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Ágrip 

Miðlagsstofnfrumur (MSCs) eru vefjasérhæfðar stofnfrumur sem hægt er að m.a. einangra úr 

beinmerg manna. MSCs hafa þann eiginlega að þær geta sérhæfst í beinfrumur, brjóskfrumur og 

fitufrumur. MSCs eru yfirleitt ræktaðar í æti með kálfasermi, sem ætisíbæti, en slíkt hentar ekki vel í 

klínískum tilraunum í mönnum vegna óæskilegra eiginleika sem kálfasermið hefur. Rannsóknir hafa 

sýnt fram á að hægt sé að nota roflausnir úr blóðflögueiningum, svokölluð blóðflögulýsöt, sem 

staðgengil kálfasermis. Töluverður fjöldi blóðflögueininga rennur út árlega í Blóðbankanum. Hægt er 

að nota þessar blóðflögueiningar til að útbúa blóðflögulýsöt sem má nota til ræktunar á MSCs. 

Frostþurrkun er aðferð sem stundum er notuð til að auka stöðugleika og geymslugetu blóðflögulýsata. 

Sparnaður getur átt sér stað bæði í rúmmáli og þyngd þegar blóðflögulýsöt eru frostþurrkuð. Þetta 

getur leyst geymsluvandamál slíkra lausna og auðveldað flutning blóðflögulýsata.   

Miðlagsstofnfrumur úr beinmerg manna frá þremur mismunandi gjöfum voru ræktuð annars vegar í 

æti sem innihélt blóðflögulýsöt framleiddum úr útrunnum smithreinsuðum blóðflögueiningum (PIPL) og 

hins vegar úr frostþurrkuðari útgáfu af sömu blóðflögulýsötum (Lyo-PIPL).  

Lögun frumna og sérhæfing í beinfrumur, brjóskfrumur og fitufrumur var greind. Vaxtarútlit MSCs í 

Lyo-PIPL var þéttara til að byrja með en hjá MSCs í PIPL. Sérhæfing í beinfrumur, brjóskfrumur og 

fitufrumur tókst hvort sem notað var PIPL eða Lyo-PIPL.  

Niðurstöðurnar í þessari ritgerð benda til þess að hægt sé að sérhæfa MSCs í beinfrumur, 

brjóskfrumur og fitufrumur með frostþurrkaðri útgáfu af blóðflögulýsötum framleiddum úr útrunnum 

smithreinsuðum blóðflögueiningum.   
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Abstract 

Mesenchymal stem cells (MSCs) are somatic cells that can e.g. be isolated from human bone marrow. 

They have the ability to differentiate into osteogenic, chondrogenic, and adipogenic lineages. MSCs 

are typically expanded in media supplemented with fetal bovine serum (FBS), but their use isn’t 

suitable for clinical use in humans due to various undesirable features. Studies have shown that 

platelet lysates can substitute FBS as a media supplement in the expansion of MSCs. Significant 

quantities of expired platelet units are discarded from the Blood Bank every year. These platelet units 

can be used as a platelet lysate resource to use as a media supplement in the expansion of MSCs. 

Freeze drying (lyophilization) can be used to improve stability and storage potential of platelet lysates. 

Savings in volume and weight can be achieved due to platelet lysates being stored in a dehydrated 

state. This can solve storage problems in blood banks and make transportation of platelets easier.  

Human bone marrow MSCs from three donors were expanded in media supplemented with lysates 

manufactured from expired pathogen-inactivated platelet concentrations (PIPL) or lyophilized version 

of those lysates (Lyo-PIPL).  

The morphology, expansion, and tri-lineage differentiation of MSCs were analyzed. Proliferation of 

MSCs in Lyo-PIPL had denser growth than MSCs in PIPL. The differentiations of MSCs into 

osteogenic, chondrogenic, and adipogenic lineage were similar between media supplements.  

In this thesis, our results indicate that MSCs can differentiate into osteogenic, chondrogenic, and 

adipogenic lineage with both PIPL and Lyo-PIPL as a media supplement.  
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1 Introduction 

1.1 Stem cells 

Regenerative medicine is a developing field of research and therapeutics that aims to restore impaired 

tissues with replacing, repairing, or regenerating cells or tissues. The human body’s regenerative 

potential can be enhanced with stem cells (1). 

All cells in the body are derived from the zygote that forms with the fertilization of an egg with a 

sperm (2). The zygote is a totipotent cell; i.e., it has the capability to develop into any type of 

specialized cell. When totipotent cells divide, they give rise to pluripotent cells that are more restricted 

but still have the capability to develop into various cell types (3). When pluripotent cells specialize and 

mature, they gradually lose their capability to self-renew, become lineage-committed, and form tissue-

specific cells. Only cells that keep their self-renewal features are called stem cells (4).  

Stem cells can be characterized by their self-renewal and differentiation abilities, as well as their 

germ layer origin (5). When unspecialized stem cells differentiate into specialized cells, the cells 

usually give rise to a lineage of progeny that becomes more specialized at each stage. These stages 

are triggered by internal and external signals (6). The internal signals are controlled by the 

cell's genes, which are distributed in the DNA and carry coded instructions for all cellular structures 

and functions. The external signals for cell differentiation involve the secretion of chemicals by other 

cells, physical interaction with neighboring cells, the integrity of the extracellular matrix, and the 

presence of particular molecules in the microenvironment (6). Stem cells can be categorized based on 

their differentiation potential as shown in Table 1. 

 

Table 1 Stem cells differentiation potential and function  

Stem cells have various differentiation potentials and can differentiate into numerous types of cells  (5) 

Potency Cell forming abilities 

Totipotency All types of cells 

Pluripotency All types of cells that arises from the three germ layers 

Multipotency All cells from a single germ layer 

Oligopotency Few types of cells that belong to their residing organ or tissue 

Unipotency One specific type of cell 

 

Stem cells are also categorized based on their origin. The two major types of stem cells based on 

their origin are embryonic stem cells (ESCs) and somatic/adult stem cells (ASCs). ESCs are derived 

from the inner cell mass of the blastocyst (5-6 days after fertilization) and are pluripotent. ESCs can 

differentiate into the tissue of the endoderm, mesoderm, and ectoderm, but can also be maintained in 

an undifferentiated state indefinitely. Transcription factors such as Nanog and Oct4 maintain stem 

cells in their undifferentiated state (3,5). The basic characteristics of the ESCs are, e.g., self-renewal, 

multilineage differentiation, clonogenicity, and extensive proliferation (7). ASCs are multipotent and 
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derive from a single cell that self-renews and generates differentiated cells (8). The main roles of 

ASCs are to maintain and repair the tissue in which they are found (6). ASCs are located throughout 

the body and can be found in every organ, e.g., the brain, bone marrow, blood tissues, and skeletal 

muscles.  

Bone marrow contains at least two types of ASCs: mesenchymal stem cells (MSCs) and 

hematopoietic stem cells (HSCs) (7). HSCs generate all types of blood cells (e.g. red blood cells, B 

and T lymphocytes, natural killer cells, neutrophils, basophils, eosinophils, monocytes, and 

macrophages). MSCs are present in many tissues, but MSCs from bone marrow generate bone cells, 

cartilage cells, fat cells, and stromal cells (6). 

1.2 Mesenchymal stem cells 

1.2.1 Definition and characterization  

The first evidence of MSCs in the bone marrow was presented through the work of Julius Friedrich 

Cohnheim in the nineteenth century. His hypothesis was that fibroblastic cells from the bone marrow 

contribute in injury repair (9). In the twentieth century, Alexander Maximow made a theory of 

hematopoiesis and created a concept of HSCs. Alexander Friedenstein identified MSCs in the 

hematopoietic microenvironment (10). Friendenstein and his colleagues proposed the term of “stromal 

stem cells” when they found a small population of stromal cells in the bone marrow. These cells were 

different from HSCs by the fibroblast-like appearance, and the cells were referred to as colony-forming 

unit fibroblasts (CFU-Fs). Arnold Caplan proposed the term “mesenchymal stem cells” in 1991, and 

the term has been widely adopted since then (11).  

MSCs are adult stem cells that exists in several tissues and can differentiate in vitro into cells of 

osteogenic, chondrogenic, and adipogenic origins, as well as other lineages (12). MSCs proliferate 

through mitosis and give rise to daughter cells that have an identical pattern of gene expression and 

phenotype as the parent cells (12). The International Society for Cellular Therapy (ISCT) has 

proposed a minimal criterion for defining MSCs that is widely accepted as shown in Table 2. 

 

Table 2 Minimal criteria for defining MSCs 

Summary of criteria to define MSCs (13). 

1) In standard culture conditions, MSCs must be plastic-adherent 

2) MSCs must express CD105, CD73, and CD90, and lack expression of CD45, CD34, CD14 or  

CD11b, CD79alpha or CD19, and HLA-DR surface molecules 

3) MSCs must differentiate to osteoblasts, chondroblasts, and adipocytes, and in vitro  
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1.2.2 Immunobiology of mesenchymal stem cells 

In vitro expanded MSCs have the capability to modulate immune responses (14). MSCs are able to 

evade immune recognition, inhibit immune responses, and prevent allogeneic rejection with a variety 

of mechanisms (12). Inflammation provokes the response of both the innate- (i.e. macrophages and 

neutrophils) and the adaptive immune system (T- and B lymphocytes). This results in the release of 

inflammatory mediators such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1β, free radicals, 

chemokines, and leukotrienes (14). Changes in the microenvironment due to inflammatory molecules, 

immune cells, endothelial cells, and fibroblasts result in the differentiation of MSCs into stromal cells 

and/or their mobilization for the replacement of damaged tissue cells.  

When MSCs have entered the microenvironment of injured tissues, they release growth factors as 

a response to factors such as cytokines (TNF-α, IL-1, interferon-gamma (IFN-), toxins of infectious 

agents, and hypoxia (14). These growth factors promote the development of endothelial cells, 

fibroblasts, and tissue progenitor cells, which carry out tissue regeneration and repair (14,15). MHC 

molecules are cell surface proteins that bind and display peptide fragments derived from pathogens 

for recognition by T cells. The two major types of MHC molecules are class I and class II. MHC class I 

molecules span the membrane of almost every cell and help mediate cellular immunity, while MHC 

class II molecules span the cells of the immune system and help mediate specific immunity (16). MHC 

class II molecules can activate alloreactive T cells, but due to the absence of co-stimulatory molecules 

on MSCs, this leads to anergy of T cells (17). MHC class I molecules are positively expressed in 

MSCs isolated from bone marrow. MHC class II have minimal expression, and co-stimulatory 

molecules CD40, CD40 ligand, CD80, and CD86 have no expression in MSCs (17). MSC 

immunosuppression can be influenced by the condition of the MSCs, where they were isolated from, 

the number of passages before they are used, the amount of MSCs used, and the pathological 

conditions of the recipients. MSCs with high passage number have shown decreased stem cell 

activation and myocardial protection (14).  

MSC exposure to TNF-α and inflammatory cytokines such as IFN-γ can upregulate the expression 

of MHC class I and II, but it is not enough to induce immunological response (18). When MSCs are 

differentiated to osteoblasts, adipocytes, or chondroblasts, MHC class I molecules are expressed on 

their surface, but not MHC class II (17).  

MSCs phenotype is considered non-immunogenic, suggesting that these cells can induce 

tolerance. The mechanisms for host immune tolerance are not fully understood, but there are a couple 

of mechanisms that have been identified. Immunosuppressive microenvironments, the 

immunomodulation ability of the immune cell phenotype, and the lack of immunogenicity of MSCs are 

possibly inter-related and, through production and release of soluble factors, are involved in direct 

contact between cells and indirect mechanisms (17). MSCs can suppress innate and adaptive immune 

cells through several processes and various secretion factors as shown in Figure 1. 
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Figure 1 MSCs interaction with immune cells 

MSC can inhibit innate and adaptive immune cells (19). 

