of S. aureus growth in Luria–Bertani (LB) medium 
at 37 ◦C showing two exponential growth phases (b-c, and d-e); the growth rate constants (k) of the first and second exponential phase can be calculated from the 
natural logarithm plot of heat flow versus time. Reproduced from Pu et al. [53] with permission of Springer Nature.
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has ceased, while viable cells may still be present (Fig. 2E). For example, 
E. coli can survive for days after growth stops, even though heat pro
duction ends after about 10 h [51]. Therefore, heat flow reflects cell 
activity and correlates well with cell number or optical density during 
early growth, but this relationship breaks down during later phases or 
under stress. Optical density may continue to rise even as heat flow 
declines as dead microorganisms also contribute to turbidity. Optical 
density measurements can be also influenced by a wide number of 
variables (e.g., pH, temperature, and water activity) [52]. .

Interpreting calorimetric data requires careful correlation with 
microbiological measurements—such as colony-forming units (CFU), 
direct microscopy, or previously validated data—to draw accurate 
conclusions about microbial viability and growth dynamics. Neverthe
less, some useful information can also be directly extracted from the IMC 
curves mainly when they are used for comparative purposes, such as to 
evaluate the effect of a certain variable. Braissant and coworkers have 
proposed various mathematical models to calculate the growth rate (μ), 
lag phase duration and maximum growth, as explained elsewhere 
[38,49]. In brief, information on growth onset, time to peak, peak 
height, time to detection, and time to return to baseline can be easily 
obtained from the IMC curve (Fig. 3). Simple exponential models allow 
calculating μ form the early rising portions of the heat flow curve 
(Fig. 2F; Fig. 3C) or from the heat data considered as the integral of the 
heat flow over time (Fig. 3B).

When the heat flow curve is allowed to return to values close to the 
baseline, the accumulated heat (integral) over time curve usually adopts 
a sigmoid shape. The overall analysis of the S-shaped curve requires 
using more complex models, such as the logistic, the Gompertz or the 
Richards growth models that can be applied to the accumulated heat 
over time curves [49]. Under certain assumptions, these models provide 
the values of the maximum growth rate (μm), the lag phase duration (λ), 
and the total heat (Fig. 3D). Multiple peaks can be recorded during the 
experiment, as it is the case of S. aureus showing bimodal heat flow 
power–time curve (stages I and II) with five distinct phases: (i) lag phase 
(a–b), (ii) first exponential growth phase (b–c), (iii) transition phase 
(c–d), (iv) second exponential growth phase (d–e) and (v) decline phase 
(e–f) (Fig. 3E) [53].

Using a similar mathematical framework, kinetic analysis of IMC 
data has been optimized to monitor the growth of probiotics in the food 
industry. Notably, by analyzing IMC-derived growth parameters, such as 
the rate constant and doubling time, the quality of commercial probiotic 
products could be evaluated within just 15 h, compared to the over one 
week typically required by conventional plating methods. This high
lights the potential of IMC as a powerful tool in industrial quality con
trol, enabling significantly faster product release to the market [54].

In the biomedical field, microcalorimetry has proven to be a 
powerful tool for quickly detecting infections and microbial contami
nation in clinical samples and products. For example, bacterial 
contamination in platelet samples can be detected within a few hours 
using IMC [55]. Similarly, methicillin-resistant Staphylococcus aureus 
(MRSA) can be rapidly identified and distinguished from susceptible 
species in less than one day [56,57]. The technique is also effective for 
detecting slow-growing bacteria, such as Mycobacterium tuberculosis, 
which can be identified within hours to a few days—a major improve
ment over traditional culture methods that can take up to 60 days [58].

IMC has also been proposed as a tool for early detection of septic 
arthritis in patients requiring hip and knee prosthesis, aiming to prevent 
infection-related complications. Low-grade infections are often difficult 
to distinguish from aseptic mechanical failure, yet they pose a signifi
cant risk of developing into prosthetic joint infections (PJI). Biofilm 
formation not only shortens the lifespan of the prosthesis but also causes 
inflammation and pain for the patients. Pre-operative analysis of syno
vial fluid typically involves leukocyte counting, where elevated levels 
may indicate an infection but do not reveal the underlying pathogen. As 
an alternative approach, IMC of synovial fluid aspirates from patients 
with acute arthritis has demonstrated the feasibility of detecting septic 

arthritis in few hours (less than 9 h depending on the pathogen) [59], 
which is significantly faster than using conventional culture methodol
ogies (median time 3 days). Compared to multiplex Polymerase Chain 
Reaction (PCR), which enables detection faster than traditional cultures, 
IMC proved superior, as PCR failed to detect several microorganisms 
[60].

In a relevant prospective study involving 107 patients, IMC and sy
novial fluid culture results were concordant in 98 cases (92 %) (Fig. 4 A). 
IMC failed to detect infection in 4 patients whose cultures yielded bac
terial growth, while conventional cultures missed infections in 4 pa
tients that were identified by IMC. Overall, the two methods showed a 
high degree of concordance. However, IMC offers the advantage of 
significantly faster diagnosis, which facilitates earlier antimicrobial 
treatment and may contribute to shorter hospital stays and reduced 
healthcare costs [61]. IMC also allows rapid detection of infection in 
necrotizing fasciitis after breast augmentation [62].

In this line, IMC has also been shown to reduce the time required for 
diagnosing fracture-related infections without compromising diagnostic 
accuracy parameters [63]. Proper treatment of fracture-associated in
fections is critical prior to surgical repair. However, conventional tissue 
cultures are associated with a 10 % to 20 % false-negative rate, which 
can compromise the success of subsequent interventions. In a study 
involving 93 patients with suspected fracture-related infections, the 
diagnostic speed and accuracy of IMC were compared with conventional 
cultures. Tissue samples from each patient were homogenized and 
cultured for aerobic, anaerobic, acid-fast bacilli, and fungal organisms. 
In parallel, aliquots of the homogenates were placed in growth media 
and analyzed using a CalScreener® (Symcel) microcalorimeter for a 
minimum of 24 h. Aerobic and anaerobic cultures were maintained for 5 
days and 14 days, respectively. No significant differences were found 
between IMC and conventional cultures regarding sensitivity, speci
ficity, positive predictive value, negative predictive value, or overall 
accuracy. The concordance between IMC and conventional culture re
sults was 85 %. However, IMC demonstrated a substantially shorter 
median time to diagnosis (2 h, range 0.5 to 60 h) compared with con
ventional cultures (51 h, range 18 to 147 h). Thus, IMC emerges as a 
rapid and reliable technique for early infection detection, enabling 
timely initiation of antibiotic therapy while awaiting definitive species 
identification and susceptibility results from conventional microbio
logical methods.

IMC is particularly well fitted to predict the risk of tissue grafts to 
develop biofilms. A comparative study between bone patellar tendon 
bone (BPTB) grafts and quadrupled hamstring anterior cruciate ligament 
(4xHt) grafts was carried out to predict infections after the anterior 
cruciate ligament reconstruction (r-ACL) surgery [64]. Although in
fections after r-ACL are not as common as other implant-associated in
fections, this complication can strongly compromise joint function. 
Therefore, prophylaxis techniques such as bathing the grafts in anti
biotic solutions before implantation are commonly applied. In most 
cases the source of microorganisms is the normal microbiota of the skin, 
and higher infection rates have been reported after 4xHt autografts 
surgeries which require sutures [65]. To gain an insight into this issue, 
the BPTB and 4xHT grafts from biobanks were incubated with a strain of 
S. epidermidis at 37 ◦C for 24 h, and then washed to remove planktonic 
cells and placed in a microcalorimeter or sonicated and plated. Since the 
risk of developing healthcare-related infections depends on surpassing a 
minimal infective dose (MID), the grafts were exposed to 1 × 105 CFU/ 
mL S. epidermidis culture. Both grafts performed similarly in terms of 
bacterial growth profiles through IMC and CFU counting. Biofilm was 
observed the same in BPTB and 4xHT grafts, therefore, discarding that 
the source of the graft can increase the risk of infection.

Bone graft infections have been reported in up to 12 % of surgical 
interventions. However, the infection risk associated with autologous 
and allogenic human grafts, as well as bovine cancellous bone grafts, has 
not been thoroughly quantified through statistical analysis. To address 
this gap, a comparative study was conducted using various 
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Fig. 4. (A) IMC curves recorded for synovial fluid of patients with periprosthetic joint infection incubated in tryptic soy broth at 37 ◦C. The microorganisms indicated 
in the legend were identified in the cultures. CNS refers to coagulase-negative staphylococci. Reproduced from Morgenstern et al. [61] under Creative Commons 
Attribution 4.0 International License. (B) IMC curves of (B1) processed cancellous human bone grafts (Tutoplast™), (B2) bovine bone grafts (Tutobone™), (B3) fresh 
human femoral head grafts, and (B4) fresh-frozen human femoral head grafts after being incubated for 3 h or 24 h with S. aureus in tryptic soy broth. P1 and P2 
correspond to peaks 1 and 2 calculated from all curves. The curves display an initial thermal equilibration phase (negative values within the first 15 min) followed by 
an exponential rise, reflecting bacterial growth. Once nutrients in the ampoules are depleted, the signal declines with a negative slope. Reprinted from Clauss et al. 
[66] under Creative Commons Attribution license. (C) IMC results obtained for (C1) E. coli at three different densities (105, 106, and 107 CFU/mL) incubated in 
Müller-Hinton broth with calcium sulfate beads loaded with gentamicin or without drug (control), and (C2) the same beads in growth medium without bacteria at 
37 ◦C. Reprinted from Thein et al. [78] under Creative Commons Attribution license.
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commercially available and clinically relevant bone graft types: pro
cessed cancellous human bone grafts (Tutoplast™) (Fig. 4 B1), bovine 
bone grafts (Tutobone™) (Fig. 4 B2), and both fresh (Fig. 4 B3) and 
fresh-frozen (Fig. 4 B4) human femoral head grafts [66]. Samples were 
incubated with 1 × 105 CFU/mL S. aureus in tryptic soy broth (TSB) for 
either 3 h or 24 h to generate early biofilm and mature biofilm, 
respectively. Following incubation, the grafts were washed and soni
cated, and the sonication fluid was used for CFU quantification. The 
sonicated grafts were placed in ampoules with 1 mL of medium and the 
heat flow was recorded using a TAM III calorimeter (TA Instruments, 
New Castle, DE, USA). In this case, the calorimetric time to detection 
(TTD) was defined as the time from ampoule insertion to the onset of an 
exponentially increasing heat-flow signal exceeding 100 μW. This 
threshold was chosen to ensure that only metabolically active, repli
cating bacteria were measured. Processed human and bovine bone grafts 
exhibited a single heat flow peak, with shorter TTDs for mature biofilm, 
consistent with the higher CFUs recorded. In contrast, fresh human 
grafts showed two distinct peaks across all conditions, with similar TTDs 
for 3 h and 24 h incubation (Fig. 4 B3); however, the second peak was 
more pronounced for the mature biofilm. Fresh-frozen bone grafts dis
played a single peak after early biofilm formation (3 h) and two peaks 
following mature biofilm incubation (24 h) (Fig. 4 B4).

