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Abstract. Infectious disease is a serious healthcare problem in 
orthopedics, as well as other surgical specialties. Accurate and 
prompt diagnosis, as well as proper care, is critical, as infection 
of a surgical wound, particularly in the case of arthroplasties 
or the use of orthopedic implants, can have a catastrophic 
effect in most cases, necessitating the removal of foreign 
material. Lyophilized bacteria samples were obtained from 
Cantacuzino National Institute of Research and Development 
for Microbiology and Immunology and investigated micro‑
calorimetrically. Isothermal microcalorimetry measures the 
temperature generated by the multiplication of microorgan‑
isms; using an adapted program, it describes the growth curve 
in real‑time according to the received electrical signal. The 
thermograms of Escherichia coli and Klebsiella pneumonie 
were analyzed, and similarities were observed for both the 
time required for the bacteria to grow and the heat flow gener‑
ated by their growth. Bacterial microcalorimetry has a variety 
of benefits, and should be regarded as a means of rapid and 
accurate diagnosis. Sensitivity is a valuable attribute for a 
diagnostic technique; when only a few microorganisms are 
present, microcalorimetric signs of bacterial multiplication 
can be observed. Microcalorimetry has potential as a simple 
diagnostic tool in a variety of infections, but further research 

is needed to ensure that it is used correctly. A thorough inves‑
tigation (including kinetic analysis) of a reproducible thermal 
signal of bacterial growth could lead to the creation of new 
methods for quickly identifying bacteria.

Introduction

Infectious disease occurring during surgery is a serious 
healthcare problem; in orthopedics, as well as other surgical 
specialties, a wound infection causes the healing process to 
be delayed, as well as an increase in the clinical burden faced 
by the patient. Patients in these cases report greater suffering 
than patients that were cured without infection while having 
the same pathology (1). Accurate and prompt diagnosis, as 
well as proper care, is critical, because infection of a surgical 
wound, particularly in the case of arthroplasties or the use of 
orthopedic implants, can have a catastrophic effect in most 
cases, necessitating the removal of foreign material (2,3).

According to the literature, an exponential rise in arthro‑
plasty procedures for maintaining or improving mobility have 
been accompanied with an increase in life expectancy (4). 
Owing to an increase in the amount of traffic accidents and 
sports injuries, the use of joint replacements and orthopedic 
implants is growing (5). Biocompatible prosthetics are used 
in the treatment of degenerative pathologies, as well as for 
cosmetic purposes (6,7).

When a foreign body is present, the risk of infection is 
substantially higher; nearly half of all nosocomial infections 
are linked to medical equipment in some way (8,9). Infection 
can originate from an infected implant, as well as disinfec‑
tion and sterilization errors. For these reasons, any infectious 
outbreaks must be investigated, located and treated in the case 
of suspicion of postoperative septic evolution (10). Orthopedic 
infections are more common in patients with dental abscesses, 
skin or digestive infections  (11). Staphylococcus  aureus 
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(S. aureus), coagulase‑negative staphylococci, Escherichia coli 
(E. coli), Enterobacter spp., Klebsiella pneumonie (K. pneu-
monie). and Pseudomonas  aeruginosa are among the 
bacteria commonly present; S. aureus is the most frequently 
detected of these (11‑13). Factors that can reduce the risk of 
infection include the introduction of flow restriction in the 
operation room, highly qualified surgeons with reduced opera‑
tion time, the application of prophylactic antibiotics and, when 
applicable, the use of antibiotic‑charged implants (14,15).

A technique that has found a place in the ever‑changing 
context of technological evolution is microcalorimetry. This 
technique, widely employed in inorganic chemistry, is only 
starting to find more widespread use in medicine. The basis 
of microcalorimetry is the capacity of bacteria to produce heat 
from metabolic activity; a microcalorimeter records the energy 
released due to different biochemical reactions, which can be 
used to generate growth curves for clinical evaluation (16‑20).

Infectious pathology in the field of orthopedics and 
traumatology occurs less frequently than in other medical 
or medicosurgical specialties (21); however, musculoskeletal 
infections can lead to negative outcomes, and are relatively 
difficult to identify and treat. Making a positive diagnosis 
and evaluating the options based on the diagnosis, as well as 
treating the pathology as soon as possible, are critical.

An unidentified infection can impair the functioning of a 
limb or, if it leads to sepsis, can cause life‑threatening circum‑
stances  (22,23). Osteomyelitis is a disease that can affect 
individuals of all ages and involve any part of the skeletal 
system; it can and should be categorized based on the type 
of host response, the length of the infection or the age of the 
infected individual in order to select the most optimal thera‑
peutic approach and determine the prognosis (24). Concerning 
onset time, osteomyelitis may be categorized as acute if it 
occurs within the first 6 weeks of infection, or chronic if the 
onset occurs after 6 weeks. At this stage, localized infection 
can occur in one of two ways (23,24). When a microorganism 
penetrates from the outside into the bone, it is known as direct 
inoculation (following trauma, during surgery or when a 
neglected septic process develops in the vicinity of the bone); 
alternatively, remote inoculation results from a distant outbreak 
area that involves the bone via hematogenous dissemination 
of the pathogen (24,25). These cases are frequently plurimi‑
crobial infections, which affect easily identifiable anatomical 
areas and, in the case of trauma, are followed by a major, 
quantitative contamination of the wound (23,25).