 

The innate immune cells are accountable for non-specific defense to infection. MSCs have been 

shown to suppress these innate immune cells (neutrophils, dendritic cell, natural killer cells, mast cells, 

macrophages, and eosinophils) (19). When an infection occurs, neutrophils are the first cells to 

respond and require large oxygen consumption that results in reactive oxygen species production. 

MSCs can release IL-6 to reduce the respiratory burst (19). Dendritic cells have a significant part in 

presenting antigens to naïve T cells, and MSCs can inhibit the differentiation of monocytes to dendritic 

cells (19,20). Furthermore, the production of TNF-α, which is a potent inflammatory molecule, is 

inhibited by the co-culture of dendritic cells and MSCs (19). Natural killer cells secrete cytokines and 

cytolysis to defend against viral organisms. MSCs cultured with resting natural killer cells can 

decrease IFN-γ secretion by 80% and inhibit IL-2 induced proliferation (17,19). T and B lymphocytes 

are part of the adaptive immune system that can generate specific immune responses to pathogens. 

T-cells can be CD8+ cytotoxic T-cells or CD4+ helper T-cells. CD8+ cytotoxic T-cells induce target cell 

death, while CD4+ helper T-cells modulate other immune cells. MSCs in a mixed lymphocyte culture 

can suppress T-cell proliferation due to a decrease in the IFN-γ production and increase in the IL-4 

production (17,19). This suggests that MSCs can alter naïve T-cells from a pro-inflammatory state (↑ 

IFN-γ production) to an anti-inflammatory state (↑ IL-4 production). B cells are highly dependent on T-

cells and produce antibodies. T-cell inhibition due to MSCs is likely to inhibit the proliferation of B cells 

(19). 
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1.2.3 Mesenchymal stem cells in clinical application 

MSCs need to be thoroughly investigated for clinical use to eliminate the occurrence of genetic or 

functional alterations. The safety of MSCs is evaluated through in vitro culture expansion, animal 

models, and clinical trials. Studies have shown that MSCs can be cultured long-term in vitro without 

losing functional, phenotypical, or morphological features and will maintain a stable immunophenotype 

and chromosome structure (21). In vivo animal studies have shown that MSCs injections are efficient 

and harmless for long term treatments after radiotherapy (22). Numerous clinical trials have assessed 

the safety of MSCs, and their results conclude that MSC transfusions are safe and there are no 

serious adverse effects or treatment-related toxicities in the treatments (15). Due to MSCs’ 

immunosuppressive nature, they have been used to treat immunological diseases such as graft 

versus host disease (GVHD). GVHD is an autoimmune disease due to a complication connected to 

allogeneic hematopoietic graft transplant (17,23). MSCs are used in fracture repair due to their ability 

to form osteoblasts and in wounds because of their ability to secrete paracrine factors and recruit 

macrophages (23). A systematic review that valued MSCs’ safety in clinical trials led to the conclusion 

that MSC therapy was safe. No associations between MSC treatment and organ system 

complications, malignancy, acute infusional toxicity, infection, or death were detected (24).  

1.2.4 Tri-lineage differentiation potential of mesenchymal stem cells 

MSCs can differentiate to osteoblasts, adipocytes, and chondroblasts in vitro. Cell differentiation is 

dependent on hormonal and local factors, and regulatory pathways (25).  

1.2.4.1 Regulation of mesenchymal stem cell differentiation 

The regulation of MSC differentiation depends mostly on two pathways: the Wnt canonical pathway 

and the TGF-β superfamily pathway (19). Wnt signaling divides into two branches: the Wnt canonical 

pathway, mediated by β-catenin, and the non-canonical pathway involving protein kinase C (PKC) and 

c-jun N-terminal kinases (JNK) (26). Wnt molecules are 350-400 amino acid long glycoproteins that 

are linked with receptor complexes composed of Lrp5/6 proteins that induce intracellular chain 

reactions that regulate cell proliferation and differentiation (19,26). Wnt pathways inhibit adipogenic 

and chondrogenic differentiation and promote osteogenic differentiation (26). The TGF-β superfamily 

pathway is connected to skeletal tissue growth and chondrogenesis. Gene expression in MSCs is 

upregulated by TGF-β and promotes chondrogenic differentiation through numerous intracellular chain 

reactions, involving, e.g., SMAD proteins, extracellular-signal regulated kinase (ERK1/2), p38, and 

mitogen-activated protein (MAP) kinases as seen in Figure 2. MSC differentiation is controlled by 

many other factors that may interact with Wnt and TGF-β pathways, e.g., epidermal growth factor 

(EGF), fibroblast growth factor (FGF), and platelet-derived growth factor (PDGF) (19).  
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Figure 2 Molecular regulation of MSC differentiation 

Wnt and TGF-β signaling regulate the differentiation of MSCs (19). 

 

1.2.4.2 Osteogenic differentiation 

Bone is a highly dynamic and diverse tissue that consist of cells and extracellular matrix such as type I 

collagen, hydroxyapatite crystals, and non-collagenous proteins. The formation of bone occurs in three 

stages; (i) chemotaxis and proliferation of osteoprogenitor cells, (ii) differentiation into osteoblasts, and 

(iii) mineralization of the matrix (27). Osteogenesis happens throughout life and is a part of a 

continuous process called bone remodeling in adults. Osteogenesis is upregulated in injuries such as 

bone fractures. Bone development depends on the collaboration of: (i) MSCs, osteoblasts, and 

osteoclasts; (ii) a mineralized extracellular matrix scaffold; (iii) soluble molecular mediators (e.g. 

cytokines, growth factors, and hormones), and (iv) mechanical stimuli (28,29).  

There are two types of bone formation: intramembraneous and endochondral ossification. 

Intramembraneous bone formation involves mesenchymal progenitor cells differentiating into 

osteoblasts, while endochondral bone formation involves MSCs differentiating into chondrocytes, 

which are later mineralized and replaced by bone (30). Intramembraneous bone formation occurs in 

parts of the mandible, cranial bones, and clavicles, while endochondral formation occurs in all long 

bones and vertebrae (30).  
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β-glycerol-phosphate, L-ascorbic acid-2 phosphate, dexamethasone, and serum supplements are 

important for the osteogenic activation in vitro. Osteogenic differentiation of MSCs in vitro is 

dependent upon numerous growth factors (29). Growth factors stimulate cellular growth, proliferation, 

migration, and differentiation. Interaction between surface receptors on target cells and growth factors 

initiates protein production that is important for regenerative and osteogenic processes, e.g., cellular 

proliferation, collagen synthesis, matrix formation, and osteoid production. Growth factors that are 

known to enhance bone regeneration are transforming growth factor beta (TGF-β1), insulin growth 

factor (IGF), FGF, vascular endothelial growth factor (VEGF), PDGF, and bone morphogenic proteins 

(BMPs) (31).  

The skeletal stability and overall anatomy and architecture of the bones are due to osteoclast-

mediated degradation and osteoblast-mediated formation, which are together termed bone 

remodeling. Bone renewal of the bone matrix is important for mineral exchange and homeostasis in 

the bone. Osteoblasts synthesize multiple bone-matrix proteins and promote mineralization. The 

differentiation and proliferation of osteoblasts is controlled by transcription factors such as runt-related 

transcription factor 2 (RUNX2) and osterix (SP7) (29).  

A crucial step in osteoblast maturation and the formation of mineralized tissue is the mobilization of 

osteoblastic progenitors to the bone surface. Cell-matrix and cell-cell interactions are essential for 

bone cells at all maturation stages. To enhance adhesion and maturation of osteoblasts, osteogenic 

progenitors synthesize osteocalcin, osteopontin, bone sialoprotein, osteonectin, type-I collagen, and 

fibronectin when they are guided to the bone surface. MSCs express 

integrins α1, α2, α3, α4, α5, α6, α11, and β1. Osteoblasts express integrins with a β1 subunit. MSC 

osteogenic differentiation requires integrin α5, and the overexpression of integrin α4 increases the 

homing of MSCs to bone (32). Osteocytes are terminally differentiated osteoblasts embedded in the 

bone matrix. Osteoclasts are large, multinucleated cells of hematopoietic origin that decalcify the bone 

matrix by acid decalcification and degrade by proteolytic degradation. The receptor activator of nuclear 

kappa- β ligand (RANKL) and the macrophage colony-stimulating factor 5 mediate osteoclastogenic 

signals (29).  

Every year, over 1.600.000 bone grafts are performed to replace bone lost to disease or trauma 

(29). Scaffolds have been used help guide and facilitate bone growth by either being implanted with 

osteogenic cells or with mediators that encourage bone formation of endogenous cells. Such scaffolds 

are implanted into the body and should ideally provide stability and support cell activity that leads to 

bone regrowth. Porosity, pore size, geometry, and material are important properties of the scaffold. 

Therapeutic applications of MSCs have been used in combination with scaffolds to aid in bone and 

cartilage repair (29).  

1.2.4.3 Chondrogenic differentiation 

Cartilage is a connective tissue composed of extracellular matrix and chondrocytes. It can be found in 

structures such as the nose, the respiratory tract, and ears. The human skeleton starts as mostly 

cartilaginous during early fetal life, but is converted into bone through endochondral ossification during 
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early development. Cartilage generally lacks a vascular, lymphatic, and neural system. The three main 

types of cartilage are hyaline cartilage, fibrocartilage, and elastic cartilage (33).  

Cartilage is divided into four different zones with different functions: the superficial zone, the middle 

or transitional zone, the deep or radical zone, and the calcified cartilage zone (34). The superficial 

zone gives cartilage its tensile properties and consists of collagen fibrils, low proteoglycan content, 

and elongated chondrocytes. The middle zone characterizes around 40-60% of cartilage height, and it 

consists of proteoglycans and thick collagen fibrils. Chondrocytes are round and at low density. The 

deep zone consists of the largest collagen fibrils, high aggrecan content, and chondrocytes with the 

same shape as those in the middle zone. The calcified cartilage zone separates hyaline cartilage from 

subchondral bone. It anchors the cartilage to the bone, the cell population is rare, and its chondrocytes 

are hypertrophic (34). 

About 20% of tissue wet weight contains collagen, proteoglycans, and glycoproteins, and the other 

80% is water and inorganic salts. Maintaining resiliency and contributing to the lubrication system and 

nutrition of the tissue is dependent upon the water content of cartilage. Inorganic salts are dissolved in 

the water that is mostly extracellular. Proteoglycans are supramolecular aggregates which contain 

central hyaluronic acid (HA) filaments for multiple monomers to attach to. They provide compressive 

stiffness. Collagen is about 60% of the dry weight of cartilage, and it provides the form of the tissue, 

tensile stiffness, and strength. The primary collagen in cartilage is type II collagen (90-98% of total 

collagen in tissue) (34).  

Differentiation of condensed mesenchymal cells gives the arise of chondrocytes and leads to 

chondrogenesis (35). Chondrocytes are specialized mesenchymal cells that secrete type II collagen, 

proteoglycans, and type VI, IX, X and XI collagens. Chondrocyte phenotype is dependent upon local 

environmental and humoral factors. Cell surface receptors for extracellular matrix molecules contain 

members of the integrin superfamily (receptors for collagen) and CD44 (receptors for hyaluronic acid). 

Interactions amongst the extracellular matrix and chondrocytes in cartilage is important for cell 

anchorage, matrix degradation, and matrix biosynthesis (33). Chondrogenesis is a cellular process 

that gives rise to cartilage, and it begins with the aggregation and condensation of the mesenchyme, 

where BMPs play an important role (35). Extracellular matrix and cell adhesion molecules are 

expressed in the condensation of the mesenchyme. SOX9 is a crucial transcriptional regulator and the 

primary determinant during chrondrogenesis. Rapid cell proliferation leads to enlargement of the 

cartilage templates that perform skeletal elements during development. Cells close to the center of the 

growing element withdraw from the cell cycle, which leads to hypertrophic differentiation. 