The different behavior observed can be related to the fact that fresh 
and fresh frozen human grafts retain serum proteins and residual bone 
marrow; features completely absent in the commercially processed 
grafts. After incubation with fresh human grafts (3 and 24 h) and fresh 
frozen human grafts (24 h), a subpopulation of S. aureus small colony 
variants (SCVs) was observed alongside normal-sized colonies. SCV, 
which are approximately one-tenth the size of conventional colonies, 
represent a slow-growing, metabolically altered phenotype known for 
enhanced persistence and resistance to treatments. The second peak 
observed in the heat flow curves likely corresponds to the metabolic 
activity of these SCVs, which utilize the proteins present in fresh grafts 
as alternative energy sources not provided by standard TSB medium 
[66]. This finding underscores the importance of using biorelevant 
media when assessing the potential of bone grafts to support SCV for
mation and biofilm development. Although fresh-frozen human grafts 
are widely regarded as the gold standard for bone regeneration and 
demonstrated lower total CFU counts compared to other groups, their 
ability to promote SCV emergence raises concerns regarding their 
infection-related risks.

Mimicking implant-associated infections using inoculum composed 
of metabolically active planktonic bacteria or pre-formed surface- 
attached biofilms may not accurately represent clinical reality. While 
high concentrations of planktonic cells can simulate acute infections, 
pre-grown biofilms fail to reflect the typical scenario immediately 
following the implantation of a sterile device [67]. In most cases, 
healthcare-associated infections begin with low-metabolism micro- 
aggregated bacteria and progress into chronic conditions. To establish a 
clinically relevant model, S. aureus strain S54F9 was cultured for 7 days 
to produce bacterial micro-aggregates, which were isolated from 
planktonic cells through filtration and confirmed to be in a low meta
bolic state by means of IMC (calPlate™, Symcell AB, Stockholm, Swe
den). An equal cell density of 1 × 105 CFU/mL was placed in each 
calorimeter vial, varying only the proportion of planktonic cells and the 
size of the micro-aggregates. Compared to planktonic cells, micro- 
aggregated bacteria showed delayed time-to-peak heat flow, likely 
reflecting the older culture age and lower metabolic activity.

Implant-associated osteomyelitis models were developed in female 
minipigs using micro-aggregated bacteria (32 μm size) and compared 
with models inoculated with planktonic cells. An implant cavity was 
created in the right tibia, into which the inoculum was placed before 
inserting a sterile stainless-steel implant. Both micro-aggregated bacte
ria and planktonic cells led to infections affecting the implant, sur
rounding soft tissue, and bone. However, the micro-aggregated bacteria 
induced a less-aggressive osteomyelitis, in contrast to the planktonic 

group, which showed significant osteolysis and purulence. Paradoxi
cally, infections initiated by the micro-aggregated bacteria resulted in 
good healing with robust osteoid formation, similar to the sham (con
trol) group. These findings highlight the importance of characterizing 
the metabolic state of bacterial inoculum when designing in vivo models 
of implant-related infections. Such characterization can also inform in 
vitro studies of scaffold–microorganism interactions under biorelevant 
conditions, potentially reducing or replacing the need for animal models 
[68]. Given the impact of aggregate size and culture age on both heat 
flow and infection development, the authors recommend reporting 
inoculum details using the format: Concentration (size; age); for example, 
104 (5–15 μm; 7 day) CFU.

Microcalorimetry is also suitable to test antiviral drugs [69] and anti- 
parasitic compounds. For instance, IMC allowed measuring antiparasitic 
drug-induced changes in both metabolic heat production and motor 
activity of Schistosoma mansoni adult worms [70]. By continuously 
tracking overall heat output, IMC provides a precise assessment of worm 
viability. Additionally, it quantifies metabolic fluctuations caused by the 
worm’s movements, offering detailed insight into the drug effects.

4. IMC for antimicrobial activity of scaffolds

Microcalorimetry can provide useful information on antibacterial 
performance of coatings and active substances incorporated to scaffolds 
and medical devices [71–74]. The minimum inhibitory concentration 
(MIC) values of several antibiotics estimated through microcalorimetry 
have been shown to be nearly identical to those measured according to 
Clinical Laboratory & Standards Institute (CLSI) guidelines. However, 
IMC offers an additional benefit: at sub-inhibitory concentrations, it 
clearly distinguishes between bacteriostatic and bactericidal effects 
[75]. Typically, a bacteriostatic agent decreases μm while a bactericidal 
substance prolongs λ, as observed when testing various drugs against 
Mycobacterium species [76] or copper-loaded cationic particles against 
E. coli and Candida spp. [77].

Also, the effects of the essential oil component gallic acid on S. aureus 
growth was effectively assessed using a 3114/3236 TAM Air isothermal 
microcalorimeter (Thermometric AB, Sweden) by analyzing both the 
growth rate constant during the second exponential phase and the 
maximum heat flow output. An inverse relationship was observed for 
the growth rate constant during the second exponential and gallic acid 
concentration. Gallic acid began to exhibit inhibitory effects at a con
centration of 10 μg/mL, with a 50 % inhibition of bacterial growth at 
63.51 μg/mL [52].

Calcium sulfate, commonly used as a bone defect filler, is also widely 
applied in the treatment of chronic osteomyelitis. Bioabsorbable beads 
of calcium sulfate with and without gentamicin were challenged against 
common bone infection pathogens, such as S. aureus, S. epidermidis, 
E. faecalis, E. coli and C. albicans in the IMC vials [78]. In the absence of 
gentamicin, bacterial growth produced the characteristic exponential 
heat flow curves seen in nutrient-rich conditions (Fig. 4 C1). Conversely, 
the gentamicin-loaded beads completely suppressed microbial heat 
production for 24 h, and the IMC plots displayed only the exothermic 
baseline associated with bead and antibiotic dissolution (Fig. 4 C2). 
Selecting appropriate controls is key when evaluating antimicrobial 
activity, as interactions between test materials and growth media can 
mask or confound results. In posterior studies, IMC was applied to 
identify the amount of gentamicin that beads made of calcium sulfate 
and hydroxyapatite should release to completely inhibit planktonic 
cells, to prevent bacteria adhesion and to completely eradicate biofilms 
of gram-positive bacteria [79].

Bioactive glasses, commonly used in bone substitute applications, 
have also been assessed for their antimicrobial activity against key 
pathogens associated with osteomyelitis using IMC and standard CFU 
counting [80]. The bioactive glass S53P4 -composed of silica (SiO2), 
sodium (Na2O), calcium (CaO) and phosphate (P2O5) ions- was tested in 
two granulometric forms (<45 μm powder, and 500–800 μm granules) 
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and at two concentrations (400 and 800 mg/mL). The antimicrobial 
activity of bioactive glasses is attributed to their capability to release 
ions and to increase local pH and osmotic pressure. Heat flow was 
recorded for 24 h in a TAM III (TA Instruments, New Castle, DE, USA) for 
the S53P4 dispersed in RPMI 1640 medium containing S. aureus, 
Staphylococcus epidermidis, Enterococcus faecalis, E. coli or Candida albi
cans (final concentration of 5 × 105 CFUs/mL). Heat flow data (μW) 
from the first peak in the thermogenesis curve (Fig. 5 A-E) were used to 
calculate microbial growth rate constants (k, h− 1), while total heat 
production over 24 h (Fig. 5F) reflected overall metabolic activity. The 
IMC thermogram data revealed a strong effect of the bioactive glasses on 
the growth rate of microorganisms. The bioactive glass powder (<45 
μm) at the highest concentration significantly inhibited bacteria growth, 
reducing heat production by 60–98 % compared to the positive control 
recorded in the absence of the bioactive glass. Both granulometric 
fractions showed strong activity against C. albicans, with inhibition rates 
of 87–97 %. These findings were consistent with the CFU data, which 
confirmed complete loss of cell viability after 24 h incubation in the 
presence of the bioactive glass powder.

In a subsequent study, bioactive glass powder and a putty formula
tion composed of powder particles bound by a synthetic binder 
demonstrated efficacy against biofilms of methicillin-resistant S. aureus 
(MRSA) and methicillin-resistant S. epidermidis (MRSE), without 
requiring the use of antibiotics (vancomycin) [81]. Collectively, these 
studies underscore the value of combining IMC and CFU counting for a 
comprehensive assessment of antimicrobial activity. They also indicate 

that the efficacy of S53P4 is influenced by particle size, likely due to the 
greater pH elevation in the surrounding medium caused by smaller 
particles.

