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Abstract 

Organ transplant waiting lists are progressively lengthening worldwide due to the shortage of 

suitable organs, resulting in a high mortality rate among patients. The traditional preservation method 

is static cold storage, but in recent years a new technique has emerged: machine perfusion. This 

approach consists of perfusing the organ with an oxygenated solution, either acellular or blood-based, 

with the aim of reactivating aerobic metabolism prior to transplantation and enabling the assessment 

of organ viability through the analysis of metabolites released into the perfusion fluid. 

This doctoral thesis focuses on the use of technologies for the real-time detection of Flavin 

Mononucleotide (FMN), considered a biomarker of ischemia-reperfusion injury, during organ 

perfusion. The methodologies employed are based on spectrophotometric measurements, UV-visible 

absorption, and fluorescence, using both standard laboratory instruments, such as benchtop 

spectrophotometers, and an innovative stand-alone device, specifically developed by the company 

funding the doctoral research, capable of detecting fluorescence signals directly within the perfusion 

circuit. 

A measurement protocol was proposed for the real-time monitoring of FMN and NADH 

concentrations using benchtop spectrophotometers, with potential clinical application. The stand-

alone device was calibrated to detect FMN in the range of 12–237 ng mL–1 according to the developed 

protocol. Furthermore, dedicated software was implemented to identify the FMN spectrum and 

distinguish it from potential interferents, while a machine learning algorithm allows automatic, real-

time quantification of FMN concentration during organ perfusion. 

The prototype was validated in preclinical settings, both on animal and human organs, 

demonstrating excellent performance in biomarker detection. This thesis demonstrates the high 

potential of this technology for large-scale application in clinical settings. 
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Preface 

This thesis was produced while attending the PhD programme in Electronic and Computer 

Engineering at the University of Cagliari, Cycle XXXVIII, with the support of a scholarship co-financed by 

the Ministerial Decree no. 352 of 9th April 2022, based on the NRRP - funded by the European Union - 

NextGenerationEU - Mission 4 "Education and Research", Component 2 "From Research to Business", 

Investment 3.3, and by the company Sarmed Srl. Sarmed Srl is a company part of Medica Group Spa.  

The preclinical experiments described in this doctoral thesis were conducted on animal organs in full 

compliance with Italian and European regulations on animal welfare, ethics, and hygiene. The organs were 

sourced from animals intended for human consumption, already slaughtered according to the applicable food 

hygiene regulations, thus ensuring their safety. 

During the PhD program, the candidate undertook a research period at the Lerner Research Institute 

of the Cleveland Clinic, serving as a Predoctoral Fellow in the Department of Inflammation & Immunity within 

Dr. Andrea Schlegel’s Laboratory, where the prototype was tested on human organs provided by the institution. 

Although the related experimental data cannot be disclosed due to the absence of formal authorization, this 

experience significantly contributed to the development of the project. 

The content of the chapter III is largely based on the article Cadinu et al., Optical Spectroscopic 

Detection of Mitochondrial Biomarkers (FMN and NADH) for Hypothermic Oxygenated Machine 

Perfusion: A Comparative Study in Different Perfusion Media, published in Sensors (MDPI), 2025, 25 pp. 

4031. https://doi.org/10.3390/s25134031. The article is distributed under the Creative Commons Attribution 

(CC BY 4.0) license, which permits use, distribution, and adaptation, provided that the original source is 

properly cited. Some sections have been reorganized and supplemented with additional material and further 

insights. 

In Chapter IV, which is dedicated to the description of the prototype, no technical details or 

construction diagrams concerning the hardware, light source, spectrometer, or optical configuration are 

disclosed. Likewise, no complete software implementations are presented, except for a few short Python code 

excerpts included for illustrative purposes. The focus is instead placed on the experimental use of the device 

and on the analysis of its performance. This confidentiality is motivated by the fact that the prototype is 

protected by industrial secrecy: disclosing its technical or design features could allow potential competitors to 

replicate the system or benefit from its engineering solutions. 

This doctoral dissertation has been carried out within the field of Electronic and Computer 

Engineering. Since the research is applied in a medical context, it is essential to emphasize that the 

information presented herein is intended solely for scientific purposes and must not, under any 

circumstances, be interpreted as medical or clinical advice. The author assumes no responsibility for any 

improper or inappropriate use of the information contained in this dissertation. 
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"Non est ad astra mollis e terris via" 

Lucio Anneo Seneca, Hercules Furens, verse 437. 

 

 

Chapter I 

 

1. Introduction 

1.1. From Myth to Clinical Reality: The Evolution of Organ 

Transplantation until Machine Perfusion 

Since the dawn of time, the human body has aroused wonder and fascination in the perception 

that human beings have of themselves, a map of profound meanings and mysteries that each 

civilization has interpreted in its own way. A journey through cultures and millennia, discovering how 

the heart, liver, skin, intestine, and other tissues have been much more than mere organs: symbols of 

life, sacrifice, and regeneration. 

In ancient Egypt, the heart – called ib – was considered the seat of intellect, feelings, will, and 

memory. Not by chance, during the solemn ceremony of psychostasia, the heart of the deceased was 

placed on the scale of the god Thoth, ready to be weighed for judgment in the afterlife. A sacred 

instant, in which a heartbeat decided eternal destinies. 

Across the ocean, among the Aztec temples, the same heart – seen as a casket of will and 

knowledge – was offered to the Sun in sacred rituals. Torn from the chest, it gave vital energy to the 

divine star, while the skin, delicately removed, became an offering to the god Xipe Topec. Two gifts, 

a single sacrifice: the flesh for the light, the skin for rebirth. 

And then there was Greece, where the liver – ἧπαρ, hépar – throbbed as the center of emotions 

and passions [1]. The myth of the titan Prometheus tells us of its power: he stole fire from the gods 

to give it to men. As punishment, Zeus chained him to a rock in the Caucasus, condemning him to 

have his liver devoured by a giant eagle, day after day. But each night the organ regenerated, ready 

to be wounded again. In that eternal tale lies a surprising anatomical truth, perhaps already known to 
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the ancient Greeks: the liver is the only organ capable of almost completely rebuilding itself. Even 

today, if part of it is removed, within a few months it reforms itself. 

It is not surprising, then, that Hippocrates wisely stated: “if we are able to live a good life, it 

is thanks to the health of our liver” [2]. Because every organ, every story, every myth reminds us that 

the human body is not only matter. But a living organism that interacts with the surrounding world. 

In ancient medical doctrines, the intestine was often seen as a second brain, a dark and 

mysterious place where the most hidden humors were born. Hippocratic and Arab physicians read in 

it a tangle of feelings and intuitions, a visceral labyrinth capable of influencing the soul. It was not 

just a digestive tube, but a passageway between the external world and the innermost self, where food 

was transformed into energy and thought. A kingdom of shadows and lights, where it was believed 

premonitions and those “butterflies” of anxiety or joy – that we still feel fluttering within us today – 

originated. 

And high above, toward the sky, the lungs were the divine breath, the sacred wind of life. For 

philosophers and alchemists, they represented the bridge between man and the universe. In ancient 

China, the lung was associated with the Metal element and with the virtue of courage, the breath that 

gathers the pure energy of the sky (Qi) to distribute it throughout the whole body.  

For Native American cultures, breath was the sound of the soul conversing with the wind, 

with the spirits of the ancestors. Each inhalation was an act of receiving the world, each exhalation a 

gift of oneself to the air. It is no coincidence that when one faces a stressful or anxious situation, 

taking a deep breath helps to calm stress and relax both body and mind. 

The human body functions as an integrated and wonderfully complex network, where every 

single component is interconnected and interdependent. There are no elements that act in isolation, 

but all cooperate in a dynamic and harmonious balance, as in a perfect mechanism whose gears, 

although sometimes mysterious, move in unison to sustain life. 

Unfortunately, for various reasons, a gear can break, and the machine, life, begins to falter, 

making survival a challenge. The most emblematic case is when internal organs are damaged and 

unable to perform their functions correctly. In the most serious cases, to ensure survival and an 

acceptable quality of life, it even becomes necessary to replace the organ with a healthier one. From 

this arises the need for transplantation. 

The transplantation of organs and tissues has fascinated humans since the most ancient times. 

There are numerous legends in mythology that refer to the replacement of damaged tissues with new 
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ones. An example is the mythical Chimera, an animal whose body was made up of the body of a lion, 

a serpent’s tail, and a goat’s head on its back, which was slain by the Greek hero Bellerophon with 

the help of the mythical winged horse Pegasus, itself an ancient example of fusion between parts of 

different organisms into a single being. In fact, with transplantation, an individual receives an organ 

from another donor, thus resulting in a fusion of different parts. 

In the same way, the myth of the Lernaean Hydra recalls a concept strikingly close to modern 

medicine: this monstrous creature, similar to a serpent with many heads, had the ability to regenerate 

each severed head, multiplying endlessly. Only thanks to the ingenuity of Heracles, who cauterized 

the wounds with fire to prevent regrowth, was it possible to defeat her. In that legend of infinite 

regeneration, one can glimpse the observational ability of the ancient Greeks regarding the capacity 

of tissues to rebuild themselves, an idea that today finds a direct parallel in regenerative medicine and 

modern transplantation techniques. 

The concept of the fusion of different beings into a single entity is not confined to Greek 

mythology but recurs throughout the myths, legends, and creative expressions of many cultures and 

eras. This archetype — the union of diverse elements to form a new, hybrid whole — has continued 

to inspire the human imagination across centuries. It appears in modern science fiction films such as 

The Fly (1986), where human and insect DNA merge into a single organism, as well as in video games 

like Return to Castle Wolfenstein (2001), which depict humans transformed into cybernetic beings. 

In literature, Mary Shelley’s Frankenstein (1818) stands as one of the earliest and most powerful 

reflections on the boundaries between life, science, and the reconstruction of the human body through 

external components. Even in contemporary popular culture, such as in the Japanese anime Dragon 

Ball Z (1992), the character “Cell” embodies this very idea — a creature born from the cellular 

synthesis and fusion of multiple beings. 

Although these fictional representations serve the purpose of entertainment, they symbolically 

mirror a process that, in a scientific and biological sense, occurs in organ transplantation. When an 

organ or tissue is transplanted from a donor to a recipient, a profound cellular dialogue takes place. 

The donor’s cells begin to interact with those of the host, leading to a process of integration that, at 

the microscopic level, can be seen as a form of biological fusion. In this union — part biological, part 

symbolic — the boundary between two individuals becomes blurred, giving rise to a new composite 

entity that embodies both life and continuity. 

Even in Christian culture there are references to the possibility of replacing organs, as testified 

by the words of the prophet Ezekiel (Ezekiel 36:26–29): “I will give you a new heart and put a new 
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spirit within you; I will remove from your body the heart of stone and give you a heart of flesh…”. 

This verse must be interpreted within the theological and symbolic context in which it is placed. 

Nevertheless, it is interesting to observe the parallel that can be drawn with the contemporary 

experience of organ transplantation. In particular, in the case of heart transplantation, cultural 

narratives and personal testimonies have often referred to the idea that the recipient acquires not only 

an organ but also a deeper dimension, sometimes described as the “soul” of the donor. Some transplant 

patients have reported subjective experiences, such as dreams or perceptions related to the donor, 

although such phenomena currently lack scientific validation. Nonetheless, the biblical verse provides 

a suggestive perspective for reflecting on the symbolic and anthropological meaning of 

transplantation, as well as on the connection between body, identity, and spirituality. 

From an historic point of view, the oldest mention of tissue transplantation is found in the 

Ebers Papyrus, written around 1550 BC, which mentioned skin grafting for the treatment of burns 

[3]. 

Of note from the Renaissance period is the Bolognese Gaspare Tagliacozzi and his studies 

collected in De curtorum chirurgia per insitionem (1597), where he laid the foundations of plastic 

and reconstructive surgery thanks to his experience in reconstructing the structure of arms, ears, 

noses, and lips damaged by disease and mutilation. 

In modern times, the first verifiably documented skin transplantation took place in 1869 

thanks to the work of the Swiss surgeon Jacques-Louis Reverdin, who demonstrated the success of 

epidermal grafting [4]. At the beginning of the 20th century, experimental studies on animals began. 

The Viennese surgeon Emerich Ulmann, a student of Theodor Billroth, one of the masters of modern 

surgery, defined the technique of transplantation in dogs. In 1909, the breakthrough came with Karl 

Landsteiner, who provided the basis for understanding and controlling the immune response of organ 

rejection, also called the “graft” [4]. 

With the progress of medicine and surgery, organ transplantation passed from myth and 

symbol to clinical reality. After the first experiments on animals in the 19th century and the first 

pioneering operations of the early 20th century, the real revolution occurred in the mid-20th century. 

In 1954, in Boston, the first kidney transplant between two monozygotic twins was performed, a 

success that demonstrated the concrete possibility of replacing a diseased organ with a healthy one 

[4]. In the following years, advances in anesthesia, surgical techniques, and especially in the 

understanding of the immunological mechanisms of rejection made it possible to extend the approach 

to other vital organs such as the liver, heart, and lungs. 
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A fundamental turning point was the introduction of cyclosporine in the 1980s, an 

immunosuppressive drug that greatly improved the survival of patients and grafts, opening a new era 

for transplants. From that moment, organ transplantation became established as one of the most 

important life-saving therapies and a symbol of medical progress. Today, transplantation is a 

widespread clinical practice worldwide and often represents the only option for patients with end-

stage organ failure. According to the most recent data, hundreds of thousands of transplants are 

performed worldwide each year, with the kidney ranking first as the most frequently transplanted 

organ, followed by liver, heart, lungs, and pancreas. 

However, demand far exceeds supply: waiting lists continue to grow, and many patients die 

without ever having access to a suitable organ [5 – 10]. Despite the difficulties linked to the scarcity 

of donors, clinical results are extraordinary: survival rates at 1, 5, and 10 years have progressively 

improved thanks to better surgical techniques, more effective immunosuppressive therapies, and 

increasingly sophisticated preoperative management. 

Furthermore, in recent years there has been a technological revolution with the introduction 

of new methods of organ preservation, such as machine perfusion, which make it possible to evaluate 

and keep organs alive in controlled conditions, offering new transplantation opportunities even for 

organs initially considered marginal [11–20]. 

Organ transplantation, associated with machine perfusion, is not only a life-saving therapy but 

also represents an ethical, social, and scientific issue of enormous relevance. It is the result of a unique 

alliance between donor, recipient, physicians, surgeons, and researchers, and it continues to be a 

rapidly evolving field, where engineering, biology, and medicine intertwine to give new life to those 

who would otherwise have no hope. 

It is within the field of machine perfusion that the development of this doctoral thesis is 

situated. We will therefore examine this technique in detail, whose origin is not recent: for several 

decades, systems of artificial organ perfusion have already been tested. What is innovative today is 

not so much the principle itself, but rather the new philosophy of use, which transforms it from a 

simple method of preservation into a dynamic tool for functional evaluation and even regeneration of 

the organ before transplantation. 

Machine perfusion of organs for transplantation is an advanced technique designed to preserve 

and enhance the viability of donor organs before transplantation [21 – 25]. This method involves the 

continuous perfusion of organs with a preservation solution, which can be either cold (hypothermic 

machine perfusion) or at body temperature (normothermic machine perfusion), aimed at sustaining 
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organ function and assessing viability outside the body [26 – 30]. Unlike of the current preservation 

method traditionally used in clinical context, the static cold storage (SCS), which has been the gold 

standard in organ preservation, machine perfusion facilitates the maintenance of physiological 

conditions, thus potentially improving post-transplant outcomes [31 – 35]. 

Machine perfusion may appear to be a futuristic technique, almost as if it were taken from 

science fiction, yet its origins go much further back in time than one might expect. In the next 

paragraph, we will briefly retrace its beginnings and historical development, leading up to its modern 

applications. 

 

1.2. A Brief History of Machine Perfusion 

Perfusion is a technique that progressively evolved from 19th-century experiments on 

extracorporeal circulation and blood pumping [36 – 39]. As early as 1812, Cesar Julien Jean Le 

Gallois suggested that the vitality of a body part could be preserved through artificial circulation. 

The first description of organ perfusion dates back to 1849, when Carl Eduard Loebell, in his 

Dissertation Inaugurals, conducted experiments on isolated pig kidneys perfused with defibrinated 

blood, measuring urine production [40, 41]. He observed that bright red arterial blood, upon exiting 

the renal vein, appeared darker and richer in solids, while the ureter released a clear liquid containing 

considerable amounts of proteins [40, 42]. In Loebell’s and Bidder’s experiments, the reservoirs 

containing the perfusion fluid were pressurized with columns of water or mercury [43, 44]. 

In 1850, Claude Bernard was the first to describe an ex vivo liver perfusion model [45]. 

Shortly after, in 1855, Porter and Bradley patented the first hand-cranked roller pump [38, 39, 46]. 

Interestingly, the patent listed unconventional applications, such as cleaning cesspools, pumping 

gastric contents, or enabling injections [39]. However, with subsequent modifications, this invention 

proved efficient for cardiopulmonary bypass, allowing open-heart surgery to be performed in a 

relatively bloodless and dry surgical field [39]. Before this advancement, physiologists and 

pharmacologists had relied on primitive gravity-driven pumps, with the perfusate reservoir simply 

suspended from the laboratory ceiling [39]. 

In 1858, Eduard Brown-Séquard carried out striking experiments: he injected blood into the 

arms of executed criminals, showing that oxygenated blood perfusion could restore reflex nervous 

activity [46]. He also attempted the first artificial oxygenation of blood by agitating it, transforming 

it from “black” to “red” [37, 46]. 
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In the following years, several researchers refined oxygenation techniques. In 1867, 

Alexander Schmidt, together with Carl Friedrich Wilhelm Ludwig, experimented with adding oxygen 

to venous blood, improving the method of artificial perfusion and perfusing dog kidneys with 

defibrinated, oxygenated, and linen-filtered blood [37, 46, 47]. In 1876, Bunge and Schmiedeberg 

achieved similar results by agitating venous blood in atmospheric air until it acquired the bright red 

color of arterial blood [37, 48]. 

In 1882, Waldemar von Schröder developed a device capable of oxygenating blood by passing 

an air stream through it, a process considered the first form of bubble oxygenation [37, 49]. The 

following year, M. Abeles refined this approach by using pure oxygen instead of air [50]. 

A decisive step toward modern systems came in 1885, when Max von Frey and Max Gruber 

built the first prototype of a closed artificial circulation system [40, 37, 42]. This apparatus included 

an oxygenator (artificial lung) and a pulsatile pump, making it comparable to the first true heart-lung 

machine [41, 46]. The invention of the closed perfusion circuit launched the challenge of improving 

pumping systems to deliver oxygenated blood effectively to perfused organs [38, 39]. 

Later, pulsatile pumping devices were developed and employed by Gustav Hammel [51] and 

other researchers [52 – 54], laying the foundations for the advances in artificial perfusion that marked 

the 20th century. 

According to the scientist Carl Jacobj, the device built by Max von Frey and Gruber was 

bulky, expensive, and overly complicated to use. To address these limitations, Jacobj designed a new 

perfusion apparatus, which he called the “hematisator” [37]. Gas exchange in this device occurred in 

a manner similar to von Schröder’s technique and, for the first time, the principle of the bubble 

oxygenator was incorporated into a closed perfusion system [37]. 

Presented in 1890, this instrument was conceived both for the quantitative analysis of blood 

and blood gases and for recreating circulation conditions similar to natural ones, while remaining 

easy to handle [55]. With its use, it became possible to maintain a continuous blood flow through an 

isolated pig kidney [37]. In 1895, Jacobj further advanced the field by employing dog lungs or 

pulmonary lobes from pigs and calves as oxygenators [46, 56]. Moreover, he was the first to inhibit 

coagulation pharmacologically—previously avoided through defibrinated blood—by using an 

anticoagulant extracted from leeches [37]. 

The pumping mechanism devised by Jacobj, based on a rubber balloon compressed 

rhythmically, was later adopted and refined by other researchers [38, 55], including Neubauer et al. 

[57] and Embley [58]. As early as 1887, E.E. Allen patented a slightly modified pump, which he 
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named “blood transfusion instrument” [38, 39]. In 1899, Charles Truax introduced the first double-

roller pump, improving the system for adjusting pressure and force on the delivery tubing [38, 39]. 

Further contributions came in 1903 from T.G. Brodie, who developed a device using an 

alternative pump in which defibrinated blood was mixed with air in the pump chamber [53]. In 1907, 

Johannes Bock designed one of the first electrically powered syringe pumps, later refined by E. 

Friedmann [59, 60], while in 1913 Fröhlich described for the first time the use of an electrically driven 

roller pump for continuous organ perfusion [61]. 

In the following decades, researchers such as Beck [62], Van Allen [63], Bayliss and Müller 

[64], as well as Henry and Jouvelet [65], further improved blood pumping systems, recommending 

the use of roller pumps for transfusions and clinical applications [37]. At the same time, other 

scientists contributed to the development of extracorporeal circulation, including Neubauer and Groß 

[57], Friedmann [60], Zeller [66], Bornstein [67], Hooker [68], von Issekutz [69], Richards and 

Drinker [70], Kermack [71], and others [72]. 

By the beginning of the 20th century, three oxygenation systems were already in use: bubble, 

film, and membrane oxygenators [46]. By the late 1920s, several extracorporeal circulation pumps 

had been described, and successful experimental perfusion of isolated organs had been achieved. 

These advances enabled a deeper understanding of organ physiology [72]. 

Additional technical improvements focused on pumping systems, such as the pulsatile 

membrane pump introduced by Dale and Schuster in 1928 [73], which gained wide popularity in 

subsequent decades [37]. In 1951, Clarence Dennis used the Dale–Schuster pump in combination 

with cardiopulmonary bypass to perform the first open-heart surgery [74]. 

The first major breakthroughs in perfusion and extracorporeal circulation came with the 

experiments of Sergei Brukhonenko in the 1920s. A military physician during World War I, 

Brukhonenko had witnessed numerous cases of traumatic shock and severe injuries to the heart, lungs, 

and major vessels, which led him to envision a method of temporary extracorporeal circulation to 

keep patients alive during treatment [75]. 

In 1926, together with Dr. Tchechulin, he developed the “autojector,” a device for the 

“artificial circulation of blood in warm-blooded animals” [76 – 79]. With this machine, he succeeded 

in keeping a dog alive for two hours with the heart stopped, solely through artificial circulation [37, 

46, 78]. This experiment demonstrated for the first time the feasibility of performing surgery on a 

temporarily arrested heart while maintaining life through artificial perfusion. Despite the pioneering 
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nature of his work, Brukhonenko’s contribution to the development of the heart-lung machine was 

rarely mentioned in English-language surgical literature until the 2000s [46]. 

In parallel, further studies on kidney perfusion were carried out in 1922 by Ernest Verney [80] 

and in 1924 by Fritz Eichholtz [81]. The technique of perfusion reached a turning point in 1935 with 

the work of Charles Lindbergh and Alexis Carrel. To demonstrate that isolated organs could continue 

to live if perfused with a nutrient solution, the two researchers developed a system for perfusate 

oxygenation [37]. Carrel and Lindbergh described their model, which allowed an organ to live outside 

the body, “thus realizing for the first time Le Gallois’ concept” [37]. This apparatus maintained a 

sterile pulsating circulation with a medium composed of blood serum and growth-stimulating 

solutions [37]. 

The concept of hypothermic perfusion for ex vivo organ preservation was first developed by 

Carrel himself [82]. With this system, hearts, ovaries, and kidneys could be perfused [83, 84]. 

Lindbergh also designed a glass perfusion pump capable of sustaining kidneys with an adequate 

oxygen supply [82]. Later, they conducted experiments with hypothermia, and their work was 

revisited and republished by Lindbergh in 1966 after Carrel’s death [85]. 

In those same years, specifically in 1937, J. Gibbon proposed the concept of extracorporeal 

circulation as an aid to cardiac surgery in his classic publication on the artificial maintenance of 

circulation during temporary occlusion of the pulmonary artery [86]. He argued that using a machine 

capable of performing the functions of the heart and lungs would allow the surgeon to operate on an 

“open heart” in a relatively bloodless and dry field, while the other organs of the body continued to 

receive regular perfusion [39]. Gibbon succeeded in artificially replacing heart and lung functions for 

25 minutes during pulmonary artery occlusion [86]. For these results, Gibbon Jr. is considered the 

father of modern extracorporeal circulation [41]. 

Other scientists and physicians, such as Crafoord [87], Björk [88], and Jongbloed [89], refined 

bubble, film, and isolated-lung oxygenation methods for use in the first clinical procedures of 

cardiopulmonary bypass in humans. In particular, J. Jongbloed developed an oxygenator capable of 

handling an extracorporeal blood flow comparable to the basal human cardiac output while still 

ensuring the protection of vital organs [89]. 

Further contributions to the improvement of blood oxygenation techniques came from Leland 

Clark, Frank Gollan, and Vishwa B. Gupta, who managed to avoid the drawback of foam formation 

during bubble oxygenation [72, 73]. Improved bubble and film oxygenators, together with modern 

blood pumps in closed circulation systems, were assembled into pump oxygenators and later termed 
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heart-lung machines [37]. Research into different oxygenation techniques continued in the following 

years [74 – 77]. 

Parallel to the advances in extracorporeal circulation and in the refinement of pumping systems, 

research into isolated organ perfusion continued. In the earliest experiments, blood itself served as 

the perfusion fluid [40]; however, the blood volume of a single animal was insufficient to sustain 

complete perfusion, since early devices required large amounts of blood. Because mixing blood from 

different animal species proved harmful, diluted blood with simple saline solutions or Ringer’s 

solution was increasingly used as a perfusate [53]. 

The use of blood–saline mixtures, however, led to problems such as the development of organ 

edema, though these attempts provided valuable insights into the physiology of organ function [40]. 

At the same time, efforts were made to formulate synthetic perfusate solutions containing electrolytes, 

solutes, vitamins, and other components, capable of at least partially replacing blood [85]. 

Another critical issue concerned the temperature of organ perfusion [40]. In the earliest 

attempts, organs were perfused at room temperature; for example, Bunge and Schmiedeberg carried 

out their experiments at physiological temperatures [42]. However, the protective effects of 

hypothermia had been known since the time of Hippocrates [90]. Napoleon’s surgeon, Baron Larrey, 

observed that wounded soldiers survived longer when left in the snow compared to those warmed 

with blankets and hot drinks [91]. For these reasons, scientists began perfusing organs at reduced 

temperatures, thereby mitigating tissue damage by lowering cellular metabolism [40, 72, 92, 93 – 95]. 

Carrel and Lindbergh also developed a prototype of normothermic machine perfusion (NMP), 

which over time was adapted to clinical practice [72]. The two researchers additionally experimented 

with closed-circuit low-temperature perfusion on organs retrieved from different animals [96]. 

Studies by Carrel and Lindbergh [96, 97] and Hou et al. [98] demonstrated that organs and tissues 

could survive ex vivo for several days under normothermic conditions in culture media. 

In 1951, investigations into the role of the liver in plasma protein synthesis were carried out 

using an isolated liver perfused with blood [99]. Later, experiments using cooled diluted serum or 

heparinized blood extended kidney perfusion from a few hours to as long as 3–5 days [100, 101]. In 

1963, Calne et al. [102] showed that vascular flush perfusion was a more efficient method for cooling 

donor organs than simple surface cooling [72, 103]. However, the use of cold blood also revealed 

significant drawbacks, including vascular spasm in kidney transplants [102, 104 – 106]. 

Further evidence of the effectiveness of low-temperature perfusion came from Lapchinsky, 

who in 1960 successfully reimplanted a canine kidney after 24 hours of preservation in hypothermic 
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blood [107, 108]. Other studies focused on the protective role of hypothermia in the preservation of 

abdominal organs [109, 110]. A major breakthrough came with Belzer et al. [111], who refined the 

hypothermic perfusion machine and reported the successful transplantation of a cadaveric kidney 

after 17 hours of preservation using a perfusate composed of human plasma at 10 °C enriched with 

hydrocortisone, magnesium sulfate, dextrose, and penicillin [72]. 

In 1968, Humphries et al. [101] achieved a milestone by maintaining a kidney in cold 

perfusion with oxygenated blood for 5 days [40]. Around the same time, other researchers obtained 

similar results with hypothermic perfusion preservation of animal organs [112 – 114]. Pioneering 

studies by Brettschneider et al. [115, 116] showed that hypothermic machine perfusion (HMP) applied 

to the liver yielded outcomes comparable to or even superior to static cold storage (SCS) [117]. In 

subsequent years, high-quality canine livers were successfully transplanted after 72 hours of cold 

perfusion preservation [118, 119]. 

The limitations observed by Calne et al. [102] highlighted the need to develop new synthetic, 

acellular preservation solutions to improve organ storage at low temperatures [72, 103, 106]. By the 

late 1960s, mechanical perfusion technology was well established: in 1968, Norman provided a 

detailed description of a liver perfusion machine [120], with a circuit similar to modern designs. In 

1970, Starzl identified the potential benefits of hypothermic oxygenated ex vivo machine perfusion 

[121], noting that an organ maintained under low-flow, hypothermic oxygenated perfusion could 

remain viable for up to 8 hours [122]. 

However, continuous perfusion required expensive and complex equipment that was difficult 

to transport and available only in limited supply [1, 40, 72, 126]. These logistical and economic 

barriers hindered widespread adoption [11]. Moreover, transporting organs over long distances to 

transplant centers compromised function due to hypoxia caused by cessation of blood flow [72, 108]. 

The key challenge, therefore, was to develop a simple and cost-effective method that could 

reduce cellular metabolism through cooling without damaging the organ, thus preserving 

functionality. This problem was solved in 1969 by Collins et al. [123, 124], who developed a low-

temperature preservation solution that enabled static cold storage (SCS) of organs [125]. 

Collins’ pioneering work was based on formulating an acellular solution that could closely 

reproduce the intracellular electrolyte balance of mammalian cells. This represented the first 

significant attempt to preserve organs with an approach grounded in the understanding of cellular 

changes induced by hypothermia and hypoxia [94, 103]. The so-called Collins solutions marked a 
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substantial improvement in organ preservation and were adopted for nearly two decades in transplant 

centers worldwide [72]. 

Collins initially succeeded in keeping canine kidneys viable for 12 hours in an iced saline 

solution, later extending the cold preservation time to 30 hours [123, 124]. This method, known as 

static cold storage (SCS), proved to be more cost-effective, simple, and practical for organ 

transportation compared to dynamic perfusion, and it rapidly became the standard preservation 

modality [11, 40, 103, 125]. SCS involved flushing the explanted organ with a preservation solution 

at 0–4 °C, followed by immersion in the same solution until transplantation. The hypothermic 

environment reduced cellular metabolism, while the solution provided cytoprotection [40]. 

Although limited to about 24–36 hours of preservation, this approach was sufficient to 

maintain tissue viability and to enable organ sharing between transplant centers even at great distances 

[94, 103, 108, 125]. Moreover, the technical and logistical challenges of transporting organs perfused 

with dynamic methods (particularly between the 1950s and 1990s) made Collins’ method the most 

effective choice [127]. His solution proved suitable for liver, kidney, heart, and lung preservation 

[125]. 

In the following years, several improvements were introduced to the static cold storage 

method [108]. In 1980, the Euro-Collins (EC) solution was developed, characterized by high 

potassium and sodium concentrations (intracellular composition) and glucose as an osmotic agent 

[94, 103, 108, 125]. Since glucose has low permeability to renal cells, this solution was particularly 

suited for short-term kidney preservation or in cases of donation after circulatory death (DCD) [132]. 

In 1987, Belzer et al. [128] at the University of Wisconsin formulated a new solution for 

abdominal organ preservation, the so-called University of Wisconsin (UW solution). This solution, 

still widely used today [129, 130], proved superior to Euro-Collins [131]. The UW solution addressed 

the issue of glucose permeability in hepatic and pancreatic cells, which resulted in loss of osmotic 

effect and subsequent anaerobic metabolism with intracellular acidosis [132]. To overcome this 

limitation, glucose was replaced with larger sugars such as lactobionate and raffinose, which 

remained in the extracellular space, ensuring longer-lasting protection (6–16 hours) [132, 133]. 

The UW solution also combined impermeant components (raffinose, lactobionate), ATP 

precursors (adenosine), and antioxidant agents (allopurinol, reduced glutathione), providing more 

comprehensive protection against edema and oxidative stress [132]. However, it also presented 

limitations: the presence of hydroxyethyl starch (HES) as an oncotic support resulted in high solution 

viscosity, with the risk of tissue saturation and reduced blood flow upon reperfusion [134, 135]. 
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Moreover, the high K+ concentration could cause cellular depolarization and unwanted activation of 

voltage-dependent channels [136]. 

These drawbacks stimulated the development of new solutions free of HES and featuring 

different oncotic agents. Alternatives included Celsior and HTK (Custodiol), which lacked oncotic 

agents, as well as PEG-based formulations as osmotic supports, such as the Institut Georges Lopez 

(IGL-1) solution and SCOT (Solution for the Conservation of Organs and Tissues) [132]. Later, other 

solutions enriched with amino acids and protective molecules were introduced [137, 138]. Among 

these, the Histidine-Tryptophan-Ketoglutarate (HTK solution), developed by Hans Jürgen 

Bretschneider at the University of Göttingen in 1975 [139], represented one of the most significant 

innovations thanks to its ability to reduce cold ischemia injury. 

 

1.3. The Dawn of Machine Perfusion 

The title of this paragraph, “The Dawn of Machine Perfusion”, is inspired by two seminal 

publications: “Ex situ liver machine perfusion as an emerging graft protective strategy in clinical 

liver transplantation: the dawn of a new era” by Nickkholgh et al. (2019) [140] and “The dawn of 

liver perfusion machines” by Detelich et al. (2018) [141]. Indeed, a new era has already emerged in 

the field of transplantation: that of organ preservation and treatment through machine perfusion, 

which stands as a valuable alternative to traditional static cold storage. 

The technique of static cold storage (SCS) has been progressively refined and tested in 

numerous studies from the 1980s to the present, both for abdominal and thoracic organs [142 – 153]. 

However, the growing demand for transplants has far exceeded the availability of suitable grafts, 

leading many countries to introduce the concept of Expanded Criteria Donors (ECD), including 

Donation after Circulatory Death (DCD), in an attempt to address this shortage [11, 12, 35, 154 – 

156]. 

While SCS offers practicality, low costs, and favorable outcomes for high-quality organs, it 

proves less suitable for preserving high-risk grafts [11, 72]. These include organs from DCD donors, 

elderly donors (>80 years), fatty livers and pancreas, grafts with prolonged cold ischemia times (CIT 

> 8–10 h) or warm ischemia times (WIT > 30 min), and organs from donors with significant 

comorbidities (e.g., diabetes, cardiovascular disease) [11, 12, 72, 140, 157 – 160]. 

One of the main limitations of DCD livers compared with those from brain-dead donors 

(DBD) is the inevitable warm ischemia period occurring between withdrawal of life support and 
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circulatory arrest [161]. This interval, combined with the subsequent cold ischemia during transport, 

leads to depletion of intracellular energy reserves such as ATP and to metabolic disturbances that 

compromise cellular viability [162, 163]. Since SCS does not provide active oxygen or nutrient 

supply, graft survival depends solely on residual energy reserves, which are depleted within 24–48 

hours [159], while anaerobic glycolysis becomes the predominant metabolic pathway [164]. 

The most frequent complications after DCD liver transplantation are biliary complications 

[165, 166], including several forms of cholangiopathy leading to cholestasis, jaundice, and 

cholangitis, which may ultimately cause graft loss or patient death [161]. Overall, ECD grafts are 

particularly vulnerable to hypoxia and anaerobic metabolism during SCS [11, 72, 127, 167 – 175], 

with consequences such as primary non-function, ischemic cholangiopathy (non-anastomotic 

strictures, NAS [176]), and recipient mortality [167, 165, 173, 175, 177, 178]. 

Static preservation further impairs endothelial cell function due to the absence of oxygen and 

biomechanical stimulation [179]. During cold ischemia, metabolites such as reactive oxygen species 

and lactic acid accumulate, which upon reperfusion trigger ischemia-reperfusion injury (IRI) [94, 

108, 180 – 186]. This process affects all major hepatic cell populations, including hepatocytes, liver 

sinusoidal endothelial cells (LSEC), and cholangiocytes [187, 188]. 

The continuous rise in organ demand, long waiting lists, and the high mortality rate among 

patients awaiting transplantation (estimated at 20–30% due to clinical deterioration or death [8 – 10]) 

have driven the clinical community to reassess preservation strategies [8, 177, 189, - 192]. At the 

same time, political and social efforts are growing to raise awareness about donation: in Italy, for 

instance, in 2020 about 33% of citizens renewing their identity card refused post-mortem organ 

donation [193]. 

Although SCS provides partial protection against ischemia-reperfusion injury [151, 203], the 

need for more advanced preservation methods has become evident, particularly for DCD livers, where 

biliary strictures remain a major challenge [165, 194]. In this context, machine perfusion (MP) 

techniques have shown the ability to limit ischemic damage, improve preservation, and allow 

functional assessment of the organ prior to transplantation [11, 12, 32, 195 – 199]. 

These advantages have led to renewed interest in the use and optimization of MP strategies 

for organ preservation [11, 12]. Current trends in liver transplantation are increasingly directed toward 

the integration of machine perfusion, in its different modalities: hypothermic (HMP), normothermic 

(NMP), subnormothermic (SNMP), and controlled oxygenated rewarming (COR) [11, 200]. 
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2. The Scientific Problem 

We have seen that machine perfusion is not merely a preservation technique, but rather introduces 

an entirely new dimension in the field of transplantation: the ability to assess, in real time, the viability 

and functionality of the organ prior to implantation. This opportunity, which represents a substantial 

improvement over static cold storage, allows clinicians to make more informed decisions regarding 

graft suitability, thereby reducing the risk of post-transplant complications and increasing the number 

of organs that can be successfully utilized. 

To achieve this, several clinical evaluation protocols and criteria have been developed, based on 

the monitoring of functional, biochemical, and metabolic parameters during perfusion. Among the 

most widely used are bile production, lactate clearance, blood flow dynamics, and vascular resistance. 

In recent years, however, increasing attention has been directed toward molecular biomarkers, which 

can provide more direct and early insights into cellular vitality. In this context, two molecules have 

gained particular relevance: Flavin Mononucleotide (FMN) and Nicotinamide Adenine Dinucleotide 

(NADH). 

The intuition to use Flavin Mononucleotide (FMN) as a biomarker of organ viability during 

machine perfusion did not arise suddenly; rather, it is the result of a scientific path rooted in the study 

of mitochondrial metabolism and the mechanisms of ischemia–reperfusion injury [201 – 204]. 

As early as the 1960s and 1970s, with the growing practice of organ transplantation and the study 

of ex situ preservation methods, research began to focus on the role of mitochondria as the 

“powerhouses” of the cell [205 – 210]. It soon became evident that the loss of cellular viability after 

prolonged periods of cold ischemia was closely linked to the collapse of mitochondrial capacity to 

produce energy in the form of adenosine triphosphate (ATP) [211 – 220]. At the same time, the 

expanding knowledge of flavoproteins and their cofactors, including FMN, paved the way for the 

idea that these metabolites could serve as sentinels of the cell’s bioenergetic state [32, 202, 221 – 

225]. The role of FMN, a molecule part of the family of flavins, as a biomarker of ischemic damage 

was first characterized in models of stroke and myocardial infarction [226 – 230]; however, its 

translation into the field of transplantation only occurred alongside the adoption of machine perfusion 

for graft assessment [221]. 

Flavins, derived from the Latin term flavin meaning “yellow,” comprise a group of yellow 

pigments that are water-soluble, among which riboflavin—also known as vitamin B2—stands out. 

Riboflavin gives rise to fundamental molecules such as flavin mononucleotide (FMN) and flavin 
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adenine dinucleotide (FAD). In the cytoplasm of various tissues, such as the small intestine, liver, 

heart, and kidneys, riboflavin is converted into its coenzymatic forms, FAD and FMN. These 

coenzymes, essential as cofactors of flavoprotein enzymes, participate in numerous reactions by 

acting as proton carriers in redox processes involved in energy metabolism, metabolic pathways, and 

the synthesis of certain vitamins and coenzymes [231]. 

From riboflavin, the primary hydroxyl group (–OH) is converted into its dihydrogen phosphate 

ester (PO₄H₂) [232]. FMN plays an active role in the oxidative phosphorylation process and is found 

in Complex I (Figure 2.1), one of the largest protein complexes in mitochondria, which is 

fundamental for cellular energy production. Complex I acts as a crucial hub in the respiratory chain, 

the primary mechanism through which cells generate energy. It performs two main functions: 

transferring electrons from NADH to Coenzyme Q (ubiquinone) and pumping protons across the 

inner mitochondrial membrane, thereby generating a proton gradient that drives ATP synthesis [233 

– 235]. 

 

 

Its structure includes 8 or 9 iron-sulfur (Fe-S) clusters and a noncovalently bound FMN molecule 

[236]. Seven of the Fe-S clusters form a linear chain for electron transfer between the flavin and 

quinone [233]. Complex I represents the main site of reactive oxygen species (ROS) production in 

mitochondria, which are involved in ischemia–reperfusion (I/R) injury. When FMN dissociates, ROS 

production decreases [236]. 

Figure 2.1. Structure of the Complex I of mammalian 

mitochondria  and location of the Flavine Mononucleotide (FMN) 

and its redox reactions. Image of public domain. 
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FMN, composed of a tricyclic aromatic ring known as the isoalloxazine group, contains carbon, 

nitrogen, and oxygen atoms (Figure 2.2). This group acts as a catalyst in the redox reactions of the 

molecule, providing an important platform for electron transfer and oxidation–reduction reactions 

that are vital to cellular metabolism. 

FMN, in fact, is a derivative of riboflavin (vitamin B2) and represents an essential cofactor for 

complex I of the mitochondrial respiratory chain, NADH dehydrogenase [237 – 239].  

 

Its molecular architecture consists of three distinct structures: 

• The Isoalloxazine Ring: this is a tricyclic aromatic heterocyclic ring that serves as the 

redox-active site of the molecule. The nitrogen atoms at positions N1, N5, and N10 of the 

isoalloxazine ring are the primary centers for reduction and protonation processes, 

determining the cofactor's redox versatility. 

• The Ribitol: this five-carbon polyalcohol, covalently linked to the isoalloxazine, acts 

primarily as a structural arm, mediating the anchoring of the molecule to the active site of 

flavoproteins through hydrogen bonding and dipolar interactions. 

• The Phosphate Group: esterified to the 5' carbon of the ribitol, the phosphate group 

confers greater hydrophilicity to the molecule and favors specific electrostatic interactions 

with basic amino acid residues within the enzymatic binding pockets. 

The complete structure can therefore be described as Isoalloxazine-Ribitol-Phosphate. Let's 

go into more detail in the description of the chemical structure. 

Figure 2.2. Structure of the Flavine Mononucleotide (FMN). 

Isoalloxazine Ring 

Ribitol 

Phosphate Group 

10 

5 
3 
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The isoalloxazine (Figure 2.3) contains π bonds that can shift between bonding and 

antibonding orbitals. These double bonds, known as chromophores, are significant when the energy 

difference between the two orbitals falls within the visible spectrum. Conversely, molecules such as 

benzene, although they possess π bonds, are not chromophoric and absorb wavelengths in the 

ultraviolet range. For instance, an isolated C=C double bond requires an energy corresponding to 

about 170 nm (in the UV range) to promote an electron from a π orbital to a π* orbital, a transition 

invisible to the human eye. More complex molecules, with alternating single and double bonds, can 

absorb light in the visible range. The conjugation of multiple chromophores shifts absorption toward 

longer wavelengths, allowing the absorption and re-emission of different wavelengths and thereby 

giving the substance its characteristic color. The perceived color does not correspond to the absorbed 

wavelength but rather to those that are reflected. 

In general, when FMN is bound to a protein, its fluorescence is quenched—a phenomenon 

that can also be observed in Complex I [236]. Denaturation of the complex, either due to thermal or 

chemical alterations, leads to the release of FMN. In this free form, FMN can emit fluorescence, 

producing light when excited by an energy source such as ultraviolet radiation [236]. Oxidation (loss 

of electrons) and reduction (gain of electrons) reactions can disrupt the π bonds, resulting in the loss 

of fluorescence. 

Redox Mechanism of the Isoalloxazine Nucleus 

The distinctive property of FMN lies in the redox plasticity of its isoalloxazine ring, which allows 

it to exist in three distinct oxidation states: 

• Quinoid Form (FMN): The fully oxidized form. 

• Semiquinone (FMNH•): A semi-reduced radical state, stabilized by resonance, resulting from 

the acquisition of a single electron and a proton. 

Figure 2.3. Structure of the Isoalloxazine.  
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• Hydroquinone Form (FMNH₂): The fully reduced form, obtained from the acquisition of two 

electrons and two protons. 

This ability to participate in both one- and two-electron transfer processes allows FMN to function 

as an obligatory intermediary between two-electron transfer cofactors (e.g., NADH) and one-electron 

acceptors (e.g., Iron-Sulfur centers and cytochromes). 

A schematic of the reactions is reported in Figure 2.4. 

 

 

The isoalloxazine ring of riboflavin is bound to ribitol (Figure 2.5), a pentose sugar derived 

from the reduction of ribose. 

 

 

The phosphate group (Figure 2.6) is bound to ribitol and comes from the phosphorylation 

reaction of the molecule with ATP, which releases a phosphate group and thus forms FMN. 

Figure 2.5. Structure of the Ribitol. 

Figure 2.4. Schematic of reactions of FMN. From [240, 241]. 
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Under normal oxidative conditions, FMN participates in electron transfer processes, enabling the 

transformation of chemical energy into biologically usable energy [242 – 245]. However, under 

conditions of oxidative stress and ischemia, when the respiratory chain is compromised, FMN 

dissociates from complex I and leaks out of the mitochondria, accumulating in the extracellular 

environment due to its hydrophilic nature of the free molecule [246 – 251]. 

This phenomenon was first observed in cellular biochemistry studies [252], but its clinical 

application only became evident later, when machine perfusion techniques allowed organs to be 

maintained in a controlled and dynamic environment [253], in addition to improvement of 

understanding of ischemia-reperfusion injury processes [254 – 258]. Unlike static cold storage, ex 

situ perfusion makes it possible to continuously sample the perfusate and analyze metabolic markers 

in real time [201, 259, 260]. This feature provided the opportunity to exploit FMN release as a direct 

and early indicator of mitochondrial injury [32, 202, 203, 261]. 

The intuition to monitor FMN marked a fundamental turning point. Until 2019, despite 

considerable interest in various indicators and markers of graft quality, few are routinely used in 

clinical practice, and no single biomarker or parameter has proven definitive [196, 262]. While 

traditional parameters (such as bile production, glucose, lactate clearance, transaminases like ALT, 

AST, total bilirubin, pH, Po2, Pco2, bicarbonate, and hemoglobin concentration) provide indirect or 

delayed information about organ functionality [32, 167, 263 – 265], FMN offers a privileged window 

into the status of mitochondria, which form the very foundation of cellular vitality [202, 266, 267]. 

Several preclinical and clinical studies have demonstrated that elevated FMN levels in the perfusate 

correlate with an increased risk of post-transplant dysfunction, whereas low or stable concentrations 

are associated with better outcomes [32, 268, 269]. 

Figure 2.6. Structure of the Phosphate group. 
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This discovery carries significant practical implications. For the first time, clinicians have 

access to a quantitative, specific biomarker, measurable in real time, that allows not only the 

prediction of post-transplant outcomes but also supports clinical decision-making during perfusion 

[32, 201, 203]. The methodology for this real-time monitoring, based on the distinct fluorescence and 

absorbance properties of FMN, has been systematically refined to ensure reliable detection in clinical 

perfusion media [203, 270]. 

For example, an organ showing excessively high FMN levels may be discarded to reduce risk, 

while one with acceptable values can be selected with greater confidence [32, 221, 271]. This 

approach is supported by robust clinical validation; a 2025 study validated specific FMN cut-offs 

measured during Hypothermic Oxygenated Perfusion (HOPE), where concentrations above 23.5 ng 

Table 2.1. Detection of FMN in clinical studies. 

Source Organ Perfusion 

solution; 

temperature 

Metric of organ quality by FMN release Outcomes prediction 

[201] Liver Belzer; 10 °C 

and 37 °C 

Study of correlation of perfusate FMN with 

parameters of liver function and  post-transplant 

parameters of liver function, such as mitochondrial 

FMN, NAD, ALT, AST 

Satisficing: after 30 

min of HOPE, FMN 

was predictive of graft 

loss 

[225] Kidney Belzer; 4-12°C Correlation between FMN quantification and pre-

existing kidney graft injury.  Correlation of 

perfusate and mitochondrial FMN content after 2 

hours of HOPE 

Not explicitly 

investigated, but 

confirm the quality of 

prediction 

[261] Liver Blood based 

solution; 37 °C 

Comparison of release of FMN in perfusate 

between DCD-45 min and DCD-5 min 

Not explicitly 

investigated, but 

suggested good 

prediction 

[272] Lung Perfluorocarbo

n-based 

oxygen carrier 

(PFCOC) 

emulsion; 

37 °C 

Comparison of FMN release between PFCOC 

perfused lungs and free PFCOC perfused lungs 

Not explicitly 

investigated, but 

suggested 

[273] Kidney Belzer; 2-8°C Comparison of FMN release between kidneys 

group perfused with oxygenated HMP and with 

not oxygenated HMP 

Not explicitly 

investigated, but 

suggested good 

prediction 

[274] Heart St. Thomas No 

2 cardioplegic 

solution at 

12 °C/ Krebs-

Henseleit 

buffer at 37 °C 

FMN release in perfusate Not explicitly 

investigated, but 

suggested good 

prediction 

[275] Liver Vasosol 

perfusion 

solution 

Comparison of release of FMN measured in SCS 

livers and perfused liver with oxygenated cold 

perfusion 

Information not 

available yet 

[276] Liver Belzer/Celsior; 

4 – 12 °C 

Comparison of release of FMN levels in perfusate 

and microdialysate. Correlation of FMN with L-

GrAFT score, 2nd-hour MD glucose and lactate, 

and with clinical outcome measures 

Not explicitly 

investigated, but 

suggested good 

prediction 

[277] Liver Custodiol; 

21 °C 

Release of FMN in perfusate Not explicitly 

investigated, but 

suggested good 

prediction 
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mL–1 at 5 minutes of perfusion were strongly predictive of a 62% rate of Early Allograft Dysfunction 

(EAD) and a 62% one-year mortality, enabling effective risk stratification [202]. 

Furthermore, the ability to monitor FMN opens new perspectives for the optimization of 

perfusion protocols, introducing therapeutic strategies aimed at reducing mitochondrial injury and 

stabilizing cellular bioenergetics. The quantification of FMN, which is released from mitochondrial 

 

Source Organ Perfusion 

solution; 

temperature 

Metric of organ quality by 

FMN release 

Outcomes prediction 

[32] Liver Belzer; 4 – 

12 °C 

Study of correlation of 

perfusate FMN with post-

transplant parameters of 

liver function and injury, 

such as arterial lactate, INR, 

and factor V, peak ALT 

Satisficing: after 30 min of 

HOPE, FMN was predictive of 

90-day graft loss 

[259] Liver, 

kidney, 

lung 

Blood based 

solution; 

35 °C–36 °C 

Release of FMN and 

correlation with parameters 

of renal, liver and lung 

functionality such as QAS, 

levels of creatinine, lactate, 

MEAF score and mortality 

posttransplant, recipients’ 

hospital stay, 

Satisficing for kidney liver: FMN 

at 30 minutes of normothermic 

perfusion the suitability for 

transplantation. 