Chondrocytes enlarge, terminally differentiate, mineralize, and finally go through apoptosis during 

hypertrophic differentiation. The chondrocyte’s residual cartilage matrix is then used as a scaffold for 

further mineral deposition and bone formation. Degraded cartilage establishes the bone marrow cavity 

by becoming vascularized by adjacent blood vessels (35). The main growth factors for the 

development and proliferation of cartilage are TGF-β, cartilage-derived morphogenic proteins 

(CDMPs), BMPs, connective-tissue growth factor (CTGF), IGF, FGF, and hepatocyte growth factor 

(HGF) (34). 
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1.2.4.4 Adipogenic differentiation 

Adipogenesis is a process where adipocytes go through determination and differentiation to form 

mature adipocytes. Mature adipocytes are the major part of fat or adipose tissue. Pluripotent stem 

cells commit to the adipocyte lineage during the determination phase and lose the potential to 

differentiate into other cells. During terminal differentiation, the cell starts to show characteristics of 

mature adipocytes (36). Adipocytes control homeostasis of the body´s metabolism and secrete several 

lipid and protein factors. Mature adipocytes are from 20-200 µm in diameter and have a single large 

fat droplet, a compressed peripheral nucleus, and sparse mitochondria (37,38).  

Adipose tissue is an areolar connective tissue that is involved in body temperature regulation. It 

contributes to several physiological and pathological processes that control appetite, blood pressure 

regulation, glucose metabolism, inflammatory responses, reproductive function, and angiogenesis. 

Several factors are involved in adipogenesis, e.g., peroxide proliferator-activated receptor γ (PPAR γ), 

macrophage colony stimulating factor, fatty acids, IGF-I, prostaglandins, and glucocorticoids. 

Adipogenesis is a six stage process: (i) mesenchymal precursors, (ii) committed preadipocytes, (iii) 

growth-arrested preadipocytes, (iv) mitotic clonal expansion, (v) terminal differentiation, and (vi) 

mature adipocytes (38). 

 

1.3 Platelets 

1.3.1 Definition and characterization  

Platelets are anucleated blood cells that support hemostatic mechanisms (39,40). The mammalian 

platelet is derived from the cytoplasm of megakaryocytes (40). Megakaryocytes are specialized 

precursor cells that exclusively produce and releases platelets into the blood circulation as seen in 

Figure 3. Hematopoietic progenitors develop committed megakaryocytes precursor cells. The 

megakaryocyte lineage commitment is indicated by expression of CD61 and elevated CD41 levels 

(41). 
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Figure 3 Megakaryocyte and platelet development 

From a colony-forming unit-granulocyte-erythroid-macrophage-megakaryocyte (CFU-GEMM) to 

megakaryocytic, basophilic, and erythroid lineages (40). 

 

Platelets are smooth-surfaced discs that are 2.0 to 5.0 µm in diameter, 0.5 µm in thickness, and 

have a mean cell volume of 6-10 femtoliters. They have a 7-10 day life span in the circulation (39,42). 

Platelets partake in hemostasis by (i) providing surface membrane glycoproteins to attach to other 

platelets, (ii) providing a phospholipid surface for the activation of prothrombin and factor X that is 

negatively charged, and (iii) releasing elements that mediate vascular repair, thrombin generation, 

platelet aggregation and vasoconstriction (42,43).  

Platelet structure has three distinct zones: the peripheral zone, the sol-gel zone, and the organelle 

zone. The peripheral zone consists of the glycocalyx, platelet membrance, an open canalicular 

system, and a submembranous region. It is responsible for adhesion and aggregation. The sol-gel 

zone consists of circumferential microtubules and microfilaments. It is responsible for contraction and 

microtubule system support. The organelle zone consists of granules, mitochondria, a dense tubular 

system, and perioxisomes. It is responsible for the metabolic process of the platelet (42,43). Platelets 

contain three major types of secretory organelles, including α granules, dense bodies (δ granules), 

and lysosomes. α granules are the most numerous of the platelet organelles and are usually 40-80 α 

granules per platelet. δ granules are smaller than the α granules, fewer in number, and have high 

morphological variability. Lysosomes are few in human platelets, and the function is unknown in the 

physiology of hemostasis (42). 
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1.3.2 Platelet biogenesis  

Several models of platelet formation have been proposed, e.g., platelet budding from the 

megakaryocyte surface, cytoplasmic fragmentation via the demarcation membrane system (DMS), 

and proplatelet formation as shown in Figure 4.   

 

 

Figure 4 Mechanisms proposed for platelet production 

Three models proposing the explanation of platelet production, cytoplasmic fragmentation, budding 

and proplatelet (41). 

 

Budding from the megakaryocyte surface proposes the shedding of platelets from the periphery of 

the megakaryocyte cytoplasm. Examination of the structures has revealed that the surface of the 

megakaryocyte does not contain platelet organelles, and the platelet surface has higher resemblance 

to the DMS than the megakaryocyte membrane (41). The DMS is defined as the platelet territory 

within the cytoplasm of the megakaryocyte. The prediction that platelets form through an extensive 

internal membrane reorganization process is explained by the DMS model. Proplatelets are long, thin 

cytoplasmic processes originating from megakaryocytes. When megakaryocytes transition from 

immature cells to release platelets, proplatelets undergo fragmentation into individual platelets through 

a systematic series of events (41). 

1.3.3 Role in inflammation 

Inflammation is defined by a multitude of interactions between leukocytes, endothelial cells, and 

platelets. Inflammation causes endothelial activation and expression of cell adhesion molecules, such 
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as P- and E-selectin, which leads to leukocyte extravasation. In an injury and infection, the platelets 

are recruited to the site and promote inflammatory process (44). When the platelet surface is 

activated, CD40 ligand (CD40L), a member of the TNF-α family, is rapidly expressed. CD40L binds to 

CD40 and induces endothelial cell activation. The binding of CD40L and CD40 induces tissue factor 

expression on endothelial cells, which leads to a more pro-coagulant state of the vasculature (45). The 

presence of thrombospondin, fibrinogen, and fibronectin, etc. in the endothelium determines the 

coagulation activity of platelets. In coagulation, platelets are the source of clotting and growth factors. 

Following thrombus formation, factors are released into the blood during the lysis of platelets (44). 

Inflammatory and immune-modulating factors (e.g. PDGF, thromboxane A2 (TXA2) and platelet 

activating factor (PAF) are also released from platelets upon activation (45). 

1.3.4 Clinical use and storage of platelets 

In the clinical setting, platelets are mainly used for platelet transfusion for patients with platelet 

dysfunction or thrombocytopenia (46). Platelets can be collected from blood donors by isolation from 

whole blood units or by the platelet apheresis procedure. Platelets are prepared from whole blood 

units by centrifuging the blood to separate red blood cells from platelets. The platelets are then pooled 

together from several blood units. The apheresis procedure involves platelet collection from volunteer 

donors. Whole blood is drawn, platelets and some white blood cells are removed from the donor and 

red blood cells, and plasma is returned (46,47). Platelets are stored at 20°C to 24,5°C (RT) because 

they do not endure refrigeration (46,48). The cold can cause morphological changes to platelets, and 

they disappear from circulation after transfusion. Storing platelets at RT increases the risk of bacterial 

infection up to 50-fold compared to refrigerated blood products (48). Platelets are stored in special 

bags that allow for gas exchange between carbon dioxide and oxygen. For platelet preservation, pH is 

kept to about 6.0. The shelf-life of platelets is 5 days due to combinations of several factors, e.g., the 

risk of the bacterial infection, the storage method, the temperature, and the pH value (46). 

 

1.4 Platelet lysate 

1.4.1 Fetal bovine serum versus platelet lysate 

Serum supplements for cell culture must contain essential factors to maintain physiological functions 

of cellular activities, such as amino acids, lipid hormones, vitamins, growth factors, nutrients, and 

buffer substances. Fetal bovine serum (FBS) is generally used as a serum supplement for in vitro cell 

cultures (49). FBS contains most factors required for cell growth and proliferation and is efficient for 

many types of human and animal cells. It has been used in cultures for over 50 years, but has still not 

been completely characterized. Approximately 500.000 liters of FBS are produced per year from 

1.000.000 bovine fetuses (50). There are several disadvantages of using FBS in cell cultures as 

shown in Table 3. 
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Table 3 Disadvantages of using FBS in cell cultures 

Summary of the disadvantages of using FBS in cell cultures (49,50). 

(i) It is an ill-defined mixture with batch variability 

(ii) It may contain endotoxin, mycoplasma, viral contaminants, or prion proteins  

(iii) It may provoke immunological response against xenogenic serum antigens 

(iv) The collection of FBS is not ethical in terms of animal protection due to the exposure of the    

fetuses to pain and suffering while harvesting the blood   

(v) Global supply does not meet FBS demand  

 

FBS is a by-product of the beef industry and thus the supply is dependent on numerous factors, 

e.g., beef consumption, food prices, environmental factors, and disease outbreaks. FBS is harvested 

from bovine fetuses at 6 months of fetal development by collecting blood from their heart via puncture 

directly into the aorta. The collected blood is chilled, allowed to clot, and is then centrifuged to obtain 

the serum. Regardless of these disadvantages, FBS is still used in clinical trials (49,50).  

Human alternatives have been tested over the past 15 years, and their ability to sustain 

proliferation and differentiation of cell cultures has been examined. Autologous human serum (HS) 

demonstrated the possible expansion of MSCs without compromising the immunophenotype of the 

cell surface or its differentiation. However, allogeneic HS showed low proliferation of MSCs, and the 

confluency was not sufficient (49). Platelet-rich plasma (PRP) was shown to increase MSC 

proliferation in cell culture. The drawback of PRP was that the debris could interrupt cell cultures, and 

without thrombocyte activation, not all growth factors would be released. The usage of thrombin-

activated platelet-rich plasma (tPRP) was tested for the isolation and expansion of human MSCs. 

Bieback et al. pooled human HS and tPRP and demonstrated higher proliferation on adipose tissue-

derived MSCs than by using FBS. PRP is often frozen before it’s added to a culture medium, which 

resembles human platelet lysate (hPL) (49). The usage of hPL for MSCs expansion was first 

described in 2005 by Doucet et al. It has since been used in many laboratories and has been proven 

to be an effective cell culture additive. hPL is prepared from PRP by a freeze-thawing procedure. 

Batch-o-batch variation is reduced by the pooling of platelet units. To minimize the risk of 

immunological reactions, it is possible to use autologous hPL. hPL has numerous advantages and 

disadvantages in comparison to FBS as shown in Table 4. 
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Table 4 Advantages and disadvantage of hPL 

hPL has several advantages and disadvantages in comparison with FBS (49). 

Advantage Disadvantage 

Better MSCs expansion Not defined precisely 

Can be used as a cell culture additive after 

their 5 day shelf life 

The commercial market for hPL is small. FBS is   

a high profit production that makes it less attractive 

for companies to commercialize hPL. 

Retains immunosuppressive properties Allogeneic hPL may lead to immunological 

reactions 

No risk of bovine viruses nor immune 

reactions against bovine proteins 

Even though all blood products are thoroughly 

tested for diseases, it does not exclude the risk for  

infections 

  

hPL contains numerous growth factors and can be used as a supplement for MSC cultures to 

sustain the growth and expansion of MSCs; e.g., EGF, IGF, TGF-β, platelet factor 4, FGF, VEGF, and 

PDGF. These growth factors have an effect on MSC proliferation and their multilineage differentiation 

(49). 