IMC studies specifically focused on biofilm assessment and the 
impact that scaffold components and antibiotic agents may have on its 
formation or eradication are still a few [82–84]. The most employed 
techniques to characterize biofilms are microscopy and culture. How
ever, both present significant limitations. In microscopy, artifacts can 
arise from incomplete stain penetration within the biofilm matrix, 
potentially compromising accuracy. Likewise, assessing viability 
through plate counts is often challenging due to the difficulty of fully 
detaching the biofilm. IMC has the advantage of providing information 
on the overall activity of all microorganisms involved in the biofilm 
without any manipulation or labelling. In microbial cultures without a 
medical device, biofilm dynamics can be assessed using solid supports 
like filtration membranes to form colony biofilms. This approach elim
inates the use of liquid media, preventing the growth of planktonic cells 
that could interfere with the evaluation of sessile cell behavior [85].

Sessile bacteria cells embedded in a biofilm formed on a medical 
device are extremely difficult to eradicate. Therefore, prevention of 
biofilm formation on healthcare materials is a relevant design criterium 
when the biomaterials are chosen. For example, surface treatment of 
titanium implants has been identified as a key factor influencing the risk 
of biofilm formation in an intraoral human model. Hydrophilic, micro- 
roughened surfaces are more susceptible to biofilm development 
compared to their hydrophobic counterparts, while surface topography 
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Fig. 5. (A-E) Heat flow curves generated by the metabolic activity of (A) S. aureus, (B) S. epidermidis, (C) E. faecalis, (D) E. coli and (E) C. albicans in the presence of 
different concentrations of bioactive glass granules of 500–800 μm. The heat produced by the bioactive glass itself in the same medium was subtracted. Thicker full 
line represents growth control (GC), thin full line corresponds to 400 mg/mL bioactive glass concentration, dashed line corresponds to 800 mg/mL bioactive glass 
concentration. Basal line NC represents the negative control (sterile medium). (F) Cumulative heat values were recorded after 24 h incubation in the absence (GC) or 
presence of bioactive glass granules (500–800 μm) or powder (<45 μm). Statistically significant differences: **** P value <0.0001; *** P value 0.0001 to 0.001; ** P 
value 0.001 to 0.01; * P value 0.01 to 0.05. Adapted from Gonzalez-Moreno et al. [80] with permission of Elsevier.
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plays a crucial role in determining cleanability [86].
IMC has also revealed that although staphylococcal biofilm growth is 

greater on rough surfaces, the subsequent sensitivity to antibiofilm 
agents, such as daptomycin, is species dependent. For example, minimal 
biofilm eradication concentration (MBEC) of S. aureus on smooth sur
faces is lower than on rough surfaces. Differently, the MBEC of 
S. epidermidis did not follow a clear dependence on surface roughness 
[87]. More recently, it has been shown that coating titanium discs and 
screws with Ca(OH)2 significantly reduces the risk of biofilm formation, 
showing lower heat flow and increased lag phase in the IMC assessment 
[88]. IMC has also been used to demonstrate the usefulness of doping 
calcium hydroxide and hydroxy apatite coatings with silver to enhance 
the antimicrobial properties [89].

In a comparative study, bone grafts and bone graft substitutes, such 
as β-tricalcium phosphate (β-TCP), processed human spongiosa (Tuto
plast™), and poly(methyl methacrylate) (PMMA), also including poly
ethylene (PE), were tested regarding their capability to inhibit biofilm 
formation when incubated for 24 h with S. aureus (9.7 × 105 CFU/mL) 
and S. epidermidis (1.3 × 105 CFU/mL). After incubation and washing, 
the test materials were sonicated. Sonication fluid was used for bacterial 
counting, while the sonicated test materials were transferred to sterile 4 
mL calorimeter ampoules pre-filled with 1 mL TSB, and the heat flow 
recorded in 3102 TAM III (TA Instruments, New Castle, DE, USA). 
Calorimetric time to detection (TTD) was defined as the time from 
insertion of the ampoule into the calorimeter until the exponentially 

rising heat flow signal exceeded 75 μW for S. epidermidis and 100 μW for 
S. aureus (Fig. 6A). TTD indirectly quantifies the number of bacteria, 
with a shorter TTD representing a larger amount [90].

The peak heat flow (PHF) was defined as the maximum heat flow 
during the experiment, and the time to reach the peak heat flow (ttPHF) 
was recorded. PHF is correlated with two factors: (i) linearly with the 
volume of growth medium added to the ampoules; and (ii) in case of 
equal volumes of growth medium individual to the strain [90]. β-TCP 
showed the highest bacterial load per sample (S. aureus: 7.67 ± 0.17; 
S. epidermidis: 8.14 ± 0.05 log₁₀ cfu), whereas PMMA exhibited the 
highest bacterial density per surface area (S. aureus: 6.12 ± 0.2; 
S. epidermidis: 7.65 ± 0.13 log₁₀ cfu). Biofilm formation by S. aureus was 
detected significantly faster on porous materials (β-TCP and processed 
human spongiosa) than on smooth surfaces (PMMA and PE). In contrast, 
for S. epidermidis, detection times differed significantly across nearly all 
materials, except between processed human spongiosa and PE, which 
exhibited an intermediate behavior. IMC data (Fig. 6A) agreed well with 
the CFU counting and proved to be an effective, non-invasive method for 
real-time monitoring of bacterial biomass, enabling detection without 
physically disturbing the biofilm.

Regarding synthetic calcium phosphates (CaP) bone grafts, it has 
been shown that β-tricalcium phosphate (β-TCP), α-TCP, dicalcium 
phosphate (DCP) and calcium-deficient hydroxyapatite (CDHA) are all 
susceptible to colonization by S. aureus and S. epidermidis [91]. Biofilm 
formation was assessed by incubating CaP grafts for 3, 24, or 72 h in 
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Fig. 6. (A) IMC thermograms for S. aureus and S. epidermidis cultured on bone grafts and bone graft substitutes (n = 3). Dotted line indicates time to detection (TTD) 
for S. aureus (100 μW) and S. epidermidis (75 μW). Reproduced from Clauss et al. [90] with permission of Elsevier. (B) Scheme of the preparation of carvacrol-loaded 
3D printed PLA bone implants by incorporating carvacrol to PLA filament before 3D printing (F.PLA-CAR scaffold), or by swelling the 3D printed scaffold in carvacrol 
solution (PLA-CAR scaffold); and (C) IMC thermograms for scaffolds incubated (a,b,c) with S. aureus (OD 0.1) and (d,e,f) with P. aeruginosa (OD 0.01). Some scaffolds 
(a,b,d,e) were incubated with the bacteria inoculum directly (since t = 0 min) in the calorimeter vials. Another scaffolds (c,f) were first incubated with the bacteria 
for 6 h in a well-plate and then washed with fresh medium and transferred to calorimeter vials containing culture medium (n = 2 per condition). Reproduced from 
Farto-Vaamonde et al. [94] with permission of Elsevier.
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bacterial suspension (1.0–1.5 × 105 CFU/mL) prepared in either tryptic 
soy broth (TSB) or undiluted pooled human serum. Following incuba
tion, the grafts were washed (to remove planktonic bacteria), sonicated 
(half of the grafts), and analyzed (all grafts) in a TAM III microcalo
rimeter. All CaP grafts showed less biofilm formation, measured in terms 
of lower CFU/mL and longer TTD, when incubated in serum compared 
to TSB. Biofilm formation demonstrated a complex dependence on 
various physicochemical properties, including pore size, specific surface 
area, and total porosity of the grafts. Therefore, isolating the effect of 
any single property remains challenging, as controlling for all other 
variables simultaneously is still unresolved. In a subsequent in vivo 
study, infected bone grafts were implanted subcutaneously and 
explanted after 3, 24, and 72 h. Under these conditions, not only the 
structural properties of the material but also changes in surface 
composition and topology resulting from protein adsorption were shown 
to influence the heat flow thermograms [92].

IMC has been used to monitor the effects of incorporating ampho
tericin B into PMMA bone cements for the treatment of fungal prosthetic 
joint infections (PJI). Notably, differences in drug release rates due to 
the use of liposomal versus non-liposomal formulations, as well as the 
inclusion of various porogens, significantly influenced the performance 
and therapeutic potential of the PMMA bone cements [93].

To avoid the misuse of antibiotics, various essential oil components 
have been incorporated to implantable scaffolds with the aim of pre
venting infections while avoiding the risk of generating resistances. 
Carvacrol is a natural low-cost compound derived from oregano which 
presents anti-bacterial and anti-biofilm properties against both gram- 
positive and gram-negative bacteria. Carvacrol-loaded PLA scaffolds 
were prepared via 3D printing to promote bone tissue regeneration 
while preventing biofilm formation [94]. Scaffolds were printed with or 
without a perimeter wall to mimic the cortical structure of bone and 
evaluate whether the lateral interconnectivity influenced biological or 
antimicrobial properties. Carvacrol was incorporated using two strate
gies: (i) pre-printing by loading the PLA filament (scaffolds coded as F. 
PLA-CAR), or (ii) post-printing by soaking the printed scaffolds in 
carvacrol solutions (coded as PLA-CAR) (Fig. 6B). The incorporation 
method affected carvacrol distribution and release profiles. While both 
showed biphasic release, post-printed scaffolds released 50–80 % of 
carvacrol within the first 24 h, whereas pre-loaded filaments sustained 
the release over several weeks. The presence of a perimeter did not alter 
the release rate but influenced the total amount released. Tissue inte
gration and vascularization were assessed in a chorioallantoic mem
brane model (CAM) model using a quantitative micro-computed 
tomography (micro-CT) approach.