Low release of FMN was 

observed for lungs 

[279] Liver Blood based 

solution; 

37 °C 

Comparison of release of 

FMN levels in perfusate and 

of liver function and injury, 

such as AST, ALT 

Not explicitly investigated, but 

suggested good prediction 

[280] Liver Belzer; 10 °C FMN release in perfusate Not explicitly investigated, but 

suggested good prediction 

[281] Kidney Belzer; 4 °C FMN release in perfusate No correlation observed 

between FMN and  post-

transplant outcomes, including 

day 5 or 7 serum creatinine, 

immediate graft function, 

creatinine clearance and biopsy-

proven rejection at one year 

Table 2.2. Detection of FMN in clinical studies. 
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Complex I as an initial sign of ischemia-reperfusion injury, provides a direct window into the 

mitochondrial functional state, paving the way for tailored perfusion therapies. Tables 2.1 and 2.2 

Figure 2.8. NAD+ and NADH. 

Nicotinamide 

Adenine 

Diphosphate group 

Ribose 

Figure 2.7. Structure of the Nicotinamide Adenine Dinucleotide. 

𝑁𝐴𝐷+ + 𝐻+ 𝑁𝐴𝐷𝐻 

NAD+: oxidized state NADH: reduced state (a) (b) 
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show the preclinical and clinical studies that detected FMN during machine perfusion. 

In this sense, FMN is not merely a passive marker of damage but rather a conceptual bridge 

between cellular biochemistry and clinical practice, between basic research and transplantation 

medicine. The idea of “listening to the voice of the mitochondria” through FMN monitoring has 

contributed to enriching the very philosophy of machine perfusion: no longer only a preservation 

technique, but a dynamic physiological laboratory capable of providing valuable insights into organ 

quality and even guiding ex situ therapeutic interventions. However, FMN is not the only biomarker 

of clinical interest; there is also NADH, Nicotinamide Adenine Dinucleotide, shown in Figure 2.7 

and in Figure 2.8 is depicted its oxidized and reduced state. 

NADH is a molecule composed of two nucleotides—nicotinamide adenine dinucleotide 

(NAD) and a phosphate group—linked to an adenine residue and a ribose molecule [282]. The term 

“reduced” indicates that this molecule has gained electrons and is, therefore, involved in electron 

transfer during biochemical processes. 

Nicotinamide, Figure 2.9, also known as vitamin B3 or vitamin PP, plays a key role in the 

metabolism of lipids, carbohydrates, and proteins, making it essential for the proper functioning of 

the human body [282]. Beyond its involvement in food metabolism, nicotinamide also contributes to 

oxygen transport within cells, regulates hormonal functions, and supports neurotransmitter synthesis 

[283]. 

 

 

Adenine, Figure 2.10, is one of the two purine nitrogenous bases (together with guanine) that 

form the nucleotides of the nucleic acids DNA and RNA. As a purine, its structure is characterized 

by a pyrimidine ring fused with an imidazole ring. Adenine carries an amino group in the 6-position 

and can thus also be referred to as 6-aminopurine. Through two relatively weak hydrogen bonds, 

adenine pairs with thymine (T) in DNA and with uracil (U) in RNA. When linked to ribose through 

a glycosidic bond between the 9-position of the base and the 1'-position of the sugar, it forms the 

Figure 2.9. Structure of the Nicotinamide. 
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nucleoside adenosine, which, with the addition of three phosphate groups, becomes the nucleotide 

adenosine triphosphate (ATP)—the fundamental compound responsible for transferring chemical 

energy between the reactions that compose cellular metabolism [284]. 

 

 

Purine, Figure 2.11, is an aromatic heterocyclic organic molecule characterized by the fusion 

of a pyrimidine ring with an imidazole ring. The term “purine” is often used generically to indicate 

specific molecular forms bearing distinct substituents. Among these are two essential nitrogenous 

bases of nucleic acids: adenine and guanine. Within the DNA structure, these purine bases form 

hydrogen bonds with their complementary pyrimidine bases—thymine and cytosine. This 

complementarity is essential to the formation of the DNA double helix. In RNA, adenine pairs with 

uracil instead. The complementarity between purine and pyrimidine bases is crucial for the structural 

stability and functional integrity of nucleic acid molecules [285]. 

 

Ribose, Figure 2.12, is a five-carbon sugar (a monosaccharide, or aldopentose) with the 

molecular formula C₅H₁₀O₅, a molar mass of 150.13 g/mol, and a melting point of approximately 90 

°C. It appears as a white solid that is highly soluble in water. Ribose is widespread in both animal and 

Figure 2.10. Structure of the Adenine. 

Figure 2.11. Structure of the Purine. 
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plant organisms, as it constitutes the backbone of ribonucleic acid (RNA) and is a component of 

several important biomolecules such as ATP, NAD, and NADP. 

 

 

Beyond its role in ribonucleic acid and its related nucleosides and nucleotides, D-ribose is 

also a molecular constituent of adenosine diphosphate (ADP), adenosine triphosphate (ATP), 

diphosphopyridine nucleotide (NAD), triphosphopyridine nucleotide (NADP), various natural 

nucleotides, riboflavin, coenzyme A, and the coenzyme of galactowaldenase. Therefore, it is part of 

several molecules of major biological significance. 

Pyrophosphate, Figure 2.13, is the anion, salt, or ester of pyrophosphoric acid. Originally 

prepared by heating phosphates (hence the Greek prefix pyro-, meaning “fire”), pyrophosphates are 

effective complexing agents for metal ions (such as calcium and many transition metals) and are 

widely used in the chemical industry. A pyrophosphate group (also called diphosphate) consists of 

two phosphate (PO₄³⁻) units linked together by an energy-rich phosphoanhydride bond. This bond is 

similar to the high-energy bonds found in ATP (adenosine triphosphate). When it breaks (for example, 

during hydrolysis), it releases a significant amount of energy. In NADH (nicotinamide adenine 

dinucleotide, reduced form), the pyrophosphate group plays a structural and connecting role. The 

NADH contains adenine and joined together by a pyrophosphate linkage. In other words, the 

pyrophosphate group acts as a chemical bridge that links the ribose–phosphate of one nucleotide to 

the ribose–phosphate of the other. Furthermore, the pyrophosphate bond provides structural stability 

and contributes to the molecule’s overall conformation, allowing the nicotinamide ring (the reactive 

site) to be correctly positioned for redox reactions. While the pyrophosphate group itself does not 

participate directly in the redox reaction (the oxidation/reduction occurs on the nicotinamide ring), it 

is essential for the integrity and recognition of NADH by enzymes. Many dehydrogenases and 

oxidoreductases recognize NADH through interactions with the phosphate and pyrophosphate 

regions of the molecule. 

Figure 2.12. Structure of the D-Ribose. 
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The NADH/NAD⁺ system plays an essential role as an oxidoreductive coenzyme in redox 

reactions, which include both oxidation and reduction processes within the cell [282]. In oxidation 

reactions, NAD⁺ acts as an electron and proton acceptor, being reduced to NADH. During this 

process, NAD⁺ receives two electrons and two protons (corresponding to two hydrogen atoms) from 

the substrate molecule [286]. The correct representation of the reduced form of the coenzyme is 

NADH + H⁺, since it can carry only two electrons and one proton; the additional proton is released 

into the cytosol during the reaction, contributing to the cellular ionic balance. 

Conversely, in reduction reactions, NADH is oxidized back to NAD⁺, donating two protons 

and two electrons. Although both reactions are possible, the oxidation reaction is thermodynamically 

favored, as the NAD⁺/NADH system has a redox potential of –0.32 volts. It is noteworthy that during 

the reduction process, the nicotinamide ring in NAD⁺ loses its aromaticity, whereas during oxidation, 

aromaticity is restored. This gain and loss of aromaticity contributes to the spontaneity of the 

oxidation reaction within the NAD⁺/NADH system [286]. 

NADH is primarily involved in the electron transport chain, a key phase of cellular respiration 

[282]. During glycolysis and the Krebs cycle, NADH molecules are produced as a result of glucose 

oxidation and the breakdown of other organic substrates [286]. Subsequently, these NADH molecules 

transfer electrons and protons to a series of proteins in the inner mitochondrial membrane, helping to 

establish a proton gradient across the membrane [282]. 

Nicotinamide adenine dinucleotide (NAD) participates in a wide range of redox reactions 

catalyzed by enzymes generally known as oxidoreductases, often referred to as dehydrogenases [286]. 

These enzymes facilitate the transfer of electrons between substrates, and in many of these reactions, 

NAD⁺ acts as the acceptor of a hydride ion (H⁻), a hydrogen atom carrying an extra electron. 

Nicotinamide Adenine Dinucleotide in its reduced form (NADH) is a central coenzyme in 

cellular metabolism, acting as an essential electron carrier in numerous biochemical reactions. 

Together with its oxidized counterpart (NAD⁺), NADH constitutes a fundamental redox couple that 

regulates the balance between catabolic and anabolic processes within cells [287]. In the 

Figure 2.13. Structure of the Diphosphate group. 
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mitochondrial matrix, NADH is primarily generated through oxidative pathways such as glycolysis, 

the tricarboxylic acid (TCA) cycle, and β-oxidation of fatty acids [288]. It donates high-energy 

electrons to the electron transport chain (ETC), where they are sequentially transferred through 

complexes I–IV, ultimately leading to the generation of ATP via oxidative phosphorylation [289, 290]. 

The redox balance between NAD⁺ and NADH is a key determinant of mitochondrial function 

and overall cellular viability. Disruption of this equilibrium, for instance due to hypoxia or ischemia, 

leads to impaired oxidative phosphorylation and an accumulation of NADH, reflecting a shift toward 

anaerobic metabolism and reduced ATP production [201]. Thus, NADH serves as a sensitive marker 

of the energetic and oxidative state of the cell. 

In the context of machine perfusion, the detection and quantification of NADH provide critical 

insights into the metabolic activity and mitochondrial integrity of the perfused organ. During 

hypothermic or normothermic perfusion, continuous monitoring of NADH fluorescence enables the 

identification of mitochondrial dysfunction in real time. An increase in NADH fluorescence intensity 

typically indicates a compromised electron transport chain, suggesting that oxygen delivery is 

insufficient or that mitochondrial respiration is impaired. Conversely, stable or decreasing NADH 

levels are indicative of preserved oxidative metabolism and adequate oxygenation [203]. 

The capacity to monitor NADH dynamically offers a complementary approach to FMN 

measurement, as both biomarkers are tightly linked to mitochondrial redox reactions. Whereas FMN 

release reflects structural damage to Complex I, variations in NADH fluorescence primarily indicate 

functional alterations in mitochondrial respiration. Together, these two parameters provide a powerful 

and non-invasive means to assess organ viability during ex situ perfusion, contributing to a more 

accurate prediction of post-transplant outcomes and potentially guiding the decision to accept or 

discard a graft. 

 

3. Objectives of the PhD Thesis 

The fundamental importance of FMN and NADH in organ transplantation has been 

highlighted, particularly as markers of mitochondrial integrity and cellular viability. It is therefore 

essential to develop reliable approaches for detecting these metabolites in the perfusion medium 

during machine perfusion. 

The scientific literature from 2019 to 2025 reports several examples of FMN and NADH 

detection in various perfusion contexts. However, each clinical center has adopted different analytical 



29 

 

methods and measurement protocols, making it difficult to compare results or establish standardized 

procedures. Moreover, with only a few exceptions where FMN was monitored in real time, no system 

currently exists that can automatically calculate the concentration of FMN or NADH dissolved in the 

circulating perfusate during perfusion. 

This PhD thesis aims to fill this gap by proposing an innovative approach for the real-time 

detection and quantification of FMN and NADH in the context of machine perfusion. 

 

 

3.1. Main Objectives 

The research work is structured around three main objectives: 

1. Development of a standardized measurement method: 

• To design and validate a rigorous, robust, cost-effective, and easily implementable method 

that can potentially be applied in the clinical setting for the detection of FMN and NADH 

through perfusate sampling. 

2. Design and implementation of a stand-alone automatic detection device: 

• To develop an autonomous system capable of detecting FMN through fluorescence 

signals, automatically identifying its characteristic emission spectrum, and calculating its 

real-time concentration in the perfusion medium. 

• This represents the core innovation of the thesis and a significant advancement over the 

current state of the art. 

• For this purpose, a scientifically rigorous calibration protocol was designed, and spectral 

recognition algorithms as well as machine learning models were implemented for real-

time quantitative analysis. 

3.  Experimental validation of the device: 

• To validate the performance of the proposed system through tests on animal and human 

organs, assessing its robustness under real perfusion conditions and its potential 

applicability in the clinical transplantation setting. 
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3.2. Additional Objectives 

In addition to the main research goals, the thesis also addresses two complementary topics: 

• Modeling of FMN release: 

A deterministic model, inspired by chemical engineering principles, was developed to describe the 

dynamics of FMN release during perfusion. This represents the first known attempt to quantitatively 

model the phenomenon, with partial validation based on the experimental data collected. Although a 

complete validation was not achievable, this modeling approach serves as a valuable starting point to 

stimulate further research in this area. 

• Statistical modeling and prediction of post-transplant outcomes: 

A predictive statistical model was also proposed to estimate post-transplant outcomes based on 

donor–recipient parameters, including FMN concentration levels. This analysis aims to explore the 

potential role of FMN as a prognostic biomarker for graft quality assessment and as a tool to refine 

organ selection criteria in clinical practice. 

 

 

4. Thesis Structure 

This doctoral thesis is organized into five chapters, each addressing a specific aspect of the 

research work, from theoretical background to experimental validation. 

Chapter 1 introduces the research topic, outlining the scientific context in which it is framed. It 

presents the main problem addressed, the motivations underlying the study, and the specific objectives 

of the thesis. 

Chapter 2 provides an in-depth review of machine perfusion from an engineering perspective, 

without delving into clinical details. This section is crucial for understanding the operating principles 

of machine perfusion, the key technical parameters that govern it, and the technologies upon which 

it relies. 

Chapter 3 represents the first experimental phase of the research and focuses on the spectroscopic 

analysis of the coenzymes FMN and NADH. This section explores their spectrophotometric 

properties when dissolved in different types of organ perfusion solutions prepared in the laboratory. 
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Chapter 4 describes the development of the prototype designed for automatic FMN detection. 

Both the scientifically rigorous calibration methodology and the computational aspects of data 

analysis are detailed, including the implementation of machine learning algorithms for real-time and 

fully automated FMN concentration quantification. 

Chapter 5 presents the experimental results obtained from tests performed on both animal and 

human organs. The temporal trends of FMN concentration in the perfusate are analyzed, and their 

biological implications are discussed. This chapter also introduces two additional original 

contributions: the deterministic modeling of FMN release based on chemical engineering principles, 

and the development of a predictive model for post-transplant outcomes derived from donor–recipient 

parameters and FMN concentration levels. 

The Conclusions summarize the main findings of the research and discuss their scientific and 

practical implications. In particular, they highlight the original contribution of this work to the field 

of organ perfusion, with reference to the development of an innovative method and a stand-alone 

device for real-time FMN monitoring. Finally, future research perspectives are outlined, including 

technological optimization of the system and the potential extension of its application to clinical 

transplantation practice. 
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“Nihil est in intellectu quod non sit prius in sensu” 

Thomas Aquinas, De Veritate (q. 2 a. 3 arg. 19) 

 

Chapter II 

 

Fundamentals of Modern Technology of Machine Perfusion. A Review 

of Liver Perfusion 

 

1. Introduction 

A beating heart isolated from a body, in a transparent sterile chamber, pumping blood through an 

artificial circulation system. The light-brown color of a liver stored in a cold solution turns into a 

bright red color when connected to cannulas in which a blood-based solution is flowing. A kidney is 

secured by a sterile drape to maintain aseptic conditions and fed by the perfusion circuit of a 

transportable device. Machines made up of cannulas, vessels for collecting oxygenated and nutrient 

perfusate, roller and centrifugal pumps, sterilized chambers for organ allocation, and electrical and 

mechanical components controlled by a computer working in an automatic or semiautomatic manner 

to preserve isolated organs from the human or animal body. A computer capable of keeping alive an 

organ.  

A promise of a new life… 

These seem like things from science fiction movies, but it is all real. A constantly changing reality. 

Researchers from various branches of Science and Engineering are fine-tuning and improving 

machine perfusion for a worthy goal: saving human lives. Human lives afflicted by acute and chronic 

end-stage diseases of a vital organ like the liver or kidney, for which transplantation is the only 

curative treatment [1 – 15]. Although the total number of annual transplantations increased in the last 

years [16 – 21], there are still not enough donors to meet the demand for organs by all patients on the 

long waiting lists [7, 17, 18, 20, 22, 23, 24 – 27]. The demand for vital organs includes livers too, 

making the liver a scarce resource [5, 28 – 31]. The mortality on waiting lists is remarkably high [5, 
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7, 16, 21, 22, 24, 32 – 36]. It is estimated that up to 23% of patients die or become too sick while 

waiting [5, 15, 17, 37 – 39]. Additionally, some people will never receive a liver transplant. Many 

others, especially the poorest people, are at risk of not even being registered on the waiting list [40 – 

45]. Increasing the number of transplantable livers should be a priority in the policymakers’ agenda 

[46]. There should be an awareness campaign for organ donation after death to increase the number 

of available grafts. Just taking an example: in Italy, approximately 33% of the people declared to 

oppose post-mortem organ donation during the renewal of identity cards in 2020 [47]. To provide for 

organs shortage and to reduce the waiting lists mortality clinicians at transplant centres in many 

countries have extended the criteria for donor selection, introducing the so-called Extended Criteria 

Donors (ECDs) category [6, 23, 32, 48 – 55]; a category of marginal organs believed not 

transplantable previously [56 – 59]. There is still no global agreement on the definition of an ECD 

graft [54, 55, 60]. In general, the ECD category includes marginal organs coming from elderly donors 

(age > 60 or 80), donation after circulatory death, from donors with morbidity (e.g., diabetes, 

cardiovascular diseases) or organs with cold ischemia times (CITs) of >8–10 h, warm ischemia times 

(WITs) of > 30 min, organs with graft macrosteatosis >30% (fatty graft), hypernatremia, 

hemodynamic instability and living donor liver transplants (LDLT) [5, 8, 32, 48, 51, 62 – 71]. 

Currently, the standard method of liver preservation is static cold storage (SCS) [6, 48, 72 – 78]. 

SCS procedure involves a flush and immersion of the graft into a cold preservation solution at 4 °C 

with ice [73, 79 – 81]. The solution most used is the University Wisconsin (UW) solution, but also 

others as the Histidine-Tryptophan-Ketoglutarate (HTK named also Custodiol) and Celsior solutions 

are used [72, 73, 79, 82 – 86]. Firstly, the hypothermic environment reduces the liver’s cellular 

metabolism [73, 76, 85, 87, 88], indeed at 4 °C the metabolic rate of the organ is limited 

approximately to 5 – 10% of the rate at normothermic temperatures [74, 61, 89 – 94]. This means 

explaining the lower demand for oxygen and other useful metabolites [95 – 97]. Secondly, the 

preservation solution provides cytoprotection, reduces cellular swelling and removes blood clots from 

the liver’s vasculature [73, 76, 85, 89, 98]. It is possible to store a liver with SCS for a maximum of 

12 hours [99]. However, a marginal liver stored through SCS is more vulnerable to the harmful effects 

of prolonged cold ischemia and anaerobic metabolism due to the absence of oxygen and 

biomechanical stimulation [6, 13, 49, 61, 62, 79, 100 – 113]. The consequence is a high–risk failure 

after transplantation due to the increased susceptibility to ischemia-reperfusion injury (IRI), primary 

nonfunction (PNF), early allograft dysfunction (EAD) and biliary complications [8, 32, 48, 68, 102, 

104 – 107, 111, 114 – 119]. These complications may be deadly for the recipient [32, 120, 100, 107, 

114, 116]. The weak effectiveness of the standard method SCS to preserve in a manner safe marginal 

organs have forced researchers to look at another organ preservation method: the machine perfusion 
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MP ex-situ [3, 12, 62, 89, 101, 121 – 125]. Here, is chosen the terminology presented by Karangwa 

et al [126]. These authors proposed a terminology to homogenize definitions and terms concerning 

MP technology. In particular, the term ex-situ refers to "outside the original site/location" and is 

proposed as a more representative description of what happens during MP [126].  

Machine perfusion is a medical technique involving the afflux of blood, a blood–based solution 

or other fluid through the blood vessels or other natural channels of an isolated organ or tissue from 

the body of a warm blood animal carried out by an electromechanical device. Machine perfusion of 

the liver is made up of at least seven main components: an oxygenator, a vessel of perfusate solution, 

a pumping system, a heat exchanger, perfusion filters, a sterile chamber to house the organ and display 

control of perfusion parameters [127]. In some machines for normothermic perfusion is integrated a 

leucocyte filter like the LeukoGuard, Pall Corporation (Portsmouth, UK) used by Watson et al. [128] 

and Bral et al. [100]. A continuous and/or pulsatile flow of perfusate is pumped in the vascular system 

of the liver through the portal vein and/or hepatic artery [34, 50, 58, 72, 97, 129 – 139]. In this way, 

it is possible to supply oxygen, metabolic substrates essential to hold up metabolism, antioxidants, 

the drug for therapeutic interventions and to flush cytokines, proteins, and toxins from the liver [6, 

56, 91, 123, 127, 140 – 146]. Furthermore, the circulating perfusate through the vascular system helps 

to preserve the microvascular relaxation stimulating the functionality’s endothelial cells and to avoid 

high vascular resistance [88, 111, 132, 143, 147 – 150]. A resistance too high is a risk factor seeing 

as may impede complete perfusion of the graft and causes organ impairment [150, 151]. Machine 

perfusion is a technique that currently permits the evaluation of viability, functionality, and degree of 

injury of the graft before transplantation and potentially can help to predict the viability after 

transplantation to provide more confidence when accepting an organ [3, 33, 49, 72, 88, 136, 137, 141, 

144, 150, 152 – 160]. A representative idea of preservation techniques is shown in Figure 1.1. 

 

 

Figure 1.1. Working scheme of current organ preservation [155]. Reproduced from 

[155] with Creative Commons CC BY license. 
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Nowadays, there are two types of perfusion techniques depending on temperature: hypothermic 

perfusion (4 – 12 °C) oxygenated (HOPE) or not oxygenated (HMP) [6, 34, 50, 58, 72, 75, 83, 111, 

130 – 132, 134 – 136, 156, 161 – 166] and normothermic perfusion (NMP) (35 – 37 °C) [4, 7, 57, 60, 

155, 167 – 170]. A distinction between the two methods is shown in the Figure 1.2. First modern 

clinical trials on hypothermic perfusion were experienced by Guarrera et al [75] in 2010, whereas 

normothermic perfusion for human applications was conducted in Birmingham (UK) as documented 

by some authors [7, 33, 168, 169]. At the start of clinical use of hypothermic machine perfusion 

(HMP), Guarrera et al. [75, 140] used a solution without active oxygenation (i.e. no oxygenator). 

Initially, researchers wondered about the real need to oxygenate cold solution perfusion [171, 123, 

172, 173], since a circulating hypothermic solution can carry far more oxygen than a warm solution 

[123], or whether simple oxygen diffusion is sufficient to maintain viable oxygen levels [123, 172]. 

Later, a lot of studies demonstrated that active oxygenation of the perfusate with an oxygenator 

(generally a hollow fibre oxygenator) enhances liver function, attenuates ischemia injury, and limits 

post-transplantation complications [83, 95, 97, 130, 131, 172, 175 – 178]. Indeed, hypothermic 

oxygenated perfusion combines the protective and preservative effects of the cold with the health 

effects of continuous oxygenation and supply of metabolites that, on one side cause a considerable 

reduction of the biochemical process of the ischemic injury, and on the other permit the mitochondrial 

“resuscitation” and complete reinstatement of ATP levels [65, 72, 88, 91, 123, 131, 141, 143, 146, 

163, 172, 176, 179 – 185]. It has been demonstrated that cells continue to consume energy at a rate 

reduced during HOPE, in spite of the hypothermic conditions [97, 130, 131, 175, 186, 187]. 

Therefore, the regenerative capacity of the liver at low temperatures can be preserved [22, 188]. The 

cellular energy level restoration and oxygenation of the graft mitigate the deleterious effects of 

ischemia-reperfusion injury (IRI) occurring during the warm reperfusion after transplantation [22, 72, 

83, 131, 136, 172, 176, 177, 189]. The HOPE can increase the ATP levels up to 15 times compared 

to cellular energy levels at the end of SCS [183]. It was shown that 1 o 2 hours of HOPE are sufficient 

to restore cellular energy and give protection to IRI [22, 34, 50, 97, 83, 115, 131, 172, 176, 177, 182 

– 185, 188, 190, 191]. Currently, two types of hypothermic oxygenated perfusion are employed based 

on how liquid solution flows in the liver: the first one is single hypothermic oxygenated perfusion, 

HOPE, which means that perfusate flows into the liver through the only cannula connected to the 

portal vein [72, 50, 6, 34, 54, 135, 136], the second one is the dual HOPE (DHOPE) which means 

that solution, like UW solution, perfuse the liver through both cannulas connected to the portal vein 

and hepatic artery [58, 83, 131, 132, 134, 135, 141, 165, 183, 178, 192]. In both methods, perfusate 

drains from the inferior cava vein [51, 75, 104, 193 – 198].  
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Machine perfusion has been developed to minimize injuries caused by storage outside of the body. 

Clinical experiences have demonstrated its higher performance than the SCS method and its health 

and protective effects on marginal grafts [2 – 5, 33, 57, 97, 98, 74, 61, 62, 83, 136, 161, 168, 171, 

199, 200, 201]. Therefore, at a global level, liver transplantation is introducing MP strategies for organ 

preservation, albeit with several technical variations based on different machine perfusion methods 

[48]. On the one hand, liver perfusion offers a unique opportunity to control graft metabolic activity 

[72, 158, 202]. On the other hand, it is essential to involve further graft criteria selection before, 

during, and after perfusion to predict post-transplantation outcomes. Currently, there is no universal 

agreement yet about the criteria selection that allows for an objective evaluation of graft viability and 

outcome prediction before and during perfusion [203]. Each transplant centre adopts its criteria based 

on its experience [85, 204]. Based on these criteria, often different for each transplant center, 

clinicians select organs to perfuse [158, 202, 205]. Moreover, in the scientific community, the debate 

about the identification of more effective biomarkers in perfusate that can predict outcomes post-

transplantation is still ongoing [203, 206]. A combination of various and different biomarkers in 

perfusate and bile may be the better way [207]. Nowadays, the main methods used to estimate the 

metabolic activity of the liver include laboratory analysis and investigations of hemodynamic and 

morphological characteristics [105, 158, 208, 209]. In general, researchers analyze perfusates with 

discontinuity during time perfusion, typically every 30 minutes [210]. The Zurich Research Group 

was the first to conduct perfusion with real-time measurement of the biomarker flavin 

mononucleotide (FMN) using a spectrometric instrument [72]. They postulated that FMN could 

provide a reliable indication of liver functionality in the recipient. Biomarkers collected by 

Figure 1.2. A schematic of a simple and general circuit of a liver machine perfusion [8]. Image 

from [8] reproduced with Creative Commons Attribution 4.0 International License. 
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spectrometric devices during perfusion can be transformed into data and used as input for algorithms 

implemented in computers to model and study cellular processes without any impact on the graft 

[158, 211 – 214]. Mathematical models that estimate the current and future conditions of the graft are 

helpful in understanding the correct actions that must be adopted to preserve the graft from injury and 

enhance its conditions during perfusion [104, 158, 205, 215 – 219]. The modern technology of 

machine learning may be crucial in meeting this challenge [220] since it can manage and elaborate a 

large amount of data [144, 221]. Starting from the first work on the application of neural networks in 

liver transplantation by Doyle et al. [222] in 1994, today the implementation of artificial intelligence 

in medicine is widely employed to predict clinical outcomes [221, 223]. The use of machine learning 

algorithms and mathematical models in machine perfusion is a new area of investigation. This short 

review aims to provide a practical guide for experts, beginning researchers and even lay readers who 

may be interested in the modern technology of liver machine perfusion. We begin with the historical 

background and a simple explanation of ischemia-reperfusion injury. We analyze the technical 

features of currently used machine perfusion and propose a simple comparison of their performance, 

based on the information available in the literature. We discuss perfusion parameters such as pressure, 

temperature, flow rate, resistance, biomarkers, liquid perfusion features, oxygenation, perfusion time, 

and instrumentation used to analyse the perfusate, and we also briefly touch upon the costs associated 

with employing this technology. Finally, we explore the application of machine learning tools in 

machine perfusion based on current published research. The available literature already includes 

comprehensive and detailed reviews on various aspects of machine perfusion. This chapter can be 

regarded as a brief introduction to the vast literature characterizing this field of study. 

 

2. Ischemia Reperfusion Injury 

Hypoxia is a condition that occurs when the rate of oxygen consumption in tissue exceeds the rate 

of oxygen supply [224]. In other words, there is a deficit of oxygen in the blood flow rate to the tissue. 

If the blood flow is stopped, it is not possible to support aerobic metabolism, which can result in a 

serious shortage of oxygen and essential metabolites. This condition is called ischemia [224]. When 

tissue is deprived of oxygen, the cells cannot produce ATP (adenosine triphosphate) through aerobic 

metabolism, instead, they produce it through anaerobic metabolism [61, 90, 225]. However, anaerobic 

metabolism produces a lesser quantity of ATP [226, 227]. In anaerobic conditions, cells continue to 

produce and utilize energy, but one of the metabolic by-products is lactate (lactic acid). Thus, lactate 

could be an optimal indicator of the degree of ischemia [228]. However, the main problem with this 

indicator is that measuring lactic acidosis (caused by an accumulation of lactate) indicates that 
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ischemic or hypoxic status has already been reached, and at this point, cellular injuries are occurring 

[228]. Therefore, lactate cannot be used for real-time monitoring [228]. The final step of cellular 

respiration is mitochondrial oxidative phosphorylation. When ischemia occurs, oxidative 

phosphorylation is halted [176, 227]. During ischemia, numerous biochemical and biological 

reactions are activated, such as mitochondrial dysfunction, alteration of intracellular and extracellular 

pH, changes in intracellular electrolytic equilibria, lactate accumulation, and production of damaging 

free radicals [63, 72, 164, 201, 225, 226, 229].  

One of the main mechanisms of ischemic injury is free radicals, which damage cells [229]. If the 

flow of oxygenated blood is rapidly restored to the tissue, ischemic injury can be healed reversibly. 

However, if cells are exposed to prolonged ischemic time, they will be damaged irreversibly, and the 

tissue will die [229]. When the oxygenated flow is restored to a tissue that has suffered prolonged 

ischemia, there are no beneficial effects; instead, the free oxygen reacts with free radicals, generating 

Reactive Oxygen Species (ROS) and unstable species of nitrogen, such as the hydroxyl radical (•OH) 

and the superoxide anion (O2•-), among others [229]. These highly unstable and reactive chemical 

species induce harmful oxidative injury to cellular structures and provoke a local inflammatory 

response [225 – 227, 131]. 

Simultaneously, the depletion of ATP reserves causes metabolic and mitochondrial failure, leading 

to cellular death [131, 189, 181, 230]. Therefore, the restoration of oxygen supply, instead of healing 

injury due to its absence, intensifies the injury in a tissue suffering prolonged ischemia [231]. This 

complex phenomenon is called ischemia-reperfusion injury (IRI). Indeed, the most important damage 

in the tissue occurs during the reperfusion, that is, after the restoration of oxygenated flow [131, 231, 

232]. In clinical observations, IRI increases the risk of failure and loss of functionality of the graft 

after transplantation [132, 233]. 

IRI is an inconvenient but unfortunately inevitable phenomenon in grafts for transplantation, as 

grafts are exposed to warm ischemia in deceased donors and cold ischemia during SCS [234]. Many 

studies have investigated the effects and mechanisms of IRI in liver grafts previously [108, 200, 226, 

235 – 246]. In a nutshell, after reperfusion in the liver, the production of ROS, cytokine secretion, 

and endangerment of hepatic microcirculation provoke inflammation, loss of parenchyma, and 

injuries to the extended epithelial biliary and peribiliary vascular plexus [230, 241, 242, 247, 248]. 

These mechanisms are responsible for the development of non-anastomotic biliary stenosis (NAS), a 

troublesome complication characterized by multiple stenoses of the bile ducts [230]. Moreover, the 

histological features of IRI include swelling of hepatocytes, apoptosis, necrosis, detachment of 

sinusoidal endothelial cells, and infiltration of polymorphonucleates [230, 243]. Ischemia-reperfusion 
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injury is a critical condition for which physicians must verify the extent of cellular damage and 

preserve organ function [226]. Clinical manifestations of IRI can vary from immediate and minimal 

damage to early allograft dysfunction (EAD), primary non-functionality (PNF), and NAS [230]. EAD 

is the result of hepatocellular necrosis and is biochemically evident by elevated transaminases and/or 

altered synthesis function (elevated total bilirubin, prolonged coagulation) within the first-week post-

LT [230]. 

 

3. Techniques of liver perfusion 

3.1. Typology of hypothermic perfusion: single HOPE or dual DHOPE 

Few research groups have investigated whether to carry out liver perfusion through the only portal 

vein (HOPE) or portal vein and hepatic artery (DHOPE) [129, 249]. An example is reported in Figure 

3.1. Schlegel et al. [129] conducted an investigation on the livers of rats, pigs, and humans from a 

donor DCD, observing that perfusion only through the portal vein is capable of achieving complete 

graft perfusion. They reported that the parenchyma and epithelial cells of the biliary system were 

well-oxygenated. The supply of oxygen to biliary cells plays an essential role in hepatic regeneration 

and protection against the development of cholangiopathy after transplantation [250]. It is 

indisputable that single perfusion simplifies the liver machine perfusion procedure, avoids arterial 

wounds during graft handling, and does not jeopardize protective and preservative effects against IRI 

[249, 135]. Additional studies suggest that perfusion-only portal vein may be more favorable than 

perfusion through the hepatic artery during HMP based on injury biomarkers in the perfusate [147]. 

Furthermore, de Vries et al. [137], based on the analysis of pig livers undergoing sequence HOPE or 

DHOPE – NMP, concluded that there were no considerable differences in terms of functionality or 

endothelial and hepatobiliary injury. Brüggenwirth et al. [251] reported that the dual or single 

perfusion approach during end-ischemic sub-normothermic liver machine preservation of rats showed 

comparable outcomes. Nevertheless, the main question is whether HOPE could be the better perfusion 

practice [132, 249]. Brüggenwirth et al. [249] concluded that it is still not possible to establish whether 

HOPE is the better method to prevent long-term ischemic cholangiopathy after liver transplantation 

(LT), but further randomized studies on HOPE and DHOPE are needed. The Groningen Research 

Group, headed by van Rijn, demonstrated that dual hypothermic machine perfusion (DHOPE) 

minimizes the IRI in the biliary system in DCD livers [131]. DHOPE involves perfusion through the 

portal vein and hepatic artery, and this entails better oxygenation of biliary ducts [183]. Indeed, in 

physiological conditions, the blood supply to the bile ducts depends largely on the hepatic artery 
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[252]. The occlusion of the hepatic artery may be deleterious for the biliary system [252, 253]; 

instead, parenchyma is supplied by both the portal vein and the hepatic artery [239, 253, 254]. 

Moreover, in physiological conditions, the biliary tract is fed with arterial blood via the peribiliary 

vascular plexus (PVP); therefore, a lesion in the PVP, caused by occlusion of the hepatic artery, the 

system may bring about ischemic death of the epithelia biliary cells after LT [249, 255]. It was 

suggested that DHOPE can preserve successfully the PVP system in livers’ pig DCD [182]. In light 

of the above, preservation of the biliary system is strictly necessary and for these reasons, single 

perfusion through only the portal vein couldn’t be sufficient to protect biliary ducts, especially for 

livers from DCD donors [132]. Nevertheless, still today the question, of whether DHOPE is better 

than HOPE, remains without a definitive answer [132, 94, 111, 147, 137]. 

 

 

4. Pumping systems: pulsatile or continuous 

The debate over the best method of perfusion includes the choice of whether to perfuse the liver 

through the hepatic artery with pulsatile or continuous flow [129, 249, 111, 138]. The Figures 4.1 

and 4.2 show the possible setting in perfusion pumping and their components. Brüggenwirth et al. 

[251] observed that pulsatile or continuous perfusion through the hepatic artery did not result in 

different outcomes. On the contrary, Sezai et al. [256] demonstrated that pulsatile flow support 

provided better microcirculation in both the kidney and liver compared to continuous flow support 

[257]. It is worth noting that, some scientists [258, 259] reported that pulsatility is present at the 

capillary level, and that microcirculatory flow patterns are therefore different between pulsatile flow 

and continuous flow support [257]. Moreover, some studies suggested that pulsatile perfusion is 

superior to continuous perfusion for kidneys [133, 260, 261]. In studies on liver pigs, Tawa et al. 

[138] suggested that pulsatile flow through the hepatic artery may provide superior preservation of 

(a) (b) 

Figure 3.1. Cannulation of liver in machine perfusion. (a) Dual Hypothermic perfusion 

through both portal vein and hepatic arteria. (b) Single Hypothermic perfusion through 

only portal vein. From [193]. Reprinted with License number: 6126010828274. 
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vascularized composite allografts when perfused for 24 hours at subnormothermic temperatures, with 

the potential for improvement in endothelial function and decreased ischemic injury. Nevertheless, 

further investigations are still needed to definitively clarify the role of pulsatile arterial perfusion 

during liver machine perfusion [206, 249, 262, 263]. Many studies report brand names of roller and 

centrifugal pumps used for perfusion. Nassar et al. [264] used the centrifugal pump Medtronic Inc. 

(Minneapolis, MN), and the roller pump TERUMO Sarns 8000. Both the roller and centrifugal pump 

used by Gilbo et al. [265] were produced by Medtronic Inc. Bruinsma et al [266] used the roller pump 

Masterflex L/S, Cole Palmer. The roller pump of Liver Assist can supply pulsatile flow at 60 bpm 

with an amplitude of ± 20% of mean pressure [193]. Magbagbeola et al. [267] used a single 

centrifugal pump PuraLev 1200 MU, Levitronix GmbH, 8005 Zurich, Switzerland. Imber et al. [268] 

operated with a centrifugal pump Medtronic BP50 Centrifugal Pump. 

 

 

 

Figure 4.1. Schematic of pumping system of perfusion. The machine perfusion integrates 

three main structures; a self-design common reservoir (cava reservoir), a centrifugal pump 

for a low-pressure system (portal branch) interposed with a hemofilter and flow sensor, and 

a roller pump for a high-pressure system (arterial branch) interposed with an oxygenator a 

heat exchange [269]. Image from [269] reprinted with License number 6126010170933. 



62 

 

 

5. Liquid solutions for hypothermic and normothermic perfusion 

Normothermic perfusion has been has been carried out using various of liquid perfusion. Some 

studies [33, 157, 169, 210, 272 – 274] have used solutions based on human red blood cells (RBCs). 

However, de Vries et al. [275] pointed out that these types of liquids may exhibit problems related to 

the scarcity of human blood and the possibility of inducing an infection or immunological response 

[276, 277]. To overcome these challenges, de Vries et al. [275] and van Leeuwen et al. [141] perfused 

livers with haemoglobin-based fluid as an oxygen carrier (HBOC, HBO2 Therapeutics, Souderton, 

PA), using bovine-derived HBOC‐201 (Hemopure) along with gelofusine, albumin, metronidazole, 

cefazolin, nutrients, glutathione, insulin, heparin, and NaHCO3. These authors suggested that this 

solution has the technical advantage of conducting hypothermic and normothermic perfusion in 

sequence without the need to change the fluid in the transition from cold to warm perfusion. Lifor is 

a patented solution (U.S. Patent #7,220,538) containing nutrients such as amino acids, growth factors, 

salts, sugars, buffers, colloids, and lipid nanoparticles [278 – 280]. A detailed description of the 

perfusate used during normothermic perfusion was provided by op den Dries et al. [157], Ghinolfi et 

al. [273], and Mergental et al. [281]. Lifor was first employed by Stowe et al. in 2007 for heart 

(a) (b) 

(c)  
(d) 

Figure 4.2. Roller and centrifugal pumps. (a) - (b) Details of a centrifugal pump for blood [263, 270]. (c) - (d) 

Schematic diagram and photo of a roller pump. In reference [271] is reported another photo of a roller pump. 

License number to use the Figure 4.2a,b from [263]: 502021336. Permission obtained to reproduce Figure 4.2c 

from [270] from Editor. Figure 4.2d, from [Andy Dingley - 

https://en.wikipedia.org/wiki/Peristaltic_pump#/media/File:Peristaltic_pump_head.jpg], Wikimedia Commons, 

is reprinted under License CC BY-SA 3.0. 
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perfusion [280]. Lifor has been used for static cold storage [279], hypothermic perfusion, sub-

normothermic perfusion [282], and normothermic perfusion (Lifeblood Medical) [278]. Some studies 

have demonstrated that Lifor performs well for organ preservation [283, 284] and is probably better 

than University of Wisconsin (UW) solution in protecting against warm or cold ischemia–reperfusion 

injury [280]. In studies conducted through the device Metra OrganOx for normothermic perfusion by 

Ravikumar et al. [168], Nasralla et al. [57], Ghinolfi et al. [273], and Gilbo et al. [170], livers were 

initially flushed with 500 ml of a heparinized, plasma-free colloid solution, autologous red blood cell-

based perfusate (hematocrit 30%), called Gelofusine (Gelofusine®, B Braun, South Yorkshire, UK). 

The livers were then perfused with a mixture of substances such as antibiotics, bile salts (sodium 

taurocholate, New Zealand Pharmaceuticals, Palmerston North, New Zealand), insulin (Actrapid®, 

Novo Nordisk, West Sussex, UK), heparin (CP Pharmaceuticals, Wrexham, UK), prostacyclin 0.5 mg 

(Flolan®, Glaxo, Middlesex, UK), sodium taurocholate 5.6 g, 10 mL of calcium gluconate 10%, 

cefuroxime 1000 mg, and 5–10 mL of sodium bicarbonate 8.4%, along with a variable rate infusion 

of glucose and amino acids (Nutriflex, B Braun, Sheffield, UK) [57, 168, 170]. On the other hand, 

Mergental et al. in 2016 [33] used a perfusion fluid based on 3 units of the donor liver-specific blood 

group, Rhesus-negative, packed red blood cells, supplemented with 1000 mL human albumin solution 

5%, 30 mL sodium bicarbonate 8.4%-, and 10-mL calcium gluconate 10%. In this trial, the authors 

loaded the perfusion circuit with 10 000 IU heparin, 500 mg vancomycin, and 60 mg gentamicin 

before connecting the liver, with the continuous infusion of epoprostenol (8 μg/h). Perera et al. [169] 

also conducted NMP with third-party type-specific or O Rh-negative leukocyte-depleted red cell–

based fluid at 37 °C using the Liver Assist and Portable Organ Care System (OCS) Liver devices. 

Watson et al. [272, 274] perfused livers with red cells added to a litre of either succinylated gelatine 

or Steen solution (Xvivo Perfusion, Göteborg, Sweden) and supplemented with 30 mmol sodium 

bicarbonate, 25 000 units (50 mg) heparin, antibiotics, calcium chloride, magnesium sulphate, and 

amino acids (Aminoven-25, Fresenius Kabi Ltd, UK). 

In most clinical cases during hypothermic perfusion, researchers have used 3 – 4 liters of UW 

solution (Bridge to Life® , KPS® Organ Recovery Systems) as perfusate in the machine perfusion 

[6, 34, 50, 58, 63, 72, 83, 97, 130, 131, 132, 134, 136, 156, 166, 178, 285, 286]. Clinicians have used 

solutions to perfuse or only to flush livers like Vasosol [75, 140, 161] (Vasosol® Organ Recovery 

Systems; Preservation Solutions Inc.), HTK (Custodiol-N®, Köhler Chemie, Germany) [63, 285, 

286, 287], Celsior (Genzyme-Sanofi, Milan, Italy) [273, 165], IGL-1 and IGL-2 [63]. UW solution 

was created by Belzer et al. [288] in 1987 at the University of Wisconsin. His better performance 

convinced clinicians to use it in the place of Euro–Collins solutions for abdominal organ preservation 

[156, 289 – 293]. UW is a water–based intracellular preservation solution with low sodium and high 
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potassium concentrations to mimic an intracellular environment [294, 295]. In the solution UW are 

dissolved some chemicals which conduct a preservative action as adenosine, hydroxyethyl starch 

(HES), lactobionate, raffinose and antioxidant component (allopurinol and reduced glutathione) [292, 

295 – 297]. Adenosine, a precursor of ATP, provides substrates for the regeneration of energy levels 

during the reperfusion period following cold storage [296, 297], and hydroxyethyl starch (HES) 

serves as the colloid carrier to minimize interstitial edema during perfusion [295, 296], lactobionate 

and raffinose, metabolic inert substrates, serve as osmotic membrane – impermeable agents that 

prevent hypothermia-induced cell swelling [295 – 299], allopurinol and reduced glutathione take the 

role of antioxidant defence to prevent the formation of ROS [296, 295, 300]. Despite the wide use of 

UW solution, the main disadvantages of UW solution are due to the presence of HES, high potassium 

concentration and elevated costs than other solutions [286, 295, 301 – 303]. HES confers a high 

viscosity ( ~ 4.5 – 6 cp at 1 – 5 °C depending on HES concentration – Table 5.1) to UW solution, 

which is five–six times higher than water approximately (1.51 cp at 5 °C and 1 cp at 20 °C) [121, 

299, 304 – 309]. The high viscosity is a problem because it may be necessary to take more time to 

flush accurately the organ before and after perfusion [310, 311]. A high viscosity tends to obstruct 

complete organ perfusion [311]. An ineffective flushing and washout of UW from the liver before 

transplantation may bring a hemodynamic instability and a possible cardiac arrest induced by post-

transplantation hyperkalemia which is caused by high potassium concentration [286, 299, 312 – 316]. 

In the following table kinematic viscosity values are reported: 

 

Another not negligible disadvantages are the market prices of UW solution [317]. Some authors 

reported that the cost of UW starts from 282 $/l which could reach 300 – 400 $/l if additives are added 

[295, 317, 318]. For these reasons, researchers developed later other solutions for hypothermic 

Table 5.1. Kinematic viscosity at certain temperatures of some preservation liquids [156]. These 

viscosities were calculated using Poiseuille's law and assuming the solutions behave as a Newtonian fluid, in 

which water is the predominant component. 
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perfusion [292, 319, 320]. Alternative solutions most used are Histidine-Tryptophan-Ketoglutarate, 

HTK, (named also Custodiol or Custodiol HTK) and Celsior, but in literature are mentioned others 

solutions as Vasosol, IGL – 1 (Institute George Lopez), IGL – 2, HTK – N (a modified and improved 

version of HTK) Polysol, Leeds solution, Kyoto University solution, ECOSOL, Williams Medium E 

and many others [74, 76, 121, 156, 86, 296, 295, 320, 322 – 327]. HTK solution was developed by 

Hans Jürgen Bretschneider at Göttingen University in 1980 [328]. Initially, HTK has been used for 

heart preservation [84, 299, 329, 330], and later for abdominal organs [299, 331 – 334]. In 2002 Food 

and Drug Administration (FDA) in the USA approved the use of HTK solution for organ preservation 

[299]. Celsior solution was developed by Menasché et al. [326] in 1994 initially for cold storage 

preservation of cardiac grafts and approved by FDA in the USA in 1999 [299]. Later, it was used for 

other organs [295]. Potential advantages related to the HTK and Celsior are smaller prices than UW 

and low viscosity and low potassium content [299, 285, 286, 335 – 337]. At 5 °C HTK’s viscosity is 

1.68 – 1.8 cp [121, 307] and the at same temperature Celsior has a viscosity of 1.3 cp [307]. The base 

cost of HTK is 181 $/l [295, 326], whereas the base costs of Celsior and IGL – 1 are 228 and 184 $/l 

[295, 318, 338]. For these reasons in many transplantation centers HTK and Celsior are used as an 

alternative to UW solution [299, 334, 335]. In literature, there are many publications about the use of 

HTK and Celsior solutions vs. UW for human and animal liver storage or hypothermic perfusion 

[262, 285, 286, 311, 312, 314, 334, 335, 340, 341, 342, 343, 344, 345]. Despite the wide employment 

of these two solutions, there are no decisive and definitive proofs that HTK and Celsior are better and 

high – performance than UW [302, 75, 340, 312, 285, 335, 286, 342, 118, 76, 341, 346 – 348]. Effects 

of the use of UW, HTK and Celsior solutions on liver functionality and biliary complications have 

created ample and inconclusive debates [286]. Indeed, several studies have reported discordant results 

[334, 340, 285, 262, 335, 286, 314, 342, 343, 344, 311, 312, 345, 349 – 355]. Many studies by 

researchers such as Erhard et al [334], Garcia-Gil et al. [340], Meine et al. [312], Feng et al. [341], 

Karakoyun et al. [285], Rayya et al. [342], Jia et al. [262], Szilágyi et al. [86], Mangus et al. in 2006 

[335] and 2008 [314] suggested that HTK may be regarded as an alternative to UW and may be the 

potentially an optimal perfusate for HMP inasmuch both solutions are equally effective for the 

preservation of the hepatic graft statistically significant differences of effects in biliary tract flush, 

prevention of biliary complications. Moreover, these authors have highlighted the relevance of the 

economic aspects of HTK. Quite the opposite, other researchers as Gulsen et al. [343] and Janßen et 

al. [353] reported that livers by DCD donors treated with HTK were associated with more post-LT 

complications, and they demonstrated the superiority of UW than HTK and Celsior. Bessems et al. 

[356] compared the performance of Celsior and Polysol in the preservation of a pig liver, concluding 

that Polysol performance is better than Celsior inasmuch were revelated lower AST/ALT levels and 
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lesser resistance. In the composition of Polysol, there is Polyethylene Glycol 35 (PEG35), a low-

weight molecular colloid that confers a reduced viscosity to the solution [356, 357]. Some studies 

confirmed that the addition of PEG35 in preservation solution as IGL – 1 and IGL – 2 produces 

healthy effects for the organ [63, 231, 358]. For this reason, it was proposed that PEG35 may be an 

optimal alternative to HES to prevent oxidative stress during storage and to minimize damage related 

to IRI [63, 359, 360]. Boer et al. [344] based on other studies [311, 345] concluded that the results 

explained above may be due to regional differences in donor and recipient features. They suggested 

that liquid preservation could be chosen based on the clinical experiences of transplantation centers. 

Guidelines of the Liver Transplantation Society recommend avoiding the use of HTK for the liver 

which has suffered an ischemic time of a minimum of 8 h [82, 361]. Nardo et al. [354] and Adam et 

al [345] reported a comparison between HTK and Celsior suggesting a lower survival with the use of 

HTK. All preservation solutions are used successfully in clinical cases, and although some of these 

solutions are characterized by an improvement in chemical composition related to UW, the 

performance of HTK and Celsior has not totally convinced the scientific community, so the debate 

about the ideal solution is still open [76, 82]. 

