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Ágrip 

Mesenkímal stofnfrumur (MSCs) eru alltaf að verða mikilvægari í sambandi við endurnýjandi 

frumumeðferð, sérstaklega þegar kemur að viðgerð á beinum og brjóski vegna sérhæfingamöguleika 

þeirra í bein- brjósk- og fitufrumur. Til þess að hægt sé að rækta stofnfrumur in vitro þarf að bæta við 

frumurætið bætiefni sem inniheldur vaxtarþætti, efnatoga, frumuboðefni og önnur lífefni. Til dagsins í 

dag hafa vísindamenn notað kálfasermi (FBS) sem bætiefni en notkun á kálfasermi er ekki æskilegur 

kostur vegna breytileika á milli lota, hættu á smiti dýraveira og ónæmisviðbragða við dýramótefnum og 

próteinum. Fyrri rannsóknir hafa sýnt fram á að hægt sé að nota mennsk blóðflögulýsöt (hPL) sem 

bætiefni í frumuræktanir og þannig skipt út kálfasermi. 

Bæta þarf við heparíni í MSC rækt sem er viðbætt með hPL til að koma í veg fyrir fíbrín myndun, en  

slíkt getur dregið úr lifun og fjölgun frumna. Heparín er mjög súlfötuð sykra sem hefur flókna 

uppbyggingu af sameindum sem ekki er hægt að greina að fullu, auk þess sem það er dýraafurð sem 

er fengin úr mismunandi dýravefjum, til dæmis smágörnum svína. Tilgangur þessarar rannsóknar er 

því að þróa bætt blóðflögulýsat og bera saman vöxt og sérhæfingu MSCs í tveimur mismunandi 

meðferðum, æti viðbættu smithreinsuðu blóðflögulýsati sem inniheldur heparín (PIPL) og æti með 

bættu smithreinsuðu blóðflögulýsati sem er án heparíns, en inniheldur í staðinn sítrat fosfat dextrósa 

(CPD) (R-PIPL). 

Blóðflögulýsöt voru gerð með frysta-þýða (freeze-thaw) aðferð, síuð og bætt í DMEM F12 + 

Glutamax æti með (PIPL) eða án (R-PIPL) heparíni. Vaxtarhraði var metinn með frumufjölgunarprófi 

(PDA) og útlit skoðað með smásjá. Bein-, fitu- og brjósksérhæfing var gerð til að sýna fram á þrí-

sérhæfingarmöguleika MSC. Beinsérhæfing var metin með genatjáningu, virknimælingu á alkalískum 

fosfatasa og Alizarin red litun fyrir steinefnaútfellinguna. Oil red O litun ásamt mati á genatjáningu var 

gerð til að meta fitusérhæfingu og hematoxylin & eosin og Masson’s trichrome litun ásamt 

glýcósamínóglýcan (GAG) magnmælingu notað til að meta brjósksérhæfingu. Brjóskmiðuð 

beinmyndun var skoðuð með Alizarin red litun. 

Niðurstöður sýndu samsvarandi útlit milli fruma ræktaðar í bæði 10% PIPL og 10% R-PIPL og 

sérhæfing tókst í báðum meðferðum. Lítilsháttar munur var á vaxtarhraða þar sem MSC ræktaðar í 

10% PIPL uxu hraðar. Í beinsérhæfingu var meiri steinefnaútfelling sýnileg í 10% PIPL en þegar 

genatjáning var skoðuð var meiri tjáning á beinmarkernum RUNX2 þegar MSC voru ræktaðar í 10% 

R-PIPL. Munurinn var hins vegar ekki marktækur. Brjósksérhæfing var einnig sambærileg en munur 

var á fitumarkernum PPARγ þar sem meiri tjáning var í 10% PIPL. Niðurstöðurnar benda til þess að 

möguleiki sé á að nota R-PIPL til að rækta MSC in vitro en einhverjar endurbætur þarf að gera ásamt 

frekari rannsóknum til að staðfesta áhrif á sérhæfingar og vaxtarhraða. 
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Abstract 

Mesenchymal stromal cells (MSCs) have become a focus in the field of regenerative cell therapy, 

particularly for the repair of bone and cartilage because of their multipotential differentiation to osteo-, 

chondro- and adipocytes. To be able to grow stem cells in vitro it is necessary to supplement the 

media with growth factors, chemokines, cytokines and other biomolecules. In the past, researchers 

have used fetal bovine serum (FBS) as a major supplement for cell growth. The use of FBS is 

however not ideal for cell culture due to batch-to-batch variability, risk of animal pathogen 

transmissions and immune reactions from bovine antigens, prions and proteins. Previous studies have 

shown that human platelet lysates (hPL) can be used as a supplement in cell culture, replacing FBS. 

In MSCs culture supplemented with hPL heparin has to be added to prevent fibrin formation 

because it can drastically decrease survival and proliferation of the cells. Heparin is a highly sulfated 

glycosaminoglycan, which has a complex mixture of molecules that can’t be properly characterized. 

Heparin is an animal derived product extracted from variation of animal tissues, such as porcine. 

Given that, the purpose of this study is to develop a refined platelet lysate and compare expansion 

and differentiation of MSCs in two different treatments, media supplemented with pathogen inactivated 

platelet lysate containing heparin (PIPL) versus refined-pathogen inactivated platelet lysate deprived 

of heparin, but contains instead citrate phosphate dextrose (CPD) (R-PIPL).  

Platelet lysates were made with a freeze-thaw method, filtered and added to DMEM F12 + 

Glutamax media with (PIPL) or without (R-PIPL) heparin. Growth rate analysis was done with 

population doubling assay (PDA) and morphology was evaluated with microscopy. Osteogenic, 

adipogenic and chondrogenic differentiation was performed to validate tri-lineage differentiation 

potential of MSCs. Osteogenic differentiation was evaluated with gene expression, alkaline 

phosphatase activity assay and Alizarin red staining for mineralization. Oil red O staining and gene 

expression was performed to evaluate adipogenic differentiation and hematoxylin & eosin as well as 

Masson’s trichrome staining in addition to glycosaminoglycan (GAG) assay for chondrogenic 

differentiation. Endochondral ossification was evaluated with Alizarin red staining. 