1.4.2 Pathogen inactivated platelet lysates  

hPL contains numerous growth factors with various concentrations between donors. It is necessary to 

compensate for the variability and standardize the product by having multiple donors. To minimize the 

risk of pathogen transmission via blood transfusion and prolonging the shelf life of the platelets, 

platelet pathogen inactivation has been adopted by blood banks using the INTERCEPT Blood 

SystemTM treatment (51,52).  INTERCEPT Blood SystemTM uses amotosalen and ultraviolet-A (UV-A) 

light to inactivate pathogens in platelets (52). Amotosalen is a synthetic psoralen that passes the 

pathogen’s membrane and reacts with nucleic acids by interacting with the helical sections of DNA 

and RNA. Amotosalen is photoactivated during UV-A illumination, and strands of nucleic acids are 

cross-linked which prevents pathogen multiplication. Platelets lack nucleic acids and are thus 

unaffected by amotosalen. Pathogen inactivated platelet units have a prolonged storage time of up to 

7 days (52–54). Pathogen inactivated platelet lysates are comparable to traditionally-prepared platelet 

lysates and  have no negative results with regards to immunophenotype, trilineage differentiation of 

MSCs, immunomodulation, or proliferation (52). 

1.4.3 Freeze-dried platelet lysates 

Freeze drying (lyophilization) is used to improve the stability and storage potential of proteins used for 

tissue regeneration. Lyophilized protein-based materials have better stability and storage potential, 

and they provide immediate access to growth factors for newly growing cells (55). Lyophilized platelets 

are comparable to freshly obtained platelets (56). They are stable at RT and retain most of their 

growth factors, as well as the membrane and protein components of freshly-obtained platelets (57–
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59). It is convenient that lyophilized platelets are stable at RT, so refrigerators or freezers are not 

needed. Savings in volume and weight can be achieved because platelets can be stored in a 

dehydrated state. This can solve storage problems in blood banks and make the transportation of 

platelets easier. Lyophilized platelets are less sensitive to temperature fluctuations, and the shelf-life is 

at least 22 months at RT (57). Lyophilized platelet lysates are a poorly-explored option, but all 

evidence points to their effectiveness being equal to platelet lysates.   
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2 Objectives 

The objective of this study was to compare expansion and differentiation of MSCs in media 

supplemented with PIPL or Lyo-PIPL. In order to achieve this, we set two aims:  

1. To show the effect on MSC morphology and proliferation 

2. To show the effect on tri-lineage differentiation 
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3 Materials and methods 

3.1 Experimental set-up 

 

Figure 5 Experimental setup 

MSCs from three donors were seeded in media with 10% fetal bovine serum (FBS) for one passage – 

after which they were transferred to expansion in 10% platelet lysate (PIPL) or 5 mg/ml lyophilized 

platelet lysate (Lyo-PIPL) media supplements. When sufficient numbers of cells were obtained, they 

were seeded for experiments. 
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The experimental setup can be seen in Figure 5. MSCs from three different donors were seeded in a 

medium supplemented with 10% FBS for one passage. After one passage, the MSCs were harvested 

and expanded in a medium supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL. When sufficient 

numbers of cells were obtained, they were seeded for experiments.  

The morphology of the MSCs was evaluated, and proliferation analysis was done. Tri-lineage 

differentiation was compared using MSCs cultured in PIPL or Lyo-PIPL as a media supplement. To 

determine osteogenic differentiation, Alizarin red staining and quantification was performed, along with 

alkaline phosphatase activity assay and gene expression. To evaluate chondrogenic differentiation, 

glygosaminoglycan assays and histological stainings were performed. Adipocyte differentiation was  

assessed by Oil Red O staining.  

3.2 Preparation of human platelet lysates  

30 units of expired platelets were collected from 93 healthy blood donors in the Blood Bank 

(Reykjavik, Iceland) and stored in a freezer (-20°C). The units were placed in a 37°C water bath 

(Thermomix 1419, B. Braun, Melsugen, Germany) until thawed and frozen again at -20°C. When the 

units were completely frozen, the procedure was repeated three times. When thawed for the third 

time, the lysed contents of the platelet units were pooled, and platelet depletion performed with a two-

step centrifugation. In the first step, complete lysates were centrifuged for 20 min at 4975 g (Thermo 

Scientific Heraeus Multifuge X3 Centrifuge, Thermo Scientific, Rockford, IL, USA), and in the second 

step, the resulting supernatant was again centrifuged for 20 min at 4975 g. The resulting platelet pellet 

from both steps was discarded. The supernatant was collected and pooled into platelet lysates before 

being aliquoted and stored at -20°C until use. Platelet lysate was freeze-dried as needed at Hagi, The 

University of Iceland, Reykjavík, Iceland. 

3.3 Preparation of culture media  

3.3.1 Preparation of complete culture media with 10% FBS 

Ingredients:  

500 ml DMEM F12 (1:1) + Glutamax medium (Gibco, Grand Island, NY, USA) 

5 ml penicillin/streptomycin (P/S) (Gibco) 

5 ml fetal bovine serum (FBS) per 50 ml of complete media (Gibco) 

 

5 ml of P/S was added to the DMEM media stock bottle to make a 1% P/S media solution.  The 

stock bottle was closed and gently rolled to blend thoroughly. To prepare a complete working media, 

45 ml of media from the stock bottle was transferred to a sterile 50 ml tube (Falcon, Franklin Lakes, 

NJ, USA), and 5 ml of FBS was added to obtain a 10% concentration. The tube was gently inverted 

several times to blend the media. Complete working media reached 37°C in a warming incubator 

(Heidolph UNIMAX 1010 INCUBATOR 1000, Heidolph, Schwabach, Germany) before use.  
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3.3.2 Preparation of complete culture media with 10% PIPL 

Ingredients:  

500 ml DMEM F12 + Glutamax medium 

5 ml penicillin/streptomycin (P/S) 

400 µl heparin (LEO Pharma A/S, Ballerup, Denmark) 

50 ml platelet lysate (thawed and centrifuged at 4975 g for 10 min before adding into mixture) 

 

The stock bottle was closed and gently rolled to blend thoroughly. The media was filtered with a 

0.45 µl stericup (Millipore, Billerica, MA, USA) using a vacuum pump (AMEDA Egnell, egnell-compact 

30II, Ameda Egnell Inc, Switzerland) and stored at -20°C in 50 ml tubes. Complete working media 

reached 37°C before use. 

3.3.3 Preparation of complete culture media with Lyo-PIPL  

Ingredients: 

500 ml DMEM F12 + Glutamax medium 

5 ml penicillin/streptomycin (P/S) 

400 µl heparin   

5 mg/ml Lyo-PIPL (e.g. 2.5 g per 500 ml of media) 

 

The stock bottle was closed and placed in a shaking incubator at 37°C with moderate shaking for 

15 min to allow Lyo-PIPL to completely dissolve in the media. The media was centrifuged at 4975 g for 

5 minutes to separate the dissolved Lyo-PIPL. The supernatant was filtered with a 0.45 µl stericup and 

stored at -20°C in 50 ml tube. Complete working media reached 37°C before use. 

3.4 Cell culture 

3.4.1 Seeding of cells 

Cryovials of frozen human bone marrow derived mesenchymal stem cells (Lonza, Basel, Switzerland) 

were obtained from liquid nitrogen storage container and placed in a sterile hood (Holten LaminAir, 

Model 1.5, Thermo). The cap was loosened to release pressure and then retightened. The cell 

containing vials were subsequently placed in a 37°C water bath until the last slither of ice was about to 

melt. The cells were then transferred to a 15 ml test tube (Falcon) with 5 ml of 37°C warmed media 

and centrifuged for 5 min at 609 g. The supernatant was discarded and the cells were re-suspended in 

1 ml of culture media. The re-suspended cells were transferred to a 75 cm2 cell culture flask (Nunc, 

Penfield, NY, USA) along with 20 ml of culture media. The culture flask was incubated at 37°C, 5% 
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CO2 with 95% humidity (Steri-Cult CO2 Incubator HEPA class 100, Thermo) and monitored daily. Each 

medium was changed every 2-3 days.  

3.4.2 Harvesting of cells 

When the cell culture had reached 80-90% confluence, they were obtained and media was discarded. 

5 ml sterile PBS (67 µl/cm2) (Gibco) was transferred into the cell flask and allowed to float over the 

culture surface. The PBS was discarded, and 5 ml of warmed trypsin (Gibco) was added and 

incubated for 5 min at 37°C to facilitate cell detachment from the culture surface. 5 ml of pre-warmed 

media was then added into the flask and used to wash the interior of the flask to allow the cells to 

become suspended in the solution. The cell containing solution was then transferred to a 15 ml tube, 

which was centrifuged for 5 min at 609 g. The supernatant was discarded, and the resulting cell pellet 

was re-suspended in 1 ml of culture media. The cells were counted, and an appropriate number of 

cells were reseeded or used for experimentation.  

3.4.2.1 Counting cells with hemocytometer 

50 µl of Trypan Blue Stain (Gibco), 30 µl of PBS, and 20 µl of cell solution was added to a micro tube 

and mixed well. A small amount of the cell solution was transferred into the hemocytometer, and all 

cells, excluding the cells that stained blue, were counted using a counting chamber. The cell count 

was determined by Formula 1. 

 

 

 

 

 

3.5 Morphological analysis 

MSC morphology was observed with an Infinity Leica DM IRB microscope (Leica Microsystems Inc, IL, 

USA) and imaged with the Infinity capture application vs 5.0.2 (Lumenera corporation, Ottowa, USA). 

3.6 Population doubling assay 

Population doubling assays are used to observe the growth and rate of cellular proliferation over a 

long time. A population doubling assay was done using two donors from passage 2 to passage 8. 

MSCs were harvested and reseeded after two passages from seeding into 25 cm2 flasks (Nunc); 3 

flasks were cultured using 10% PIPL, and 3 flasks were cultured using Lyo-PIPL. It was recorded how 

many cells were seeded and how many cells were harvested at the end of each passage. Samples 

were taken from the media before each split and stored at -80° for LDH cytotoxicity assay. Population 

doubling was assessed by using Formula 2. 

 

Formula 1 Cell concentration per mL 

Cell concentration per mL after each passage 

was determined by this formula. 

 



  

35 

Formula 2 Population doubling 

The following formula was used to measure 

population doublings of MSCs expanded in PIPL or 

Lyo-PIPL. NH is the number of harvested cells after 

each passage and N1 is the number of cells seeded 

at the beginning of each passage. 

 

3.7 LDH Cytotoxicity Assay 

An LDH cytotoxicity assay was used to measure both the cytotoxicity mediated by chemical 

compounds in culture media as well as cell-mediated cytotoxicity. Pierce LDH Cytotoxicity Assay Kit, 

Thermo Scientific (Thermo) was used to perform the assay. Samples were obtained from the cell 

culture media at the end of each passage for 6 passages. 50 µl of each sample was transferred to a 

96 well plate (Falcon) in triplicates, and 50 µl of reaction mixture, containing 2.5 µl Assay buffer + 46.5 

µl substrate mix, was added to each well and mixed gently. The plate was incubated at RT for 30 min, 

protected from light, and 50 µl of stop solution was added to each sample and mixed gently. The 

absorbance was measured at 490 nm and 680 nm (Thermo Scientific Multiscan Spectrum, Thermo 

Fisher Scientific, Vantaa, Finland). 1 µl LDH positive control, diluted with 10 ml of 1% BSA (Gibco) in 

PBS, was used as a positive control, and unused media was used as a negative control. 

3.8 TGF-β1 ELISA 

TGF-β1 ELISA is used for the quantitative determination of TGF-β1 in a cell culture medium. 

Invitrogen ELISA kit Multispecies TGF-β1 kit (Invitrogen Corporation, Camarillo, CA, USA) was used. 

Dilution of an TGF-β1 standard, storage, and final dilution of streptavidin-HRP, dilution of wash buffer 

and sample extraction for cell culture media was prepared according to manufacturer´s instructions 

(Invitrogen). 200 µl of Standard Diluent Buffer was added to zero wells, and 200 µl of standards and 

samples after extraction were added to appropriate microtiter wells of an 8-well strip in duplicates. 

Wells reserved for chromogen blank were left empty. 50 µl of biotinylated anti-TGF-β1 was added to 

each well except for the chromogen blank, and the plate was covered and incubated for 3 hours at RT. 

