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Abstract 

In the last decade, the therapeutic effects of mesenchymal stem cells (MSCs) have been attributed 

to a paracrine activity exerted through extracellular vesicles secreted by MSCs, namely exosomes. Their 

properties as intercellular communication vehicles have led to an increase interest in their use for cell-

free therapeutic applications.  

The present work aimed to evaluate how different culture conditions, as culture medium (StemPro 

XenoFree vs DMEM), conditioning time (1, 2 and 3 days) and MSC donors (six donors), affect the 

chemical characteristics of exosomes. For that, purified exosomes were characterized by Fourier-

transform infrared (FTIR) spectroscopy, a highly sensitive, fast and high throughput technique. 

Since FTIR spectra from purified exosomes showed that the purification kit interfered with the 

spectral signal, the characterization of exosomes was firstly optimized in terms of its dilution factor to 

minimize the interference from the kit. Qualitative characterization showed that exosomes produced in 

different media presented different molecular fingerprints, and that exosomes produced in DMEM 

presented a more reproducible chemical composition. Chemical characteristics of exosomes showed to 

depend more on the MSCs donors than conditioning time. Identified spectral regions, characteristic of 

certain chemical bonds, enabled the discrimination of the chemical composition of exosomes produced 

in different media and by different donors. A relatively higher production of exosomes was achieved in 

DMEM.  

As a supplementary work, conditioned media were also characterized by FTIR spectroscopy. 

Conditioned media from different MSCs donors presented different metabolic profiles, being noted, 

however, that DMEM conditioned media presented higher variability in their chemical composition than 

XF media.  

This work is a step forward into understanding how different culture conditions affect MSC exosomes 

and their characteristics. 

 

 

Keywords: Mesenchymal Stem Cells, Exosomes, Purification, FTIR Spectroscopy, Molecular 

Fingerprint. 

 

 

 

 

 

 

 

  



vii 

 

  



viii 

 

Resumo 

Na última década, os efeitos terapêuticos das células estaminais mesenquimais (CEMs) têm sido 

atribuídos à atividade parácrina exercida por vesículas extracelulares secretadas pelas CEMs, como 

os exossomas. As suas propriedades como veículos de comunicação intercelular têm promovido o 

interesse do seu uso em aplicações terapêuticas. 

O presente trabalho teve como objetivo avaliar o modo como diferentes condições de cultura, tais 

como meio de cultura (StemPro XenoFree vs DMEM), tempo de condicionamento (dias 1, 2 e 3) e 

diferentes dadores de CEMs (seis dadores), afetam as características químicas dos exossomas. Para 

tal, exossomas purificados foram caracterizados por espetroscopia de infravermelho por Transformada 

de Fourier (IVTF), uma técnica altamente sensível, rápida e de elevado rendimento. 

Uma vez que os espetros obtidos para exossomas purificados mostraram que o kit de purificação 

interferia com o sinal espectral, a caraterização dos exossomas foi primeiramente otimizada em relação 

ao fator de diluição de forma a minimizar esta interferência. A caracterização qualitativa mostrou que 

os exossomas produzidos em diferentes meios apresentaram diferentes assinaturas moleculares, e 

que exossomas produzidos em DMEM apresentaram uma maior uma composição química mais 

reprodutível. As caraterísticas químicas dos exossomas mostraram depender mais dos dadores de 

CEMs do que do tempo de condicionamento. Razões espectrais identificadas, características de 

determinadas ligações químicas, permitiram discriminar a composição química de exossomas 

produzidos nos diferentes meios e por diferentes dadores. Observou-se uma maior produção relativa 

de exossomas em DMEM. 

Como trabalho suplementar, os meios condicionados foram também caracterizados por 

espectroscopia de IVTF. Meios condicionados de diferentes dadores apresentaram diferentes perfis 

metabólicos, sendo que os meios condicionados DMEM apresentaram uma maior variabilidade na sua 

composição química do que os meios XF. 

Este trabalho é um passo em frente para perceber como diferentes condições de cultura afetam os 

exossomas produzidos de CEMs e as suas características.  

 

Palavras-Chave: Células Estaminais Mesenquimais, Exossomas, Purificação, Espectroscopia de 

IVTF, Assinatura Molecular. 
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Chapter 1 

1. Introduction 

1.1. Stem Cells 

Stem cells are unspecialized cells that have the ability to self-renew through cell division in their 

unspecialized state and to differentiate into a variety of cell types1,2.  

Stem cells can be classified by their development potential as totipotent, pluripotent, multipotent, and 

unipotent. The zygote and the cells produced by its cleavage in the first four days are the only cells 

considered totipotent stem cells as they are able to generate all the cell types of the organism as well 

as extraembryonic cells. Pluripotent stem cells are able to give rise to all cell types from the three germ 

layers (mesoderm, endoderm and ectoderm), which constitute the human body (e.g. embryonic stem 

cells (ESCs) and induced pluripotent stem cells (iPSCs)). iPSCs are pluripotent stem cells generated by 

reprogramming of differentiated human somatic cells when induced by defined reprogramming factors. 

These cells have similar characteristics to ESCs, although can potentially overcome two problems 

associated with use of ESCs, as immune rejection after transplantation, once these cells can be derived 

the patient’ own cells, and ethical concerns associated with the manipulation of human embryos3,4. 

Multipotent stem cells can only differentiate into a limited range of cell types, meaning they can only 

differentiate into cell types of the tissue from which they were originated (e.g. mesenchymal stem cells 

and hematopoietic stem cells (HSCs)). For last, unipotent stem cells can only differentiate into one cell 

type, which are themselves, but have the property of self-renewal required to be considered a stem 

cell1,5,6. 

Stem cells can also be classified according to their source into embryonic stem cells, fetus stem 

cells, umbilical cord stem cells and adult stem cells7. Adult stem cells can be found in almost any tissue 

or organ and are responsible for maintaining tissue homeostasis and repair damaged cells, replacing 

them by new cells5,6. 

 

1.1.1. Mesenchymal Stem Cells  

Mesenchymal stem/stromal cells (MSCs) are adult stem cells located in a large variety of adult 

tissues. As multipotent stem cells, MSCs have the capacity to self-renew and replicate in an 

undifferentiated state. MSCs can be isolated from bone marrow (BM), adipose tissue, umbilical cord 

blood, synovial tissue, amniotic fluid, liver, brain, among other sources8–10. These cells are characterized 
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by their potential to differentiate into osteogenic, chondrogenic, adipogenic and myogenic cell lineages 

(bone, cartilage, fat and muscle cells)9. They also have the capacity to differentiate into non-

mesenchymal cell lineages, such as neurons, glial cells and hepatocytes8. 

MSCs and their functional mechanisms have become a research focus during the past few years. 

These cells gained great interest due to the limitations of using ESCs and iPSCs in clinical trials. While 

the latter was introduced to overcome the ethical issues regarding of use of ESCs, they both share a 

concerning problem: the risk of teratoma formation. MSCs can overcome both of these issues, since 

there are no ethical concerns around these cells, as they have no risk of teratoma formation, turning 

them into a great solution for cell therapy and regenerative medicine11. 

 

1.1.1.1. Mesenchymal Stem Cells: An Historical Background  

The first concept of mesenchymal stem cells is dated from the 19th century and was described by the 

German pathologist Julius Cohnheim, who proposed that a non-hematopoietic MSC population existed 

in the bone marrow. These cells were identified from cultures of bone-derived cells and were described 

as fibroblast cells. Cohnheim proposed that the bone marrow was a source of these fibroblast cells that 

contributed to bone injury repair10,12,13.  

In the early 20th century, the Russian scientist Alexander Maximov proposed that MSCs offered a 

microenvironmental contribution to hematopoiesis, by stating that committed hematopoietic precursors 

descended from a hematopoietic stem cell through signals from BM stromal cells. This idea of stromal-

hematopoietic cell interactions was an essential part of the ‘unitarian theory of hematopoiesis’10,14. 

However, it was only in the 1960s and 1970s with the findings of Friedenstein and colleagues that a 

major breakthrough in MSCs was provided. Friedenstein identified a cell population within rodent bone 

marrow that were rapidly adherent to plastic and had the appearance of fibroblasts able to form single-

cell-derived colonies in vitro, leading to the term ‘colony-forming unit-fibroblast’ (CFU-f). These colony 

cells were capable of osteogenic differentiation in culture, as revealed when implanted in ectopic 

locations in vivo. Also these cells were able to regenerate of heterotopic bone tissue after BM cells 

transplantation, suggesting their capacity of self-renewal10,13,15,16. 

Nevertheless, the term ‘mesenchymal stem cells (MSCs)’ was only coined by Caplan17 in 1991 after 

studies following the findings of Friedenstein showed that these cells presented similar abilities to the 

latter, and were also isolated from human bone marrow and able to differentiate in vitro into a variety of 

mesodermal cell types, such as osteoblasts, chondrocytes, adipocytes, and myoblasts13,16,18,19.  

In vitro, MSCs have been culture in media supplemented with animal serum, as fetal bovine serum 

(FBS). Animal serum contains a broad spectrum of macromolecules, proteins, growth factors, 

hormones, attachment factors, along with other nutrients, that are the key for tissue culture. However, 

animal serum presents several disadvantages to its use for clinical applications of MSCs, as higher 

variability and poorly-defined composition, which contributes to inconsistences in lot-to-lot performance, 

and a considerable range of possible contaminants, as high percentages of animal proteins. Moreover, 

the methods used to obtain the serum are ethically questioned20–22. Fully defined serum-free and 

xenogeneic-free culture media have emerged as a better option for expanding MSCs. These media are 
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chemically defined, meaning that all its components and concentrations can be identified, and are 

completely free from animal-derived serum and other components of animal origin20,21.  

In 2006, due to the large variety of culture media used to culture MSCs, the International Society for 

Cellular Therapy (ISCT) stated the minimal criteria to define MSCs and standardize MSC isolation23, as 

adherence to plastic under standard culture conditions, expression of surface markers CD105, CD73, 

and CD90, lack of expression of surface markers CD45, CD34, CD14 or CD11b, CD79α or CD19, and 

HLA-DR, and differentiation into osteogenic, chondrogenic, and adipogenic cell lineages in vitro10,13,23. 

 

1.1.1.2. Characteristics of Mesenchymal Stem Cells 

MSCs have several characteristics that turns them into widely used cells in cell-based therapies and 

regenerative medicine. In addition to the characteristics mentioned above, as multipotency, broad range 

of sources, multilineage differentiation potential, and the lack of ethical issues and teratoma formation, 

MSCs are also characterized by their ease of isolation and high proliferative capacity in vitro, promotion 

of tissue repair and construction of a regenerative microenvironment, secretion of trophic factors, as 

well as immunomodulatory and immunogenic properties, and support of hematopoiesis.8,11,13 

 

Promotion of Tissue Repair 

MSCs have the ability to migrate to injured and inflamed sites and release a broad spectrum of 

bioactive factors, as cytokines, growth factors, chemokines, and inflammatory mediators8,9,11. This 

intrinsic secretory activity of MSCs establishes a regenerative microenvironment at sites of tissue 

damage, which inhibits scarring, apoptosis and fibrosis, stimulates angiogenesis and the mitosis of 

tissue progenitor cells18, and remodels the extracellular matrix (ECM)24. Initially, MSC-based therapies 

were expected to increase the structure and function of damaged tissues via direct cell replacement. 

However, this hypothesis proved not to be completely true. Many studies reported that while there was 

a functional improvement after MSC transplantation, very few MSCs would engraft at these injured sites 

and following differentiation into other cell types to repair tissue damage were rare8,9. Intravenous 

infusions of MSCs expanded in vitro into patients were followed, and it was observed that a large number 

of cells become trapped in the lungs, although some MSCs did home damaged tissues24.  MSC’s modes 

of action are represented in Figure 1.1. 

Even though some underlying mechanisms are still only partially understood, the proposed 

hypothesis is that the therapeutic effect of transplanted MSCs comes indeed from the secretion of 

bioactive factors and not from the cellular engraftment itself24,25. This evidence proposed that MSCs act 

in a paracrine manner. This paracrine effect of MSCs was first described by Haynesworth et al.26, who 

reported that the therapeutic effects of MSCs were based on their capacity of synthetizing and secreting 

growth factors, chemokines and cytokines, as well as immunomodulatory proteins, that exerted 

significant effects on cells and their surroundings.  
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Immunomodulation Properties 

MSCs have been reported to regulate the immune response in many diseases through their broad 

spectrum of immunomodulatory properties. The immunoactivity of these cells is mediated by direct cell-

to-cell contact and through secreted bioactive molecules. Numerous studies have shown that MSCs are 

poorly immunogenic and can affect the immune response of T-cells and B-cells, since they suppress T-

cell proliferation and cytokine secretion and regulate the functions of regulatory T-cells. MSCs also 

increase B-cell viability, but inhibit their proliferation, affect the secretion of antibodies and production of 

co-stimulatory molecules of B-cells, inhibit the maturation, activation and action of dendritic cells, and 

inhibit interleukin-2 (IL-2)-induced natural killer cells activation27.  

These properties give MSCs fundamental tools for clinical trials to treat different conditions, including 

cardiovascular diseases28, spinal cord injuries, acute graft-versus-host diseases 29, ischemic acute renal 

failure30, and autoimmune diseases, as type I diabetes mellitus and inflammatory bowel disease8,31. 

MSCs also present a high potential to be used against neurodegenerative diseases, as Alzheimer’s 

disease, Parkinson’s disease, amyotrophic lateral sclerosis and multiple sclerosis, by differentiating into 

neural cells and secreting several neurotrophic and anti-inflammatory factors to promote nervous tissue 

maintenance and repair and enhance neurogenesis32. 

 

In 2006, Gnecchi et al. observed that intramyocardial injection of culture medium conditioned by 

MSCs overexpressing the Akt gene reduced infarct size in rodent models, producing similar therapeutic 

effects to the injection of MSC-Akt cells33,34. In 2007, Timmers at al. observed that culture medium 

conditioned by human embryonic stem cell-derived mesenchymal stem cells (hESC-MSCs) significantly 

reduced myocardial ischemia/reperfusion (MI/R) injury in pig and mouse models35. Later, it was 

observed that the active component in the culture medium was a large complex within the 50 to 200 nm 

range. Using electron microscopy, ultracentrifugation, mass spectroscopy and biochemical assays, this 

Figure 1.1 – Modes of action of mesenchymal stem cell-based therapies. MSCs might act by cell replacement, where they 
migrate upon tissue injury and differentiate into functional cells to replace the damaged tissue. Since very few cells were able to 
engraft and differentiate to repair tissue damages, the hypothesis that MSCs act mainly in a paracrine manner, by releasing 
immunosuppressive and growth factors and promoting a regenerative microenvironment, was proposed24.  
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active component was identified as an exosome. Exosomes are now considered the primary mediators 

of MSCs’ paracrine effect36. 