Antibiofilm activity against S. aureus and Pseudomonas aeruginosa 
was evaluated by CFU counting after biofilm detachment and in-real 
time using an I-Cal Flex isothermal calorimeter system (Calmetrix, 
Needham, MA, USA) equipped with 8 calorimeters at 37 ◦C. Scaffolds 
were incubated with culture medium either alone (control) or inocu
lated with bacteria (S. aureus at OD 0.1; P. aeruginosa at OD 0.01). 
Control experiments using sterile scaffolds in bacteria-free media 
confirmed (i) that carvacrol release did not itself produce significant 
heat signals, and (ii) that the scaffolds were sterile over 48 h (signals 
remained in the − 0.02 to +0.02 mW range). The IMC plots recorded for 
the bacteria cultures revealed a rapid initial growth rate both in the 
absence and the presence of the scaffolds (Fig. 6C a.b,d,e), with a 
notably high heat output for P. aeruginosa. Only PLA-CAR 10 % scaffolds 
with perimeter notably impacted on bacterial metabolism: for S. aureus, 
heat flow was significantly reduced, and for P. aeruginosa, a delayed 
metabolic peak was observed. These changes suggest the carvacrol 
released from the scaffold altered bacterial activity. Blank PLA scaffolds 
had no effect, and PLA-CAR 10 % without perimeter were less effecti
ve—likely due to lower carvacrol content. F.PLA-CAR scaffolds (loaded 
before printing) showed no perimeter-related differences, possibly due 
to their slower carvacrol release [94].

In other sets of experiments, PLA and PLA-CAR 10 % scaffolds were 

incubated with bacterial suspensions for 6 h, then washed to remove 
planktonic cells, leaving only adhered biofilms. These biofilm-laden 
scaffolds were placed into calorimeter vials containing fresh medium 
(TSB-1 for S. aureus, LB for P. aeruginosa) and monitored for 48 h at 37 ◦C 
(Fig. 6C c,f). In line with turbidity measurements, when the scaffolds 
were washed to remove non-adhered S. aureus cells, PLA-CAR 10 % 
scaffolds showed reduced and delayed heat flow, consistent with low 
bacterial counts and contact-killing effects. In contrast, blank PLA 
scaffolds generated strong signals, indicative of active bacterial growth. 
No significant calorimetric changes were observed for P. aeruginosa, 
suggesting limited efficacy of carvacrol against this species under the 
tested conditions [94].

In this line, thymol and zinc ions were combined to enhance the 
antibiofilm properties of polysaccharide-based porous wound dressings 
fabricated via semi-extrusion 3D printing [95]. Thymol, a mono
terpenoid naturally found in Thymus vulgaris, is classified as Generally 
Recognized as Safe (GRAS) by the FDA and has demonstrated antibac
terial and antibiofilm activity, particularly against Gram-positive bac
teria, in addition to its anti-inflammatory and pro-healing effects. Zinc 
salts are also known for their broad-spectrum antimicrobial activity 
against both gram-positive and gram-negative bacteria [96]. Mixtures of 
xanthan gum (XG) and guar gum (GG) were optimized as printable inks. 
To solubilize hydrophobic thymol in the aqueous formulation, hydrox
ypropyl-β-cyclodextrin (HPβCD) was incorporated as a host molecule. 
The resulting thymol-loaded dressings were subsequently loaded with 
Zn2+ via ionic complexation with XG, which also contributed to rein
forcing the structural integrity of the printed scaffolds. The antimicro
bial efficacy of thymol-loaded dressings, with and without Zn2+, was 
evaluated against S. aureus, P. aeruginosa, and S. epidermidis using IMC 
and quantification of viable biofilm-associated cells. For the IMC assays, 
3 mL of bacterial inoculum (S. aureus and S. epidermidis O.D. 0.1, 
P. aeruginosa O.D. 0.01) was added to calorimeter tubes, and one dres
sing was placed in each tube. Tubes containing only the inoculum served 
as control. Power output (mW) was recorded for 72 h for S. aureus and 
S. epidermidis and 24 h for P. aeruginosa (I-Cal Flex isothermal calorim
eter, Calmetrix, Needham, MA, USA). Two calorimeter cells per exper
iment monitored bacterial growth in the absence of scaffolds, while 
others assessed metabolic heat production in the presence of dressings. 
All tests were performed in duplicate. After calorimetry, scaffolds were 
removed, rinsed with PBS, and then sonicated for 15 min and vortexed 
for 30 s. The resulting supernatants were used to determine the number 
of CFUs as a measure of biofilm formation (Fig. 7) [95].

Complex formation of thymol with HPβCD was found to be critical 
for achieving effective thymol concentrations. However, both IMC 
thermograms and CFU counts indicated that thymol-only dressings (S- 
T7+ and S-T14+) showed limited activity against S. aureus and 
S. epidermidis, which grew quite well on pristine dressings (S-NT) (Fig. 7
A1, D1). In contrast, dressings containing Zn2+ solely (S-Zn) or com
bined with thymol (S-TZn) significantly reduced the metabolic activity 
of S. aureus and S. epidermidis compared to controls (Fig. 7 B1, D1), while 
the effect on P. aeruginosa was less pronounced (Fig. 7 C1). In the latter 
case, a modest antibacterial effect was noted during the declining phase 
of the metabolic heat curve, with a ~ 2.5-h advancement relative to 
controls. The addition of thymol to the Zn2+-loaded dressing (S-TZn) did 
not significantly enhance antibacterial activity against P. aeruginosa 
compared to S-Zn alone (Fig. 7 C1, C2), as confirmed by reductions of 
3.76 Log (99.98 %) and 3.91 Log (99.99 %) for S-Zn and S-TZn, 
respectively. However, a synergistic antibiofilm effect was observed 
against gram-positive bacteria when thymol and Zn2+ were combined 
(Fig. 7 D1, D2). For S. aureus, S-Zn achieved a ~ 2.9 Log reduction 
(99.87 %) in biofilm formation, whereas S-TZn led to a ~ 3.3 Log 
reduction (99.95 %). Similarly, in S. epidermidis, S-Zn reduced biofilm by 
1.16 Log (93.08 %), and S-TZn by 1.76 Log (98.26 %). These findings 
evidence that gram-positive bacteria, particularly S. aureus, are more 
susceptible to thymol’s antimicrobial and antibiofilm effects, while the 
antibiofilm action against P. aeruginosa is primarily attributed to the 
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presence of Zn2+.
Biofilm-associated bacteria exhibit significantly reduced suscepti

bility to antibiotics compared to their planktonic counterparts. This 
prompted the incorporation of bacteriophages into a variety of medical 
devices, mainly dressings for chronic wounds and staphylococcal 
implant-associated infections [97]. ICM has been shown to be a conve
nient technique to evaluate the specificity of novel bacteriophages 
against a variety of clinically relevant bacteria [98–100].

S. aureus-specific bacteriophage Sb-1 was evaluated solely and in 
conjunction with various antibiotics regarding its capability to inhibit 
the biofilm of methicillin-resistant S. aureus (MRSA) and to target 
persister cells [101]. The study used an isothermal 48-channel batch 
calorimeter (TAM III, TA Instruments, USA) to assess the antimicrobial 
activity of antibiotics against both planktonic and biofilm bacterial 
forms. For the planktonic assay, bacterial cells were inoculated in 
nutrient media with antibiotics at varying concentrations, and heat 
production (indicative of metabolic activity/growth) was monitored 
over 24 h. For the biofilm assay, bacteria were first grown on porous 
glass beads to form biofilms, then treated with antibiotics. After treat
ment, beads were transferred to fresh media to monitor any remaining 
bacterial activity via heat production over 48 h. Growth controls and 
negative controls (sterile beads) were included. Specific supplements 
(calcium chloride or glucose 6-phosphate) were added depending on the 
antibiotic used.

The authors defined Minimum Heat Inhibitory Concentration 
(MHIC) as the lowest antimicrobial concentration inhibiting heat pro
duction in planktonic bacteria after 24 h; Minimum Biofilm Bactericidal 
Concentration (MBBC) as the lowest antimicrobial concentration pre
venting heat production from biofilms after 48 h, indicating no bacterial 
regrowth; and Minimum Biofilm Eradicating Concentration (MBEC) 
defined as the lowest antimicrobial concentration required to eradicate 
the biofilm [101,102]. To assess the impact of combined treatment with 
an antibiotic and Sb-1 on biofilm-embedded cells, mature biofilms were 
first established on beads. After washing, the beads were incubated in 
BHI broth containing sub-eradicating concentrations or titers of the 
antibiotic and Sb-1 for 24 h at 37 ◦C. Additionally, the effects of 

sequential exposure—24 h with Sb-1 followed by 24 h with the anti
biotic, and vice versa—were investigated. In all scenarios, the heat flow 
generated by viable biofilm-associated cells was monitored over 48 h 
using calorimetric analysis (Fig. 8).

Microcalorimetric analysis showed that while Sb-1 phage at 107 

PFU/mL significantly reduced MRSA biofilm viability, it did not fully 
eradicate the biofilm, consistent with previous in vivo studies on 
implant-related infections [103]. A single phage dose often fails to 
eliminate in vitro biofilms due to the protective biofilm matrix and 
dormant cells. Combining phages with antibiotics—especially rifampin 
or daptomycin—resulted in synergistic biofilm eradication, marking the 
first report of such synergy between Sb-1 and daptomycin (Fig. 8). 
Sequential treatment, particularly phage pre-exposure followed by an
tibiotics, was more effective than simultaneous administration. Syner
gistic effects were observed for rifampin, daptomycin, fosfomycin, 
vancomycin, and ciprofloxacin when preceded by Sb-1. Thus, Sb-1 
pretreatment enabled clinically achievable antibiotic doses to eradi
cate biofilm, even when co-treatment failed. Sb-1 appeared to degrade 
the biofilm matrix, aiding antibiotic penetration. A “Trojan horse” effect 
was observed: phage-infected persister cells lysed upon returning to 
active growth, reducing relapse risk. Subsequent IMC studies carried out 
with biofilms of ten rifampin-resistant S. aureus clinical strains [104] 
confirmed that Sb-1 enhances the efficacy of various antibiotics against 
MRSA biofilms, particularly with staggered application (first Sb-1 for 24 
h followed by antibiotic), which support further in vivo research to 
optimize phage–antibiotic combination therapies for persistent 
infections.