 

6. Hypothermic and normothermic perfusion: two non – competitive distinct methods 

with different objectives 

Recent studies conducted by Zurigo’s Research Group headed by Dutkowski suggest HOPE may 

serve as a prediction as tool for early graft function in the recipient [72, 152, 180, 365]. Nevertheless, 

not all researchers consider HOPE a tool for viability testing before transplantation [83]; seeing as 

the low temperatures decrease drastically liver metabolism rate, it is not possible to complete the 

evaluation of all clinical data about transplantability and liver functionality [32, 148, 366]. For 

example, the liver can’t produce bile [83]. These reasons may limit the validity of assessment for 

classic parameters [93, 122, 367, 368]. At present, hypothermic liver perfusion is a technique 

especially employed to minimise the effects of ischemia injuries [32, 72, 83, 174, 178]. Quite the 

opposite, hepatic normothermic perfusion is a technique that permits the perfusion in a quasi–

physiological condition supporting the metabolism and revitalising capacity of the liver with a 

continuous supply of oxygen and nutrients [6, 33, 56, 127, 141, 292]. The normothermic perfusion 

ex-situ NMP is a tool helping clinicians to evaluate hepatobiliary functions since the graft is 

completely operative from a metabolic point of view [32, 141, 157, 253, 369, 198, 274]. In this way, 

it is possible to make a complete evaluation of clinical parameters before transplantation and prevent 

any quality graft deterioration from the perfusion starting [136]. The high temperatures allow rapid 
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restoration of ATP levels [155]. The superior performance of NMP about SCS has been demonstrated 

initially by Ravikumar et al. and Mergental et al. in 2016 [33, 168] and later by Nasralla et al in 2018 

[57]. Although normothermic oxygenated perfusion confers protection for DCD grafts, it has been 

postulated that this protection is realised only in the presence of short periods of warm ischemia 

before the donor's liver removal [180]. Moreover, an extended static cold storage might neutralise the 

protective effect of NMP on IRI [2, 370]. Reddy et al [371] reported that NMP may significantly be 

deleterious to the function of porcine liver grafts after a SCS time. Indeed, a rapid rewarming of the 

graft may accelerate the metabolism rate causing an increment of metabolic demand for oxygen and 

nutrients that outstrip available metabolic resources supplied by perfusion: this causes further injury 

[2, 287, 372 – 374]. In these normothermic conditions, the graft might suffer immediate warm 

ischemia with a high likelihood of graft loss [60, 372, 373, 374]. For this reason, it has been 

introduced the Controlled Oxygenated Rewarming. Controlled oxygenated rewarming (COR) serves 

as a gradual and gentle transition between cold preservation and warm reperfusion aiming to minimise 

organ damage [2, 374]. In this manner, COR can be viewed as a safe bridge between hypothermia 

and normothermia [275, 373]. Indeed, Groningen’s Research Group [275, 373] have established the 

DHOPE – COR – NMP protocol to permit both mitochondrial activity restoration during hypothermia 

(DHOPE) and to minimise reperfusion injury by rewarming gradually the graft (COR) and, in the 

end, to evaluate hepatic function during normothermia (NMP) [22, 275, 141, 253, 369].  

The machine perfusion protocol, Figure 6.1, included 1 hour of DHOPE, 1 hour of COR, and 

subsequent NMP for at least 150 minutes. Each phase of machine perfusion served a different purpose 

as described in the upper part of the figure. Machine perfusion settings were adjusted according to 

the perfusion temperature. The temperature was kept at 10 °C during DHOPE and was gradually 

increased to 37 °C during the COR phase, after which the liver was functionally tested during NMP. 

PV (portal vein) and mean HA (hepatic artery) pressure was set at 5 and 25 mmHg, respectively, 

during DHOPE and were gradually increased during COR to 10 and 70 mmHg, respectively, at the 

start of NMP. DHOPE, dual hypothermic oxygenated machine perfusion. 
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Numerous studies have reported that livers subjected to hypothermic and normothermic perfusion 

in sequence exhibit improved endothelial and early functionality, along with reduced injury caused 

by ischemia-reperfusion [183, 275, 165, 111, 136]. The combination of the preservative effects of 

HOPE/DHOPE with the protection given by COR and the regenerative effects of NPM could 

accentuate the potential of MP [22, 176, 186, 2, 141, 34, 111, 375]. Therefore, it has been proposed 

that hypothermic perfusion should be performed as a preconditioning step before subsequent 

normothermic or sub-normothermic perfusion, as this sequential approach has been shown to promote 

superior liver preservation outcomes in terms of endothelial and early functional improvement and 

reduced injury from ischemia-reperfusion [130, 132, 274, 376]. HOPE/DHOPE and NMP strategies 

have been seen in the past as different methods, even in competition with each other, each with 

advantages and disadvantages [180, 136]. The effects of the transition from hypothermic to 

normothermic perfusion are shown in Figure 6.2. Nevertheless, is not still possible at present to carry 

out a direct comparison between NMP and HOPE/DHOPE [60]. In light of the above, hypothermic 

Figure 6.1. Overview of the machine perfusion protocol DHOPE – COR – NMP [275]. Reprinted with 

License Number: 6126030215024 
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and normothermic machine perfusion serve different goals and are not competing techniques [83]. 

The two techniques can be applied sequentially with complementary benefits [275, 141, 377].  

 

7. Perfusion Parameters 

7.1  Oxygenation levels  

Numerous studies, focused on the role of oxygen to support mitochondrial metabolism to avoid 

succinate accumulation and release of ROS [83, 378], have allowed a better understanding of 

biological mechanisms at the base of IRI [174]. During the HOPE/DHOPE hepatic graft is preserved 

through a cold solution with pulsatile/continuous flow to supply metabolic substrates and oxygen, to 

restore the microcirculation and to remove toxic substances [123, 91, 143, 145, 146]. Perfusion fluid 

is usually oxygenated through one (two) hollow-fibre membrane oxygenator(s) depending on the 

circuit of perfusion. The working principle of a hollow-fibre membrane oxygenator is the diffusion 

of oxygen and carbon dioxide across a microporous hollow fibre bundle [263, 379]. Oxygen moves 

from the interior of the hollow fibre into the perfusate, and carbon dioxide diffuses from the perfusion 

liquid and crosses into the interior of the fibre and is swept away by the regulated gas flow through 

the hollow fibre [263]. In the following image, Figure 7.1.1, there is an explanation of a hollow-fibre 

membrane oxygenator.  

 

Figure 6.2. Hypothermic vs Normothermic perfusion effects. The first difference between normothermic 

and hypothermic perfusion is the colour of the liver: on the left (a), the liver perfused at 10 °C with an 

acellular solution, on the right (b) liver perfused at 37 °C with blood [3]. These Figure from [3] are reprinted 

with License Number 6126030444428. 

(a) 

(b) 
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The first membrane oxygenator was developed by Clowes et al. [380] using sheets of 

polyethylene and Teflon as a membrane but required large surface areas for adequate oxygenation 

[381]. In 1957, Kammermeyer et al. [382] first reported the excellent gas transfer properties of a 

polymer of dimethylsiloxane, commonly known as silicone [381]. The following studies have 

enhanced the efficiency of gas exchange and hemocompatibility, as described by Melchior et al. 

[383]. From the beginning of the 1980s, hollow fibre membrane oxygenators replaced bubble and 

classical membrane oxygenators as extracorporeal oxygenators in most clinical applications (e.g., 

cardiac surgery) [383]. Hollow fibre membrane oxygenator, Figure 7.1.2, has reduced haemolysis 

and superior gas exchange, compared with classical membrane oxygenators and bubble oxygenation 

[384, 385]. Moreover, hollow fibre polymethyl pentene (PMP) oxygenators, compared to the 

conventional silicone membrane oxygenators, have significantly less priming volume, and set-up 

time along with 5- to 10-fold reduced pressure drops [279, 386]. 

 

 

 Organ 

Figure 7.1.1. Basic principles of membrane oxygenation during organ perfusion [91]. Oxygen diffuses from the 

gas into the perfusion fluid, and carbon dioxide diffuses from the perfusion fluid into the gas for disposal. The 

oxygenated perfusion fluid is pumped into the organ by arterial and/or venous cannulation. The perfusion fluid 

drains from the organ and is collected into the reservoir of the organ chamber and again pumped towards the 

membrane oxygenator to reoxygenate the perfusion fluid. Creative Commons CC BY 4.0 license. 



71 

 

 

The oxygenator consisted of housing polycarbonate pipe (inner diameter: 90 mm, outer 

diameter: 130 mm, and length: 5.5 cm) which was 40% filled with the multi-layered composite 

hollow-fibre membrane (Mitsubishi Rayon Co. Ltd., Tokyo, Japan), shown in Figure 7.1.3, and the 

total surface area of the hollow-fibres was 200 cm2. Air was flowed into the hollow fibre at 84 mL/min 

using the air pump (Marukan Co., Ltd., Osaka, Japan) [387]. 

 

Commercially, several hollow fibre membrane oxygenators are available and different based 

on module structures and hollow fibre arrangements [389]. Some of these types are reported here in 

the following images, Figure 7.1.4 and 7.1.5. 

 

 

Figure 7.1.2 Working principle of a hollow fiber oxygenator [387]. Figure 

form [387] reprinted with License Number: 6126030767223. 

Figure 7.1.3. Details of Hollow fibre membrane oxygenator [388]. Figure 

from [388] reprinted with License Number: 6126030968830. 
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Moreover, another significant feature of hollow fibre membrane oxygenator is the self-

mechanical support, good flexibility, and easy handling during module fabrication, membrane 

preparation, and system operation as explained by Teber et al. [390]. 

One or two hollow fibre membrane oxygenators were incorporated in the machine perfusion: 

Kidney Assist Transporter (Organ Assist BV, Groningen, The Netherlands), the VitaSmart (Bridge to 

Life, Northbrook, IL, USA) [91], two in non-transportable devices as Liver Assist (Organ Assist, 

Groningen, The Netherlands) [157], in the machine used by Ravaioli et al. [163], one in OrganOx® 

metra NMP and in Cleveland NMP circuit (Cleveland Clinic, Cleveland, OH, USA) [57, 195]. 

Figure 7.1.4. Hollow fibre arrangement and blood flow direction in coiled construction design 

membrane oxygenators [389]. 

Figure 7.1.5. Hollow fibre arrangement and blood flow direction in rectangular solid design 

membrane oxygenators [389]. Figures from [389] reprinted with License Number: 

6126031101528. 
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In the following image is reported an oxygenator assembled in the Liver Assist (Organ Assist, 

The Netherlands). In this device, a membrane oxygenator is connected to an external oxygen source 

[391]. There is no information available in the literature about the brand name of the oxygenator used 

in the Liver Assist device, shown in Figure 7.1.6. 

 

 

Some researchers have provided the brand names of the majority of components utilized in 

the perfusion circuit. For example, many authors operated with an oxygenator by Medtronic 

(Medtronic Affinity NT) [264, 100], whereas in the device presented by van Der Plaats et al. [392], 

there was a hollow fibre membrane oxygenator (HILITE 800LT, MEDOS Medizintechnik AG, 

Stolberg, Germany). Gilbo et al. used a hollow fibre oxygenator (Stockert; Sorin Group, Munich, 

Germany). Minor et al. [287] oxygenated the perfusate with Hilite LT 2400, Medos, Stolberg, 

Germany. Instead, Banan et al. [393] used a membrane oxygenator/heat exchanger (CB3381 Carmeda 

pediatric Minimax Plus; Medtronic Inc. Abudhaise et al. [147] operated with the oxygenator (Dideco 

Kids D100, Sorin Group Italia, Mirandola, Italy). Zurigo’s Research Group [3, 197] employed the 

Wyss Machine which was integrated with the membrane oxygenator Medos Hilite 2400 LT. Tingle et 

al. [394] reported that the OrganOx® Metra has been integrated with a Medtronic™ oxygenator 

without other specifications. There is no specific information about the type of integrated oxygenator 

in the (OCS™) Liver System (TransMedics® Organ Care System™). Imber et al [268] used a 1500 

ECMO Oxygenator Medtronic. 

Figure 7.1.6. (a) Schematic of the device Liver Assist . (b) full representation of the device, (c) centrifugal pump 

used for normothermic machine perfusion, (d) oxygenator. This device has been used in different studies: [83, 132]. 

Figure 7.16a, from [83] reprinted with permission from Copyright Massachusetts Medical Society. Figure 

7.1.6b,c,d is adapted from Karimian, N., Matton, A. P., Westerkamp, A. C., Burlage, L. C., op den Dries, S., 

Leuvenink, H. G., Lisman, T., Uygun, K., Markmann, J. F., Porte, R. J. Ex Situ Normothermic Machine Perfusion 

of Donor Livers. J. Vis. Exp. (99), e52688, doi:10.3791/52688 (2015) with authorization by the publisher. 

 

(a) 

(d) 

(c) (b) 
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The review of perfusion protocols, by Eshmuminov et al. [395], are reported data on gas 

mixtures supplied through the oxygenator for human liver perfusion: many authors supplied a mixture 

of O2 and CO2,with a gas composition of 95% O2 and 5% of CO2 [183, 111, 274, 393, 395]. 

Groningen’s Research Group [83, 131, 132] oxygenated liquid perfusion with two oxygenators, fed 

with 500 ml/min of O2 pure, integrated into Liver Assist device observing measurement of oxygen in 

liquid perfusion was 80 – 100 kPa (600 – 750 mmHg). The same oxygenation levels were reached by 

other clinicians [72, 97, 130, 175, 91, 163, 136]. The elevated partial pressure of oxygen (100 kPa) is 

necessary for ATP restoration [91]. Other clinicians [97, 183, 50, 6, 165, 134, 322, 166, 111] 

oxygenated actively the perfusate up to measuring a PO2 from 40 to 80 kPa in the perfusate (300 – 

600 mmHg). 

Izamis et al. [156] showed a simple way to calculate the quantity of oxygen adsorbed to liver: 

Oxygen Delivery Rate, ODR, is the quantity of oxygen dissolved in the perfusate entering in the liver, 

it is calculated by the product among the volumetric flow rate Q (ml/min), partial pressure of oxygen 

(mmHg) dissolved in the perfusate (at equilibrium), 𝑃𝑂2

𝑖𝑛 , and Henry’s constant, H, of oxygen 

dissolved in water at 5 °C, k5°C=6.4x10−5 mlO2 / (mmHg ml perfusate) and at 20°C, k20°C=4.1x10−5 mlO2 

/ (mmHg ml perfusate): 𝑂𝐷𝑅 [
𝑚𝑙𝑂2

𝑚𝑖𝑛
⁄ ] = 𝐻 ∗ 𝑃𝑂2

𝑖𝑛 ∗ 𝑄. The quantity 𝐻 ∗ 𝑃𝑂2

𝑖𝑛 [
𝑚𝑙𝑂2

𝑚𝑙𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒
⁄ ] is 

the volumetric fraction of oxygen in equilibrium with the oxygen in gas phase. The quantity of oxygen 

exiting from the liver dissolved in the perfusate, Oxygen Exiting Rate, OER, is calculated in the same 

manner as explained above, but 𝑃𝑂2

𝑜𝑢𝑡  , in the partial pressure in the outlet from the liver. So, it obtained 

𝑂𝐸𝑅 [
𝑚𝑙𝑂2

𝑚𝑖𝑛
⁄ ] = 𝐻 ∗ 𝑃𝑂2

𝑜𝑢𝑡 ∗ 𝑄. Where, 𝐻 ∗ 𝑃𝑂2

𝑜𝑢𝑡 is the fraction of oxygen dissolved in perfusate 

in outlet from the liver. The quantity of oxygen absorbed by the liver is obtained simply by the 

difference ODR – OER [156]. This difference is greater than zero inasmuch organ in during 

hypothermic machine perfusion consumes ATP and oxygen [396]. Xu et al. [397] proposed a similar 

manner to calculate OUR for normothermic perfusion (oxygen uptake rate): 𝑂𝑈𝑅 =

[𝑄∗(𝐶𝑂2

𝑖𝑛𝑓𝑙𝑜𝑤
−𝐶𝑂2

𝑜𝑢𝑡𝑓𝑙𝑜𝑤
)]

𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
 where Q is the perfusion flow rate (mL/min), CO2 is the oxygen concentration 

(nM) calculated as CO2 = 0.0031 PO2, where PO2 is the oxygen partial pressure (mmHg), and 0.0031 

(mL O2/(mmHg dL)) is the solubility of oxygen in aqueous solutions. 
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7.2  Pressures in machine perfusion 

In the last decade, researchers have discussed the optimal values of pressure for hypothermic 

and normothermic perfusion [95]. Schlegel et al. [95] reported that pressure in the portal vein should 

not exceed 8 mmHg to avoid damage to the hepatic structure. In hypothermic conditions, a strategy 

to reduce shear stress could be to use perfusion with the lowest possible pressure, which is safer for 

endothelial sinusoidal liver cells but may be inconvenient if incomplete perfusion occurs [95]. 

Endothelial sinusoidal liver cells are indeed susceptible to cold shear stress [398]. Van Rijn et al. 

[132] suggested carrying out DHOPE with a hepatic artery of 25 mmHg and portal vein of 5 mmHg. 

The values are based on previous studies which suggest that pressures lower than physiological values 

would help to protect endothelial cells and hepatic micro vascularisation by cold shear stress [172, 

182, 399]. Debbaut et al. [399] demonstrated that if the pressure in the hepatic artery and portal vein 

is lower than 25 mmHg and 3 mmHg, respectively, viscosity has no effect on shear stress, and no 

deleterious effects can occur in hepatic structures. Moreover, machine perfusion can be controlled by 

either pressure-controlled or flow-controlled methods [150, 400]. Since flow depends on vascular 

resistance, high resistance reduces the flow. Therefore, Lascaris et al. [400] suggest operating with a 

machine pressure-controlled method that permits protection against endothelial cell damage. 

However, as explained by Gryaznov et al. [150] in the next paragraph, this solution needs some 

adjustments. In most clinical cases, in DHOPE, arterial pressure is 25 mmHg [83, 132, 163, 141, 58, 

178, 134, 166, 111, 183], even though some researchers applied a pressure of 30-40 mmHg in the 

hepatic artery [182, 103, 147]. Instead, the literature reports that, in DHOPE, portal pressure is often 

5 mmHg [83, 75, 132, 182, 163, 141, 58, 134, 111], but other authors employed lower pressures of 3-

4 mmHg [164, 178, 166] or higher pressures of 6-7 mmHg [103, 147]. In HOPE, portal vein was 3 – 

4 mmHg [72, 97, 75, 130, 50, 6, 34, 135, 136]. In the normothermic perfusion conducted by 

Westerkamp et al. [183] and van Leeuwen et al. [141] portal vein and hepatic artery were of 11 mmHg 

and 70 mmHg respectively. Ravikumar et al. [168] during the NMP hepatic artery pressure was set to 

60 – 75 mmHg, and the inferior vena cava pressure was set to 1 – 2 mmHg. In clinical cases, 

researchers monitored pressure in different manners. Furthermore, these authors said that portal 

pressure was not monitored inasmuch it is effectively fixed by the height of the portal venous 

reservoir. Nassar et al. [264] report that pressure was monitored with the device Dash 3000 (General 

Electric, Waukesha, WI). In the study by Post et al. [401] pressure was controlled by a pressure 

transducer (El-Press P-502C-350R; Bronkhorst High-Tech, Ruurlo, the Netherlands). In the Wyss 

Machine flow and pressure are measured with Sonoflow CO.56 and PendoTECH [197]. Moreover, 

Eshmuminov et al. [197] operated with a feedback loop for automatic injection of vasoactive 

medication to guarantee a certain value of pressure and flow. Another pressure transducer used in 
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machine perfusion is the Edwards Lifesciences Co., Ltd., USA [402]. In the novel machine perfusion 

created by Magbagbeola et al. [267] was integrated a single pressure sensor PendoTECH, Princeton 

NJ 08540, USA. Imber et al. [268] operated with pressure transducers Baxter, Triple Pressure 

Transducers. 

7.3  Flow rates and resistance through the graft 

Flow rates are regulated based on the weight of the graft [161, 156, 75]. Guarrera et al. [161, 

75] perfused liver with 0,667 ml / (min g liver). Other perfused with 0.1 ml / (min g liver) [50, 6, 

136]. Dutkowski et al. [97] perfused the liver through the portal vein with 100 a 150 ml/min (0.13 

ml/min g liver) to which corresponding 2.5 – 3 mmHg [9]. In other studies, Dutkowski et al. [72, 130] 

perfused liver with 120 – 300 ml/min. Dondossola et al [178] applied DHOPE measuring in hepatic 

artery 84 ml/min and 365 ml/min in portal vein after 2 hours. van Rijn and colleagues [83] during the 

DHOPE measured 220 ml/min through portal vein, PV, and 100 ml/min for hepatic artery, HA. 

Burlage et al., [111] and Boteon et al. [136] compared flows rate in livers undergone to SCS + HOPE 

+ NMP (first group) and SCS + NMP (second group). They observed that volumetric flow rates 

perfusing livers of the first group were double those of the second group. They demonstrate that 

HOPE is essential for micro vascular preservation [111, 136]. In the studies by Abudhaise et al. [147] 

has been measured in hepatic artery at 33 ml/min and 92 ml/min in the portal vein in the liver 

undergoing to SCS + 4 hours of hypothermic perfusion. Moreover, they reported resistance values 

for HA 0.83 (mmHg min)/ml and PV 0.07 (mmHg min)/ml. In the review by Eshmuminov et al. [395] 

is reported that in most studies graft weight is missing. Furthermore, they assert that in most clinical 

cases perfusion was controlled by setting a certain value of pressure both for HA and PV. Vogel et al. 

[624] during NMP fixed the high of the reservoir to maintain hydrostatic pressure through PV without 

any control, which lead to a mean portal pressure of approximately 18 mmHg whereas pressure HA 

varied from 40 to 100 mmHg. During the dual hypothermic machine perfusion has been observed 

that in a few hours HA and PV resistance decrease, consequently, volumetric flow rates increase. This 

Figure 7.3.1. Time variation of vascular resistance showed in the studies by Groningen’s Group [83, 132]. Figure 

7.3.1b from [83] reprinted with permission from Copyright Massachusetts Medical Society. Figure 7.3.1from [132] 

reproduced with License Number 6126390423463 
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behaviour could be explained by the relaxation of arterial and venous structures and involving micro 

circulation [132, 143, 147, 148, 149]. Pattern and trends are reported in Figures 7.3.1 – 4. 

How is explained above, livers undergone HMP before NMP have lower vascular resistance 

than ones undergone only SCS. 

 

To evaluate the potential of HOPE in assessing the quality or viability of the graft, Patrono et 

al. [134] analysed the vascular resistances of the graft during the first hour of perfusion. They 

measured pressure and flow ml/min and from these obtained the resistance (mmHg min) / ml at the 

end of the first hour of HOPE [134]. 

Figure 7.3.2. Vascular resistance patterns in the portal vein and hepatic artery during 6 hours of normothermic machine 

perfusion (NMP) [183]. During NMP, the vascular resistance in the portal vein and hepatic artery was lower in livers subjected to 

hypothermic oxygenated machine perfusion (HMP) for the first time than in livers subjected only to static cold storage (SCS); 

however, these differences were not statistically significant. Reproduced from [183] with License Number 6126391426960. 

Figure 7.3.3. Time variation of resistances and flows I. Image from 

[134] reprinted with Creative Commons Attribution 4.0 International 

License  
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Generally, in literature has been reported that vascular resistance in the hepatic artery and 

portal vein decrease during perfusion. Moreover, resistance has been calculated simply with an 

analogy to the Ohm formula expressing resistance in (mmHg min)/(ml) or normalising to liver weight 

(mmHg min) / (ml kg liver). 

Other clinical evidence has been shown by van Rijn et al. [132] and Ravikumar et al [168]. 

 

 

Patrono et al. [134] investigated the effects of resistance on AST, ALT, and the onset of EAD. 

However, their analysis did not confirm any correlation. In contrast, in kidney transplantation, 

increased renal vascular resistance at the end of hypothermic machine perfusion is a risk factor for 

delayed transplant function and transplant loss at 1 year, but its predictive value is low [403, 404]. 

Figure 7.3.4. Time variation of resistances and flows II. Image from [132] 

reproduced with License Number 6126400707063. 

 

Figure 7.3.5. HA and PV flow during NMP. This image from [168] is reproduced 

with the Creative Commons Attribution-NonCommercial-No Derivatives License. 
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The authors [134] note that patients who did not develop EAD had a significantly greater decline in 

arterial graft resistance during mechanical perfusion, which suggests that this parameter could 

potentially play a role in the assessment of graft quality. However, this result should be interpreted 

with caution and the value of arterial resistance should be evaluated against other well-known 

parameters of post-LT graft function. Regarding the devices used to measure the flow rate, Imber et 

al. [268] operated with 2 flow probes Medtronic DP 38P. 

7.4 Temperatures 

Hypothermic perfusion is carried out in the range of temperatures 4 – 12 °C [48, 93, 181]. 

Most clinical studies were conducted at 10 °C [97, 130, 83, 131, 132, 50, 6, 58, 164, 165, 34, 134, 

166, 135, 111, 136]. In others, studies of hypothermic perfusion are conducted at 4 – 8 °C [161, 156, 

75, 163]. Normothermic perfusion is executed at 35 – 37 °C [2, 48]. In machines perfusion there are 

temperature probes and heat exchangers for temperature control. Post et al. [401] reported that 

temperature is controlled by a water bath (HMT-200; HETO, Holten, the Netherlands) and 

thermocouple (C8.B Licox; Integra, Vilvoorde, Belgium). Abudhaise et al. [147] said that 

hypothermia was maintained between 4 – 8° C using a heat exchanger (Polystat temperature 

controller, Cole – Parmer UK). Magbagbeola et al. [267] controlled temperature with a thermocouple 

(Pt100, PreSens Precision Sensing GmbH, 93053 Regensburg, Germany). Nassar et al. [264] used a 

heat exchanger BioMedicus BioCal 370, Medtronic. Lastly, Imber et al. [268] used a heat exchanger 

Ecmotherm II HE, Medtronic. In the studies about COR applied in animal liver and kidney perfusion, 

some researchers [404] started the warming from 10 °C elevating temperatures slowly during ongoing 

perfusion to, 17 °C, 30 °C and 35 °C after 30, 60, 75 and 90 min, respectively. Other researchers [287] 

carried out COR starting from 8°C during the first period of perfusion and gradually increasing to 12, 

16 and 20°C after 30, 45 and 60 min, respectively. There is no information available about the heat 

exchanger integrated into commercial devices used in clinical case studies. 

7.5 Perfusion Time 

The hypothermic perfusion of the liver in some studies lasted for 1 hour [72, 141, 134, 34]. 

Most clinical studies have been conducted for two hours [97, 83, 130, 131, 132, 183, 50, 178, 135, 

111, 136], a duration considered enough to restore mitochondrial activity and ATP levels and to 

preserve the organs by IRI [97, 83, 172, 177, 183, 184, 188, 185]. Moreover, is shown that after two 

hours metabolites biomarkers of liver viability such as AST, ALT and LDH reach a steady state after 

2 hours [75]. Other researchers conducted hypothermic perfusion for 3 hours [165] or 4 hours [147]. 

Some research groups carried out perfusion for 4 – 7 hours observing an optimal recovery of hepatic 

functionality [10, 97, 161, 83, 75, 140, 166]. Generally, hypothermic perfusion has been performed 
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after some hours of SCS, typically 4 – 6 hours [97, 83, 131, 132], even if De Carlis et al. [166] 

conducted perfusion after 12 hours of SCS. Likewise, normothermic perfusion has been conducted 

for more time, from 2.5 up to 22 hours, to evaluate hepatic functionality [37, 100, 101, 275, 141, 57, 

60, 168, 165]. In the protocol DHOPE – COR – NMP adopted by van Leeuwen et al. [141] DHOPE 

was conducted for 1 hour, and COR was operated gradually warming the perfusate of 1 °C every two 

minutes up to 37°C starting from 8 – 12 °C. Groningen Research Group suggest that 2.5 hours of 

NMP are enough to determine whether a liver is potentially transplantable [275, 157]. 

7.6 Metabolites as biomarkers in the perfusate 

Machine perfusion is a technique that permits the establishment of a correlation between the 

biomarkers measured during the perfusion and clinical post-transplantation outcomes parameters 

[404]. Metabolites generated by the liver are part of the biomarkers. Over the last decade, many 

metabolites have been studied and measured in the perfusate during perfusion in clinical practice. 

However, until 2019, no single metabolite had been universally recognized as a definitive parameter 

for predicting the outcomes of liver transplantation with high accuracy, although several cut-off 

values were proposed [140, 147, 153, 148, 405]. Generally, clinicians analyse a series of metabolites 

released in the perfusate as biomarkers for liver damage. Some of these metabolites include lactate, 

aspartate aminotransferase (AST), alanine aminotransferase (ALT), and lactate dehydrogenase 

(LDH), γ-glutamyl transferase (GGT), Flavin Mononucleotide (FMN, also known as Mitochondrial 

Flavin), Nicotine Adenine Dinucleotide reduced (NADH), alpha-glutathione S-transferase (GST), 

perfusate pH, biliary pH, glucose, bile production and composition, biliary bicarbonate, alkaline 

phosphatase (ALP), potassium and sodium concentration, and total bilirubin [72, 75, 132, 141, 58, 

164, 168, 204, 274, 281]. During NMP hepatobiliary function is tested using the following criteria: 

lactate <1.7 mmol/L, perfusate pH 7.35 to 7.45, bile production >10 mL, and biliary pH > 7.45 [275, 

141]. More specifically, viability criteria for donor liver assessment during the NMP phase are: bile 

production ≥ 4 mL (or 4 g) by the first hour of NMP and ≥ 10 mL (or 10 g) by 150 minutes of NMP 

[157, 373], lactate concentration in perfusate is within “normal” values (0.5 – 1.7 mmol/L) by 150 

minutes of NMP [275], perfusion fluid pH is within normal values (7.35‐7.45) within 150 min of 

NMP, without the need for repeated addition of NaHCO3 [275], finally biliary pH of > 7.45 within 

150 min of NMP [275, 274]. As a result, Groningen Research Group [275, 157, 373, 204] suggested 

that bile production may be a criterion to identify potentially transplantable ECD livers whereas bile 

pH, bicarbonate, and glucose as biomarkers of severe bile duct injury. Similar criteria were 

established by Mergental et al. [33]: perfusate lactate <2.5 mmol/L and sufficient bile production in 

combination with pH of perfusate >7.3, stable arterial and portal flow and homogeneous graft 
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perfusion with soft consistency of the parenchyma. In the analysis by de Vries et al. [373] has been 

pointed out that the criteria used in the study VITTAL (Viability testing and transplantation of 

marginal livers) on discarded livers in the UK [37, 85] are like the criteria shown above but this one 

does not include a minimal amount of bile production.  

The viability of the liver is considered acceptable for transplantation if all criteria previously 

listed meet within the first 2.5 h of NMP [183, 275]. If this condition is verified machine perfusion 

continues and the recipient is brought to the operating room. Quite the opposite, if the liver does not 

satisfy the predefined viability criteria, machine perfusion is stopped [275]. In most clinical trials 

metabolites like AST, ALT, LDH, and lactate are measured by collecting every 30 minutes a sample 

of perfusate [75, 140, 132, 58, 147,]. Guarrera et al. [75, 140] measured them with an Olympus AU 

2700 R analyser (Olympus America Inc, Center Valley, PA). Biochemical parameters such as glucose, 

calcium, lactate, potassium, and sodium have been measured, in a sample of perfusate and blood 

extracted by perfusion circuit every 30 minutes, with the device as ABL 90 Flex analyser (Radiometer, 

Brønhøj, Denmark) and Roche P Module (Roche Diagnostics Limited, UK) by many researchers [72, 

132, 183, 275, 58, 157, 147]. Xu et al. [397] used a Piccolo blood chemistry analyser (Abaxis, Union 

City, CA) for the analysis of liver enzymes (AST, ALT, ALP).  

Bruinsma et al. [404] determined ALT concentration in the perfusate by assessing the 

enzymatic conversion of L – alanine by ALT and LDH in a kinetic assay (Infinity Reagent; Thermo 

Fisher Scientific). Muller, Dutkowski et al. [72] measured in real-time ALT, AST and LDH with the 

device FujiFilm Dri-CHEm 4000i [72]. Using standard biochemical methods was measured blood 

gas parameters as pO2, pCO2, sO2, HCO3− and pH [157]. Watson et al. [274] reported that bile and 

perfusate gases were analysed using a Cobas b221 benchtop analyser (Roche). Ceresa et al. [406] and 

Bral et al. [407] rejected livers performing in the perfusate a poor lactate clearance, AST > 2600, ALT 

> 9000 U/L and shortage or no bile production. Guarrera et al. [140], and Henry and Guarrera [408] 

proposed to consider that values of AST or ALT > 1000 IU/L in donor serum at the time of organ 

offer is evidence of important ischemic injury. In the NMP conducted by Ghinolfi et al. [273] the 

perfusate glucose, transaminases, lactate, interleukin (IL) 6, IL10, tumour necrosis factor α (TNF-α) 

concentration, and bile production were collected every hour. Moreover, cytokine concentrations 

were tested after the procedure by enzyme-linked immunosorbent assay sandwich assay and are 

reported as pg/mL (R&D Systems, Minneapolis, MN). Lastly, Ghinolfi et al. reported that bile pH 

was measured using a GEM4000 analyser (Instrumentation Laboratory, Bedford, MA). Based upon 

previous experiences, Watson et al. [128] suggested that an ALT over 200 iu/L would result in the 
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liver being declined, but latterly perfusion ALTs up to 500 iu/L have been accepted, providing there 

was no continued rise in ALT between the first and second hour of NMP. 

Although lactate, ALT, LDH and AST and other parameters were considered good predictors 

of hepatic functionality [75, 392], Zurigo’s Research Group headed by Philip Dutkowski and Andrea 

Schlegel suggested that FMN and NADH are more effective to predict outcomes post-LT [72, 164]. 

Moreover, Xavier et al. [72] and Schlegel et al. [164] carried out the first clinical experience of HOPE 

monitoring FMN and NADH in real-time with a spectrophotometer along the perfusion circuit. FMN 

and NADH were determined spectroscopically also by fluorescence in perfusates samples (for NADH 

there was an excitation at a wavelength of 360 nm, the emission peak of 460 nm whereas for FMN 

light emission was at a wavelength of 450 nm, with an emission peak at 560 nm (emission between 

500 and 600 nm) [72, 164]). Muller, Dutkowski et al. [72] suggested that FMN, in addition to other 

markers such as nicotine adenine dinucleotide (NAD), succinic acid, inosine monophosphate (IMP), 

lactate and glucose [72], should be considered as a marker of cellular damage. FMN release serves 

as a surrogate marker for impaired cellular energy production, as elevated FMN release correlates 

with ATP breakdown, detectable by increased purine metabolites in the perfusate fluid [72]. The 

Zurich Research Group points out that the results contrast with the poor predictive value of 

conventional perfusate parameters such as transaminases or lactate levels that failed to recognise 

impaired liver function after implantation [72]. Indeed, Guarrera et al [75] observed that lactate levels 

and LDH increased during perfusion; although this increase is often correlated with increased liver 

damage, they saw no indication that the levels produced due to mechanical perfusion affected liver 

function after transplantation [75]. The group led by Xavier and colleagues [72] reported that a high 

concentration of FMN in the perfusate was correlated with graft loss within 3 months after liver 

transplantation. The threshold for maximum accuracy in terms of early graft loss was identified at 

10000 A.U, i.e., 100 ng FMN/mL perfusate [72]. In conclusion, the Zurich Research Group 

emphasises the main advantage of measuring the concentration of molecules such as FMN in real-

time during mechanical perfusion (MP) allows the opportunity to take advantage of the development 

of tools for the objective assessment of the metabolic status and degree of injury of an organ before 

transplantation into the recipient [72, 153, 154]. In this way, an estimate of the future outcome of liver 

transplantation can be obtained [72]. The technique developed by Muller and Dutkowski in 2019 of 

estimating the outcome of transplantation may allow the use of liver grafts with greater patient safety. 

In the following images, Figure 7.6.1 and 7.6.2, are reported ALT, glucose, and lactate 

measurements by van Rijn et al. [132] and Dutkowski et al. [97]. 
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Bardallo et al. [63] focused on the effect of ischaemic reperfusion injury during HOPE by 

concentrating on the effects on mitochondrial respiration. They performed perfusion with UW, HTK 

and IGL-2 solutions and proposed the following as markers for HOPE, i.e., indicators of successful 

cold oxygenated HOPE perfusion: glutamate dehydrogenase (GLDH) and mitochondrial aldehyde 

dehydrogenase-2 (ALDH2) best known for its detoxifying role in hepatic alcohol metabolism. 

Bardallo et al. also chose ALDH2 as there is growing evidence that it also plays a role in IRI through 

the prevention of oxidative stress processes caused by oxygen-free radicals [231]. In the same study, 

they suggested that itaconic acid, succinate and FMN should also be considered as markers as they 

Figure 7.6.1. Perfusion parameters during DHOPE [132]. Image 

from [132] reproduced with License Number 6126400707063. 

Figure 7.6.2. Perfusion parameters during HOPE [97]. Image from 

[97] reproduced with License Number 6126410652767. 
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play a significant role in determining graft viability after revascularisation [63]. Although the release 

of mitochondrial flavin mononucleotide in perfusate has been correlated with liver function after 

transplantation [72], it is not known whether this also predicts the risk of cholangiopathy [83].  

Guy et al. [153] for the first time employed proto-nuclear magnetic resonance spectroscopy 

to analyse kidney perfusate fluid to detect, and identify metabolites that may have prognostic or 

therapeutic value [409]. A study conducted by Liu et al. [409] on pig livers under hypothermic 

perfusion focused on what markers could be used to establish organ viability before transplantation 

by analysing the composition of the perfusate. The authors took perfusate samples during the 4-hour 

hypothermic perfusion. AST in the perfusate was measured using a standard spectrophotometric 

technique. Using proton magnetic resonance spectroscopy (1H MRS) they measured the amounts of 

lactate, alanine, and histidine. The authors reported that AST, alanine, and histidine were sensitive 

discriminators of warm ischaemic damage after 4 hours of HMP, while lactate showed only a trend 

but no significant difference. Several studies used proton magnetic resonance spectroscopy (1H MRS) 

to identify the biochemical composition of different biological fluids to assess graft function during 

reperfusion after HMP by analysing compounds in perfusate in isolated perfused pig kidneys and rat 

livers [398]. 

The search for and definition of clinically relevant biomarkers to quantify hepatic IRI, EAD 

and biliary complications during MP is continuously evolving [207]. The perfusion process allows 

the assessment of biomarkers in real-time, which further increases their relevance and impact in 

clinical use [207]. It is likely that a combination of perfusate and bile biomarkers will allow a superior 

assessment of the overall function of the donor’s livers. The challenge in the field of transplantation 

is to interpret the significance of biomarkers for a particular donor’s liver use and how they might 

predict immediate and long-term post-transplant outcomes of the graft [207]. Dutkowski's and 

Schlegel's experience suggests that soon, spectrophotometers will be installed in perfusion machines, 

which will allow to obtaining measurements of concentration of key biomarkers in real-time. This 

information will be invaluable and will guide physicians to a more detailed assessment with a reduced 

margin of error. 

 

7.7 Perfusion Machines  

Today, there are many machines available in the market or used in clinical experiments for 

liver preservation and transplantation. Currently, the most used devices are the Liver Assist (Organ 

Assist, Groningen, the Netherlands) [33, 83, 131, 132, 183, 141, 6, 58, 273, 165, 34, 134, 54, 72, 166, 
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135, 136, 179, 274], followed by OrganOx metra (OrganOx Ltd., Oxford, UK) [57, 168, 210, 406], 

OCS™ Liver System (Transmedics, Andover, Massachusetts) [117], Cleveland NMP circuit 

(Cleveland Clinic, Cleveland, Ohio) [410, 411] (not commercialised yet), modified Medtronic 

Portable Bypass System (PBS) [161, 75, 140], VitaSmart Liver Machine Perfusion System (Bridge 

to Life) and other devices not commercialised [163, 397, 267]. Principle of working of modern 

machines perfusion is keeping a liver metabolically active for several hours, so the machine has 

mimic the human body to maintain a physiologic environment for the liver [5]. A representation is in 

Figure 7.7.1. 

 

 

The first modern clinical series of liver hypothermic perfusion was carried out by Guarrera et 

al. in 2010 [75]. In this trial, researchers perfused livers with the device Medtronic Portable Bypass 

System (PBS) for ex vivo circulation (Figure 7.7.2). Henry et al. [123] in 2012 and Guarrera et al. in 

2015 [140] later used and described by other [161, 193]. This perfusion device consists of a stainless-

steel tank, a centrifugal pump (non-pulsatile), a heat exchanger and is not equipped with an 

oxygenator [161, 75, 140, 193]. Vasosol® solution (Preservation Solutions Inc., Elkhorn, WI) was 

used, with the addition of antioxidants, metabolic substrates, and vasodilators without providing 

active oxygenation through the portal vein and hepatic artery. The intrahepatic vena cava was blocked 

with a small vascular clamp to direct the effluent from the liver out of the suprahepatic vena cava 

[75]. The fluid collected in the basin that housed the organ keeps it at a low temperature. Indeed, he 

organ cassette does not require cooling, and hypothermia is maintained endothermically with partial 

Figure 7.7.1. Schematic and intuitive representation of how machine perfusion may potentially recreate a 

physiological–human environment to preserve alive a liver or another organ [5]. Image from [5] reproduced with 

Creative Commons CC-BY license. 
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submersion in the basin of cold effluent. A tube connected to the basin collected the perfused fluid to 

send it back to the circulation pump and heat exchanger. 

Later, Dutkowski et al. [97, 130] conducted HOPE using the ECOPS device (Organ Assist®). 

Limited information is available in the papers written by Zurigo’s Research Group about the electro 

– mechanical components of this machine. The ECOPS device was the first device used to perform 

HOPE oxygen perfusion [273]. Dutkowski et al. [97] perfused the liver only through the portal vein. 

The device has a single pump that allows recirculation of the cooled and oxygenated perfusion 

solution by means of a membrane oxygenator.  

 

 

The first studies employing dual mechanical oxygenated DHOPE perfusion with the Liver 

Assist device (Organ Assist, Groningen, The Netherlands)) are by De Carlis et al. [165] and van Rijn 

et al. [132]. It was later successfully employed by the Groningen group for liver perfusion [83, 131, 

132, 183, 141, 58, 192], the Zurich group [34, 72, 179] and other researchers [50, 6, 165, 134, 54, 

166, 136]. The Liver Assist device has also been used to do single perfusion, as done by Dutkowski 

and his research group [34, 72], Czigany et al. [50], Patrono et al. [134] and others [135, 136]. The 

device consists of a hepatic artery perfusion unit, a portal vein perfusion unit, and a thermal unit. The 

hepatic artery and portal vein perfusion circuits are independent, and each is equipped with a 

centrifugal pump, oxygenator/heat exchanger and antibacterial filter (32 µm) [193]. The donor’s liver 

Figure 7.7.2. The Medtronic PBS® used by Guarrera et al. [75] to perform clinical 

hypothermic machine perfusion.This image from [193] is reproduced with the 

License Number 6126421073568. 
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is placed in the protective box on the meshwork above the perfusate reservoir. Pumps on each circuit 

pump the perfusate from the collection reservoir; the hepatic artery pump generates a pulsatile flow 

of 60 bpm (beats per minute or 1Hz) [83, 132, 51, 58], while the portal vein pump generates a 

continuous flow. The Liver Assist pump is pressure-controlled. The delivery from each pump is sent 

into a hollow-fibre membrane oxygenator where the perfusion fluid is oxygenated and its temperature 

is regulated in the hollow-fibre oxygenator/heat exchanger, after which it passes through the bacterial 

filter to flow back into the hepatic artery and portal vein. The liver is perfused through the celiac 

artery or hepatic artery and portal vein, particularly during normothermic perfusion [274, 275, 57, 

137]. The inferior vena cava is left open and drains into the reservoir. Thus, the perfused fluid enters 

through the portal vein and hepatic artery and exits through the inferior vena cava [104, 51, 193, 196]. 

The cystic duct is ligated, and the common bile duct is catheterised. Target pressures in the hepatic 

artery and portal vein are 60 mmHg and 8 mmHg, respectively [195]. The thermal unit detects and 

controls the temperature of the perfusate in the oxygenator-heat exchanger units, allowing perfusion 

in hypothermic, sub-normothermic or normothermic mode. The temperature settings are not fixed 

and can be changed manually by the user via the control display [51]. Temperatures, flow rates and 

pressures are shown in the display in real-time [51]. Since the device is not transportable, like the 

ECOPS, the livers are stored statically cold from the procurement centre for transport to the transplant 

centre before being placed on the device. The manufacturer's manual recommends a maximum 

perfusion duration of 6 hours [136]. Further information and details on Liver Assist can be found on 

the manufacturer's website [412]. Some recent pioneering studies [413, 414] conducted at the 

dissertation level evaluated the use of non-invasive imaging techniques, such as computed 

tomography (CT) or magnetic resonance imaging (MRI), during Liver Assist perfusion as an 

additional tool for assessing the general state of the liver before transplantation. 

Both the Liver Assist device and the Metra device (OrganOx, Oxford, UK), shown in Figure 

7.7.3a and 7.7.3b, have been widely used for normothermic perfusion, although other machines have 

also been used in recent years. Metra (OrganOx, Oxford, UK) is a perfusion device developed to 

perform only normothermic perfusion. This device, unlike Liver Assist, can be used to transport grafts 

from a donor hospital to a transplant centre while continuously performing mechanical perfusion [51, 

193]. Metra performs double perfusion and active drainage using a normothermic suspension of red 

blood cells in a colloid to perfuse the liver [155]: basically, the device performs perfusion at 

physiological temperatures and pressures using oxygenated blood to which drugs and nutrients are 

added [413]. In addition to cannulation of the portal vein, the celiac trunk and the bile duct, closure 

of the suprahepatic inferior vena cava with a linear suture and cannulation of the intrahepatic inferior 

vena cava [51, 193] are also performed on the back table. The perfusate is pumped directly from the 
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inferior vena cava by a single centrifugal pump and then passes through an oxygenator/heat 

exchanger. Part of the perfusate is sent to the soft-shell reservoir for perfusion of the portal vein and 

part of the perfusate is directed directly to the hepatic artery. This device allows perfusion at 

physiological pressures [51]. The system is designed to perfuse a liver for up to 24 hours [51]. The 

hepatic artery is perfused by the driving force of the pump, while the portal vein is perfused at constant 

pressure from the reservoir. Continuous infusions ensure sufficient vasodilatation, protection against 

coagulation and the provision of an environment that allows metabolic and synthetic liver function 

under almost physiological conditions [155, 413]. The OrganOx Metra assesses donor liver function 

by allowing surgeons to monitor markers such as lactate clearance in the perfusate, perfusate pH, 

transaminase levels, glucose metabolism and bile pH [413]. In addition, the machine automatically 

monitors the temperature, perfusion pressure, and perfusion rate [51, 193]. Finally, it constantly 

performs haemogasanalysis to monitor and control pO2 and pCO2 levels, facilitating the maintenance 

of acid-base homeostasis [155]. Hepatic artery pressure can vary from 60 to 75 mmHg, and inferior 

vena cava pressure from 1 to 2 mmHg [195]. Portal flow is measured continuously, but portal pressure 

is not [195]. The operating conditions of the perfusate are 37 degrees centigrade, a pO2 of 12 kPa 

(partial pressure of oxygen in a hypothetical gas phase in equilibrium with dissolved oxygen in the 

blood, my interpretation), a pCO2 of 5 kPa and a pH of 7.35 [195]. Watson et al. [274] reports that 

the oxygen pressure in the perfusate varies between 90 and 150 mmHg (12 and 20 kPa). Compared 

to static cold storage, Metra was associated with a 50% reduction in transplant damage, as measured 

by a 50% reduction in peak AST during the 7 days following liver transplantation. This was despite 

a 54% increase in storage time [413]. Metra can be used in two modes: transport mode (continuous 

NMP) or back-to-base mode (NMP following static cold storage) offering transplant centres 

maximum flexibility of use [413]. In a randomised trial, compared to static cold storage, Metra 

reduced early allograft dysfunction by 74%, while peak serum levels of AST, a predictive biomarker 

for transplant and patient survival, were 49% and 73% lower during the first 7 days post-transplant 

for all transplanted livers and transplanted DCD (donation after circulatory death) livers, respectively 

[413]. Recent studies [46] have evaluated the cost-benefit or cost-effectiveness (translated from cost-

utility) associated with the use of normothermic perfusion devices, such as the OrganOx metra, 

compared to the cost-benefit associated with those who received an organ preserved by static cold 

storage SCS, concluding that although the use of perfusion machines increases costs, benefits in terms 

of lives saved are far greater [46, 101]. 
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Another device used for liver perfusion is the OCS™ Liver System (Transmedics, Andover, 

Massachusetts), depicted in Figure 7.7.4, used by Markmann et al. in 2022 [117] and 2021 [415]. 

This device is transportable, like the Metra device, and enables normothermic perfusion of the liver. 

The OCS Liver consists of an integrated system of 3 components: the OCS Liver console, the OCS 

Liver perfusion set and the OCS bile salt solution for infusion (Figure xx). The Liver Console is the 

reusable, non-sterile portable base unit for the OCS Liver System that includes the Wireless Monitor, 

fluid pumping subsystems (SDS and Circulatory (Pulsatile) Pump), probes, gas cylinder, power 

Figure 7.7.3a. A photograph (on right) and schematic drawing (on left) of the OrganOx Metra 

mobile perfusion device reported by [51]. Figure 7.7.3a (left), from [155] is reproduced with 

Creative Commons Attribution 4.0 International License. Figure 7.7.3b from [193] is reproduced 

with License Number 6126430959909. 

Figure 7.7.3b. The map of OrganOx Metra. Image adapted by [413] and 

original source: https://hitconsultant.net/2023/07/17/organox-liver-

transplantation-device-funding/. 
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subsystem (including batteries), SD Data Card, Mobile Base, and electronics and software. The 

Wireless Monitor displays perfusion parameters and system status and allows the user to adjust 

specific system settings during the transport of the donor’s liver. The Liver Console provides a rigid 

compartment to house and protects the Liver Perfusion Module (LvPM) during transport [416]. The 

LvPS consists of the Liver Perfusion Module (LvPM) and the disposable LvPS Accessories. The 

LvPM is a sterile, single-use device that holds, protects, maintains, and supports the liver during 

preservation and transport. The LvPM encompasses the perfusate and organ-contacting components 

and interfaces with the Liver Console. The LvPM contains the organ chamber and the perfusion 

circuit, provides a physical conduit to circulate and oxygenate perfusate, incorporates various sensors, 

pumps for the perfusate, and provides mechanical and electrical interconnects with the Liver Console. 

The Wireless Monitor allows the user to observe measurements made within the LvPM. The LvPS 

also includes the sterile, disposable accessories necessary to instrument the liver and manage the 

addition and removal of perfusate [416]. The Liver OCS device maintains the donor liver in a non-

ischaemic and metabolically active state by allowing perfusion of both the portal venous and hepatic 

arterial circulation with a warm, oxygenated and nutrient-enriched blood perfusate. The OCS Liver 

can deliver a pulsatile high-pressure flow rate to the hepatic arterial circulation and simultaneously 

deliver a high flow rate at low pressure to the portal circulation with a single perfusion pump, giving 

the user full control over perfusion parameters. 

 

Figure 7.7.4. The Liver OCS device is loaded with an electrolyte solution containing albumin, concentrated red 

blood cells, and antibiotics and supplemented with a continuous infusion of a 4% amino acid and 10% dextrose 

nutrient solution, supplemented with insulin and multivitamins. Perfusion is gradually increased to a total flow of 

2.0 to 2.5 L and the temperature was set at 34 °C. Haemodynamic parameters of liver perfusion are continuously 

monitored and recorded during storage. Serial blood gas and lactate levels were measured during storage and 

changes in lactate level were used to measure the adequacy of perfusion [117]. This figure from [117] is 

reproduced with the CC-BY license. 
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More information on OCS™ Liver System Transmedics is available at the company's website 

[416]. 