The solution in the wells was aspirated, the wells were washed 4x with the washing buffer, and 100 µl 

of Streptavidin-HRP was added to each well except for the chromogen blanks. The plate was covered 

and incubated for 30 min at RT. The solution in the wells was aspirated, the wells were washed 4x 

with the washing buffer, and 100 µl of Stabilized Chromogen was added to each well. The plate was 

covered and incubated for 30 min at RT. 100 µl of Stop Solution was added to each well, and the 

absorbance was read at 450 nm.  
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3.9 Mixed lymphocyte reaction assay 

To evaluate whether MSCs still exerted immunosuppression after expansion in PIPL or Lyo-PIPL, a 

mixed lymphocyte reaction assay was performed with a single donor in a co-culture between MSCs 

and PHA-stimulated mononuclear cells. The method description is located in Appendix A. 

3.10 Osteogenic differentiation 

Osteogenic differentiation was initiated after two passages in 10% PIPL or 5 mg/ml Lyo-PIPL. Cells 

were seeded at a density of 3500 cells/cm2 for the osteogenic differentiation, but the negative controls 

(day 0) were seeded at a density of 5500 cells/cm2. 12-well plates (Falcon) were used for alkaline 

phosphatase activity assay (ALP), and alizarin red staining (Ali) as shown in Figure 6. 6-well plates 

(Falcon) were used for gene expression evaluation as shown in Figure 7. 0.20 mL/cm2 of osteogenic 

media was used for each well except for the controls. Media was changed every 2-3 days.  

 

 

Figure 6 The arrangement of samples for osteogenic differentiation on the 12-well plate 

Alizarin red staining (Ali) and alkaline phosphatase assay (ALP) were performed on the cells during 

osteogenic differentiation 

3.10.1 Preparation of osteogenic media 

Ingredients: 

45 ml media (DMEM F12 + Glutamax medium with 1.0% Penicillin/Streptomycin) 

5 ml culture supplement (PIPL or Lyo-PIPL) 

50 µl Ascorbic Acid (50 mM stock solution, Sigma) 

50 µl Dexamethasone (0.1 mM stock solution, Sigma) 

50 µl BMP2 (50ng/µl stock solution, Peprotech, Rocky Hill, USA) 

108 mg β-glycerophosphate disodium salt hydrate (Sigma) 
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3.10.2 Gene expression 

After 7, 14, 21 and 28 days in culture, the osteogenic cells were harvested for gene expression 

analysis. Undifferentiated cells (day 0) were used as negative controls. The media was discarded from 

the plate and 0.64 ml of PBS (67 µl/cm2) was added to each well. The PBS was discarded; 0.64 ml of 

trypsin was added and incubated for 5 min in 37°C. 0.64 ml of pre-warmed media was added to each 

well and transferred to a 15 ml tube which was centrifuged for 5 min at 609 g. The supernatant was 

discarded, and the cells were re-suspended in 0.75 ml of TRIreagent (Ambion, The RNA company, 

USA). The cells were transferred to RNase free eppendorf tubes (Life Technologies, Thermo) and 

stored in a freezer (-80°C) until total RNA isolation was performed.  

 

 

Figure 7 The arrangement of samples for gene expression on the 6-well plate 

Cells in day 0 were grown in media without osteogenic differentiation factors to use as a control. 

These samples were further used for RNA isolation.  

 

3.10.3 Alizarin red staining 

Alizarin red staining was performed to demonstrate mineralization of the differentiated cells.  

3.10.3.1 Preparation of Alizarin red solution 

Alizarin Red S powder (Sigma) was dissolved in dH2O to a concentration of 2% (e.g. 200 mg powder 

per 10 ml H2O) and adjusted to pH 4.2 (with ammonium hydroxide).  

3.10.3.2 Staining procedure 

After 7, 14, 21, and 28 days of osteogenic differentiation, cell cultures were obtained from the 

incubator and media was removed. The cell cultures were washed three times with 1 ml PBS for 1 min 

on a rotating shaker (Heidolph), and 1 ml of 4% paraformaldehyde was then added and allowed to fix 

the tissue. All cell cultures were washed three times with 1 ml dH2O for 5 min on the rotating shaker, 

and then 1 ml of Alizarin Red solution was added and incubated for 20 min at RT on the shaker. The 

stain was then removed, and the samples were washed again four times with 1 ml of dH2O for 5 min 

on the rotating shaker and dried upside down over-night.  
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3.10.3.3 Alizarin red quantitation with cetyl-pyridinum chloride 

Cell layers were incubated overnight at RT with 1 ml of dH2O. 10% cetyl-pyridinum chloride 

monohydrate (Sigma) was prepared in dH2O (e.g. 1 g per 10 mL). dH2O was removed from the cell 

layer, and 1 ml of 10% cetyl-pyridinum chloride was added and incubated for 15 min on the shaker at 

RT. The solution from each cell layer was transferred to a 1.5 mL eppendorf tube (Sarstedt, 

Nümbecht, Germany) and vortexed. The solution was centrifuged at 16100 g for 10 min. 150 µl of the 

solution was transferred to a 96-well plate (in triplicates), and optical density was measured at 562 nm. 

3.10.4 Alkaline phosphatase activity assay 

An alkaline phosphatase activity assay (ALP assay) was performed to evaluate the activity of alkaline 

phosphatase in developing osteoblasts. The assay was performed after 7, 14, 21, and 28 days of 

differentiation, and undifferentiated MSCs served as a negative control (day 0). Media was removed 

from the osteogenic differential cells (12 well plate), and each well was washed three times with 1 ml 

of PBS. 1 ml of 0.02% Triton X-100 (Sigma) in PBS was added to each well, each culture surface was 

scraped, and the resulting solution was transferred to labeled eppendorf tubes (1 tube per well). The 

tubes were vortexed at full speed for 30 seconds and then centrifuged at 16100 g for 15 min at 4°C. 

The resulting supernatant was transferred to new labeled tubes. 500 µl of pNPP solution (1 pNPP 

tablet and 1 TRIS buffer tablet was added to 5 ml of dH2O, vortexed until completely dissolved; Sigma 

was added to each tube, including the blank (500 µl of 0.02% Triton X for the blank) and blended by 

turning up and down. The samples were incubated for 30 min at 37°C in the dark. After incubation, 

300 µl of solution was added to a 96 well plate in triplicates, and the absorbance was measured at 400 

nm. Formula 3 displays the conversion of p-nitrophenyl phosphate into p-nitrophenol and was used to 

evaluate the ALP activity of the samples. 

 

3.10.5 Total RNA isolation with TRI reagent 

Total RNA was isolated with TRI reagent, and then RNA clean up was performed using RNeasy Mini 

Kit (Qiagen, Hilden, Germany). Samples were homogenized in TRIreagent using gentleMACS 

dissociator (MACS Miltenyl Biotec, Bergisch Gladbach, Germany) and incubated for 5 min at RT. 200 

µl of chloroform (Merck, Darmstadt, Germany) per 1 ml of TRI reagent was added per sample, 

vortexed for 10 sec, and centrifuged at 12000 g for 15 min at 4°C. The top clear aqueous layer was 

transferred to an RNAse free elution tube, and 500 µl of isopropanol (Merck) was added and vortexed 

Formula 3 ALP activity 

The formula is used to determine the conversion of p-nitrophenyl phosphate into 

p-nitrophenol as nMol/min. The absorbance (A) was measured after incubation 

time.  
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for 10 sec. The sample was incubated for 8 min at RT and centrifuged at 12000 g for 8 min at 10°C. 

The supernatant was discarded, and 1 ml of 75% ethanol (Gamla Apótekið) was added and 

centrifuged at 7500 g for 5 min at 22°C. The ethanol was discarded, and the RNA pellet was briefly air 

dried. 50 µl of RNAse free water was added and incubated at 58°C in a heat block for 12 min. 300 µl 

of RLT buffer (Qiagen) with b-mercaptoethanol (Sigma) (10 µl b- mercaptoethanol per 1 ml buffer) and 

350 µl of 70% ethanol was added to each sample and mixed well. The samples were transferred to an 

RNeasy spin column (Qiagen) in a 2 ml collection tube and centrifuged for 15 sec at maximum speed 

(16.100 g). The flow through was discarded, and 700 µl of RW1 buffer (Qiagen) was added, 

centrifuged for 15 sec at maximum speed, and the flow through was discarded. 500 µl Buffer RPE 

(Qiagen) was added, centrifuged for 15 sec at maximum speed, and the column was placed in a new 

2 ml collection tube and centrifuged for 1 min at maximum speed. The column was then placed in a 

1.5 ml collection tube and 500 µl of RNase free water was added, centrifuged for 1 min at maximum 

speed, and the flow through was saved. The samples were stored at -80°C until reverse transcription 

was performed.  

3.10.5.1 Reverse transcription 

Messenger RNA (mRNA) that has been isolated from the cells was converted to cDNA using reverse 

transcription before gene amplification and detection.  

Mastermix (Applied Biosystems, Foster City, CA, USA) 

volume for one sample: 

8 µl nuclease free H2O (Qiagen, Hilden, Germany) 

5 µl 10x RT buffer 

5 µl 10x random primers 

2.5 µl RNAse inhibitor 

2 µl 25x dNTP 

2.5 µl Multiscripe Reverse Transcriptase  

 

The mastermix components were mixed together and 25 µl was added to a RNAse free cDNA tube 

per sample (Nunc, Roskilde, Denmark). 25 µl of RNA sample was added to the tube and labeled 

carefully. The samples were centrifuged for a couple of seconds at 1244 g and placed in a thermal 

cycle. The cycling conditions were 25°C for 10 min, 37°C for 120 min, 85°C for 5 sec, and 4°C until 

stored in the freezer at -20°C.  
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3.10.5.2 RT-qPCR 

cDNA: 1 µl cDNA + 9 µl sterile H2O 

Assay: 1 µl Taqman primer + 10 µl Taqman Gene Expression Master Mix (AB Applied Biosystems) 

9 µl of cDNA dilution and 11 µl of assay preparation were added to each well in a 48 well PCR 

plate in duplicates. The plate was centrifuged at 1244 g for a few seconds and inserted in the AB 

Biosystem StepOne™ lightcycler (Applied Biosystems, Massachusetts, USA). The housekeeping 

genes used were TBP and YWHAZ. The genes of interest were the osteogenic markers RUNX2, 

SPP1 and ALP. 

3.11 Chondrogenic differentiation 

Chondrogenic differentiation was initiated after two passages in 10% PIPL or 5 mg/ml Lyo-PIPL when 

the sufficient amount of cells had been reached.  2.5*10-5 cells were seeded in a 1.5 ml eppendorf 

tube with 0.5 ml chondrogenic media. The cells were centrifuged for 5 min at 152 g (Sorvall 

Instruments RC5C), and the cap was punctured to allow for air exchange. The tubes were kept at 

standard culture conditions in the incubator, and media was changed 3 times a week (0.25 ml media 

changed). Chondorgenic differentiation was evaluated with a glycosaminoglycan assay and 

histological staining after 7, 14, 28, and 35 days of differentiation. 

3.11.1 Preparation of chondrogenic media 

Ingredients:  

42.9 ml DMEM F12 + Glutamax medium 

5 ml PIPL/ 2,5 g Lyo-PIPL 

50 µl 0.1 mM Dexamethasone 

50 µl 50 mM Ascorbic acid 

500 µl 1mM sodium pyruvate (Sigma) 

500 µl L-Proline (40µg/ml) 

500 µl ITS+ (Gibco) 

500 µl Penicillin/streptomycin 

5 µl TGF-beta 3 (10 ng/µl) (Peprotech)  

3.11.2 Glysosaminoglycan assay 

Glycosaminoglycan assays evaluate the production of extracellular matrix during chondrogenic 

differentiation by the amount of glycosaminoglycans present in the chondrocytic pellet. Blyscan 

Sulfated Glycosaminoglycan assay B1000 was used for this assay (Biocolor, Carrickfergus, UK). 
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3.11.2.1 Papain extraction reagent preparation 

45 ml of 0,2M sodium phosphate buffer, pH 6.4 was prepared.  