Notably, IMC has also demonstrated the effectiveness of a sequential 
antibiotic treatment in fully eradicating MRSA biofilms [105]. In this 
approach, vancomycin was first used to eliminate metabolically active 
cells, followed by daptomycin to target the remaining persister cells. 
After vancomycin treatment, approximately 5 % of the bacterial popu
lation survived in a metabolically inactive state (persisters). These cells 
remained dormant until exposed to fresh, antibiotic-free medium, at 
which point they reverted to a metabolically active state within 24 h. 
This study highlights the importance of re-evaluating biofilms to detect 

AA11 BB11 CC11 DD11

AA22 BB22 CC22 DD22

Fig. 7. Isothermal microcalorimetry runs carried out at 37 ◦C for (A1) S. aureus (initial O.D. 0.1) cultured in tryptic soy broth (TSB) with non-loaded scaffold (S-NT) 
and thymol-loaded (low dose S-T7+ and high dose S-T14+) scaffolds, (B1) S. aureus (initial O.D. 0.1) cultured in TSB with non-loaded scaffold (S-NT), zinc-loaded (S- 
Zn) and dually thymol and zinc-loaded (S-TZn) scaffolds, (C1) P. aeruginosa (initial O.D. 0.01) cultured in Luria-Bertani’s lysogenic broth with or without S-NT, S-Zn, 
and S-TZn scaffolds, and (D1) S. epidermidis (initial O.D. 0.1) cultured in TSB with or without S-NT, S-Zn, and S-TZn scaffolds. Two replicates are shown for all 
microcalorimeter graphs for each condition (solid and dotted lines). (A2, B2, C2 and D2) CFU quantification of biofilm formation after incubation in the micro
calorimeter. One way ANOVA (with Brown Forsythe, and Shapiro-Willis): p < 0.05; 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****), n = 6. 
Reproduced from Virzì et al. [95] with permission of Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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surviving cells that may contribute to persistent healthcare-associated 
infections in vivo. It also demonstrates the effectiveness of IMC as a 
valuable tool for identifying treatments targeting persister cells.

Recently, phage therapy has shown promise in treating fracture- 
related infections through a dual delivery system composed of hydro
gel and alginate microbeads. This system delivers both a phage cocktail 
and the antibiotic meropenem, targeting multi-drug resistant Pseudo
monas aeruginosa [100]. To evaluate antimicrobial activity, biofilms 
were grown on glass beads and treated with either phages, antibiotics at 
varying concentrations (1×, 10×, and 100× MIC), or a combination of 

both. Sequential treatments—phage followed by antibiotic—were also 
tested. Antibacterial efficacy was assessed using IMC to measure heat 
production by viable bacteria and CFU counts after biofilm disruption by 
sonication. Results showed that higher phage titers enhanced the anti
biotic’s effectiveness, while lower titers were less impactful. IMC and 
CFU analyses provided complementary insights into bacterial viability 
and biofilm recovery. Two phages, FJK.R9–30 and MK.R3–15, demon
strated synergistic activity with meropenem against biofilms. The 
combined antimicrobial effect remained stable for up to eight days at 
body temperature within the hydrogel-microbead system (PA-HM). In a 

Fig. 8. Microcalorimetric evaluation of methicillin-resistant S. aureus (MRSA) ATCC 43300 biofilms was performed following staggered treatment with Sb-1 and 
antibiotics. The graphs on the left depict the effect of Sb-1 followed by antibiotic exposure, while those on the right show the reverse sequence. Antibiotics tested 
included fosfomycin (FOF) (A), rifampin (RIF) (B), vancomycin (VAN) (C), daptomycin (DAP) (D), and ciprofloxacin (CIP) (E). Each curve represents heat production 
by viable biofilm-associated bacteria post-treatment. Untreated controls (GC) were included for comparison. Combinations were tested using fixed antibiotic con
centrations at fractions of the Minimum Biofilm Eradicating Concentration (MBEC) (1/4 to 1/256) and subinhibitory titers of Sb-1 (104 or 105 PFU/mL). Values 
above each curve indicate antibiotic concentrations (μg/mL) and Sb-1 titers (PFU/mL). Circled values mark the MBEC, defined as the lowest antibiotic concentration 
resulting in no bacterial regrowth after 48 h and no colonies following sonication and plating. GC (dashed line) represents the growth control; NC denotes the 
negative control. Reproduced from Tkhilaishvili et al. [101] with permission of Elsevier.
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mouse model of fracture-related infection, phages delivered via PA-HM 
were recovered from all tissues. Moreover, animals treated with PA-HM 
showed reduced phage resistance and lower levels of immune system 
neutralization compared to those receiving phages in saline.

An alternative to bacteriophage therapy is the development of novel 
antimicrobial peptides (AMPs) that can be used in combination with 
antibiotics to produce synergistic effects. Several AMPs —SAAP-148, 
acyldepsipeptide-4, LL-37, and pexiganan— were evaluated regarding 
their anti-biofilm and anti-persister efficacy against PJI. MRSA biofilm 
models simulating PJI were developed on acetabular hip liners and 
metal alloys (titanium, niobium, and aluminum) that are used in pros
thetic joints [106]. Mature biofilms were exposed daily to rifampicin 
and ciprofloxacin for three days, achieving a 4-log reduction in bacterial 
load. To prevent the reactivation of persister cells, AMP treatment began 
immediately after antibiotic exposure. Potential regrowth was assessed 
by inspecting bacterial colonies on agar plates after five days of incu
bation. In this study, IMC was only used for real-time monitoring of heat 
flow by MRSA in antibiotics-treated mature biofilms formed on TAN 
(titanium-aluminum‑niobium) disks using a CalScreener® calorimeter 
(Symcel Sverige, Sweden). Heat flow readings were nearly undetectable 
in pretreated biofilms, indicating that the persister cells are metaboli
cally inactive. Among the tested AMPs, SAAP-148 and pexiganan were 
identified in this study as the most effective, rapidly eliminating biofilm- 
residing bacteria in a dose-dependent manner.

Interestingly, IMC has also been employed to validate sonication of 
explanted medical devices as an effective strategy for biofilm removal 
from implant surfaces for diagnostic purposes. Compared to chemical 
agents used for biofilm dislodgment, sonication enabled the recovery of 
a greater number of colonies from biofilms of S. epidermidis (ATCC 
35984), S. aureus (ATCC 43300), E. coli (ATCC 25922), and P. aeruginosa 
(ATCC 53278) grown on porous glass beads [107].

In sum, IMC yields MIC values consistent with CLSI standards while 
uniquely distinguishing bacteriostatic from bactericidal effects at sub- 
inhibitory concentrations. It enables non-invasive, real-time moni
toring of bacterial biomass and biofilms, with strong agreement to CFU 
counts. IMC also supports evaluation of bacteriophage specificity and 
treatments targeting persister cells, while informing in vitro and in vivo 
infection models under biorelevant conditions. These features highlight 
IMC as a versatile tool for antimicrobial development and infection 
biology.

5. IMC for monitoring biomaterials and scaffolds formation and 
physicochemical stability

One of the major advantages of microcalorimetry is its ability to 
analyze virtually any type of specimen, ranging from liquids to solids. 
Biomaterials and scaffold samples can be directly placed into a micro
calorimeter ampoule without extensive preparation. By continuously 
measuring heat flow relative to appropriate controls, microcalorimetry 
enables the quantification of both the rate and extent of physical and 
chemical degradation processes, such as hydrolysis and corrosion. Un
like differential scanning calorimetry (DSC), which typically subjects 
samples to elevated temperatures over short periods (often far above 
those encountered during normal use or storage), IMC allows for the 
monitoring of slow reactions over extended periods under tightly 
controlled environmental conditions. These can include variables such 
as medium composition, pH, oxygen levels, and relative humidity [108]. 
Although IMC typically requires larger sample sizes—on the order of one 
gram, compared to the milligram quantities used in DSC—it offers su
perior sensitivity. This enables precise monitoring of the stability of both 
solutions and solid materials under real-world storage conditions, rather 
than under the accelerated conditions typically used in DSC. As a result, 
IMC allows for the direct determination of reaction rate constants at the 
temperature of interest, eliminating the need to conduct tests at elevated 
temperatures (which may alter the degradation mechanism) and 
avoiding reliance on extrapolation via the Arrhenius Eq. [109].

IMC also offers advantages over high-performance liquid chroma
tography (HPLC), a technique commonly used to monitor the chemical 
stability of active substances and polymers. Unlike HPLC, which requires 
the dissolution of the test material, IMC enables direct analysis of solids 
and intact formulations. In solution-based testing, HPLC often struggles 
to simultaneously detect subtle decreases in the concentration of the 
parent compound and the corresponding increases in degradation 
products, which is why accelerated stability conditions are frequently 
employed. Additionally, dissolving a stored solid for HPLC analysis 
erases physical changes in the material internal structure, potentially 
obscuring important stability information. Several studies have high
lighted the advantages of IMC for monitoring drug stability and drug- 
material interactions [110].

A clear example of the suitability of IMCs to determine the physi
cochemical stability of implantable materials is that of ultra-high mo
lecular weight polyethylene (UHMWPE). This polymer serves as a key 
bearing surface in hip, knee, and other joint replacement implants. The 
sterilization method used before implantation significantly impacts the 
material’s long-term stability, as slow oxidative degradation occurs over 
months or years, affecting its mechanical properties. Gamma (γ) irra
diation, a common sterilization method, generates free radicals in 
UHMWPE, accelerating oxidation unless counteracted (e.g., by adding 
α-tocopherol). This oxidation leads to embrittlement, reducing wear and 
fracture resistance, ultimately compromising the implant’s clinical 
performance. Several microcalorimetric studies have investigated 
UHMWPE stability. One study found that the physicochemical stability 
of γ-radiation sterilized UHMWPE was five to nine times lower than that 
of ethylene oxide (EtO)-sterilized material [111]. Researchers attributed 
this decreased stability to a combination of oxidation due to free radical 
reactions and hydrolytic degradation in oxidized polymer regions.

To further investigate the stability of UHMWPE exposed to air, heat 
flow rates were measured at 20, 25, 35, and 45 ◦C for non-sterilized, 
γ-radiation sterilized and EtO-sterilized samples. IMC curves were 
used to estimate the activation energies, which were 47, 11, and 41 kJ/ 
mol, respectively. The heat flow plots confirmed exothermic reactions in 
γ-radiation sterilized UHMWPE, suggesting that in vivo, the surface of 
articular components made from this material may become oxidized 
during wearing [112].