 

1.2. Exosomes 

1.2.1. Characteristics of Exosomes  

Definition 

Exosomes are spherical bi-lipid membrane extracellular vesicles formed by the invagination of the 

endosomal membrane to form multivesicular bodies that are then fused with the plasma membrane, and 

released for the outside of the cells37,38. They are secreted by many cell types and can be found in many 

body fluids, such as urine and plasma36. They serve as an intercellular communication vehicle for 

modulating and mediating cellular processes9. 

Along with exosomes, other extracellular vesicles (EVs) are secreted by cells, such as microvesicles 

(MVs) (Figure 1.2) and apoptotic bodies (ABs). Exosomes have gained a great interest since they are 

much better defined in terms of their biophysical and biochemical properties than the other secreted 

vesicles. Typically, they have a dimeter of 40 to 100 nm with a density of 1.13 to 1.19 mg/L in a sucrose 

gradient solution, and can be sedimented by centrifugation at 100,000 g. 

 

Composition  

Exosomes are mainly constituted by proteins, lipids and RNAs, as mRNAs, microRNAs (miRNAs) 

and other non-coding RNAs. Their membranes are enriched in raft-associated lipids, as cholesterol, 

ceramide, sphingomyelin, phosphoglycerides, and long and saturated fatty-acid chains8,36. Figure 1.2 

represents an exosome and its cargo.39 

 

Figure 1.2 – Representation two extracellular vesicles release by cells: microvesicles and exosomes, as well as the representation 
of an exosome and its cargo. (Adapted from [39]) 
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Because of their endosomal origin, exosomes express certain surface markers, as ALIX and 

TSG101, which are involved in multivesicular body biogenesis, and CD9, CD63 and CD81, that are 

tetraspanins8,9,36. Exosomes also contain cell type-specific proteins that reflect their tissue source40, and 

their protein composition may vary according to the conditions the exosomes are subjected to8.  

In addition to protein delivery, exosomes also transport RNAs, as mRNAs and miRNAs. These RNA 

molecules, when delivered to the recipient cells, have the potential to alter their cellular metabolism. For 

example, mRNA molecules present in exosomes from glioblastoma cells up taken by the brain 

microvascular endothelial cells are translated and stimulate tubule formation by the recipient cells41. 

Moreover, miRNAs secreted from Epstein Barr virus-infected cells are transferred by exosomes to 

uninfected recipient cells, which indicated that exosomes have the potential to spread pathogens from 

one cell to another42. Besides the latter functions, RNAs in exosomes may also be useful as diagnostic 

markers for various diseases, as cancer, renal ischemia/reperfusion injury43, among others. 

As bilipid membrane vesicles, exosomes not only have the capacity to carry a large cargo, but they 

also protect their contents from degradative enzymes and chemicals. 

 

Isolation and Storage Conditions 

Exosomes’ isolation can be performed by different methods. The most common is ultracentrifugation 

(UC). In this method, cells and larger particles are removed by a sequentially increasing of the centrifugal 

forces, being that exosomes precipitate at approximately 100,000 g44,45. This method provides 

suspensions highly enriched in exosomes, although requires specific equipment capable of reaching 

these forces. Another method for exosomes’ isolation include ultrafiltration46, high performance liquid 

chromatography47 and immunoaffinity-capture methods48, which can be combined with 

ultracentrifugation to obtain a higher enriched suspension of purified exosomes.  

Recently, companies started to develop exosome isolation kits, a new way of isolating exosomes in 

addition to the traditional methods. These precipitation solutions are ‘easy-to-use’, are time-saving and 

do not require expensive and specific equipment. 

Storage conditions are a very important aspect to consider when working with exosome. Their sizes 

decrease by approximately 60% when stored at 37ºC for 2 days. At 4ºC, exosomes size maintains 

unaltered in the first two days and then starts to decrease40. When stored at -20ºC, their size remains 

unaltered for a long time, and multiple cycles of deep-freezing and thawing seems to not affect the size 

of exosomes. Consequently, temperatures of -20ºC or less are suitable for the storage of exosomes. 

 

Identification and Characterization 

The identification and characterization of exosomes can be performed by several methods. Scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM), two types of electron 

microscopy that uses a beam of accelerated electrons to produce images of a sample, have been used 

to characterize of exosomes since its reduced dimensions do not allow the use of optical methods. 

These methods have been successfully used in obtaining information regarding the size distribution of 

exosomes as well as their morphology49,50. Nanoparticle tracking analysis (NTA), a technique used for 
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detecting particle size distributions of samples in liquid suspensions, has also been used to determine 

exosomes size40,51. 

Flow cytometry is a powerful method for high-throughput analysis and has been used to assay 

membrane proteins on exosomes49. Moreover, through its optimization in order to detect such small 

particles as exosomes, flow cytometry has been also used to directly quantify and characterize 

exosomes52. Western blot analysis is used to assess if exosome samples contain proteins commonly 

associated with exosomes, as surface markers CD9, CD63 and CD8149. 

 

1.2.2. Mesenchymal Stem Cell-derived Exosomes 

MSC-derived exosomes are believed to be the primary mediators of the paracrine effect of MSCs26. 

As exosomes secreted by other cell types, MSC exosomes are an intercellular communication vehicle 

that transports cellular material from the secreting to the recipient cells to modulate and mediate cellular 

processes. They also effect the stromal support functions of MSCs through the maintenance of a 

homeostatic tissue microenvironment and interact with multiple cell types within their vicinity to elicit 

appropriate cellular responses9. Some studies have pointed that MSCs can produce higher amounts of 

exosomes than other cell types53. 

MSC exosomes can be identified not only by the common surface markers present in exosomes, as 

CD9, CD63 and CD81, among others already mentioned in Section 1.2.1, but also by surface markers 

expressed by MSCs, such as CD29, CD44 and CD73. 

Like exosomes in general, MSC-derived exosomes carry a complex cargo of nucleic acids, proteins 

and lipids. The exosomal proteins and RNAs seem to be implicated in many biochemical and cellular 

processes, such a communication, inflammation, exosome biogenesis, tissue repair, regeneration and 

metabolism. For example, miRNAs have been suggested to reduce inflammation by modulating target 

proteins in inflammatory signaling pathways54.  

This paracrine hypothesis mediated by MSC exosomes has been changing the therapeutic 

applications of MSCs in regenerative medicine. The replacement of MSC transplantation for the 

administration of exosomes has mitigated some of the safety concerns and limitations associated with 

cell transplantation36.  Cardiovascular diseases as myocardial ischemia reperfusion (MI/R) injury was 

reported as the first successful therapeutic application of MSC exosomes9,36. MI/R injury is paradoxically 

caused by the restoration of blood flow and oxygen to ischemic heart tissue, and the extent of damaged 

tissue is proportional to the duration of the ischemia. In this disease, ATP production in cardiac tissue is 

first reduced by oxygen deprivation during ischemia and later by ischemia-induced tissue injury during 

reperfusion when oxygen supply is restored55. Proteomic analysis of reperfused cardiac tissue revealed 

that they are depleted in many rate-limiting ATP-generating glycolytic enzymes. This depletion can be 

overcome by the proteome of MSC exosomes which has a cargo rich in these enzymes47,56. 

MSC exosomes may also be applied in kidney injuries, as acute kidney injury, where encapsulated 

RNA molecules in exosomes showed to be the effective in the treatment of this disease57; immune 

diseases as graft-versus-host disease, where studies showed that MSC-derived exosomes are able to 

inhibit autoreactive lymphocyte proliferation and promote secretion of anti-inflammatory trophic factors, 
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and therefore modulate immune responses8,9; neurological diseases, by inducing axonal development 

and contributing to neurovascular remodoling58,59.  

 

1.3. Infrared Spectroscopy 

1.3.1. Theory of Infrared Spectroscopy 

Spectroscopy is defined as the study of the interaction between electromagnetic radiation and matter. 

Its original concept was originated through the study of dispersion of visible light into its wavelengths 

with a prism. Later, this concept was extended so that any interaction with radiation could be included 

as a function of its wavelength or frequency. There are different types of spectroscopy, distinguished by 

the type of radiation involved and the nature of the interaction between radiation and matter. The 

different interactions include absorption, which occurs when matter absorbs the emitted radiation; 

emission, when radiation is emitted by matter; reflection, when the radiation emitter by a source reflects 

on matter; among others60. 

Infrared (IR) spectroscopy is type of spectroscopy and one of the most important analytical 

techniques used in chemical and pharmaceutical analysis61, since it allows for the possibility of analyzing 

a diversity of samples at  any physical state62. This analytical method involves the use of infrared 

radiation, a region of the electromagnetic spectrum in a wavelength range between 700 nm and 1 mm. 

The infrared region is usually divided into three main regions: near-IR (NIR) region, the higher energy 

portion of IR spectrum associated with overtones and combinations of bond vibrations, at a wavenumber 

between 14000 and 4000 cm-1 (800 nm and 2.5 µm wavelength); mid-IR (MIR) region, normally used to 

study fundamental vibrations and associated with rotational-vibrational structure of the molecules, at a 

wavenumber between 4000 and 400 cm-1 (2.5 and 25 µm wavelength); and far-IR (FIR) region, the 

lower energy portion of the IR spectrum used for rotational spectroscopy, at a wavenumber between 

400 and 10 cm-1 (25 µm and 1 mm wavelength)63. The infrared region is emphasized in the 

electromagnetic spectrum represented in Figure 1.3. This work will only focus in MIR radiation.  

The typical units in IR spectra are reciprocal centimeters (cm-1), normally called wavenumbers.  

Figure 1.3 – Electromagnetic spectrum, where the three regions from infrared region (near-IR, mid-IR and far-IR) are emphasized.  
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1.3.1.1. Molecular Vibrations 

When a sample is irradiated with infrared radiation, its molecules absorb energy at the frequencies 

corresponding to its own vibration frequencies and vibrate. The vibration of the molecules that compose 

a sample allow the visualization of a final spectrum64. Therefore, IR spectroscopy is also called 

vibrational spectroscopy.  

This technique, however, can only be used for molecules whose electric dipole moment changes 

during vibration. Heteronuclear molecules are called “infrared active” molecules since their dipole 

moment changes when they vibrate. However, homonuclear (e.g. O2, N2, H2) or monoatomic molecules 

(e.g. He, Ne, Ar), composed by only on type of atom, are considered “infrared inactive” once its dipole 

moment remains zero62. 

Molecules can vibrate in several different ways, and each way is called a vibrational mode. 

Polyatomic molecules with N number of atoms have a total of 3N degrees of freedom, including 

translation, rotation and vibration. If a molecule is non-linear, it will have 3 degrees of translational 

freedom, 3 degrees of rotational freedom and, therefore, 3N-6 degrees of vibrational freedom. An 

example of a non-linear molecule is H2O. If a molecule is linear, as for example CO2, it has 3 degrees 

of translational freedom, but since it is linear, and no energy is involved in the rotation movement around 

O=C=O axis, it only has 2 degrees of rotational freedom. In this way, linear molecules have 3N-5 

degrees of vibrational freedom62. 

The more complex a molecule is, the more degrees of vibrational freedom it has, and the more 

different vibrations it can have. Vibrations include a change in bond length, called stretching, or bond 

angle, called bending. Stretching vibrations can be in-phase (symmetrical stretching) or out-of-phase 

(asymmetrical stretching). Bending vibrations include several movements, as scissoring, rocking, 

wagging and twisting. All these different vibrations are represented in Figure 1.4 and contribute to IR 

spectra. The more vibrations a molecule can have, the more peaks appear at the IR spectrum. Also, the 

larger the change in the dipole moment of the molecule, the more intense the absorption bands. 

Figure 1.4 – Molecular vibration modes of a molecule. Black arrows represent movements in the paper plane while white arrows 
represent movements out of the paper plane61. 
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Simple diatomic molecules only have one bond, consequently only have one vibrational band. If 

these molecules are symmetrical, as O2, this band is not observed at the IR spectrum. If these molecules 

are asymmetrical, as CO, they absorb IR radiation and a band appears at the IR spectrum.  

 The combination of vibrations, dependent on the mass of the atoms, their geometric arrangement 

and the bonding forces between them, produce an IR spectrum characteristic for each molecule. Since 

there are not two identical molecules in all these characteristics, each molecule has a unique spectrum 

that is considered a fingerprint of that molecule. This allows the conclusion that different samples with 

different molecular compositions produce distinct spectra62,63.   

 

1.3.1.2. MIR Spectral Analysis 

The mid-IR region is the part of the infrared spectrum between 4000 and 400 cm -1 and is usually 

used to study fundamental vibrations and structure of molecules. This region gives rise to stronger and 

better-defined bands compared to the other spectral regions, besides being more appropriate to analyze 

biological samples since it is more sensitive for functional groups normally present in biomolecules. MIR 

region is not only sensitive to the molecular composition of the sample itself, but also regarding its 

microenvironment and its influence in molecular vibrations. MIR spectra are also able to show 

conformation changes of biomolecules, as for example protein folding65,66 and nucleic acids67,68 

conformations, allowing the characterization of biological samples. In Figure 1.5 are represented FTIR 

spectra in the mid-IR region for purified MSC-derived exosomes and conditioned medium before 

purification for donor M79A15 for replica 1 at day 2. These spectra were obtained in this work.  

 

 

MIR region can be subdivided into four different regions according to the vibrational frequencies of 

different functional groups: the X-H stretching region (between 4000 and 2500 cm-1), the triple-bond 
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Figure 1.5 – FTIR spectra obtained in this work in the mid-IR region for purified MSC-derived exosomes for a dilution factor of 16 
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region (between 2500 and 2000 cm-1), the double-bond region (between 200 and 1500 cm-1) and the 

fingerprint region (between 1500 and 600 cm-1). 

In the X-H stretching region, between 4000 and 2500 cm-1, are located the fundamental vibrations of 

O-H, C-H and N-H stretching. O-H stretching produces a broad band typically observed between 3700 

and 3600 cm-1. N-H stretching is associated with amides A and B. Amide A is observed between 3400 

and 3300 cm-1 as a strong band. Amide B absorbs weakly around 3100 cm-1 69. The N-H group is 

commonly assigned to peptides and proteins. C-H stretching occurs in the range 3000-2850 cm-1.  C-H 

group is associated with lipids and have four characteristic peaks: two peaks assigned to C-CH3 

functional group (one symmetrical stretching and another asymmetrical stretching) and two peaks 

assigned to –(CH2)n-, also one symmetrical and the other one asymmetrical70. 

The triple-bond region absorbs between 2500 and 2000 cm-1 and, as the name says, it is the region 

of the fundamental frequencies of triple bonds. C≡C stretching absorbs between 2300 and 2050 cm -1, 

while C≡N stretching absorbs between 2300 and 2200 cm-1. Bands from both these functional groups 

may overlap, but they can be distinguished since the alkyne group has a weaker peak than the nitrile 

group62. 