Another normothermic perfusion machine will be marketed by the Cleveland Clinic 

(Cleveland, Ohio), shown in Figure 7.7.5, called the Cleveland NMP circuit used in clinical trials 

[410]. The liver perfusion circuit consists of a Maquet centrifugal pump, a hard-shell venous reservoir, 

a heater, an oxygenator, and an organ receptacle [195, 410]. The circuit has a bifurcation at the outlet 

of the oxygenator for the infusion of the portal vein and the hepatic artery [410]. There is a C-clamp 

in both the venous and arterial circulation tubes to adjust the flow rates [195]. The Cleveland NMP 

circuit is a transportable device that has been used in clinical studies [410] but is not yet commercially 

available [195]. 

 

 

In 2006, the Groningen group [392] presented a prototype for hypothermic liver perfusion that 

they called the Groningen Hypothermic Liver Perfusion Pump, Figure 7.7.6. The study focused on 

the perfusion of pig livers. The device consists of a reservoir in which the liver is placed, two 

miniaturised centrifugal pumps (Deltastream DPII, MEDOS Medizintechnik AG, Stolberg, Germany) 

Figure 7.7.5. Diagram of the perfusion device of the Cleveland Clinic's normothermic machine [195, 410]. Figure 

7.7.5 (left), from [410], is reprinted with License Number 6126510871874. Figure 7.7.5 (right), from [195], is 

reprinted with License Number 6126511143696. 
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that deliver continuous and pulsatile flow respectively, a miniaturised hollow-fibre membrane 

oxygenator (HILITE 800LT, MEDOS Medizintechnik AG, Stolberg, Germany), an oxygen cylinder, 

a battery pack and a measurement and control unit connected to an interface [392]. The pulsatile 

pump directs the storage solution (UW - MP) from the reservoir through the oxygenator and into the 

hepatic artery; the continuous pump perfuses the portal vein without oxygenation. Both pumps are 

pressure-controlled and recirculate the storage solution with a constant perfusion pressure [392]. The 

sterile disposable unit of the Groningen Hypothermic Liver Perfusion Pump, comprising the reservoir, 

pump heads, oxygenator, cannulas and tubing, is located inside a polystyrene cooling box (Wolters 

kunststoffen, Enter, The Netherlands) filled with melting ice to ensure a hypothermic temperature of 

0-4°C for more than 24 hours [392]. To illustrate the process, a schematic representation is shown 

below. This machine [392] is similar to the previously presented configurations. 

 

 

In 2018, Ravaioli and collaborators [417] and again in 2020 [163] successfully conducted the 

perfusion of livers and kidneys using a new perfusion machine developed by the company Medica 

S.p.A. and Centro Iperbarico srl under the guidance of the Italian research group [417]. The device 

allows perfusion using a pulsatile flow of the perfusate using three peristaltic pumps, each driven by 

a single motor with the dual purpose of perfusing the organ with the preservation solution and, at the 

same time, maintaining the constant circulation of the liquid around the organ inside the hyperbaric 

chamber. The first pump, used only in hyperbaric treatments, breaks the gas-liquid interface, 

facilitating the diffusion of the compressed gaseous mixture into the preservation solution. The second 

and third peristaltic pumps are used to perfuse the organ through suction and discharge tubes 

connected to the organ's blood vessels. The organ is connected via cannulated vascular access with 

sterile tubing (PVC and silicone) to the machine. The flow and pressure values during perfusion are 

Figure 7.7.6. Diagram of the Groningen Hypothermic Liver Perfusion Pump [392]. This Figure, from [392], is 

reproduced with License Number 6126511248585. 
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evaluated via special sensors, self-regulated and displayed on the device's screen in real-time. To 

oxygenate organs during perfusion, a membrane oxygenator integrated into the perfusion circuit can 

be used to supply oxygen to the storage fluid (normobaric oxygenation) or a pressurised chamber 

where the graft is placed during treatment (hyperbaric oxygenation). To perform normobaric 

oxygenation, a tube system is used that supplies oxygen to the organ's preservation fluid. This is a 

hollow-fibre microporous membrane oxygenator consisting of a gas exchange module with an 

integrated heat exchanger. The device, supplied as disposable and sterile with ethylene oxide, is 

intended for use in an extracorporeal perfusion circuit to oxygenate and remove carbon dioxide from 

the fluid during routine perfusion procedures for up to six hours. In addition, the device consists of a 

pressurisable ('hyperbaric') chamber designed to accommodate the organ completely submerged in 

the preservation solution. The chamber is compressed with a mixture of medical oxygen (95 per cent) 

and carbon dioxide (5 per cent) to a pressure above atmospheric pressure. The minimum partial 

pressure of oxygen (pO2) was inversely proportional to the normalised flow (mL/ (min gorgon)); the 

device allows pressurisation of up to 200 kilopascals by a certified medical gas cylinder. A special 

reducer, certified for use with medical oxygen, reduces the gas pressure. The mixture is dissolved in 

the storage solution at a concentration directly proportional to the pressure exerted by the gas at the 

gas-liquid interface (Henry's law). The hyperbaric chamber is placed inside a thermal conditioning 

unit, which can be powered from 12 up to 220 volts [417]. Previously in 2012 Giannone and co-

workers [418], in collaboration with the same "Centro Iperbarico srl" (Ravenna, Italy) performed rat 

liver perfusion using an innovative Hyperbaric Hypothermic Perfusion Machine (HHMP). The 

HHMP was designed to be easily transported by two people allowing the possibility to start the 

procedure immediately after procurement and not only in the recipient's transplant centre [418]: this 

is an important strength compared to the use of other more complicated HMP devices. 

The use of the portable Organ Recovery Systems LifePort Liver Transporter device, Figure 

7.7.7, that enables dual hypothermic perfusion of the liver has also been mentioned in the literature 

[414], although no clinical trials on the use of this device have been recorded until 2022 [419], but 

only in animal organs [143] or on discarded human livers [147]. The manufacturer's website states 

that its use on a clinical level in Europe and the United States has not yet been approved although 

some preliminary studies have been carried out [420]. More information on the functionality of this 

machine is available in the study [421]. 
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Debbaut et al. [399] developed an electrical model that mimicked blood flow in the human 

liver. Subsequently, Debbaut et al. [421] validated and calibrated the electrical model of the human 

liver using data from a human liver subjected to HMP using the Organ Recovery Systems perfusion 

machine, in Zaventem, Belgium. 

Recently, the Zurich group [3, 197] reported that they tested a new normothermic liver 

perfusion machine, which is not yet commercially available, the Wyss Machine for the Liver4Life 

project developed by the Wyss Zurich Translational Center (Wyss Zurich), Figure 7.7.8, 

(https://www.wysszurich.ch/). 

The Zurich group has used it to achieve long-term normothermic perfusion, reaching up to 10 

days so far [197]. Long-term normothermic perfusion thus provides a platform not only for extended 

Figure 7.7.7. Image of the Organ Recovery Systems LifePort Liver Transporter. This Figure,  

from [414], is reprinted with License Number 6126520137864. 

Figure 7.7.8. The long-term normothermic (NMP) liver perfusion machine is shown in the left panel. The top left 

image illustrates the Wyss machine with the perfusion diagram on the right. The whole and partially perfused human 

liver are shown below [3]. This Figure is reprinted with License Number 6126520449436. 
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viability assessment but also for the application of several new therapeutic options, in particular ex-

situ liver regeneration [3]. 

To ensure trouble-free physiological operation, the equipment had to be monitored and 

controlled by elaborate software [3]. This machine, which is significantly more complex than standard 

devices available on the market, is the first to enable the most successful long-term normothermic 

perfusion of human livers to date due to its ability to mimic the physiological conditions of the human 

body [3, 197], automatically controlling glucose levels by injecting insulin and glucagon, removing 

waste products using a dialysis membrane, and regulating oxygenation and movement of the liver to 

prevent pressure necrosis [197]. In general, normothermic perfusion requires cannulation of all 

vessels and the bile duct, while pressure and flow control are provided by standard sensors. In 

contrast, long-term perfusion requires additional individual and automated control of flow and 

pressure for each connected vessel to prevent hypo- or hyperperfusion with local ischaemia or 

perivascular bleeding, respectively [3]. However, not only the flow parameters but also the quality of 

the perfusate, in this case, the blood-based perfusate, must be constantly monitored and adjusted [3]. 

The Zurich group reports that liver cannulation takes place via the portal vein and hepatic 

artery for incoming flow, and via the vena cava for outgoing flow: the hepatic artery receives oxygen-

rich blood at high pressure (mean arterial pressure (MAP) ≥ 65 mmHg) in a pulsatile manner, whereas 

the portal vein receives low-pressure blood (approximately 5-10 mmHg) with reduced oxygen content 

(venous blood, non-pulsatile) [197]. The system maintains the oxygen saturation of 65% in the vena 

cava by continuously adjusting the oxygen content in the portal vein. The device mimics the 

physiological transport of nutrients and bile salts in the liver through the portal vein using a nutrient 

injection of ursodeoxycholic acid conducted through the portal vein during perfusion [197]. The 

haemodynamic of the hepatic artery is tightly controlled by the automated infusion of vasoconstrictors 

and vasodilators into the hepatic artery line. The pressure in the vena cava is continuously maintained 

at physiological levels close to 0 mmHg (0-2 mmHg) to prevent hepatic congestion. An oxygenator 

supplies oxygen to the hepatic artery and portal vein while removing CO2 from the perfusate. The 

oxygen tension in the hepatic artery is continuously monitored and controlled to remain within 

predefined limits, i.e., 10-12 kPa. The CO2 tension is adjusted via the oxygenator to maintain the 

blood pH between 7.25 and 7.45. There is an integrated dialysis unit for physiological electrolyte 

balance and removal of metabolic waste products from the blood. An algorithm automatically 

regulates the flow of the dialysate by monitoring the red blood cell concentration (haematocrit) based 

on continuous measurements. Automated insulin and glucagon are administered automatically to 

maintain physiological blood glucose levels (targeted range of 3.5-6.5 mmol/l) in response to 
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continuous glucose measurements. The continuous movement of the liver, in an attempt to mimic the 

oscillations of the diaphragm, is also integrated into the system. The perfusion machine is fully 

automated, obviating the need for constant staff presence [197]. Finally, the researchers list the 

performance differences of the Wyss machine compared to other commercially available machines. 

Additional information are reported in Figure 7.7.9. 

 

 

Shen and Yan [88] presented a paper in which they designed an economical hypothermic 

perfusion system, shown in Figure 7.7.10. The main design strategy consists of the washout of 

metabolic waste and replenishment of metabolic substrates using mechanical devices, such as 

compressors and peristaltic pumps. To maintain an adequate organ environment, the necessary 

physiological parameters in the designed HMP system are monitored in real-time, including storage 

space temperature, solution pH level, perfusion pressure and flow resistance. Compared to classical 

HMP devices, several significant advantages can be achieved: automation, monitoring of multiple 

parameters and low cost of the application. In particular, the flow of the artery solution is pulsed with 

a human heart rate, which mimics the law of blood flow and provides a more human-like living 

Figure 7.7.9. Performance of the Wyss machine [197]. 

This Figure is reprinted with License Number 

6126520593698. 
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environment, to prolong the survival time of the removed organs. In addition, modified Bayes 

estimation and Fuzzy-PID improve the accuracy of thermal control of current HMP devices. The 

designed device allows for the perfusion of several organs. The device they created is a hypothermic 

machine perfusion system to prolong the survival of isolated organs. Four elements are involved in 

this system, including a machine perfusion system, sensor monitoring, thermostatic control and an 

oxygenation apparatus. The result demonstrates the satisfactory performance of real-time monitoring 

of the viability of isolated organs. In addition, a modified two-order Bayes estimation is realised, 

which introduces the concept of an enhancement factor to mitigate possible errors resulting from 

sensor faults and noise interference. Compared to the conventional PID controller, the accuracy is 

improved and the calculation cost is reduced. Experiments have also shown that dynamic properties 

are related to external temperature, while static properties are mainly dependent to some extent on 

flow conditions. 

 

 

In literature, there are many other schemes of perfusion circuits, but these are mostly 

inexpensive home-built machines for the perfusion of animal organs [194, 264]. Magbagbeola et al. 

[267] present a novel, low-cost, organ perfusion machine designed for use in research, especially for 

porcine liver perfusion. In Figure 7.7.11, is reported a detailed description of this machine made by 

Magbagbeola et al. [267]. 

Figure 7.7.10. Diagram and schematic of machine presented by Shen and Yan [88]. 

These images are used under Creative Commons CC BY 4.0 license. 
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The organ perfusion machine is designed to be inexpensive, robust, modular, and adaptable 

to various experimental purposes. A single centrifugal pump (PuraLev 1200 MU, Levitronix GmbH, 

8005 Zurich, Switzerland) was used to circulate the perfusate through all elements of the system flow 

circuit. Pressure (Single Use Pressure Sensors, PendoTECH, Princeton NJ 08540, USA) and flow 

(SONOFLOW co.55/100, SONOTEC, 06112 Halle, Germany) sensors were used to monitor both the 

input and the output pressure and flow rates of the perfusate while single oxygen (EOM-(t)-FOM, 

PreSens Precision Sensing GmbH, 93053 Regensburg, Germany), and temperature (Pt100, PreSens 

Precision Sensing GmbH, 93053 Regensburg, Germany) sensor was used to monitor the input stream 

only. The organ was suspended via perforated plastic film over the organ chamber. Any runoff 

perfusate from the liver was collected and, along with the liver output flow, was returned to the 4 L 

reservoir, where it was filtered. The oxygenator, re-oxygenated blood from the reservoir before it was 

pumped back through the system. Four load cells, placed directly beneath the four supports of the 

organ chamber in a square formation, monitored the weight of the liver throughout the perfusion. Fig. 

2 shows the circuit diagram of the organ perfusion system and how each sensor of the system 

integrates with the Raspberry Pi. All peripherals were controlled via a single-board computer 

(Raspberry Pi 4, Raspberry Pi Foundation, Cambridge CB2 1NF, UK), and were communicated with 

using a combination of MODBUS (pumps, flow, and pressure sensors), RS-232 (oxygen sensor), and 

RS-485 (pH sensors) communication protocols. An analogic to digital converter (Waveshare 32-bit 

Figure 7.7.11. An overview of a research-orientated perfusion system [267]. (1) Centrifugal pump, (2) Pressure 

sensor, (3) Flow sensors, (4) Temperature Sensor, (5) Oxygen Sensor, (6) Reservoir (7), Oxygenator (8), Organ 

chamber (9), Heat exchanger, (10) Peristaltic pump, (11) Load cells, (12) pH sensor. Reprinting this figure from 

[267] does not require individuals working on a thesis to obtain a formal reuse license according IEEE instructions. 
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AD/DA board, Waveshare Electronics, Shenzhen, China) was used to interface between the 

Raspberry Pi and the pressure sensors. The software architecture was implemented using ROS2 to 

ensure the modularity of system components. All sensor data was displayed in real-time via a laptop 

interface and the output was recorded for further analysis. The system is designed to enable fine 

control of all peripherals but was primarily used in this study to control and maintain pressure through 

either of the two input vessels, the portal vein (PV) and hepatic artery (HA). Pressure could be 

controlled by directly adjusting the duty cycle of the centrifugal pump or using a closed-loop 

proportional-integral-derivative (PID) controller. The gain parameters of the PID controller were 

tuned using the Ziegler-Nichols tuning method and the following parameters were obtained: Kp=5, 

Ki=2, and Kd=−0.5. These parameters were chosen based on achieving the shortest settling time while 

minimising potential overshoots. 

Xu et al. [397] proposed a simple normothermic pig liver machine perfusion, hereafter 

explained in detail. A schematic is in Figure 7.7.12. The perfusion setup used by Xu et al. is a dual 

re-circulating circuit that consists of a centrifugal pump (BP50; Medtronic Inc., Minneapolis, MN), 

heat exchanger, membrane oxygenator (Affinity NT; Medtronic Inc., Minneapolis, MN), bubble trap, 

venous reservoir, and organ chamber. To maximize sterility, the researchers executed the procedures 

were performed in a laminar flow hood. Inflow perfusate was oxygenated, warmed to 39°C and 

divided into two lines: The arterial branch was perfused actively using the centrifugal pump, while 

the portal branch was fed passively by the gravity of the venous reservoir. Both lines are perfused in 

a constant flow fashion. After placement into the organ chamber, the liver was immersed in perfusate, 

which flowed freely from the supra- and infra-hepatic vena cava. Perfusion was conducted for 4 h for 

each group. flow rates and hydrostatic pressures in the arterial and venous branches were continuously 

monitored via flow and pressure transducers (TX50 Flow Bio-Probe; Medtronic Inc., Minneapolis, 

MN; TSD104A Pressure; Biopac System Inc., Goleta, CA) connected to a data acquisition system 

(MP100; Biopac System Inc.). The total volume of perfusate was 2000mL and comprised 1.5 L whole 

blood, 0.5 L sterile porcine plasma (Sigma-Aldrich, St. Louis, MO), hydrocortisone (10 mg/L), 

insulin (2 u/L), penicillin (40,000 U/L), streptomycin (40 mg/L), and heparin (5000 U/L). 
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Another machine used in clinical trials is the VitaSmart Machine Perfusion System, 

distributed by Bridge to Life, shown in Figure 7.7.13. This machine is expressly designed for ex vivo 

perfusion of abdominal organs such liver and kidney [417, 422]. This machine system consists of two 

roller pumps, one heat exchanger, and three flow and pressure probes. The sterile disposable perfusion 

set is composed of a membrane oxygenator, tubing for vessel cannulation, and surgical cannulas 

[422].  

 

Figure 7.7.12. Schematic of machine presented by Xu et al. [397]. This Figure is 

reprinted with License Number 6126521032472. 

Figure 7.7.13. VitaSmart Perfusion System. This Figure is from Panconesi R, Flores 

Carvalho M, Mueller M, Dutkowski P, Muiesan P, Schlegel A. Mitochondrial 

Reprogramming—What Is the Benefit of Hypothermic Oxygenated Perfusion in 

Liver Transplantation? Transplantology. 2021; 2(2):149-161. 

https://doi.org/10.3390/transplantology2020015. This Figure is used with Creative 

Commons CC BY 4.0 license. 
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7.8 Additional observations about Machines Perfusion 

There is no information in the literature as to which machine may be better from a performance 

point of view. One cannot yet speak of the advantages of using one machine or the other from a 

clinical point of view. Furthermore, it is not possible to determine from the data in the literature which 

machine may be more cost-effective; in the coming years, the market will provide indications as to 

what the trends are. In the study by Mergental et al. [33], they employed both the Liver Assist and the 

OrganOx metra, but the authors' stated aim was not to compare the performance of each machine. All 

machines have been used successfully from a clinical point of view for normothermic or hypothermic 

perfusion; therefore, hypothermic and normothermic perfusion are not competitive techniques but are 

adopted according to the objective to be achieved; in fact, some studies [183, 275, 165, 111, 136] 

have conducted both hypothermic and normothermic perfusion in sequence [141, 275], the choice of 

one machine or the other also changes depending on the economic availability, the type of perfusion 

to be performed and the current logistic conditions. While some machines, such as the Metra 

OrganOx, Transmedics' Liver OCS and the Cleveland NMP have the advantage of being 

transportable, allowing perfusion to be performed even while the organ is being transported to the 

transplant centre, but cannot conduct hypothermic perfusion. The Liver Assist and VitaSmart are not 

transportable during operation but have the advantage of performing perfusion at any temperature. 

Other comparisons can be made based on the degree of automation and ease of use of the machine. 

For example, during HOPE after connecting the liver to the machine the surgeon, perfusion only 

requires monitoring of the liver graft by the organ perfusionist [317]. In addition, Liver Assist allows 

the perfusate flow rates to be adjusted via the console, whereas the in the Cleveland Machine 

Perfusion flow rates are changed manually via clamps. One of the goals of perfusion machine 

manufacturers such as Medica S.p.A. is to put less expensive machines on the market than the current 

sub-normothermic or normothermic perfusion machines [163]. The main differences between these 

devices are in arterial inflow (pulsatile vs. continuous), venous outflow through the inferior vena cava 

(closed vs. open system) and oxygenator characteristics (integrated vs. external) [198]. The most used 

device in the UK is the OrganOx metra [198]. To go into more detail, Ceresa et al. [155] report that 

the volumetric flow rate through the hepatic artery is continuous in the OrganOx metra (OrganOx, 

Ltd., Oxford, UK) and the Cleveland NMP Device (Cleveland Clinic, OH); in contrast, in the Liver 

Assist (Organ Assist, Groningen, the Netherlands) and the OCS Liver System (Transmedics, Andover, 

MA) the arterial flow rate is pulsatile. The OrganOx metra device and the OCS Liver System 

automatically control the portal and arterial pressure, while in the other two devices, the pressure is 
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set by the doctor via a control display. Another difference between Liver Assist (Organ Assist, 

Groningen, the Netherlands) and OrganOx Metra device (OrganOx, Oxford, UK) is in the pumping 

system: in Liver Assist there are two pumps: first one supplies a continuous flow rate through the 

portal vein, and the second one, a roller pump supplies a pulsatile flow rate through hepatic artery 

[423]. Quite the opposite, in OrganOx Metra there is only a centrifuge (continuous and non-pulsatile) 

pump both for the hepatic artery and portal vein [423]. The cannulation performed in the OrganOx 

metra and the Cleveland NMP Device and OCS Liver System is the same: the hepatic artery, portal 

vein and inferior vena cava are cannulated. In the Liver Assist, on the other hand, the inferior vena 

cava is left open. The battery life of the OCS Liver is 4 hours. The battery life of the OrganOx metra 

is 2 - 4 hours. The Liver Assist about 20 minutes of the Cleveland NMP Device, is 30 to 4 hours. The 

oxygenator in the OrganOx metra and OCS Liver device is incorporated, whereas, in the Liver Assist, 

it is not. A crucial point to note is that when using a closed-loop device, such as the OrganOx metra®, 

great care must be taken to ensure that all small branches of the IVC, portal vein and hepatic artery 

are adequately channelled to avoid bleeding at the start of perfusion [198]. Obtaining adequate access 

to a bleeding vessel once connected to the device can be difficult [198].  

An essential aspect of machine perfusion is related to the costs and benefits of the employment 

of this technology. Few studies have performed an economic evaluation of the use of perfusion 

machines. HOPE is performed by requiring only a sterile perfusion line kit, including an oxygenator 

[163]. In Italy, for example, a disposable kit from the Liver Assist Machine (Organ Assist, The 

Netherlands) for the perfusion of a graft costs approximately 8000 - 12000 euros [103]. Similar data 

were reported in another study conducted in the UK, which noted that the base cost for liver 

transplantation using the OrganOx device is £7337.21 while that of the Liver Assist is £4508.11 [425]. 

Not only that, but red blood cell solutions, drugs, and various nutrients, including multivitamins, 

sodium bicarbonate, heparin, antibiotics, prostacyclin and creatinine are required to perform 

normothermic perfusion [103, 163, 198]. However, the problems do not end there as all devices must 

be handled by qualified and on-call personnel [103]. The convenience of using a normothermic or 

hypothermic technique can also be influenced by economic factors. The exact cost of NMP is difficult 

to quantify and the exact health and economic implications are even more so [198]. These have been 

studied by several previous authors [317]. Consumables for this technology generally include a 

disposable perfusion circuit, priming fluid (such as gelofusine), human red blood cells and drugs. 

These are understandably associated with significant expenses compared to cold storage. In addition, 

NMP requires large personnel for a prolonged period [198]. Raigani et al. in 2020 [425] estimated the 

average cost to apply the normothermic perfusion technique to an already discarded graft to be 

$15454 (US), while the cost to identify a viable discarded graft with NMP was $28,099 USD in the 
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US. The authors considered direct and indirect costs to calculate these figures: direct costs included 

the cost of the disposable perfusion device, perfusate components (including infusions) and point-of-

care equipment. The device costs were based on the three commercial liver perfusion devices 

currently available for clinical use in Europe or North America (Liver Assist, Groningen, The 

Netherlands; OrganOx Metra, Oxford, UK; TransMedics, Andover, USA) and the hourly operating 

cost was calculated using the reported life expectancy of each device (each period of use defined as 

12 hours) [425]. Indirect costs included personnel and facility costs, depreciation of the perfusion 

device and an additional 5% for unforeseen costs [425]. Operating room costs for the time required 

to prepare the liver for perfusion were included in the facility fees [425]. For personnel costs, the 

transplant surgeons and nurse's fee was included for the time needed to prepare the liver for perfusion, 

while the perfusionist's fee was calculated for the entire duration of the perfusion [425]. Benefits, 

employer fees and training costs were also included [425]. Another study [426] evaluated the 

additional costs related to the use of the OrganOx device in the UK and showed higher costs per 

patient compared to SCS (£ 46711 vs. £ 37370). The costs of materials and disposable solutions were 

around $8160 (US), personnel costs around $680 (US) and a device rental fee of $40800 (US) per 

year per hospital [426]. The costs of follow-up care, immunosuppressants and visits to specialists and 

general practitioners for follow-up after transplantation were also considered [317]. Liver 

transplantation with OrganOx metra for NMP was found to be more expensive than the SCS 

technique, but more effective: $63527(US) using NMP versus SCS at $50,823(US). The standards 

committee of the American Society of Transplant Surgeons predicts that the addition of mechanical 

perfusion will add $25 000 – $50 000 to the overall cost of a liver transplant [427]. Another study 

conducted in Canada reported that the use of OrganOX has an average public health cost of $15,358 

to $16,720 [428]. This initial cost must be considered in the context of the entire liver transplantation 

process, the patient's health-related quality of life (utility) and clinical outcomes [429]. In the study 

[429] they stated that the average cost of transplantation by NMP with OrganOX The cost of 

transplantation by NMP was $118 563 and by SCS was $93 762. [429], of which the cost of supplying 

and using OrganOX ranged from $15 358.53 to $16 720.11 [429]. In recent years, studies analysing 

the costs of using organ perfusion are beginning to emerge [54, 317]. So far, the clinical benefits have 

paved the way for the implementation of liver perfusion programmes; however, liver transplantation 

professionals are increasingly realising that the full implementation of these programmes passes 

through hospital administrative staff and local health authorities [317]. Financial constraints force 

these professionals to make difficult choices and evaluate the return on investment of healthcare 

interventions more critically than ever before [317]. The most commonly used perfusion solution for 

HOPE (i.e., the University of Wisconsin's mechanical perfusion solution) costs about USD 400 per 
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litre, which in most countries is less than human blood products or other solutions with an oxygen 

carrier [317]. Approximately 3 - 4 litres of mechanical perfusion solution are required to enable 

dynamic preservation of HOPE, including washing the graft before connection, and no additional 

perfusion additives such as electrolytes, antibiotics, nutrients or albumin are required [317]. 

Considering the composition of the perfusate, personnel and duration of perfusion, the costs for 

HOPE are likely to be much lower than for NMP, but a direct comparison has not yet been made 

[317]. The cost-efficiency of HMP compared to NMP could have an influence on which method will 

be more commonly used in the future [365]. Indeed, HMP is a simple method of organ preservation 

that can be easily performed by junior medical personnel. Furthermore, the solutions used for 

hypothermic perfusion are commercially available and ready for use after static cold storage [365]. 

Only one study [54] conducted in France on the use of HOPE reported that the total cost for the 

perfusion device, including maintenance, was estimated at € 765 per patient based on a payback time 

of 7 years with 25 procedures per year [54]. The costs for disposable kits and perfusion solution were 

estimated at € 4195 and € 338 per patient, respectively. Therefore, the total additional costs with the 

HOPE treatment were estimated at € 5298 (US $ 6323) per patient. The Histidine-Tryptophan-

Ketoglutarate (HTK) solution for the kidneys costs approximately $100/150 per litre while UW cost 

$310/315 per litre [335]. In the study [335], it was shown that it is possible to conduct organ perfusion 

with 4 litres of HTK solution instead of the 10 to 20 litres used in the initial studies [334]. 

Furthermore, as there is no evidence of the superiority of HTK over UW [285], but both are valid 

solutions for liver preservation and conservation [335, 286, 342], the use of HTK would result in 

considerable cost savings [335, 286]. Based on the data used in the study [335], the savings from 

using HTK would be around $422 per donor. The LifePort Liver machine has not yet been used in a 

clinical setting; however, clinical use of the LifePort Kidney device has been approved and clinical 

studies are reported. One study estimated the cost-benefit in kidney perfusion and reported that the 

purchase cost of such machines is in the range of $20196 [430]. 

In conclusion, economic arguments, in addition to altruistic reasons, are needed to convince 

regional healthcare organizations to adopt this new technology [317]. Not only that, but the current 

very high costs could hinder the use of the dynamic perfusion technique in poorer countries or 

countries with a weaker healthcare system than in richer countries. 
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“Ignoranti quem portum petat nullus suus ventus est” 

(Seneca, from Epistulae morales ad Lucilium, Epistula 71; 1975, pp. 458-459) 

 

 

Chapter III 

 

Optical Spectroscopic Detection of Mitochondrial Biomarkers (FMN 

and NADH) for Hypothermic Oxygenated Machine Perfusion: A 

Comparative Study in Different Perfusion Media 

 

1. Introduction 

As we saw in the previous chapter II, organ transplantation is a critical treatment for patients with 

end-stage organ failure, and maintaining graft viability during the ischemic period is paramount for 

successful outcomes. In recent years, machine perfusion has emerged as an advanced method for 

organ preservation, offering the potential for the continuous monitoring of graft quality through the 

analysis of biomarkers in perfusion solutions [1]. In the previous chapter II, especially in the 

paragraph titled “Metabolites as biomarkers in the perfusate” we understood that while conventional 

parameters such as lactate, pH, and liver enzymes (ALT, AST, LDH) provide valuable but indirect 

information regarding metabolic status [2, 3, 4], there is a growing interest in using mitochondrial-

derived biomarkers—specifically, flavin mononucleotide (FMN) and nicotinamide adenine 

dinucleotide (NADH)—as direct indicators of ischemia-reperfusion injury (IRI), shown in Figure 

1.1, and mitochondrial dysfunction [5, 6, 7, 8, 9, 10]. 
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Prior studies have demonstrated the potential of the real-time fluorescence detection of FMN and 

NADH during organ perfusion [5, 7, 11]. However, a critical review of the literature reveals several 

limitations: 

• Incomplete calibration details: Many works do not report the calibration curves or 

experimental parameters (e.g., integration times, instrument settings) necessary to reproduce 

and compare their results. 

• Limited detection methods: Most studies rely solely on fluorescence measurements—even 

though only FMN typically exhibits a robust fluorescence response—while neglecting 

absorbance techniques, which may be more suitable for quantifying NADH, particularly at 

high concentrations where nonlinear effects and signal saturation occur. 

• Mismatch between calibration and measurement conditions: In several instances, the 

calibration medium differs from the perfusion medium used in actual settings, which can 

compromise the reliability of the optical readout. 

• Inconsistent methodology across studies: Varied excitation/emission wavelengths and 

different spectrometers are currently used, making cross-comparisons challenging. For 

instance, while some studies use 450 nm excitation for FMN detection, others deploy 

suboptimal wavelengths (e.g., 405 nm or 485 nm) without justifying their choice, leading to 

potentially longer integration times and added complexity in sensor design. 

Figure 1.1. Overview of the underlying mechanism of FMN release and NADH 

accumulation and real-time spectroscopy for organ assessment. 

https://www.mdpi.com/1424-8220/25/13/4031#B5-sensors-25-04031
https://www.mdpi.com/1424-8220/25/13/4031#B7-sensors-25-04031
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Table 1.1 provides a comparative overview between the main studies in literature and our work, 

Table 1.1 Comparative summary of clinical and preclinical studies reporting the detection and analysis of FMN and NADH, 

with an emphasis on contrasting findings with our study. The comparison includes: (a) the spectrometric detection technique; 

(b) the detection method utilized; (c) the influence of perfusion solutions on the measurements; (d) the consistency between the 

calibration medium and the organ perfusion medium; (e) the presence of a reported calibration curve; (f) the study typology; 

(g) Limits of Detection and Quantification (LOD/LOQ): represent the minimum concentration level that the instrument can 

accurately detect and quantify. 

 

Ref. Type of 

Analyte 
Type of 

Method 
Detection 

Method 

Effects of 

Media 

Composition 

Calibration 
Medium/Perfusion 

Medium 

Calibration 

Curve 

Reference 
Excitation/Emission 

Wavelengths 

Spectrometer 

Used 
Type of 

Study 
LOQ and 

LOD 

[5] FMN Fluorescence Direct on perfusion 

line Not reported 

Not 

reported/Belzer 
Not reported 

Exc: 450 

nm; Em: 

500–600 nm Portable Clinical 

Not 

reported 

in clinical 

context 

[6] FMN/NADH Fluorescence 

Direct on 
perfusion 

line/Perfusate 
Sampling 

Not reported Not 

reported/Belzer Not reported 

FMN-Exc: 450 nm; 
Em: 500–600 nm 

NADH-Exc: 360 

nm Em: 465 

nm 

Portable Preclinical 

Not 

reported in 

pre-clinical 

context 

[7] FMN Fluorescence Perfusate 

Sampling Not reported Saline/Belzer Not reported Exc: 450 nm; Em: 525 

nm 
Microplate 

reader Clinical 

Not 

reported 

in clinical 

context 

[9] FMN Fluorescence Perfusate 

Sampling Not reported 

Not 

reported/Belzer 
Yes Exc: 485 nm; Em: 528 

nm 
Microplate 

reader Preclinical 

Not 

reported in 

preclinical 

context 

[10] FMN Fluorescence Perfusate 

Sampling Not reported Belzer/Belzer Yes 

Exc: 450 

nm; Em: 

500–600 nm 
Microplate 

reader Clinical 

Reported for 

calibration: 
0.00356 ng 

mL−1 

[11] FMN/NADH Fluorescence Direct on perfusion 

line Not reported Belzer/Belzer Yes 

FMN-Exc: 405 nm; 
Em: 530 nm 

NADH-Exc: 385 

nm Em: 460 

nm 

Portable Clinical 

Reported for 

calibration: 
2.01 ng 

mL−1 

[12] FMN/NADH Fluorescence Perfusate 

Sampling Not reported Not reported Not 

Reported Not Reported Not reported Preclinical 

Not 

reported in 

pre-clinical 

context 

[13] Only FMN Fluorescence Perfusate 

Sampling Not reported Belzer/Belzer Yes Exc: 450 nm; Em: 525 

nm 
Microplate 

reader Clinical 

Reported for 

calibration: 
7.9 ng 

mL−1 

Our 

study Yes Fluorescence/ 

Absorption 

Preparation in 
laboratory of 

perfusion solution 
simulating 

perfusate 

Yes Fully described Yes 
Exc: 300–500 

nm. Em: 400–

600 nm 
Benchtop Methodologic 

Reported 

for FMN 

calibration: 120 

ng mL−1 
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highlighting differences in detection methods, experimental conditions, and validation parameters. 

 

In light of these challenges, our chapter presents a comprehensive spectroscopic investigation of 

FMN and NADH in various perfusion media that are routinely used—or intended for future use—in 

organ perfusion. Specifically, we examine both fluorescence and absorbance modalities across a wide 

range of concentrations and in diverse media formulations. Our work systematically evaluates: 

• The linearity and detection limits of calibration curves, 

• The influence of excitation wavelength on signal strength and specificity, 

• The impact of media composition on spectral profiles, and 

• The reproducibility and robustness of the optical measurements. 

The objective of this doctoral thesis is the application of innovative technologies for the detection 

of the FMN biomarker and, potentially, NADH during perfusion. The study of spectrophotometric 

properties of FMN and NADH in a perfusion medium is essential to develop the theoretical 

foundation necessary for the development of real-time optical biosensors. In doing so, it provides key 

insights for sensor designers, such as the importance of performing media-matched calibration, 

choosing optimal excitation wavelengths to reduce integration time, and combining fluorescence with 

absorbance detection to overcome limitations in quantifying NADH. These contributions directly 

respond to the current gaps in the literature, as summarized in recent studies [5, 7, 9, 10, 14]. 

The remainder of the chapter II is organized as follows: Section 2 describes the experimental 

materials, methods, and instrumentation; Section 3 presents our results along with a detailed 

comparison with the existing literature; and Section 4 concludes with a discussion of the implications 

for future sensor development and potential clinical applications. 

 

https://www.mdpi.com/1424-8220/25/13/4031#B5-sensors-25-04031
https://www.mdpi.com/1424-8220/25/13/4031#B7-sensors-25-04031
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2. Material and Methods 

We have used a conventional bench spectrophotometer and a bench spectrofluorometer. Since 

perfusion can involve liver, kidneys, lungs, and heart, we focused on the perfusion solutions used in 

such cases, namely Belzer MPS®, Celsior®, Custodiol® HTK, and IGL-1®. Experiments have been 

performed using riboflavin 5′-monophosphate sodium salt hydrate powder with purity ≥ 70% and 

NADH disodium salt grade II (purity at 98%, both from Sigma Aldrich, St. Louis, MO, USA). The 

two compounds were stored at −20 °C and 5 °C, respectively. Belzer MPS (Machine Perfusion 

Solution), Celsior, Custodiol, and IGL-1 solutions were prepared according to the recipes provided 

by the manufacturers and available in the literature [15]. Compositions of perfusion solutions are 

reported in following Tables 2.1 – 4. 

Table 2.1. Components of Belzer MPS® UW. 

Table 2.2. Components of Custodiol®. 

Table 2.4. Components of IGL-1®. 

Table 2.3. Components of Celsior®. 
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Initially, 50 grams of hydroxyethyl starch were weighed and dissolved in 500 mL of water heated 

to a temperature range of 38-42 °C in a 1000 mL glass beaker. Given the propensity of hydroxyethyl 

starch to form aggregates that are difficult to dissolve, heating the water was essential to facilitate 

dissolution. The solution was vigorously mixed, and aggregates were manually broken up using a 

glass rod to ensure complete dissolution. Additionally, an ultrasonic bath (Bandelin Sonorex) was 

employed to further aid in the dissolution of sugars and salts. Subsequently, each component was 

individually weighed and added to the solution. The resulting mixture was then transferred to a 1000 

mL Type A volumetric flask. The pH of the solution was measured using a pH meter (pHep5, HI98128 

Hanna Instruments) and adjusted by adding sodium hydroxide. Finally, water was added to reach a 

total volume of 1000 mL. 

The preparation of the other solutions was less demanding as they did not contain critical 

components like hydroxyethyl starch. However, our objective was to study the spectrophotometric 

behavior of the components rather than their clinical applications. Consequently, we did not ensure 

the sterility of the perfusion solution. To inhibit the growth of bacteria and mold, the solution was 

prepared and stored in a refrigerator at 5 °C for a few hours before being used for sample preparation 

and measurements. An ultrasonic bath (Bandelin Sonorex) was employed when necessary to aid in 

the dissolution of sugars and salts. The procedure involved dissolving all components in 500 mL of 

water heated to 35-39 °C. The solution was then transferred into a 1000 mL volumetric flask, with 

additional water added to reach the meniscus level. 

Stock solutions containing FMN and NADH were also prepared according to usual weighing and 

dissolution procedures. All the chemicals involved in the preparation of the stock and perfusion 

solutions were purchased from Sigma Aldrich.  

Stock solutions of flavin mononucleotide (FMN) were prepared by accurately weighing 60 mg of 

FMN powder using a Metter AE 163 microbalance. Due to the hygroscopic nature of FMN, the 

powder was pre-dried by heating at 45 °C for 15 minutes to ensure precision in measurement. This 

drying and weighing process was repeated until a constant weight was achieved. The dried FMN 

powder was then transferred to a 1000 ml Type A volumetric flask and dissolved in a 0.9% saline 

solution (B. Braun Melsungen AG, Germany). The flask was immediately covered with foil and 

stored in a dark refrigerator at 5 °C. To ensure thorough dissolution, the solution was mixed 

continuously for a minimum of 5 hours. The final concentration of the FMN solution was 0.06 mg 

mL-1. 
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For the preparation of NADH solution, 500 mg of NADH powder, which is non-hygroscopic, was 

weighed without the need for drying. The powder was placed in a 50 ml Type A volumetric flask, and 

saline solution was added to the meniscus level. This resulted in a final NADH concentration of 10 

mg mL-1.  

The solution temperature was measured using a digital thermometer RS PRO RS 1720 (RS 

Components Ltd. Birchington Road, Corby, Northants, NN17 9RS, UK). Analytical samples were 

prepared utilizing a 50 mL volumetric flask (type A) and 100 μL of FMN collected with an ErgoOne® 

Starlab micropipette. FMN concentration ranged between 0.12 μg mL-1 and 0.96 μg mL-1. Similarly, 

the NADH concentration was adjusted in the range between 20 μg mL-1 and 180 μg mL-1. The range 

of FMN and NADH concentrations under study was selected with the aim of developing a calibration 

curve suitable for quantifying these analytes in the perfusion fluid during hypothermic organ 

perfusion. Calibration curves for both absorption and fluorescence measurements were constructed 

by performing three independent replicates for each concentration point. For each analyte (FMN and 

NADH), absorbance–concentration and fluorescence–concentration relationships were recorded in 

triplicate. The resulting calibration curve corresponds to the average of the three individual linear fits 

obtained from these replicates. The choice of this range was based on the expected concentrations of 

FMN and NADH that might be released by the organ during the perfusion process [7,10,11,13,14,16]. 

Light sources were suitably shielded to avoid FMN and NADH degradation processes induced by 

irradiation during all the handling procedures. Samples were stored in a cool place, protected from 

light. 

To prevent contamination of the previous solution during spectrophotometric measurements, a 

meticulous cuvette washing protocol was implemented. Since highly diluted solutions were used, it 

was essential to avoid any cross-contamination between samples. After each measurement, the 

cuvette was washed with a portion of the solution being analyzed, which was then discarded. This 

washing procedure ensured the elimination of any residual contamination, thereby enhancing the 

reliability of the results. The use of 50 mL flasks provided an ample quantity of sample solution for 

effective cuvette washing after each measurement. For sample injection into the cuvette, a different 

glass or plastic Pasteur pipette was utilized for each sample. Additionally, the quartz cuvette was 

thoroughly cleaned and transparent by first washing it with water, followed by acetone or isopropyl 

alcohol to remove any water traces, and finally drying it with a common hairdryer. This 

comprehensive cleaning procedure is schematically depicted in Figure SI1.1. The software of the 

Jasco spectrophotometer and spectrofluorometer allows for data export in CSV format. After 
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exporting, the data was imported and analyzed using Excel, Python 3.11 in Spyder environment, 

version 5.4.3 and OriginPro® 2018 for visualization and spectral analysis. 

Prior to performing spectrometric measurements, the cuvette was rinsed by flushing it three times 

with the same sample solution taken from the volumetric flask (Figure 2.1). On the fourth rinse, the 

cuvette was filled with the sample solution for the actual measurement. This procedure ensured that 

no contamination from previous samples affected the results. Each washing portion was discarded 

after use, maintaining the integrity of the measurements. 

 

 

The absorption UV-Vis spectra were collected with a Jasco benchtop V-750 double beam UV-

Visible spectrophotometer. The parameters configured in the spectrophotometer are provided in the 

Table 2.5.  

Pipette of volumetric flask x 

waste 

Cleaning Cuvette with sample. 

Filling and emptying the cuvette 

for 3-5 times  

volumetric flask: x 

μg/mL 

After washing 

Spectrophotometric measure 

waste 

after measure 

Step 1 

Step 2 

Step 3 

Repetition of the procedure with the next 

sample 

Figure 2.1. Schematization of measurement procedure 

Table 2.5. Characteristics of the V-750 Double Beam UV-Visible Spectrophotometer Jasco 

 

Measurement 

range 

200 – 800 nm 

Data Interval 0.5 nm 

Bandwidth 2.0 nm 

Response 0.06 nm 

Scan mode Continuous 

Scan speed 400 nm/min 
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Measurements were carried out in the spectral range of 200–800 nm using two Hellma® high-

performance quartz glasses, with a path length of 10 × 10 mm and a chamber volume of 3.5 mL. 

Fluorescence was studied using a Jasco FP-8550 spectrofluorometer (28600 Mary’s Ct, Easton, MD 

21601, USA) equipped with a Hellma® fluorescence cuvette made of high-performance quartz glass. 

Contamination was avoided by suitably cleaning the cuvettes and rinsing them with sample solutions. 

Glass or plastic Pasteur pipettes were used to inject samples into the cuvette. All the collected spectra 

have been compared with those collected from corresponding saline solutions of FMN and NADH 

with NaCl 0.9%. The collected data and figure were analyzed and processed using Python 3.8 in 

Spyder 4.2. 

 

3. Results and Discussion 

3.1 Absorption Spectra of FMN and NADH in Saline Solution in Different Conditions 

of Temperatures and pH 

The absorbance and fluorescence spectrophotometry of FMN and NADH under different 

conditions has been extensively studied [17,18]. FMN absorbs in the blue visible light range between 

320 nm and 500 nm due to its extended conjugated structure and the presence of alternating double 

bonds within the isoalloxazine ring. When the double bonds of the nitrogen atoms at positions 1 and 

5 within the isoalloxazine ring system are irradiated with blue light, π bond electrons are excited to 

higher energy π* states. Notably, nitrogen atoms at positions 1 and 5 also serve as the redox centers 

of FMN. Upon the reduction of the molecule to the structures FMNH and FMNH2, the double bonds 

become saturated. Saturation results in the loss of absorption in the blue region and the consequent 

loss of the yellow color typical of flavin molecules. The absorption spectra of FMN and NADH with 

a concentration of 0.60 μg mL-1 and 180 μg mL-1, respectively, in saline solution at 5 °C, 20 °C, and 

38 °C are shown in Figure 3.1.1. 
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The curves of FMN exhibit two maxima, respectively, at 373 nm and 445 nm. NADH has an 

absorbance behavior similar to FMN. The absorption spectra of NADH displays two maxima, in the 

UV region, at 260 nm and 340 nm. The peak at 260 nm is due to the adenine chromophore, whereas 

absorbance at 340 nm is related to the dihydronicotinamide moiety. In the temperature range explored 

(5–38 °C) no variation in the peaks’ positions has been observed for both coenzymes. It follows that 

FMN and NADH absorbance can be profitably detected under the hypothermic (5–10 °C), 

subnormothermic (20–25 °C), and normothermic (38 °C) conditions generally utilized for the 

machine perfusion of organs [19], using a calibration line referred for example at room temperature. 

Based on such evidence, we observe that temperature does not affect the spectrophotometric behavior 

of FMN and NADH. In Figure 3.1.2 we report calibration experiments at 20 °C. 

 

 

 

 

a b 

Figure 3.1.1. UV-Vis’s absorption spectra (a) FMN in saline solution at 5 ◦C (blue), 20 ◦C (green), and 38 ◦C 

(red). Data were obtained using a FMN concentration of 0.60 µg mL-1. (b) NADH at different temperatures at 

concentration of 180 µg mL-1. 
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a  

b  

c  

d  

Figure 3.1.2. Absorption spectra of the coenzymes at different concentrations. Full absorption spectra of FMN 

and NADH in saline water in the 300 nm–400 nm range (a,c). Absorbance as a function of FMN and NADH 

concentration in saline solution. Data were collected using a wavelength of 445 nm and 340 nm for FMN and 

NADH, respectively (b,d). The best fitted line is also shown, and the corresponding error bar values are 

reported in Table 3.1.1. 

Concentration (µg·mL−1) Absorbance (Mean, A.U.) Standard Error (A.U.) 

0.12 0.002777 1.70 × 10−5 

0.24 0.005138 2.63 × 10−5 

0.36 0.007682 2.69 × 10−4 

0.48 0.010725 4.20 × 10−4 

0.60 0.013587 2.67 × 10−4 

0.72 0.016343 7.40 × 10−5 

0.84 0.019524 2.52 × 10−4 

0.96 0.021873 6.51 × 10−5 

20 0.155279 4.08 × 10−4 

40 0.307527 6.66 × 10−4 

60 0.465341 9.87 × 10−4 

80 0.624495 1.39 × 10−3 

100 0.775295 1.63 × 10−3 

120 0.934276 8.05 × 10−4 

140 1.114413 6.18 × 10−4 

160 1.262550 4.58 × 10−4 

180 1.426020 3.07 × 10−3 

 
Table 3.1.1 Standard errors for absorbance values used in FMN and NADH calibration curve (n = 3). 
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For the FMN spectra, we determined the Limit of Detection (LOD) and the Limit of 

Quantification (LOQ). The LOD represents the minimum detectable signal, corresponding to the 

lowest concentration at which the signal can be reliably distinguished from noise. The LOQ, on the 

other hand, is the minimum concentration at which the analyte can be quantified with acceptable 

accuracy and precision. In our case, using our laboratory instrumentation, the LOD was determined 

to be 0.003 A.U., and the LOQ was 0.12 µg mL-1. At the LOQ concentration, the maximum absorption 

at the peak wavelength was approximately 0.003, a value close to the instrumental detection limit. 

Concentrations below 0.12 µg mL-1 could not be reliably detected with the current setup. In fact, 

below the signal corresponding to the concentration of 0.12 µg mL-1, it is not possible to distinguish 

between a true signal and the natural noise of the device. Generally, NADH concentrations in 

perfusate are higher than those in FMN [10,11,14]. Minimum concentrations of NADH are around 

10 to 20 micrograms per milliliter, so there is no need LOD or LOQ for NADH, as it is already readily 

detectable in its naturally occurring concentration in the perfusate. 

Figure 3.1.3. The effect of pH on FMN and NADH absorption spectrum. (a) The effect of pH acidic at 2.5 

(blue) on spectra of FMN at 0.72 μg mL-1 compared to spectra at 6.5 (black). (b) The effect of pH basic at 9 

(red) and at 12 (blue) on spectra of FMN at and 0.60 μg mL-1 compared to spectra at 6.5 (black). The effect of 

pH on NADH spectrum. (c) The effect of acidic pH at 3 (blue), 4.2 (red), and 5.4 (green) compared to 

spectrum at 6.5 (black) at concentration of 80 μg mL-1. (d) The effect of basic pH at 12 (red) compared to 

spectrum at 6.5 (black) at concentration of 120 μg mL-1. 
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We also investigated the effect of pH on the absorbance spectra of FMN and NADH. Although 

the perfusate pH during hypothermic machine perfusion typically ranges between 6.5 and 7.5 [20], 

we extended our analysis to a broader pH range (Figure 3.1.3) to better characterize the spectroscopic 

behavior of these coenzymes under extreme conditions. 

In saline solution, FMN remains spectrally stable in acidic environments (down to pH 2.5), 

showing no significant deviation from spectra acquired at physiological pH. Under strongly basic 

conditions (up to pH 12), however, FMN exhibits a characteristic blue shift, consistent with known 

pH-dependent spectral effects in flavins. 

Conversely, NADH is highly stable in alkaline conditions (up to pH 12), while it undergoes 

degradation in acidic environments (pH 3–5), as evidenced by the disappearance of its distinctive 

absorbance peak at 340 nm. 

Although such extreme pH values are not encountered during clinical machine perfusion, this 

extended analysis was performed to provide a comprehensive, phenomenological understanding of 

how pH affects the spectral properties of FMN and NADH. This knowledge may prove useful in 

evaluating sample stability or detecting abnormal conditions during perfusion protocols. 

Furthermore, since we have seen that neither temperature nor pH change under physiological 

conditions affects absorption spectra, we can infer that temperature (5–38 °C) and the range of 

physiological pH change does not affect fluorescence spectra. 