Ingredients:  

45 ml dH20  

g Na2HPO4 (Sigma Aldrich) 

0.400 g Sodium Acetate (0,1M, Sigma Aldrich)  

0.200 g Na2EDTA (0,01M, Sigma Aldrich)  

40 mg cysteine HCl (0,005M, Sigma Aldrich)  

 

The chemicals were dissolved, 36 µl of crystallized papain suspension (Sigma Aldrich) was added, 

and the pH was adjusted to 6.4. 

3.11.2.2 Sample digestion 

Media was discarded from each sample, and the pellets were weighed. At least 3 (to a maximum of 9) 

chondrocytic pellets were put together in a microtube with 0.5 ml of papain extraction reagent. The 

samples were placed in a heat block for microtubes (PHMT, Grant Instruments, Shepreth, England) at 

65°C and mixed regularly until their digestion was completed (2-4 hours). The samples were 

centrifuged for 10 min at 13400 g, and the supernatant was aspirated and placed in a new microtube 

and stored at -80°C until all samples had been gathered and further experiments were done.  

3.11.2.3 Assay procedure 

Eppendorf tubes were prepared and labeled as many as the standards plus the samples. The 

standards were prepared as shown in Table 5. 1 ml of Blyscan dye reagent was added to all the 

tubes, followed by 100 µl of standard or sample to the appropriate tubes. The tubes were placed in a 

mechanical shaker and shaken for 30 minutes. The microtubes were then centrifuged in a 

microcentrifuge (Eppendorf Centrifuge 5415R, Eppendorf, Hamburg, Germany) for 10 min at 13400 g. 

The supernatant was removed carefully, and 0.5 ml of dissociation reagent was added to each tube 

and vortexed. 200 µl of each sample was added to a well in a 96 well plate, in triplicates. The 

absorbance was measured at 656 nm.  
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Table 5 Preparation of standards  

The standards were made in eppendorf tubes and used in triplicates 

Concentration GaG (µg) µl Standard µl Papain extraction reagent 

5   50 100 

4 40 110 

3 30 120 

2 20 130 

1 10 140 

0 (Blank) 0 150 

 

3.11.3 Chondrocytic pellet staining 

Two pellets for each sample were needed for the chondrocytic pellet staining (hematoxylin-eosin (HE) 

and masson trichrome (MTri) staining). The media was removed and 0.5 mL of PBS was added to the 

eppendorf tube and carefully removed. The pellet was transferred to a new eppendorf tube, and 0.5 

mL of 4% paraformaldehyde was added. The samples were stored at 4°C until staining was 

performed. The staining was performed at the Department of Pathology (Landspitali 

Háskólasjúkrahús, Reykjavík, Iceland).   

 

3.12 Adipose differentiation 

StemPro® Adipocyte Differentiation Kit was used to perform adipogenesis (Gibco).  

Adipogenesis Differentiation Medium 

22.5 mL StemPro® Adipocyte Differentiation Basal Medium 

2.5 mL StemPro® Adipocyte Supplement (thawed in a 37°C water bath) 

0.25 mL Penicillin 

2.5 mL PIPL or 125 mg Lyo-PIPL 

MSCs were seeded into culture vessels at 1*104 cells/cm2 in a 9 cm2 Nunc Slide Flask (Nunc). The 

flasks were incubated in media with 10% PIPL and 5 mg/ml Lyo-PIPL at 38°C until ~50-70% confluent. 

The media was replaced with pre-warmed Complete Adipogenesis Differentiation Medium, and the 

incubation was continued. Media was replaced every 3-4 days. After 14 days, the samples were 

stored at 4°C in 1 ml of 4% formaldehyde until Oil Red O staining was performed. The staining was 

performed at the Department of Pathology (Landspitali Háskólasjúkrahús, Reykjavík, Iceland).   
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3.13 Statistical analysis 

Graphpad Prism 7 software (GraphPad, Software, La Jolla, CA, USA) and Excel were used for all 

analyses except for gene expression.  REST-384© software was used for analysis of gene 

expression. Two-way ANOVA was used, followed by Bonferroni correction and Student’s t-tests to 

confirm statistical significance. 
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4 Results 

MSCs cultured in PIPL or Lyo-PIPL were compared and differentiated into osteogenic, chondrogenic 

and adipogenic lineage. 

4.1 Morphology  

During expansion of MSCs, cells in growth medium supplemented with either 10% PIPL or 5 mg/ml 

Lyo-PIPL were visually examined for morphology and imaged using an inverted microscope at 50x 

magnification. Figure 8 shows that MSCs grown in both PIPL and Lyo-PIPL exhibited fibroblast like 

morphology characteristic for MSCs. No difference in morphology was observed between cells in PIPL 

and Lyo-PIPL. However, denser growth was observed for Lyo-PIPL both at day 2 and day 6 after 

seeding. 
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Figure 8 Morphology of cells during expansion in different growth medium supplement 

MSCs expanded in PIPL or Lyo-PIPL at two different time-points (day 2 and day 6). The 

morphology was similar between PIPL and Lyo-PIPL but cells grown in Lyo-PIPL expanded 

more rapidly, n=3. 
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4.2 Population doubling assay 

To further characterize the effect of different supplements on MSCs expansion, cells from two donors 

were expanded in growth media supplemented with either 10% PIPL or 5 mg/ml Lyo-PIPL. To 

evaluate growth rate, the number of cell population doublings was determined at the end of each 

passage, from P2 to P7. MSCs cultured in PIPL or Lyo-PIPL supplemented media showed similar 

proliferation rates as shown in Figure 9. The cells demonstrated continuous growth from P2 to P4 – 

after which the proliferation started to slow down until it reached a plateau by P7. The highest PD 

number of 3.99 ± 0.83 and 3.56 ± 0.71 for PIPL and Lyo-PIPL respectively was reached by the end of 

P4. However, the lowest PD number was -0.46 ± 0.16 and -0.070 ± 0.41 respectively by the end of P7 

(Figure 10). 

 

 

Figure 9 Cumulative population doublings of MSCs after 5 passages 

The average cumulative population doublings (n=2 over five passages) is shown with the standard 

error of mean (SEM) represented as error bars. There was no significant difference in the growth 

curve of MSCs cultured in 10% PIPL and Lyo-PIPL.  
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Figure 10 Population doublings of MSCs after 5 passages 

The average population doublings over five passages are shown with the standard error of mean 

(SEM) represented as error bars. There is no significant difference in population doublings of MSCs 

cultured in PIPL or Lyo-PIPL, n=2.  

4.3 LDH cytotoxicity 

To analyze whether freeze drying the platelet lysate had any cytotoxic effect on the MSCs, cell-

mediated cytotoxicity was measured in MSCs expanded from two donors in growth media 

supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL (Figure 11). Lactate dehydrogenase (LDH) is a 

cytosolic enzyme present in several cell types. It is observed in cell culture media when damages 

occur in the cell membrane. The highest fold change of cytotoxicity number of 1.46 ± 0.19 was 

reached by the end of P7. However, the lowest fold change of cytotoxicity number was 0.81 ± 0.086 by 

the end of P6.  No significant difference between PIPL-MSC and Lyo-PIPL-MSC was observed, and 

no passage dependence was noted. 
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Figure 11 Cell-mediated LDH cytotoxicity  

Cell-mediated cytotoxicity was measured in MSCs expanded in PIPL or Lyo-PIPL medium supplement 

through 3 passages (n=2). There was no significant difference in the LDH cytotoxicity of MSCs 

cultured in PIPL or Lyo-PIPL.  

4.4 Protein quantification 

Protein quantification was measured in media supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL. 

Protein concentration was comparable between PIPL and Lyo-PIPL (Table 6). 

 

Table 6 Protein quantification 

Comparison of the quantification of total protein between media supplemented with PIPL and 

Lyo-PIPL was assessed with Pierce BCA Protein Assay Kit, (n=1).  

Media supplement µg/mL protein 

10% PIPL 2662.98 

5 mg/ml Lyo-PIPL 2863.53 

 

4.5 TGF-β1 quantification 

To determine changes in cytokine concentration before and after freeze drying, TGF-β1 ELISA was 

used to quantify the concentration of TGF-β1 in cell growth media supplemented with 10% PIPL or 5 

mg/ml Lyo-PIPL. TGF- β1 concentration was 2.04 fold higher in Lyo-PIPL than 10% PIPL (Table 7). 
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Table 7 TGF-β1 quantification 

Comparison of the quantification of TGF-β1 between media supplemented with PIPL and 

 Lyo-PIPL was assessed with TGF-β1 ELISA Kit, (n=1). 

Media supplement pg/mL TGF-β1 

10% PIPL 2616.792 

5 mg/ml Lyo-PIPL 5339.785 

 

4.6 Mixed lymphocyte reaction assay 

One of the key features of MSCs is their immunosuppressive capability.  A mixed lymphocyte reaction 

assay was used to examine their immunosuppressive capability using MSCs expanded in growth 

media supplemented with either 10% PIPL or 5 mg/ml Lyo-PIPL. Mononuclear cell proliferation was 

reduced in the presence of MSCs cultured in both PIPL and Lyo-PIPL compared to PHA stimulated 

MNCs. These results are displayed in Figure 23 (Appendix A). 

4.7 Osteogenic differentiation 

MSCs were differentiated to an osteogenic lineage using osteogenic growth medium supplemented 

with 10% PIPL or 5 mg/ml Lyo-PIPL. Undifferentiated cells (day 0) were used as negative controls. 

Osteogenic differentiation of MSCs was analyzed based on morphological changes, with alizarin red 

staining and quantification, alkaline phosphatase activity assay, and gene expressions using real time 

qPCR. Cells were examined after 7, 14, 21, and 28 days in osteogenic culture.  

4.7.1  Osteogenic morphology 

Morphology was visually examined and imaged in an inverted microscope at 50x magnification during 

expansion in osteogenic growth medium supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL. 

Undifferentiated cells (day 0) were used as negative controls. MSCs imaged after 7, 14, 21, and 28 

days in osteogenic culture are shown in Figure 12. With time, the fibroblast appearance decreased 

and osteogenic nodules began to form.  
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Figure 12 Morphology of MSCs during osteogenic differentiation 

MSCs were expanded in osteogenic growth media supplemented with 

PIPL or Lyo-PIPL. Undifferentiated cells (day 0) were used as negative 

controls for comparison. The arrows point at osteogenic nodules. MSCs 

were monitored during osteogenic differentiation and imaged at time of 

harvest, n=3. 
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4.7.2 Alizarin red staining and quantification 

Alizarin red staining is used to evaluate calcium-rich deposits by cells in culture. Alizarin red staining of 

MSCs was visually examined and imaged in an inverted microscope at 50x magnification during 

expansion in osteogenic growth media supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL (Figure 13). 

Alizarin red quantification was measured in MSCs expanded from three donors in osteogenic growth 

media supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL. Undifferentiated cells (day 0) were used as 

negative controls for comparison. MSCs were imaged after 7, 14, 21, and 28 days in osteogenic 

culture media. The number of calcium-rich deposits increased with time in all cultures from both PIPL 

and Lyo-PIPL and was comparable from day 0 to day 14. However, significantly stronger staining was 

observed for Lyo-PIPL at day 21 (0.11 ± 0.0067, p ≤0,05) and day 28 (0.11 ± 0.00082, p ≤0,01) as 

compared to PIPL (Figure 14). 
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Figure 13 Alizarin red staining of MSCs 

MSCs expanded in osteogenic growth medium supplemented with PIPL or Lyo-PIPL 

stained with Alizarin red after 7, 14, 21, and 28 days. Undifferentiated cells (day 0) 

were used as negative controls for comparison. The arrows point at osteogenic 

nodules. Stainings were prominent in day 21 and day 28 in MSCs cultured in Lyo-PIPL, 

n=3. 
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Figure 14 Alizarin red quantification 

MSCs stained with Alizarin red during osteogenic differentiation after 7, 14, 21, and 28 

days with SEM as error bars. Undifferentiated cells (day 0) were used as negative 

controls for comparison. There is a significant difference between day 0 and day 21 in 

MSCs cultured in Lyo-PIPL (p<0.05) and between day 0 and day 28 in MSCs cultured 

in Lyo-PIPL (p<0.01). There was no significant difference between MSCs cultured in 

PIPL and Lyo-PIPL. * = p<0.05 and ** = p<0.01, n=3. 