The impact of sterilization on the stability of acrylic bone cements 
has also been demonstrated using IMC [113]. The exothermic heat flow 
(Q) of Palacos® R acrylic bone cement powder exposed to ambient air 
was monitored over a period of up to 200 h. Four powder variants were 
assessed: unsterilized, EtO-sterilized, and γ-irradiated at doses of 2.5 and 
4.5 Mrad. Each was evaluated after being stored under ambient condi
tions for 2 days, 3 weeks, and 9 months post-sterilization. Best-fit models 
of Q as a function of time were used to calculate an “effective” heat flow 
(Qeff) over the interval of 14–200 h. The Qeff values of unsterilized and 
EtO-sterilized powders were consistently low and remained stable across 
all storage durations. In contrast, γ-irradiated powders exhibited 
significantly higher Qeff when tested 2 days post-sterilization, indicating 
reduced thermal stability; however, these differences were no longer 
evident after 3 weeks or 9 months of storage. These results suggest that 
EtO-sterilized bone cement powders are thermally stable and can be 
safely used in cemented arthroplasties immediately after sterilization, 
regardless of shelf storage time. In comparison, γ-irradiated powders 
require a minimum of three weeks of ambient storage to achieve similar 
stability before clinical use [114].

IMC is particularly suitable for monitoring bone cement formation, 
particularly calcium phosphate-based cements, where setting and curing 
times are critical. If the cement sets too quickly, its strength and 
toughness can be compromised. Like many solid-state reactions, cement 
hydration cannot be accurately described using standard chemical rate 
equations (e.g., first-order or second-order kinetics). However, distinct 
phases of the setting process can be identified: an initial rapid reaction 
(often undetectable in IMC due to the time needed for thermal equili
bration), followed by a lag phase, then a sharp increase in reaction rate, 
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and finally, a gradual decline in activity [115,116]. IMC allows re
searchers to monitor the setting process over extended periods and to 
assess how additives impact the setting reactions of bone cements to 
improve strength and other properties. DSC, when operated in 
isothermal mode, has also been used for such studies. The relatively 
longer time needed in the IMC to first achieve thermal equilibration, 
compared to DSC, compromises the capture of the initial stages of the 
process, but it can be solved with the use of injection systems and mixers 
that enable the addition of the liquid component once the calorimeter is 
stabilized.

In conclusion, IMC provides a powerful, non-destructive means to 
quantify both the rate and extent of physical and chemical degradation 
processes of biomaterials and scaffolds under physiologically relevant 
conditions. Beyond monitoring degradation, IMC can also assess the 
energetic changes introduced during scaffold preparation and steriliza
tion, including the storage and subsequent release of energy, which may 
influence host tissue responses following implantation.

6. IMC for evaluation of mammalian cells and tissues

IMC has been shown to be particularly useful to monitor the activity 
(including replication) of low number of mammalian cells in culture 
(104–105) and to investigate the interactions between cells and bio
materials. Numerous mammalian cells and cell cultures have been 
analyzed for their heat production and metabolic activity using IMC 
[28,117]. For instance, thermogenesis in adipocytes has been investi
gated in both rat and human cells [118–120]. In vitro studies on adi
pocytes derived from obese patients have suggested that changes in 
cellular metabolic efficiency play a crucial role in obesity pathogenesis 
[121]. Similarly, research on hepatocytes has demonstrated that 
microcalorimetry is a useful tool for studying carbohydrate and fat 
metabolism in cultured cells. However, discrepancies in heat production 
rates between cells cultured in vitro and those in vivo were found [122].

IMC has also been applied to living tissue samples, such as dissected 
or biopsy-derived tissues, for research and diagnostic purposes. For 
example, propranolol and other β-blocker drugs have been shown to 
have an impact on muscle thermogenesis and endurance. It has been 
reported that muscle biopsies from a patient who had taken propranolol 
for one week showed reduced thermogenesis and lower isokinetic 
endurance [123]. Subsequent research in both human and animal 
models confirmed these findings, highlighting differences between 
propranolol and other drugs such as terbutaline [124] and carvedilol 
[125]. Beyond muscle studies, IMC has also been used to analyze uro
genital tract biopsies, effectively distinguishing tumorous from non- 
tumorous tissues [126]. By comparing histological findings with calo
rimetric data, researchers demonstrated that heat production measure
ments could be used to grade tumor malignancy, as further developed in 
section 7.

An important caution when analyzing biopsies with IMC is the risk of 
microbial growth. For example, in a study with 152 colon biopsies from 
healthy individuals incubated in various nutrient media, bacterial 
growth altered enthalpy values in the absence of antibiotics. The addi
tion of gentamicin was necessary to prevent such artifacts and to mea
sure heat flow originating solely from human tissue [30]. Additionally, 
IMC has revealed marked differences in collagenase-mediated degra
dation of biological tissues when fresh compared with those fixed by 
glutaraldehyde or ethylene glycol diglycidyl ether; fresh tissues released 
significantly more heat, consistent with their greater degree of degra
dation [127].

In tissue engineering, microcalorimetry has emerged as a valuable 
technique for monitoring the growth and proliferation of human cell 
lines under varying culture conditions. For instance, studies involving 
CHO320 hamster ovarian cells have shown that this method can facili
tate the optimization of cell culture media [128]. CHO320 cells genet
ically engineered to produce interferon-γ exhibited changes in heat flow 
corresponding to nutrient availability and the accumulation of toxic 

metabolic byproducts. These findings underscore the utility of IMC in 
the rational design of culture conditions for biopharmaceutical pro
duction [129].

Research has shown that the growth of primary human chondrocytes 
can be effectively tracked in a microcalorimetric ampoule, and that early 
IMC-measured growth rates correlate well with long-term cell expansion 
under standard conditions—traditionally assessed through time- 
consuming cell counts [130]. This suggests that IMC offers a simple 
and efficient alternative for evaluating the expansion potential of donor- 
derived cells. It can also be applied to track the activity of micro
encapsulated cells [131]. Since IMC is non-destructive, high-value 
samples can be recovered intact for further biochemical, histological, 
and mechanical analyses. For example, when studying chondrocytes, 
samples removed from the calorimeter can be analyzed post-IMC for cell 
viability and DNA content using standard kits [130], as well as for the 
biochemistry, tissue structure, and mechanical properties of newly 
formed cartilage.

Moreover, IMC applications extend beyond culture optimization and 
may serve as an alternative to animal models in preclinical biocom
patibility and safety testing [132,133]. For instance, IMC demonstrated 
the effects of Cr(VI) on human dermal fibroblasts, which are implicated 
in severe skin ulcerations. Control cells exhibited a heat production of 15 
± 5 pW per cell, whereas exposure to 0–500 μM Cr(VI) progressively 
inhibited heat production over 3–25 h. The IC50 was determined to be 29 
± 4 μM, in close agreement with the conventional colorimetric WST-1 
assay (35 ± 5 μM) [134]. These results demonstrate that Cr(VI) im
pairs fibroblast metabolism and induces cell death, highlighting the 
utility of microcalorimetry for toxicity assessment. In a subsequent study 
with other metal ions, combining IMC and oximetry, Cd(II) exposure 
inhibited both thermogenesis and cell respiration, whereas Ni(II) had no 
detectable effect and Al(III) selectively inhibited respiration without 
altering thermogenesis. After 24 h at 40 μM, Cd(II) caused fibroblasts 
death, whereas Al(III) and Ni(II) appeared to overstimulate the cells, 
increasing thermogenesis and respiration [135]. These findings can 
inform the design of metal-containing hip implants by considering the 
tissue ion levels reached under normal and excessive wear conditions.

IMC was used to study gentamicin’s effects on human blood cell 
metabolism. At concentrations above therapeutic levels, the drug 
increased heat production in red cells and slightly in granulocytes, while 
lymphocytes were unaffected. No effects were observed at lower con
centrations, confirming microcalorimetry as a useful tool for assessing 
drug impact on cellular metabolism [136].

Potential cytotoxic effects of the 63S bioactive glass (produced using 
the sol-gel method) and hydroxyapatite (HA, extracted from bovine 
bone) were assessed using yeast (Saccharomyces cerevisiae) and human 
chondrocyte cells in a micro calorimeter TAM48 (Waters/TA) (Fig. 9) 
[137]. XRD analysis revealed that the bioactive glass had an amorphous 
structure, whereas HA was fully crystalline. Saccharomyces cerevisiae 
maintained normal growth in YPD medium with bioactive glass con
centrations up to 3.3 mg/mL (10 mg/vial). At higher concentrations, 
yeast showed reduced metabolic activity and delayed growth, with 
complete inhibition at 50 mg (Fig. 9 A1). HA did not negatively affect 
yeast growth up to 6.6 mg/mL (20 mg/vial), and only mild delays were 
observed at higher levels, with significant inhibition appearing at 15.5 
mg/mL (Fig. 9 A2). Human chondrocyte cells showed no major adverse 
effects when exposed to 3 mg of either bioactive glass or HA, with only a 
slight drop in metabolic activity (Fig. 9 A3). Growth patterns remained 
consistent across cultures, with decline attributed to the closed nature of 
the IMC vial, which lacks nutrient renewal. No heat flow was detected in 
the negative control, verifying that all recorded activity was due to cell- 
biomaterial interactions. The study showed that yeast cells, being easier 
to manipulate, could serve as an effective preliminary model for esti
mating conditions suitable for human cell assays [137].

IMC has also been explored for its ability to monitor the heat pro
duced during macrophage phagocytosis of particulate materials. These 
particles may result from surface wear of metal or polymer prostheses or 
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scaffolds. Their presence can trigger an inflammatory response, poten
tially shortening the lifespan of the device and, in the case of bone im
plants, leading to osteolysis. Preliminary studies have shown that 
substrates with lipopolysaccharide (LPS) bound to the surface induce an 
increase in heat flow from macrophages. Tests using both inorganic and 
organic microparticles also demonstrated elevated heat flow compared 
to particle-free controls, although the specific impact of surface-bound 
LPS remains unclear [138]. IMC also evidenced an increase in heat 
flow when splenic lymphocytes were exposed to ginseng and astralagus, 
probably because the activation of immune mechanisms, such T cell 
receptor and PI3 K-Akt signaling pathways [139].