 

3.2 Absorption and fluorescence of Standard Perfusion Solutions 

The quantitative evaluation of FMN and NADH concentrations during the machine perfusion 

of organs requires discrimination between the possible contributions to absorption and fluorescence 

coming from the analytes themselves and the perfusion solutions. For this reason, we measured the 

absorption spectra of the four standard perfusion solutions we selected. The curves are shown in 

Figure 3.2.1. 

https://www.mdpi.com/1424-8220/25/13/4031#fig_body_display_sensors-25-04031-f004
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The four standard preservation solutions exhibit similar spectral behavior. The Belzer MPS, 

Custodiol, and IGL-1 solutions absorb strongly in the UV region, especially at wavelengths shorter 

than 300 nm, whereas Celsior medium absorbs substantially at wavelengths below 250 nm. All these 

aqueous solutions are primarily composed of sugars, organic and inorganic salts, amino acids, 

nitrogenous bases, starches, and buffering agents. The observed differences in absorption can be 

ascribed to compositional and concentration factors. 

Figure 3.2.1a shows the absorbance of preservation solutions in the ultraviolet and blue 

spectral region approximately between 200 and 500 nm. Figure 3.2.1b presents a detailed 

comparative analysis of absorption spectra from various perfusion solutions, including the region 

where FMN absorbs. Figure 3.2.1b provides a magnified view of the absorption spectra of different 

perfusion media in the spectral region where FMN exhibits its characteristic absorption profile. The 

image compares the absorption spectra of various perfusion media with the absorption spectrum of a 

reference FMN solution in water at a concentration of 0.60 μg mL−1. The analysis reveals that the 

Belzer MPS solution exhibits notably higher absorbance compared to other perfusion solutions in the 

340–500 nm spectral range.  

Further analysis shows the perfusion media studied in these experiments absorb in the blue 

region (440-490 nm) to varying extents. Belzer solution exhibits higher absorbance than Celsior and 

Custodiol solutions, indicating that Belzer interferes with FMN more significantly at the studied FMN 

Figure 3.2.1. Absorption of perfusion media. (a) Absorption spectra of Belzer MPS (blue), Celsior (green), 

Custodiol (red), and IGL-1 (magenta) perfusion solutions. Plots show, in more detail, absorbance in the blue 

spectral region. (b) Absorption spectra of FMN at concentration of 0.60 μg mL-1 (black) compared to Belzer 

MPS (blue), Celsior (green), Custodiol (red), and IGL-1 (magenta) perfusion solutions. 
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concentration. Consequently, it is expected that the fluorescence intensity for the same excitation 

wavelength will be higher in Belzer solution compared to the other media. 

The absorption of the perfusion media increases significantly in the near-ultraviolet region, 

especially below 350 nm. These aqueous solutions are primarily composed of sugars, organic and 

inorganic salts, amino acids, nitrogenous bases, starches, and buffering agents. With increased 

excitation energy intensity, a greater number of chemical bonds can be excited. In the ultraviolet 

region, photon energy is sufficiently high to cause electronic transitions of electrons in many chemical 

bonds within the molecules, resulting in increased absorbance in this region. Photon energy in the 

visible light range is generally lower and insufficient to excite electrons in many types of chemical 

bonds of molecules dissolved in the solution. As a result, fewer bonds are excited, leading to lower 

recorded absorbance. In contrast, the absorbances of Celsior and Custodiol solutions are almost 

negligible compared with the Belzer MPS. IGL-1 shows a similar behavior to Custodiol. Figure 3.2.2 

clearly demonstrates these phenomena. 

 

 

The high total absorbance is also due to the high concentration of various solutes in the 

solution; indeed, the total solute concentration is 84.678 g L-1in Belzer, 55.956 g L-1 in Celsior, and 

40.123 g L-1 in Custodiol. 

Figure 3.2.2. Absorption of perfusion in near ultraviolet and blue region 
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In Figure 3.2.3, 3D and 2D plots of the spectra of the perfusion media are presented. An 

excitation range of 300-490 nm, corresponding to the absorption range of FMN, was selected to 

investigate potential emissions in the yellow region (500-600 nm) and determine their intensity. 
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It is evident that the emission of the Belzer solution at 500-600 nm is 5-10 times higher than 

that of Celsior and Custodiol. Notably, a considerable diagonal elevation is observed in both Celsior 

and Custodiol, likely due to their similar compositions. However, the overall emission of Celsior and 

Custodiol remains very low. 

When FMN, as well as NADH, was diluted in various perfusion solutions, we observed that 

the shapes of the absorption spectra were identical to those in saline solution. Aside from baseline 

corrections, the absorption values of FMN in saline solution were consistent with the light absorption 

values recorded in other perfusion solutions as depicted in Figure 3.2.4. 

 

Figure 3.2.3. 3D and 2D fluorescence spectra of perfusion media, (a, b) Belzer. (c, d) Celsior. (e, f) 

Custodiol. (h, g) IGL1. 

Figure 3.2.4. Absorption spectra of FMN (a) and NADH (b). 
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Figure 3.2.4 provides preliminary yet meaningful evidence supporting the chemical stability 

of FMN and NADH in the tested perfusion media. The absorption spectra exhibit consistent peak 

shapes and intensities across all solutions—Belzer MPS®, Celsior®, Custodiol® HTK, and IGL-

1®—when compared to the reference spectrum in water. The absence of spectral deviations, such as 

peak shifts, flattening, or intensity loss, suggests that no significant chemical degradation or 

interaction occurs between FMN or NADH and the constituents of the perfusion fluids. 

To further support this observation, additional measurements were performed after allowing 

the FMN solutions to equilibrate in each perfusate for one hour at room temperature. The resulting 

spectra remained unchanged, indicating that any potential reactive phenomena are either absent or 

proceed at a rate negligible within the timescale relevant to machine perfusion protocols. 

This comparative spectral analysis is crucial for understanding how the choice of perfusion 

medium can influence FMN measurements in clinical settings.  

 

3.3 Fluorescence of FMN and NADH in Standard Perfusion Solutions 

Fluorescence of FMN and NADH in saline solution is well documented [21, 22]. FMN and 

NADH exhibit their fluorescence respectively in the regions between 500 nm and 600 nm and 

between 400 and 600 nm. The heat-map fluorescence spectrum of FMN in saline solution at a 

concentration of 0.36 μg mL-1 is shown in Figure 3.3.1a. 

Figure 3.3.1. (a) Fluorescence spectra of FMN in saline solution at a concentration of 0.36 μg mL−1. 

(b) Calibration curves obtained using an excitation wavelength of 445 nm (black) and 455 nm for 

emission at 538 nm. Best fitting lines are also shown, and the corresponding error bar values are 

reported in Table 3.3.1. 
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FMN exhibits significant fluorescence in the 520–560 nm range, with a maximum peak at 

approximately 538 nm. The emission resulting from an excitation wavelength of 455 nm is more 

intense compared to an excitation wavelength of 445 nm. Although this slight shift in excitation 

wavelength is normal in the presence of an absorption at 445 nm, it results in the two distinct 

calibration curves shown in Figure 3.3.1b. Data suggest that the sensitivity is highest when FMN 

fluorescence is excited at a wavelength of 455 nm. Consequently, we used this wavelength in 

subsequent experiments to evaluate the fluorescence of FMN in standard perfusion solutions. In this 

regard, it is worth noting that different excitation wavelengths are reported in the literature as well as 

that different emission wavelengths have been taken as reference for the quantitative or qualitative 

evaluation of FMN. The use of different excitation and emission wavelengths can raise significant 

difficulties in the comparison of clinical measurements obtained using different wavelengths [5 – 15]. 

For instance, the excitation light intensity, integral time, and other parameters being the same, the 

light emission at 538 nm due to excitation at 455 nm is almost twice as high as with excitation at 485 

nm. It follows that induced emission from 485 nm can be obtained only if the light intensity or integral 

time are increased. In turn, this can give rise to uncertainties in measurement and control. For 

example, increasing the integral time can significantly burden data processing on normal devices. 

These practical aspects also need to be taken into serious consideration for in-line perfusion 

measurement. 

Table 3.3.1. Fluorescence values and Standard Error (a) induced by 455 nm excitation, (b) induced by 445 nm excitation. 
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The fluorescence of FMN in saline solution, as well as in Belzer MPS, Celsior, Custodiol, and 

IGL-1 perfusion solutions, along with the interference caused by these perfusion media, is illustrated 

in Figure 3.3.2. 

 

 

The key observation is that the intensity of FMN fluorescence is affected by the composition 

of the perfusion solution and that the shape of the fluorescence spectra of FMN remains consistent 

across different perfusion media. This variation could be attributed to potential interactions between 

FMN and the compounds in the perfusion solutions, which may alter FMN’s electronic structure. This 

suggests that FMN does not undergo chemical reactions with other species present in the perfusion 

solutions as demonstrated by Figure 3.3.2. This conclusion is supported by the fact that the shapes 

of the spectra remain consistent across all perfusion media. As shown in Figure 3.2.1, different 

perfusion solutions exhibit varying capacities to absorb light in the 400–490 nm range. For instance, 

the Belzer solution absorbs light in the blue region, whereas water and Celsior do not, allowing all 

available photons to be absorbed by FMN. In contrast, when FMN is dissolved in perfusion solutions, 

such as Belzer, a portion of the photons is absorbed by the medium itself, reducing the number of 

photons available to excite FMN. This decrease in excitation photons results in reduced FMN 

emission. However, in other media like IGL-1 and Custodiol, the reduction in FMN fluorescence may 

not solely result from photon absorption but could also be influenced by solvent effects, as indicated 

by the emission spectra shown above. While the effects of solvents on flavins are well-documented 

in the literature [23], there is a notable absence of comprehensive studies specifically addressing FMN 

interactions in these types of media. Further investigation is warranted to elucidate the precise 

Figure 3.3.2. Fluorescence of FMN in saline solution (black), Belzer MPS (blue), Celsior 

(green), Custodiol (red), and IGL-1 (magenta) solutions at a concentration of 0.12 μg mL-1. 

https://www.mdpi.com/1424-8220/25/13/4031#B23-sensors-25-04031
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mechanisms underlying these observed phenomena and their implications for analytical applications. 

Consequently, the varying fluorescence of FMN in different perfusion media generates different 

calibration curves (Figure 3.3.3): the fluorescence emission of FMN in Belzer MPS solution is 

significantly lower than the one in Celsior or saline solutions. Interestingly, we observe that FMN in 

Custodiol solution exhibits significantly lower fluorescence compared to Belzer MPS solution, 

despite the negligible absorption of Custodiol in the 440–470 nm range. Furthermore, FMN in IGL-

1 solution also shows emission similar to that of Belzer MPS, even though the absorption of IGL-1 

in the blue region is slightly higher than that of Celsior and Custodiol. 

 

 

Data in Figure 3.3.3 clearly show that the saline solution and Celsior solutions give rise to 

almost identical spectral behavior, with no interference with FMN. It follows that the saline solution 

of FMN can be used to calibrate the spectrophotometer if the Celsior solution is used as the perfusate. 

Conversely, such a solution is not viable in the case of Belzer-, IGL1-, or Custodiol-based perfusate. 

In general, similarities in the spectral behavior of calibration medium and perfusate, such as saline 

solution and Celsior, allow for reducing error bars in the concentration estimates.  

Looking more closely at FMN spectrophotometry, it appears that depending on the excitation 

wavelengths, FMN’s spectra exhibit varying emission intensities. Figures 3.3.4 present the 3D and 

2D emission spectra of FMN at different excitation wavelengths in saline water. 

Figure 3.3.3. Calibration curves in fluorescence of FMN dissolved in saline solution 

(black), Belzer MPS (blue), Celsior (green), Custodiol (red), IGL-1 (magenta) solutions. 

Data were obtained using an excitation wavelength of 455 nm. Best-fitted lines are shown. 
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The maximum fluorescence peak obtained at around 538 nm by exciting at 455 nm is higher 

than the emission induced by excitation at 445 nm. This slight shift in excitation wavelength is 

expected, considering that FMN absorbs with a peak at 445 nm. Specifically, the emission peak at 

538 nm measures 287 A.U. for excitation at 455 nm, compared to 272 A.U. for excitation at 445 nm. 

Although this minor difference may seem negligible, it could result in two distinct calibration curves. 

The spectra of FMN in water at higher concentrations maintain the same shape. Figures 3.3.5 show 

the fluorescence spectra of FMN due to excitation at 455 nm and 445 nm at varying concentrations.. 

 

(a) 

(b) Figure 3.3.4. Indication of emission value for excitation at 455 nm (a) and 445 (b) of FMN  

(a) 

(b) 

(a (b) 

Figure 3.3.5. Spectra of FMN for excitation at 455 nm (a) and at 445 nm (b). 
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It is evident that the calibration curves differ based on the excitation wavelength. Figures 

3.3.6 illustrates how the emissions change for a minimal concentration of 0.12 μg mL-1 at different 

excitation wavelengths. 

In Figures 3.3.7 are plotted spectra of FMN in perfusion media. It appears that FMN does not 

interact with components for all concentration range studied. 

Figure 3.3.6. Spectra of FMN for different excitation wavelengths at the concentration of 0.12 μg mL-1 

 

(a) (b

(c) (d) 

Figure 3.3.7. Fluorescence spectra of FMN in different perfusion solutions. (a) In Belzer. (b) In Celsior. (c) In 

Custodiol. (d) In IGL1. 
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However, the composition of the perfusion solution affects FMN fluorescence. As shown in 

Figure 3.2.2, perfusion solutions have different capabilities to absorb light in the 400-490 nm range. 

Belzer solution absorbs light in the blue region. In water and Celsior, all available photons are 

absorbed by FMN because these solutions do not absorb photons in the blue region. Conversely, in 

the FMN-perfusion solution mixture, a portion of the photons is absorbed by the medium itself (as 

shown in Figure 3.3.7a for the Belzer-FMN mixture), leaving fewer photons available to excite FMN. 

Consequently, this reduction in the quantity of photons available to excite FMN leads to decreased 

FMN emission. However, the reduction of FMN fluorescence in other media like IGL1 and Custodiol 

could be due to the effects of the solvents, as reflected in the emission spectra represented above. 

 

Table 3.3.2 reports the fluorescence values of FMN at 538 nm for excitation at 455 nm, both 

in saline solution (reference values) and in Belzer MPS solution. 

 

 

Concentration 

of FMN μg 

mL-1 

FMN 

Fluorescence 

in Saline 

Solution 

(A.U.) 

FMN 

Fluorescence 

in Belzer 

MPS (A.U.) 

0.1 83.025 81.415 

0.2 159.8 134.83 

0.3 236.575 188.245 

0.4 313.35 241.66 

0.5 390.125 295.075 

0.6 466.9 348.49 

0.7 543.675 401.905 

0.8 620.45 455.32 

0.9 697.225 508.735 

1 774 562.15 

1.1 850.775 615.565 

1.2 927.55 668.98 

 
Table 3.3.2. Fluorescence emission values of FMN in saline solution and 

in Belzer MPS for different concentrations. 
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Although the fluorescence of FMN in Belzer MPS is lower than in saline solution, the data 

clearly show that the fluorescence signal is still acceptable. It is observed that the fluorescence of 

FMN at a concentration of 0.1 μg mL-1 is identical in both saline solution and Belzer MPS. However, 

a divergence in values is noted at concentrations of 0.3 μg mL-1 and 0.5 μg mL-1, where the 

fluorescence of FMN in Belzer is 20% and 25% lower, respectively, compared to that in saline 

solution. At a concentration of 1.2 μg mL-1, it is predicted that the fluorescence of FMN in Belzer 

MPS will be 27% lower. Nevertheless, this value remains appreciable, especially when compared to 

the low fluorescence observed in Custodiol solution. These data clearly demonstrate that FMN is as 

easily detectable in Belzer MPS as in saline solution. Similar observations are still valid of IGL-1 

solutions, although the last one is less used during hypothermic machine perfusion.  

In Table 3.3.3a and 3.3.3b we report the standard deviation of errors bars shown in Figures 

3.3.3 and Figures 3.3.9. 

 

NADH has a fluorescence emission that ranges from 400 nm to 600 nm, and the experiments 

focused on the fluorescence induced at different excitation wavelengths. One representative 

fluorescence spectrum is shown in Figure 3.3.8. 

 

Concentration 

(μg/mL) 

Saline 

sol. Error 

Belzer 

Error 

Celsior 

Error 

Custodiol 

Error 

IGL1 

Error 

0.12 3.567 0.910 0.989 0.683 1.286 

0.24 1.582 1.720 0.988 0.292 0.767 

0.36 4.119 1.907 2.587 1.953 1.159 

0.48 2.310 1.767 1.183 0.145 2.358 

0.60 0.397 2.889 3.658 0.803 1.792 

 

Concentration (µg/mL) Std Dev at 340 nm Std Dev at 360 nm 

20 1.839 4.341 

40 8.115 4.596 

60 8.091 3.030 

80 12.992 4.214 

100 4.863 6.663 

120 3.977 6.742 

140 0.942 5.575 

160 4.493 8.530 

180 2.683 13.902 

200 9.861 17.203 

 

Table 3.3.3a. Standard deviations of the replicate measurements shown in Figures 

3.3.3. 

Table 3.3.3b. Standard deviations of the replicate measurements shown in Figure 

3.3.9 
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Unlike FMN, the fluorescence spectrum of NADH exhibits greater complexity, as the shape 

of the spectrum is affected by both the excitation wavelength and the concentration. It is observed 

that as the concentration of NADH increases, the spectrum changes shape; in particular, for low 

concentrations, the excitation that generates the greatest fluorescence is at 340 nm, while for other 

concentrations the optimal wavelength to generate the maximum fluorescence is at 365 nm. This 

complicates the choice of the optimal excitation wavelength. A second peak in the deep ultraviolet 

region becomes evident at higher concentrations. Concentration affects not only the shape of the 

spectrum but also the calibration curve by generating a signal saturation effect as shown in Figure 

3.3.9. 

 

 

 

Figure 3.3.8. Fluorescence spectra of NADH in water at different concentration. 

(a) 20 μg mL-1, (b) 100 μg mL-1, (c) 140 μg mL-1, (d) 200 μg mL-1. 
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Although the curves are well defined, saturation effects appear at relatively high 

concentrations, around 100 μg mL–1, in every media. As a consequence, we observe non-linear 

calibration curves. This implies that, above 100 μg mL–1, the fluorescence signal is always the same 

and it is not possible to distinguish between different concentrations, making it impossible to 

accurately quantify NADH. Although concentrations normally found in perfusion media are below 

70–80 μg mL-1, values above 100 micrograms could be recorded in some situations, especially in 

perfusate of livers. Detection by fluorescence would present an important limitation in that, in such 

situations, it would not be possible to be certain of the measured concentration. 

As with FMN fluorescence, NADH fluorescence from Celsior and Custodiol media are 

comparable with the one from saline solution solutions. However, dissolved NADH can attain 

concentrations as high as approximately 100 times those of FMN. Therefore, although Celsior and 

Custodiol perfusion solutions absorb in the UV region, NADH can exhibit higher absorbance. In 

contrast, pure Belzer MPS has a higher absorbance than the Belzer solutions containing NADH, 

which reduces NADH fluorescence. Despite IGL-1 having similar behavior of Custodiol in 

absorption, NADH spectra in IGL-1 is the same as in Belzer MPS. As shown in Figure 3.3.10, 

Figure 3.3.9. Calibration curves obtained using an excitation wavelength of 340 

nm (black) and 360 nm (red). Emission values are referred to 465 nm. Error bars values are 

reported in Table 3.3.3b. 
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fluorescence curves in different media almost perfectly overlap. Therefore, NADH does not interact 

chemically with the other components of the perfusion solutions. 

 

It has been already observed that its fluorescence shape changes based on concentration. At 

higher concentrations, a second peak appears in the deep ultraviolet region, as shown in Figure 3.3.11. 

To provide a precise comparison, Table 3.3.4 reports values of NADH emission for different 

excitation wavelengths at various concentrations. 

 

 

Figure 3.3.10. Fluorescence of NADH in saline solution (black), Belzer MPS 

(blue), Celsior (green), Custodiol (red), and IGL-1 (magenta) solutions at a concentration of 

60 μg mL–1 excited at 345 nm. 

 20 μg/ml 100 μg/ml 160 μg/ml 200 μg/ml 

Emission at 465 nm 

for 340 nm of 

excitation 

306.306 A.U. 869.509 A.U. 904.822 A.U. 864.662 A.U. 

Emission at 465 nm 

for 350 nm of 

excitation 

301.281 A.U. 890.695 A.U. 946.755 A.U. 921.188 A.U. 

Emission at 465 nm 

for 360 nm of 

excitation 

261.818 A.U. 854.245 A.U. 963.966 A.U. 995.762 A.U. 

Emission at 465 nm 

for 365 nm of 

excitation 

226.643 A.U. 791.363 A.U. 933.061 A.U. 1007.91 A.U. 

 
Table 3.3.4. Values of emissions for different excitation wavelength in various concentrations. 
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It’s clear that increasing concentration causes a shift in emission peak at 465 nm. This 

peculiarity makes it challenging the choice of optimal excitation wavelength. 

 

(
(

(

(a) (b) 

(c) (d) 

(e) (f) 

(h) (g) 

Figure 3.3.11. 3D and 2D fluorescence spectra of NADH in water at different concentration. (a, b) 20 μg 

mL–1. (c, d) 100 μg mL–1. (e, f) 140 μg mL–1. (h, g) 200 μg mL-1. 
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Based on the results presented so far, the spectral behavior of perfusion solutions containing 

both FMN and NADH at different concentrations was investigated separately. Specifically, we 

measured fluorescence starting from an FMN concentration of 0.12 μg mL–1 and a NADH 

concentration of 20 μg mL–1. The two concentrations were increased simultaneously. A few 

representative three-dimensional fluorescence spectra for FMN + NADH saline solution solutions are 

shown in Figure 3.3.12. Fluorescence was exciting using a wavelength in the range between 300 nm 

and 390 nm in order to induce NADH emission in wavelength interval from 400 nm to 600 nm. 

 

 

FMN and NADH share the UV absorption region between 320 nm and 390 nm. It can be seen 

from Figure 3.3.13a that, the FMN concentration being about 100 times lower than NADH, FMN 

poorly contributes to fluorescence. As the FMN concentration increases, a shoulder and then a peak 

become evident in the region between 500 nm and 530 nm due to excitation at wavelengths between 

360 nm and 370 nm (Figure 3.3.13b). This can be explained by the excitation of FMN from NADH 

emission. Indeed, NADH emits light in the blue region where FMN absorbs. The increase in NADH 

concentration, and the associated increase in the NADH emission in the blue region, induces the 

excitation of FMN, eventually causing the growth of the peak in the yellow region. We have 

exclusively represented the behavior and interactions between FMN and NADH in physiological 

solution. The decision not to include interactions between FMN and NADH in other solutions (Belzer 

MPS, Celsior, Custodiol, IGL-1) was made because the interactions observable in water remain the 

same in other liquid media, with the only difference being lower intensities, as already highlighted in 

Figure 3.3.2 and Figure 3.3.10.  

Figure 3.3.12. Fluorescence spectra of FMN + NADH saline solution solutions at FMN and NADH 

concentrations, respectively, equal to (a) 0.12 μg mL–1 and 20 μg mL–1 and (b) 1.08 μg mL–1 and 180 μg mL–1. 
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To study the 3D spectra of FMN and NADH in perfusion solutions, their concentrations were 

analyzed within the same range as when studied individually, varying both FMN and NADH. From 

a clinical perspective, the relationship between FMN and NADH release is not well understood and 

requires further investigation. In this study, fluorescence was evaluated starting from an FMN 

concentration of 0.12 μg mL–1 and an NADH concentration of 20 μg mL–1, increasing both 

simultaneously. The concentration matrix, shown in Table 3.3.5, represents all possible combinations 

of FMN and NADH concentrations. The spectrophotometric analysis focused along the diagonal of 

the concentration matrix, considering it less useful to examine other ratios, as simultaneous variation 

of NADH and FMN in the perfusate is deemed more plausible.  

 

 

Given that the FMN concentration is approximately 100 times lower than the NADH 

concentration, FMN fluorescence contributes weakly but detectably to the 3D spectra. As the 

concentration of FMN in the FMN+NADH mixture increases, the influence of FMN fluorescence 

becomes more pronounced due to its absorption in ultraviolet light, particularly in the 340-380 nm 

range. From Figure 3.3.13 and particularly from Figure 3.3.14, a notable peak arises in the 500-530 

nm region due to excitation at 340-360 nm. This suggests the possibility of mutual excitation between 

NADH and FMN.  

0.12;20 0.24;20 0.36;20 0.48;20 0.60;20 0.72;20 0.84;20 0.96;20 1.08;20 1.20;20 

0.12;40 0.24;40 0.36;40 0.48;40 0.60;40 0.72;40 0.84;40 0.96;40 1.08;40 1.20;40 

0.12;60 0.24;60 0.36;60 0.48;60 0.60;60 0.72;60 0.84;60 0.96;60 1.08;60 1.20;60 

0.12;80 0.24;80 0.36;80 0.48;80 0.60;80 0.72;80 0.84;80 0.96;80 1.08;80 1.20;80 

0.12;100 0.24;100 0.36;100 0.48;100 0.60;100 0.72;100 0.84;100 0.96;100 1.08;100 1.20;100 

0.12;120 0.24;120 0.36;120 0.48;120 0.60;120 0.72;120 0.84;120 0.96;120 1.08;120 1.20;120 

0.12;140 0.24;140 0.36;140 0.48;140 0.60;140 0.72;140 0.84;140 0.96;140 1.08;140 1.20;140 

0.12;160 0.24;160 0.36;160 0.48;160 0.60;160 0.72;160 0.84;160 0.96;160 1.08;160 1.20;160 

0.12;180 0.24;180 0.36;180 0.48;180 0.60;180 0.72;180 0.84;180 0.96;180 1.08;180 1.20;180 

0.12;200 0.24;200 0.36;200 0.48;200 0.60;200 0.72;200 0.84;200 0.96;200 1.08;200 1.20;200 

 

FMN; NADH 

Table 3.3.5. Concentration matrix. Along with raw FMN concentration varies, along with the column the 

NADH concentration varies.. 
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NADH emits light in the blue region, where FMN absorbs. Due to the higher concentration 

of NADH, the light emission of NADH in the blue region upon excitation at 360-370 nm could have 

excited FMN, causing the peak in the yellow region to rise. This hypothesis is supported by the higher 

concentration of NADH relative to FMN. It is plausible that a significant portion of photons are 

Figure 3.3.13. Spectra of the mixture NADH+FMN in water for 

different concentrations and excitation wavelengths. 

(a) 
(b) 

(c) (d) 

(e) (f) 
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absorbed by NADH molecules, with FMN emission resulting from NADH fluorescence. Figure 

3.3.14 present 3D and 2D heat map spectra at the same concentration to reinforce this explanation.  

Figure 3.3.14d, Figure 3.3.14f, and Figure 3.3.14h confirm that the fluorescence generated 

by FMN is primarily due to the emission by NADH. Specifically Figure 3.3.14a, which plots the 

spectrum of 0.12 μg mL–1 FMN and 20 μg mL–1 NADH, appears very similar to the NADH spectrum 

depicted in Figure 3.3.11a. As the concentration of NADH increases, the capability of exciting FMN 

through NADH emission also increases. However, exciting the FMN+NADH mixture in the 340-360 

nm range allows for the observation of NADH fluorescence at 465 nm without significant interference 

from FMN fluorescence.  

After discussing the mutual interference effects between FMN and NADH in fluorescence 

signals, we now focus on the absorption spectrum of a solution containing both coenzymes. As shown 

in Figure 3.1.1a,b, FMN and NADH share a common absorption range between approximately 300 

and 400 nm, making it challenging to distinguish their individual contributions in this spectral region. 

 

(h)  
(g) 

(i)  (k) 

Figure 3.3.14. 3D and 2D fluorescence spectra of FMN+NADH 

mixture in water at different concentration for excitation in range 300-

390 nm and fluorescence in range 400-600 nm 
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In Figure 3.3.15, we present the absorption spectrum of a mixture consisting of FMN at the 

highest concentration studied (0.96 µg mL–1) and NADH at the lowest (20 µg mL–1), with the goal of 

maximizing the potential interference of FMN on the NADH signal. This test aims to assess how 

much FMN might affect the quantitative estimation of NADH when absorption spectroscopy is used 

as the detection method. 

 

The results show that FMN interference is minimal under this specific concentration 

combination. Applying the NADH calibration curve (Figure 3.1.2d) to the mixture’s spectrum yields 

an estimated NADH concentration of approximately 21 µg mL–1, slightly overestimated but still close 

to the true value. This demonstrates that, despite the spectral overlap, absorption spectroscopy can 

provide a reasonably accurate estimation of NADH, especially when NADH is present in significantly 

higher concentrations than FMN. 

However, it is important to note that the accuracy of this estimation depends on the relative 

concentrations of the two coenzymes. In cases where FMN is more concentrated or NADH is present 

at lower levels, the uncertainty in the measurement may increase. From a clinical perspective, it is 

therefore essential to determine whether such uncertainty remains within acceptable limits for 

monitoring or diagnostic purposes. 

Our approach thus offers a practical evaluation of the reliability of absorption spectroscopy 

for NADH quantification in the presence of FMN, contributing to a more informed assessment of its 

applicability in real-world clinical scenarios. 

 

Figure 3.3.15. Absorption spectrum of the FMN+ NADH mixture and the 

effect of the potential interference of FMN. 



163 

 

4. Contribution to the Development of Sensing Technologies 

 

Our work also provides a crucial foundation for developing portable devices and automatic 

spectral recognition systems. The evolution of perfusion monitoring has been driven by the need for 

real-time, non-invasive sensing technologies. The Zurich Group’s portable perfusion-line-integrated 

device (2019, 2023) marked a breakthrough in FMN/NADH detection, yet fundamental challenges 

remain for clinical translation: uncharacterized medium-dependent fluorescence effects and 

unoptimized excitation parameters for portable systems.  

Three key limitations emerge from literature: 

1. Methodological inconsistencies: Studies like those by Müller et al. (2019) and Wang et al. (2020) 

[5, 7] lack critical details (calibration curves, integration times) essential for replicating sensing 

protocols. 

2. Device optimization gaps: Huwyler et al.’s [11] device focused on a narrow NADH range, missing 

the saturation effect we observed >100 µg mL–1 (Figure 3.3.9)—a critical threshold for sensor 

dynamic range design. 

3. Validation shortcomings: Sousa Da Silva/van de Leemkolk [9, 10] omitted instrumentation 

details, compromising their utility as references for sensor calibration. 

Direct Implications for Optical Sensor Development 

Our findings provide actionable insights into sensing systems: 

1. Medium-specific calibration (Figure 3.3.2, Figure 3.3.3, Figure 3.3.8, Figure 3.3.9 and Figure 

3.3.10) proves that perfusion solution composition dramatically affects fluorescence, requiring 

on-device calibration profiles for clinical accuracy. 

2. Excitation wavelength flexibility (Figure 3.3.3, Figure 3.3.8 and Figure 3.3.9) suggests future 

devices should incorporate adjustable LEDs (340–450 nm) to accommodate varying analyte 

concentrations. 

3. FMN–NADH fluorescence interaction (Figure 3.3.12) demands embedded spectral 

deconvolution algorithms to prevent crosstalk in multi-analyte detection. 

4. Acknowledging that the detection by fluorescence of NADH has a limitation due to signal 

saturation effect (Figure 3.3.9). 

5. The implementation of machine learning algorithms capable of recognizing the coenzyme signal 

from other signals and consequently calculating the corresponding concentration. 
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Our work addresses these gaps while providing a roadmap for next-generation optical sensor 

development. Optical data is the mandatory first step in developing devices since no sensor can be 

designed without these preliminary results. 

 

5. Summary of the chapter and recommendations 

We extensively investigated the spectrophotometry of FMN and NADH in standard perfusion 

solutions to construct calibration curves for quantitative evaluation during machine perfusion. We 

propose a simple, accurate, and precise calibration method applicable to both benchtop and inline 

spectrophotometers. This approach is adaptable to various perfusion liquids, including Steen® and 

Perfadex®, and enables cost estimation related to calibration procedures. 

Our findings show that FMN and NADH maintain consistent absorption and fluorescence spectra 

regardless of the perfusion solution used. Neither pH nor temperature significantly affect their spectral 

behavior. However, interactions with certain perfusion fluids, such as Belzer MPS, IGL-1, and 

Custodiol, can reduce fluorescence—especially for FMN—without involving chemical reactions. In 

contrast, Celsior behaves similarly to saline solution and does not interfere with fluorescence 

intensity. These observations emphasize the need to perform calibration in the same perfusion 

medium used for clinical applications. 

Based on the results obtained, the use of fluorescence spectroscopy with monochromatic excitation 

is recommended for the selective detection of FMN. Specifically, excitation at 455 nm proves to be 

highly specific for FMN, as NADH does not absorb at this wavelength. This allows for the acquisition 

of a clean fluorescence spectrum free from interference. In contrast, the absorption spectra of FMN 

and NADH may exhibit substantial overlap in the 300–410 nm range, depending on their relative 

concentrations. In our experimental results, this overlap was limited, and the estimation of NADH 

concentration remained within an acceptable range. However, in different scenarios—particularly 

when FMN concentrations are higher and NADH concentrations lower—the interference could 

increase, potentially affecting quantification accuracy. From a clinical perspective, it is often more 

important to monitor the overall trend of biomarker levels over time than to obtain an exact absolute 

value. Nonetheless, determining the clinically acceptable margin of uncertainty remains an important 

topic for future investigation and validation. However, the application of machine learning algorithms 

for classification and regression, properly trained on spectra from mixtures of FMN and NADH at 

varying concentrations, can effectively support the discrimination of their respective spectral 

contributions. This is particularly relevant given that FMN is typically present at lower concentrations 

than NADH. 
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Therefore, we suggest using fluorescence for FMN quantification and absorption for NADH 

quantification. If fluorescence is also to be used for NADH detection, we recommend employing 

optical filters that block spectral components beyond 480 nm, in order to isolate the fluorescence of 

NADH (which peaks at 465 nm) and prevent overlap with FMN fluorescence. 

Finally, the adoption of a sequential excitation strategy represents an additional measure to 

minimize interference and ensure accurate and differentiated detection of the two biomarkers. 

FMN’s fluorescence calibration curve remains linear and robust, even in the presence of 

moderate interferents, making it suitable for both hypothermic and normothermic perfusion. NADH, 

however, loses fluorescence linearity above 100 µg mL−1 and is only relevant during hypothermic 

perfusion. Interfering substances, such as blood or additives (e.g., antibiotics, albumin, vasodilators), 

must be considered, and future research should assess their effect on biomarker quantification. 

Our method is instrument-specific but broadly transferable to other systems. This study lays 

the groundwork for innovative device design and real-time monitoring using machine and deep 

learning algorithms. Techniques such as k-NN, SVM, and neural networks can classify biomarker 

spectra, estimate concentrations, and detect the presence of interferents. For example, a model trained 

on FMN data in Belzer MPS could monitor perfusion in real-time, aiding clinical decisions. 

From a spectrophotometric perspective, the optimal perfusion solution mimics saline and 

avoids interactions with FMN and NADH. We recommend designing new solutions that do not absorb 

in the 400–500 nm range and do not alter biomarker fluorescence. Among those tested, Belzer MPS 

and IGL-1 performed best, particularly for FMN and NADH fluorescence. 

This chapter should be viewed not only as a study on FMN and NADH spectrophotometry 

but as a guide for developing or refining devices for machine perfusion. It answers key questions 

about the best detection techniques, excitation wavelengths, calibration protocols, and the integration 

of machine learning. For existing setups or new devices, this framework offers a reference for the 

future development of devices and standardization. 
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Dimidium facti, qui coepit, habet 

Horace, Epistulae (I, 2, 40) 

 

 

 

Chapter IV 

A New Online Prototype for Continuous Real-Time Monitoring 

of FMN 

1. Introduction 

 

In Chapter III, we explored the application of well-established technologies, such as benchtop 

spectrophotometers, to investigate the spectrophotometric properties of FMN and NADH in different 

perfusion media. In this section, we outlined the fundamental criteria required to construct reliable 

and reproducible calibration curves, as well as the challenges arising from the mutual interaction 

between FMN and NADH, two molecules whose coexistence can significantly influence 

measurement outcomes. 

Beyond highlighting technical limitations, we also provided practical recommendations that may 

prove valuable for the development of devices designed to detect biomarkers during organ perfusion. 

These considerations led us to propose a potential measurement protocol conceived for application 

in a real clinical setting. The proposed protocol is characterized by its operational simplicity, does not 

require highly specialized expertise, and is cost-effective. Nevertheless, it must be noted that, to date, 

it has not yet been tested in an actual clinical environment. Despite this limitation, its methodological 

rigor and robustness make it a strong candidate for future implementation. 

Alternative protocols have been described in the literature. Notably, Sun et al. (2025) [1] 

introduced a method developed and validated at the Cleveland Clinic, which has already proven to 

be reliable in real clinical practice. Other studies have also reported comparable strategies, albeit with 

operational differences. For instance, Wang et al. (2020) [2] described the collection of perfusate 
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during perfusion followed by freezing for subsequent analyses. Other authors prosed different criteria 

[3 – 6]. Similarly, Cadinu et al. (2025) [7], as well as Sun et al., presented protocols involving the 

collection of perfusate regardless of whether the perfusion was performed under normothermic or 

hypothermic conditions. 

These approaches can be defined as “offline” methods, since FMN quantification by 

spectrophotometry takes place after sample collection. Although these techniques are relatively fast 

compared with other analytical approaches, they nevertheless require the intervention of a healthcare 

professional, thus introducing inherent complexities and risks: sampling, potential contamination, the 

use of a benchtop spectrophotometer or a Micro Plate Reader, and subsequent management of the 

specimen (freezing or disposal). In other words, the “offline” method provides only a punctual 

measurement limited to the time of sampling, comparable to taking a photograph of a flowing river: 

the observation represents only the portion of liquid collected at that precise moment, without 

capturing the continuity of the process. 

Conversely, we define as “online” those techniques that enable biomarker detection directly 

within the circulating perfusion medium, without the need for sampling [8, 9]. The advantages of an 

“online” approach are considerable: FMN can be monitored in real time, thereby eliminating the 

issues associated with sample handling; measurements can be performed either at regular intervals or 

continuously, on a moment-by-moment basis; and, importantly, the quantification process can be 

entirely delegated to the measuring device, further reducing operator workload. 

Table 1.1 provides a classification framework for the measurement methods discussed, allowing 

a clear distinction between the characteristics and limitations of the different “offline” and “online” 

approaches. 
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The main innovation presented in this thesis is the use of a device capable of detecting and 

quantifying in real time the biomarker FMN within a perfusion medium. Although the device could 

potentially also be applied to the quantification of NADH, in the present work we focused exclusively 

on FMN. 

It is important to clarify that this device is a prototype developed and assembled by Medica Spa 

(Via Degli Artigiani, 7 41036 - Medolla (MO) - ITALY). However, the intellectual property rights are 

held by a third party that is not involved as a stakeholder in this thesis project. Since this is an 

experimental prototype and has not yet been patented, no technical information will be disclosed in 

order to ensure confidentiality and to prevent possible legal actions. In this chapter, only a brief and 

general description of the device will be provided, with the sole purpose of giving an overview of its 

operating principle. 

Table 1.1. Classification of current FMN detection methods using spectrophotometry. 
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2. General description and operating principle 

The device, similarly to others already reported in the literature, is a stand-alone prototype 

consisting of a spectrophotometric measurement unit and an optical measurement unit. Internally, it 

incorporates suitable electrical, electronic, and optical architectures that enable power supply, 

fluorescence signal processing, and information transmission. The device can be connected to a 

Raspberry Pi, where it is operated through a dedicated custom software developed in Qt and written 

in C++. 

 

Figure 2.1 shows a photograph of the prototype, enclosed within a protective casing. 

 

It can be observed that within the integrated optical unit there is a custom-designed cuvette, 

specifically developed for this device, through which the perfusate can flow. This cuvette is then 

incorporated into an organ perfusion circuit. The device processes the fluorescence signal and 

displays the FMN spectrum on a dedicated screen. A block diagram of the prototype's operating 

principle is shown in Figure 2.2.  

 

 

Figure 2.1. photo of the box containing the device. 
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A similar schematic of the working principle is reported in reference [8]. 

Figure 2.3 shows a typical fluorescence signal of FMN. 

 

 

Figure 2.3. An example of FMN fluorescence spectrum. 

Figure 2.2. Prototype operating principle. (a) Illumination source. (b) Optical unit containing the cuvette through 

which the perfusion fluid continuously flows. (c) The emitted fluorescence signal is collected and transmitted via 

an optical fiber, then converted into a digital signal and sent to the processing unit. (d) The fluorescence spectrum 

is displayed and analyzed on a computer screen running the prototype's dedicated software application, with 

automatic calculation of the concentration and plotting of the concentration–time graph. In a future perspective, 

the system may be further expanded to include the calculation of trend derivatives and the integration of statistical 

models for predicting post-transplant outcome based on the FMN trend and other physiological parameters (see 

Chapter 6, Section 5). 

(a) (b) (c) (d) 
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When comparing the spectrum presented in Figure 2.3 with the FMN spectrum shown in Figure 

3.3.2 of Chapter III, it can be noted that the spectrum recorded by the prototype exhibits two peaks, 

whereas the spectrum obtained with a benchtop spectrophotometer displays only a single peak. The 

shape of this fluorescence spectrum is likely attributable to the partial reabsorption of a section of the 

spectrum itself (self-absorption effect), which generates its characteristic double-peak structure. 

Nevertheless, this does not represent a limitation, since the spectrum reported in Figure 2.3 is 

characteristic of FMN alone and cannot be attributed to any other molecule when it’s detected with 

this prototype. 

 

3. Calibration method of the prototype 

The most critical aspect of the prototype is its calibration. A simple yet highly efficient technique 

has been developed to construct calibration curves. 

The starting point is the preparation of a stock solution of 59.4 mg mL⁻¹, as described in Chapter 

III. The concentration range proposed for this device is 11.88 ng mL⁻¹ to 237 ng mL⁻¹. Unlike the 

microgram-level range reported in Chapter III, here the values are at the nanogram scale. The reason 

is that this prototype, by setting an appropriate integration time, is able to reliably detect FMN 

concentrations as low as 5 ng mL⁻¹. This value represents the Limit of Quantification (LOQ), whereas 

the minimum detectable signal at this concentration corresponds to the Limit of Detection (LOD). In 

Figure 3.A we show the LOD and LOQ of this prototype for a specific (no disclosable integration 

time). 

Figure 3.A. LOQ and LOD. 
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For calibration, the following laboratory equipment is required: a beaker, a calibrated volumetric 

flask, and a calibrated micropipette. The procedure begins by pouring 500 mL of Belzer UW perfusion 

solution into the volumetric flask, taking great care to align precisely with the meniscus level. Since 

the concentrations involved are extremely small, high precision in volume measurement is essential. 

The use of a Class A volumetric flask is strongly recommended, whereas less accurate instruments 

such as Falcon tubes or non-calibrated containers should be avoided. 

It should be noted that several manufacturers produce the Belzer perfusion solution. 

Consequently, it is possible that Belzer UW solutions supplied by different companies might exhibit 

slightly different spectrophotometric properties. Such variations could be sufficient to generate 

distinct calibration curves. In this study, the Belzer perfusion solution from Bridge to Life was used 

to establish the calibration curve. It is reasonable to hypothesize that a solution distributed by another 

supplier might have produced a different calibration response. Only a more comprehensive 

methodological and statistical analysis could confirm or refute this assumption. 

Once the perfusion volume has been measured, it is transferred into a beaker. The beaker is then 

placed on a magnetic stirrer, and a stir bar is added to ensure homogeneous mixing of the solution. 

To prevent FMN degradation by light exposure, the beaker should be carefully covered on all sides, 

including the liquid surface, with aluminum foil. While FMN remains relatively stable under normal 

ambient light, the calibration procedure requires several hours; therefore, shielding the solution from 

light eliminates a potential confounding variable. Covering the beaker with foil also prevents dust 

contamination. 

Figure 3.1. Arrangement of suction and delivery cannulas in the 

perfusion fluid. 
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After connecting the perfusion pump, turning on the device with the cuvette in place, and 

immersing both the inlet and outlet cannulas—as illustrated in Figure 3.1—the liquid circulation can 

be initiated. The device is capable of recording fluorescence signals at a frequency of one 

measurement per second, though it is also possible to specify longer acquisition intervals (e.g., every 

10 or 30 seconds). 

 

Figure 3.2 shows the configuration of the calibration equipment. 

 

 

The software generates a CSV file in real time, storing fluorescence records for each wavelength. 

This file can subsequently be used for further analysis. 

Once the liquid circulation has been initiated and the mixer activated, the calibration procedure 

can begin. A volume of 100 μL of stock solution is withdrawn and injected into the circulating and 

stirred liquid. Within a few minutes (depending on the selected flow rate and the total perfusion 

volume), the FMN fluorescence signal corresponding to a concentration of 11.88 ng mL⁻¹ becomes 

detectable. The concentration value in the circulating medium is calculated according to the dilution 

formula: 

𝑐1𝑉1 = 𝑐2𝑉2 (3.1) 

In this case,  𝑐1 = 0.0594
𝑚𝑔

𝑚𝑙
; 𝑉1 = 0.1 𝑚𝑙; 𝑉2 = 500 𝑚𝑙 

Figure 3.2. Experimental configuration of device calibration. 



176 

 

𝑐2 =
𝑐1𝑉1

𝑉2
=

0.0594 
𝑚𝑔

𝑚𝑙⁄ ∗ 0.1 𝑚𝑙

500 𝑚𝑙
= 0.00001188

𝑚𝑔

𝑚𝑙
= 0.01188 

µ𝑔

𝑚𝑙
= 11.88

𝑛𝑔

𝑚𝑙
(3.2) 

 

A waiting period of approximately 5–10 minutes is required to achieve signal stabilization. The 

fluorescence signal depends exclusively on the spatial distribution of FMN: when the stock solution 

is injected, FMN molecules begin to diffuse through the medium following a concentration gradient. 

By mixing the liquid with a magnetic stirrer, the concentration becomes uniform not only throughout 

the entire circulating volume but also over time. Once a steady state is reached—that is, when the 

FMN signal fluctuates around a stable mean value—this value can be considered the reference point 

for calibration. 

The importance of proper mixing is illustrated in Figures 3.3 and 3.4. 

 

Figure 3.3. Schematic representation of fluid dynamics and the transition from analyte injection to steady state without 

mixing. (a) At the time of injection, the liquid remains largely stationary, except in regions affected by inlet and outlet 

flows. The injected bolus of analyte gradually expands due to diffusion along the concentration gradient. The duration 

of this process depends on the selected flow rate. (b) As the bolus expands, it encounters the suction flow and is largely 

drawn out. During the first stage, a substantial portion of the analyte is rapidly aspirated, generating a signal peak 

corresponding to the locally high concentration. (c) Once the initial bolus with high local concentration has passed, a 

subsequent bolus with lower concentration follows, resulting in a marked decrease in fluorescence signal. (d) 

Continuous suction and recirculation progressively mix the fluid, leading to a slow and gradual increase in the signal. 

(e) Eventually, the liquid reaches a fully mixed state, where all fluid portions exhibit the same concentration. 
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Figures 3.5a and b show the area under the FMN spectrum curve over time. 

 

Figures 3.5a and b clearly illustrate the impact of fluid dynamics on the calibration process. In 

both cases, a stepwise increase can be observed: when the amount of analyte injected remains constant 

Figure 3.4. Schematic representation of fluid dynamics and the transition from analyte injection to steady state with 

mixing. (a) The agitation of the liquid ensures that, immediately after injection of the bolus containing the stock solution, 

rapid and complete mixing occurs. (b) The near-instantaneous homogenization allows a stable and steady signal to be 

established from the very beginning. 

 

Figure 3.5. Fluid dynamics effects on calibration method. (a) Area under the curve of the entire spectrum over time 

without mixing. As shown in Figure 3.3, a sharp increase in signal is followed by a rapid decline and subsequent 

stabilization, as a result of the fluid dynamics within the system. (b) Area under the curve of the entire spectrum over 

time with active mixing. 
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over time, the concentration increases in a discrete step-like manner. An effective calibration should 

display a signal evolution similar to that shown in Figures 3.5a and b. Indeed, if the injected 

concentration is constant (as ensured by accurate preparation of the stock solution), then the signal 

also increases consistently with each injection. 

𝑐2 = 0.00001188
𝑚𝑔

𝑚𝑙
+

0.0594 
𝑚𝑔

𝑚𝑙⁄ ∗ 0.1 𝑚𝑙

500.1 𝑚𝑙
=

0.00001188
𝑚𝑔

𝑚𝑙
+ 0.00001188

𝑚𝑔

𝑚𝑙
= 23.76

𝑛𝑔

𝑚𝑙
(3.3)

 

Once the system reaches steady state, the same volume of stock solution is added again, raising 

the concentration to 23.76 ng mL⁻¹. After waiting approximately ten minutes, another injection of the 

same stock volume can be performed. The resulting concentration is calculated according to the 

formula (3.1) and the procedure was repeated up to get the calibration concentration range depicted 

in Table 3.1. 

Each concentration is associated with a specific FMN spectrum, as shown in Figure 3.6 below. 

 

N° 
pipetting 

Concentration 
[ng/ml] 

1 11.88 

2 23.76 

3 35.64 

4 47.52 

5 59.4 

6 71.28 

7 83.16 

8 95.04 

9 106.92 

10 118.8 

11 130.68 

12 142.56 

13 154.44 

14 166.32 

15 178.2 

16 190.08 

17 201.96 

18 213.84 

19 225.72 

20 237.6 

 Table 3.1. Calibration concentration range list. 
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It can be observed that, as the concentration increases, the fluorescence spectrum also grows in 

intensity and exhibits well-defined features. This dataset constitutes the training set that will be used 

to quantify FMN concentration. 

By considering a specific wavelength, for example the peak at 523 nm, and correlating the 

fluorescence signal with the corresponding concentration across all concentrations, the so-called 

calibration curve is obtained. An example is shown in Figure 3.7. 

Figure 3.6. FMN fluorescence spectra as concentration varies. 
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Figure 3.7 presents the calibration curve for the wavelength of 523 nm. The data points are 

perfectly aligned along a straight line, with negligible measurement noise. Moreover, the intercept is 

very close to zero, indicating excellent linearity. In principle, a calibration curve can be determined 

for every wavelength between 500 nm and 600 nm, yielding up to 101 calibration curves. Some 

examples of calibration curves at different wavelengths are illustrated in Figure 3.8. 

 

Figure 3.7. FMN calibration curve for wavelength of 523 nm. 

Figure 3.8. FMN calibration curves for different wavelengths  
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The dataset shown in Figure 3.6 and the 101 calibration curves will be used in the regression 

algorithm explained in the following sections. 

 

4. Study of the replicability of the measure 

In this section, the reproducibility of fluorescence measurements for samples with identical 

concentrations will be analyzed in detail. The objective is to assess the instrument’s ability to replicate 

measurements under perfectly identical experimental conditions and to estimate the associated 

experimental error. To this end, all acquisition parameters are kept constant: the same stock solution, 

identical volumes withdrawn and diluted to obtain samples of equal concentration, the same 

circulation flow rate, and identical spectral parameters (integration time, optical fiber, illumination 

source, and excitation wavelength). 

The calibration procedure was repeated multiple times, naturally producing slightly different 

spectra and calibration curves. The main question is: how different are these data in practice? This 

section aims to address this question. 