The fundamental stretching vibrations of double bonds appear in the range 2000-1500 cm-1. C=O 

group is one of the most important and easiest bands to be recognized at a spectrum and absorbs 

between 1830 and 1650 cm-1 62. Carbonyl group is assigned to Amide I, being its larger contributor. 

Amide I absorb approximately at 1650 cm-1 69. C=C stretching absorbs at around 1650 cm-1, as Amide 

I. Since this band is very weak, most of the times it is absent or cannot be seen. Another important band 

at this region is Amide II at around 1550 cm-1. This band is a combination of different vibrations (NH 

wagging, CN and CC stretching and C=O bending)69,70. Along with Amide I, Amide II is a very important 

band to be observed in spectra of samples of peptides and proteins. 

The last region of mid-IR is the fingerprint region present between 1500 and 600 cm-1. Unlike the 

previous regions, where bands from different functional groups corresponded only to stretching 

vibrations and could be relatively easy isolated and distinguished, in the fingerprint region there is an 

overlap of many vibrations of proteins, carbohydrates, lipids and nucleic acids. Since this region not only 

has stretching or bending vibrations as the previous regions, that can be considered well-behaved 

vibrations and only absorb at determined wavenumber, but it is composed by every type of vibration 

described. These other vibrations are not so well-behaved, and their absorption peaks may vary in 

hundreds of wavenumbers, even for similar molecules62. Some of the most important bands at this 

region come from phosphate (PO2
-) group symmetrical and asymmetrical stretching at around 1095-

1070 cm-1 and 1245-1230 cm-1, respectively. The phosphate band is normally associated with DNA, 

RNA, phospholipids and phosphorylated proteins. CO stretching may absorb at 1060, 1050 or 1015 cm -

1, and is normally associated with DNA and RNA ribose. CO stretching associated with COH wagging 

from carbohydrates absorb at around 1150 cm-1 70. 
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1.3.2. Instrumentation  

IR spectroscopy is performed in an instrument called spectrometer. Initially, spectrometers were 

dispersive instruments. The first classical dispersive IR spectrometer emerged in the 1940s and worked 

by the principle of transmission spectroscopy. The dispersive element, normally a diffraction grating or 

a prism, was contained within a monochromator, and dispersion would occur when energy emitted from 

the source and falling on the entrance slit collimated onto the dispersive element62. IR radiation was 

separated in the different wavelengths of the spectral range and each wavelength was individually 

reflected back to the exit slit, where was the detector. Each wavelength was measured individually and 

the slit and the dispersive element were moved to select the wavelength being measured61. These 

instruments worked by the principle of transmission. 

This process however was very slow, since the entrance and exit slits were very narrow and usually 

only one scan per sample was made. Figure 1.6 represents a schematic of a double-beam infrared 

dispersive spectrometer with a grating monochromator. 

 

Nowadays, the dispersive spectrometers were almost completely replaced by other infrared 

spectrometers, such as Fourier-Transform Infrared (FTIR) spectrometers. The latter brought great 

advantages infrared spectroscopy. 

 

1.3.2.1. Fourier-Transform Infrared (FTIR) Spectroscopy  

Fourier-Transform Infrared (FTIR) spectrometers were developed to overcome the limitations 

associated with the dispersive instruments, and that could measure simultaneously all wavelengths. 

Figure 1.6 – Schematic of a double-beam infrared dispersive spectrometer with a grating monochromator62. 
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FTIR’s foundations come from the latter 19th century and by the hand of A. A. Michelson71. This 

physicist constructed the interferometer, an optical device capable of producing a unique type of signal 

which had all infrared wavelengths “encoded” in it, and that replaced the monochromator present in 

dispersive spectrometers. The signal could be measured very quickly, most of times in seconds.  

The main difference between FTIR and dispersive spectrometers resides on the way the sample 

spectrum is recorded and how the IR beam gets from the source to the detector. FTIR spectrometer are 

constituted by a source, from where a beam of infrared energy passes through an aperture that controls 

the amount of energy presented to the sample; an interferometer, where the beam enters and where 

the “spectral encoding” takes place. Most interferometers have a beam splitter and two mirrors. The 

beam splitter takes the incoming IR beam and divides it into two optical beams. While one beam reflects 

on a static mirror, the other beam reflects on a moving mirror, which has a mechanism to allow it to 

move very short distances (usually just a few millimeters) away from the beam splitter61. These two 

beams are then recombined when they meet back at the beam splitter, and since they traveled different 

distances, the signal that leaves the interferometer is the result of these two beams “interfering” with 

each other and is called an interferogram. The interferogram is a signal with all the information about 

every wavelength that comes from the source. A schematic of an interferometer used in FTIR 

spectroscopy is presented in Figure 1.7; a sample, where the beam is transmitted or reflected off. The 

sample absorbs the wavelengths characteristic of itself; a detector, which is the destination of the beam 

and specific to measure an interferogram signal; and a computer, where data recorded by the 

spectrometer is processed.  

The final interferogram signal is not something that can be interpreted. Therefore, for the final IR 

spectrum to be obtained, the interferogram signal must be “decoded”. That can be accomplished by a 

mathematical method called Fourier Transform. After this mathematical transformation, an infrared 

spectrum as normally seen is presented. 

Figure 1.7 – Schematic of a Michelson interferometer commonly used in FTIR spectroscopy. The beam leaves the source and 
when reaches the beam splitter divides into two beams: one reflects on the static mirror while the other reflects on the moving 
mirror. The modulated beam resulting from the recombination of the two previous ones is transmitted or reflected off of the sample. 
The final beam then travels until reaching the detector. (Adapted from [32]) 



14 

 

Advantages of FTIR Spectroscopy 

FTIR spectrometers have several significant advantages compared with the dispersive instruments. 

Since all wavelengths are being measured at the same time, FTIR spectrometers present a decrease 

in the necessary time for spectra acquisition, which may take seconds instead of minutes, and a 

decrease in noise. This is called the multiplex or Felgett advantage.  

Sensitivity is also a significant advantage of FTIR spectrometers. Since the detectors used are much 

more sensitive and the optical throughput is much higher, scans are much faster, which results in its 

coaddition, reducing the levels of noise. This is called the Jacquinot advantage.  

The higher sensitivity, faster data acquisition and decrease in noise obtained in FTIR spectra allows 

an achievement of a higher signal-to-noise ratio (SNR). In FTIR spectrometers, the SNR values obtained 

can be 10 to 100 higher than for dispersive instruments63.  

Other advantages that turn FTIR into a preferred method compared with dispersive instruments are 

its mechanical simplicity, once the moving mirror is the only continuously moving part of the 

spectrometer, the fact that is a non-destructive technique and requires no external calibration62,63,72. 

All these advantages turn FTIR spectroscopy into an extremely accurate and reproducible technique 

and a very reliable method for positive identification of almost any sample. In industry, FTIR is a powerful 

tool for quality control, whether it is batch-to-batch comparisons to quality standards or simply the 

analysis of a contaminant. Furthermore, the sensitivity and accuracy of FTIR detectors, along with a 

wide variety of software algorithms available, have exponentially increased the practical use of infrared 

radiation also for quantitative analysis. The invention of FTIR revolutionized IR spectroscopy, allowing 

the use of infrared analysis virtually limitless. 

 

1.3.3. Spectral Data Pre-processing Methods and Multivariate Analysis 

1.3.3.1. Spectral Pre-Processing Methods 

After spectral acquisition, spectral pre-processing is necessary to eliminate spectral variations 

caused by noise, differences in sample thickness and cell numbers, and scattering events. Several pre-

processing methods can be used to interpret spectra qualitatively and quantitatively62, as baseline 

correction, standard normal variate (SNV) normalization and derivatives, among others. 

 

Baseline Correction 

When FTIR spectral data is obtained, spectra are not grounded to zero. Baseline correction is used 

to ground a spectrum to zero, as well as to reduce baseline and slope distortions characteristic to spectra 

acquisition, depending on the type of algorithm used. 

Grounding a spectrum to zero is the easiest problem that can be corrected with baseline correction. 

In these cases, since the spectrum is dislocated from zero by a constant value, it is necessary to subtract 

this value in spectral data.  

More difficult cases involve slope distortions. When baseline presents a slope, it is necessary to use 

an algorithm capable of generating a linear or polynomial function able to bring the spectrum to zero63. 
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However, finding a function that can properly adjust to these distortions is difficult, and a biased final 

spectrum can be obtained.  

 

SNV Normalization 

Normalization is used to minimize differences in the samples’ cell numbers and varying optical 

pathlengths. Normalization scales spectra according to a chosen band. Amide I band, at around 1650 

cm-1, is commonly used to normalize spectra.  

Standard normal variate (SNV) normalization is a weighted normalization method, that is, not all 

spectral data contributes equally to the normalization process. SNV calculates the standard deviation of 

all data from a spectrum, and then all data is normalized by this calculated value. This normalization 

process is weighted towards considering the values that deviate more from the standard deviation value 

than the values near it.  

 

Derivatives 

Derivatives are used to enhance spectral information by increasing the resolution of overlapping 

bands. Normally, only first and second derivatives are evaluated in FTIR data.  

First derivative is used to enhance the resolution of peaks, while second derivative enhances the 

separation of overlapping bands73. 

However, the use of derivatives also has some disadvantages, as the reduction of the signal scale 

and noise amplification. One way of minimizing this noise amplification is using a Savitzky-Golay filter, 

which smooths data by adjusting polynomials to specific spectral ranges74. However, this leads to some 

decrease in the obtained signal. 

1.3.3.2. Multivariate Analysis: Principal Component Analysis  

Multivariate Analysis (MVA) is a field of chemometrics used for extracting information from chemical 

and biological data, and involves the analysis of many variables, simultaneously, in order to understand 

the relationship that may exist between them75. The intrinsic variability of biological samples along with 

high dimension of FTIR spectra turn data analysis into a time-consuming process. Therefore, 

multivariate analysis is the key for FTIR spectra analysis. 

Principal Component Analysis (PCA) is a multivariate analysis technique used to reduce the 

dimensionality of a data set, while maintaining their variation. Then, a PCA converts a set of correlated 

variables into a new set of uncorrelated variables called principal components (PCs). Each PC 

contributes to the total variance of the data set, and they are ordered according to their highest 

contribution to the total variance. Sometimes, variance is distributed through several principal 

components, turning it more difficult to choose which ones are more relevant to extract useful 

information76. 

A PCA model is described by Equation 1.1, where X represents the initial data matrix, T represents 

the scores matrix, P represents the loadings matrix and E represents the residuals or errors matrix.  

Each PC is described as a combination of scores and loadings, where the scores represent the linear 

combinations of all data and the loadings represent the contribution of each wavenumber to the PC. 
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While the scores plots are used to find patterns occurring in data that allow its interpretation, the loadings 

plots are used to interpret which variables most contribute to the grouping of samples. 

 

 𝑋 = 𝑇𝑃𝑇 + 𝐸 (Equation 1.1) 

 

Data can be evaluated by performing scores plots of combinations of different principal components. 

Normally, scores plots only allow the evaluation of two or three PCs at the same time, depending if it is 

chosen a 2 or 3 dimension-plot (2D or 3D, respectively). Even though it depends on the data set used, 

usually the first two or three PCs have enough variance to cover the all data and when plotted together 

allow the visualization of the entire data set. 

In scores plots, the closer the samples are to each other, the more similar characteristics they have 

between each other. Figure 1.8 represents a scores plot for data obtained in this work in FTIR spectra 

for purified exosomes for a dilution factor of 16, where each culture medium used to produce exosomes 

are represented with a different color: exosomes produced in DMEM medium are represented in blue 

while exosomes produced in XF medium are represented in red.  

 

 

 

 

Figure 1.8 – Principal component analysis scores plot for data obtained in FTIR spectra, where MSC-derived exosomes produced 
in each culture media are represented in a different color: DMEM samples are represented in blue and XF samples are 
represented in red. 
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Chapter 2 

2. Materials and Methods 

This chapter presents the experimental methodologies for the culture of human mesenchymal 

stem/stromal cells (MSCs), production and isolation of MSCs-derived exosomes, as well as further 

analysis by Fourier-transform infrared (FTIR) spectroscopy. 

 

2.1. Cell Culture and Isolation of Exosomes 

2.1.1. MSCs Samples 

For this work, six donors of bone marrow mesenchymal stem/stromal cells (BM-MSCs), from 4 to 6 

passages, were used: 5 male donors, M67A07, M48A08, M50A08, M79A15, M73A17, and one female 

donor, F81A08. The first pair of numbers indicates birth year from the donor and the second pair of 

numbers represents the year these samples were isolated. 

These samples were stored in cryogenic vials in liquid nitrogen. 

 

2.1.2. Thawing of MSCs 

MSCs stored in a cryogenic vial (approximately 1 mL) were retrieved from the liquid nitrogen tank 

and quickly thawed in a 37ºC water bath. When almost all the cell suspension reached a liquid state, 

the contents of the cryogenic vial were diluted in 4 mL of Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 20% common fetal bovine serum. Cells were then centrifuged at 1250 rpm for 7 

minutes, the supernatant was discarded, and the pellet was resuspended in culture medium. 

 

 

2.1.3. MSCs Culture 

BM-MSCs were expanded in two different media: DMEM supplemented with 10% fetal bovine serum 

- MSC qualified (FBS) (further designated as DMEM/10% FBS) and Stem Pro® MSC SFM XenoFree 

medium supplemented with 1% (v/v) of GlutaMAX™-I CTS™ and 1% (v/v) of penicillin-streptomycin 

(further designated as XF). Donor M79A15 was only expanded in DMEM/10%FBS. Donor M48A08 was 

only expanded in XF.  
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MSCs stored in cryogenic vials were thawed and plated in Falcon tissue culture flasks of 25 cm2 (T-

25) and 75 cm2 (T-75) in DMEM/10% FBS or CellBind® Surface cell culture flasks in XF at a cell density 

of 3 × 103 cells/cm2. It was used a volume of culture medium of 5 mL and 10 mL for T-25 and T-75, 

respectively. Cells were then incubated at 37ºC and 5% CO2 in a humidified atmosphere (SANYO, CO2 

incubator). The culture medium was exchanged every 3 days. 

Once MSCs reached 70-80% confluence, they were passaged. The exhausted medium was 

removed and a volume of 3-4mL (T-25) and 5-6 mL (T-75) of phosphate-buffered saline (PBS) solution 

was added to wash the cell layer.  After PBS removal, it was added 3 and 5 mL of a dissociative agent 

for T-25 and T-75, respectively. For cells cultured with XF it was used TrypLE™ Select Enzyme (10x). 

For cell cultured in DMEM/10%FBS it was used trypsin 0.05%. Flasks were then incubated at 37ºC for 

7 minutes.  