Results showed comparable morphology between cells grown in both PIPL and R-PIPL and 

differentiation was carried out in both treatments. MSCs grown in 10% PIPL showed a slightly faster 

growth and in osteogenic differentiation, more mineralization was observed. However, observation of 

the osteogenic marker RUNX2 showed more expression in 10% R-PIPL. These differences were not 

significant. Chondorgenic differentiation was comparable as well but gene expression of the 

adipogenic marker PPARγ was higher in 10% PIPL. The findings demonstrate that R-PIPL can be 

used to grow MSCs in vitro but some improvements and further experiments are needed to confirm 

the effect on differentiation and growth rate. 
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1 Introduction 

1.1 Stem cells 
Stem cells are characterized as undifferentiated cells with the ability of self-renewal, clonal expansion 

and to specialize into different types of cells. They are broadly classified to embryonic, fetal and adult 

stem cells based on their origin. The term adult stem cells is applied to those obtained from postnatal 

organism (1,2).  Embryonic stem cells (ESC), on the other hand, are derived from the inner cell mass 

of the blastocyst. The blastocyst is formed from the cell division of the zygote, the first cell of 

development. ESC are found only at this early stage in development before they give rise to the germ 

layers, endoderm, ectoderm and mesoderm. The germ layers consist of more differentiated cell types 

that participate in tissue and organ formation (1).  

Within tissues, some of the stem 

cells are maintained in an 

undifferentiated state and are ready 

to differentiate as required in injury 

and repair to contribute to functional 

recovery (1). Stem cells can 

differentiate to specific cell lineages 

depending on the type and their 

potency (figure 1). The zygote is a 

totipotent stem cell that is found 

early in the development and can 

create an entire organism. 

Pluripotent cells, like the embryonic 

stem cells can form variety of 

tissues of endodermal, mesodermal 

and ectodermal origin. Multipotent 

stem cells, for example 

mesenchymal stromal cells have 

more limited specialization potency 

and differentiate to cells from one 

single germ layer. Oligopotent cells 

can form two or more cell types 

within a tissue but unipotent only a 

single cell type (1,2). Stem cells 

have been closely studied regarding 

the potential for cellular therapy, making of disease model and drug discovery (3). Mesenchymal 

stromal cells have been of special interest in the field of tissue engineering (4) and this thesis will 

therefore focus on them.  

 

 

Figure 1 The differentiation potential of stem cells 
Stem cells can be classified into five categories based on their potency. 

Totipotent cells, like the zygote, can form both embryonic and extra  

embryonic tissues while pluripotent cells, for example embryonic cells, 

form the endoderm, mesoderm and ectoderm germ layers. Multipotent  

cells are limited to a single germ layer as mesenchymal stromal cells  

differentiate to cells of mesodermal germ layer. Oligopotent cells form  

cell types within tissues but unipotent one single cell type. Figure  

adapted and modified from Kolios et al, 2013 (1). 
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1.2 Mesenchymal stromal cells 
Alexander Friedenstein was the first to identify and describe mesenchymal stromal cells (5). He and 

his colleagues reported that the bone marrow stroma could generate bone, fat, cartilage and reticular 

cells. These cells were described as spindle shaped, fibroblast-like, clonogenic cells that can form 

monolayer cultures in colonies (5,6). MSCs were first referred to as stem cells because of their 

multilineage capacity and ability of self-renewal in vivo, which are considered the hallmarks of 

stemness. It later came apparent that these cells showed heterogeneity in relation to morphology, 

proliferation and differentiation abilities. The International Society for Cellular Therapy (ISCT) has for 

these reasons recommended the term mesenchymal stromal cells which is more accurate (5,6). ISCT 

has set up criteria for the characterization of isolated MSCs and the following properties listed in table 

1 should be apparent in cells classified under the term mesenchymal stromal cells (6).  

 

Table 1 MSCs properties for characterization 

The criteria set up by the ISCT for characterization of mesenchymal stromal cells (6). 

 Characteristics 

1. Ability to adhere to plastic 

2. Ability to differentiate into tissues of mesodermal origin 

3. The expression of CD73, CD90 and CD105 surface antigens 

4. Lack of expression of endothelial or hematopoietic markers, such as CD14, CD34, CD45 and 

HLA-DR 

 

The stem cell pool and their self-renewal properties is maintained within the stem cell niche. It is 

the microenvironment where tissue-resident adult stem cells dwell and is composed of cells, soluble 

factors and extracellular matrix proteins that provides structure but also chemical and physical signals 

(6,7). In this microenvironment, stem cells are maintained and held in balance between active and 

inactive state. When stem cells depart from the niche, they become active (7) and home to the target 

organs for repair. MSCs have adhesion molecules on their surface, P-selectin and vascular cell-

adhesion molecule 1 that make them capable of attaching to endothelial cells and exit the blood 

vessels in a coordinated rolling manner, similar to immune cells (5).  

Mesenchymal stromal cells are important for the body whereas they maintain the living organisms 

and contribute to tissue repair with trophic effects on other cells and immune-regulatory activities (8,9). 

MSCs secrete a variety of cytokines, chemokines and growth factors with immunomodulatory, 

angiogenic, anti-inflammatory and anti-apoptotic activity. There are indications that MSCs can hinder 

autoimmune reaction by suppressing T-cell proliferation and expansion in addition to impact the 

cytolytic potential of natural killer cells. In vivo immunosuppression has been seen in animal models 

after MSCs injection, indicating that they can to some extent, control the magnitude of immune 

response (5,6). Immunologic studies on MSCs in vitro have indicated that they can have a regulatory 

effect on immune cells and their response. They have been shown to inhibit maturation of dendritic 
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cells and when cultured with mature dendritic cells, important surface marker expression, such as 

major histocompatibility complex (MHC) class II, CD11c, CD83 and co-stimulatory molecules is 

decreased. MSCs can also inhibit production of tumor-necrosis factor (TNF) and decrease the pro-

inflammatory properties of dendritic cells (5).  

 

 

MSCs are located in most tissues of the body and can be isolated from various adult and 

embryonic tissues, as shown in figure 2 but the most studied MSCs in research are bone marrow and 

adipose derived mesenchymal stromal cells (2,6). Speculations have arisen because of similarities 

between pericytes and MSCs isolated from various types of tissues. MSCs have been shown to reside 

in the proximity of blood vessels in tissues resembling pericytes in addition to express pericyte specific 

markers. In vitro, pericytes show similar features as MSCs, regarding morphology and antigen 

expression in addition to have the ability to differentiate toward osteo-, chondro- and adipo lineage. 

However, there has not been enough evidence to conclude that pericytes and MSCs are biologically 

comparable so the terms should not be mistaken for the same (6).  

 

Figure 2 Isolation of MSCs and multi-lineage potential 
Mesenchymal stromal cells can be isolated from various types of tissues, proliferated and expanded for 

multiple passages in vitro. They are multipotent cells that can differentiate to osteocytes, chondrocytes and 

adipocytes under the right environment. Figure adapted form Nombela-Arrieta et al, 2011 (6).  
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Mesenchymal stromal cells have been vastly studied in the past few years due to their ability to 

propagate rapidly, their immunosuppression ability and a multipotent differentiate potential, more 

specified, tri-lineage potential. 