Infection involves a compromised local environment with 
devitalized tissues and necrosis, both of which are conducive 
to the development of septic processes due to suboptimal 
vascularization that prevents or impairs penetration of anti‑
microbial substances (22,24,25). Following the development 
of a distant septic process, hematogenous dissemination of 
microbial agents occurs, resulting in bacteremia. During 
bacteremia, infections of the synovial fluid, cartilage or bones 
are possible. Microorganisms are typically restricted to sites 
of damage, such as a fracture treated with osteosynthesis 
or a joint prosthesis. Diabetes or smoking, which affect the 
structures of small vessels, as well as liver failure, kidney 
failure and conditions involving immunodeficiency, are all 
host‑related systemic factors that may promote the spread of 
infection (22,24). In these cases, the patient's age is critical, as 

infections resulting from this process are heavily affected by 
local anatomy and physiology (23,25,26).

To understand the basics, it is necessary to discuss other 
technical concepts. Preliminary principles of thermodynamics 
discovered by Thomas Johann Seebeck (late 18th century) are 
often referred to as the Seebeck effect. Different materials 
with the same mass may require different levels of heat to raise 
their temperature by 1˚C (27,28). The Seebeck effect (direct 
thermoelectric effect) describes the generation of thermoelec‑
tromechanical tensions in a circuit, which are converted into 
a temperature difference between two materials with different 
structures (27,28).

Peltier's effect is the second physical fundamental; it should 
be considered an inversion of the previously discussed effect, as 
it describes a process in which a potential difference is converted 
into a temperature difference (27,28). This effect, which can 
be seen in thermoelectric heating and cooling systems, was 
discovered in 1834 by French physicist Jean Charles Athanase 
Peltier, who demonstrated through experiments that if an elec‑
tric current passes through a junction of two different metals, 
it can register losses or increases in temperature at that zone. 
The value of absorbed warmth is equal to the value of emitted 
warmth, based on Peltier's coefficient (27,28).

Modern microcalorimetry dates back to the 19th century, 
when physicist Albert Tian built a calorimeter (depth, 7 m) in 
order to maintain stable temperatures. Peltier and Seebeck effects 
are at the heart of microcalorimeter activity, both in the past and 
in the present, resulting in two of the most critical components: 
The Seebeck effect, which is used to create a temperature sensor 
that can convert a temperature difference into an electric signal; 
by means of a Peltier‑type cell, the applied electrical energy is 
transformed in absorbed or released heat (28).

Tian succeeded in studying insect metabolism using 
a microcalorimeter and the Peltier effect in  1922, and 
Edouard Calvet, his successor, succeeded in transforming 
the microcalorimeter into a laboratory apparatus in 1948 by 
developing two twin calorimetric components: The reference 
and the sample (28,29). The first microcalorimeter was sold in 
1970 (29), and it has evolved since then due to technological 
advancements. Microcalorimeters have been developed with 
increasing sensitivity, the ability to acquire a greater quantity 
of data due to the availability of multiple channels and comput‑
erized technology that can process a wide variety of data in 
a short amount of time (30,31). The present study aimed to 
demonstrate that this tool could be used to diagnose infectious 
pathologies in the field of orthopedics by evaluating different 
bacterial strains using the method.

Materials and methods

Theoretical considerations
Thermal analysis. Microcalorimetry is a science that uses 
a calorimeter to measure the heat generated by different 
processes. This process is called heat flux, and it is based on 
the physical principle that when two bodies with different 
temperatures are brought together, they will adjust their 
temperatures until they reach a thermal equilibrium (32). To 
record this occurrence, calorimeters will measure tempera‑
tures and collect data in an indirect manner, as thermal 
changes will be converted into electric signals, which will be 
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recorded and processed through an informatics program that 
will allow data interpretation (32).

In order to conduct a thermal analysis, some temperature 
changes must occur, which must be recorded; in the present 
study, a differential measurement method has been used. For 
these experiments, changes in temperature that occur in one 
probe compared to a reference when the temperature is changed 
are used; for an experiment to be successful, one property must 
be different between the two cells (which house the probe and 
the reference) in order to properly quantify and analyze the 
results. It should be noted that this property can be changed 
in subsequent experiments to evaluate various changes. The 
calorimeter has two rooms that are equipped with temperature 
sensors; following the introduction of the two cells (sample and 
reference), they regulate the flow of heat between the two cells, 
as well as between cells and structures in the body.