After incubation, the culture flasks were observed under a microscope to make sure the process of 

dissociation led to a complete cell detachment. Cell suspension was then diluted with culture medium, 

transferred to a Falcon tube and centrifuged at 1250 rpm for 7 minutes. If TrypLE™ was used as a 

dissociative agent, it was added an equal volume of DMEM with 5% human platelet lysate (hPL). If 

trypsin was used as a dissociative agent, it was added twice the volume of DMEM supplemented with 

10% common FBS. After centrifugation, the supernatant was discarded, and the pellet was resuspended 

in 10 mL of culture medium (XF or DMEM/10%FBS). 

Cell number and viability were determined using the trypan blue exclusion method. 10 µL of cell 

suspension was mixed with 10 µL of 0.4% trypan blue stain, and 10 µL of the previous mixture was 

placed inside the hemocytometer’s counting chamber. Viable (unstained cells) and dead (blue-strained 

cells) cells were identified and counted under an optical microscope. After counting, MSCs were replated 

at a cell density of 3 × 103 cells/cm2. 

 

2.1.4. Production of MSC-derived Exosomes 

For MSC-derived exosome production, cells were plated in 6 well plates, with an area of 10 cm2 per 

well, at a cell density of 3 × 103 cells/cm2 and 3 mL of culture medium per well. Nine wells per medium 

per donor were plated corresponding to three replicas from three time points. The culture medium was 

exchanged every 3 days. 

 When cells reached approximately 100% confluence, the exhausted medium was removed and 2 

mL of XF (for cells grown with XF) or DMEM (for cells grown with DMEM/10%FBS) was added to each 

well to be conditioned.  

After 24, 48 and 72 hours, the conditioned medium from the three replicas were transferred to Falcon 

tubes, centrifuged at 1500 rpm for 10 minutes to remove cells debris and supernatant was frozen at  

-80ºC. These three time points will be further designated through the rest of the work as day 1, day 2 

and day 3. 
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2.1.5. Isolation of MSC-derived Exosomes 

MSC-derived exosomes were isolated from conditioned cell media with Total Exosome Isolation 

Reagent Kit (from cell culture media) from Life Technologies®.  

To obtain purified MSC-derived exosomes, frozen conditioned cell media samples were retrieved 

from -80ºC, thawed at room temperature and 500 µL of conditioned medium was mixed with 250 µL of 

purification kit. The mixture was vortexed, to ensure a homogenous solution and incubated at 4ºC 

overnight. 

After incubation, samples were centrifuged at 10,000g for 1 hour at 4ºC. Following the centrifugation, 

the supernatant was discarded and to minimize the amount of culture media and purification kit retained 

at the bottom of the Eppendorf tube with the exosomes, an intermediate washing step was performed 

by adding 50 µL of PBS. Finally, the pellet was resuspended in 50 µL of PBS 0.01M and the exosomes 

were immediately analyzed by FTIR spectroscopy. The exosomes that were not analyzed by FTIR 

spectroscopy were kept at 4ºC. 

 

2.2. FTIR Spectroscopic Analysis 

2.2.1. Spectral Acquisition 

After the pellet resuspension in 50 µL of PBS, the following serial dilutions were made in PBS: 1:1, 

1:2, 1:4, 1:8, 1:16 and 1:32. These dilutions were performed for all analyzed purified exosomes samples. 

Conditioned media was also analyzed without performing any dilution. 

25 µL from each of the previous dilutions was transferred to a 96-wells Si micro-plate, specific for the 

FTIR high-throughput measurements. For all analysis, the first well from the plate was left without any 

sample since its absorbance was used as a blank. 

Samples in the Si plate were dehydrated for 2 hours and 30 minutes at a desiccator under vacuum. 

If samples were not well dehydrated after this time, they were left for an additional 30 minutes, to ensure 

a complete dehydration.  

Spectral data was acquired using VERTEX 70 spectrometer (Bruker, Germany) equipped with an 

HTS-XT module (Bruker, Germany). The spectrometer is also connected to a computer and data 

acquisition is performed by OPUS software (Bruker). Spectra were collected at 64 scans in transmission 

mode, with a 2 cm-1 resolution, and in a wavenumber region between 400 and 4000 cm-1.  

 

2.2.2. Spectral Data Analysis 

OPUS software was used to transfer spectral data. Pre-processing of collected data, as baseline 

correction, standard normal variate (SNV) normalization and first and second derivatives, was 

performed using The Unscrambler® X from CAMO software. 
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2.2.3. Statistical Evaluation 

To evaluate possible differences in the selected absorbance spectral ratios between the groups of 

experiments, in mean terms, appropriate hypothesis tests (parametric or nonparametric77) were 

performed at the significance level of 5%. The differences in the absorbance ratios between groups of 

experiments were considered statistically significant for a p-value lower than this significance level. 

Parametric tests were used whenever their assumptions were met since they are more powerful than 

the nonparametric ones. To compare two independent groups with sample sizes sufficiently large, z 

tests were applied. In fact, when the sample groups have sufficiently large size (at least thirty 

observations), the distribution of the respective sample group mean is considered approximately normal 

given the Central Limit Theorem and thus, the difference between the two means also has an 

approximately normal distribution. In these cases, a parametric hypothesis z test is applied. 

To compare more than two independent groups, in mean terms, the parametric ANOVA test was 

used. Whenever ANOVA assumptions were not satisfied, the less powerful nonparametric Kruskal-

Wallis test was applied. The ANOVA was used only when all the random samples come from 

populations with normal distribution and when all the variances of the populations underlying to the 

samples were equal. If at least one of these assumptions was not fulfilled, although the ANOVA is 

considered a sufficiently robust test, even when its assumptions are not met, the corresponding 

nonparametric test was used. In order to evaluate whether the sample groups come from populations 

with normal distributions, the Kolmogorov-Smirnov with Lilliefors correction test was used, and to 

evaluate the equality of all the variances of the populations underlying the samples considered, the 

Levene’s test was performed. In both tests, ANOVA and Kruskal-Wallis, if the null hypothesis was 

rejected, i.e., if, in mean terms, at least one of the mean locations of the several populations underlying 

the sample groups differs from the others, then appropriate multiple comparison tests were applied to 

identify which ones differed from each other. In the parametric case, Tuckey’s or Scheffé’s Post Hoc 

tests were applied according to whether the sample sizes are equal or not. In the nonparametric case, 

the multiple comparison tests associated with the Kruskal-Wallis test were performed. All these 

statistical hypotheses tests were performed using the free software R (version 3.4.2). 

Statistical analysis was performed by Dr. Sandra Aleixo from ISEL- Instituto Superior de Engenharia 

de Lisboa. 
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Chapter 3 

3. Results and Discussion 

Due to an increasing interest in the use of MSC-derived exosomes for cell-free therapies, this work 

intended to evaluate if the composition of the exosomes produced by MSCs was dependent on the 

following culture conditions: culture media, conditioning time and MSC donors. For that, MSCs from six 

different donors were cultured under two different culture media: Dulbecco’s Modified Eagle Medium 

supplemented with 10% fetal bovine serum (DMEM/10%FBS) and StemPro® MSC SFM XenoFree 

(XF). After reaching 100% confluency, the exhausted culture medium was discarded and fresh XF (for 

cells grown in XF medium) or DMEM (for cells grown in DMEM/10%FBS) medium was added to the 

cells to collect the MSC-derived exosomes. This conditioned medium was harvested at three time points, 

corresponding to day 1, day 2 and day 3, and the exosomes were purified with Total Exosome Isolation 

Reagent Kit from Life Technologies®. For each donor and each day, three independent cultures were 

considered (further referred as replica 1, replica 2 and replica 3).  

There were some exceptions to the described experiment as: donor M79A15 was only expanded in 

DMEM/10%FBS, and not in XF medium; donor M48A08 was only expanded in XF medium, and not in 

DMEM/10%FBS; and donor M50A08 in DMEM only presents one replica for days 2 and 3. The 

experiment is summed up in Table 3.1. A total of 86 samples of conditioned medium were considered 

for further analysis. 

 

Table 3.1 – MSCs donors, respective culture conditions and some notes regarding exceptions during cell culture and exosome 
production.  

MSC 

Donors 

Donor’s 

Gender 
DMEM Medium 

XF 

Medium 

Exceptions during cell 

culture/exosome production 

M48A08 Male No Yes 
Abnormal cell expansion in XF 

medium 

M73A17 Male Yes Yes - 

M50A08 Male Yes Yes 
Abnormal cell expansion in XF 

medium; Only replica 1 for days 2 
and 3 in DMEM 

M67A07 Male Yes Yes - 

F81A08 Female Yes Yes - 

M79A15 Male Yes No - 
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During cell expansion, some abnormalities occurred in some cultures. As it is possible to observe in 

Figure 3.1 and Figure 3.2, MSCs from donors M48A08 and M50A08 when expanded in XF medium 

grew in island instead of in a layer. Figure 3.2 show that this problem could be observed at naked eye.  

 

This problem might have happened due to a problem of the 6-well plate coating or a problem of the 

cells themselves. Even though, these cells were used in the production of exosomes.    

  

Figure 3.1 – Optic microscope image of mesenchymal stem cells from donor M50A08 cultured in XF medium. As it is observed, 
cells grew in “islands” while large spots did not present any cell growth. 

Figure 3.2 - Image at naked eye of MSC cultures obtained from donor M50A08 cultured in XF medium. Little dots inside each 
well represent MSCs growth “islands”. 
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3.1. Optimization of the FTIR Spectroscopy-based Method for 

Exosomes Characterization 

3.1.1. Interference of the Purification Kit Reagent in the Exosomes Spectra 

To evaluate the FTIR spectroscopy technique to characterize purified exosomes, FTIR spectra were 

acquired for purified exosomes diluted in Phosphate Buffered Saline (PBS) for dilution factors (DFs) of  

1, 2, 4, 8, 16 and 32. As an example,  Figure 3.3 presents FTIR spectra obtained for replica 2 of day 2 

from donor M79A15 cultured in DMEM/10%FBS for dilution factors 1, 2, 4 and 8. 

 

Since to the best of our knowledge, there is no publications regarding FTIR spectra from MSC-

derived exosomes, four spectra controls were carried out. These controls were distilled water and the 

three culture media used in this work: XF, DMEM/10%FBS and DMEM. The four controls were submitted 

to the same purification protocol described in Subsection 2.1.5 before FTIR spectra acquisition. Figure 

3.4 A and B represent the spectra obtained after purification for XF, DMEM/10%FBS and DMEM culture 

media and water for a dilution factor of 1, respectively. FTIR spectra for these three culture media not 

submitted to any purification protocol were also acquired (Figure 3.4 C). 

When comparing Figure 3.3 with Figure 3.4 A and B, unexpected results were obtained, since it is 

observed that purified exosomes as well as the four controls present spectra profiles with very similar 

patterns. Moreover, when comparing Figure 3.4 A with Figure 3.4 C, from culture media after and 

before purification, it is observed that spectra profiles are different. As expected, for the water sample 

not processed by the purification kit, the absorbance is zero, since spectra is acquired after a 

dehydration step. These results raise the hypothesis that some reagent of the purification kit is 
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Figure 3.3 – FTIR spectra from MSC-derived exosomes purified with the purification kit and diluted with PBS at dilution factors of 
1(blue line), 2 (orange line), 4 (grey line) and 8 (yellow line). Spectral data was pre-processed with baseline correction. 
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contaminating the final product and, therefore, the major spectral signal obtained is due to that reagent 

and not to the analyzed biological samples themselves. 

Figure 3.4 – FTIR spectra pre-processed with baseline correction from (A) culture media and (B) water submitted to the purification 
protocol; (C) culture media not submitted to the purification protocol.  
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This hypothesis is corroborated by Lee et al78 observations. This group isolated exosomes from 

human ovarian cancer cell lines with the same purification kit used in this work as well as 

ultracentrifugation (UC), and characterized them by Surface Enhanced Raman Spectroscopy (SERS). 

They observed different spectral patterns from exosomes purified with each isolation technique 

concluding that the kit reagent had a strong affinity to the surface of exosomes forming a polymeric layer 

around them. This observation contradicted the supposed function of these reagents, since they should 

precipitate exosomes instead of adhering to them78.  

Raman spectroscopy is a relevant spectroscopy technique also used to obtain a molecular fingerprint 

of a sample, being complementary to IR spectroscopy. It relies on an inelastic scattering phenomenon 

that, unlike IR spectroscopy (which depends on a change in the dipole moment), depends on a change 

in the polarizability of a molecule during vibration. Raman spectroscopy measures relative frequencies 

at which a sample scatter radiation and is a very sensitive technique to homonuclear molecule’ bonds, 

being able to distinguish between simple, double and triple bonds (as C-C, C=C and C≡C)79,80. SERS 

is a type of Raman spectroscopy that enhances Raman scattering by molecules adsorbed on a metal 

surface or by nanostructures as plasmonic nanobowl platforms, able to perform a single-molecule 

spectroscopy78,81. 

 

Due to the interference of the kit with the exosomes, a FTIR spectrum from exosomes purified by UC 

was acquired (Figure 3.5 A). Comparing exosomes purified with the kit and by UC (Figure 3.3 and 

Figure 3.5 A), it can be observed that completely different spectra profile are observed. The peak at 

around 2890 cm-1, the second most intense peak in Figure 3.3, as well as some evident peaks between 

1200 and 1600 cm-1, are not present in the spectrum for exosomes purified by UC. On the contrary, the 

peak at approximately 3400 cm-1 is much more intense for exosomes purified by UC. Interestingly, FTIR 

spectra from exosomes purified with the kit for dilution factors of 16 and 32 (Figure 3.5 B) present 

spectral patterns very similar to the ones obtained for exosomes purified with UC.  

Most probably, these results allow to conclude that, for higher dilution factors, the interaction between 

the kit reagent and exosomes are probably minimized, resulting in the desorption of the kit reagent from 

the exosomes. 

Even though the purification kit may have an affinity to the exosomes, as described by Lee et al78, it 

also seems to interact with itself, since the three media used as controls, and specially water, do not 

present large vesicles as exosomes in their composition. It is possible that the spectral signal observed 

comes from polymeric agglomerates of the kit reagent formed during the centrifugation step of the 

purification protocol. In spite of that, and in practical terms, FTIR spectroscopy can be used to 

characterize MSC exosomes purified with the purification kit if high dilution factors (between 16 and 32) 

are used. 