 

1.3 Tri-lineage differentiation of MSCs 
Mesenchymal stromal cells are versatile and have the ability to differentiate into different cells from 

mesodermal lineage, such as osteocytes, adipocytes and chondrocytes (figure 1), in vitro as well as in 

vivo (5,6). Differentiation is dependent on signaling pathways and local factors that in vitro, can be 

influenced by culture conditions (10). Bone and cartilage formation are closely related processes but 

the adipogenic differentiation is more distinct (11). 

 

1.3.1 Osteogenic differentiation 
The MSCs are derived from the mesodermal germ layer that gives rise to tissues of the skeletal 

system. The differentiation of osteoblast lineage cells go from mesenchymal progenitors to 

preosteoblasts and then mature osteoblasts. Mature osteoblasts produce the extracellular proteins, 

bone gamma carboxyglutamate protein (BGLAP), alkaline phosphatase (ALP) and the main protein 

found in bone, collagen type I. The extracellular matrix is mineralized through the accumulation of 

calcium phosphate, known as hydroxyapatite (12). In vivo, mesenchymal progenitors appear as 

elongated fibroblasts but mature osteoblasts are more cuboidal (12). In vitro bone formation can be 

classified to three stages. The first stage (day 1-4) is when cell count increases and early 

differentiation starts. During the early differentiation stage (day 5-14), expression of ALP increases 

and collagen type I is secreted to form the matrix. After the early stage ALP levels start to decrease 

and BGLAP and secreted phosphoprotein 1 (SPP1) are expressed while calcium and phosphate are 

deposited (day 14-28) (10). 

 The Extracellular matrix (ECM) structure is remodeled during osteogenesis and contributes to a 

change in gene expression patterns. Fibronectin and vesicants are present at the early stages but 

disappear in mature mineralized bone (13). Through osteogenic differentiation, MSCs start to express 

markers known to be expressed by bone forming cells or osteoblasts which lay down the matrix and 

mineralize when a new bone is forming in vivo (10). Runt related transcription factor 2 (RUNX2), an 

osteogenic transcription factor, is expressed at early stages of osteogenic differentiation along with the 

genes that are controlled by it, ALP and SPP1. At this stage cells can’t deposit calcium to form 

mineralized bone and must therefore start to express SP7 transcription factor (Osterix) and IBSP 

(Integrin binding sialoprotein) (13). The expression of SP7 downstream of RUNX2 is essential for 

osteoblast formation (12). 
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Differentiation of MSCs is regulated through pathways shown in figure 3. The Wnt pathway guides 

the cells towards the osteogenic lineage. Wnt binds to Frizzled receptors and low-density lipoprotein 

receptor-related protein 5 (LRP5) or LRP6 to stabilize cytosolic β-catenin. β-catenin enters the nucleus 

where it stimulates transcription of Wnt target genes. β-catenin is required for cells to express SP7 

and to become mature osteoblasts (12).   

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Regulatory pathways of MSCs differentiation 

Wnt signaling and TGF-β induced signaling regulates differentiation of MSCs. Wnt pathway supports the 

osteogenic lineage. Wnt binds to Frizzled receptors and low-density lipoprotein to stabilize β-catenin and it 

enters the nucleus to stimulate transcription of wnt genes. TGF-β guides cells towards chondrogenic lineage. 

BMPs bind to receptor complexes that phosphorylate SMADs, activating them to form complexes and enter 

the nucleus to regulate gene expression. Figure adapted from Williams et al, 2011 (14). 
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1.3.1.1 Endochondral ossification 
Two types of bone formation occur in the human body at development, intramembranous ossification 

and endochondral ossification. Intramembranous ossification is limited to parts of the skull and clavicle 

but endochondral ossification happens in the rest of the skeleton (10). 

 

 

In intramembranous ossification, MSCs are condense and differentiate directly into osteoblasts 

while in endochondral ossification they begin to form cartilage models which is replaced with bone-like 

tissue as shown in figure 4. The cartilage is calcified and chondrocytes in the perimordium increase in 

size, become hypertrophic and the perichondrial cells differentiate to osteoblasts (4,12). Endochondral 

ossification is essential for formation of long bones as well as bone fracture healing (4). Hence the 

focus has been shifting towards the endochondral aspect of ossification in resent studies of tissue 

engineering regarding bone defect-repair applications (4). During endochondral ossification, MSCs 

begin to differentiate to chondrocytes and they secrete the extracellular matrix (ECM) typical for that 

tissue. The ECM forms a hyaline cartilage template where chondrocytes proliferate, mature and 

become hypertrophic, secreting collagen type X and angiogenic factors. Blood vessels invade the 

diaphysis, deliver osteoclasts that absorb the calcified cartilage template and osteoblasts lay down 

woven bone (4). Matrix metalloproteinases (MMPs) are secreted by chondrocytes during their 

hypertrophic state. MMPs degrade the surrounding ECM for the invasion of blood vessels and to give 

chondrocytes the space to expand (4).  

 

 

Figure 4 Endochondral ossification 

Mesenchymal stromal cells proliferate and condense (A) before they begin the chondrogenic differentiation (B). 

Chondrocytes at the center become hypertrophic while the perichondrial cells undergo osteoblastic 

differentiation (C). The hypertrophic cells initiate mineralization, primary ossification centre (POC) is formed and 

osteoprogenitors become osteoblasts which lay down osteoid (D). The second ossification center (SOC) is 

formed (E). A growth plate, consisting of cartilage tissue remain between POC and SOC and is responsible for 

elongation of the bone (F). Figure adapted from Thompson et al, 2015 (4). 
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1.3.2 Chondrogenic differentiation 
Cartilage is a connective tissue that mainly consists of collagen, proteoglycans and chondrocytes (15). 

Collagen makes up about 50-60% of the cartilage, primarily collagen type II and is therefore significant 

to cartilage. Cartilage has four zones, the superficial, transitional, radial and calcified cartilage zone. 

Each zone of the cartilage has different composition and different functions as Martel-Pelletier et.al 

stated (table 2). The transitional zone is the largest part of the cartilage or about 40-60% (15). 

 

Table 2 The zones of cartilage 
Cartilage is divided into four zones with different properties and cell shape. Superficial zone, transitional zone, 

radial zone and calcified cartilage (15). 

Zone Properties Characteristics of chondrocytes 
Superficial Tangential orientated collagen fibrils, 

low in proteoglycan 

Elongated and aligned parallel to the 

surface 

Transitional Bundled or layered collagen fibrils, 

high in proteoglycans 

Round in shape and at low density 

Radial The largest collagen fibrils, highest in 

proteoglycans 

Round in shape and aligned 

perpendicular to the articular surface. 

Calcified cartilage Collagen fibril ends from radial zone, 

proteoglycans and glycoproteins. 