4.7.3 Alkaline phosphatase activity (ALP) assay 

Alkaline phosphatase activity was measured in MSCs expanded from three donors in osteogenic 

growth media supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL (Figure 15). Undifferentiated cells 

(day 0) were used as negative controls for comparison. ALP activity increased rapidly in all cultures 

between day 7 and 14 – after which the activity reduced in PIPL, but increased slightly in Lyo-PIPL.  
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Figure 15 Alkaline phosphatase assay 

The average ALP activity for MSCs after 7, 14, 21, and 28 days in osteogenic culture, presented with 

SEM as error bars. There is no significant difference between MSCs cultured in PIPL and Lyo-PIPL. 

n=3. 

4.7.4 Gene expression 

Samples from MSCs in osteogenic growth medium supplemented with 10% PIPL or 5 mg/ml Lyo-

PIPL were obtained after 7, 14, 21, and 28 days and analyzed with a QPCR. Undifferentiated cells 

(day 0) were used as negative controls for comparison. Samples were analyzed for gene expression 

of RUNX2, SPP1 and ALP.  

RUNX2 expression was significantly stronger in Lyo-PIPL than PIPL at day 7 (p≤0,01) or 1.061 ± 

0.387 relative expression. No difference was observed at other time points (Figure 16).  

Figure 17 shows SPP1 expression, which was increased at day 7 and 14 in PIPL and Lyo-PIPL at 

day 7 and 14, decreased at day 28 in Lyo-PIPL (4.26 ± 1.74 relative expression).  

Figure 18 shows ALP expression, which was similar at day 7 and 14 and decreased at day 28 in 

both PIPL and Lyo-PIPL.  
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Figure 16 Gene expression of RUNX2 

Relative expression of RUNX2 in different types of media supplements. The control 

(Day 0) has been assigned a level 1 relative expression, and RUNX2 expression is 

shown relative to it. RUNX2 gene expression was higher in MSCs cultured in Lyo-

PIPL than PIPL at day 7 and 14, but the gap was closer at day 28 (n=2).  

 

Figure 17 Gene expression of SPP1 

Relative expression of SPP1 in different types of media supplements. The control 

(Day 0) has been assigned a level 1 relative expression, and SPP1 expression is 

shown relative to it. SPP1 gene expression was similar between MSCs cultured in 

Lyo-PIPL and PIPL at day 7 and 14, but the expression was higher in 10% PIPL at 

day 28 (n=2). 
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Figure 18 Gene expression of ALP 

Relative expression of ALP in different types of media supplements. The control 

(Day 0) has been assigned a level 1 relative expression, and ALP expression is 

shown relative to it. The expression increased slightly between day 7 and 14, but 

decreased at day 28. ALP expression was similar between MSCs cultured in PIPL 

and Lyo-PIPL (n=1).   

4.8 Chondrogenic differentiation 

MSCs were differentiated to a chondrogenic lineage with chondrogenic media supplemented with 10% 

PIPL or 5 mg/ml Lyo-PIPL. Undifferentiated cells (day 0) were used as negative controls. Cartilage 

pellets were harvested at days 14, 28, and 35 and analyzed for chondrogenic differentiation using 

histological staining and glycosaminoglycan (GAG) assay.  

4.8.1 Glycosaminoglycan assay 

The production of extracellular matrix during chondrogenic differentiation was evaluated with a 

glycosaminoglycan assay. No difference in GAG concentration was observed between PIPL and Lyo-

PIPL in Figure 19. The concentration was initially seen to increase reaching 0.74 ± 0.17 and 0.60 ± 

0.14 respectively at day 14 for PIPL and Lyo-PIPL, after which the concentration decreased until day 

35. 
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Figure 19 Glycosaminoglycan concentration 

The GAG concentration in µg per chondrocytic pellet (250000 cells) in different types of media 

supplements, displayed with SEM as error bars. There was no significant difference between MSCs 

cultured in PIPL and Lyo-PIPL, n=2 

4.8.2 Masson Trichrome (MTri) staining 

Histological staining of MSC chondrocytic pellets after 14, 28, and 35 days in chondrogenic media 

supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL. Undifferentiated cells (day 0) were used as 

negative controls. The MTri staining shows the development of collagen fibers (stained blue) during 

the time period. The number of cell nuclei decreased with time, whereas the amount of collagen 

increased and hypertrophic cells were observed at late stages of differentiation (Figure 20). Figures 

from other donors are displayed in Figures 25 and 26 (Appendix B).  
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Figure 20 Masson Trichrome staining 

MSCs expanded in chondrocytic growth media supplemented with PIPL or Lyo-PIPL and stained with MTri 

after 14, 28, and 35 days in culture. Undifferentiated cells (day 0) were used as negative controls for 

comparison. Collagen fibers (stained blue) increased in both pellet types with minor differences between 

MSCs cultured in PIPL or Lyo-PIPL at day 14 and 28, but showed a noteworthy increase in MSCs cultured 

in PIPL at day 35. All images are taken at 100x magnification, n=3.  
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4.8.3 Hematoxylin and eosin staining (H&E) 

Histological staining of MSC chondrocytic pellets after 14, 28, and 35 days in chondrogenic media 

supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL. Undifferentiated cells (day 0) were used as 

negative controls. The H&E staining shows the development of extracellular matrix (stained pink) and 

nuclei (stained purple) during the time period (Figure 21). Figures from other donors are displayed in 

Figures 27 and 28 (Appendix C).  

 

Figure 21 H&E staining 

MSCs expanded in chondrocytic growth media supplemented with PIPL or Lyo-PIPL and stained with 

H&E after 14, 28, and 35 days. Undifferentiated cells (day 0) were used as negative controls for 

comparison. MSCs expanded both in PIPL and Lyo-PIPL showed an increased amount of extracellular 

matrix (pink) and a decrease in the number of nuclei (purple) between time points. All images are 

taken at 100x magnification, n=3. 
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4.9 Adipogenesis 

4.9.1 Oil red O staining 

Oil red O staining of MSCs after 14 days in adipocyte growth media supplemented with 10% PIPL or 5 

mg/ml Lyo-PIPL. Undifferentiated cells (day 0) were used as negative controls. Oil red O shows the 

development of lipids (stained red) and nuclei (stained blue) during the time period (Figure 22). 
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Figure 22 Oil red O staining 

MSCs expanded in adipocyte growth media supplemented with PIPL or Lyo-PIPL stained with 

Oil red O after 14 days. Undifferentiated cells (day 0) were used as negative controls for 

comparison. There is an increase in lipids and nuclei at day 14 in both MSCs cultured in PIPL 

and Lyo-PIPL. All images are taken at 100x magnification. n=1 
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5 Discussion 

In this thesis, MSCs were differentiated to an osteogenic, chondrogenic, and adipocyte lineages with 

two different media supplements: 10% PIPL and 5 mg/ml Lyo-PIPL. MSCs from three independent 

donors were expanded in each media supplement and used in experiments that evaluated the basic 

characteristics of each lineage. Osteogenic differentiation of MSCs was evaluated with alizarin red 

staining and quantification, alkaline phosphatase activity (ALP) assay, and gene expression. 

Chondrogenic differentiation was evaluated with glycosaminoglycan assays and histological staining. 

Adipocyte differentiation was evaluated with Oil Red O staining. The main focus of this thesis was on 

osteogenic differentiation. Chondrogenic and adipocyte differentiation was added to demonstrate the 

tri-lineage potential of MSCs. MSCs were examined after 0, 7, 14, 21, and 28 days in osteogenic 

differentiation, 0, 14, 28, and 35 days in chondrogenic differentiation, and 0 and 14 days in adipocyte 

differentiation.  

The comparison of MSCs cultured in 10% FBS and 10% PIPL has been examined, and the 

findings suggest that platelet lysates from expired platelet concentrates can be used for mesenchymal 

stem cell culture as an alternative to FBS (60). This thesis continues with the previous work and adds 

to it by comparing MSCs cultured in 10% PIPL and 5 mg/ml Lyo-PIPL.   

5.1 Morphology and population doublings 

MSCs expanded in PIPL and Lyo-PIPL showed typical spindle/fibroblastic morphology of MSCs (see 

Figure 8). Proliferation of MSCs cultured in Lyo-PIPL was faster than MSCs cultured in PIPL.  

MSCs cultured in PIPL or Lyo-PIPL exhibit similar growth curve (Figure 9). There was no significant 

difference between MSCs cultured in PIPL and Lyo-PIPL, which indicates that lyophilization does not 

minimize the lysate’s ability to support cell growth.   

5.2 LDH cytotoxicity  

Measurement of activity of lactate dehydrogenases (LDH cytotoxicity; Figure 11) showed no significant 

difference in MSCs cultured in PIPL and Lyo-PIPL. This indicates that lyophilization does not increase 

the likelihood of cell-mediated toxicity in comparison with PIPL.  

5.3 Protein and TGF-β1 quantification 

Protein and TGF-β1 quantification was measured in media supplemented with PIPL or Lyo-PIPL. 

Protein quantification was similar between media supplemented with PIPL or Lyo-PIPL (Table 6), but 

TGF-β1 quantification was two-fold higher in media supplemented with Lyo-PIPL compared to PIPL 

(Table 7). This data is representative of one measurement, and it gives us an idea of the quantification 

of proteins and TGF-β1, but it is necessary to repeat this assay with more measurements to confirm 

these results.   
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5.4 Osteogenic differentiation 

The osteogenic differentiation potential of MSCs was examined with alizarin red staining and 

quantification, determining ALP activity, and observing the gene expression of RUNX2, SPP1, and 

ALP.  

Osteogenic morphology in Figure 12 showed indications of osteogenesis because MSCs lost their 

spindle/fibroblastic morphology and became more cuboidal with time. 

Alizarin red quantification in Figure 14 shows the mineralization in the tissue. A significant increase 

of mineralization was observed after 21 days and 28 days of osteogenic differentiation with Lyo-PIPL 

compared to 0 days, which is indicative of increased mineralization in the tissue over time. There was 

no significant difference between MSCs cultured in PIPL and Lyo-PIPL, but MSCs cultured in PIPL 

follow the curve and are close from the rise in MSCs cultured in Lyo-PIPL. This indicates similar 

mineralization in the tissue either using MSCs cultured in PIPL or Lyo-PIPL.  

The ALP activities of developing osteoblasts are shown in Figure 15. ALP activity is an important 

factor in the formation of hard tissue and has a high level of activity in mineralized tissue cells (61). 

ALP activity increased over time, indicating a successful differentiation towards osteoblasts. ALP 

activity increased rapidly in all cultures between day 7 and 14 – after which the activity reduced in 

PIPL, but increased slightly in Lyo-PIPL. The reduction may be due to the osteogenic cultures having 

reached later stages of differentiation, saturating the culture. There was no significant difference 

between MSCs cultured in PIPL and Lyo-PIPL. There was less ALP activity in MSCs cultured in PIPL, 

but it reached similar levels at day 28.  