  



26 

 

 

  

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

400 800 1200 1600 2000 2400 2800 3200 3600 4000

A
b
s
o
rv

a
n
c
e

Wavenumber (cm-1)

A

UC

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

400 800 1200 1600 2000 2400 2800 3200 3600 4000

A
b
s
o
rv

a
n
c
e

Wavenumber (cm-1)

B

DF16

Figure 3.5 – FTIR spectra pre-processed with baseline correction from MSC-derived exosomes purified with (A) ultracentrifugation 
(UC); (B) the purification kit for a dilution factor of 16.  
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3.1.2. Definition of the Optimum Dilution Factor for Exosomes 

In order to evaluate the optimum dilution factor for further characterization of the exosomes purified 

with the purification kit, diverse principal component analysis (PCA) were conducted after spectra pre-

processing with different methods, as baseline correction, SNV normalization and first and second 

derivatives. These pre-processing methods were applied to minimize some physical interferences, as 

light scattering and spectral variations caused by noise or differences regarding sample thickness. The 

purpose of evaluating different pre-processing methods is to obtain the one where variability between 

replicate samples is lower, leading to PCA scores plots that highlight patterns according to the chemical 

and biological characteristics of the samples. 

Figure 3.6 A to L represent PCA 3D scores plots obtained for purified exosomes produced in DMEM 

for dilution factors of 8, 16 and 32, where samples from each MSC donor are represented by a different 

color. After evaluating the different pre-processing methods for these three dilution factors, DF 16 

resulted in scores plots where exosome samples from a specific donor are more grouped between each 

other and further apart from the samples from other donors. This is better observed when pre-processing 

methods baseline correction and standard normal variate (SNV) normalization are used (Figure 3.6 E). 

For scores plots from samples for DF 8, there is a higher dispersion of samples, most probably still 

due to the interference of the reagent from the purification kit. For scores plots from samples for DF 32, 

despite already presenting a lower interference from the kit reagent and a reduced dispersion of samples 

along the plots, the excessive increase in the dilution factor significantly decreases the signal-to-noise 

ratio when compared with DF 16, and consequently samples from a specific donor are more dispersed 

than when using DF 16. 

The analysis presented in the following chapters were conducted based on a DF of 16. 
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Figure 3.6 – PCA scores plots for MSC-derived exosomes purified with the purification kit for dilution factors of 8 (A, D, G and J), 16 (B, E, H and K) and 32 (C, F, I and L). Spectral data 
without pre-processing and pre-processed with baseline correction and SNV normalization, and first and second derivatives were used. 
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3.2. Evaluation of the Effect of Culture Conditions in Exosomes 

Chemical Characterization and Quantification 

3.2.1. Multivariate Data Analysis of the Chemical Characteristics of Exosomes 

The impact of the different culture media (DMEM and XF) in the chemical characteristics of exosomes 

was evaluated by principal component analysis (PCA) of spectra of exosomes purified with the 

purification kit and for a DF in PBS of 16. Spectral data was pre-processed with different methods, as 

baseline correction and SNV normalization, and first and second derivatives. 

Figure 3.7 A and B represent PCA 2D and 3D scores plots, respectively, for all spectral data without 

any pre-processing. After evaluating the previously mentioned pre-processing methods, the first 

derivative (Figure 3.7 C and D) was chosen since this method presented better results, that is, samples 

with similar chemical characteristics seemed to be more grouped. To simplify, only the scores plots for 

this pre-processing method are presented in this section. 

Through Figure 3.7 A and B, it is observed that, even without any spectral data pre-processing, 

exosomes produced in XF medium (represented in red) may present more variable chemical 

characteristics between each other than exosomes produced in DMEM (represented in blue), since 

samples are more dispersed through the scores plot. This result is highlighted in the scores plots based 

on first derivative spectra (Figure 3.7 C and D), where the exosomes produced in XF medium present 

a more variable chemical composition than exosomes produced in DMEM, since samples present a 

higher dispersion along the scores plots. 

Through the analysis of Figure 3.7 E and F, which is similar to Figure 3.7 C and D, but in which 

each MSCs donor is represented by a different color, it is possible to identify which MSCs donors are 

contributing more to a higher variable chemical composition within XF medium. MSCs from donor 

M67A07 (represented in magenta) produces exosomes with a higher variability in terms of chemical 

composition, since all its nine samples are represented further away from each other than the samples 

from the other donors; donors M73A17 (represented in light green), M50A08 (represented in orange) 

and F81A08 (represented in yellow) also produce exosomes that present variable chemical 

compositions, whereas for the latter the variability is more reduced than for the other MSCs donors. 

In resume, it was observed that exosomes present a more homogeneous chemical composition 

when produced in DMEM than when produced in XF medium. Thus, to achieve more reproducible 

results for the use of MSC exosomes for clinical applications, it is important to consider the culture 

medium used when defining the conditions for exosome production, as the type of media affects the 

variability of exosomes chemical composition. 

 

To better evaluate the chemical composition of exosomes and its variability along conditioning time 

and replicas, exosomes produced in DMEM and XF media were evaluated separately  (Figure 3.8 A to 

F and Figure 3.9 A to F). For these analysis, the best spectra pre-processing method was based on 

baseline correction and SNV normalization. 
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Figure 3.7 – PCA scores plots for spectral data from exosomes produced in DMEM and XF media (A) and (B) without pre-
processing; (C) and (D) pre-processed with first derivative; (E) and (F) pre-processed with first derivative, where samples from 
each donor are represented by a different color. 
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Through the analysis of Figure 3.8 A and B and Figure 3.9 A and B, it was observed that the 

exosomes chemical composition depends more on the MSCs donor than conditioning time, and this 

result is reproducible as the same pattern is observed among the three biological replicas. This pattern 

was observed in exosomes produced either in DMEM and XF medium. Considering all donors 

represented in each medium, samples within the same donor in DMEM are generally closer to each 

Figure 3.8 – PCA scores plots for spectral data from exosomes produced in DMEM considering (A) MSCs donors; (B) conditioning 
time; and (C) biological replicas. Spectral data was pre-processed with baseline correction and SNV normalization. 
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other than in XF medium, which means that they present more a homogeneous chemical composition. 

Within DMEM, MSC donors M73A17 and M50A8 seem to present a different molecular fingerprint 

relatively to the other donors since they are more distant from the samples from the other donors in the 

scores plots. 

 

Figure 3.9 – PCA scores for spectral data from exosomes produced in XF medium considering (A) MSCs donors; (B) conditioning 
time; and (C) biological replicas. Spectral data was pre-processed with baseline correction and SNV normalization. 
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In Figure 3.8 C and D and Figure 3.9 C and D are represented the three time points when 

conditioned media were collected and in Figure 3.8 E and F and Figure 3.9 E and F are represented 

the three biological replicas. 

Through the observation of these plots and their comparison with Figure 3.8 A and B and Figure 

3.9 A and B, in order to understand where the different days and replicas from each donor are 

represented, it does not seem to exist any pattern that allows the characterization of exosomes 

according to conditioning time. Samples do not seem to group according to the day when they were 

collected, not even for each individual donor. 

On the other hand, for some donors it is possible to group the different replicas. For example, for 

donor F81A08 in XF medium, its three replicas 3, represented in dry green, are grouped in at the left 

inferior corner in plot E from Figure 3.9. For donor M67A07 in DMEM medium, its three replicas 2 are 

grouped, represented in pink, are grouped in the inferior vertex from graph F from Figure 3.8. Other 

cases of grouping according to the replicas are also observed for other donors besides from the 

mentioned above.  Within a donor, this grouping of samples from the same replica show that exosomes 

from the same replica present a lower variability and, therefore, a more similar chemical composition 

than exosomes from the other replicas.  

In resume, PCA allowed to understand that the chemical composition of exosomes depends more 

on the MSCs donors and culture media used than the conditioning time. These results are reproducible 

as the same pattern is observed among the three biological replicas. Moreover, this pattern was 

observed in exosomes produced either in DMEM or XF medium.  

 

To evaluate the spectral region that contributes the most to the discrimination of the chemical 

characteristics of exosomes in the PCA scores plots, the PCA loadings vectors were considered. 

Loadings vectors can be obtained for each principal component (PC) used in the PCA model developed 

and display the spectral regions that contributed the most to each PC. Loading vectors plots (Figure 

3.10) present positive and negative peaks, which represent the contribution of those specific 

wavenumbers to the separation of the different samples in the principal component analysis performed. 

The higher the distance from zero to the peak, the bigger is the contribution from that peak for the 

separation of samples in PCA.  

Since it was considered the best pre-processing method for each PCA developed above, Figure 

3.10 A and B represent the loadings vectors for PC1 and PC2, respectively, for spectral data pre-

processed with first derivative, and  Figure 3.10 C and D and Figure 3.10 E and F represent the 

loadings vectors for PC1 and PC2, respectively, for spectral data pre-processed with baseline correction 

and SNV normalization for DMEM and XF medium, respectively. 

It was observed that very similar spectral regions contributed to the separation of exosomes in PC1 

for exosomes in DMEM (Figure 3.10 C) and XF medium (Figure 3.10 E), pointing out that exosomes 

also present a common chemical composition independently of the culture medium used. The more 

intense peaks appear at around 3540 cm-1 and 3000 cm-1, which may be attributed to N-H groups from 

amides; 2883 cm-1, which is one of the characteristic peaks from lipids; 1640 cm -1, which corresponds 

to Amide I band from proteins; 1120/1130 cm-1, which can be attributed to RNA ribose, 970 cm-1, which 
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corresponds to stretching vibrations from PO3
2- groups from nucleic acids. Figure 3.10 D with Figure 

3.10 F, which correspond to PC2, present almost the same peaks.  

Unlike Figure 3.10 C to F, for which loadings vectors were obtained for data pre-processed with 

baseline correction and SNV normalization, Figure 3.10 A and B  were obtained for data pre-processed 

with first derivative. As any derivative, this pre-processing method resolves peaks, and so, as expected, 

a higher number of peaks can be observed. Yet, the spectral regions that contributed the most to PC1 

and PC2 are the same, as expected, which indicates that MSC exosomes produced in both media 

present conserved molecular composition. The most intense peaks present in these plots appear at 

around 2958, 2941, 2911 and 2853 cm-1, which correspond to the four important peaks present in lipids 

and associated with the symmetrical and asymmetrical stretching vibrations of CH2 and CH3 groups; 

1624 cm-1, which may be attributed to the Amide I band from proteins; 1250 and 1075 cm -1, which 

corresponds to asymmetrical and symmetrical vibrations from PO2- groups from nucleic acids, 

phospholipids and phosphorylated proteins, respectively; 1055 cm-1, which is attributed to stretching 

vibrations from CO groups in DNA and RNA ribose; 975 cm-1, which corresponds to stretching vibrations 

from PO3
2- groups from nucleic acids, among others. 

All this information was used in the following subsection (Subsection 3.2.2). 
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Figure 3.10 – PCA loadings vectors for spectral data from exosomes (A) and (B) obtained in DMEM and XF media pre-processed with first derivative; (C) and (D) obtained in DMEM pre-processed 
with baseline correction and SNV normalization; (E) and (F) obtained only in XF medium pre-processed with baseline correction and SNV normalization.  
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3.2.2. Univariate Data Analysis of the Chemical Characteristics of Exosomes 

In FTIR spectroscopy, to extract quantitative information directly from spectra, and without the use 

of external calibration procedures, several authors normalize spectra to the Amide II band (at around 

1550 cm-1), considering that this peak is directly proportional to cell quantity. However, since this and 

other regions from FTIR spectra are affected by cell culture conditions, cell differentiation and apoptosis, 

an alternative to spectra normalization at a specific region is to consider ratios between different peaks. 

These dimensionless ratios not only attenuate artifacts due to cell quantity and baseline distortions 

beneath each band, but also convey important metabolic information82. 

After the identification of the peaks present in the loading vectors plots, as well as the peaks observed 

in FTIR spectra of purified exosomes, and based on absorbance ratios previously highlighted as relevant 

in biological studies (e.g. reviewed in Rosa et al.82), the following absorbance ratios were chosen to be 

evaluated in order to see if they differ among exosomes from the different culture media and MSC 

donors. 

To simplify, “A” corresponds to absorbance, and consequently e.g. A2957 corresponds to the 

absorbance at 2957 cm-1. These absorbance ratios were determined on spectral data pre-processed 

with baseline correction.  

• A2957/A2853 and A2911/A2853 represent the CH3/CH2 ratios from lipids; 

• A1662/A1075 and A1662/A1250 represent the ratios between Amide I in proteins and 

phosphate groups in nucleic acids; 

• A1662/A975 and A1662/A1055 represent the ratios between Amide I in proteins and CO and 

PO3
2- stretching vibrations, respectively, in DNA and RNA ribose; 

• A1662/A1444 represents the ratio between Amide I and CH2/CH3 groups from lipids and 

proteins (bending symmetrical and asymmetrical vibrations);  

• A1250/A1075 represents the ratio between asymmetrical and symmetrical vibrations from 

phosphate groups from DNA and RNA; 

• A1075/A975 represents the ratio between symmetrical vibrations from phosphate groups 

from DNA and RNA ribose; 

• A1075/A552 and A3400/A1075 are regions based on intense peaks in the FTIR spectra from 

exosomes (at 552 and 3400 cm-1). The peak at 3400 cm-1 may be attributed to NH groups 

from proteins. 

For each absorbance ratio, the equality of the localization of the populations underlying the samples 

was evaluated, in mean terms, using appropriate hypothesis tests and considering the significance level 

of 5%. 

 

Chemical Discrimination Between Exosomes Produced in DMEM and XF Media 

In order to determine if any of the selected ratios could discriminate exosomes obtained in DMEM 

from exosomes obtained in XF media, two experimental sample groups were considered for statistical 

analysis: exosomes produced in DMEM medium (n=41) and exosomes produced in XF medium (n=45). 

For each selected absorbance ratio, the equality between the mean values of exosomes produced in 
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each medium was evaluated. p-values obtained for all absorbance ratios evaluated are present in Table 

3.2. Considering the significance level of 5%, five ratios were found to distinguish exosomes produced 

in the two media: A2957/A2853, A2911/A2853, A1662/A1055, A1250/A1075 and A1075/A552. 

The first two identified ratios characterize the lipids associated with the exosomes lipid membrane. 

From the ratios associated with Amide I band, the only one that is statistically different is A1662/A1055, 

where the peak at 1055 cm-1 corresponds to the stretching of CO groups in DNA and RNA ribose. In 

addition, ratio A1250/A1075, also associated with nucleic acids, more precisely phosphate groups also 

seem to distinguish exosomes from both media. Therefore, a different composition in terms of lipids, 

DNA and RNA may exist between exosomes produced in these two different media. 

 

Table 3.2 – p-values of statistical tests to evaluate if absorbance ratios for exosomes produced in DMEM are statistically different 
at a level of 5% from exosomes produced in XF medium.  