Non-nucleated cells, such as red blood cells (RBC), have also been 
evaluated in the calorimeter. It was shown that RBCs account for 50 % of 
the total head output of blood, whereas lymphocytes, granulocytes, and 
platelets account for 20 %, 20 %, and 10 %, respectively [140]. Varia
tions in the rate of heat production by blood cells may serve as an in
dicator of various diseases. For example, an increased heat production 
rate in erythrocytes has been associated with anemia.

IMC has been employed to assess the metabolic response of human 
platelets and leukocytes when exposed to synthetic vascular graft ma
terials [141]. Cell accumulation on the inner surface of small-diameter 

vascular grafts can lead to complications such as thrombosis, intimal 
hyperplasia, and eventual occlusion. The study compared three types of 
grafts: expanded polytetrafluoroethylene (ePTFE), knitted Teflon and 
Fluorometer Passivated Dacron (FPD) grafts. FPD was made by adding a 
fluoro-polymer layer onto a knitted Dacron to reduce thrombogenicity 
and leukocyte activation. When exposed to any of the graft materials, 
platelets exhibited a rapid increase in metabolic activity, which then 
stabilized and remained steady for over one hour (Fig. 9 B1). Leukocyte 
responses, however, varied with the material: neither ePTFE nor knitted 
Teflon induced significant metabolic activity, while FPD triggered a 
pronounced heat flow peak within the first 15 min of contact (Fig. 9 B2). 
This suggests that FPD causes strong leukocyte activation, though the 
underlying mechanisms were not further investigated in the study.

In a follow-up study, the metabolic responses of granulocytes and 
platelets to modified knitted Dacron vascular grafts were examined and 
compared to those elicited by untreated grafts [142]. The grafts were 
either collagen-impregnated or externally coated with collagen. 
Collagen impregnation significantly increased cell adhesion and resulted 
in the highest heat production; that is, up to four times greater than that 
of the other graft types within 30 min. This observation aligns with in 
vivo findings showing that small-diameter grafts internally coated with 

A1 B1

B2A2

A3

Fig. 9. (A) Heat flow curves showing the effect of (A1) bioactive glass particles (BG) on Saccharomyces cerevisiae growth (O.D. <0.05) in yeast peptone dextrose 
(YPD) medium, (A2) hydroxyapatite (HA) particles on S. cerevisiae growth (O.D. <0.05) in yeast peptone dextrose (YPD) medium, and (A3) bioactive glass and HA 
particles (3 mg) on cultured human chondrocyte cells growth in Dubelco’s modified eagle’s medium. BG composition was 63 mol% SiO2, 28 mol% CaO, 9 mol% 
P2O5. Reprinted from Doostmohammadi et al. [137] with permission of Springer Nature. (B) Heat flow curves of (B1) platelet-concentrate suspensions (1175 ± 125 
× 106/mL) and (B2) leukocyte suspensions (1 × 106/mL) incubated with Fluorometer Passivated Dacron (FPD), expanded polytetrafluoroethylene (ePTFE) and 
knitted Teflon vascular grafts and without (control). Reprinted from Swartbol et al. [141] with permission of Sage Publications.
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collagen are highly thrombogenic.
The activity of organelles such as mitochondria, when isolated from 

cells, can be effectively monitored using IMC [143]. Thermogenic and 
thermokinetic profiles of mitochondria can provide valuable insights 
into inter- and intra-species genetic differences, as well as the effects of 
pharmacological agents or other treatments [144]. While there are 
currently no published studies specifically investigating mitochondrial 
heat flow perturbations caused by scaffolds, research involving 
gadolinium-based contrast agents has shown that Gd3+ salts exert a 
concentration-dependent effect on mitochondrial energy metabolism. 
This finding helps to explain the observed toxicity associated with high 
concentrations of these contrast agents [145].

In sum, IMC is a powerful, non-invasive tool for assessing the 
metabolic activity of mammalian cells and tissues. It allows real-time 
monitoring of viability, proliferation, and biomaterial interactions 
while preserving samples for further analysis. By enabling such mea
surements in vitro, IMC supports the 3R’s principles by reducing and 
refining the use of animal models in tissue engineering and biomedical 
research.

7. IMC for evaluation of antitumoral treatments

Several studies highlighted a correlation between tumor cell malig
nancy and cellular heat production rates, with malignant cells gener
ating more metabolic heat than normal cells. First evidence referred to 
lymphocytes from individuals with non-Hodgkin’s lymphoma, which 
exhibited elevated heat production [146]. At the tissue level, research 
on biopsies from urogenital tract organs has demonstrated that IMC can 
rapidly differentiate between tumorous and non-tumorous samples 
[147]. The diagnostic findings obtained through IMC in this study 
aligned well with results from histological analysis and impulse 
cytophotometry.

Many molecular alterations in tumor cells contribute to what is 
known as metabolic reprogramming, but the most significant changes 
typically involve glycolysis and the tricarboxylic acid (TCA) cycle in 
conjunction with the oxidative phosphorylation (OXPHOS) system. 
These pathways are the primary sources of ATP in tumor cells [148]. 
Based on their predominant energy-producing pathways, tumor cells are 
generally categorized as either glycolytic (relying heavily on aerobic 
glycolysis) or oxidative, where OXPHOS is recruited to meet increased 
energy demands. However, classifying tumors strictly as glycolytic or 
oxidative is challenging due to their metabolic complexity. A more 
straightforward approach involves examining the bioenergetics of 
tumor and metastatic cells through a fundamental and universal 
parameter: thermogenesis. Using isothermal microcalorimetry, re
searchers identified thermogenic differences among various cell lines 
and correlated these with specific metabolic pathways and the organ
elles responsible for adaptive thermogenesis [149,150]. Cell lines were 
selected based on their metastatic potential, which ranked as follows. 
Tongue carcinoma: LN-2 > LN-1 > SCC-9; Murine melanoma: 4C11+ >

4C11− > 4C; Human melanoma: WM852 > WM9838B > WM983A; 
Breast cancer: MDA-MB-231 > MCF-7; and Lung cancer: H460 > A549.

Heat production was measured using an OMEGA Isothermal Titra
tion Calorimeter (VP-ITC, Microcal Inc., Northampton, MA). After 
equilibration at 37 ◦C, the experiment was initiated by injecting intact 
cells—or, in some cases, cell-free extracts—into the sample chamber. 
Heat changes were recorded every 5 min over a 35-min period. Each 
measurement involved injecting 120 μL of a cell suspension containing 
1.2 × 105 cells. Although each tumor type displayed a distinct heat 
release profile, the most thermogenic cells were consistently those with 
the highest metastatic potential (e.g., 4C11+, WM852, H460, LN-2, and 
MDA-MB-231). Moreover, mitochondrial extracts from metastatic cells 
exhibited significantly higher thermogenic activity compared to those 
from non-metastatic cells [149]. Overall, the use of isothermal titration 
microcalorimetry provided a non-invasive, real-time, and highly sensi
tive method to quantify the net energy output of living tumor cells, 

offering valuable insights into their metabolic behavior and metastatic 
potential.

Flow microcalorimetry was applied to measure dihydrofolate 
reductase (DHFR) activity in rat and human malignant tissue homoge
nates. Unlike conventional assays, its sensitivity enables direct detection 
in crude preparations. In rats, liver showed the highest DHFR activity, 
while lung and brain had lower levels, with optimal pH values of 4.5 for 
liver and 6.8 for lung and brain. Enzyme activity increased 1.5–3-fold 
with 0.6 M KCl or NaCl. Low DHFR activity was also detected in human 
bone tumor homogenates, highlighting the method’s potential for 
enzyme analysis in malignant tissues [151].

Microcalorimeters adapted for use with 48-well microtiter plates 
have also proven suitable for monitoring the growth of hepatocarcinoma 
microtissues (approximately 1000 cells per microtissue), demonstrating 
a linear relationship between thermal power output and the number of 
microtissues per well [150]. A similar microcalorimeter has been used 
for the fast screening of the efficacy of new drug candidates against rare 
childhood tumors [152] and neuroblastoma [153].

Changes in intestinal microbiota have been shown to occur during 
cancer progression. Specific microbial community has been associated 
with greater morbidity and poor prognosis of cancer, but it has also been 
shown that certain tumors alter the diversity of the microbial commu
nities [154–156]. An engineered resistant-starch (ERS) diet, in which 
corn starch was replaced with resistant starch, was evaluated as an 
alternative to fasting to investigate the effects of dietary restriction on 
pancreatic cancer development. Due to the indigestibility of resistant 
starch, the ERS diet resulted in reduced intestinal glucose concentra
tions. Its impact on fecal microbiota was assessed using IMC in nude 
mice before and after pancreatic cancer induction. Compared to a con
trol diet, the ERS diet led to increased microbial diversity and a higher 
relative abundance of Lactobacillus species in the pre-cancer fecal 
microbiota. Following cancer induction, microbial diversity declined in 
both groups. Before cancer induction, acetate was the predominant 
fermentation product, whereas after induction, propionate production 
became more pronounced. Mice on the ERS diet showed lower total acid 
production overall. These microbiota shifts were reflected in the IMC 
scans, which generally showed reduced total heat accumulation [157]. 
These findings suggest that IMC could serve as a useful tool to correlate 
dietary interventions with cancer progression.

Other studies have also demonstrated that the addition of glucose or 
fructose to cancer cell cultures notably increases the heat flow, indi
cating elevated metabolic activity. As mentioned above, high metabolic 
activity is associated with an increased metastatic potential compared to 
non-migrating cells. As an example, neuroblastoma cells exhibited an 
enhanced thermogenic profile in the presence of fructose, which appears 
to support cell survival under conditions of low oxygen and limited 
nutrient availability [158]. IMC may enable the classification of tumor 
cells into high or low metastatic potential groups based on their ther
mogenic profiles.