Hypertrophic at low density 

 

 Cartilage formation can be classified to three stages. The first stage is when MSCs become 

committed to the chondrogenic lineage and develop to so called pre-chondrocytes by upregulation of 

N-cadherin, neural cell adhesion molecule and fibronectin. The second stage is when cells become 

highly proliferative and are then called chondroblasts. These chondroblasts are flat and they form 

columnar pattern before they expand and become hypertrophic. At this stage expression of ECM 

components change, collagen I decreases and is replaced by expression of collagen II, IX and XI, 

aggrecan and cartilage oligomeric matrix protein-1. The final stage of cartilage formation is the 

chondrocyte hypertrophy when cells become enlarged with more ECM and expression of collagen X is 

characteristic of this stage (16). The ideal chondrogenic environment in vitro is at high-density cell 

culture where in time cell-cell and cell-ECM interactions increase. As in cartilage formation in vivo, 

cells expand and ECM formation increases with the expression of collagen II, collagen X, aggrecan 

and glycosaminoglycans (GAG) (17). 
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SOX9 plays a key role in chondrogenic differentiation. It is expressed by mesenchymal progenitors 

that give rise to osteoblasts and chondrocytes. Cells expressing SOX9 can develop towards both 

osteogenic and chondrogenic lineage and the differentiation is dependent on expression of genes 

downstream of it. RUNX2 and SP7 (figure 5) guides the MSCs toward osteogenic differentiation but if 

not expressed, cells develop into chondrocytes (12). If osteogenic markers are not expressed, SOX9 

remains continuously expressed until chondrocyte become hypertrophic (16). 

Chondrogenic lineage differentiation is controlled through the transforming growth factor-β (TGF-β) 

pathway (figure 3) where bone morphogenic proteins (BMPs) bind to receptor complexes that activate 

SMADs through phosphorylation. Phosphorylated SMADs form complexes and enter the nucleus to 

regulate gene expression (4,12). 

 

1.3.3 Adipogenic differentiation 
Adipocytes play an important role in the regulation of blood pressure, immune function, angiogenesis 

and energy balance. They can be found in various types of tissues, especially in loose connective 

tissue (18). The wnt signaling pathway controls the cell development to adipogenic lineage. If wnt 

signaling is suppressed with the wnt antagonists secreted frizzled-related protein 4 (sFRP4) and 

dickkopf-related protein 1, cells have the tendency to differentiate toward adipogenic lineage (19). The 

changes in ECM are also essential for determination between osteogenenic and adipogenic 

differentiation. Fibronectin, vesicants and collagen type I are only weakly detected in adipose tissue 

but Laminin α4 chains are present surrounding adipocytes.  ECM converses from fibrinonectin-rich 

stromal matrix to laminin-rich basement membrane at the early stages (20). 

Gene expression in adipocytes varies between different stages of the maturation. Lipoprotein 

lipase (LPL) is an early stage marker and is expressed in the early phase when cells start to 

specialize. Fatty acid binding protein 4 (FABP4) and fatty acid synthase (FASN) are late markers of 

adipogenic differentiation, expressed in mature adipocytes (20). The transcription factors, peroxisome 

 

Figure 5 Gene expression in skeletal development 

Mesenchymal progenitors that give rise to osteoblasts and chondrocytes express SOX9. When cells 

differentiate towards osteogenic lineage, they start to express RUNX2 followed by downstream expression of 

SP7 but if not, they develop to chondrocytes. Figure adapted from Long et al, 2011 (12).  



  

21 

proliferator activated receptor γ (PPARG) and CCAAT enhancer binding protein (CEBP) are key 

factors in regulating the expression of adipogenic markers. The expression of these adipocyte specific 

markers produce changes in ECM and lipid accumulation leading to adipocyte maturation (16). 

 

1.4 Regenerative medicine and clinical application 
The idea of tissue repair and organ regeneration has been around for centuries and the oldest 

example is the ancient Greek myth of Prometheus. The Greek titan stole the fire from the gods and 

was punished by being tied to a rock and having an eagle nibble at his liver every day. During the 

night, the liver would then regenerate and the cycle continued (1). 

Mesenchymal stromal cells have been considered a promising cell source for tissue engineering in 

regenerative medicine. During a trauma, MSCs are naturally recruited to the site of tissue damage and 

it has been shown that when implanted, MSCs respond to signals of tissue damage, inflammation and 

bone repair (4). In addition, MSCs have an advantage in clinical application, due to their low 

immunogenic activity as well as their immunosuppressive properties (4). MSCs have the ability to act 

on cellular repair with paracrine mechanisms and mitochondrial transfer to adherent stressed cells via 

MSCs has been studied with promising results. Mitochondrial transfer is considered a promising 

therapeutic approach in regard to degenerative diseases such as Parkinson’s and Alzheimer’s (21).  

Bone grafting to replace damaged or diseased bone is common, especially autologous bone 

grafting. In fact, bone is the second most transplanted tissue worldwide, after blood products (4). 

MSCs have successfully been expanded toward osteogenic lineage in vitro and used to treat severe 

osteogenesis imperfecta in children (5). As previously noted, MSCs have the ability to impact the 

immune response after implantation and it has been demonstrated that they can in some cases be 

used to treat severe graft-versus-host disease (5). Because of these immunosuppressive properties, 

MSCs are also being researched for injection concurrently of organ transplants, such as in kidney and 

liver transplant (22). There have been systematic reviews of clinical trials that demonstrate the safety 

of MSCs therapy and there have been no indication of acute infusion toxicity, organ system 

complications, infections, death or malignancy associated with MSCs treatment (23). However, to be 

able to use stem cells in therapy, it is necessary to expand them ex vivo in good manufacturing 

practice (GMP) facility. Media that contains essential elements in addition to supplements as a source 

of growth factors and chemokines are requirements for proliferation and expansions in cell cultures.  
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1.5 Cell culture supplements 

1.5.1 Fetal Bovine Serum 
Media containing large amount of proteins, bioactive molecules, growth factors and nutrients is 

required for successful cell culture (24). In the past fetal bovine serum has been used as a supplement 

in cell culture. However it’s not an ideal candidate due to the batch-to-batch variability, the risk of 

animal pathogen transmissions and immune reactions for bovine antigens and xenogenic proteins 

(24,25). There have been reports of increased immunogenicity and documented cases of anaphylactic 

responses after implantation with MSCs that have been treated with xenogenic materials (24). 

Xenogenic proteins have been shown to internalize directly into the cells or to transfer by bovine 

extracellular vesicles. The use of xenogenic materials follows a risk for zoonotic transmission, such as 

viruses, mycoplasma and prions. Studies have shown successful use of human platelet lysate (hPL) 

as a sole source of nutrients in growth media for cell cultures and can therefore be used as a 

replacement for FBS (24,25). Studies have shown that hPL is superior to FBS for expanding MSCs in 

vitro where FBS varies batch to batch regarding its effectiveness (26,27). hPL has also the 

advantages over FBS whereas it is derived from human component and studies have shown a greater 

proliferation activity of MSCs grown in platelet lysates and less potential of a immune response in vivo 

after implantation compared to cells grown in FBS (24,28). In addition, FBS has been shown to alter 

the therapeutic benefits of MSCs (22). Human platelet lysates have been studied in comparison to 

FBS in various types of cell culture, but most research focus on mesenchymal stromal cell cultures 

(29). 