 Absorbance Ratios p-values 

D
M

E
M

 v
e

rs
u

s
 X

F
 

A2957/A2853 0.002 

A2911/A2853 0.037 

A1662/A1075 0.301 

A1662/A1250 0.414 

A1662/A975 0.325 

A1662/A1055 0.041 

A1662/A1444 0.527 

A1250/A1075 0.009 

A1075/A975 0.544 

A1075/A552 5.86E-5 

A3400/A1075 0.050 

 
 

Chemical Discrimination Between Exosomes from Different MSC Donors produced in DMEM  

To evaluate the discrimination between exosomes from different MSC donors produced in DMEM, 

five experimental sample groups were considered for statistical analysis: M73A17 (n=9), M50A08 (n=5), 

M67A07 (n=9), F81A08 (n=9) and M79A15 (n=9). The equality of the localization of the populations 

means underlying the samples was evaluated. Attending that all p-values were lower than the 

considered significance level, all evaluated absorbance ratios distinguished the exosomes from the 

different donors in DMEM medium. Consequently, suitable multiple comparison tests were performed. 

Statistically significant differences between certain donors are presented in the last column of Table 3.3. 

For example, for absorbance ratios involving Amide I band, donors F81A08 and M73A17 are often 

significantly different from the others, as well as donors M50A08 and M79A15 and donors M73A17 and 

M79A15. For ratio A2957/A2853 for lipids, pairs F81A08 and M73A17, M67A07 and M73A17, and 

M73A17 and M79A15 can be distinguished, however for ratio A2911/A2853 only F81A08 and M67A07 

can be distinguished between each other. 

 



39 

 

Table 3.3 – p-values of statistical tests to evaluate if absorbance ratios for exosomes produced in DMEM are statistically different 
at a level of 5% for the different MSC donors. 

 Absorbance Ratios p-values 
Statistically Significant Differences 

between Donors  

D
M

E
M

 

A2957/A2853 1.26E-5 
F81A08-M73A17, M67A07-M73A17 e 

M73A17-M79A15 

A2911/A2853 0.024 F81A08-M67A07 

A1662/A1075 6.53E-14 

F81A08 - M50A08, F81A08 - M73A17, 

F81A08 - M79A15, M50A08 - M67A07, 

M50A08 - M79A15, M67A07 - M73A17, 

M67A07 - M79A15 e M73A17 - M79A15 

A1662/A1250 9.34E-7 
F81A08-M73A17, M50A08-M79A15 e 

M73A17-M79A15 

A1662/A975 <2.00E-16 
F81A08-M73A17, M50A08-M79A15 e 

M73A17-M79A15 

A1662/A1055 9.52E-7 
F81A08-M73A17, M50A08-M79A15, 

M67A07-M73A17 e M73A17-M79A15 

A1662/A1444 2.30E-5 
M50A08-M79A15, M67A07-M79A15 e 

M73A17-M79A15 

A1250/A1075 1.34E-4 M50A08-M79A15 e M73A17-M79A15 

A1075/A975 1.09E-5 
F81A08 - M73A17, M67A07 - M73A17 e 

M73A17 - M79A15 

A1075/A552 0.011 F81A08-M50A08 e M50A08-M67A07 

A3400/A1075 3.34E-6 
F81A08-M73A17, M50A08-M79A15, 

M67A07-M73A17 e M73A17-M79A15 

 

 

Chemical Discrimination Between Exosomes from Different MSC Donors produced in XF 

Medium 

As previously done for DMEM, in order to evaluate the discrimination between exosomes from the 

different MSC donors produced in XF medium, five experimental sample groups were considered for 

statistical analysis, where all sample groups have the same size (n=9). The equality of the localization 

of the populations means underlying the samples was evaluated and attending that all p-values were 

lower than the considered significance level, all evaluated absorbance ratios distinguished the 

exosomes from the different MSC donors in XF medium. Therefore, suitable multiple comparison tests 

were performed. Statistically significant differences between donors are presented in the last column of 

Table 3.4. 

Through the analysis of Table 3.4, it is possible to observe that donors F81A08 and M48A08 are 

significantly different from the other donors for almost every absorbance ratio studied.  
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Table 3.4 – p-values of statistical tests to evaluate if absorbance ratios for exosomes produced in XF medium are statistically 
different at a level of 5% for the different MSC donors. 

 Absorbance Ratios p-values 
Statistically Significant Differences 

between Donors 

X
F

 

A2957/A2853 3.83E-5 F81A08-M48A08 e F81A08-M73A17 

A2911/A2853 3.88E-4 
F81A08-M48A08, F81A08-M67A07 e 

F81A08-M73A17 

A1662/A1075 1.20E-4 F81A08-M48A08 e F81A08-M73A17 

A1662/A1250 6.84E-14 

F81A08-M48A08, F81A08-M50A08, 

F81A08-M73A17, M48A08-M50A08, 

M48A08-M67A07, M48A08-M73A17 e 

M67A07-M73A17 

A1662/A975 2.76E-7 
F81A08-M48A08, F81A08-M73A17, 

M48A08-M50A08 e M50A08-M73A17 

A1662/A1055 1.66E-7 

F81A08-M48A08, F81A08-M67A07, 

F81A08-M73A17, M48A08-M50A08 e 

M50A08-M73A17 

A1662/A1444 1.02E-5 
F81A08-M48A08, M48A08-M67A07, 

M48A08-M73A17 

A1250/A1075 2.77E-7 
F81A08-M48A08, M48A08-M50A08, 

M48A08-M67A07 e M48A08-M73A17 

A1075/A975 1.68E-6 

F81A08-M48A08, F81A08-M73A17, 

M48A08-M50A08, M48A08-M67A07 e 

M50A08-M73A17 

A1075/A552 0.026 F81A08-M67A07 

A3400/A1075 4.06E-13 

F81A08-M48A08, F81A08-M73A17, 

M48A08-M50A08, M48A08-M67A07, 

M48A08-M73A17, M50A08-M73A17 e 

M67A07-M73A17 

 

 

Chemical Discrimination of Exosomes by Conditioning Time and Replicas (For DMEM and XF 

Media) 

To evaluate the discrimination between exosomes produced in DMEM per conditioning time  (day 1, 

day 2 and day 3) three experimental sample groups were considered for each media for statistical 

analysis: day 1 (n=15), day 2 (n=13) and day 3 (n=13). The same evaluation was considered for 

exosomes produced in XF medium, where all sample groups have the same size (n=15). For both 

media, the equality of the localization of the populations means underlying the samples was evaluated, 

and the conclusions obtained were the same. Attending that all p-values were higher than the 

considered significance level, none of the studied absorbance ratios distinguished the exosomes from 

the three days in both media.  



41 

 

An equivalent statistical analysis was performed to evaluate if the three biological replicas differed 

between each other. Attending that all p-values were higher than the considered significance level, none 

of the studied absorbance ratios distinguished the exosomes from the three replicas in both media. As 

a complementary analysis, the evaluation of each MSC donor individually in order to find differences 

between the three conditioning days and the three biological replicas should be performed. Due to time 

limitations, this will be conducted in a future work. 

 

In resume, exosomes in DMEM present, in general, different chemical characteristics from the ones 

obtained in XF medium. Furthermore, exosomes from specific MSCs donors present specific chemical 

characteristics. All these observations are in accordance to what was previous observed based on PCA. 

 

3.2.3. Relative Quantification of Purified Exosomes 

The previous analysis (multivariate data analysis based on PCA models and univariate data analysis 

based on absorbance ratios) allowed a qualitative chemical characterization of exosomes. In order to 

evaluate the relative quantity of exosomes produced by each donor and along conditioning time, the 

sum of all absorbances of exosomes spectra were considered. For each day of each donor, the average 

and the corresponding standard deviation of the three biological replicas was determined (Figure 3.11). 

Once samples used were highly diluted, it was considered that the sum of all absorbances is 

proportional to the quantity of exosomes present. Even though FTIR spectroscopy methods are based 

on absorbances obtained by thin dehydrated films, and not in diluted solutions, most authors have 

observed that the absorbance values are proportional to the quantity of molecules absorbing, as 

observed in the Beer-Lambert’s Law. Indeed, several authors have developed regression models, as 

partial least square regression models, to quantitatively estimate defined molecules from FTIR spectra 

based on thin dehydrated films74,83. 

It was observed that, in general for all donors, the quantity of exosomes produced in XF medium is 

higher than in DMEM. 

In DMEM, exosomes production seems to be maximum for day 2, except for donor M73A17, which 

presents a higher production at day 1. For donor F81A08, even though the quantity of exosomes is 

apparently higher for day 3, standard deviation is very high. For donor M79A15, production is almost 

constant over the three days. Since donor M50A08 only presented one replica for days 2 and 3, the 

production of exosomes for these days was not based on an average of the three replicas, but it was 

calculated using the only existing replica.  

In XF medium, production of exosomes seems to be maximum at day 1, except again for donor 

M73A17, which presents a maximum production at day 3. For donor M67A07, production is apparently 

constant over the three days, however high standard deviations are observed. 

It is important to take into consideration the abnormal growth of MSCs from donors M48A08 and 

M50A08 in XF medium previously described. Even though for donor M48A08 the differences in terms 

of production of exosomes between the three days are not highlighted, donor M50A08 presents a 

maximum production of exosomes at day 1, while the other two days present much lower quantities. 
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Since the abnormal growth of cells led to a possible delay in initiating the exosomes’ experiment, that 

is, the changing of cells’ culture medium to the medium used for conditioning, the production of 

exosomes may not be in the same conditions as for the other donors.  

 

Signal-to-noise ratios (SNR) were determined based on ratios between the averages of absorbance 

sums and its corresponding standard deviations (Table 3.5). Since FTIR spectroscopy is a highly 

sensitive method, high values of SNR are achieved. Comparing SNR values for both media, higher SNR 

values are presented for DMEM, which is in accordance with the lower variability of data and more 

homogeneous chemical characteristics of exosomes produced in this media relatively to XF medium, 

as observed by PCA. As previously referred, donor M50A08 in DMEM only presented one replica for 

days 2 and 3, and consequently SNR values were not calculated. 

 

Table 3.5 – SNR for each conditioning day for MSC-derived exosomes produced in DMEM and XF media, respectively. 

 Donor Day 1 Day 2 Day 3 

D
M

E
M

 

M73A17 55.5 3.3 8.1 

M50A08 5.5 - - 

M67A07 4.8 3.9 11.1 

F81A08 20.0 4.0 1.6 

M79A15 12.3 6.6 9.9 

X
F

 

M48A80 2.5 16.5 6.1 

M73A17 1.5 2.3 2.2 

M50A08 3.1 7.1 5.5 

M67A07 4.5 4.0 4.5 

F81A08 2.4 2.4 4.6 
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Figure 3.11 – Average values of the sum of all absorbances of the three biological replicas for each conditioned day of exosomes spectra from MSCs donors produced in DMEM and XF media, and 
respective standard deviations. 
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3.3. Evaluation of the Metabolic Profile of Conditioned Media  

In addition to the evaluation of purified exosomes, conditioned media before purification was also 

analyzed by FTIR spectroscopy. Figure 3.12 A and B represent FTIR spectra from purified MSC-

derived exosomes for a dilution factor 16 (green line) and conditioned media (red line), from MSC donor 

M73A17 for replica 1 of day 1 in DMEM and XF media, respectively.  

 

By analyzing Figure 3.12 A and B, it is possible to observe that the spectra obtained from purified 

exosomes and conditioned media are different, with the exception for the peak at around 3400 cm-1, 

related with N-H group stretching, and the peaks in the range 2850-2970 cm-1, corresponding to the 

absorption of CH2 and CH3 groups of lipids. These differences are due to the fact that conditioned media 

spectra reflect all the metabolism of MSCs, and not only exosomes. However, since MSCs metabolism 

probably affects the characteristics of exosomes, conditioned media spectra could reflect exosomes 

characteristics indirectly. 

Figure 3.12 – FTIR spectra pre-processed with baseline correction from purified exosomes for dilution factor of 16 (green) and 
conditioned media before purification (red) from donor M73A17 for replica 1 at day 1 cultured in (A) DMEM and (B) XF medium.  
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Purified exosomes present its most intense peak at 1099 cm-1, which corresponds to symmetric 

stretching vibrations of phosphate groups from nucleic acids as well as phospholipids. These spectra 

also present clear peaks at around 1662 cm-1, which corresponds to Amide I from proteins, 988 cm-1, 

which also corresponds to phosphate groups from DNA and RNA ribose, as well as other two peaks at 

the fingerprint region at 869 cm-1 and 536 cm-1. 

Conditioned media present intense peaks at 1655 cm-1 and 1586 cm-1, which correspond to Amides 

I and II, respectively. These spectra also present other relevant peaks at 1412 cm-1 and 1466 cm-1, 

corresponding to bending vibrations of CH2 and CH3 groups of lipids and proteins, at 1315 cm-1, 

corresponding to Amide III from proteins, and at 1085 cm-1 and 1046 cm-1, which correspond to 

phosphate groups from nucleic acids. The correspondence between the prior peaks and their molecular 

functional groups was based on Bellisola et al. 70. 

Figure 3.12 A and B correspond to spectra of DMEM and XF medium, respectively. Even though 

for purified exosomes both spectra seem very similar, for conditioned media there are differences 

regarding the relative intensities of Amide I to Amide II bands. These observations cannot be generalized 

for all samples. Some samples present Amide I and II bands with the same intensity, while for others 

there is a difference between the absorption at these two peaks, both in DMEM and XF medium. 

  

3.3.1. Multivariate Data Analysis of the Metabolic Profile of Conditioned Media 

A PCA of conditioned media spectra was performed to evaluate patterns from the MSCs metabolic 

profile. Spectral data was pre-processed with baseline correction, SNV normalization, and first and 

second derivatives. 

Figure 3.13 A and B represent PCA 2D and 3D scores plots, respectively, for spectral data without 

any pre-processing. After comparing the different pre-processing methods mentioned above, the first 

derivative was chosen as the best pre-processing method (Figure 3.13 C and D). 

It was observed that XF conditioned medium (represented in red) presents a different molecular 

profile from DMEM conditioned media (represented in blue), which is in accordance with the fact that 

the composition of these two media are different and, consequently, it is affecting the cell metabolism. 

Based on the results obtained for the first derivative PCA scores plots (Figure 3.13 C and D), samples 

from XF medium present a more conserved molecular signature among the different MSC donors and 

along the conditioning time than samples from DMEM. It was also observed that DMEM conditioned 

media from MSC donors M73A17 and M79A15 present a different molecular fingerprint from the other 

donors, as these samples are more distant from the others (Figure 3.13 E and F). 



46 

 

 

 

Spectra from the two-conditioned media were also evaluated separately by PCA, as well as the three 

time points when conditioned media were collected and the three biological replicas (Figure 3.14 A to 

F and Figure 3.15 A to F). The best pre-processing method was based on baseline correction and SNV 

normalization. 