Figures 16-18 show the results of the gene expression of RUNX2, SPP1, and ALP. The expression 

of RUNX2, which is the key transcription factor for osteogenesis, was higher in MSCs cultured in Lyo-

PIPL than MSCs cultured in PIPL at day 7 and 14, but the expression was more uniform by day 28 

(Figure 16). RUNX2 expression is indicative of osteogenic differentiation and upregulates the 

expression of factors needed for osteogenesis. SPP1, which is a late marker of osteogenic 

differentiation, increased over time, but quickly decreased at day 28 in MSCs cultured in Lyo-PIPL 

(Figure 17). The gene expression of ALP was similar between MSCs cultured in PIPL and Lyo-PIPL 

and decreased from day 14 to day 28 (Figure 18). Taken together, the results for gene expression, 

ALP activity, and alizarin red quantification indicate osteogenic differentiation in MSCs cultured in 10% 

PIPL and Lyo-PIPL.  

5.5 Chondrogenic differentiation 

The chondrogenic differentiation potentials of MSCs were examined by GAG concentration analysis 

and histological staining with H&E and MTri. Figure 19 shows the results of the GAG assay that 

estimates the production of extracellular matrix in chondrocytic pellets. The results show that there is 

no significant difference between MSCs cultured in PIPL and Lyo-PIPL. A peak is reached on day 14 

and declines after that because the cells become hypertrophic and switch towards collagen production 

rather than secretion of glycosaminoglycans.  
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Chondrocytic pellets from both MSCs cultured in PIPL and Lyo-PIPL were sectioned and stained in 

order to examine their extracellular components and morphology with H&E staining and Masson 

Trichrome staining. The Masson Trichrome staining (Figure 20) demonstrated that MSC pellets 

cultured in PIPL contained greater amounts of collagen fibers than pellets cultured in Lyo-PIPL at day 

35, but minor differences were observed at day 14 and 28. The H&E staining (Figure 21) 

demonstrated that MSCs expanded both in PIPL, and Lyo-PIPL showed an increased amount of 

extracellular matrix and a decrease in the number of cellular nuclei between time points. This has a 

high resemblance to physiologically normal cartilage.  

5.6 Adipose differentiation 

The adipose differentiation potential of MSCs was examined by Oil Red O staining. Figure 22 shows 

the Oil Red O staining of MSCs cultured in PIPL and Lyo-PIPL after 14 days. This was performed to 

show the tri-lineage differentiation potential of MSCs. The figure shows adipose cells in both MSCs 

differentiated in PIPL and Lyo-PIPL. Accumulation of lipid droplets was evident and confirms the tri-

lineage potential of MSCs after culture in PIPL and Lyo-PIPL. 

5.7 Advantages and disadvantages  

One advantage regarding this research is that the osteogenic differentiation period was longer than in 

most papers and more data points were analyzed. This gives better insight into what effects the 

different types of differentiation media have. We also clearly demonstrate that Lyo-PIPL is a suitable 

replacement for PIPL and FBS.  

There are however some aspects of this study that could be improved. Among the disadvantages 

is the well-known donor variability of MSC – a challenge faced by all MSC studies. MSCs are 

heterogeneous population of cells, and there is donor variation effect that needs to be taken to 

account. Three donors were used in most of this study, and they demonstrated some differences even 

though that will not affect the final conclusion of this thesis. Many factors contribute to MSC behavior, 

e.g., donors age, health status, and lifestyle. Several donors are therefore important to prove the 

sustainability of platelet lysates and lyophilized platelet lysates to give a comprehensive picture of 

these differentiations. Very few statistical differences were possible to obtain between time points 

because the statistical power of the study is small and hard to obtain statistical differences between 

time points. When evaluating histological staining, it is necessary to bear in mind that the figures can 

be different between donors, where the pellet was sectioned, and how the pellet is shaped. 

5.8 Future directions  

According to the results presented in this thesis, it may be possible to use freeze-dried lysates 

manufactured from pathogen inactivated platelet concentrates as a media supplement in the tri-

lineage differentiation of MSCs. First, growth factors and cytokines must be examined in Lyo-PIPL and 

compared together with PIPL and FBS. We have collected samples and measurements are underway. 

To further look in to chondrocytic differentiation of MSCs cultured in PIPL and Lyo-PIPL, gene 

expression of chondrocytes is necessary. The results of the initial examination of the effects of PIPL 
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and Lyo-PIPL on the expansion and differentiation of MSCs, presented here, is promising. However, it 

is necessary to repeat the experiments with more MSC donors. 
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6 Conclusion 

This thesis has demonstrated that PIPL and Lyo-PIPL as supplement to media have similar effects on 

the expansion of MSCs. MSCs have the ability to differentiate to an osteogenic, chondrogenic, or 

adipogenic lineage with PIPL or Lyo-PIPL as media supplements. Further analysis is needed to 

confirm the similarity between PIPL and Lyo-PIPL as media supplements for the expansion and 

differentiation of MSCs. However, the conclusion of this thesis is that Lyo-PIPL is a suitable 

replacement of PIPL and FBS.  
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Appendix A 

6.1 Method 

MSCs were co-cultured with peripheral blood mononuclear cells (PBMCs) in a mixed lymphocyte 

reaction assay (MLR) to evaluated immunosuppressive capacity of MSCs. MSCs that had been grown 

with 10% PIPL and Lyo-PIPL for two passages were used for the experiments. Co-cultures were 

performed at a 1:10 ratio MSCs:PBMCs. MSCs were harvested and seeded in a 24 well plate 

(Falcon), 50000 cells per well with 1 ml of appropriate media (PIPL or Lyo-PIPL) as seen on Figure 23.  

The MSCs were allowed to attach overnight prior to seeding PBMCs. PBMCs were isolated from buffy 

coats using the ficoll method (see below) and 500.000 cells seeded for a co-culture with MSC. To 

initiate MLR reaction 2 µg/ml of phytohemaglutinin (PHA, Sigma, St. Louis, MO, USA) was added. The 

co-cultures were maintained for three days before cell proliferation was evaluated with an XTT assay 

(see below, ATCC, Munasses, VA, USA). PHA stimulated PBMCs served as positive control and 

unstimulated PBMCs served as negative control. Media without cells was used as a blank for the XTT 

assay. 

6.1.1 Isolation of mononuclear cells from buffy coats using Ficoll method 

PBMCs were isolated from buffy coats obtained from the Blood Bank. The blood from buffy coats was 

diluted 1:1 in 1xPBS. 10 ml of Histopaque (Sigma) was added to a 50 ml tube and 10 ml of blood 

solution was carefully layered on top. The tube was centrifuged for 20 min at 400 g without 

acceleration and deceleration. After centrifugation, the mononuclear cell layer was aspirated and 

transferred to a 15 ml test tube, washed with 10 ml of 1xPBS and centrifuged at 250 g for 10 min. The 

supernatant was discarded and the pellet was re-suspended in 1 ml 1x BD Pharma Lyse Lysing Buffer 

(BD Bioscience, Franklin Lakes, NJ, USA) and allowed to sit for 3 min. It was washed with 10 ml of 

PBS, centrifuged at 250 g for 10 min and the pellet was re-suspended in 1 ml media (PIPL or Lyo-

PIPL).  

6.1.2 XTT assay using the XTT Cell Proliferation Assay Kit (ATCC) 

0.1 ml of the activation reagent was added to 5.0 ml of the XTT reagent supplied with the kit. 100 µl of 

each sample was added to a well in a 96 well plate, in triplicates. 50 µl of the activated-XTT solution 

was added to each well. The plate was incubated for 3 hours and the absorbance was measured at 

475 nm and 660 nm. Specific absorbance was determined by using Formula 4.  

 

Formula 4 Determination of specific absorbance for XTT cell proliferation assay 

The formula is used to determine specific absorbance of XTT cell proliferation. A represents measured 

absorbance.  
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Figure 23 Plate layout for MLR assay 

 

6.2 Results 

The immunosuppressive abilities of MSCs cultured in PIPL or Lyo-PIPL were analyzed in a mixed 

lymphocyte reaction assay as shown in Figure 24. PHA, an inducer of proliferation in mononuclear 

cells (MNCs), was used to stimulate MNCs to provoke an immune response. When MSCs were 

proliferated with MNCs, the immune response decreased all co-cultures cultured in either PIPL or Lyo-

PIPL. This indicates that culturing MSCs in Lyo-PIPL does not affect the immunomodulatory abilities. 

However, this data is representative for one donor and is only indicative. It is necessary to repeat this 

assay for more MSC donors to get reliable results.  
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6.3 Discussions 

The immunosuppressive abilities of MSCs cultured in PIPL or Lyo-PIPL were analyzed in a mixed 

lymphocyte reaction assay. PHA, an indicator of immune responses in mononuclear cells (MNCs), 

was used to stimulate MNCs to provoke an immune response. When MSCs was proliferated with 

MNCs, the immune response decreased both in MSCs cultured in PIPL or Lyo-PIPL. This indicates 

that MSCs cultured in Lyo-PIPL does not affect the immunomodulatory abilities. This data is 

representative for one donor so it is necessary to repeat this assay which more donors to get 

significant results.  

 

 

 

 

 

 

 

Figure 24 Mixed lymphocyte reaction  

The average proliferation of MNCs in the presence of MSCs cultured in PIPL or Lyo-PIPL. Both 

MSCs cultured in PIPL or Lyo-PIPL demonstrated immunosuppressive effects, n=1. 
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Appendix B 

Histological staining of MSCs chondrocytic pellets after 14, 28 and 35 days in chondrogenic medium 

supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL. Undifferentiated cells (day 0) were used as 

negative controls. The MTri staining shows the development of collagen fibers (stained blue) during 

the time period. Number of cell nuclei decreased with time, the amount of collagen increased and 

hypertrophic cells were observed at late stages of differentiation as seen in Figures 24 and 25.  

 

 

 

Figure 25 Masson Trichrome staining  

MSCs expanded in chondrocytic growth medium supplemented with PIPL or Lyo-PIPL stained with 

MTri after 14, 28 and 35 days. Undifferentiated cells (day 0) were used as negative controls for 

comparison. Collagen fibers (stained blue) increased quicker in Lyo-PIPL as seen at day 14, but 

minor differences were between MSCs cultured in PIPL or Lyo-PIPL at day 28 and 35. All images 

are taken at 100x magnification, n=3. 



  

75 

 

 

Figure 26 Masson Trichrome staining  

MSCs expanded in chondrocytic growth medium supplemented with PIPL or Lyo-PIPL stained 

with MTri after 14, 28 and 35 days. Undifferentiated cells (day 0) were used as negative controls 

for comparison. Collagen fibers (stained blue) increased in both pellets wdifference between 

MSCs cultures in PIPL or Lyo-PIPL. Samples from day 0 and day 35 in PIPL were perished. All 

images are taken at 100x magnification, n=3. 
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Appendix C 

Histological staining of MSCs chondrocytic pellets after 14, 28 and 35 days in chondrogenic medium 

supplemented with 10% PIPL or 5 mg/ml Lyo-PIPL. Undifferentiated cells (day 0) were used as 

negative controls. The H&E staining shows the development of extracellular matrix (stained pink) and 

nuclei (stained purple) during the time period as shown in Figures 26 and 27. 

 

 

 

Figure 27 H&E staining 

MSCs expanded in chondrocytic growth medium supplemented with PIPL or Lyo-PIPL stained 

with H&E after 14, 28 and 35 days. Undifferentiated cells (day 0) were used as negative controls 

for comparison. MSCs expanded both in PIPL and Lyo-PIPL showed an increased amount of 

extracellular matrix (pink) and decreasement in the number of nuclei (purple) between time 

points. All images are taken at 100x magnification, n=3. 
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Figure 28 H&E staining 

MSCs expanded in chondrocytic growth medium supplemented with PIPL or Lyo-PIPL stained 

with H&E after 14, 28 and 35 days. Undifferentiated cells (day 0) were used as negative controls 

for comparison. MSCs expanded both in PIPL and Lyo-PIPL showed an increased amount of 

extracellular matrix (pink) and decreasement in the number of nuclei (purple) between time points. 

Samples from day 0 and day 35 in PIPL were perished.All images are taken at 100x 

magnification, n=3. 