 

 

1.5.2 Platelets 
Platelets are derived from precursor megakaryocytes, which originate from hematopoietic progenitor 

cells. Megakaryocytes are developed in the bone marrow and possess a demarcation membrane 

system that forms the platelet membrane. Megakaryocytes release platelets to the circulation system 

via sinusoids (26,30). Platelets primary function is to take part in the coagulation cascade but they are 

also essential for wound healing and regeneration of tissues (31). Platelets contain α-granules that 

store various amounts of bioactive mediators, including chemokines and growth factors such as 

vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), transforming growth factor-

beta (TGF-β) and platelet derived growth factor (PDGF). When needed, platelets release their content 

to help with regeneration (29) and platelet derived growth factors such as FGF, epidermal growth 

factor (EGF) and VEGF have an important role in survival of stem cells, both for propagation and 

preventing apoptosis (24). Platelets also have receptors for bacterial and viral products and help 

immune cells by making chemo attractants. They also release anti-microbials that kill various 

pathogens (32). 

Platelets are one of the primary transfusion products of blood banks. They are used for medical 

purposes and therefore, blood banks needs to have more than enough in stock to be prepared for a 
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crisis. Around 10-20% of platelet units in blood banks expire because of a short storage time, limited 

to 5-7 days. These units cannot be used for therapeutic purposes because of the risk of bacterial and 

viral transmission, reducing the safety of transfusions (33). Recent studies have shown that the 

expired platelet units can be used as a nutrition in cell culture with the same success as fresh ones 

(33). Expired platelet units that are not used for therapeutic purposes can therefore get a new function 

as a supplement in cell culture, preventing them from being discarded. The Icelandic Blood Bank 

recently implanted pathogen inactivation of units with Intercept system as a precaution practices. This 

makes platelet units from the Blood Bank the ideal candidates as supplement for use in cell culture. 

 

1.5.3 Platelet lysate 
Platelets can be stored in plasma, platelet additive solution (PAS) or in a mixture of both (29,34). 

Plasma was used single-handedly as a storage solution but it came apparent that residual plasma can 

influence reactions after injections and PAS containing sodium chloride, citrate, phosphate and 

mannitol is therefore used to replace it to some extent (24). Platelet-rich plasma (PRP) is prepared 

from whole blood where platelets and plasma is separated from red blood cells (24). PRP is being 

studied in several clinical trials, for example regarding maxillofacial, orthopedic and plastic surgery in 

addition to the repair of tendons and ligaments, treatments of burns, scars, chronic ulcers, wounds 

and osteoarthritis (29). Platelets have also been used as a supplement to expand various types of 

cells in vitro. In order to use the platelet units as nutrients in cell culture it is necessary to burst the 

cells to release the growth factors, chemokines, cytokines and other biomolecules from granules, 

creating what has been termed platelet lysate (24,29). Platelet lysates can be created with different 

methods, such as thrombin activation, freeze-thaw, sonication or chemical treatment (29). 

Platelets contain plasmatic coagulation factors such as fibrinogen, which have a coagulation effect 

in cell culture when released. Fibrinogen is suspected to have negative effect on the 

immunosuppressive properties of platelet lysate and it is known to be capable of altering cell migration 

and proliferation in fibroblasts, smooth muscle cells and lymphocytes and has therefore the potential 

to impact the expansion of MSCs (26,27). Studies have also shown that fibrinogen increases adhesion 

of natural killer cells and therefore aggravate inflammatory response. It can have negative effect on 

the immune modulating capacity of MSCs. To prevent the formation of fibrinogen or gel formation in 

culture, platelet lysates are supplemented with heparin (26,27). 
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1.6 The coagulation cascade 
Tissue repair and regeneration is triggered due to 

coagulation factors, growth factors and cytokines 

following the release and activation of platelets in 

combination of physiological events (31). Blood 

coagulation in vivo can be divided into two stages, 

primary and secondary homeostasis. In primary 

homeostasis platelets are activated and form a 

plug at the site of trauma. This leads to secondary 

homeostasis where coagulation factors are 

activated, one after another, ending up forming a 

fibrin clot. Primary homeostasis is initiated when 

tissue factor (TF) is exposed on a wounded 

endothelium and secondary homeostasis when 

TF binds factor VII (FVII) and FVIIa (Figure 6). 

With this interaction, FIXa and FXa are generated. 

FVa is important factor in the coagulation cascade 

where it binds both to FXa and FIXa. When 

binding to FXa, a small amount of Thrombin (FIIa) 

forms but binding to FIXa leads to the beginning 

of the amplification phase (31). Initiation of 

coagulation can also result from platelets 

adhering to collagen. Negatively charged 

phosphatidylserine are then exposed and bind the 

anti-coagulation factors, FIXa and FXa. 

Prothrombinase complex is formed with platelet 

surface phospholipid, FXa and FVa and bound 

together with calcium. These complexes activate 

prothrombin (FII), forming thrombin (FIIa). As in 

the TF pathway, formation of thrombin leads to 

amplification phase. The generation of thrombin, 

referred to as thrombin burst, results in 

conversion of fibrinogen (FI) to fibrin (FIa) (figure 

6) (31). In vivo platelets can be activated by von Willebrand factor (vWF), collagen, fibronectin or 

laminin, molecules that are exposed on injured endothelium. Activation can also be a cause of 

physiologic agonists, such as thrombin, collagen, thromboxane A2, epinephrine and platelet-activating 

factors (24,31). 

 

 

 

Figure 6 Main phases of blood coagulation 
The main phases of blood coagulation pathways that  

lead to fibrin formation in vivo can be classified as;  

initiation phase (A), amplification phase (B) and  

thrombin burst (C). Figure adapted from Burnouf  

et al, 2013 (31).  
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1.6.1 Heparin 
Heparins are a highly sulfated glycosaminoglycans (GAGs) consisting of repeating disaccharide 

chains of hexosamine and hexuronic acid residues. The molecule is O- and N-sulphated as well as N-

acetylated (35,36). Heparin is extracted from slaughtered animal tissue, commonly porcine intestine 

but it varies between countries and availability. It is a complex mixture of molecules that can’t be 

properly characterized and it has several isoforms that vary in sulfation patterns and saccharide chain 

length. Because of the heterogeneity, the bioactivity and physiological, action is unpredictable (37). 