A B 

D C

E F 

Figure 3.13 – PCA scores plots for spectral data from DMEM and XF conditioned media from all MSCs donors (A) and (B) without 
pre-processing; (C) and (D) pre-processed with first derivative; (E) and (F) pre-processed with first derivative, where samples 
from each donor are represented by a different color. 
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It was observed that in DMEM conditioned media from each specific MSCs donor presents specific 

molecular fingerprints. Only conditioned medium from donors M50A08 and M67A07 present slightly 

similar molecular characteristics since these samples are closer to each other. For a specific MSC 

donor, conditioned medium from different conditioning days and different biological replicas present 

A B 

C D 

E F 

Figure 3.14 – PCA scores plots for spectral data from DMEM conditioned medium considering (A) MSCs donors; (B) conditioning 
time; and (C) biological replicas. Spectral data was pre-processed with baseline correction and SNV normalization. 
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different molecular fingerprints. However, in general, conditioned media samples from the same 

biological replica are closer to each other than to the other replicas from the same MSC donor, which 

means that samples from the same biological replica present a more similar molecular fingerprint than 

samples from the same day. 

 

A B 

C D 

E F 

Figure 3.15 – PCA scores plots for spectral data of XF conditioned medium considering of (A) MSCs donors; (B) conditioning 
time; and (C) biological replicas. Spectral data was pre-processed with baseline correction and SNV normalization. 
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Similar observations were conducted in XF medium, although in this medium the differences 

observed between conditioned media from different MSCs donors, conditioning time and biological 

replicas are lower than the ones observed in DMEM. For example, MSC donors M73A17 and M48A08 

present very similar molecular fingerprints, independently of the conditioning time and biological 

replicas. Additionally, from all donors, M50A08 in XF presented the most reproducible molecular 

fingerprint, as all its samples are more grouped than for any other donor (Figure 3.15 A and B). 

It was observed that the molecular fingerprint of MSCs conditioned medium samples depend more 

on the type of medium used than in any other studied variable. For a specific medium, the molecular 

fingerprint of MSC conditioned medium depends more on the MSC donor. Moreover, when comparing 

conditioning time and biological replicas, the latter present higher molecular differences. All these 

differences are more pronounced in DMEM than in XF medium. Donor M50A08 in XF is an exception, 

since it is different from the other donors in this medium, and since its samples grouped more closely 

than for any other donor, it presents a more reproducible molecular fingerprint, independent of 

conditioning time and biological replicas. 

 

When comparing PCA scores plots obtained for purified exosomes and conditioned media, for both 

media separately (Figure 3.16 A to D), even though the molecular fingerprint from DMEM conditioned 

medium is specific for every MSCs donor (with the exception of M50A08 and M67A07, which present 

more similar characteristics) (Figure 3.16 A), for purified exosomes these differences were not so 

evident (Figure 3.16 C). With the exception of donors M50A08 and M73A17, the other three donors 

present exosomes with very similar chemical characteristics. 

 

A B 

C D 

Figure 3.16 – PCA scores plots for spectral data of conditioned medium from MSCs cultured in DMEM (A) and XF medium (B) 
and of purified exosomes produced in DMEM (C) and XF (D). Spectral data was pre-processed with baseline correction and SNV 
normalization. 
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On the contrary, for XF medium, MSC conditioned media present similar molecular fingerprints 

among the different, with the exception of donor M50A08 (Figure 3.16 B). However, purified exosomes 

presented more distinct chemical characteristics for each MSC donor. 

 

To evaluate the spectral region that contributes the most to the discrimination of the chemical 

characteristics of conditioned media, the PCA loadings vectors were considered. Since it was 

considered the best pre-processing method for each PCA developed above, Figure 3.17 A and B 

represent the loadings vectors for PC1 and PC2, respectively, for spectral data pre-processed with first 

derivative, Figure 3.17 C and D represent the loadings vectors for PC1 and PC2, respectively, for 

spectral data in DMEM medium pre-processed with baseline correction and SNV normalization, and 

Figure 3.17 E and F represent the loadings vectors for PC1 and PC2, respectively, for spectral data in 

XF medium pre-processed with baseline correction and SNV normalization. 

Comparing the loadings vectors for PC1 for exosomes in DMEM (Figure 3.17 C) and XF medium 

(Figure 3.17 E), it was observed that, even though for the first part of the spectra (3600 to 2400 cm -1), 

spectral regions that contribute the most are the same for both media, for the rest of the spectra the 

regions that most contribute to the discriminations between samples from each conditioned medium are 

different. 

For DMEM conditioned medium, its most important peaks appear at 1737 cm -1, which corresponds 

to CO stretching vibrations from phospholipid esters; 1620 and 1558 cm-1, which correspond to Amide 

I and Amide II band from proteins; 1400 and 1350 cm-1, which may be attributed to Amide III from 

proteins; 1030 cm-1, which may be attributed to stretching vibrations for CC groups in glycogen. For XF 

conditioned medium, its most important peaks are presented at 1625 cm-1, which correspond to Amide 

I band from proteins; 1402 and 1347 cm-1, which may be attributed to Amide III from proteins and 

collagen; 1116 cm-1, which can be attributed to RNA ribose; 1078 and 1037 cm-1, which may be 

attributed to glycogen. Figure 3.17 D with Figure 3.17 F, which correspond to PC2, present bands at 

almost the same wavenumbers. 

When observing the loadings vectors for PCA conducted for samples from both media 

simultaneously (Figure 3.17 A and B), a higher number of bands is observed, as expected since first 

derivative spectra were used. Similar peak regions to the ones previously observed in loadings vectors 

from each medium separately were also observed. The most intense and important peaks present in 

these plots appear at 2979, 2956, 2920 and 2864 cm-1, which correspond to symmetrical and 

asymmetrical stretching vibrations of CH2 and CH3 groups; 1642 and 1539 cm-1, which correspond to 

Amide I and Amide II band from proteins; 1476, 1444, 1421 and 1383 cm-1, which can be attributed to 

symmetrical and asymmetrical bending vibrations of CH3 groups from lipids and proteins; 1231 and 1089 

cm-1, which correspond to phosphate groups from nucleic acids, phosphorylated proteins and 

phospholipids; 1027 cm-1, which may be attributed to glycogen; 1046 cm-1, which corresponds to 

phosphate esters; and 983 cm-1, which may correspond to  PO3
2- groups from nucleic acids; among 

others. 
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Figure 3.17 – PCA loadings vectors for spectral data from (A) and (B) DMEM and XF conditioned media pre-processed with first derivative; (C) and (D) DMEM conditioned medium pre-processed with 
baseline correction and SNV normalization; (E) and (F) XF conditioned medium pre-processed with baseline correction and SNV normalization. 
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3.3.2. Relative Quantification of the Metabolic Profile of Conditioned Media 

After a qualitative chemical characterization of the metabolic profile of conditioned media through 

PCA, a relative quantitative analysis was also performed. For each spectrum, the sum of all absorbances 

was considered. Consequently, an average of the absorbance sums of three biological replicas of each 

day was determined, as well as the standard deviations (Figure 3.18). 

Through the analysis of these results, it was observed that, in general, the averages of absorbance 

sums are higher for DMEM conditioned medium than for XF conditioned medium. This is in accordance 

with the lower absorbances obtained in the spectrum from XF medium (Figure 3.4 C). However, donor 

M67A07 is an exception, for whom the results obtained in both media are identical.  

Moreover, it is important to consider that in DMEM very high absorbances were observed for donors 

M73A17 and M79A15 for all three days. Donor M50A08 in XF presents the lowest absorbances, which 

correspond to its different localization in the PCA scores plots, further away from the other samples. 

The variations in absorbance values along conditioning time represent the dynamics of MSCs 

metabolism throughout the days. And it is indeed observed, different MSC donors present different 

metabolic profiles, either in DMEM and in XF. 

 

When observing calculated SNR (Table 3.6), it is interesting to observe that higher SNR values are 

obtained for DMEM conditioned media relatively to XF medium. This is in accordance with the higher 

SNR observed for spectra of purified exosomes (Table 3.5). 

 

Table 3.6 – SNR for each conditioned day for spectral data from DMEM and XF conditioned media, respectively. 

 Donor Day 1 Day 2 Day 3 

D
M

E
M

 

M73A17 23.4 5.6 5.2 

M50A08 11.8 - - 

M67A07 15.7 11.3 6.0 

F81A08 7.7 3.1 7.4 

M79A15 8.8 16.1 25.5 

X
F

 

M48A80 5.5 14.6 7.6 

M73A17 4.8 4.4 3.3 

M50A08 5.3 22.7 9.9 

M67A07 4.2 2.8 10.4 

F81A08 4.7 4.2 4.7 



53 

 

 

 

 

 

0

100

200

300

400

500

600

700

800

D
M

EM
, D

1

D
M

EM
, D

2

D
M

EM
, D

3

X
F,

 D
1

X
F,

 D
2

X
F,

 D
3

D
M

EM
, D

1

D
M

EM
, D

2

D
M

EM
, D

3

X
F,

 D
1

X
F,

 D
2

X
F,

 D
3

D
M

EM
, D

1

D
M

EM
, D

2

D
M

EM
, D

3

X
F,

 D
1

X
F,

 D
2

X
F,

 D
3

D
M

EM
, D

1

D
M

EM
, D

2

D
M

EM
, D

3

X
F,

 D
1

X
F,

 D
2

X
F,

 D
3

D
M

EM
, D

1

D
M

EM
, D

2

D
M

EM
, D

3

X
F,

 D
1

X
F,

 D
2

X
F,

 D
3

M48A08 M73A17 M50A08 M67A07 M79A15 F81A08 

Figure 3.18 – Average values of the sum of all absorbances of the three biological replicas for each conditioned day for spectral data from DMEM and XF conditioned media, and respective standard 
deviations. 
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Chapter 4 

3. Conclusions and Future Work 

For the past few years, MSCs have gained a great focus in research. Their intrinsic characteristics, 

as their multipotency, capacity to self-renew and replicate in an undifferentiated state, multilineage 

differentiation potential, and lack of ethical concerns and teratoma formation, as well as high proliferative 

capacity in vitro, promotion of tissue repair and immunomodulatory properties, have turned them into 

widely used cells for cell-based therapies and regenerative medicine. Recently, MSC-derived 

exosomes, bi-lipid membrane extracellular vesicles secreted by MSCs that function as intercellular 

communication vehicles capable of transporting cellular material from one cell to another, have been 

considered the primary mediators of MSCs paracrine effect. The potential of MSC-derived exosomes 

has led to the replacement of MSC transplantation for its administration in therapeutic applications, 

successfully reported in several diseases as myocardial ischemia reperfusion injury. 

The aim of this work was to evaluate the impact of different culture conditions on the production and 

chemical characteristics of MSC-derived exosomes. For that, exosomes from six MSCs donors and 

produced in two different media (DMEM and XF) were considered. For each MSCs donor, three 

conditioned days and three biological replicas were also considered. Exosomes were purified using 

Total Exosome Isolation Reagent Kit from Life Technologies® and were characterized by FTIR 

spectroscopy, as this technique is simple (only requiring sample dilution and dehydration), fast (as a 

spectrum can be acquired between 1 to 3 minutes), economic (since no reagents are needed) and 

applicable in a high throughput mode by using e.g. micro-plates with 96 wells. Furthermore, this 

spectroscopic technique is able to acquire molecular fingerprints of biological samples in highly specific 

and sensitive mode.  

In this work, it was observed that the reagent from the purification kit was contaminating the purified 

exosomes, corroborating the observations conducted by other researchers. Even though, it was also 

observed that high dilution factors of exosomes in PBS leaded to the desorption of the reagent from the 

exosomes, enabling the subsequently characterization of exosomes by FTIR spectroscopy.  

Through multivariate data analysis (by PCA) and identification of specific spectral regions, and after 

evaluating the best pre-processing method for each set of data, it was observed that exosomes 

produced in DMEM may present a different molecular fingerprint from exosomes produced in XF 

medium. Moreover, exosomes produced in DMEM also presented a more homogeneous chemical 

composition than the ones produced in XF medium. When evaluating samples from both media 
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separately, it was observed that exosomes chemical composition depended more on the MSCs donor 

than conditioning time. Additionally, it was possible to identify the spectral regions characteristic of 

defined chemical bonds that could discriminate exosomes produced in different media and by different 

donors.  

Relative quantification of purified exosomes showed that, in general, the quantity of exosomes 

produced in DMEM was higher than in XF medium. It was also observed that, in general, for DMEM the 

maximum production of exosomes was achieved at day 2, while for XF medium it was achieved at day 

1, except for donor M73A17 in both media. 

As a supplementary work, conditioned media were also characterized by FTIR spectroscopy. It was 

observed that XF conditioned medium presented a different molecular profile from DMEM conditioned 

medium, as well as a more conserved molecular fingerprint among the different MSCs donors and along 

conditioning time. Interestingly, this observation is the opposite from what was observed for exosomes 

chemical composition. The molecular fingerprint of conditioned media depended more on culture media 

used and the MSCs donor. 

In conclusion, this work allowed to understand that exosomes quantity and molecular fingerprint differ 

according to the culture media used and MSCs donors. 

For future work, it is suggested a further characterization of exosomes purified by ultracentrifugation 

in order to validate the results obtained in this work, a statistical evaluation of more spectral ratios to 

discriminate exosomes from different MSCs donors, a statistical evaluation of spectral ratios to 

distinguish samples from different conditioned days and biological replicas from a specific MSCs donor 

and a statistical evaluation of spectral ratios from conditioned media to discriminate different MSCs 

donors, conditioning time and  biological replicas. 

 

 



56 

 

Bibliography 

1. Kalra, K. & Tomar, P. Stem Cell: Basics, Classification and Applications. Am. J. Phytomdicine 

Clin. Ther. 2, 919–930 (2014). 

2. Health, N. I. of. Stem Cell Basics. Stem Cells 19, 1–26 (2009). 

3. Takahashi, K. et al. Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined 

Factors. Cell 131, 861–872 (2007). 

4. Yamanaka, S. A Fresh Look at iPS Cells. Cell 137, 13–17 (2009). 

5. Kumar, R., Sharma, A., Pattnaik, A. & Varadwaj, P. Stem cells: An overview with respect to 

cardiovascular and renal disease. J. Nat. Sci. Biol. Med. 1, 43 (2010). 

6. Wagers, A. J. & Weissman, I. L. Plasticity of adult stem cells. Cell 116, 639–648 (2004). 

7. Bongso, Ariff; Lee, E. H. Stem Cells: From Bench to Bedside. World Scientific (1947). 

doi:10.1016/j.bbmt.2006.10.010 

8. Yu, B., Zhang, X. & Li, X. Exosomes derived from mesenchymal stem cells. Int. J. Mol. Sci. 15, 

4142–4157 (2014). 

9. Lai, R. C., Yeo, R. W. Y. & Lim, S. K. Mesenchymal stem cell exosomes. Semin. Cell Dev. Biol. 

40, 82–88 (2015). 