In scientific research, experimental error is always present; it is impossible to obtain data 

completely free of variations. However, by conducting a rigorous and careful experimental campaign, 

it is possible to minimize such errors, so that any observed differences between measurements can be 

attributed solely to experimental variability rather than technical or procedural mistakes. 

The measurement protocol was executed 14 times, resulting in a total of 14 independent 

experimental datasets and, consequently, 14 calibration curves. The prototype performs fluorescence 

scans, and the data recording interval was set to 5 seconds. Therefore, a fluorescence array is saved 

every 5 seconds. Considering that the acquisition time between consecutive concentrations is 

approximately 5–10 minutes, each acquisition produces between 60 and 120 fluorescence records. 

Since 14 experimental campaigns were conducted, for each concentration we have a total of 840–

1680 fluorescence samples. 

To clarify the procedure: on day 1, the calibration protocol was applied, and a certain number of 

fluorescence records were recorded for each concentration. On day 2 and day 3, the same 

measurement procedure was repeated, and so on, up to 14 different days. In this way, 14 independent 

experimental datasets were obtained. Table 4.1 presents the fluorescence records corresponding to a 
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concentration of 106.96 ng mL⁻¹ at the wavelength of 523 nm during a single data acquisition test on 

the day 1.  

 

 

Table 4.1 presents the fluorescence values recorded over time at a constant concentration in a 

single trial. As can be seen, the values fluctuate around a mean, as expected for experimental 

measurements. Since the circulating concentration remains constant, except for any variations due to 

the fluid dynamics of the flow, the fluorescence value associated with that concentration and a specific 

wavelength should also remain constant, except for small oscillations related to fluid dynamic 

fluctuations. 

Table 4.1. Fluorescence signal values recorded at 560 nm 

for the concentration of 95.04 ng mL⁻¹ during a single trial. 

Time [s] Fluorescence signal at 

560 nm [A.U.] 

2635 297 

2640 294 

2645 312 

2650 310 

2655 308 

2660 294 

2665 305 

2670 298 

2675 299 

2680 292 

2685 302 

2690 311 

2695 293 

2700 295 

2705 288 

2710 299 

2715 301 

2720 302 

2725 303 

2730 307 

2735 292 

2740 306 

2745 298 

2750 302 

2755 315 

2760 290 

2765 288 

2770 294 

2775 301 

2780 302 

2785 293 

2790 284 

2795 303 

2800 296 

2805 308 

2810 306 

2815 311 

2820 293 

2825 305 

2830 307 

2835 289 

2840 291 

2845 299 

2850 288 

2855 295 

2860 302 

Time [s] Fluorescence signal at 

560 nm [A.U.] 

2635 297 

2640 294 

2645 312 

2650 310 

2655 308 

2660 294 

2665 305 

2670 298 

2675 299 

2680 292 

2685 302 

2690 311 

2695 293 

2700 295 

2705 288 

2710 299 

2715 301 

2720 302 

2725 303 

2730 307 

2735 292 

2740 306 

2745 298 

2750 302 

2755 315 

2760 290 

2765 288 

2770 294 

2775 301 

2780 302 

2785 293 

2790 284 

2795 303 

2800 296 

2805 308 

2810 306 

2815 311 

2820 293 

2825 305 

2830 307 

2835 289 

2840 291 

2845 299 

2850 288 

2855 295 

2860 302 
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This section is aimed to illustrate an analysis to evaluate the reproducibility of the measurements 

and to characterize the statistical distribution of the obtained data. Under ideal experimental 

conditions, where the only sources of variability are random in nature, we expect to observe a 

Gaussian distribution of the results. Deviation from this theoretical model represents a sensitive 

indicator of the presence of systematic error sources or uncontrolled phenomena influencing the 

measurement process. 

To identify and quantify these potential anomalies, we implemented an analytical approach 

structured across three complementary levels: basic descriptive statistical analysis, an in-depth study 

of the distributional shape, and the evaluation of data robustness with respect to anomalous values. 

This integrated strategy allows us to discriminate between variability intrinsic to the phenomenon 

under examination and alterations induced by undesired external factors. In the study of the 

distribution, we introduce the Kernel Density Estimation (KDE). This represents a fundamental non-

parametric technique for estimating the probability density function of a random variable. Unlike 

parametric approaches that presuppose a specific distributional shape, KDE allows the data to "speak 

for themselves," revealing their intrinsic structure without predefined mathematical constraints. 

The comparison with the theoretical Gaussian distribution constitutes a pillar of exploratory 

statistical analysis. This systematic comparison serves to validate or refute the assumption of 

normality that underlies many parametric statistical tests. The Gaussian distribution represents the 

theoretical reference model against which to evaluate the empirical behavior of the data. When we 

observe significant discrepancies between the KDE and the Gaussian curve, it probably means that 

our data might obey more complex dynamics than those captured by the simple normal model. In our 

case, these are either attributable to the instrument's difficulty in replicating measurements or, more 

probably, to variability among the prepared samples. 

The simultaneous visualization of the mean and median provides valuable information about the 

distribution's symmetry. In a perfectly symmetric distribution, these two indices of central tendency 

coincide; their divergence, however, signals the presence of asymmetries. The mean, although widely 

used, is sensitively influenced by extreme values, whereas the median maintains its robustness even 

in the presence of outliers. This dual representation allows us to consciously choose the most 

appropriate measure to describe the center of the distribution. 

The identification of the point of maximum divergence between the KDE and the Gaussian 

distribution holds particular diagnostic importance. This critical point indicates the region of the 

sample space where the empirical behavior deviates most significantly from theoretical expectations. 
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This information is not limited to signaling non-normality but localizes its origin, suggesting possible 

underlying causes: it could be due to heavier distributional tails, localized asymmetries, or even 

evidence of multimodality. 

Finally, the peak of the KDE represents the empirical mode of the distribution—the most probable 

or frequently observed value. In many practical applications, especially when the distribution exhibits 

significant asymmetries, the KDE peak provides an estimate of the "true value" that is more 

representative than the arithmetic mean. This information is particularly valuable when the 

measurement process is affected by noise or systematic biases that distort the sample distribution. 

 

 

Table 4.2 reports the results of statistical analyses conducted on the data from Table 4.1, providing 

a summary of the variations and the precision of the signal. 

Table 4.2. Analysis of the measurement quality and repeatability of the fluorescence signal at 560 nm 

constant concentration of 95.04 ng mL-1. Data from Table 4.1. 
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In Figure 4.1, the histogram of the data, the corresponding Kernel Density Estimate (KDE) curve, 

theoretical gaussian distribution, and the QQ-plot are presented. These tools allow the assessment of 

the fluorescence value distribution and the evaluation of any deviations from normality. 

The QQ-plot (Quantile-Quantile plot), Figure 4.1b, compares the distribution of the 

experimental data with a theoretical distribution, typically the normal distribution. 

• The x-axis shows the expected quantiles of the theoretical distribution (e.g., those of a 

standard normal). 

• The y-axis shows the corresponding quantiles from the experimental data. 

If the data follow the theoretical distribution, the points align along a 45° diagonal line. 

• Points closely following the diagonal → the data are consistent with the theoretical 

distribution. 

• Systematic deviations from the diagonal → the data show particular characteristics (e.g., 

skewness, heavy tails). 

The comprehensive statistical analysis of fluorescence measurements at 560 nm reveals a well-

characterized experimental system with notable distributional properties. The dataset demonstrates 

excellent measurement precision, as evidenced by a coefficient of variation of 2.58%, indicating 

highly reproducible fluorescence readings across 49 independent scans. The absence of detected 

outliers further confirms the cleanliness and reliability of the acquired data, while the narrow 95% 

Figure 4.1. (a) Histogram with KDE curve and theoretical gaussian distributions. (b) QQ-plot. 

Analysis of fluorescence signal at with 560 nm constant concentration of 95.04 ng mL-1. Data from Table 

4.1. 
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confidence interval spanning only ±2.21 units around the mean provides strong statistical support for 

the measurement stability. 

The distribution analysis uncovers a subtle yet meaningful asymmetric pattern in the data 

structure. A consistent progression is observed from the arithmetic mean of 299.33 through the 

median of 301.0 to the KDE peak of 303.0, indicating a light left-tailed distribution. This systematic 

shift suggests the presence of occasional lower-value measurements that slightly depress the 

arithmetic mean relative to the more representative central tendency measures. The maximum 

divergence between the empirical KDE and theoretical Gaussian distributions occurs at 297.4, 

precisely in the region where actual measurements demonstrate systematically lower values compared 

to normal distribution expectations. 

Despite the Shapiro-Wilk test yielding a non-significant p-value of 0.342, which traditionally 

would not reject the null hypothesis of normality, the kernel density estimation reveals substantial 

deviations from perfect Gaussian behavior. The total divergence area of 0.1879 qualifies as moderate, 

indicating that while the distribution approximates normality, it possesses distinct characteristics that 

merit consideration in analytical interpretation. The interquartile range of 12.0 units confirms a 

compact data distribution with well-contained variability. 

For the estimation of the true fluorescence value, the KDE peak of 303.0 emerges as the most 

representative metric, as it reflects the most frequently observed measurement value unaffected by 

distributional asymmetries. The median of 301.0 provides a robust alternative estimate, while the 

arithmetic mean of 299.33 appears slightly depressed due to the influence of the left-tail values. The 

systematic discrepancy between these central tendency measures suggests either minor measurement 

underestimation in certain observations or inherent variability in sample preparation that introduces 

slight distributional skewness. 

In summary, the fluorescence emission at 560 nm demonstrates excellent experimental precision 

with a characteristic distribution that favors values slightly higher than those indicated by 

conventional arithmetic mean calculations. The KDE-derived peak value of 303.0 provides the most 

accurate representation of the typical system behavior, supported by the comprehensive distributional 

analysis and robustness metrics. 

This type of statistical analysis was performed for each sampled wavelength and for every 

concentration. For the purpose of explaining the analytical method used in this thesis, we have chosen 

to present in the main text only the results concerning the fluorescence emitted at one specific 
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wavelength for a given concentration. The complete fluorescence data for various wavelengths and 

their corresponding concentrations are instead reported in Appendix A. 

This type of analysis was repeated for measurements at different concentrations and wavelengths, 

both within the same experimental campaign and across subsequent campaigns, yielding very similar 

results. Table 4.3 summarizes the statistical analysis results of the concentration 106.92 ng mL⁻¹ at 

the wavelength of 523 nm in different trials (14 trial per day).  

In other words, the following table reports the statistical analysis of the fluorescence data 

measured at 523 nm, corresponding to a concentration of 106.92 ng mL⁻¹, acquired over 14 different 

days under the same experimental conditions. 

 

 

Table 4.3. Analysis of the measurement quality and repeatability of the fluorescence signal at 

523 nm at concentration of 106.92 ng mL⁻¹ collected in different trials. 

 

Basic Statistics Parameter Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Mean 386.25 394.72 391.86 392.24 395.65 397.74 376.51 

Median 386.0 395.0 389.0 393.0 398.0 398.0 377.0 

Standard 

Deviation 

7.27 6.16 7.05 4.13 6.93 5.64 5.37 

Coefficient of 

Variation (%) 

1.88 1.56 1.8 1.05 1.75 1.42 1.43 

Range 32 33 26 16 26 29 26 

95% 

Confidence 

Interval 

(384.04, 

388.46) 

(392.83, 

396.62) 

(389.18, 

394.54) 

(390.36, 

394.12) 

(393.10, 

398.19) 

(396.20, 

399.28) 

(374.72, 

378.30) 

Distribution 

Analysis 

Skewness 0.4296 -0.1691 1.0639 -0.2577 -0.423 -0.5552 -1.219 

Kurtosis 0.044 1.289 0.13 -0.234 -0.526 1.106 2.613 

Shapiro-Wilk 

Statistic 

0.976 0.973 0.872 0.984 0.952 0.952 0.917 

Shapiro-Wilk 

p-value 

0.49 0.411 0.002 0.968 0.174 0.031 0.009 

Distribution 

Divergence 

Analysis 

(Actual vs 

Theoretical 

Gaussian) 

Maximum 

Divergence 

(x) 

392.0 399.7 396.2 390.3 393.6 398.3 382.4 

Total 

Divergence 

Area 

0.1251 0.1112 0.3552 0.1431 0.2001 0.1581 0.1591 

KDE Peak 386.0 394.2 388.5 393.1 398.9 394.9 377.5 

Interpretation Moderate Moderate Significant Moderate Moderate Moderate Moderate 

Robustness 

Analysis 

IQR 9.5 7.0 7.0 5.0 10.0 8.0 6.0 

Lower Limit 366.5 380.5 376.5 382.5 375.0 382.0 365.0 

Upper Limit 404.5 408.5 404.5 402.5 415.0 414.0 389.0 

Outliers 

Detected 

None [376, 

409] 

[406, 409] None None [380] [358] 

Number of 

Scans 

44 43 29 21 31 54 37 
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The analysis of data collected over fourteen consecutive measurement days provides meaningful 

insights into the stability of the experimental system and the consistency of the results obtained over 

time. Descriptive statistics, Table 4.3, show mean values ranging between 366 and 417, indicating an 

overall modest variability. A one-way ANOVA test was implemented to assess the variability among 

the experimental days conducted under identical conditions. The purpose was to determine whether, 

from a purely statistical standpoint, the differences observed among the experimental data could be 

attributed solely to experimental error or whether other factors might also contribute. The result of 

the one-way ANOVA, with an F statistic of 14.959 and an extremely low p-value (1.295 × 10⁻¹⁶), 

clearly indicates that the differences between daily means cannot be ascribed solely to experimental 

 

Basic 

Statistics 

Parameter Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14 

Mean 417.46 394.88 366.27 381.85 377.33 385.88 393.51 

Median 416.5 394.0 368.0 381.5 377.0 386.0 395.0 

Standard 

Deviation 

5.29 6.06 8.95 4.19 5.09 6.93 8.88 

Coefficient 

of Variation 

(%) 

1.27 1.53 2.44 1.1 1.35 1.8 2.26 

Range 21 25 41 16 19 32 36 

95% 

Confidence 

Interval 

(415.33, 

419.60) 

(393.16, 

396.60) 

(363.29, 

369.25) 

(380.64, 

383.07) 

(375.91, 

378.75) 

(383.75, 

388.02) 

(391.11, 

395.91) 

Distribution 

Analysis 

Skewness 0.4567 0.4041 -1.498 0.2485 0.2908 0.465 -0.0606 

Kurtosis 0.139 -0.258 2.372 -0.749 -0.615 0.462 -0.804 

Shapiro-Wilk 

Statistic 

0.954 0.961 0.859 0.96 0.938 0.972 0.976 

Shapiro-Wilk 

p-value 

0.28 0.102 0.0 0.099 0.01 0.365 0.347 

Distribution 

Divergence 

Analysis 

(Actual vs 

Theoretical 

Gaussian) 

Maximum 

Divergence 

(x) 

420.7 398.6 359.1 383.8 381.2 393.5 392.7 

Total 

Divergence 

Area 

0.169 0.1819 0.331 0.1981 0.1965 0.1148 0.1804 

KDE Peak 415.9 393.3 369.3 380.1 376.9 386.6 398.3 

Interpretation Moderate Moderate Significant Moderate Moderate Moderate Moderate 

Robustness 

Analysis 

IQR 6.5 7.75 8.0 5.25 4.5 8.5 13.0 

Lower Limit 404.5 379.38 352.0 370.88 368.0 368.25 367.5 

Upper Limit 430.5 410.38 384.0 391.88 386.0 402.25 419.5 

Outliers 

Detected 

None None [345, 348, 

338, 351] 

None [387, 

387] 

[404] None 

Number of 

Scans 

26 50 37 48 52 43 55 

Table 4.3. Continued. Analysis of the measurement quality and repeatability of the 

fluorescence signal at 523 nm at concentration of 106.92 ng mL-1 collected in different trials. 



189 

 

noise or random variability. Statistically, the rejection of the null hypothesis suggests the presence of 

systematic effects, albeit of small magnitude, that influence the results in a repeatable manner. 

This evidence is fully consistent with the findings from the descriptive analysis: the day-to-day 

variations are limited but sufficiently consistent to be detected by a sensitive test such as ANOVA. 

Considering that the experimental conditions were nominally identical, the origin of such differences 

is likely linked to secondary factors, including sample preparation procedures, minor variations in 

manual handling, or uncontrolled fluctuations in the operational conditions. 

This conclusion does not represent a limitation but rather emphasizes the sensitivity and reliability 

of the measuring system. The instrument is indeed capable of discriminating very small differences 

resulting from marginal variations in experimental parameters, thereby demonstrating a coherent and 

sensitive response to calibration conditions. From an experimental perspective, this confirms that the 

unexplained component of variability does not originate from the instrument itself but rather from 

external factors of manual or procedural nature. 

Within the context of measurement protocol validation, the ANOVA result can thus be interpreted 

as a positive indicator of the system’s precision, which is sufficiently stable to detect even minor 

differences arising from sample handling. Consequently, the entire set of analyses confirms the 

robustness of the experimental setup while simultaneously highlighting the importance of 

maintaining strict control over operational procedures to ensure maximum data reproducibility. 

The proximity between mean and median values suggests a generally symmetric distribution, free 

from systematic deviations. The standard deviation, ranging between 4 and 9 units, together with 

coefficients of variation between 1% and 2.5%, indicates high repeatability of the measurements, 

confirming that the system maintains stable behavior under the tested operating conditions. The 

ranges and 95% confidence intervals are similarly narrow, with amplitudes of only a few percentage 

points, supporting the conclusion of limited dispersion and high instrumental precision. 

From a statistical distribution perspective, the skewness and kurtosis parameters show values 

generally close to those expected for a Gaussian distribution. Only a few days present more 

pronounced deviations, particularly days 7 and 10, which exhibit slight negative skewness and 

kurtosis values exceeding 2, indicating flatter or heavier-tailed distributions. The Shapiro–Wilk test 

confirms this overall tendency: most days show p-values greater than 0.05, consistent with normality, 

while a few isolated days display statistically significant deviations. These deviations, however, do 

not appear to be systematic and do not compromise the overall evaluation of system stability. 
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The comprehensive analysis of distribution patterns across the 14-day measurement campaign 

reveals significant insights into the behavior of the fluorescence measurement system and its 

deviations from theoretical normality. The Kernel Density Estimation (KDE) peaks, representing the 

most probable measurement values, demonstrate notable variations throughout the experimental 

period, ranging from 369.3 on Day 10 to 415.9 on Day 8. This substantial spread of 46.6 units between 

extreme KDE peaks indicates considerable day-to-day variability in the system's most frequent output 

values, suggesting potential instrumental drift or environmental influences affecting measurement 

consistency. 

The divergence analysis between empirical KDE distributions and theoretical Gaussian models 

uncovers a consistent pattern of moderate deviations across most experimental days. Only two days 

(Day 3 and Day 10) exhibited significant deviations from normality, with total divergence areas of 

0.3552 and 0.3310 respectively. Day 3 displayed particularly pronounced skewness (1.0639) with 

maximum divergence occurring at 396.2, indicating a right-tailed distribution where actual 

measurements consistently exceeded Gaussian expectations in the upper range. Conversely, Day 10 

showed extreme negative skewness (-1.4980) with maximum divergence at 359.1, revealing a heavy 

left-tailed distribution where measurements fell substantially below normal distribution predictions. 

The relationship between KDE peaks and traditional central tendency measures provides crucial 

information about distribution symmetry. On Days 1, 4, 11, 12, and 13, the KDE peaks closely aligned 

with both mean and median values, indicating approximately symmetric distributions despite 

moderate statistical deviations from perfect normality. However, Days 5 and 14 demonstrated notable 

disparities where KDE peaks (398.9 and 398.3 respectively) significantly exceeded their 

corresponding means (395.65 and 393.51), suggesting distributions skewed toward higher values with 

the most frequent measurements clustering above the arithmetic average. 

The maximum divergence locations offer diagnostic insights into specific regions where empirical 

distributions deviate from theoretical expectations. Days 2, 3, 6, 8, and 9 all showed maximum 

divergences in the upper measurement ranges (399.7, 396.2, 398.3, 420.7, and 398.6 respectively), 

indicating consistent patterns where the system produced more high-value measurements than 

predicted by Gaussian models. This pattern suggests possible saturation effects, instrumental ceiling 

behaviors, or systematic overestimation in certain measurement conditions. 

The Shapiro-Wilk test results present an interesting contrast to the KDE-based divergence 

analysis. While several days (1, 2, 4, 5, 8, 9, 11, 13, 14) showed non-significant p-values (>0.05) 

suggesting normality acceptance, the KDE analysis revealed moderate divergences (0.1112-0.2001) 
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in all these cases. This discrepancy highlights the superior sensitivity of KDE analysis in detecting 

distributional abnormalities that may escape detection by traditional normality tests, particularly for 

smaller sample sizes where statistical power is limited. 

The temporal pattern of distribution characteristics shows no clear progression or deterioration 

over the 14-day period, indicating that the observed deviations represent inherent system properties 

rather than time-dependent degradation. The coexistence of acceptable Shapiro-Wilk p-values with 

consistent KDE-Gaussian divergences suggests that while the measurement system generally 

approximates normal behavior, it possesses distinct distributional fingerprints that merit consideration 

in data interpretation and uncertainty estimation. 

In summary, the KDE-based analysis provides a more nuanced understanding of measurement 

distributions than traditional parametric approaches, revealing systematic patterns of deviation that 

inform both instrumental characterization and appropriate statistical treatment of the data. The 

consistent moderate divergences observed across most experimental days recommend the use of 

robust statistical methods and careful consideration of distribution-specific characteristics in 

subsequent data analysis and interpretation. 

The robustness analysis performed through the assessment of the interquartile range and the 

identification of outliers, provides further confirmation. The IQR values remain generally low, 

between 4.5 and 13, consistent with the limited variability observed previously. The identified outliers 

are few and isolated, distributed without recurring temporal patterns, and primarily concentrated on 

days that already displayed slight asymmetries. Their presence does not significantly affect data 

distribution nor suggest instrumental drift or systematic errors. 

Overall, the behavior of the statistical parameters across the fourteen days demonstrates a 

remarkable internal consistency. The stability of the means and the low intra- and inter-day variability 

indicate that the measuring system, under the applied operating conditions, exhibits excellent 

repeatability and robustness. The minor deviations from normality observed in a few cases can be 

attributed to random fluctuations or minimal variations in experimental conditions, but they do not 

compromise the overall reliability of the protocol. Taken together, the analysis confirms that both the 

experimental setup and the instrument used ensure stable and reproducible performance over time, 

fully satisfying the requirements for measurement validation. In Appendix A we report actual vs 

theoretical distribution of data referred to 106.92 ng mL–1 collected in different trials. 

In Figure 4.2 and in Table 4.4 a comprehensive analysis was conducted by aggregating the entire 

data set, including all scans from the 14 experimental tests. This inclusive approach also incorporated 
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measurements from sessions that had previously shown deviations from the Gaussian distribution, 

thus allowing for an overall assessment of the stability of the measurement system and the 

reproducibility of the results over the entire duration of the study. 

Table 4.4. Statistical analysis of fluorescence signal emitted at 523 nm at 

concentration of 106.92 ng mL–1 aggregating the entire data set. 

Figure 4.2. (a) Histogram of fluorescence signal emitted at 523 nm at concentration of 

106.92 ng mL–1 aggregating the entire data set with KDE curve and theoretical gaussian 

distributions. (b) QQ-plot. 

(a) (b) 

Basic Statistics Parameter Value 

Mean 391.57 

Median 392.00 

Standard 

Deviation 

9.25 

Coefficient of 

Variation 

2.36% 

Range 61 

95% Confidence 

Interval 

(390.82, 392.31) 

Distribution 

Analysis 

Skewness -0.4585 

Kurtosis 0.442 

Maximum 

Divergence (x) 

400.3 

Total Divergence 

Area 

0.1148 

Distribution 

Divergence 

Analysis (Actual 

vs Theoretical 

Gaussian) 

KDE Peak 394.0 

Interpretation Moderate deviations 

from normality 

Shapiro–Wilk 

Statistic 

0.986 

Shapiro–Wilk p-

value 

0.000 

Robustness 

Analysis 

IQR 13.00 

Lower Limit 365.50 

Upper Limit 417.50 

Outliers Detected [358, 360, 363, 353] 

Number of Scans 596 
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The measurement system demonstrates satisfactory analytical precision, as evidenced by the 

coefficient of variation of 2.36%. This value, though not excellent, falls within acceptable ranges for 

fluorescence techniques, indicating good reproducibility of the measurements. The extremely narrow 

95% confidence interval (390.82 - 392.31), with a width of only 1.49 units, confirms the high 

reliability of the mean estimate despite the relatively high standard deviation of 9.25 units. The 

consistency between the mean (391.57) and the median (392.00) suggests a substantial stability of 

the distribution's center. 

The distributional analysis reveals a complex profile characterized by moderate negative 

asymmetry (skewness = -0.4585) and slight leptokurtosis (kurtosis = 0.442). The Kernel Density 

Estimation identifies a peak at 394.0, positioned significantly higher than the arithmetic mean, 

indicating that the most frequent values are concentrated in the upper region of the distribution. The 

divergence from the Gaussian ideal, quantified as a total area of 0.1148, classifies the behavior as 

moderately non-normal, with maximum divergence localized at 400.3 units. 

The system demonstrates good overall robustness, with an interquartile range of 13.0 units 

containing the central 50% of observations. However, the identification of four outliers concentrated 

at the lower extreme (358, 360, 363, 353) signals the presence of uncontrolled sources of variability 

that occasionally produce anomalous measurements. The wide range of 61 units between minimum 

and maximum values confirms the existence of significant dispersion, though confined to extreme 

cases. 

The combination of a highly significant Shapiro-Wilk p-value (0.000) with moderate divergence 

from normality represents an apparent paradox, resolvable by considering the high sample size (596 

scans). This large dataset provides the statistical test with sufficient power to detect minimal 

deviations, even if clinically or experimentally insignificant. The localization of the maximum 

divergence in the upper region (400.3) suggests a possible instrumental saturation effect or the 

presence of a sub-population of measurements with different dynamics. 

The KDE peak at 394.0 emerges as the most representative estimate of the true value, being less 

influenced by distributional asymmetry than the arithmetic mean. The median of 392.00 constitutes 

a valid, conservative alternative. The evidence of systematic deviations from normality, though 

moderate, recommends the use of robust statistical methods for subsequent inferential analyses and 

the correct characterization of measurement uncertainty. The high sample size nonetheless guarantees 

the applicability of the central limit theorem for inferential purposes, while the presence of outliers 
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suggests the need to investigate the experimental conditions generating anomalous values at the lower 

extreme of the distribution. 

This type of analysis was performed not only for the concentration of 106.92 ng mL–1 but also for 

other concentrations and wavelengths. However, providing a comprehensive report of all analyses is 

not feasible. In total, 101 wavelengths and 20 concentrations were considered, which would 

theoretically result in 101 × 20 = 2,020 combinations to be analyzed for each experimental run. Since 

14 runs were conducted, the total number of required analyses would amount to 2,020 × 14 = 28,280. 

Additional analyses performed at different wavelengths and concentrations are presented in 

Appendix A. 

 

The calibration curve was constructed according to the following procedure. As an illustrative 

example, let us consider the 523 nm wavelength. For this wavelength, the average fluorescence signal 

for each concentration (ranging from 11.88 to 237.6 ng mL–1) was calculated by aggregating data 

from all 14 experimental trials. This identical protocol was systematically applied to each of the 

investigated wavelengths. In Table 4.5 we report the summary of the statistical analysis of the 

fluorescence signals measured at the same wavelength for all the concentrations examined and in 

Table 4.6 we report the values of the calibration curve considering the fluorescence emitted at 523 

nm. Since the median is considered the most robust indicator for estimating the true fluorescence 

value in the aggregated set of repeated measurements, we used the median as the estimate of the true 

fluorescence value associated with each concentration. This calibration curve corresponds, in detail, 

to the one shown in Figure 3.7.  

This procedure can be applied, as previously mentioned, to every other wavelength. Appendix A 

also illustrates several distributions of the fluorescence data, taken from Table 4.4, relating to 

different concentrations and wavelengths. 
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Basic Statistics Parameter 11.88 ng/mL 23.76 

ng/mL 

35.64 ng/mL 47.52 

ng/mL 

59.40 ng/mL 

Mean 46.09 91.15 136.34 179.31 221.8 

Median 46.0 91.0 137.0 180.0 222.0 

Standard Deviation 7.78 7.61 7.74 7.92 8.47 

Coefficient of 

Variation (%) 

16.89 8.34 5.68 4.41 3.82 

Range 42 50 44 47 46 

95% Confidence 

Interval 

(45.47, 

46.70) 

(90.56, 

91.75) 

(135.68, 

137.00) 

(178.60, 

180.01) 

(221.09, 

222.51) 

Distribution 

Analysis 

Skewness 0.2086 0.1934 -0.2655 -0.213 -0.1944 

Kurtosis -0.373 -0.059 -0.238 -0.067 -0.364 

Maximum 

Divergence (x) 

48.1 84.6 136.7 188.3 215.7 

Shapiro-Wilk 

Statistic 

0.992 0.995 0.992 0.994 0.992 

Shapiro-Wilk p-

value 

0.001 0.051 0.005 0.074 0.007 

Distribution 

Divergence 

Analysis (Actual vs 

Theoretical 

Gaussian) 

Total Divergence 

Area 

0.103 0.0731 0.113 0.0718 0.1015 

KDE Peak 43.9 91.0 140.0 179.9 221.9 

Interpretation Moderate Almost 

Normal 

Moderate Almost 

Normal 

Moderate 

Robustness 

Analysis 

IQR 11.0 10.0 11.0 11.0 12.0 

Lower Limit 23.5 71.0 114.5 157.5 198.0 

Upper Limit 67.5 111.0 158.5 201.5 246.0 

Outliers Detected None [69, 119] [114, 112] [156, 202, 

155] 

None 

Dataset Info Number of Scans 623 639 530 483 549 

 

Table 4.5. Statistical analysis of fluorescence signal emitted at 523 nm of every 

concentration aggregating the entire data set. 
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Table 4.5. Continued. Statistical analysis of fluorescence signal emitted at 523 nm 

of every concentration aggregating the entire data set. 
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The comprehensive analysis of fluorescence data across the concentration range of 11.88 to 237.6 

ng mL–1 reveals several significant aspects concerning measurement quality and the statistical 

characteristics of the analytical system. The statistical analysis of fluorescence measurements across 

the concentration range from 11.88 to 237.60 ng mL–1 reveals a system with excellent analytical 

characteristics suitable for reliable calibration curve construction. A marked improvement in 

measurement precision is observed with increasing concentration, as evidenced by the coefficient of 

variation decreasing progressively from 16.89% at the lowest concentration to 1.30% at the highest 

concentration. This thirteen-fold enhancement in precision demonstrates the system's superior 

performance at higher concentrations where fluorescence signals are more intense and less 

susceptible to background noise interference. 

The central tendency measures exhibit remarkable stability throughout the concentration series, 

with near-perfect agreement between mean and median values across all levels. This consistency 

indicates substantially symmetric distributions despite formal statistical tests detecting moderate 

deviations from perfect normality. The arithmetic means demonstrate excellent linear progression 

from 46.09 to 871.08 across the dynamic range, covering approximately a 19-fold increase that 

provides a solid foundation for calibration curve fitting. 

Distributional characteristics show predominantly moderate deviations from Gaussian normality, 

with only two concentrations (23.76 and 47.52 ng mL–1) approaching near-normal distributions. The 

prevalence of negative skewness across most concentrations suggests a slight tendency toward values 

lower than the distribution center. Kernel Density Estimation peaks show excellent alignment with 

arithmetic means, particularly at intermediate concentrations, confirming that distributions maintain 

substantial symmetry around central values despite statistical deviations from perfect normality. 

System robustness appears generally good, with interquartile ranges remaining relatively stable 

across concentrations. However, an increase in outlier frequency is noted at higher concentrations, 

particularly evident at 118.80 ng mL–1 with ten anomalous values, potentially indicating saturation 

phenomena or instrumental limitations. The concentrations 142.56, 154.44, and 178.20 ng mL–1 

demonstrate near-normal distributional stability with divergence areas below 0.10, with 154.44 ng 

mL–1 combining excellent normality (Shapiro-Wilk p-value 0.157) with the best precision (1.37% 

CV) in the entire dataset. 

Divergence patterns reveal interesting concentration-dependent behaviors, with maximum 

deviations occurring in lower regions at low concentrations and shifting to upper regions at high 

concentrations, suggesting different variability mechanisms across the concentration spectrum. The 
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highest concentration (237.60 ng mL–1) benefits from the most extensive dataset (1009 scans) and 

demonstrates exceptional precision (1.30% CV) despite a single outlier, confirming system 

robustness even at the upper measurement limits. 

All concentrations benefit from high replicate numbers (452 to 1009 scans), ensuring statistical 

solidity, while exceptionally narrow confidence intervals, particularly at higher concentrations with 

widths often below two units, indicate high estimation reliability. For calibration curve construction, 

154.44 ng mL–1 emerges as the optimal point combining precision and distributional normality, while 

237.60 ng mL–1 provides the most precise measurement and 154.44 ng mL–1 along with 178.20 ng 

mL–1 offer the most normal distributions. The system demonstrates excellent characteristics for 

reliable calibration curve development, showing linear response, improved precision at higher 

concentrations, and sufficient distributional normality for standard analytical applications 

Therefore, the fluorescence measurement system demonstrates satisfactory analytical 

characteristics throughout the studied concentration range, with precision that significantly improves 

at higher concentrations. The deviations from statistical normality do not compromise the reliability 

of central estimates, supporting the use of these data for constructing robust calibration curves, 

although the application of appropriate statistical methods is recommended to handle the observed 

non-normal distributions. 

The plots of the actual distributions and the theoretical Gaussian distributions, along with the 

QQ plots, are reported in Appendix A. 

We will now examine how the calibration curves were constructed. The selection of the 

median as the estimator of the true value represents a methodological choice based on both statistical 

and practical considerations. In experimental contexts where data distributions exhibit deviations 

from Gaussian normality, the median offers superior robustness compared to the arithmetic mean, 

being substantially insensitive to the presence of outliers and distributional asymmetries. This 

characteristic proves particularly important in our case, where the analysis of empirical distributions 

has highlighted consistent deviations from normality while maintaining a fundamentally symmetric 

structure. 

The decision not to use the peak of the Kernel Density Estimation as the primary estimator 

stems from considerations regarding the method's stability and reproducibility. Although the KDE 

peak provides an accurate estimate of the mode of the empirical distribution, its determination 

depends on smoothing parameters that introduce an element of subjectivity into the analysis. The 

median, in contrast, represents an intrinsically defined and reproducible measure that does not require 
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the specification of additional parameters, thereby ensuring greater comparability across different 

experiments and researchers. 

The substantial equivalence observed between the median values and the KDE peaks across 

the different concentrations confirms the adequacy of the median as an estimator of the distribution's 

central value. This convergence between two methodologically distinct approaches further validates 

the choice of the median, demonstrating that it effectively captures the central tendency of the data 

without the potential instabilities associated with kernel density estimation. Furthermore, the median 

enjoys broader recognition within the scientific community for applications of this type, facilitating 

the interpretation and communication of results in interdisciplinary contexts. 

The use of the median also preserves consistency with robust statistical methods that are 

particularly indicated when working with experimental data affected by multiple sources of 

variability. While KDE provides valuable information about the distributional shape and deviations 

from normality, the median remains the preferable tool for the point estimation of the true value by 

virtue of its stability, reproducibility, and solid theoretical foundation in robust statistical inference. 

Concentration Median [A.U.] 

11.88 ng/mL 46.00 

23.76 ng/mL 91.00 

35.64 ng/mL 137.00 

47.52 ng/mL 180.00 

59.40 ng/mL 222.00 

71.28 ng/mL 264.00 

83.16 ng/mL 308.00 

95.04 ng/mL 348.00 

106.92 ng/mL 392.00 

118.80 ng/mL 438.00 

130.68 ng/mL 480.00 

142.56 ng/mL 526.00 

154.44 ng/mL 567.00 

166.32 ng/mL 611.00 

178.20 ng/mL 655.50 

190.08 ng/mL 697.00 

201.96 ng/mL 742.00 

213.84 ng/mL 784.00 

225.72 ng/mL 828.00 

237.60 ng/mL 871.00 

 
Table 4.6. Median data of fluorescence at 523 nm for every 

concentration.  
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Table 4.6 reports the median values of the fluorescence emitted at 523 nm for each 

concentration. This same analysis was performed for each wavelength. In this thesis, we only show 

how we constructed the calibration curve for one wavelength. However, as seen in the previous data, 

the considerations made for the concentrations and wavelengths shown here are also valid for other 

concentrations and wavelengths. 

As can be observed, excellent reproducibility can be achieved at all concentrations and 

wavelengths. Having confirmed the instrument’s high reproducibility, we proceed to describe the 

machine learning classification algorithm. 

 

5. Description of the Machine Learning Algorithm 

One of the most innovative aspects of this work is the implementation, within the custom software 

of the prototype, of a subroutine capable of identifying the FMN spectrum at any concentration and 

accurately quantifying its concentration, limited to the concentration range considered during 

training. Specifically, two distinct subroutines were developed: one dedicated to identification and 

one to regression. 

The first subroutine represents a sequence of instructions designed to analyze the FMN spectrum, 

allowing it to be distinguished from spectra of other substances present in the sample. The main 

advantage of this procedure is that it does not require training data: it is not a conventional 

classification algorithm but rather a lazy learning algorithm. In other words, if the analyzed spectrum 

satisfies certain characteristic requirements unique to the FMN spectrum, it is possible to identify the 

presence of FMN with certainty. This subroutine constitutes one of the strengths of the prototype; 

however, in accordance with confidentiality agreements, the details of its operation cannot be publicly 

disclosed. 

The second subroutine is based on a true machine learning algorithm and requires the definition 

of a training and test dataset to evaluate performance. In the actual device, a neural network was 

implemented, whose specifications remain confidential. For the purposes of this thesis, as a 

demonstrative example, the XGBoost (eXtreme Gradient Boosting) algorithm was employed. The 

official online documentation for this model is available at this link: 

https://xgboost.readthedocs.io/en/latest/ 

XGBoost is an open-source machine learning library, developed by Tianqi Chen at the University 

of Washington, which utilizes gradient-boosted decision trees. It is a supervised learning algorithm 
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known for its high speed, efficiency, and ability to scale effectively on large datasets. The 

methodology underlying XGBoost involves combining multiple weak learners, represented by 

individual decision trees, into a strong learner by aggregating the residuals from previous models. 

Decision trees are a fundamental tool for classification or regression tasks in machine learning. 

They adopt a hierarchical structure in which each internal node represents a decision function, each 

branch corresponds to a data-splitting rule, and each leaf represents a model outcome. However, 

because decision trees are prone to overfitting, ensemble learning techniques, such as boosting, are 

often employed to obtain more robust models. 

Boosting combines multiple weak learners—models with slightly better performance than 

random guessing—into a strong learner. Each weak learner is sequentially trained to correct the errors 

of previous models, and after numerous iterations, the weak learners are combined into a final strong 

learner. Both random forests and boosting algorithms are ensemble learning techniques that use 

multiple trees to improve predictive performance; random forests are based on bagging (bootstrap 

aggregation), training each tree independently and combining predictions, whereas boosting adopts 

an additive approach, with sequential trees correcting the errors of predecessors. 

Gradient boosting, implemented in XGBoost, begins with a weak learner that makes initial 

predictions (base learner). Subsequently, new trees are added additively, based on the errors of the 

base learner. The algorithm calculates residuals—the difference between predicted and actual 

values—and uses them to update the model through a loss function. In machine learning practice, 

loss functions measure model performance: gradient descent is used to minimize this function, 

thereby improving predictive accuracy. Common examples of loss functions include mean squared 

error or mean absolute error for regression tasks, cross-entropy loss for classification tasks, or custom 

loss functions developed for specific use cases. 

Advanced features of XGBoost compared to standard gradient boosting implementations in 

scikit-learn include: 

• Parallel and distributed computation: XGBoost stores data in blocks that can be distributed 

across multiple machines or stored in external memory (out-of-core processing). It is possible 

to train distributed models on clusters, significantly speeding up computation. 

• Cache-aware prefetching: reduces execution time for large datasets, enabling processing up 

to ten times faster than other frameworks on a single machine. 
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• Built-in regularization: XGBoost includes L1/L2 penalties in the learning objective, 

improving model generalization compared to traditional scikit-learn gradient boosting. 

• Missing value handling: the algorithm recognizes sparsity and automatically learns the 

optimal direction for dealing with missing data. 

Operational Logic of XGBoost 

The operational workflow for using XGBoost consists of several steps: 

1. Data splitting and DMatrix conversion: After preliminary exploratory data analysis, the data 

are divided into training and test sets and converted into the DMatrix format, XGBoost’s 

internal structure optimized for memory efficiency and training speed. 

2. Model creation and evaluation: An XGBoost model instance is created, and the objective 

function is set via the objective hyperparameter (e.g., “multi:softmax” for multiclass 

classification, “binary:logistic” for binary classification). The model is trained on the training 

set and tested on the test set, evaluating performance using metrics such as accuracy, precision, 

recall, or F1-score. The confusion matrix can be used to visualize true positives, true 

negatives, false positives, and false negatives. 

3. Hyperparameter tuning: This involves optimizing the algorithm’s hyperparameters through 

grid search and cross-validation, iterating over different combinations to maximize predictive 

performance. 

The primary hyperparameters used for gradient-boosted trees in XGBoost are: 

• Learning rate (η): Determines the speed at which the model learns from each iteration. Lower 

values slow learning and reduce overfitting risk, whereas higher values accelerate learning 

but may increase overfitting. Default = 0.36. 

• n_estimators: Number of trees to build in the ensemble. Influences model complexity and 

generalization ability. 

• Gamma: Controls the minimum loss reduction required to make a further split on a leaf node. 

Higher values increase model complexity and overfitting risk; lower values favor simplicity. 

Default = 0. 

• Max_depth: Maximum depth of each decision tree. Higher values increase model complexity 

and the risk of overfitting. Default = 6. 
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This configuration allows for a robust and efficient model capable of accurately recognizing the 

FMN spectrum based on the training data while maintaining excellent generalization for previously 

unseen data. 

 

6. Training and implementation of the algorithm 

Once the spectrum is correctly identified as FMN, the next step is to calculate the corresponding 

concentration based on the training dataset. To achieve this, it is first necessary to train the XGBoost 

model. 

Initially, the data are prepared. As previously discussed in paragraph 3, and illustrated in Figures 

3.7 and 3.8, calibration curves can theoretically be generated for each wavelength. Since the prototype 

produces a fluorescence array ranging from 500 to 600 nm with a 1 nm step, a vector of 101 

wavelengths is obtained. Considering a range of 20 concentrations, it is therefore possible to generate 

a 101×20 matrix. An example of such a training matrix is shown in Table 6.1. 

 

 

This matrix, together with the corresponding concentration vector, is directly passed to the 

XGBoost function. In Python, the training procedure is implemented as follows: 

xgboost = xgb.XGBRegressor(n_estimators=100, random_state=42) 

xgboost.fit(X, y) 

Table 6.1. Training data matrix. 
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Here, X represents the matrix shown in Table 6.1 without the concentration label, while y is the 

vector of corresponding concentrations. The hyperparameters were kept at their default values, as the 

model performance was already satisfactory without additional tuning. 

To evaluate the reliability of the training, new fluorescence data at known concentrations—never 

encountered by the model during training—were provided as a test set. Fluorescence signals recorded 

in the range from 11.88 ng mL⁻¹ to 237.6 ng mL⁻¹ were used as the test set with the following Python 

command: 

predictions_xgboost = xgboost.predict(X_test) 

where X_test represents the fluorescence vector for which the corresponding concentration is to 

be estimated. Since the actual concentration is known to the experimenters but unknown to the model, 

a close match between the predicted and actual concentration indicates that the model is correctly 

trained and reliable. 

Figure 6.1 schematically illustrates the program logic, showing the workflow from spectrum 

acquisition to concentration estimation using XGBoost. 

Figure 6.1. Working principle of the regression program. 
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The ultimate goal of this work is to develop a system capable of autonomously calculating and 

verifying FMN concentration with high precision. Once the concentration is determined, it is essential 

to have a tool that allows the algorithm to assess whether the calculated value accurately represents 

the true concentration. For this purpose, calibration curves are employed. As previously discussed, it 

is possible to generate 101 calibration curves, one for each wavelength. The general formula for 

calculating the calibration curve is: 

 

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 (𝐴. 𝑈. )(𝑎𝑡 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝜆)

= 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑛𝑔

𝑚𝐿
) ∙ 𝑠𝑙𝑜𝑝𝑒(𝑎𝑡 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝜆) + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡(𝑎𝑡 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝜆 (6.1)

 

 

By performing a linear regression of the equation above for each wavelength, the slope and 

intercept values are obtained for each curve. Knowing these parameters and having computed the 

concentration using the XGBoost model, it is possible to generate the expected fluorescence values 

at each wavelength, thus obtaining a synthetic FMN spectrum. 

This synthetic spectrum can then be compared with the experimentally measured spectrum. The 

greater the similarity between the two spectra, the higher the likelihood that the calculated 

concentration is correct. To quantify the degree of similarity between the two spectra, five 

complementary statistical metrics were employed: 

1. Coefficient of determination (R²) – measures the proportion of variance explained between 

the predicted and actual spectrum. 

2. Root Mean Square Error (RMSE) – provides an estimate of the mean absolute deviation, 

penalizing larger errors more heavily. 

3. Pearson’s correlation coefficient (r) – assesses the linear relationship between the two curves, 

indicating how closely the data follow a common trend. 

4. Kolmogorov-Smirnov (KS) test – compares the cumulative distributions to identify 

statistically significant differences between the curves. 

5. Mean Absolute Percent Error (MAPE) – quantifies the relative error with respect to the true 

spectral intensity, making the analysis comparable across different scales. 

Additionally, the Spectral Angle Mapper (SAM) was used, a statistical metric that compares the 

shape similarity between two spectra interpreted as vectors in a multidimensional space (where each 
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dimension corresponds to a wavelength). Unlike metrics such as MSE or R², which evaluate absolute 

differences or linear correlations, SAM measures the angle between the vectors, providing an 

indication of the overall spectral shape similarity. Based on these metrics, it is possible to determine 

whether the concentration calculated by the trained XGBoost model is reliable. In Figure 6.2, both 

the actual FMN spectra at different concentrations and the synthetic FMN spectra generated from the 

Table 6.2. Statistical analysis of machine learning model performance. 

Figure 6.2. Machine learning model training performance. 

Sample 0 

Sample 1 

Sample 2 

Sample 3 
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calibration curves are shown. In Table 6.2, the results of the statistical analysis comparing the spectra 

are reported. 

The XGBoost model was tested using fluorescence records corresponding to the same 

concentrations as those in the training set, but obtained from experimental campaigns that were not 

included in the model training. The differences between the actual and predicted concentrations were 

found to be negligible, all below 0.07 ng mL–1, confirming the high precision of the model. The R2 

values consistently exceeded 0.97, indicating that the variability of the real spectra is almost entirely 

explained by the predicted spectra. RMSE values, ranging from 1.27 to 2.15, reflect minimal absolute 

errors in the spectral signal. The Pearson correlation coefficient exceeded 0.98 in all cases, with 

extremely low ppp-values, highlighting a highly significant correspondence between the real and 

simulated spectra. The Kolmogorov–Smirnov test yielded high ppp-values (above 0.7) and D 

statistics below 0.1, supporting the conclusion that any differences between the distributions are 

random rather than systematic. The MAPE remained below 4% in all cases, indicating a very low 

mean percentage error, consistent with high-quality experimental measurements. Finally, the spectral 

similarity analysis based on SAM further confirmed the excellent agreement between the real and 

predicted spectra. 

 

 

Figure 6.3. Performance testing with concentrations different from 

those used in training. 

Sample 0 

Sample 1 

Sample 2 

Sample 3 
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In conclusion, when test data similar to the training set are provided, the model yields fully 

satisfactory results. However, this represents only a validation and is not sufficient to fully assess 

robustness. Additional solutions were prepared with concentrations intermediate or distant from those 

in the training set to further evaluate the model’s robustness. The corresponding results are presented 

in Figure 6.3 and Table 6.3. 

Figure 6.3 shows that the algorithm provides reliable estimates of concentration even for values 

not used during training, as demonstrated by the strong similarity between the predicted and measured 

spectra. 

 

In the first series, the predicted concentrations were remarkably accurate, with absolute errors 

consistently below 0.07 ng∙mL⁻¹ and MAPE values below 4%. Spectral agreement was excellent, as 

confirmed by R2 values consistently above 0.97, RMSE values between 1.27 and 2.15, and Pearson 

correlation coefficients exceeding 0.98 with highly significant p-values. The KS tests indicated no 

significant differences (p > 0.7), and the spectral angle measurements confirmed nearly identical 

spectral shapes. 

Table 6.3. Metric performance between actual and simulated spectra based on 

calculated concentration. 

 

Metric 
41.58 

ng∙mL-1 

58.08 

ng∙mL-1 

55.44 

ng∙mL-1 

27.72 

ng∙mL-1 

Interpretation 

R² 0.91 0.98 0.96 0.87 Satisfactory 

explanation of 

variance R²>0.87. 

RMSE 8.49 4.62 6.81 6.80 Higher RMSE but still 

acceptable. 

Pearson 0.97 0.99 0.98 0.97 Good correlation (r > 

0.97 in all cases 

(p≈0)). 

KS p-

value 

0.0065 0.708 0.055 0.00238 Significant differences 

at 27.72/41.58 ng mL-1 

(p < 0.05). 

MAPE 5.86% 2.30% 3.88% 7.46% Relative error <8% 

(acceptable for clinical 
applications). 

SAM 3.86° 1.53° 2.53° 4.41° Acceptable spectral 

shape (SAM <5°) 
Δ Conc 0.94 0.41 3.03 0.35 Within the acceptable 

margin of error for 

clinical applications 
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The second validation series, while still showing good overall agreement, presented slightly 

higher errors in some cases. For two of the four tested concentrations (41.58 and 27.72 ng∙mL⁻¹), the 

absolute concentration errors reached 0.94 and 0.35 ng∙mL⁻¹, respectively, with RMSE values above 

6.8 and lower R2 values (0.9136 and 0.8767), indicating a less accurate fit. KS tests for these two 

cases also indicated statistically significant differences between the predicted and actual spectra (p < 

0.01), and the MAPE increased to 5.86% and 7.46%. Nevertheless, for the other two cases (58.08 and 

55.44 ng∙mL⁻¹), performance metrics remained very good, with R2>0.96, low RMSE, and spectral 

angle errors below 3°. 

The slightly lower performance observed in the second dataset can be attributed to the fact that 

the XGBoost regression model was trained on fluorescence signal intervals corresponding to 

concentrations of 11.88 ng mL⁻¹. In contrast, the intermediate concentrations used in the second series 

fell within the ranges 23.76–35.64 ng∙mL⁻¹ and 47.52–59.4 ng∙mL⁻¹. As expected, the further a test 

sample is from the training points, the greater the uncertainty in the regression. Therefore, reducing 

the calibration step size, for example from 11.88 to 5.95 ng∙mL⁻¹, would likely improve prediction 

accuracy. 

Although performance in this second group appears slightly lower, from a clinical perspective the 

absolute FMN value is less critical than the overall trend. Practically, clinicians are primarily 

interested in the initial slope (i.e., the first derivative) of the FMN concentration curve over time and, 

in some cases, in the final concentration after a defined perfusion period. Consequently, even a margin 

of error of up to ±10 ng∙mL⁻¹ is considered acceptable. It is important to note that the observed errors 

remain well below this threshold. 