The least processed form of heparin is unfractionated heparins (UFH) but cleavage of it provides 

fragments called low-molecular-weight heparins (LMWH). Heparin prevents coagulation by binding 

with anti-thrombin III, an coagulation enzyme inhibitor, inhibiting thrombin and factor X (37). Most 

heparins contain bacteriostatic supplement, such as benzyl alcohol, which has been reported to 

impact proliferation and cell viability but new studies have also reported that heparin without 

bacteriostatic supplement show the same results (35). It is rarely reported in studies using hPL with 

heparin for cell culture whether the heparin contains bacteriostatic supplement, in addition that the 

concentration used is not specified in many studies (35). Extracted heparin is often obtained form 

animal tissues with less than ideal manufacturing procedures and there have been cases that resulted 

in crisis of public health because of poor manufacturing practices (37). Heparin chains can bind to 

heparin-binding domains (HBD) in extracellular plasma proteins after injection, resulting in alternations 

of bone metabolism such as osteoporosis in addition to causing thrombocytopenia and unpredictable 

anticoagulation (37,38).  

Proliferation of MSCs decreases dependent on heparin dosage and overall inhibition has been 

seen in some mesenchymal cell lines when cultured with media supplemented with FBS where 

heparin is added. It has been speculated that this is due to mechanisms in relations to protein kinase 

C pathways but heparin also interacts with growth factors, especially PDGF and FGF by modifying the 

binding and internalization, therefore inhibiting proliferation (36,39). The concentration of heparin is 

highly associated with the cell expansion whereas proliferation decreases drastically when heparin 

dose is increased (35,40). The presence of heparin also results in loss of focal adhesion kinase (FAK) 

and decrease in the focal adhesion associated protein, paxilli. (39). Heparin appears to disrupt cell-

ECM interactions whereas cells grown in FBS with heparin show morphological difference than cells 

not grown with heparin. When in presence of heparin, cells show round shape, compact and clumped 

instead of spindle shaped monolayer structure (39).  

In high dosage, heparin can inhibit cell growth and expansion and in long-term heparin treatment it 

appears to affect the unspecified condition of the cells in culture. Heparin can decrease bone density, 

whereas it effects BMP activity (38). Osteoporosis, a disease where osteoclast activities decrease and 

healing of bone fractions gets poor is a known side effect related to heparin treatment. Osteoporosis is 

characterized as decreased osteoblast formation but is also associated with increased intramedullary 

fat and that strongly suggests that it can be related to MSCs function (39,41). Both low molecular 

weight heparin and unfractionated heparin has been shown to affect bone formation in vitro. 

Handschin et al reported that heparin inhibits osteoblast proliferation, protein synthesis in addition to 

expression of the osteoblast phenotype markers, BGLAP and ALP (42). High concentration of heparin 
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in cell culture decreases the osteogenic and adipogenic differentiation potential but concentration 

higher than 0.61 IU/ml has been reported to have an effect on MSCs proliferation and colony 

formation (35). Some studies suggest that while heparin decreases osteogenic differentiation, it 

enhances adipogenic differentiation in a dose dependent manner. Heparin added at low concentration 

appears to have no effect on adipogenic differentiation potential but when heparin concentration is 

increased, adipocyte differentiation increases. With the loss of FAK, cells appear round and have 

more tendency to adipogenic lineage (39).  

Heparan sulfate proteoglycans are present at the cell surface and have binding sites for lipoprotein 

lipase (LPL). The glycosaminoglycans (GAGs), heparin and heparan sulfate are closely related 

molecules and heparin can therefore bind the LPLs and release it from the cell surface, enhancing 

hydrolysis of triglycerides (39). Heparin and heparan sulfates take part in regulation in many 

physiological mechanisms including development, cell proliferation and differentiation in addition to 

regulate adhesion of hematopoietic cells to the stroma (39). The C-X-C motif chemokine receptor 4 

(CXCR4) is essential for MSCs migration and adhesion as is CXCR7 for adhesion as well and survival 

(43). C-X-C motif chemokine ligand 12 (CXCL12) and CXCR4 (platelet factor 4) interaction plays an 

important role in migration of adult stem cells and there are implications that glycosaminoglycans 

directly impact the activity. It has been shown that heparin binds to CXCL12 residues and limits its 

availability to their natural components (44) in addition that research indicate that heparin has a 

negative effect on the CXCR4/CXCL12 signaling axis in bone marrow derived mononuclear cells and 

can therefore interfere migration and homing capacity (27).    

It has become a matter of concern within the field of stem cell therapy that no standardization is 

present in culturing conditions. Replacement of heparin is one of these obstacles because of its 

variations and sources (29) in addition to the fact that it has been shown that when MSCs are cultured 

in media supplemented with heparin, it is taken up into the cytoplasm (36). Because heparin is a 

animal derived product it could effect the cells properties and transmit animal proteins or prions when 

used in cell therapy. Other anti-coagulants have been tested to prevent gel formation in cell culture 

using hPL, such as rivaroxaban and agatroban, but none have appeared promising (35).  
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1.6.2 Citrate phosphate dextrose 
Sodium citrate salt of citric acid has been used to prevent coagulation since 1914 when the first 

transfusion in humans with citrate was preformed. This was a pioneering work in blood transfusion 

whereas it made separation of donor and patient possible. Before citrate was introduced to blood 

transfusion, methods were dependent on connecting donor and patient for the transfusion (45).  

Citrate prevents coagulation through chelation binding of divalent cations, Ca2+ and Mg2+, inhibiting 

their physiological functions (46). Citrate anticoagulant is given to donors in blood banks when 

donating blood using an apheresis circuit exchange system to prevent coagulation. Citrate is quickly 

metabolized when injected and it is considered safe with low risk of complications except in patients 

with liver failure where they have a problem metabolizing (45,46). PAS that is used to store platelets in 

blood banks includes the anticoagulant citrate with the addition of phosphate dextrose (CPD) to 

prevent coagulation and activation of the platelets (34). CPD was first described as a preservation of 

human blood in 1957 and replaced acid citrate dextrose solution at that time (47) and Chen et al. 

reported that even mesenchymal stromal cells (mouse) can be stored in CPDAdenine-1 for up to 14 

days without loosing their viability (48).  

The anticoagulant citrate includes glucose when used in blood banks where it has been shown that 

glucose is essential for platelets during storage and if platelets are deprived of glucose they show a 

change in metabolism, increase in glycolysis and decrease in pH and ATP levels (34). 

When thinking of replacement anticoagulant for heparin in cell culture, CPD should be considered 

because of the extent of its use in procedures in blood banks in addition to it’s safe use and low side 

effect rate. To our knowledge CPD has not been tested as an hPL additive before or in cell cultures. 

We hope that this thesis will contribute to further the standardization of stem cell cultures. 
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2 Objectives 
 

The aim of this study was to develop and test a cell culture supplement entirely deprived of xenogenic 

products (R-PIPL). The expansion and differentiation of MSCs cultured in media supplemented either 

with PIPL (hPL containing heparin) or R-PIPL (hPL containing CPD not heparin) was compared.  