10. Kfoury, Y. & Scadden, D. T. Mesenchymal cell contributions to the stem cell niche. Cell Stem 

Cell 16, 239–253 (2015). 

11. Wei, X. et al. Mesenchymal stem cells: a new trend for cell therapy. Acta Pharmacol. Sin. 34, 

747–754 (2013). 

12. Prockop, D. J. Marrow Stromal Cells as Stem Cells for Nonhematopoietic Tissues. Science (80-

. ). 276, 71–74 (1997). 

13. Murray, I. R. et al. Natural history of mesenchymal stem cells, from vessel walls to culture 

vessels. Cell. Mol. Life Sci. 71, 1353–1374 (2014). 

14. Friedenstein, A. Stromal-hematopoietic interrelationships: Maximov’s ideas and modern models. 

Cell. Ther. Transplant. 1, 25–30 (2009). 

15. Augello, A. & De Bari, C. The Regulation of Differentiation in Mesenchymal Stem Cells. Hum. 

Gene Ther. 21, 1226–1238 (2010). 

16. Bianco, P., Robey, P. G. & Simmons, P. J. Mesenchymal Stem Cells: Revisiting History, 

Concepts, and Assays. Cell Stem Cell 2, 313–319 (2008). 

17. Caplan, A. Mesenchymal stem cells. J. Orthop. Res. 9, 641–50 (1991). 

18. Caplan, A. I. Adult mesenchymal stem cells for tissue engineering versus regenerative medicine. 

Journal of Cellular Physiology 213, 341–347 (2007). 

19. Pittenger, M. F. et al. Multilineage potential of adult human mesenchymal stem cells. Science 



57 

 

(80-. ). 284, 143–147 (1999). 

20. Ogle, B. M., Palecek, S. P., Bogdanowicz, D. R. & Lu, H. H. Human mesenchymal stem cells 

from the umbilical cord matrix : Successful isolation and ex vivo expansion using serum- / xeno- 

free culture media. 8, (2013). 

21. Usta, S. N., Scharer, C. D., Xu, J., Frey, T. K. & Nash, R. J. Chemically defined serum-free and 

xeno-free media for multiple cell lineages. Ann. Transl. Med. 2, 97 (2014). 

22. Chase, L. G. et al. Development and Characterization of a Clinically Compliant Xeno-Free 

Culture Medium in Good Manufacturing Practice for Human Multipotent Mesenchymal Stem 

Cells. Stem Cells Transl. Med. 1, 750–758 (2012). 

23. Dominici, M. et al. Minimal criteria for defining multipotent mesenchymal stromal cells. The 

International Society for Cellular Therapy position statement. Cytotherapy 8, 315–317 (2006). 

24. Wang, Y., Chen, X., Cao, W. & Shi, Y. Plasticity of mesenchymal stem cells in 

immunomodulation: Pathological and therapeutic implications. Nat. Immunol. 15, 1009–1016 

(2014). 

25. Prockop, D. J., Kota, D. J., Bazhanov, N. & Reger, R. L. Evolving paradigms for repair of tissues 

by adult stem/progenitor cells (MSCs). Journal of Cellular and Molecular Medicine 14, 2190–

2199 (2010). 

26. Haynesworth, S. E., Baber, M. A. & Caplan, A. I. Cytokine expression by human marrow-derived 

mesenchymal progenitor cells in vitro: effects of dexamethasone and IL-1 alpha. J Cell Physiol 

166, 585–592 (1996). 

27. Gao, F. et al. Mesenchymal stem cells and immunomodulation: current status and future 

prospects. Cell Death Dis. 7, e2062 (2016). 

28. Majka, M., Sułkowski, M., Badyra, B. & Musiałek, P. Concise Review: Mesenchymal Stem Cells 

in Cardiovascular Regeneration: Emerging Research Directions and Clinical Applications. Stem 

Cells Translational Medicine 6, 1859–1867 (2017). 

29. Manufacturing, C. et al. Mesenchymal Stem Cells. 1416, 375–388 (2016). 

30. Tögel, F., Hu, Z. & Weiss, K. Administered mesenchymal stem cells protect against ischemic 

acute renal failure through differentiation-independent mechanisms. Am J Physiol Ren. Physiol 

289, 31–42 (2005). 

31. Zhang, X. et al. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Roles in Tumor Growth, 

Progression, and Drug Resistance. Stem Cells Int. 2017, (2017). 

32. Volkman, R. & Offen, D. Concise Review: Mesenchymal Stem Cells in Neurodegenerative 

Diseases. Stem Cells 35, 1867–1880 (2017). 

33. Gnecchi, M. et al. Paracrine action accounts for marked protection of ischemic heart by Akt-

modified mesenchymal stem cells [2]. Nature Medicine 11, 367–368 (2005). 

34. Gnecchi, M. Evidence supporting paracrine hypothesis for Akt-modified mesenchymal stem cell-

mediated cardiac protection and functional improvement. FASEB J. 20, 661–669 (2006). 

35. Timmers, L. et al. Reduction of myocardial infarct size by human mesenchymal stem cell 

conditioned medium. Stem Cell Res. 1, 129–137 (2008). 

36. Lai, R. C., Chen, T. S. & Lim, S. K. Mesenchymal stem cell exosome: a novel stem cell-based 



58 

 

therapy for cardiovascular disease. Regen. Med. 6, 481–492 (2011). 

37. Simons, M. & Raposo, G. Exosomes--vesicular carriers for intercellular communication. Curr. 

Opin. Cell Biol. 21, 575–581 (2009). 

38. Chaput, N. & Théry, C. Exosomes: Immune properties and potential clinical implementations. 

Seminars in Immunopathology 33, 419–440 (2011). 

39. Chen, B., Li, Q., Zhao, B. & Wang, Y. Stem Cell-Derived Extracellular Vesicles as a Novel 

Potential Therapeutic Tool for Tissue Repair. Stem cell Transpl. Med. 6, 1753–1758 (2017). 

40. Sokolova, V. et al. Characterisation of exosomes derived from human cells by nanoparticle 

tracking analysis and scanning electron microscopy. Colloids Surfaces B Biointerfaces 87, 146–

150 (2011). 

41. Skog, J. et al. Glioblastoma microvesicles transport RNA and proteins that promote tumour 

growth and provide diagnostic biomarkers. Nat. Cell Biol. 10, 1470–1476 (2008). 

42. Pegtel, D. M., van de Garde, M. D. B. & Middeldorp, J. M. Viral miRNAs exploiting the 

endosomal-exosomal pathway for intercellular cross-talk and immune evasion. Biochim. 

Biophys. Acta - Gene Regul. Mech. 1809, 715–721 (2011). 

43. Takata, K., Matsuzaki, T., Tajika, Y., Ablimit, A. & Hasegawa, T. Localization and trafficking of 

aquaporin 2 in the kidney. Histochemistry and Cell Biology 130, 197–209 (2008). 

44. Théry, C., Amigorena, S., Raposo, G. & Clayton, A. Isolation and Characterization of Exosomes 

from Cell Culture Supernatants and Biological Fluids. in Current Protocols in Cell Biology (2006). 

doi:10.1002/0471143030.cb0322s30 

45. Tang, Y. T. et al. Comparison of isolation methods of exosomes and exosomal RNA from cell 

culture medium and serum. Int. J. Mol. Med. 40, 834–844 (2017). 

46. Musante, L. et al. A simplified method to recover urinary vesicles for clinical applications, and 

sample banking. Sci. Rep. 4, (2014). 

47. Lai, R. C. et al. Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem 

Cell Res. 4, 214–222 (2010). 

48. Shao, H. et al. Chip-based analysis of exosomal mRNA mediating drug resistance in 

glioblastoma. Nat. Commun. 6, (2015). 

49. Wu, Y., Deng, W. & Klinke II, D. J. Exosomes: improved methods to characterize their 

morphology, RNA content, and surface protein biomarkers. Analyst 140, 6631–6642 (2015). 

50. Van Der Pol, E. et al. Optical and non-optical methods for detection and characterization of 

microparticles and exosomes. J. Thromb. Haemost. 8, 2596–2607 (2010). 

51. Gross, J., Sayle, S., Karow, A. R., Bakowsky, U. & Garidel, P. Nanoparticle tracking analysis of 

particle size and concentration detection in suspensions of polymer and protein samples: 

Influence of experimental and data evaluation parameters. Eur. J. Pharm. Biopharm. 104, 30–

41 (2016). 

52. Pospichalova, V. et al. Simplified protocol for flow cytometry analysis of fluorescently labeled 

exosomes and microvesicles using dedicated flow cytometer. J. Extracell. Vesicles 4, 1–15 

(2015). 

53. Yeo, R. W. Y. et al. Mesenchymal stem cell: An efficient mass producer of exosomes for drug 



59 

 

delivery. Advanced Drug Delivery Reviews 65, 336–341 (2013). 

54. Li, X. et al. Exosome Derived From Human Umbilical Cord Mesenchymal Stem Cell Mediates 

MiR-181c Attenuating Burn-induced Excessive Inflammation. EBioMedicine 8, 72–82 (2016). 

55. Rosano, G. M., Fini, M., Caminiti, G. & Barbaro, G. Cardiac metabolism in myocardial ischemia. 

Curr Pharm Des 14, 2551–2562 (2008). 

56. Li, X. et al. Metabolic adaptation to a disruption in oxygen supply during myocardial ischemia 

and reperfusion is underpinned by temporal and quantitative changes in the cardiac proteome. 

J. Proteome Res. 11, 2331–2346 (2012). 

57. Reis, L. A. et al. Bone Marrow-Derived Mesenchymal Stem Cells Repaired but Did Not Prevent 

Gentamicin-Induced Acute Kidney Injury through Paracrine Effects in Rats. PLoS One 7, (2012). 

58. Xin, H. et al. Systemic administration of exosomes released from mesenchymal stromal cells 

promote functional recovery and neurovascular plasticity after stroke in rats. J. Cereb. Blood 

Flow Metab. 33, 1711–1715 (2013). 

59. Zhang, Y. et al. Exosomes Derived from Mesenchymal Stromal Cells Promote Axonal Growth of 

Cortical Neurons. Mol. Neurobiol. 1–15 (2016). doi:10.1007/s12035-016-9851-0 

60. Douglas A. Skoog, F. James Holler, S. R. C. Principle of Instrumental Analysis. Principles of 

Instrumental Analysis 53, (2007). 

61. Blum, M.-M. & John, H. Historical perspective and modern applications of Attenuated Total 

Reflectance - Fourier Transform Infrared Spectroscopy (ATR-FTIR). Drug Test. Anal. 13, 45–68 

(2011). 

62. Stuart, B. H. Infrared Spectroscopy: Fundamentals and Applications. Methods 8, (2004). 

63. Smith, B. C. Fundamentals of Fourier Transform Infrared Spectroscopy, Second Edition. CRC 

Press 1, (2011). 

64. Duygu, D. Y., Baykal, T., Açikgöz, Đ. & Yildiz, K. Fourier Transform Infrared ( FT-IR ) 

Spectroscopy for Biological Studies. Gazi Univ. J. Sci. 22, 117–121 (2009). 

65. López-Lorente, Á. I. & Mizaikoff, B. Mid-infrared spectroscopy for protein analysis: Potential and 

challenges. Analytical and Bioanalytical Chemistry 408, 2875–2889 (2016). 

66. Yang, H., Yang, S., Kong, J., Dong, A. & Yu, S. Obtaining information about protein secondary 

structures in aqueous solution using Fourier transform IR spectroscopy. Nat. Protoc. 10, 382–

396 (2015). 

67. Wood, B. R. The importance of hydration and DNA conformation in interpreting infrared spectra 

of cells and tissues. Chem. Soc. Rev. 45, 1980–1998 (2016). 

68. Whelan, D. R. et al. Monitoring the reversible B to A-like transition of DNA in eukaryotic cells 

using Fourier transform infrared spectroscopy. Nucleic Acids Res. 39, 5439–5448 (2011). 

69. Barth, A. Infrared spectroscopy of proteins. Biochimica et Biophysica Acta - Bioenergetics 1767, 

1073–1101 (2007). 

70. Bellisola, G. & Sorio, C. Infrared spectroscopy and microscopy in cancer research and diagnosis. 

Am. J. Cancer Res. 2, 1–21 (2012). 

71. Perkins, W. D. Fourier transform-infrared spectroscopy: Part l. Instrumentation. J. Chem. Educ. 

63, A5 (1986). 



60 

 

72. Introduction to Fourier Transform Infrared Spectrometry. Thermo Nicolet Corporation 

doi:10.1016/j.rser.2015.05.073 

73. Rieppo, L. et al. Application of second derivative spectroscopy for increasing molecular 

specificity of fourier transform infrared spectroscopic imaging of articular cartilage. Osteoarthr. 

Cartil. 20, 451–459 (2012). 

74. Rosa, F. et al. Monitoring the ex-vivo expansion of human mesenchymal stem/stromal cells in 

xeno-free microcarrier-based reactor systems by MIR spectroscopy. Biotechnol. Prog. 32, 447–

455 (2016). 

75. Kourti, T. Multivariate dynamic data modeling for analysis and statistical process control of batch 

processes, start-ups and grade transitions. in Journal of Chemometrics 17, 93–109 (2003). 

76. Jolliffe, I. T. Principal Component Analysis. J. Am. Stat. Assoc. 98, 487 (2002). 

77. Sheskin, D. J. Handbook of Parametric and Nonparametric Statistical Procedures, Fourth 

Edition. Chapman & Hall/CRC (2007). doi:10.1198/tech.2004.s209 

78. Lee, C. et al. 3D plasmonic nanobowl platform for the study of exosomes in solution. Nanoscale 

7, 9290–9297 (2015). 

79. Exline, D. L. Comparison of Raman and FTIR Spectroscopy: Advantages and Limitations. 

Available at: https://www.gatewayanalytical.com/resources/publications/comparison-raman-

and-ftir-spectroscopy-advantages-and-limitations. (Accessed: 30th April 2018) 

80. Gualerzi, A. et al. Raman spectroscopy uncovers biochemical tissue-related features of 

extracellular vesicles from mesenchymal stromal cells. Sci. Rep. 7, 1–11 (2017). 

81. Cialla, D. et al. Surface-enhanced Raman spectroscopy (SERS): Progress and trends. Analytical 

and Bioanalytical Chemistry 403, 27–54 (2012). 

82. Rosa, F. et al. A comprehensive high-throughput FTIR spectroscopy-based method for 

evaluating the transfection event: estimating the transfection efficiency and extracting associated 

metabolic responses. Anal. Bioanal. Chem. 407, 8097–8108 (2015). 

83. Sales, K. C. et al. Metabolic profiling of recombinant Escherichia coli cultivations based on high-

throughput FT-MIR spectroscopic analysis. Biotechnol. Prog. 33, 285–298 (2017). 

 