Overall, both validation series confirm the robustness of the system, demonstrating high 

predictive accuracy and good spectral agreement. The first dataset exhibited near-perfect agreement, 

while the second revealed some sensitivity to specific concentrations, but still within acceptable limits 

for experimental use. 

In the following chapter, the application of the instrument under hypothermic perfusion conditions 

of animal and human organs will be investigated. 
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7. Choice of the calibration line criterion: single-wavelength fluorescence 

or spectral integral? 

In the literature, some studies [8, 9] report calibration lines defined on the basis of the area under 

the entire spectrum at a given concentration. This approach represents a legitimate alternative to the 

method described in this chapter. However, the author argues that it may present significant 

limitations, particularly in the presence of potential interferents in the perfusion medium. 

Figure 7.1a shows the spectrum of FMN with its corresponding area at a defined concentration, 

whereas Figure 7.1b illustrates the spectrum of a mixture containing FMN and an unknown 

interferent.  

 

 

In both cases, the total area under the curve is the same (10409.15 A.U.). Assuming a calibration 

line of the form: 

 

𝐴𝑟𝑒𝑎𝑢𝑛𝑑𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ∙ 𝑠𝑙𝑜𝑝𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 (7.1) 

 

The instrument would yield the same estimated concentration in both cases. However, in the 

spectrum of Figure 7.1b, the total area results from the sum of the FMN and the interferent 

contributions. Consequently, the actual FMN concentration is inevitably overestimated. 

Figure 7. Comparison of two FMN spectra with and without interferent. (a) pure FMN spectrum. (b) FMN + 

interferent. 

Area under curve: 10409.15 A.U. Area under curve: 10409.15 A.U. 
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This example highlights that the area-based calibration approach is reliable only under the strict 

assumption of an interference-free medium. In real experimental conditions, where this assumption 

is rarely guaranteed, it is preferable to adopt more robust methods, such as the machine learning 

approaches described in this chapter, which allow spectral contributions to be discriminated and the 

concentration to be estimated with greater accuracy. 

 

8. Chapter summary 

For clarity, Figure 8.1 summarizes the logical workflow followed throughout this study. 

The work was organized into the following main phases: 

1. Instrument calibration. 

Samples were prepared with concentrations ranging from 11.88 to 237.6 ng/mL. For each 

concentration, the fluorescence spectrum was acquired and used to construct the calibration 

curve. The entire procedure was repeated 14 times, resulting in 14 independent calibration 

curves. 

2. Reproducibility assessment. 

The instrument’s ability to provide consistent measurements under identical experimental 

conditions was evaluated. The results demonstrated excellent reproducibility within the same 

experimental campaign. However, when comparing data collected on different days, a higher 

variability was observed, mainly due to the difficulty of reproducing exactly the same 

concentrations — that is, the operator-related error. 

3. Recognition algorithm implementation. 

Once the calibration curve was obtained, a recognition algorithm was developed to analyze 

the spectrum and provide a binary output: 

• 0: the spectrum does not correspond to FMN 

• 1: the spectrum corresponds to FMN. 

This algorithm is based on a logical sequence of conditional checks rather than a full machine 

learning classification model. 
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When the conditions characteristic of FMN spectra are met, the concentration estimation is 

performed using a regression algorithm such as XGBoost (although other regression methods 

could also be applied). 

4. Model verification. 

Using the calibration curves, the theoretical fluorescence signal is recalculated and compared 

with the experimental spectrum. The overlap between the two spectra confirms the reliability 

of the estimated concentration. 

This method can also be used to identify possible interferences in the FMN spectrum, as 

illustrated in Figure 7. However, if a reliable recognition algorithm is already in place, this 

additional analysis may not be necessary. 

 

 

 

Median values 

Reproducibility investigated for each 

wavelength and each concentration 
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"Aut inveniam viam aut faciam" 

Attributed to Hannibal (247 – between 183 and 181 BC) 

 

 

Chapter V 

Preclinical and Clinical Validation of the Prototype for FMN 

Monitoring 

1. Introduction 

In the previous chapter, we described in detail the functioning of the device and assessed its 

performance, demonstrating its ability to autonomously analyze spectra and calculate concentration 

based on the detected signal. In this chapter, we present the results obtained from the use of the device 

during organ perfusion, focusing in particular on the analysis of FMN concentration trends. Further 

examination of the device’s reliability will not be necessary, as this has already been addressed in the 

preceding chapter. 

Although two examples of online real-time FMN monitoring have been reported in the literature 

[1, 2], this work introduces for the first time the use of a device capable of measuring FMN 

concentration in real time through an integrated program that autonomously recognizes its 

concentration. 

The chapter is structured as follows: in the first section, we present the results related to kidney 

perfusion. We will provide a general commentary on the FMN signals obtained from human organs 

(liver, heart, lung, intestine, and pancreas), both through the method introduced by Sun et al. [3] and 

by means of the prototype. As part of the PhD program, a research period was carried out at the 

Cleveland Clinic, where studies were conducted on human organs provided by the institution. This 

research involved both the use of the prototype for real-time FMN detection and the analysis of 

samples collected using the method introduced by Sun et al. [3]. Unfortunately, formal authorization 

for the disclosure of the collected or analyzed data has not been granted; therefore, results will only 

be discussed qualitatively, without reporting specific details. In addition, we contributed as co-authors 

to the development of a novel predictive model that integrates traditional risk factors with viability 
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markers [4]. This work has been published in the form of an abstract in a peer-reviewed journal, while 

the extended manuscript is currently in preparation. Consequently, no information on its validation 

will be disclosed, and the discussion will be limited to the modeling aspects. 

 

2. Porcine kidney perfusion  

As a first preclinical test, the device was evaluated during the perfusion of porcine kidneys. This 

experiment was designed to assess the device’s ability to detect FMN under conditions of 

hypothermic organ perfusion. The choice of porcine kidneys was motivated by practical 

considerations: they can be readily obtained at low cost from slaughterhouses, as they are not regarded 

as commercially valuable cuts of meat, and their removal from the carcass does not present significant 

technical challenges. Furthermore, several studies [6 – 8] are available in the literature to compare 

our results. 

 

2.1. Organs procurement 

The animals were slaughtered in compliance with current Italian and European regulations on 

animal welfare, ethics, and food safety. The kidneys were obtained from pigs raised for meat 

consumption and commercial distribution, and were therefore considered suitable from a hygienic 

and sanitary perspective. The organs were retrieved approximately 30 minutes after death and 

preserved in a storage solution at 4 °C, kept on ice. The total ischemia time, including transport and 

cannulation, was approximately 2–3 hours. In total, three porcine kidneys were tested. 

 

2.2. Preparation of the kidneys 

Cannulation was performed at the level of the renal artery using an appropriately sized catheter. 

Prior to the start of perfusion, a physiological saline solution was injected through the catheter with 

a syringe in order to flush out any residual blood. Figure 2.2.1 shows a representative image of a 

cannulated kidney. 
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One liter of 0.9% NaCl saline solution was injected with the dual purpose of removing potential 

ischemic by-products from the tissues and, most importantly, flushing out residual traces of blood 

which, if present at high concentrations, may cause scattering and interfere with signal quality. 

 

2.3. Setup of the Hypothermic Machine Perfusion 

Perfusion setup (Figure 2.3.1) was performed using a complete apparatus consisting of a 

peristaltic pump, employed to circulate one liter of Belzer perfusion solution (Bridge-to-Life®), an 

oxygenator, a cannula circuit derived from a perfusion system, a blood filter, two bubble-trap 

chambers, two temperature and oxygen sensors positioned before and after the oxygenator, an 

insulated tank, and several ice packs to maintain the perfusion solution at the desired temperature. 

Figure 2.2.1. Cannulation of a kidney through the renal artery. 
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The perfusion flow rate was set at 60 mL/min to avoid excessive pressure on the arterial 

cannulation. Temperature and oxygenation were monitored using a Delta Ohm HD2109 (accuracy 

±0.1 °C). Overall, hypothermic perfusion at 4–5 °C lasted 3.3 hours for the first two kidneys and 5.5 

hours for the third kidney. 

 

2.4. FMN levels detected in HOPE 

As mentioned in previous Chapter, the prototype can generate a CSV file containing fluorescence 

data recorded during the perfusion. We decided to set the save time every 5 seconds. The software 

generated a CSV file containing an array of 101 elements representing fluorescence intensity between 

500 nm – 600 nm, with a step of 1 nm. At the end of the perfusion, the file was analyzed to extract 

the vector of concentrations calculated throughout the process. During the perfusion, no interfering 

signals by other chemical species were observed, confirming that the excitation wavelength of 450 

nm is optimal: none of the substances present in the system showed significant absorption at this 

Figure 2.3.1. Perfusion setup for the kidneys: (a) perfusion machine (Bridge-to-Life®), (b) 

oxygenator, (c) bubble-trap chambers, (d) oxygen and temperature sensors, (e) tank containing 

the perfusate, (f) kidney. 
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wavelength. Moreover, FMN did not induce secondary fluorescence in other molecules potentially 

dissolved in the perfusion fluid. However, it is important to specify that during hypothermic 

perfusion, intended as a method for organ preservation while awaiting transplantation, it is generally 

not necessary to add substances to the perfusion solution; therefore, no interferents are present. If, for 

clinical reasons, an interferent were to be introduced into the perfusate, its presence could potentially 

interfere with the fluorescence signal depending on its absorption/emission spectrum and the 

excitation wavelength. However, in the context of this study, this situation does not occur. 

Figure 2.4.1 shows the FMN concentration trend estimated by the algorithm during the perfusion. 

 

 

 

a b c 

d e f 

Figure 2.4.1. FMN concentration trend released by the kidneys. (a–c) Time-course concentration profiles for kidney 1, kidney 2, and 

kidney 3, respectively, with noise from external interferences removed. The approximate average release rate is shown, calculated 

between the beginning and end of perfusion. (d–f) Same trends for kidney 1, kidney 2, and kidney 3, highlighting the initial release 

phase. Kidney 3 is the only one that has been perfused for more than 3 hours. However, we calculated the growth rate up to 4 hours 

because from the clinical point of view, 4 hours of hypothermic perfusion is sufficient to have evaluate the quality of the organ. 
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In all three cases analyzed, a nonlinear increase in concentration with an initial delay was observed. 

This behavior is plausible, as the release of FMN from mitochondria damaged by ischemia-

reperfusion injury is likely a capacitive process involving complex physiological mechanisms. 

Additionally, the three trends differ from one another, which is expected since each organ originated 

from a donor with a unique clinical history. Nevertheless, the concentration ranges reached are similar 

across the three cases. 

The delay in signal onset is primarily determined by the time required for the perfusion fluid to 

fully oxygenate and permeate the organ tissues. Given that this is a hypothermic perfusion, time is 

needed for the fluid to dilate blood vessels constricted by the cold. On average, the first signal 

appeared after approximately 30–40 minutes. This delay may itself serve as an additional indicator 

of ischemic damage. 

A particularly relevant aspect is the presence of transient drops in concentration. These fluctuations 

are attributed to the spatiotemporal distribution of FMN within the perfusion fluid. It should be noted 

that the organ was immersed in the same perfusion fluid used for circulation. External 

manipulations—such as massaging the organ to promote perfusion—caused volume variations that 

in turn led to changes in the measured concentration. These interferences introduce noise into the 

system and should be minimized as much as possible. 

In Figure. 2.4.1d, 2.4.1d and 2.4.1f the effects of external interferences were removed to better 

analyze the release dynamics. In Figure 2.4.1d and 2.4.1e, an initial rapid increase in concentration 

followed by a gradual reduction in growth rate tending toward a plateau can be observed. Although 

perfusion was not prolonged enough to clearly reach this plateau, we anticipate that it would 

eventually occur. Conversely, Figure 2.4.1c shows an almost linear trend. 

Table 2.4.1 presents the average slope, and final concentration value. These parameters—

particularly the average slope (average growth rate) and the final concentration—could potentially 

serve as useful predictors of post-transplant outcomes in future clinical applications. The average 

slope is a quantity representing the average rate of concentration increase over a given time interval 

and indicates how much the concentration increases (or decreases) on average per unit of time. It’s 

calculated according to the following formula: 

𝑠𝑙𝑜𝑝𝑒 =
𝑐(𝑡1) − 𝑐(𝑡0)

𝑡1 − 𝑡0

(2.4.1) 

It is particularly useful for comparing the initial release dynamics across different samples or 

organs, estimating the release speed of a substance under controlled conditions, and potentially 
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serving as a predictive parameter in clinical models—such as in transplantation—if found to correlate 

with specific clinical outcomes. 

It is important to note that this is a rough estimate, valid only when the concentration trend is 

sufficiently linear between the two points considered. In our case, for example, Figure 2.4.1f shows 

an almost linear trend, which justifies the use of this approximation. However, in cases where the 

trend is highly nonlinear, the average derivative may not adequately reflect the actual release 

dynamics. In such situations, it is preferable to compute the instantaneous derivative, i.e., the 

derivative of the interpolating function or model at a specific time point. For this reason, in the 

following paragraph, we introduce a simplified model aimed at more accurately describing the 

observed trend. 

 

 

As previously discussed, each kidney originates from a different donor, and thus carries its own 

biological and clinical history. Although all samples share the same initial baseline concentration, the 

final concentration values vary considerably. Additionally, both the trajectory and the rate at which 

these final values are reached differ across samples. The average slope—representing the mean 

release rate—and the final concentration may serve as clinically relevant parameters, potentially 

providing predictive value for post-transplant outcomes. 

 

Although other techniques have been developed to detect FMN from tissues and cells [5], 

detection of the two coenzymes from liquid perfusate samples by fluorescence or absorption remains 

the simplest and most widely used technique in clinical practice [3], [6 – 8]. The concentrations we 

detected are consistent with those reported by other authors [6] (15–90 ng mL–1), although they are 

lower than those found in other studies, which report values around 100-500 ng mL–1 [7, 8]. 

Prior to our work, the only reported real-time measurement approach was carried out by the group 

in Zurich [1]. However, their method was limited to monitoring the FMN fluorescence signal without 

 

 Average Growth 

Rate 

Initial value of 

concentration 

Final value of 

concentration 

Δ Conc. 

Kidney 1 17.53 ng (mL h)-1 6.99 ng mL-1 50.48 ng mL-1 43.49 ng mL-1 

Kidney 2 36.24 ng (mL h)-1 6.04 ng mL-1 89.31 ng mL-1 83.27 ng mL-1 

Kidney 3 13.05 ng (mL h)-1 6.27 ng mL-1 78.52 ng mL-1 72.25 ng mL-1 

Table 2.4.1. Parameter values characterizing the trend with possible 

clinical application. 
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providing a real-time estimation of its concentration. Moreover, they did not address the optimization 

of the excitation wavelength and relied solely on constructing a calibration curve based on the area 

under the fluorescence spectrum. This method poses a significant risk in the presence of interfering 

substances that also absorb light at 450 nm and emit in the yellow spectral region. In such cases, it 

becomes challenging to distinguish FMN from the interfering compound, introducing substantial 

uncertainty into the measurement. 

Our setup not only enables real-time quantification of FMN but also introduces an engineering-

based perspective to the problem. This includes modeling the release mechanisms using advanced 

mathematical tools. Table 2.4.2 presents a comparison between our approach and previous studies 

reported in the literature. 

 

 

An important advantage of real-time calculation of FMN concentration is the ability to predict the 

outcome of the operation even before transplantation [2]. In fact, knowing parameters such as 

ischemia time, admission to intensive care, the presence of cholangitis or thrombosis, and the age and 

weight of the donor and recipient, it is possible to predict the outcome of the transplant [4]. Not only 

can the concentration itself be predictive, but the rate at which FMN increases or decreases can also 

be considered an important parameter for predicting the outcome of the transplant. 

 

 

 Type of study Calibration 

curve 

Real-time 

measurement 

LOD and LOQ Real time 

calculatio

n 

Capability to 

distinguish 

interference 

[1] Clinical Reported Yes Yes No Not discussed 

[2] Clinical Not reported Yes No  No Not discussed 

[3] Clinical Reported No No  No Not discussed 

[6] Clinical Reported No Yes No Not discussed 

[7] Clinical Reported No Yes No Not discussed 

[8] Clinical Not reported No No No Not discussed 

[9] Pre-clinical Reported No Yes No Discussed 

[10] Clinical Not reported No No No Not discussed 

[11] Clinical Not reported No No No Not discussed 

[12] Clinical Not reported No No No Not discussed 

Our Study Pre-clinical Reported Yes Yes, but not 

disclosable 

Yes Yes 

Table 2.4.2. Comparison between key points of different studies in FMN 

real time detection 
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3. Release of FMN in Human Organs 

During the PhD program, we conducted a research period at the Cleveland Clinic in Cleveland, 

Ohio (USA). In this context, we tested the prototype on perfusion fluids used for the preservation of 

human organs not suitable for transplantation and analyzed data related to FMN and NADH obtained 

from perfusate samples. Furthermore, we had access to and analyzed samples collected from 

transplanted organs, particularly livers. 

However, we did not obtain the authorization required for the dissemination of experimental data. 

For this reason, the clinical and preclinical data on which we worked are not reported in this thesis. 

Nevertheless, some general considerations can be provided. The organs studied included liver, small 

intestine (jejunum and ileum), pancreas, lungs, and heart subjected to hypothermic perfusion, while 

livers were also investigated under normothermic perfusion conditions. 

Consistent with our previous findings on kidneys, the FMN signal observed in human organs 

displayed a noisy profile, influenced by external factors such as fluid mixing, tissue sampling, residual 

blood, and other experimental variables. Importantly, each organ exhibited a specific and unique FMN 

release pattern. It is therefore extremely challenging, if not impossible, to propose a universal 

mathematical model that could a priori describe FMN dynamics in all organs. 

Each organ originated from a donor with a unique clinical and personal history, including 

metabolism, stress exposure, environmental conditions, and genetic background. Our analyses 

revealed no clear correlation between FMN dynamics and macroscopic variables such as age, sex, 

body weight, presence or absence of comorbidities, cause of death, or ischemia time. Since FMN is 

localized in the mitochondria, its release appears to result from complex processes potentially linked 

to non-quantifiable factors such as lifestyle, stress, and mitochondrial activity, rather than to simple 

measurable parameters. 

In fact, every organ analyzed displayed a distinctive FMN profile, which could not be grouped or 

clustered according to conventional clinical parameters. Based on these observations, one may 

cautiously hypothesize—subject strictly to clinical validation—that FMN release is more strongly 

related to mitochondrial metabolism and activity, as well as to the specific mechanisms through which 

ischemia-reperfusion injury affects the mitochondria. 

This hypothesis, presented here solely for exploratory purposes, must not under any 

circumstances be interpreted as a medical conclusion. The comprehensive explanation of FMN 

release mechanisms lies beyond the scope of this thesis and remains the responsibility of medical 

experts in the field. 
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4. Modelling FMN Release 

4.1. Theoretical Framework 

To outline a theoretical framework for a possible model of FMN release into the perfusion fluid, 

we will provide a simplified description of the release process. 

Flavin mononucleotide (FMN) is a cofactor located in Complex I of the mitochondrial respiratory 

chain and plays a key role in cellular respiration. When an organ is explanted and preserved while 

awaiting transplantation, it undergoes a period of ischemia, a condition characterized by oxygen 

deprivation and the consequent production of free radicals. This leads progressively to cellular 

dysfunction and, in severe cases, to cell death. 

During subsequent machine perfusion, the so-called ischemia-reperfusion injury (IRI) occurs. 

Abundant reoxygenation promotes the formation of reactive oxygen species (ROS), which damage 

cellular structures, including mitochondria and Complex I. In this context, FMN dissociates from 

Complex I, crosses the mitochondrial and cellular membranes, dissolves in the intracellular 

compartment, and finally enters the perfusion fluid, where it can be detected through fluorescence. 

Over the course of perfusion, which may last up to 24 hours, FMN concentration reflects the dynamics 

of cellular injury: it increases in the early phases and then stabilizes as cells progressively recover 

their function. The ultimate fate of the released FMN remains uncertain: some studies suggest partial 

reuptake, while others exclude it. 

The process can be schematized in the following main phases: 

1. Ischemia: oxygen deprivation and free radical formation. 

2. Reperfusion: ROS production through the reaction of oxygen with free radicals. 

3. Cellular damage: degradation of cellular structures and Complex I. 

4. FMN dissociation: release of the cofactor from Complex I. 

5. Transfer into the perfusion medium: FMN diffusion and convection across damaged 

membranes. 

6. Detection: FMN dissolved in the medium is measurable through fluorescence. 

7. Stabilization: as cells recover, FMN release ceases. 
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From a conceptual standpoint, FMN release can be interpreted as the interaction of two 

fundamental dynamics: 

• a dissociation reaction, in which the cofactor separates from Complex I; 

• a transport process, involving diffusion and forced convection across membranes and fluids. 

The following treatment does not aim to provide an exhaustive description of the biological 

complexity of FMN release but instead proposes a simplified theoretical framework designed to: 

• break down the process into elementary mechanisms, 

• provide an initial conceptual approximation, 

• offer interpretative tools useful to open new research perspectives. 

To address this problem, two distinct approaches can be employed. The first is a deterministic 

approach, based on the use of material balance equations, formulated at either a macroscopic or 

microscopic level, with the aim of quantitatively describing the mechanisms of the phenomenon. The 

second is a “black box” approach, in which the intrinsic nature of the process is not investigated, 

focusing instead on establishing direct correlations between inputs and outputs. 

To this end, we adopt a model borrowed from chemical engineering: the batch reactor with 

first-order kinetics. Despite its limitations, this approach enables the analysis of a complex biological 

phenomenon through well-established interpretative tools from other disciplines. 

 

4.2 Macroscopic modeling 

Let us consider a useful simplification to describe the system. We define the entire circulating 

volume of perfusion fluid—including that which flows through the organ as well as that contained in 

the cannulas and the reservoir—as our control volume. In this formulation, the system does not 

exchange matter with the external environment: there are no fluid inflows or outflows, no tissue 

sampling, and we neglect any potential perfusate withdrawals. This assumption is consistent with 

clinical practice. 

Within this framework, the only exchange of matter occurs with the organ. The organ can 

therefore be regarded as a black box, that is, as a process unit which, over time, either releases or 

consumes a given substance—in this case FMN. We further assume that the perfusion fluid is 

perfectly mixed. Although this condition is not strictly satisfied in practice, as demonstrated by 
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experimental evidence, it is adopted here as a simplifying assumption. Under these assumptions, the 

system can be assimilated to the behavior of a batch reactor. 

Let’s consider a generic schematic of machine perfusion depicted in Figure 4.2.1. 

 

 

Definition of Batch reactor 

A batch reactor, Figure 4.2.2, can be defined as a closed system in which a chemical reaction 

takes place under controlled conditions. The key characteristic of this type of reactor is that, once the 

process begins, no mass enters or leaves the system: the reactants and products remain confined 

within the reactor volume throughout the entire duration of the reaction. 

Figure 4.2.1. General schematic of machine perfusion, from [13]. This figure is 

reprinted with the Creative Commons Attribution License (CC BY) 

 

A 

Figure 4.2.2. General schematic of batch reactor. 
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A simple example is a system containing a single reactant, denoted as 𝑨. Under suitable 

conditions (e.g., appropriate temperature or catalytic environment), 𝑨 undergoes a transformation into 

a product, 𝑩, according to the stoichiometric scheme: 

𝑨 →  𝑩 

This representation, known as the stoichiometric equation, provides a formal description of 

the transformation by defining the relationship between reactants and products. In this specific case, 

one mole of 𝑨 yields one mole of 𝑩. 

The evolution of the reaction is governed by the rate law, which relates the speed of the 

transformation to the concentration of the reactant(s). In the simplest case, the reaction follows a first-

order rate law, where the reaction rate is directly proportional to the concentration of 𝑨: 

𝑟 = 𝑘𝑐𝐴 (1) 

Here, 𝑟 represents the rate of the reaction, 𝒄𝑨 is the concentration of reactant 𝑨, and 𝒌 is the 

kinetic constant. By convention, the rate of disappearance of 𝑨 and the rate of appearance of 𝑩 are 

expressed as: 

The reaction rate of species A is related to the reaction-rate law 𝑟 through the stoichiometric 

coefficient of species A: 

𝑟𝐴 = 𝜈𝐴𝑟 (2) 

Similarly, the reaction rate of species B is linked to the overall reaction rate 𝑟 through the 

stoichiometric coefficient of species B: 

𝑟𝐵 = 𝜈𝐵𝑟 (3) 

Here, 𝝂𝑨 and 𝝂𝑩 are the stoichiometric coefficients defined by the stoichiometric law. In this 

specific case, they are 𝜈𝐴=−1 and 𝜈𝐵=+1, as we are describing a scenario where each mole of A 

generates one mole of B. So, 

𝑟𝐴 = − 𝑘𝑐𝐴 (4) 

𝑟𝐵 = 𝑘𝑐𝐴 (5) 

At this point in the discussion, it is necessary to consider the concept of a mass balance, 

Figure 4.2.3. This principle is grounded in the law of conservation of matter: mass cannot be created 

or destroyed, only transformed or redistributed. A mass balance thus provides a rigorous framework 

to account for the fate of a substance within a defined system. 
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In the illustrative case of a closed water bottle, no material enters or leaves the system. 

Consequently, the only factor influencing the temporal variation of substance A is the chemical 

reaction occurring inside the bottle. Put differently, the system is isolated with respect to mass 

exchange, and the observed changes in 𝑨 arise exclusively from its chemical transformation. Under 

these assumptions, the general mass balance equation can be simplified accordingly: 

𝑑𝑛𝐴

𝑑𝑡
= 𝑅𝐴 (6) 

where 𝒏𝑨 represents the amount of substance A (expressed in moles) and 𝑅𝐴 denotes the rate 

of production or consumption due to the reaction. 

This equation highlights that the variation in the amount of 𝑨 is solely attributable to its 

consumption (or generation) via the chemical reaction, while all other contributions (inflows and 

outflows) remain absent. 

To quantify this variation, it is necessary introduce a fundamental mathematical tool: the 

derivative. The derivative expresses the instantaneous rate of change of a quantity with respect to 

time (or space). In this context, it captures the velocity at which 𝑨 is consumed and B is produced as 

the reaction progresses. An intuitive analogy is the speedometer of a car, which indicates how fast the 

vehicle is moving at a given instant. Similarly, the derivative of 𝒏𝑨 with respect to time provides the 

rate at which substance 𝑨 is being transformed. 

Thus, the mass balance—coupled with the concept of the derivative—offers a concise yet 

powerful description of the reaction dynamics within the system. 

The change in the amount 

of substance A inside the 

bottle over time 

The amount of 

substance A entering 

the bottle from the 

outside 

The amount of 

substance A leaving 

the bottle 

The appearance/disappearance of 

substance A inside the bottle 
= - + 

The change in the amount 

of substance A inside the 

bottle over time 

The appearance/disappearance of 

substance A inside the bottle 

= 

= + + 

= 

Figure 4.2.3. General concept of the material balance. 
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Since the number of moles of 𝑨 is equal to 𝒏𝑨 =  𝒄𝑨𝑽 and considering that the volume is constant 

over time during the perfusion, we have: 

𝑉
𝑑𝑐𝐴

𝑑𝑡
= 𝑅𝐴 →

𝑑𝑐𝐴

𝑑𝑡
=

𝑅𝐴

𝑉
= 𝑟𝐴 (7) 

When the rate term 𝑟𝐴 is already expressed per unit volume (as is common in chemical 

kinetics), the balance reduces to the compact form: 

𝑑𝑐𝐴

𝑑𝑡
= 𝑟𝐴 (8) 

This equation tells that the rate of change of the concentration of A (
𝑑𝑐𝐴

𝑑𝑡
) is equal to the reaction 

rate for A (𝑟𝐴). 

Since it is known that 𝑟𝐴 is directly proportional to the concentration of A, we can write: 

𝑑𝑐𝐴

𝑑𝑡
= −𝑘𝑐𝐴                       𝑡 = 0  𝑐𝐴 = 𝑐𝐴

0 (9) 

Here, 𝒌 denotes the kinetic constant, while the negative sign indicates that the concentration 

of species 𝑨 decreases over time as a consequence of the reaction. In other words, this equation 

formalizes the progressive consumption of 𝑨 as it is transformed into 𝑩. A useful analogy is that of 

an hourglass: the quantity of sand in the upper chamber (species 𝑨) continuously diminishes as it 

flows downward, symbolizing its conversion into another form. 

It is possible to say the same thing for substance B: 

𝑑𝑐𝐵

𝑑𝑡
= 𝑘𝑐𝐴 (10) 

Since the reaction 𝑨 → 𝑩 involves a direct stoichiometric conversion, we can write the 

conservation of mass as: 

𝑐𝐴 + 𝑐𝐵 = 𝑐𝐴
0 (11) 

where 𝒄𝑨
𝟎  is the initial concentration of A in the reactor. 

From this relationship, we can express 𝑐𝐴 as a function of 𝑐𝐵: 

𝑐𝐴 = 𝑐𝐴
0 − 𝑐𝐵 (12) 

Substituting this into the equation, we get 
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𝑑𝑐𝐵

𝑑𝑡
= 𝑘(𝑐𝐴

0 − 𝑐𝐵) (13) 

Thus, two mathematical expressions are obtained: 

𝑑𝑐𝐴

𝑑𝑡
= −𝑘𝑐𝐴                       𝑡 = 0  𝑐𝐴 = 𝑐𝐴

0 (14) 

𝑑𝑐𝐵

𝑑𝑡
= 𝑘(𝑐𝐴

0 − 𝑐𝐵)            𝑡 = 0  𝑐𝐵 = 0 (15) 

They are two first-order ordinary differential equations that describe how quantities evolve 

over time. Such equations are fundamental tools in science and chemical engineering, as they provide 

a framework to model processes governed by rates of change—ranging from chemical reactions and 

heat transfer, to bacterial population growth, the motion of objects, and even the release of FMN from 

damaged mitochondria. 

Fortunately, in this case an analytical solution is available, which greatly simplifies the 

interpretation of the system. The solutions are: 

𝑐𝐴(𝑡) = 𝑐𝐴
0𝑒−𝑘𝑡 (16) 

𝑐𝐵(𝑡) = 𝑐𝐴
0(1 − 𝑒−𝑘𝑡) (17) 

These expressions convey clear physical meaning. At time t=0, the system contains only 

species A 𝑐𝐴(𝑎𝑡 𝑡 = 0) = 𝑐𝐴
0, 𝑐𝐵(𝑎𝑡 𝑡 = 0) = 0. As the reaction begins, the consumption of A is 

initially rapid, due to its high concentration. With the progression of time, the concentration of A 

decreases, leading to a progressive reduction in the reaction rate. Eventually, at sufficiently long times 

(𝑡 → 𝑡𝑒𝑛𝑑), species A is entirely consumed, and the concentration of B reaches the initial 

concentration of A 𝑐𝐴(𝑎𝑡 𝑡 = 𝑡𝑒𝑛𝑑) = 0, 𝑐𝐵(𝑎𝑡 𝑡 = 𝑡𝑒𝑛𝑑) = 𝑐𝐴
0. 

A useful analogy is that of transferring water from one container to another: at the beginning, 

the flow is fast because the first container is full, but as it empties, the flow slows until all the water 

has been transferred. 

This simple yet powerful model provides the conceptual basis of a batch reactor, which 

remains a valuable framework for investigating complex phenomena. In the present work, it will 

serve as the starting point to describe and understand the mechanisms underlying FMN release. 
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Preconditions for Developing the Model 

At first consideration, the decision to adopt a simplified analytical model to describe a 

biologically complex process such as FMN release may appear questionable. The two phenomena—

one mathematical, the other physiological—seem to belong to fundamentally different domains. 

Nevertheless, the analogy merits rigorous examination. 

An analysis of the FMN concentration–time profiles obtained during kidney perfusion in the 

present study, when compared with analogous data reported in the scientific literature [1, 14–16], 

reveals a consistent and reproducible trend. The temporal evolution of FMN concentration closely 

aligns with the analytical solution of a first-order differential equation, as previously described. This 

correspondence suggests that, despite its simplicity, the model captures key kinetic features 

underlying the observed release dynamics. 

 

 

Figure 4.2.4. Illustration of the various trends of FMN release over time during 

perfusion, from [1]. This Figure is reprinted with Creative Commons CC BY license. 
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Figure 4.2.5. Illustration of the various trends of FMN release over time during 

perfusion, from [14]. This Figure is used with Creative Commons Attribution 

License (CC BY). 

Figure 4.2.6. Release of FMN increased in accordance with the amount of 

administered succinate, from [15]. This Figure is reprinted with Creative Commons 

Attribution-NonCommercial-No Derivatives License (CC BY NC ND). 
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It’s possible to observe that trends we have reported are consistent with those described by 

other authors [1, 14 – 16]. 

This observation led to the working hypothesis that FMN release may be approximated by a 

first-order process, and thus described by the same type of mathematical model typically used for 

chemical reactions in a batch reactor. Naturally, FMN release from mitochondria during ischemia–

reperfusion injury is not a chemical reaction in the strict sense. Nonetheless, it can be conveniently 

represented as if it were one: 

𝐹𝑀𝑁𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎 → 𝐹𝑀𝑁𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒 

Here, FMN stored within mitochondria plays the role of the reactant (species A), which is 

progressively “consumed” as it is released into the perfusate, where it accumulates as the “product” 

(species B). While this formulation is clearly metaphorical, the resemblance between the kinetics of 

release and the solution of a first-order model justifies its adoption as an analytical tool. 

Moreover, the analogy can be extended beyond mere curve fitting. In chemical kinetics, 

reaction rates depend on factors such as temperature, concentration, and activation energy. Similarly, 

FMN release is modulated by parameters including ischemia time, organ viability, perfusion method, 

and preservation protocol. In both contexts, such variables accelerate or decelerate the dynamics of 

the process. 

Figure 4.2.7. Illustration of the various trends of FMN release over time during 

perfusion. Unfortunately, the authors showed the FMN values for the first few hours 

but not the complete trend for the entire perfusion. But already looking at the trends 

we can see that they are consistent with those reported by other authors, from [16]. 

This Figure is used with Creative Commons Attribution License (CC BY). 
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It is important, however, to clarify a key assumption underpinning this model. By definition, 

a first-order kinetic model converges asymptotically to a steady-state value determined by the kinetic 

constant k (here referred to as the FMN release constant), Figure 4.2.8. The question is whether this 

assumption holds true in the context of organ perfusion. 

 

 

During hypothermic oxygenated perfusion, the organ is expected to reach a state of 

stabilization, both functionally and metabolically, where FMN release diminishes and circulating 

FMN concentration approaches a plateau. This would indeed correspond to the asymptotic behavior 

predicted by the model. The assumption is valid provided that FMN is not subsequently removed 

from the perfusate by competing processes such as reabsorption into tissues (e.g., adipose or structural 

components) or photochemical degradation. 

From a theoretical standpoint, therefore, a steady-state concentration could be reached 

irrespective of the initial ischemic damage. Whether this assumption reflects biological reality, 

however, requires confirmation by clinical experts. 

 

Figure 4.2.8. Effects of the kinetic constant. The model for different values of k 

(k is the kinetic constant that gives us an idea of the time it takes to reach the 

steady-state value, i.e., how fast the reaction goes, in this case, how fast is the 

release of FMN either due to ischemia-reperfusion injury or from perfusion 

efficiency (vascular resistances, good channeling of fluid inside the blood vessels 

and other factors). 
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Modelling 

Having established the necessary premises, we can now proceed to the construction of the model. 

To achieve this, it is essential to introduce a series of simplifying assumptions, which act as boundary 

conditions that allow us to isolate the main phenomenon of interest while neglecting secondary 

effects. Specifically, we assume that: 

• During perfusion, no additional FMN is introduced into the system and no perfusate is 

withdrawn. 

• The FMN present in the circulating fluid is not degraded by ambient light nor oxidized by 

dissolved oxygen. 

• FMN is not adsorbed or sequestered by the organ’s tissues, including adipose tissue, 

connective structures, or other support material. Consequently, all FMN detected 

spectroscopically in the perfusate originates exclusively from mitochondria damaged by 

ischemia. 

Under these assumptions, the system becomes analytically tractable: the FMN measured in the 

perfusate corresponds directly to that released by mitochondria as a consequence of ischemia. 

To characterize the extent of ischemic injury, we introduce a dimensionless parameter, denoted as 

𝜶, referred to as the ischemic damage index. This index quantifies the proportion of damaged 

mitochondria relative to the total mitochondrial population in the organ at the time of retrieval. 

Formally, it can be defined in two equivalent ways: 

𝛼 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑎𝑚𝑎𝑔𝑒𝑑 𝑀𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑖𝑟𝑎

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎
(18) 

or, expressed in terms of FMN content: 

𝛼 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐹𝑀𝑁 𝑖𝑛 𝐷𝑎𝑚𝑎𝑔𝑒𝑑 𝑀𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑖𝑟𝑎 [𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝑖𝑛 𝑛𝑔]

𝑇𝑜𝑡𝑎𝑙 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐹𝑀𝑁 𝑖𝑛 𝑎𝑙𝑙 𝑀𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑖𝑟𝑎 [𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝑖𝑛 𝑛𝑔]
(19) 

From a practical standpoint, 𝜶 = 0 indicates an organ with no ischemic injury (all mitochondria 

intact), whereas 𝜶 = 1corresponds to complete mitochondrial damage, i.e., a non-viable organ 

unsuitable for transplantation. Although this definition is necessarily a simplification, it provides an 

intuitive and useful framework for quantifying ischemic severity. 
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The temporal evolution of 𝜶 during ischemia is of particular interest. Initially, 𝜶 = 0, and it 

increases progressively as ischemic time elapses. The rate of increase depends on donor-specific 

factors such as age, comorbidities, and lifestyle. For example, a healthy donor may exhibit a slower 

increase in 𝜶, whereas in donors with risk factors (e.g., smoking, alcohol or drug use, or metabolic 

disease), the rate of increase is expected to be higher. Conceptually, possible trajectories influenced 

by values of 𝜶 during ischemia are illustrated in Figure 4.2.9. 

It should be emphasized that these curves are purely hypothetical and serve only to pose the 

fundamental question: what is the actual trend of the ischemic damage index over time? While the 

exact dynamics require experimental validation, we can reasonably assume that α does not increase 

indefinitely. Instead, it approaches a maximum value at the onset of hypothermic oxygenated 

perfusion (HOPE). 

The initiation of HOPE stabilizes the organ by supplying oxygen, thereby mitigating ischemia-

reperfusion injury and partially restoring mitochondrial function. Accordingly, for modeling 

purposes, we assume that α increases only during the ischemic interval (from static cold storage until 

the initiation of perfusion) and subsequently remains constant once perfusion begins. 

This formulation enables a simplified but effective description of the system: at the onset of 

perfusion, only a fraction of the mitochondria is irreversibly damaged, meaning that only part of the 

total FMN is available for release into the perfusate, while the remainder remains confined within 

intact mitochondria. 

Figure 4.2.9. Schematic representation of possible ischemic damage progression α as a 

function of ischemia time for different donor health conditions. 
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Let 𝑚𝐹𝑀𝑁,𝑑𝑎𝑚𝑎𝑔𝑒𝑑 denote the mass of FMN releasable during perfusion, and 𝑚𝐹𝑀𝑁,𝑡𝑜𝑡𝑎𝑙 the total 

mitochondrial FMN content of the organ (associated with complex I). By definition: 

𝑚𝐹𝑀𝑁,𝑑𝑎𝑚𝑎𝑔𝑒𝑑 = α ∙ 𝑚𝐹𝑀𝑁,𝑡𝑜𝑡𝑎𝑙 (20) 

At the end of the ischemic interval, when hypothermic perfusion is initiated, mitochondria that 

sustained irreversible damage during ischemia begin releasing FMN into the circulating perfusate. As 

illustrated schematically in Figure 4.2.10, the value of 𝛂 at this point determines the maximum 

fraction of FMN that can be released: since 𝛂 < 1, only a portion of the total mitochondrial FMN 

becomes available for detection. 

Figure 2. Schematic representation of the ischemic damage index α reaching its maximum at the 

end of ischemia and remaining constant during hypothermic perfusion. 

 

 

 

Considering to write the mass balance for FMN during perfusion, it is possible to say that the total 

amount of releasable FMN (i.e., the FMN present in damaged mitochondria) is equal to the sum of 

Figure 4.2.10. Schematic representation of the ischemic damage index α reaching its 

maximum at the end of ischemia and remaining constant during hypothermic 

perfusion. 

Time Start of perfusion 
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the FMN still inside the damaged mitochondria and the FMN already released into the perfusate, 

Figure 4.2.11: 

𝑚𝐹𝑀𝑁,𝑑𝑎𝑚𝑎𝑔𝑒𝑑 = 𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎(𝑡) + 𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡) (21) 

• 𝑚𝐹𝑀𝑁,𝑑𝑎𝑚𝑎𝑔𝑒𝑑: is the total amount of FMN present in damaged mitochondria and available 

to be released. In other words, is the quantity of FMN releasable. This quantity is constant 

over time. 

• 𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎(𝑡): is the amount of FMN still inside the damaged mitochondria, which 

will be gradually released during perfusion. This quantity decreases over time. 

• 𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡): is the amount of FMN that has already been released into the perfusate. 

This quantity increases over time. 

The sum 𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎(𝑡) + 𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡) remains constant because it represents the total 

amount of releasable FMN. In other words, the mass balance equation: 

𝑚𝐹𝑀𝑁,𝑑𝑎𝑚𝑎𝑔𝑒𝑑 = 𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎(𝑡) + 𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡) (22) 

Have to be considered always hold true.  

The eq. (22) accounts for both the FMN still inside the organ and the FMN that has been 

released into the perfusion liquid. 

Considering the eq. (21), 

α ∙ 𝑚𝐹𝑀𝑁,𝑡𝑜𝑡𝑎𝑙 = 𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎(𝑡) + 𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡) (23) 

The “term” α ∙ 𝑚𝐹𝑀𝑁,𝑡𝑜𝑡𝑎𝑙 is a number.  

At time t=0, we can say that 𝑚𝐹𝑀𝑁,𝑑𝑎𝑚𝑎𝑔𝑒𝑑 = 𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎(𝑡 = 0), because at the very 

start of perfusion, all the releasable FMN is still inside the damaged mitochondria, and none has yet 

entered the perfusate. As time passes, 𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎(𝑡) decreases because the damaged 

mitochondria release FMN, while 𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡) increases as FMN moves into the perfusion 

liquid. However, the total amount of releasable FMN, 𝑚𝐹𝑀𝑁,𝑑𝑎𝑚𝑎𝑔𝑒𝑑 remains constant over time. In 

fact, don’t forget that 𝑚𝐹𝑀𝑁,𝑑𝑎𝑚𝑎𝑔𝑒𝑑 is the number of damaged mitochondria. 
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Now, let’s picture the system perfusion circuit + organ as a batch reactor, like in Figure 4.2.11: 

in which there is reaction of the type 𝐴 → 𝐵, where FMN is transferred from the mitochondria to the 

perfusate. 

 

Now, let’s write the material balance for mitochondrial FMN and FMN dissolved in perfusate. 

For FMN in the mitochondria: 

𝑑𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎

𝑑𝑡
= −𝑘 ∙ 𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎 (24) 

This equation tells us that the rate of change of FMN in the mitochondria over time is 

proportional to the speed at which it is being transferred to the perfusate. The constant 𝑘, in chemical 

reaction is the kinetic constant, here plays the role of transfer rate constant, depends on factors like 

the severity of ischemia and other variables such as the donor’s medical history, the organ’s condition, 

and more. Solving this equation we can observe the variations of FMN contained in the mitochondria. 

For FMN in the perfusate: 

𝑑𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒

𝑑𝑡
= 𝑘 ∙ 𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎 (25) 

This equation describes how the amount of FMN in the perfusate increases over time, 

depending on the FMN still available in the damaged mitochondria. Just like in a first-order reaction, 

𝐹𝑀𝑁𝑚𝑖𝑡 → 𝐹𝑀𝑁𝑝𝑒𝑟 

 

Figure 4.2.11. Representation of the machine perfusion like a batch reactor. This 

Figure, from [17], is reprinted with License Number 6126541351069. 
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the rate of transfer is determined by the constant 𝑘 and the amount of FMN remaining in the 

mitochondria. 

If we take the equation (23) and rewrite it as: 

𝑚𝐹𝑀𝑁,𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎(𝑡) = α ∙ 𝑚𝐹𝑀𝑁,𝑡𝑜𝑡𝑎𝑙 − 𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡) (26) 

then substitute it into the mass balance equation: 

𝑑𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒

𝑑𝑡
= 𝑘 ∙ (α ∙ 𝑚𝐹𝑀𝑁,𝑡𝑜𝑡𝑎𝑙 − 𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡)) (27) 

we arrive at an equation we can solve, as the term α ∙ 𝑚𝐹𝑀𝑁,𝑡𝑜𝑡𝑎𝑙 is a constant starting from 

the moment perfusion begins. 

By solving this differential equation with the initial conditions 𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡 = 0) = 0, 

we get the following expression: 

𝑚𝐹𝑀𝑁,𝑝𝑒𝑟𝑓𝑢𝑠𝑎𝑡𝑒(𝑡) = α ∙ 𝑚𝐹𝑀𝑁,𝑡𝑜𝑡𝑎𝑙 ∙ (1 − 𝑒−𝑘∙𝑡) (28) 

Examination of the meaning of this model 

In simple terms, it shows that if ischemic damage is severe (with α close to 1), the final amount 

of FMN in the perfusate at the end of perfusion will be very high—almost equal to the total FMN 

initially present in the organ. This means that nearly all the mitochondria are damaged, and almost all 

the FMN ends up being released. 

Conversely, if 𝜶 is close to zero, the amount of FMN in the perfusate will be very low, since 

only a small fraction of mitochondria are damaged. 

And what about the role of 𝒌? 

The constant 𝒌 represents the reaction rate. In chemical kinetics, the product 𝒌 · 𝒕 is often 

viewed as a "time constant" that determines how fast a process approaches equilibrium. In this 

context: 

• A larger 𝒌 means the system reaches steady state more quickly—less FMN needs to be 

released, since fewer mitochondria are damaged. 

• A smaller 𝒌 means more mitochondria are damaged, so a larger amount of FMN is released, 

and the system takes longer to reach steady state. 
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An example of the explanation is shown in Figure 4.2.12 using our experimental data. 

 

 

The following is an analysis about this explanation and if it holds up by comparing it with our 

experimental data and those from other authors [1, 14]. The comparison of the FMN curves obtained 

from our experience. The blue curve represents a kidney that underwent 2 hours of ischemia, while 

the red curve corresponds to a kidney with about 5 hours of ischemia. 

According to the model, a longer ischemia time increases 𝜶 because the fraction of damaged 

mitochondria is higher. But that’s not all: a longer ischemia time also causes a decrease in 𝒌. 

The introduction of the parameter 𝜶 gives the model a more realistic physical meaning: it predicts 

an asymptotic trend, where after a certain number of hours of perfusion, the organ reaches an 

equilibrium state. Of course, whether this assumption holds true in practice must ultimately be 

verified (or refuted) by physicians and clinicians through real-world perfusion studies. 

Comparison between model and experimental evidence 

To assess the plausibility of the proposed first-order release model, we compared its behavior 

with experimentally observed FMN concentration–time profiles. Specifically, we examined two 

kidney perfusion traces recorded during our experience: the blue trace corresponds to a kidney 

exposed to ≈2 hours of ischemia, while the red trace corresponds to a kidney exposed to ≈5 hours of 

Figure 4.2.12. Fitting of data of experimental results using the batch reactor model. 
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ischemia. We also compared these curves with the data reported by Sousa da Silva et al. (2023) [14], 

which employ a comparable preclinical porcine model. 

Two consistent trends emerge from both my data and the literature: 

• Effect of ischemic duration on 𝜶 and 𝒌. Longer ischemia is associated with a larger 

ischemic-damage index 𝜶 (a greater fraction of mitochondria damaged) and with a smaller 

kinetic constant 𝒌. In the dataset examined, the kidney with prolonged ischemia (red trace) 

exhibits a lower estimated 𝒌 and a higher 𝜶 than the kidney with shorter ischemia (blue trace). 

Sousa da Silva et al. report analogous behaviour: short ischemia times correspond to high 𝒌 

and low 𝜶, whereas prolonged ischemia correlates with low 𝒌 and high 𝜶. 

• Qualitative agreement with first-order kinetics. The concentration–time profiles frequently 

display the monotonic, asymptotic shape expected from a first-order release process, 

supporting the use of a first-order approximation as a first step of analysis. 

It must be emphasized that, for the present analysis, we have assumed ischemia duration is 

the dominant determinant of 𝜶 and 𝒌. This is a simplifying hypothesis: in practice, multiple covariates 

(donor comorbidities, organ-specific properties, preservation conditions, perfusion protocol, 

temperature, etc.) also affect 𝜶 and 𝒌. Nevertheless, within the limited scope of the present 

preliminary dataset, the ischemia-time dependence provides a useful and interpretable first 

approximation. 

 

About the validity and utility of the kinetic analogy 

Is it appropriate to apply a kinetic model, borrowed from chemical engineering, to clinical 

perfusion data? The honest answer is: not uncritically. The first-order batch analogy is overly simple 

to capture the full biophysical complexity of ischemia-reperfusion and mitochondrial FMN dynamics. 

Nevertheless, two considerations justify its use as an initial modelling strategy: 

• Phenomenological similarity. The empirical concentration–time profiles frequently 

resemble the analytical solution of a first-order model, which motivates the hypothesis that a 

first-order approximation may capture dominant dynamics over the measurement timescales. 

• Interpretability. Parameters such as 𝜶 (damage fraction) and 𝒌 (effective release constant) 

provide physically interpretable summary metrics that can be correlated with experimental 

conditions and clinical covariates. 
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Thus, the first-order model should be viewed as a semi-empirical, hypothesis-generating tool 

rather than a definitive mechanistic description. It is a pragmatic starting point: relatively simple to 

fit and interpret, and therefore useful for identifying regimes or outliers that require more detailed 

study. 

 

Towards more realistic models: the packed-bed analogy and spatial dynamics 

A richer representation of the organ–perfusate interaction can be obtained by relaxing the 

well-mixed assumption and incorporating spatial heterogeneity. An instructive analogy comes from 

chemical engineering: the packed-bed adsorption column. In that system, a solvent flows through 

a packed porous medium where an adsorbent captures a solute; downstream, the adsorbent can be 

regenerated by a different fluid. If one regards the vasculature and parenchymal microstructure as an 

intricate porous network, the perfusion process shows formal similarities: the perfusate pervades 

complex pathways, and FMN is released from local tissue volumes into the flowing fluid. 

Adopting this view leads naturally to a local (microscopic) mass balance of the form 

(representative, not exhaustive): 

1

𝜀

𝜕𝑐𝐴

𝜕𝑡
= −

𝜕(𝑐𝐴𝑢)

𝜕𝑧
−

𝜕(𝑁𝐴)

𝜕𝑧
+ 

(1 − 𝜀)

𝜀
𝜌𝑠𝑘𝑠 ∙

𝜕𝑞𝐴

𝜕𝑡
(29) 

where 
𝜕𝑐𝐴

𝜕𝑡
 is the fluid concentration of FMN along a spatial coordinate z, 𝜀 is porosity (fractional fluid 

volume), 𝑢 is the interstitial velocity, 
𝜕(𝑁𝐴)

𝜕𝑧
 is the diffusive flux, 𝜌𝑠 and 𝑘𝑠 are solid-phase density and 

kinetic parameters, and 𝑞𝐴 denotes the FMN bound or contained in the solid (tissue) phase. Equation 

(29) is a partial differential equation that captures coupled advection, dispersion/diffusion, and 

exchange between solid and fluid phases. With suitable boundary and initial conditions, it can 

describe both spatial and temporal evolution of FMN within the organ. 