This resulted in three objectives: 

1. Analyze the morphology and proliferation of MSCs in media with different supplement 

2. Evaluate tri-lineage differentiation of MSCs 

3. Evaluate osteogenesis through in vitro endrochondral ossification 
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3 Materials and methods 
Expansion, morphology and differentiation was compared between MSCs grown either in 10% PIPL or 

10% R-PIPL and the following experiments were used for the evaluation. 

3.1 Experimental set-up 

 

Figure 7 Experimental setup 
Platelet lysates were prepared by freeze-thaw method on platelet units from the Icelandic Blood Bank. MSCs were 

seeded in 10% PIPL for one passage and then expanded in either 10% PIPL or 10% R-PIPL. When suitable amount had 

been obtained, cells were harvested and seeded for experiments. For proliferation, cells were expanded in three flasks for 

each treatment. Osteogenic differentiation was evaluated with alkaline phosphatase (ALP) assay, Alizarin red staining and 

gene expression but adipogenic differentiation was assessed with Oil red O staining and gene expression. 

Glycosaminoglycan (GAG) assay, Hematoxylin & Eosin (HE) staining and Masson’s trichrome (Mtri) staining were used to 

evaluate chondrogenic differentiation potential of MSCs. Alizarin red was used for evaluation of endochondral ossification. 
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The experimental setup can be seen in figure 7. Freeze-thaw method was used on platelet units from 

the Icelandic Blood Bank to prepare platelet lysates (hPL). Media was prepared, 10% PIPL containing 

heparin and 10% R-PIPL with CPD. MSCs were seeded in 10% PIPL for one passage and then 

expanded in either 10% PIPL or 10% R-PIPL. Cells were harvested and seeded for experiments when 

suitable amount had been obtained.  

MSCs from two donors were expanded and proliferation examined in three 25 cm2 flasks for each 

treatment. Osteogenic and adipogenic differentiation was initiated on MSCs from three donors but 

chondrogenic differentiation and endochondral ossification on two donors. Osteogenic differentiation 

was evaluated with alkaline phosphatase (ALP) assay, Alizarin red staining and gene expression but 

adipogenic differentiation was assessed with Oil red O staining and gene expression. 

Glycosaminoglycan (GAG) assay, Hematoxylin & Eosin (HE) staining and Masson’s trichrome (Mtri) 

staining was used to evaluate chondrogenic differentiation potential of MSCs. Alizarin red staining was 

used for evaluation of endochondral ossification. 

 

 

3.2 Preparation of human platelet lysates 
Human platelet lysates were prepared from 27 units of expired platelet concentrates, prepared from 

material donated by 104 healthy blood donors in the Icelandic Blood Bank (Reykjavík, Iceland). Five 

batches of lysate were made with approximately 20 donors behind each batch to limit the variability. 

The units had been properly prepared and stored by the Icelandic Blood Bank according to blood bank 

standards for use in platelet transfusion. After the expiration date had been reached they were stored 

in freezer (-20°C) until hPL production. 

Freeze-thaw cycling method was used to make the lysates. Units were thawed in 37°C water bath 

(ELMA Transsonic TI-H-20, D-78224, Singen/Htw) and then frozen again (-20°C), this was repeated 

three times. After the third time of thawing, the lysed content of the platelet units was divided to 50 ml 

falcon tubes. The tubes were then centrifuged (Thermo Scientific Heraeus Multifuge X3 Centrifuge, 

Thermo Scientific, Rockford, IL, USA) for 20 minutes at 5.000 g, the supernatant was collected and 

the remaining pellet discarded. This procedure was repeated and the supernatants were filtered with 

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

30II, Ameda Egnell Inc, Swizerland) and pooled into platelet lysates before being aliquoted and stored 

in 50 ml falcon tubes (Falcon, Franklin Lakes, NJ, USA) at -20°C until use. 
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3.3 Preparation of culture media 

3.3.1 Preparation of complete culture media 
Complete culture media consisted of DMEM F12 + Glutamax (Gibco) containing 1% 

penicillin/streptomycin (P/S, Gibco) and 10% of either PIPL or R-PIPL. To make PIPL or R-PIPL, 

platelet lysate was centrifuged at 3.000 g for 10 min for PIPL and 20 minutes for R-PIPL. For PIPL, the 

resulting supernatant was added immediately to 1% P/S + DMEM F12 + Glutamax medium along with 

4IU/ml of heparin (Leo Pharma) but for R-PIPL, CPD (CompoFlow) was added. CPD consists of 4% 

Sodium Citrate dehydrate, Citric acid monohydrate, NaH2PO4 dihydrate, Glucose monohydrate and 

water. The platelet lysate + CPD was centrifuged again at 3.000 g for 20 min and the supernatant 

added to the 1% P/S + DMEM F12 + Glutamax medium. After the PIPL and R-PIPL were added, the 

complete culture media was referred to as 10% PIPL and 10% R-PIPL respectively. This 

nomenclature will be used henceforth in this thesis. Working media was allowed to reach 37°C before 

use. For a list of ingredients, see table 3. 

 

Table 3 Ingredients of cell culture media 
Culture media with PIPL and R-PIPL was prepared. The following volumes made 10% PIPL and 10% R-PIPL.  

PIPL 500 ml 

5 ml 

45 ml 

400 µl 

DMEM F12 (1:1) + Glutamax medium 

Penicillin/ Streptomycin (P/S) 

Platelet lysates 

Heparin 5000IU/ml 

Gibco, Grand Island, NY, USA 

Gibco, Grand Island, NY, USA 

The Blood bank, Reykjavík, Iceland 

Leo Pharma, A/Sm Ballerup, Denmark 

R-PIPL 500 ml 

5 ml 

45 ml 

5ml 

DMEM F12 (1:1) + Glutamax medium 

Penicillin/ Streptomycin (P/S) 

Platelet lysates 

4% Citrate phosphate dextrose (CPD) 

Gibco, Grand Island, NY, USA 

Gibco, Grand Island, NY, USA 

The Blood bank, Reykjavík, Iceland 

CompoFlow, Fresenius kabi, Germany 
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3.3.2 Preparation of complete differentiation culture media 
For osteogenic differentiation, ascorbic acid, dexamethasone, BMP2 and β-glycerophosphate was 

added to pre-prepared 10% PIPL and 10% R-PIPL media. Ascorbic acid, dexamethasone, sodium 

pyruvate, L-proline, ITS+ and TGF-β3 were added to the media for chondrogenic differentiation but 

StemPro Adipocyte differentiation kit was used for adipogenic differentiation. Detailed description of 

each differentiation media is shown in table 4. 