IMC studies on tumor cell apoptosis have demonstrated that 
increasing the temperature from 37 to 42.5 ◦C leads to a reduction in the 
metabolic activity of tumor cells. These findings provide valuable 
insight into the mechanisms underlying the effectiveness of scaffolds 
with photothermotherapy capabilities for localized tumor eradication. 
Furthermore, this knowledge may contribute to the development of 
optimized clinical protocols—specifically regarding temperature 
threshold and application duration—to enhance the efficacy of ther
motherapy, whether used alone or in combination with chemo- and 
radio-therapy. Human ovarian carcinoma cell line (COCL) (3.28 × 105 

cells in 1 mL) were incubated at 37, 40, 42.5 and 43.5 ◦C in a LKB 2277 
Bioactivity Monitor microcalorimeter. No changes in heat flow were 
observed at 40 ◦C with respect to 37 ◦C, but a strong decrease was 
recorded at 42.5 ◦C and more markedly at 43.5 ◦C in a 24-h time frame 
period. Addition of a chemotherapeutic drug notably shortened the time 
for the heat flow decline and made the decrease more pronounced, 
showing that the simultaneous application of hyperthermia and 
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chemotherapy caused synergic effect on cell apoptosis [159].
In sum, IMC offers a sensitive, non-invasive means to assess tumor 

bioenergetics, linking thermogenesis with malignancy, metastatic po
tential, and treatment response. Unlike conventional assays, it enables 
real-time monitoring of intact samples with minimal preparation. These 
advantages make IMC a valuable translational tool for drug screening, 
microbiota and dietary studies, and the optimization of hyperthermia- 
based therapies.

8. Conclusions and a view to the future

Measuring the energy associated with biological events has long 
been recognized as a key approach to understanding their underlying 
mechanisms. Advances in technology over the past two centuries now 
allow the detection of extremely small heat flows, such as those gener
ated by the metabolism of just a few cells. Among calorimetric tech
niques, IMC stands out for its ability to monitor thermal events under 
constant temperature and tightly controlled environmental conditions 
that can closely mimic the in vivo environment of damaged tissues or 
implantation sites.

While interpreting calorimetric data typically requires validation 
through complementary methods, IMC patterns offer immediate quali
tative insights when comparing biomaterials or cell–material in
teractions under standardized conditions. Quantitative information can 
also be extracted using simple mathematical models. Readers interested 
in these models are referred to previous reports [33,38,49,54,160].

A major strength of IMC is its versatility: it can analyze virtually any 
sample type, from liquids to solids. Biomaterials or scaffold samples can 
be directly placed into microcalorimeter ampoules, enabling continuous 
recording of heat flow relative to controls. Physical degradation pro
cesses (e.g., hydrolysis, corrosion) and biological interactions, including 
bacterial or mammalian cell adhesion, can be quantified in terms of both 
rate and extent. IMC has proven valuable for rapid sterility screening of 
scaffolds and implantation sites, emphasizing the importance of char
acterizing the metabolic state of bacterial inocula when designing in 
vivo models of implant-related infections. These insights can guide in 
vitro studies under biorelevant conditions, potentially reducing or 
replacing animal testing.

IMC can also aid in rapid diagnostic of infections in implantable 
devices. Importantly, such early detection—achievable within just a few 
hours compared to traditional microbiological methods—could have 
substantial clinical impact. Establishing antimicrobial therapy before 
biofilm development is critical, as once biofilms form, bacteria become 
highly resistant to antibiotic treatment. Early calorimetric detection 
may therefore play a pivotal role in reducing patient complications 
associated with healthcare-related infections.

IMC also enables assessment of antibacterial performance of coatings 
and active compounds incorporated into scaffolds and medical devices, 
supporting classification of materials based on biofilm risk or eradica
tion capability. IMC is particularly effective for evaluating natural 
antimicrobial agents and bacteriophages as alternatives or adjuncts to 
antibiotics against multidrug-resistant bacteria. Unlike conventional 
end-point assessments conducted after a few hours of culture, IMC al
lows real-time monitoring of metabolic changes and relapses over time, 
identifying persister cells. The technique also reveals structural changes 
in scaffolds caused by sterilization methods, such as prolonged energy 
release after gamma irradiation.

Although studies on mammalian cell growth on scaffolds during 
tissue regeneration remain limited, IMC can detect metabolic changes in 
response to pharmacological or physical stimuli. Applications extend 
beyond optimizing cell culture conditions, offering potential as a non- 
animal model for preclinical biocompatibility and safety testing. For 
instance, IMC can monitor macrophage responses to particles shed from 
scaffolds, immune reactions to biomaterials, or hemolysis. IMC can also 
quantify the net energy output of tumor cells, providing insight into 
their metabolic state, metastatic potential, and how 

interventions—including scaffold-based therapies—alter tumor 
progression.

Although still in early development, innovations such as microfluidic 
calorimetric chips offer promising opportunities for integrating IMC 
with microfluidics under flow conditions that more closely mimic in 
vivo environments [161,162]. The advantages and disadvantages of 
currently developed closed and open microcalorimeter chips have 
recently been reviewed [163]. Future IMC systems may further benefit 
from miniaturization and improved stabilization, enabling the study of 
scaffold–cell interactions (both mammalian and microbial) under fluc
tuating temperatures that mimic physiological rhythms (e.g., sleep, ex
ercise) or pathological conditions such as fever. As a proof-of-concept a 
microfluidic chip capable of measuring bacterial growth through heat 
flux in a thermally non-stabilized environment (with temperature fluc
tuations of ~1 K) has been shown effective for monitoring early bacteria 
proliferation before biofilm formation. This finding opens promising 
avenues for the rapid detection of infections in implantable devices. 
Importantly, such early detection—achievable within just a few hours 
compared to traditional microbiological methods—could have sub
stantial clinical impact. Establishing antimicrobial therapy before bio
film development is critical, as once biofilms form, bacteria become 
highly resistant to antibiotic treatment. Early calorimetric detection 
may therefore play a pivotal role in reducing patient mortality associ
ated with healthcare-related infections [162].

Multi-well IMC also represents a significant advance, providing 
incipient high-throughput screening capabilities [150]. Reports on 
multi-well IMC are rapidly increasing, demonstrating its reliability for 
characterizing a variety of mammalian cells [164,165] and microor
ganisms and parasitic worms [150,166] across diverse biomedical ap
plications. For instance, thin-film sensors integrated into the bottom of 
standard 96-well plates have enabled real-time, label-free monitoring of 
both cell number and metabolic activity [167]. More recently, although 
not strictly IMC, a multi-parameter sensing platform was developed to 
combine thermal and impedance measurements in a microplate format. 
Thermal signals reflect biomass, while impedance captures viability- 
related membrane integrity. Using S. cerevisiae, multivariate models 
predicted cell number and viability with errors of 0.106 × 10^7 cells and 
19.67 %, improving to 5.02 % at higher cell concentrations [168]. This 
integrated approach outperformed single-parameter methods and en
ables real-time monitoring for applications in bioprocessing, drug 
screening, and toxicity testing.

In parallel, the development of ultrasensitive microcalorimeters of
fers tools for bioanalysis at the droplet, single-cell, or even subcellular 
level [163].

In addition to technical innovations, the choice of vessel material is 
crucial for reliable IMC measurements. Vessels must avoid altering cell 
metabolism while ensuring rapid heat transfer for stable and accurate 
measurements. Previous studies showed that human granulocytes and 
phagocytes are artificially activated by contact with stainless steel ves
sels, producing elevated and variable heat signals. Lining the vessels 
with fluoroethylene-polypropylene eliminates this effect, enhancing the 
accuracy of microcalorimetry for assessing granulocyte metabolism 
under physiological in vitro conditions [169]. Consequently, titanium, 
glass or plastic vials are now commonly preferred.

Recent studies have demonstrated IMC’s ability to measure energy 
expenditure in small invertebrates (e.g., Caenorhabditis elegans) [170] 
and vertebrates (e.g., zebrafish larvae) [171], supporting evaluation of 
scaffold regenerative potential while aligning with the 3Rs principle by 
reducing reliance on animal models. This capability is particularly 
relevant in the context of FDA Modernization Acts 2.0 and 3.0, which 
formally recognize validated nonclinical methods as alternatives to an
imal testing. FDA Modernization Act 2.0 [172] permits the use of vali
dated non-animal alternatives in preclinical testing of drugs and 
biological products, while FDA Modernization Act 3.0 [173] emphasized 
the development of human biology–based models. IMC can support both 
approaches, especially when biorelevant, disease-specific models are 
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integrated into assay vials. Heat flow signatures of biomaterials or 
medical devices may even serve as indicators of quality and 
performance.

The development of IMC applications in the biomedical field could 
be significantly advanced if authors consistently included the keywords 
“microcalorimetry” or “isothermal microcalorimetry” in their publica
tions. At present, many papers employing the technique either omit it 
from the title and keywords or use a diverse range of terms to describe 
the same technology. Adopting a more uniform approach to keyword 
usage—specifically including IMC—would greatly enhance the discov
erability of relevant research and support the continued growth of the 
field.

By enabling real-time, non-destructive, and multiparametric moni
toring of cell viability, microbial proliferation, and scaffold performance 
under physiologically relevant conditions, IMC exemplifies the vision of 
Industry 5.0, which emphasizes human-centric, sustainable, and intel
ligent innovation. Its ability to generate high-quality, reproducible data 
supports ethical, human-relevant preclinical testing while reducing 
reliance on animal models. Incorporating IMC into standardized work
flows can advance personalized, efficient, and sustainable scaffold 
design and drug evaluation, bridging cutting-edge technology with 
patient-centered outcomes. Broader adoption and validation of IMC 
could accelerate translational research while embodying the human- 
and sustainability-focused goals of Industry 5.0.
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