Equation (29) is more realistic than a spatially lumped batch model because it accounts for: 

• axial transport (advection) along vascular pathways, 

• local dispersion/diffusion between microvascular compartments and tissue, 

• sorption/desorption or release kinetics from the solid (cellular) phase. 

However, this increased realism comes at a computational cost: solution of Equation (29) 

typically requires numerical methods and substantial parameterization (geometry, permeability, 

dispersion coefficients, tissue exchange kinetics), which in turn demand extensive experimental data. 
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To provide a theoretical and simplified framework for quantifying the term 
𝜕𝑞𝐴

𝜕𝑡
 and assigning it a 

physical meaning, we attempt to schematize the FMN release process through a conceptual model 

that necessarily approximates the underlying biological and physico-chemical mechanisms. As 

engineers, it is essential to begin with a simplified model of the phenomenon in order to identify its 

key features and thereby establish a foundation for more advanced and accurate descriptions of 

complex processes. 

The release of FMN during ischemia-reperfusion can be conceptually described through the 

following sequence of steps: 

1. Ischemic phase – oxygen deprivation leads to the generation of free radicals. 

2. Perfusion phase – the introduction of the perfusion fluid ensures oxygen availability 

throughout the vasculature. Oxygen reacts with free radicals, generating reactive oxygen 

species (ROS). 

3. ROS-induced damage – ROS attack and compromise cellular structures, including Complex 

I of the mitochondria. 

4. FMN dissociation and migration – once detached, FMN crosses mitochondrial and cellular 

membranes and dissolves in the circulating perfusion fluid. 

5. Fluorescence detection – dissolved FMN is detected via spectroscopic fluorescence 

techniques. 

6. Cessation of release – after a certain time, cells begin to recover and stop releasing FMN. It 

is assumed that the released FMN remains dissolved in the perfusion medium and that any 

potential reabsorption by cells is negligible. 

From this perspective, two distinct processes govern the transfer of FMN from Complex I to the 

perfusion fluid: 

• Enzymatic dissociation: FMN detaches from Complex I, a process that can be conceptualized 

as a reaction step in which the cofactor dissociates from its enzymatic site. 

• Mass transfer: FMN subsequently migrates across mitochondrial and cellular membranes 

into the perfusion fluid. Due to ischemia-reperfusion injury, the membranes are compromised, 

allowing diffusion of FMN. Although FMN is larger than glucose, it remains significantly 

smaller than lipids, proteins, or enzymes, making its diffusion across damaged membranes 
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physically plausible. This process can be modeled as a combination of molecular diffusion 

through membranes, diffusion in liquid layers, and forced convection. 

To formalize this concept, we schematize the interior of the organ by focusing on a single 

representative cell (Figure 4.2.13). 

 

While macroscopic modeling approaches treat the organ as a "black box," this microscopic 

perspective magnifies the process at the cellular level. We idealize the cell as a spherical unit, 

assuming that the organ consists of billions of identical cells behaving homogeneously and 

synchronously. This is, of course, a strong simplification, but it provides a practical starting point. 

From Figure 4.2.13, we distinguish two compartments and phases: 

• Intracellular compartment: FMN accumulates following dissociation from mitochondria. 

• Extracellular compartment: FMN crosses the cell membrane and enters the perfusion fluid. 

We thus define a two-compartment model: 

1. Material balance on intracellular FMN: 

Figure 4.2.13. Schematic representation of FMN release at the microscopic scale. 
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𝑑𝑐𝐹𝑀𝑁,𝑖

𝑑𝑡
= 𝑘1𝑓(𝑡) − 𝑘2(𝑐𝐹𝑀𝑁,𝑖 − 𝑐𝐹𝑀𝑁,𝑒) (30) 

where: 

• 𝑘1𝑓(𝑡)represents FMN generation through enzymatic dissociation, with 𝑘1 as the dissociation 

constant. At present, the precise kinetic law is unknown; it might resemble Michaelis–Menten 

kinetics, but no specific studies are available. 

• 𝑘2(𝑐𝐹𝑀𝑁,𝑖 − 𝑐𝐹𝑀𝑁,𝑒) models FMN transport across the cell membrane according to film 

theory, where the flux is proportional to a mass transfer coefficient 𝑘2, with units of [1/time]) 

and the concentration gradient between intracellular and extracellular compartments. 

2. Material balance on extracellular FMN (perfusion fluid): 

𝑑𝑐𝐹𝑀𝑁,𝑒

𝑑𝑡
= 𝑘2(𝑐𝐹𝑀𝑁,𝑖 − 𝑐𝐹𝑀𝑁,𝑒) (31) 

 

To these two differential equations we have to write the initial conditions 𝑐𝐹𝑀𝑁,𝑖(0) =

0; 𝑐𝐹𝑀𝑁,𝑒(0) = 0. 

The quantity 
𝑑𝑐𝐹𝑀𝑁,𝑒

𝑑𝑡
 is attributable to 

𝜕𝑞𝐴

𝜕𝑡
, which we mentioned earlier. 

This formulation highlights the interplay between the two processes. Solving the system of 

differential equations would enable us to identify the controlling mechanism: 

• If enzymatic dissociation is rate-limiting, it would indicate relatively intact mitochondrial 

function and thus limited ischemic damage. 

• Conversely, if mass transfer is rate-limiting, this would imply rapid dissociation but 

significant membrane disruption, corresponding to severe cellular damage. 

This compartmentalized framework provides a first-order approximation of the microscopic 

dynamics of FMN release, complementing the macroscopic “black box” approach and enabling a 

deeper exploration of the mechanisms underlying ischemia-reperfusion injury. 

Macroscopic vs microscopic approaches 

It is useful to contrast the two levels of description: 
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• Macroscopic (global) balance — e.g., the batch formulation — treats the entire perfusate 

volume as a single well-mixed compartment and yields ordinary differential equations for 

mean concentration. This approach is low-dimensional, easy to fit to data, and useful for 

extracting global parameters (e.g. effective 𝒌, 𝜶). It is appropriate when spatial gradients are 

small or when one only requires an empirical predictive model of bulk behaviour. 

• Microscopic (local) balance — e.g., Equation (29) — resolves concentration as a function 

of space and time. It captures transport heterogeneity, local depletion zones, and tissue–fluid 

exchange kinetics. This approach is necessary when spatial non-uniformity is relevant (e.g., 

incomplete perfusion, regional necrosis) or when one must infer local tissue parameters. 

Selecting the appropriate modelling scale depends on the scientific objective and the available 

data. The macroscopic model is an expedient first step; the microscopic framework can be pursued 

when richer datasets and resources permit. 

 

Outlook and research pathway 

The present study has adopted a simple semi-empirical kinetic model as a first approximation. 

The advantages are clear: interpretability, low data requirements, and the ability to rapidly test 

hypotheses against measured FMN curves. The limitations are equally clear: the model neglects 

spatial heterogeneity, competing removal mechanisms (re-uptake, adsorption, photodegradation), and 

the full biochemistry of mitochondrial damage. 

A possible research pathway is therefore: 

• Continue with the macroscopic approach to characterize cohorts, estimate 𝜶 and 𝒌 under 

controlled conditions, and identify systematic dependencies (e.g., ischemia time, 

temperature, donor risk factors). 

• Collect richer data (spatially resolved sampling, imaging, or higher-frequency temporal 

data) to enable parameter estimation for local models such as Equation (29). 

• Develop and validate a hybrid model that couples a macroscopic perfusate compartment 

with one or more tissue sub compartments (or a reduced-order spatial discretization of 

Equation (29)), thereby balancing realism and identifiability. 

• Incorporate clinical validation through multi-centre datasets and interdisciplinary 

collaboration with clinicians to assess predictive value for transplant outcomes. 

 

In this paragraph, we have attempted to construct an initial mathematical model to interpret the 

release of FMN from an organ—specifically the kidney—during hypothermic perfusion. We relied 

on the analogy of a batch reactor, employing an approach based on several simplifications to represent 
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the phenomenon. Naturally, such a simplified framework is prone to errors and cannot be regarded as 

a definitive model or as one immediately applicable in clinical practice. Nevertheless, it may serve as 

a starting point for the development of more accurate models, potentially inspired by alternative 

methodologies from chemical engineering, to describe FMN release associated with ischemia-

reperfusion injury during HOPE. 

The main objective of this paragraph was to demonstrate that, when supported by experimental 

data, an engineering approach can provide meaningful insights and establish a foundation for future 

developments. The path remains open and may be further explored if considered of interest. During 

our experience at the Cleveland Clinic, this topic emerged as a potential line of investigation alongside 

other ongoing projects. 

This document has provided a useful contribution and, above all, has offered clarity rather than 

confusion. The simplified representation of the perfusion process as a “container of Belzer solution” 

where FMN is released—treated analogously to a batch reactor—may appear reductive, yet it 

exemplifies how chemical engineers attempt to distill complex biological processes into a tractable 

set of equations. 

It is essential to emphasize the limitations of this approach and recognize that further knowledge 

is required to achieve a deeper understanding of these mechanisms. Nonetheless, the author is 

convinced that each incremental step—even if preliminary—can contribute to building a more robust 

and useful framework for the future. 

 

 

5. A Novel Risk Score Using Flavin Mononucleotide (FMN) for Predicting 

Graft Loss After Liver Transplantation with Normothermic Machine 

Perfusion1 

So far, we have examined how FMN release can be detected and modeled. A highly relevant 

clinical aspect concerns the ability of FMN levels measured during machine perfusion to predict post-

transplant outcomes before the transplant itself, through the use of predictive scoring models. Satish 

et al. [4] published an abstract describing an initial predictive model that integrates viability markers. 

 
1 This paragraph is reproduced and adapted from reference [4] with License Number 6126550205774.  
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In this context, a new predictive model has been developed that combines traditional risk factors 

with viability markers. The abstract is part of a broader study, currently under preparation as a full 

scientific article; therefore, no additional information can be disclosed beyond what has already been 

published. 

The proposed model integrates eight traditional risk factors—portal vein thrombosis, pre-

transplant ICU admission, primary sclerosing cholangitis, re-transplantation, labMELD, recipient 

age, recipient BMI, and cold ischemia time—with the FMN concentration measured after 4 hours of 

normothermic perfusion. It should be emphasized that, although many other parameters could be 

considered, this work focused only on the most significant ones. Notably, FMN becomes relevant 

only when evaluated in conjunction with other clinical factors. 

As reported by Satish et al. [4], risk analysis was conducted on 200 patients undergoing 

normothermic machine perfusion (NMP) at their institution, generating a new score through 

multivariable logistic regression with bootstrapping. The Framingham methodology was employed 

to construct a point-based system to predict 12-month graft survival. 

Main results: 

• Cold ischemia time and FMN levels at 4 hours of NMP were used to define donor risk (range 

0–15). 

• The above-listed traditional risk factors were used to define recipient risk (range 0–17). 

• The model showed high predictive performance on 234 cases for overall graft survival 

(AUROC = 0.82) and recipient survival (AUROC = 0.77), with excellent predictive capacity 

for death-censored graft survival (AUROC = 0.96). 

• Other commonly used scores (BAR, DRI, SOFT, MEAF) showed only marginal predictive 

capacity within the NMP-treated cohort. 

• Recipients with a score >6 had significantly lower 1-year graft survival (p < 0.0001) and a 

higher incidence of post-transplant complications, particularly biliary complications. 

• Low-risk recipients (≤6 points) experienced significantly impaired graft survival when livers 

with high donor risk (>3 points) were used. 

In Table 5.1 and in Figure 5.1 are reported the scores used by the model and results, from [4]. 
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Table 5.1. 

 
Figure 5.1. 
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This new model, which incorporates mitochondrial injury measured through FMN, therefore 

demonstrates excellent discriminative capacity for predicting graft survival and other post-transplant 

outcomes. Clinically, AUROC values close to 1 denote outstanding discriminative performance, 

underlining the robustness of this model. Compared with existing predictive tools (BAR, DRI, 

SOFT), the inclusion of FMN represents a clear improvement: it brings a biochemical parameter into 

a multiparametric predictive framework, showing how engineering-based modeling of a molecular 

biomarker can be translated into clinical practice. 

This section also aligns with the earlier chapters on mathematical modeling of FMN release, 

showing consistency between the theoretical approach (equations) and clinical applications (risk 

prediction). Looking ahead, machine learning approaches could further integrate FMN with other 

biomarkers, potentially refining prediction accuracy and enabling real-time, adaptive decision-

support tools for clinicians. 

Further internal and external validation studies are currently ongoing to consolidate its clinical 

applicability. 

 

 

6. Effects of External interferences on FMN detection 

This section discusses the main interfering factors identified during FMN fluorescence 

measurements and their potential impact on signal intensity. The identified sources of interference 

include: ambient light, oxygenation level, reabsorption effects, residual blood, presence of additives, 

organ handling, and perfusion volume. The latter cannot be regarded as a true interferent, since it is 

an intrinsic variable of the perfusion protocol; however, because the perfusion volume affects the 

dilution of FMN and thus the signal intensity, it can be considered an indirect influencing factor.6.1  

6.1 Ambient Light 

It is well established that ambient light can cause FMN degradation [18–21]. The manufacturer 

itself recommends storing FMN powder protected from sunlight [22]. We confirmed this effect 

experimentally. A stock solution of FMN (0.06 mg mL–1), initially characterized by an intense yellow 

coloration, was placed in a plastic cuvette, sealed to prevent air exchange, and exposed to standard 

room lighting. After approximately two weeks, the color visibly faded, indicating partial degradation. 

Although UV–visible absorption spectra were not recorded, the visual evidence was conclusive. 
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Nevertheless, FMN degradation at high concentrations proceeds relatively slowly. To minimize 

any potential photodegradation effects during calibration, both the sample containers and the 

perfusion liquids were kept in the dark. During prototype tests performed with both animal and human 

organs under standard LED room illumination, no significant decrease in FMN signal intensity was 

observed. Photodegradation would, in fact, require exposure times much longer than those typical of 

calibration or perfusion experiments (2–4 hours). In summary, ambient light can induce FMN 

degradation, but its effects become relevant only after prolonged and continuous exposure lasting 

several days. 

 

6.2 Oxygenation 

L’ossigeno ha un potere ossidante. Teoricamente l’ossigeno dovrebbe ossidare l’FMN 

degradandolo eppure non abbiamo notato fenomeni di questo genere. Probabilmente la quantità di 

ossigeno disciolta nel sangue o in un liquido di perfusione non è sufficientemente alta da ossidare 

l’FMN. Se un ossidazione avviene, possiamo considerarla molto limitata al punto da trascurarla. 

 

6.3 FMN Reabsorption by the Organ 

Several studies have suggested that flavin mononucleotide (FMN) may undergo reabsorption by 

tissues [23–26], although its exact fate during organ perfusion remains uncertain. It is not yet clear 

whether cellular repair processes during perfusion can occur rapidly enough to allow the reuptake of 

FMN previously released from damaged mitochondria. During the experiments conducted at the 

Cleveland Clinic, perfused organs using blood-based solutions often exhibited FMN concentration 

profiles characterized by an initial rise followed by a gradual decline. This recurring trend prompted 

questions regarding the underlying cause of the FMN decrease over time. 

The author proposes the following reasoning. In blood, oxygen is bound and transported by red 

blood cells, resulting in a very low amount of freely dissolved oxygen compared to acellular perfusion 

solutions. In acellular media, although free oxygen is present, its concentration is limited by Henry’s 

law; therefore, oxygen is unlikely to be the main factor responsible for FMN reduction. The perfusion 

circuit itself adds another layer of complexity. It consists of several components — including a 

reservoir, filters, and an oxygenator — where mixing is never perfectly homogeneous. As a result, 

samples collected at different points in the circuit may exhibit varying concentrations. As 

demonstrated in Chapter IV, even in simplified experimental setups (a single tube and a beaker), the 
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presence of a mixer significantly influences system dynamics. It is thus plausible that, in a real 

perfusion circuit, localized accumulations or concentration gradients may develop over time. 

Furthermore, the inherent turbidity of blood greatly limits the penetration of ambient light; hence, 

even during prolonged perfusion experiments (up to 48 hours), the effect of light on FMN degradation 

can be considered negligible. Based on these considerations, the author hypothesizes that the observed 

decrease in FMN concentration may be partially related to tissue reabsorption, either localized or 

diffuse throughout the organ. This hypothesis aligns with established evidence that both hypothermic 

and normothermic perfusion promote the recovery of mitochondrial activity and restore organ 

functionality [27–29]. 

Although the author does not claim clinical expertise, it is conceivable that FMN reuptake could 

represent an indirect marker of tissue metabolic recovery. Nonetheless, this remains an open area of 

research, and future studies will be necessary to elucidate this mechanism in greater detail. 

 

6.4 Presence of Residual Blood During Hypothermic Perfusion 

Before initiating hypothermic perfusion, the organ is thoroughly rinsed and flushed to remove any 

residual blood. It is then perfused with a static preservation solution to eliminate remnants generated 

by ischemic processes and to promote vasodilation, thereby facilitating continuous perfusion. 

Although the presence of residual blood during hypothermic perfusion is not considered essential, 

the author strongly recommends performing a complete washing of the organ to ensure the removal 

of all blood traces. If residual blood remains, it mixes with the perfusion solution, creating a complex 

fluid that, for reasons not yet fully understood, induces scattering in the FMN fluorescence signal. 

This phenomenon was observed only when using the prototype system. 

While the exact cause remains uncertain, experimental observations confirmed that the presence 

of residual blood can distort the FMN signal, preventing stable and accurate measurements. The 

author proposed a technological solution to mitigate this interference, but its details cannot be 

disclosed for confidentiality reasons. 

 

6.5 Presence of Additives 

During both normothermic and hypothermic perfusion, specific additives may be introduced into 

the perfusion solution. A recent study [30] suggested the addition of quercetin for clinical purposes. 
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Quercetin, like FMN, absorbs light at 450 nm and emits fluorescence in the same spectral range (500–

600 nm), with a peak around 560 nm. 

Because the fluorescence spectrum of quercetin perfectly overlaps with that of FMN, a high 

concentration of quercetin can completely mask the FMN signal. In theory, quercetin should be 

progressively absorbed by the organ during perfusion; however, if this does not occur and its 

concentration remains high in circulation, FMN detection becomes impossible with the tested 

prototype. This represents an operational limitation of the instrument. 

Therefore, it is essential to accurately characterize the UV-visible and fluorescence spectra of all 

components present in the perfusion solution to identify potential interferents and understand their 

interaction mechanisms. Although Fernandes et al. [30] recommend the addition of quercetin for its 

clinical benefits, this practice may hinder FMN detection. 

 

6.6 Organ Handling 

As demonstrated in this chapter, the FMN signal often exhibits significant noise, which can be 

influenced by several factors. One likely source is the physical manipulation of the organ—such as 

tissue sampling, cannula adjustment, or suturing procedures—which can introduce temporary 

fluctuations in the fluorescence signal. An additional aspect to consider during organ handling 

concerns the maintenance of temperature during perfusion. 

In normothermic perfusion, the desired temperature is maintained by means of an electric resistor 

that heats the perfusion solution. In contrast, in hypothermic perfusion, the low temperature is ensured 

by the use of ice. To perform hypothermic perfusion, a metal tray is typically used, in which the organ 

is placed and immersed in the perfusion solution. The procedure involves filling the tray with ice, 

covering it with a sterile plastic bag, then filling the bag with the perfusion solution and submerging 

the organ. 

However, the use of a metal tray presents a significant drawback. The main heat exchange does 

not occur along the perfusion lines, which are made of polymeric materials and are therefore poor 

thermal conductors, but rather within the tray itself. Since metal is an excellent conductor of heat, it 

provides no thermal insulation. 

From a theoretical standpoint, it would therefore be preferable to use a plastic tray or, 

alternatively, to thermally insulate the container. 
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Good thermal insulation would allow the temperature to remain low for a longer period, reducing 

the frequency of replacing the water formed by melted ice and, consequently, the amount of new ice 

required. 

Experimental observations have also shown that each time water is removed and ice is added, 

disturbances occur in the perfusion volume, which are reflected in fluctuations of the detected signal. 

Indeed, abrupt movements of the perfusion volume alter the spatial distribution of FMN 

concentration, causing undesired variations in the recorded signal. 

From an engineering perspective, an alternative solution could be the use of a Peltier cell to 

actively cool the perfusion fluid. 

This represents an interesting technical challenge, as it would enable precise control of the system 

temperature; however, it also has the disadvantage of increasing both the cost and the complexity of 

the perfusion process. 

Therefore, in practical terms, the most efficient and sustainable approach remains the use of ice 

within a well-insulated container, which effectively maintains low temperatures while minimizing 

both operational costs and system complexity. 

 

 

6.7 Volume of Perfusion Solution 

The amount of perfusion solution used during the procedure does not represent an experimental 

interferent but rather an essential component of the clinical protocol. However, the selected volume 

plays a crucial role, as it determines the degree of dilution of metabolites released by the organ. For 

instance, perfusing a liver with 1 liter of solution may yield an FMN concentration of x, whereas 

using 2 liters results in a lower concentration y < x due to increased dilution. Therefore, defining a 

standardized perfusion volume is fundamental to ensure the comparability of results across different 

clinical centers. If clinical center X consistently uses 1 liter of solution, obtaining concentrations x₁, 

x₂, etc., while center Y uses 2 liters and obtains y₁, y₂, etc., the two datasets cannot be directly 

compared, as they are derived from non-uniform experimental protocols. 

Table 6.1 summarizes the perfusion volumes reported in selected clinical studies. As shown, some 

studies employ 3 liters, others 4 liters, and in several cases the total volume is not even specified. This 

lack of standardization highlights the need for a unified approach to achieve reproducible and 

comparable results. 
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Source Organ Litres of perfusate 

[1] Livers 3 litres of Belzer MPS 

[2] Livers 3 litres of Belzer MPS 

[6] Livers Not reported 

[11] Livers Not reported 

[31] Livers 4 litres of Belzer MPS 

[32] Livers 3 litres of Belzer MPS 

[33] Livers Not reported 

[34] Livers Not reported 

[35] Livers 3 litres of Vasosol  

[36] Livers Not reported 

 

The chosen volume also depends on the organ’s weight (in kilograms). To establish a uniform 

criterion, it is necessary to determine the average amount of FMN released per kilogram of organ 

(liver, kidney, intestine, etc.). Knowing this value, together with the ratio of perfusion volume per 

kilogram of organ, would enable the definition of a standardized guideline for selecting the optimal 

perfusion volume, thereby ensuring data comparability across clinical centers. 

 

To reduce the disruptive effects of potential interferents that may perturb the perfusion volume 

and composition, the following approach could be implemented (Figure 6.1): 

1. Addition of a Mixing System 

Incorporating a mixer within the perfusate reservoir could ensure continuous and thorough mixing 

of FMN, leading to a homogeneous concentration throughout the system. Proper mixing would 

minimize fluctuations caused by external disturbances such as organ manipulation or flow variations. 

A simple yet effective solution would involve placing the perfusate in a glass beaker equipped 

with a magnetic stir bar positioned on a magnetic stirrer. This setup guarantees uniform FMN 

distribution and reduces concentration gradients that could otherwise affect fluorescence 

measurements. 

Table 6.1. Comparison of liters of perfusion solutions used in machine perfusion. 
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2. Separation Between Perfusate and Immersion Fluid 

Instead of immersing the organ directly in the circulating perfusate, a dual-circuit approach could 

be adopted. In this configuration, both the artery and vein of the organ are cannulated: the perfusate 

enters through the arterial cannula, exits through the venous cannula, and is collected in a separate 

container where it can be continuously mixed and refrigerated. 

Meanwhile, the organ itself could be immersed in a distinct preservation fluid, physically 

separated from the perfusate circuit. 

 

 

Advantages of the Proposed System 

• Homogeneous FMN Concentration 

• Continuous magnetic stirring within the perfusate reservoir ensures that FMN remains evenly 

distributed at all times, leading to stable and reproducible fluorescence measurements. 

• Reduced Retention and Dispersion of FMN 

• By preventing the organ from being directly immersed in the perfusate, potential retention of 

FMN within the tissue—possibly due to a “sponge effect”—can be minimized. Although this 

mechanism remains hypothetical, separating the two liquids would eliminate the risk of FMN 

absorption or dispersion into the immersion fluid. 

• Stability During Handling and Measurement 

• Maintaining FMN entirely within the closed perfusion loop would prevent concentration 

variations when the organ is manipulated. This results in a more reliable and stable monitoring 

system, ensuring that any detected fluorescence variations are due to physiological factors 

rather than mechanical or dilutional effects. 

Reservoir 

Static Immersion 

Preservation Liquid 

(blue) 

Perfusate (red) 

Figure 6.1. A strategy to mitigate external interferences. 
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• Simplified Perfusate Recovery and Reuse 

• Since the perfusate is collected in a dedicated container, it can be easily recovered, analyzed, 

or reused, improving both experimental control and cost efficiency. 
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Conclusions 

The increase and aging of the global population, combined with the progressive rise in life 

expectancy and the growing incidence of obesity and other chronic diseases, are leading to a 

significant rise in the demand for transplantable organs. However, the current availability of donors 

is insufficient to meet this demand, resulting in a profound imbalance between supply and demand 

on a global scale. This situation translates into increasingly long waiting lists, a high mortality rate 

among patients awaiting transplantation, and, unfortunately, a rise in illegal practices related to organ 

trafficking. 

The current gold-standard method for organ preservation is static cold storage (SCS). This 

technique, widely used in clinical practice, consists of immersing the organ in a preservation saline 

solution that helps maintain the stability of the cellular and tissue environment. The addition of ice 

lowers the temperature, thereby slowing down metabolic processes and reducing damage caused by 

the absence of oxygen and nutrients. Cooling effectively decreases the rate of biochemical reactions 

responsible for ischemic injury, temporarily preserving the structural and functional integrity of the 

organ. 

In recent years, however, machine perfusion has been re-evaluated and increasingly adopted 

as an alternative preservation method. Initially developed as a research tool for studying organs ex 

situ, this technique has demonstrated clear advantages over traditional SCS. Numerous studies have 

shown that organs subjected to perfusion — whether hypothermic, normothermic, or in combined 

modes — exhibit superior functional performance and higher post-transplant survival rates compared 

to those preserved exclusively by SCS. 

In Chapter II, an in-depth and comprehensive review of the literature on machine perfusion 

was conducted, with the aim of outlining the current state of the art and identifying the main directions 

of development in this field. The medical community’s interest in this technology is now extremely 

broad, as evidenced by the large number of scientific papers, reviews, and conferences devoted 

exclusively to the topic. 
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Machine perfusion has reached a remarkable level of technological maturity. A wide variety 

of devices are now available, designed for the perfusion of different organs and operating under 

hypothermic, normothermic, or combined conditions. The intensity of research and development 

activity is reflected in the presence of multiple commercial versions from the same manufacturer, as 

well as the continuous introduction of new models to the market. 

The current trend is the development of increasingly autonomous and integrated systems, 

capable of automatically monitoring and regulating key perfusion parameters such as dissolved 

oxygen, flow rate, CO₂ and glucose concentration, pH, and the presence of relevant biomarkers. 

Looking ahead, artificial intelligence is expected to play a pivotal role in the automatic control of 

perfusion processes and in the prediction of post-transplant outcomes, paving the way for machines 

capable of dynamically adapting perfusion conditions in real time according to the characteristics of 

the organ being treated. 

The analysis of the literature also highlights a strong and growing interest in the development 

of new perfusion and static preservation solutions, as well as in the optimization of existing ones. 

However, several critical questions remain open, particularly regarding the definition of the optimal 

perfusion parameters — including perfusion duration, oxygenation levels, perfusate volume, and 

pumping modality (centrifugal or pulsatile). 

Furthermore, the identification of the ideal perfusion protocol — not only for the liver but 

also for other transplantable organs — remains an active topic of debate. Despite the large body of 

scientific literature available, many questions still lack a definitive answer. Considering these aspects 

is essential, as they can guide biomedical engineers and clinicians in the development of more targeted 

and personalized strategies for organ preservation and viability assessment. 

The main advantage of machine perfusion, particularly normothermic perfusion, lies in its 

ability to evaluate organ functionality in real time before transplantation. This represents a substantial 

advancement in transplant medicine, as it enables clinicians to make a more reliable assessment of 

organ viability and to predict post-transplant outcomes with greater accuracy. Within this context, the 

need to establish objective evaluation criteria has become increasingly evident — specifically, the 

identification of metabolic biomarkers capable of reflecting both the functional and mitochondrial 

status of the tissue. 

Ischemia-reperfusion injury (I/R), an unavoidable event during the donation and 

transplantation process, remains one of the major causes of organ dysfunction. This type of injury 

particularly affects the mitochondria, leading to both structural and functional alterations of Complex 
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I within the respiratory chain. One of the consequences of such mitochondrial damage is the release 

of flavin mononucleotide (FMN) into the perfusion medium, an event that has been shown to correlate 

strongly with mitochondrial vitality and, consequently, with the overall functional integrity of the 

organ. 

Several studies have confirmed that the concentration of FMN in the perfusate serves as an 

early and reliable biomarker of mitochondrial injury, with elevated levels being associated with a 

higher risk of post-transplant dysfunction. In parallel, NADH has also gained increasing attention, as 

it is a key coenzyme involved in cellular respiration and energy metabolism. 

Both molecules — FMN and NADH — are now recognized as critical parameters for 

assessing mitochondrial viability and functionality during machine perfusion, paving the way for the 

development of innovative quantitative real-time monitoring methodologies aimed at improving 

organ evaluation and preservation prior to transplantation. 

It therefore emerges the need to develop a simple, rapid, and cost-effective method for 

detecting FMN and NADH in the perfusion medium during machine perfusion. 

Currently, in several clinical centers worldwide, these molecules are monitored by sampling the 

perfusate and analyzing it using bench-top spectrophotometers, through fluorescence, UV-Visible 

absorption, or microplate reader techniques. Such analyses can be performed either during perfusion 

or after transplantation. 

Some researchers have already tested real-time FMN detection directly in the perfusion liquid, 

without sampling, by monitoring the fluorescence signal and correlating it with concentration. 

However, these approaches allowed only a qualitative assessment of the fluorescence signal rather 

than an accurate quantification of FMN concentration. 

This doctoral thesis aims to address this limitation by testing and improving an existing stand-alone 

device capable of detecting fluorescence and quantifying in real time the FMN concentration in the 

perfusate. 

To achieve this goal, Chapter III presents an in-depth and comprehensive spectrophotometric 

analysis of FMN (including NADH). 

Our study represents a fundamental first step aimed at characterizing the absorption and 

fluorescence spectroscopy of FMN and NADH in various clinically relevant perfusion media, under 

controlled laboratory conditions. No human or animal organs were used at this initial stage, in order 

to isolate and thoroughly understand the spectroscopic behavior of the mitochondrial biomarkers in 
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the different media. Each perfusion solution has a distinct chemical composition, and our priority was 

to investigate the spectrophotometric behavior of the two analytes when dissolved in different media. 

We fully agree that validation of the method in a real clinical setting—through the analysis of 

perfusate samples from actual organ perfusion—is a crucial step to demonstrate its full applicability. 

However, such validation requires resources and an experimental design that go beyond the scope of 

this preliminary work, and would deserve a dedicated follow-up study, possibly in collaboration with 

clinical centers.  

Moreover, we are aware that substances such as bilirubin, creatinine, hemoglobin, cells, tissue 

fragments, and phenolic compounds (e.g., quercetin) may potentially interfere with spectroscopic 

measurements. However, the aim of the present study was to systematically analyze the optical 

response of FMN and NADH in perfusion media in the absence of such interferents, in order to 

establish a solid and reproducible reference model. 

A thorough investigation into the effect of interferents would require a detailed and extensive 

analysis, which we believe is more appropriate for an independent study, given the complexity and 

number of variables involved. 

Although this study does not present a ready-to-use real-time monitoring device, we are 

convinced that it lays essential theoretical and practical foundations for the development of such a 

system, especially for applications in organ perfusion prior to transplantation, and could be useful for 

the scientific community working in the field. 

To illustrate this point clearly, let us consider a practical example: suppose we aim to develop 

an optical sensor to detect FMN and NADH in the perfusate of an organ preservation system. The 

first question would be: which optical technique should we use—fluorescence or absorbance? 

Chapter III provides an evidence-based answer. 

Figures 3.3.12 and 3.3.13 of Chapter III show that fluorescence is a highly effective method 

for detecting FMN, as it exhibits linear behavior and can be excited at 450–455 nm with minimal 

interference from NADH. Conversely, fluorescence is less suitable for NADH, as it presents 

saturation effects at concentrations above ~100 μg mL–1, regardless of excitation wavelength. 

Absorbance, on the other hand, shows a linear response for NADH even at higher concentrations. 

This leads to a crucial design recommendation: a dual-mode optical system should be implemented, 

enabling both absorbance and fluorescence detection. Given the geometric differences in optimal 

optical path design (90° for fluorescence, 180° for absorbance), this has non-trivial implications for 

sensor layout. 
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As noted by Müller et al. (2019) and Huwyler et al. (2023) cited in Chapter III, a first-

generation real-time detection system has already been developed. However, in their work, 

fluorescence was calibrated for NADH without exploring the saturation effect at high concentrations, 

possibly because their calibration range was narrower than ours. Had they tested concentrations above 

100–150 μg mL–1, especially in liver perfusion (where NADH can exceed 200 μg mL–1), signal 

saturation would likely have emerged as a limiting factor. This is not just a theoretical concern—it 

underscores the need to rely on absorbance for NADH detection in specific clinical contexts. 

A second critical point is the choice of excitation wavelengths. Our results from Chapter III 

(Figures 3.3.1 and 3.3.9) clearly show that optimal excitation occurs at 455 nm for FMN and 340 nm 

for NADH. This is a key consideration when selecting light sources, especially if LED or laser diodes 

are to be used. Using non-optimal wavelengths—as done in some literature studies (e.g., 405 nm or 

485 nm for FMN)—would require longer integration times to achieve the same signal quality. 

Furthermore, optimizing the excitation wavelength not only improves the selectivity and signal 

quality, but also directly reduces the required integration time. This is a key parameter for achieving 

high-frequency, real-time monitoring without overloading the processing capabilities of portable and 

cost-effective acquisition systems. 

In our ongoing hardware development (not mentioned in this manuscript), we have 

encountered this exact trade-off: extending the integration time to compensate for suboptimal 

excitation is not feasible with the microcontroller-based architecture we are using. Therefore, our 

current hardware design is based on the specific theoretical findings reported in this manuscript. 

We also highlight another novel and important aspect: spectral shape analysis. While Müller 

et al. and Huwyler et al. rely on the area under the curve (AUC) for quantification, this approach can 

be problematic. If other substances in the perfusate absorb at similar wavelengths or emit overlapping 

fluorescence, the AUC alone cannot distinguish their contributions. This becomes especially relevant 

if exogenous substances (e.g., antioxidants, flavonoids, other flavins) are introduced during perfusion. 

For this reason, we propose the future development of machine learning models capable of resolving 

overlapping spectra and performing classification/regression based on full-spectrum data. While of 

our presented in Chapter III does not implement those algorithms, it provides a theoretical 

justification for why such approaches will be essential in future sensor development. 

In Chapter IV we introduced a real-time sensor prototype inspired by the results presented 

here. Without this preliminary characterization of spectral behavior, excitation/emission interactions, 

and concentration-dependent effects, it would have been extremely difficult to make informed 
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engineering choices or to avoid the limitations seen in previous designs. We would respectfully point 

out that a thorough phenomenological understanding must precede technical implementation. 

Unfortunately, due to industrial secrecy, non-disclosure agreements and IP protection concerns, we 

are currently unable to disclose hardware details. Therefore, our work presented in Chapter III forms 

the scientific basis of the device now under development. 

The presentation of the prototype in Chapter IV is intentionally concise, as it serves solely to 

illustrate the operating principle and basic logic of the system. This limitation is necessary because 

the device is the property of a third party, and therefore certain technical aspects cannot be disclosed. 

The doctoral research conducted on this prototype was primarily focused on two key directions. The 

first goal was the development of a scientifically rigorous and robust calibration method to ensure the 

reliability of the measurements. To this end, a thorough analysis was carried out on factors that may 

appear secondary but have a significant influence on the final results, such as fluid dynamic effects 

within the optical system. In addition, the measurement repeatability and the impact of experimental 

variance were carefully investigated to assess the stability and accuracy of the device. This phase was 

essential for determining the reliability of the measurements and for understanding whether 

fluctuations could compromise the overall quality of the acquired data. A spectral identification 

criterion was also developed, enabling the prototype to autonomously analyze and recognize 

fluorescence spectra with high accuracy, without the need for any training examples. This represents 

a significant advantage over traditional machine learning classification algorithms, which generally 

require large training datasets to operate effectively. In our case, the classification relies on a 

deterministic sequence of criteria that ensures reliable spectral identification even in the absence of 

pre-trained models. 

The most innovative aspect of this PhD work concerns the implementation of well-established 

machine learning algorithms, such as XGBoost (although neural networks or Random Forest models 

could also be employed effectively), for the real-time quantification of FMN concentration. This 

approach enables the device to autonomously compute the FMN concentration during measurement, 

without the need for human supervision. 

The innovation lies not only in the autonomous computation but also in the built-in validation 

mechanism of the estimated result. By combining calibration curves with spectral reconstruction, the 

system compares the theoretical spectrum corresponding to the estimated concentration with the 

experimentally measured one. This allows the device to verify whether the computed concentration 

is consistent and reliable. As a result, the device can autonomously recognize potential measurement 
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inconsistencies, representing a significant step toward a fully automated and self-validating analysis 

system. 

Naturally, some limitations were also identified. The calibration range used during testing was 

limited to 11.88–237 ng mL–1, which should ideally be extended beyond 500 ng mL–1 to cover a 

broader concentration interval. Furthermore, the presence of optical interferents, particularly trace 

amounts of blood, can compromise spectral measurements due to absorption and scattering effects. 

Although, in theory, hypothermic machine perfusion should ensure that the organ is fully washed and 

free of blood, in clinical practice this condition is not always met. For this reason, it is recommended 

to perform a thorough organ wash and to include blood filters in the perfusion circuit, in order to 

minimize residual blood contamination and thus improve the accuracy and reliability of the 

fluorescence-based measurement. Furthermore, the optimal performance of the device was 

demonstrated, confirming its suitability for potential clinical application. An important limitation of 

the prototype is that, for confidential reasons, it was not possible to test its performance in the 

detection of NADH. 

In Chapter V, we presented the temporal evolution of FMN release, both in animal and human 

organs. However, data from human samples were not disclosed, as authorization for publication was 

not granted. A particularly relevant finding from this analysis is that each organ exhibited a unique 

FMN release pattern over time. The observed FMN trends appeared to be organ-specific and 

independent of external macroscopic variables such as ischemia time, cause of death, age, weight, 

sex, or the presence of underlying diseases. Instead, they seem to be driven by intrinsic metabolic 

factors that remain largely unexplored. This observation currently makes it impossible to establish a 

deterministic or predictive mathematical model capable of accurately describing the time evolution 

of FMN concentration based on the initial perfusion measurements. The FMN dynamics appear to 

follow nonlinear and unpredictable behaviors that do not conform to simple kinetic assumptions. 

Nonetheless, a deterministic modeling approach was explored in this study as a conceptual exercise 

aimed at providing an approximate interpretation of FMN release. We are fully aware of the 

limitations of this method, which proves effective only in certain conditions. More advanced 

approaches, particularly statistical or black-box models based on machine learning techniques, could 

offer more accurate descriptions of such complex phenomena. However, our intent was to lay the 

groundwork for future studies by proposing a preliminary and physically interpretable model of FMN 

dynamics. Finally, we demonstrated that FMN concentration can serve as an informative parameter 

for predicting post-transplant outcomes when integrated into score-based evaluation models. This 
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finding reinforces the role of FMN as a clinically relevant metabolic biomarker, potentially useful for 

improving organ assessment during machine perfusion. 

 

Future Directions 

Based on the findings of this work, several research directions are proposed for future development: 

• Expand the spectrophotometric characterization of FMN and NADH, systematically 

evaluating the influence of potential interferents in the perfusion medium such as bilirubin, 

creatinine, quercetin, antibiotics, and anticoagulants. 

• Implement more robust and generalizable machine learning algorithms to improve the 

accuracy and reliability of FMN and NADH concentration estimation, even in the presence 

of instrumental noise or biological variability. 

• Develop advanced classification models capable of distinguishing NADH fluorescence from 

other molecules emitting within the same spectral range, thereby enhancing analytical 

specificity. 

• Enhance the use of real-time and online monitoring devices, improving their sensitivity, 

stability, and adaptability to complex clinical conditions. 

• Continue investigating new modeling strategies for FMN and NADH release, combining 

deterministic, physics-based models with statistical and machine learning approaches to better 

describe the underlying kinetics. 

• Develop and test novel mathematical methods to predict FMN release profiles during 

prolonged perfusion times, aiming to identify potential functional relationships between FMN 

and other measurable parameters. 

• Integrate score-based predictive models directly into perfusion devices, combining both 

FMN and NADH concentrations to anticipate post-transplant outcomes in real time during 

organ perfusion. 

Making projections about the future evolution of the transplantation field is extremely challenging. 

As of 2025, looking back over the past decade, remarkable progress has been achieved, and it 

is reasonable to expect that even more innovative developments will emerge in the near future. 
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Machine perfusion is already being used not only for organ preservation but also for organ 

regeneration. Consider, for example, a portion of a donor liver damaged by disease: it can be 

explanted and kept viable through an extracorporeal perfusion system. A computer automatically 

monitors and regulates the liver perfusion using a solution containing oxygenated blood and nutrients, 

while clinicians apply regenerative therapies. Once its function has been restored, the organ can be 

re-transplanted. 

In this context, real-time monitoring of biomarkers such as FMN, NADH, and others is 

essential to assess the organ’s viability and guide therapeutic interventions. Similarly, one can 

envision applications in the cultivation of artificial tissues and organs, where continuous perfusion 

and biomarker monitoring through spectrometric techniques—such as those employed in this thesis—

will likely play a central role. It is conceivable that, in the not-so-distant future, computer-controlled 

systems could automatically repair or cultivate tissues and organs, relying on spectrophotometric 

analyses to detect, quantify, and monitor in real time the organ’s functional status and stage of 

regeneration. 

In conclusion, this doctoral work establishes both theoretical and experimental foundations for 

the development of new-generation monitoring systems for organ perfusion. By combining 

spectrophotometric characterization, algorithmic innovation, and experimental validation, it 

contributes to bridging the gap between engineering and transplantation medicine. Future 

developments integrating multi-parametric sensing and artificial intelligence will likely transform 

machine perfusion from a static preservation technique into a truly smart and adaptive platform for 

organ assessment and optimization prior to transplantation. 
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Appendix A 

Table 1 presents data of fluorescence for concentrations of 59.4 ng mL⁻¹ at 530 nm, 83.16 ng 

mL⁻¹ at 570 nm, and 142.56 ng mL⁻¹ at 590 nm and 154.44 ng mL–1 at 585 nm considering all data 

from aggregated trials. Figures 1a-h , and show the data distributions and corresponding QQ-plots. 

 

Basic 
Statistics 

Parameter 59.4 ng/mL 
at 530 nm 

83.16 ng/mL 
at 570 nm 

142.56 ng/mL 
at 590 nm 

154.44 ng/mL 
at 585 nm 

Mean 207.44 228.18 227.88 288.49 
Median 207.0 228.0 226.0 288.0 

Standard 
Deviation 

7.87 8.97 11.21 11.03 

Coefficient of 
Variation 

3.79% 3.93% 4.92% 3.82% 

Range 42 48 64 56 
95% 

Confidence 
Interval 

(206.78, 
208.09) 

(227.41, 
228.96) 

(227.02, 
228.75) 

(287.58, 
289.40) 

Distribution 
Analysis 

Skewness -0.0501 0.1243 0.4503 0.2034 
Kurtosis -0.428 -0.212 -0.255 -0.721 

Maximum 
Divergence 

(x) 

208.0 228.0 230.7 292.2 

Distribution 
Divergence 

Analysis 
(Real vs 

Gaussian) 

Total 
Divergence 

Area 

0.0965 0.0848 0.1937 0.1891 

KDE Peak 206.1 231.3 222.5 282.6 
Interpretation Almost 

normal 
Almost 
normal 

Moderate 
deviations 

Moderate 
deviations 

Shapiro–Wilk 
Statistic 

0.994 0.995 0.98 0.983 

Shapiro–Wilk 
p-value 

0.041 0.059 0.00 0.00 

Robustness 
Analysis 

IQR 11.0 12.0 15.0 17.0 
Lower Limit 185.5 204.0 197.5 254.50 
Upper Limit 229.5 252.0 257.5 322.5 

Outliers 
Detected 

None [254] [263, 259, 261, 
259] 

None 

Dataset Info Number of 
Scans 

549 520 649 565 

 
Table 1. Analysis of the measurement quality and repeatability of the fluorescence signal at different 

wavelengths and concentrations. 
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For the concentration of 59.40 ng mL–1 at 530 nm, the measurements exhibit good stability, with 

a mean of 207.44 and a low standard deviation (7.87), corresponding to a coefficient of variation of 

3.79%. The confidence interval is relatively narrow, indicating high precision of the estimates. 

However, the Shapiro-Wilk test shows a slight deviation from normality (p = 0.041), suggesting that 

the data distribution is not perfectly Gaussian. Robustness analysis indicates a small IQR (11.00) and 

no outliers, confirming that the data are concentrated around the mean value and that the instrument 

performed stably. 

For the concentration of 83.16 ng mL–1 at 570 nm, the mean (228.18) and standard deviation 

(8.97) again indicate high precision, with a coefficient of variation of 3.93%, similar to the previous 

case. Here, the Shapiro-Wilk test does not indicate deviations from normality (p = 0.059), so the data 

can be considered normally distributed. Robustness analysis shows a slightly wider IQR (12.00) and 

a single outlier (254), which does not compromise the overall measurement stability. 

For the concentration of 142.56 ng mL–1 at 590 nm, the mean (227.88) is associated with a higher 

standard deviation (11.21) and a coefficient of variation of 4.92%, indicating slightly lower precision 

compared to the previous cases. The confidence interval remains narrow, but the Shapiro-Wilk test 

reveals a significant deviation from normality (p < 0.001), suggesting that the data distribution is not 

perfectly Gaussian. Robustness analysis indicates a wider IQR (15.00) and several outliers (263, 259, 

261, 259), reflecting greater fluctuations at this concentration. By filtering the data and removing 

outliers, the distribution is expected to approximate a Gaussian. This discrepancy is attributable to 

Figure 1. Data for the concentration of 59.4 ng mL⁻¹ at 530 nm, 83.16 ng mL⁻¹ at 570 nm, and 142.56 ng mL⁻¹ 

at 590 nm and 154.44 ng mL–1 at 585 nm. 

(h) (g) 
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operator-induced experimental error, not the instrument, as similar anomalies would have appeared 

for other wavelengths and concentrations otherwise. 

 

Figures 2a-ab show data distribution of fluorescence emitted at 523 nm for the concentration of 

106.92 ng mL-1 in different trials. 
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Figure 2. Data for the concentration of 106.92 ng mL⁻¹ at 523 nm of 14 trial. Comparison of real and 

theoretical distribution and QQ plot. 
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Table 2 show data analysis for the concentration of 71.28 ng mL-1 in different trials and Figures 3a-

ab show data distributions of fluorescence emitted at 548 nm. Figure 4 and Table 3 report data of 

aggregated data of the fluorescence emitted at 548 nm of 71.28 ng mL-1. 

The statistical analysis of the fluorescence emission at 548 nm for the concentration of 71.28 ng 

mL-1, acquired over 14 experimental days, reveals a globally consistent picture that allows significant 

considerations to be drawn regarding the stability of the measurement system and the sensitivity of 

the experimental protocol. 

The daily mean values range between approximately 212 and 268 A.U., with variations that, 

although limited to a few percentage points, are nonetheless statistically significant. The coefficient 

of variation, always below 3.5%, indicates good intra-day repeatability, suggesting that the instrument 

ensures high precision under identical measurement conditions. Similarly, the small standard 

deviations and narrow confidence intervals reflect low data dispersion within each group. 

The Shapiro–Wilk test shows that most of the daily distributions can be considered approximately 

normal, with p-values generally greater than 0.05. Exceptions are observed on certain days 

(particularly the second, fourth, sixth, and eighth), where the test indicates significant deviations from 

normality, likely due to the presence of outliers or slight asymmetry in the data distribution. This 

observation is consistent with the skewness and kurtosis values, which in some cases deviate from 

zero or one, though without indicating systematic or substantial distortions. 

The robustness analysis generally confirms the absence of severe outliers, with few exceptions 

(for instance, on days 4, 6, 7, and 8), where a small number of values fall outside the interquartile 

range limits. However, these occurrences appear to stem more from operational variations or random 

fluctuations in sample preparation rather than from instrumental instability. 

From an inferential standpoint, the one-way ANOVA yielded an F-statistic of 14.959 with a p-

value of 1.295 × 10⁻¹⁶, leading to the rejection of the null hypothesis. This result indicates that the 

differences among daily means cannot be attributed solely to experimental error, but rather reflect, 

with high probability, the influence of additional factors. It is plausible that such factors are related 

to minor inconsistencies in sample preparation, slight manual errors by the operator, or uncontrolled 

variations in environmental conditions (such as temperature or exposure time). 

In summary, the analysis demonstrates that the measurement system and experimental protocol 

are overall solid and reproducible, yet highly sensitive to even minimal operational variations. Such 

sensitivity, while representing a limitation in terms of absolute inter-day reproducibility, at the same 
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time confirms the instrument’s high capability to detect real differences in the fluorescence signal, 

underscoring its precision and overall reliability. 

 Table 2. Data for the concentration of 71.28 ng mL⁻¹ at 548 nm of 14 trials. Comparison of real and theoretical 

distribution and QQ plot. 
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Table 3. Data for the concentration of 71.28 ng mL⁻¹ at 548 nm of aggregated trials.  

Basic Statistics Parameter Value 

Mean 238.93 

Median 238.00 

Standard Deviation 16.45 

Coefficient of Variation 6.89% 

Range 79 

95% Confidence Interval (237.58, 240.27) 

Distribution Analysis Skewness 0.2728 

Kurtosis -0.508 

Shapiro–Wilk Statistic 0.986 

Shapiro–Wilk p-value 0.000 

Distribution Divergence 

Analysis (Actual vs 

Theoretical Gaussian) 

Maximum Divergence (x) 242.9 

Total Divergence Area 0.1569 

KDE Peak 230.5 

Interpretation Moderate deviations 

from normality 

Robustness Analysis IQR 24.00 

Lower Limit 191.00 

Upper Limit 287.00 

Outliers Detected None 

Dataset Info Number of Scans 577 

 

Figure 3. Data for the concentration of 71.28 ng mL⁻¹ at 548 nm of 14 trials. Comparison of real and theoretical 

distribution and QQ plot. 

(w) (z) 
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In Figure 5.1-40 we report the actual and theoretical distribution of fluorescence signal at 523 nm for 

all concentrations with aggregated data of every trial. 

 

 

 

Figure 4. Data for the concentration of 71.28 ng mL⁻¹ at 548 nm of aggregated trials. (a) Comparison of real 

and theoretical distribution and (b) QQ plot. 
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Figure 5.1-40. Data of fluorescence signal for the all concentrations at 523 nm of aggregated trials. (a) 

Comparison of real and theoretical distribution and (b) QQ plot. 
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