When it comes to twin cells (which, as previously stated, 
have similar properties), the amount of energy transferred 
into the cell has no effect; only the difference between 
the two is recorded, which is known as differential type 
microcalorimetry (33,34).

Role of microcalorimetry in bacteriological research. 
Numerous studies have been conducted using microcalorim‑
etry, investigating bacterial metabolism and how bacteria react 
to changes in the culture environment, including the levels of 
nutritive substances, temperature or the amount of oxygen in 
the microcalorimetric cells (31,34). All of these variables are 
necessary and must be factored into the equation, as changes 
in their order can have a substantial impact on calorimetric 
detection and the rate of bacterial growth. The majority of 
studies are conducted in closed systems, which contain a 
substance in a finite quantity, allowing bacterial culture to 
represent a finite growth cycle that can be quantified.

A bacterial culture has four stages of growth (Fig. 1) (35,36): 
i) Lag phase/latency phase, during which the bacteria adapt to 
the environment in which they were inoculated, with protein 
synthesis and low‑intensity metabolic reactions, but no divi‑
sion; ii) exponential growth phase, during which bacteria grow 
as long as environmental conditions are favorable (the bacterial 
growth rate can be calculated using an exponential function 
with base 2, X = X02n, as they multiply via binary division; 
this evolution can also be expressed as a function of time, as 
the generation time is represented by the interval between two 
successive multiplications); iii) stationary phase, during which 
the rate of bacterial generation becomes equal to that of bacte‑
rial death due to the increase in the quantity of inhibitors and 
decrease in substances necessary for growth; and iv) decline 
phase, at the end of which most bacteria are destroyed as a 
result of the conditions in the stationary phase, leaving a low 
number of bacteria in a non‑multiplicative state that can resume 
the cycle if they are offered favorable environment (37).

Demonstrating the variability and reproducibility of the 
process using American type culture collection (ATCC) 
reference strains. To conduct superimposable experiments, 
the phases of experimental planning must be conducted in 
the same manner with each experimental repeat. Preparing 
a liquid culture of the infectious agent to be studied is the 
first step in conducting an experiment. As the amount of 

non‑viable bacteria accumulates in the investigated environ‑
ment over time, an elevated artificial nephelometric index 
may be misleading; thus, cultures must be freshly prepared 
for each experiment, as the bacteria used have the capacity to 
grow at room temperature (13,19,21,32). Therefore, the second 
important step is to prepare the samples and insert them into 
the microcalorimeter as soon as possible. When an experiment 
is performed after a long period of time has elapsed since the 
sample was prepared, the initial growth stage may be lost from 
the recording timeline.

Another critical consideration when using a microcalorim‑
eter is maintaining a stable ambient temperature, as changes 
in the room can create artifacts in the bacterial growth curve. 
Considering the above, it may be assumed that establishing 
a working procedure and standard rules of conduct for 
microcalorimetry is crucial for efficient experiments.

The following microorganisms were used for the 
experiments intended to establish reproducibility: E.  coli 
(ATCC 25922) and K. pneumonie (ATCC 700603), which 
were accessed with the goodwill of the medical staff at the 
Cantacuzino National Institute of Research and Development 
for Microbiology and Immunology. The bacteria were grown on 
trypticase soy agar [TSB; mixture of pancreatic digest of casein 
(17 g), NaCl (5 g), papaic digest of soybean meal (3 g), K2HPO4) 
(2.5 g) and dextrose (1.8 g), diluted to 1 liter and pH 7.3±0.2 at 
25˚C] and Sabouraud dextrose agar [SDA; mixture of myco‑
logical peptone (10 g), dextrose (40 g) and agar (15 g), diluted 
to 1 liter and pH 5.6 at 25˚C], which were composed in‑house.

Procedure. Experiments were conducted as follows. First, 
3,000 µl of sterile medium (SDA or TSB, depending on the exper‑
iment) was added to a nephelometric tube, and the McFarland 
index was measured using a nephelometer. Then, 15 µl patho‑
logical produce was dispersed in 300 µl medium, ensuring that 
the microorganisms were homogeneously dispersed. Then, 2 µl 
solution was repeatedly pipetted in the nephelometric tube until 
the McFarland index rose by 1.0. Sample cells were filled with 
600 µl inoculated medium at room temperature and hermeti‑
cally sealed using a silicon o‑ring. A batch cell containing 
600 µl sterile TSB or SDA was used as the reference for differ‑
ential scanning microcalorimetry. Both cells were sealed and 
then inserted into the microcalorimeter.

After both the sample and the reference cell were inserted, 
the acquisition program was initiated and set to maintain a 
temperature of 37˚C. The recording was terminated and 
analyzed after the curve reached the isoelectric line for 
2‑3 h, which is the point where the bacterial culture no longer 
produced energy. Only experiments conducted at 37˚C with a 
loading volume of 600 µl were included in the present study.

The tracking of bacterial growth curves and the primary 
processing of data obtained by the microcalorimeter was 
performed using Calisto (v1.493; Setaram; KEP Technologies), 
and R (v3.5.0) (38) and RStudio server packages (v1.1.456) (39) 
were used for the processing, comparison and statistical 
analysis of data.

Results

In the present study, two separate experiments were conducted 
with each bacterial strain, K. pneumonie (Fig. 2) and E. coli 
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(Fig. 3); each experiment was conducted at 37˚C, the normal 
temperature at which the bacteria develop. The thermograms 
can be evaluated based on key points determined by a set of 
quantitative parameters, including thermal signal detection, 
establishment of the exponential growth, the peak maximum 
and the return to baseline (Fig. 1). Measurements determined 
based on these points (including the corresponding positions 
of, or intervals between events on the time scale, as well as heat 

Figure 1. Recording of the differential scanning microcalorimetric signal. Recordings are presented as a graph of heat flux dependence (heat flow, mW) against 
time and temperature of the external source. In this graph, a positive heat flow represents an exothermic process.

Figure 2. Thermogram of Klebsiella pneumoniae. Overlap of two experi‑
ments is presented.

Figure 3. Thermogram of Escherichia coli. Overlap of two experiments is 
presented.
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flow values) can be used to characterize raw bacterial growth 
thermograms, as well as to differentiate the microorganisms.

By evaluating the thermograms for both E.  coli and 
K. pneumonie, similarities were observed for both experi‑
mental repeats for each bacterial strain, including in the time 
required for bacterial growth and the heat flow generated by 
their growth. The bacterial growth and imprint unique to each 
strain used in the experiment can be followed in the graphs, 
which can be viewed in real‑time. For each bacterial strain, the 
growth curves reached the isoelectric line within 10‑15 h from 
the start of the experiment.

Discussion

Bacterial microcalorimetry has a variety of benefits, 
and should be regarded as a means of rapid and accurate 
diagnosis. Sensitivity is a valuable attribute; when only a 
few microorganisms are present, microcalorimetric signs 
of bacterial multiplication can be observed  (40,41). The 
generated curve has features that help identify the pathogen 
involved, in addition to demonstrating the presence of 
microorganisms. It is worth noting that this approach 
provides real‑time data, the progression of bacterial growth 
can be tracked at any time using standard laboratory equip‑
ment or portable devices. In addition to the efficiency with 
which data can be processed, a microcalorimetric experi‑
ment allows researchers to evaluate a greater number of 
variables (temperature, culture medium, recording method) 
that correspond with knowledge already available in the 
literature, providing greater options for diagnosis and 
targeted care  (33,34,40). Any approach that promotes 
targeted treatment should be sponsored and developed 
in a world where the threat of increasing microorganism 
resistance to antibiotics and chemotherapeutics is widely 
recognized. Within the context of orthopedics, the chronic 
pain caused by a pathology, whether surgically treated or 
not, will lower patient satisfaction, regardless of whether 
or not comorbidities are present. Inadequate or painful 
mobility can lead to depression and exacerbation of other 
pathologies, so effective treatment of infection should be 
considered in any situation (10,24,42,43).

The microcalorimetric method of identifying bacteria 
based on their growth curves is still in progress, with no 
substantial body of research at present. The probability of 
widespread use should be considered, but research this stage 
will require extensive research, involving processing with 
specialized software in order to develop of a widely appli‑
cable algorithm. A thorough investigation (including kinetic 
analysis) of a reproducible thermal signal of bacterial growth 
could lead to the creation of new methods for quickly identi‑
fying bacteria. Our research is limited to a small field within 
infectious medical pathology, but it is hypothesized that 
microcalorimetry has the potential to be applied in a wide 
range of medical fields.

In the graphs presented in this article, two growth curves 
can be observed for each pathogen. Within these growth 
curves, the growth pattern is identical but minimal changes 
in the amount of energy released can be observed. These 
differences occur as experiments are performed successively 
without using the same culture medium prepared for the 

first experiment in the series, resulting in minute differences 
between experimental repeats; this will be addressed in future 
by purchasing newer generation devices, but it also emphasizes 
the sensitivity of the microcalorimetry method, which can 
detect otherwise imperceptible differences.

Wound infection and the release of pro‑inflammatory 
modulators leads to local discomfort and delayed healing. 
Pain‑related stress impairs the immune response to infection, 
further impairing wound healing (44,45). With this in mind, 
the development of innovative and quick diagnostic methods 
is important for providing rapid care that will alleviate patient 
suffering, reduce hospitalization times and decrease the 
burden on the medical system.
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