 

Table 4 Ingredients of differentiation media 
Differentiation media was prepared for osteogenic, chondrogenic and adipogenic differentiation. 

Osteogenic 

media 

45 ml 

50 µl 

50 µl 

50 µl 

108 mg 

10% PIPL or 10% R-PIPL 

Ascorbic acid 50 mM  

Dexamethasone 0,1 mM  

BMP-2 50 ng/µl 

β-glycerophosphate disodium salt 

hydrate 

 

Sigma, Missouri, SL, USA 

Sigma, Missouri, SL, USA 

Peprotech, Rocky Hill, USA  

Sigma, Missouri, SL, USA 

Chondrogenic 

media 

45 ml 

50 µl 

50 µl 

500 µl 

500 µl 

500 µl 

5 µl 

10% PIPL or 10% R-PIPL 

Ascorbic acid 50 mM  

Dexamethaone 0,1 mM 

Sodium pyruvate 1 mM 

L-proline 40 µg/ml 

ITS+ 

TGF-β3 10 ng/µl 

 

Sigma, Missouri, SL, USA 

Sigma, Missouri, SL, USA 

Sigma, Missouri, SL, USA 

Sigma, Missouri, SL, USA 

Gibco, Grand Island, NY, USA 

Peprotech, Rocky Hill, USA 

Adipogenic 

media 

22,5 ml 

 

2,5 ml 

0,25 ml 

2,5 ml 

20 µl 

0,25 ml 

StemPro® Adipocyte Differentiation 

Basal Medium 

StemPro® Adipocye supplement 

Penicillin/Streptomycin (P/S) 

Platelet lysate (hPL) 

Heparin 5000IU/ml 

4% CPD 

Gibco, Grand Island, NY, USA 

 

Gibco, Grand Island, NY, USA 

Gibco, Grand Island, NY, USA 

The Blood Bank, Iceland 

Leo Pharma, Ballerup, Denmark 

CompoFlow, Germany 

 

 

3.4 Cell culture 
Mesenchymal stromal cells were purchased from Lonza, Basel, Switzerland. Cells were seeded and 

harvested in two different media treatments, 10% PIPL and 10% R-PIPL (table 3). 
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3.4.1 Seeding of Mesenchymal stromal cells 
Frozen cryovial of bone marrow-derived MSCs purchased from Lonza were obtained from -180°C 

liquid nitrogen container and placed inside of a sterile hood (Holten LaminAir, Model 1.5, Thermo). 

The cap was loosened to release pressure and retightened before the cryovial was defrosted in a 

37°C water bath. Cells were transferred to a 15 ml tube containing 5 ml of pre-warmed 10% PIPL. This 

was followed by centrifugation for 5 min at 609 g, the supernatant discarded and the cells 

resuspended in 1 ml culture media. 20 ml of media was added to a 75 cm2 culture flask (Nunc 

Penfield, NY, USA), along with the resuspended cell solution. The culture flask was placed in a 37°C 

incubator with 5% CO2, 95% H2O (Steri-Cult CO2 Incubator HEPA class 100, Thermo). Complete 

media change was performed every other day. 

 

3.4.2 Harvesting of Mesenchymal stromal cells 
When the cells had reached 80% - 90% confluency the culture flasks were obtained from the incubator 

and placed in a sterile cell culture hood. The media was discarded from the culture and 5 ml PBS (67 

µl/cm2) (Gibco) added to wash away excess media. PBS (Gibco) was discarded and 5 ml warmed 

0.25% Trypsin-EDTA (Gibco) added to release the cells from the plastic surface. The culture flask was 

put in the incubator for 5 min and pre-warmed media added immediately after to neutralize and stop 

the enzymatic reaction. The media was used to wash the interior of the flask and the cell solution 

transferred to a 15 ml tube. The cell solution was centrifuged at 609 g for 5 min, supernatant discarded 

and the cell pellet resuspended in 1 ml media. The cells were counted and relevant number of cells 

reseeded based on the type of experiment to be performed. 

3.4.2.1 Cell enumeration 
Stained cell solution was prepared in a microtube (Sarstedt, Nümbrech, Germany). It contained 50 µl 

Trypan blue (Gibco, Gran Island, NY, USA), 30 µl PBS (Gibco) and 20 µl of the cell solution. Neubauer 

hemocytometer counting chamber (Assistant, Munich, Germany) was used to count and number of 

cels determined using equation 1. 

 

Equation 1 Cell concentration per milliliter.  
Cell concentration seeded in each passage was determined with the 

following formula. Cells were counted in duplicate and the mean used in 

the formula. The mean is divided with 4 which is the large squares of the 

hemocytometer, the dilution factor is 5 and 104  is the conversion factor for 

converting to ml. 

𝐶𝑒𝑙𝑙𝑠
𝑚𝑙

=
𝑀𝑒𝑎𝑛  𝑐𝑒𝑙𝑙  𝑐𝑜𝑢𝑛𝑡

4
   ∙ 5   ∙ 10! 
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3.5 Morphological analysis 
Observation of morphology was performed with an inverted microscope (Infinity Leica DM IRB 

microscope, Leica Microsystems Inc, IL, USA) and pictures taken of the cell culture at different time 

points with Infinity capture application vs 5.0.2 (Lumenera corporation, Ottawa, USA).  

 

3.6 Population doubling assay 
Population doubling assay was done with two donors (D6 and D13) from passage 2 to passage 11 

(approximately 12 weeks) to observe growth and proliferation rate. MSCs were seeded in 75 cm2 

culture flasks for three passages and then transferred to 25 cm2 culture flasks to monitor proliferation. 

Cells were seeded in each treatment in triplicate at the density of 5500 cells/cm2. Media change was 

performed every 2-3 days and when confluent or at the latest of day 10, cells were harvested, counted 

and reseeded to a new passage. Equation 2 was used to determine the population doublings. 

 

Equation 2 Population doubling assay.  
The formula used to determine the population doubling of MSCs 

expanded in PIPL or R-PIPL. NH is the number of cells harvested after 

each passage and N1 the number of cells seeded at the beginning of 

each passage. 

𝑃𝐷 =
log!"(𝑁𝐻) − log!"(𝑁1)

log!"(2)
 

 

3.7 Osteogenic differentiation 
Osteogenic differentiation was initiated on three donors (D6, D13 and D14). MSCs were grown in 75 

cm2 culture flasks first in 10% PIPL and then in either 10% PIPL or 10% R-PIPL before osteogenic 

initiation. Four time-points where considered in osteogenic differentiation, day 7, 14, 21 and 28 in 

addition to the undifferentiated cells as a negative control where MSCs were cultured in regular media 

for 7 days. Cultures were set up in 12-well and 6-well plates according to figure 8 and cells expanded 

in osteogenic media (table 4). Osteogenic characteristics were examined with alkaline phosphatase 

assay (ALP), Alizarin red staining and quantification in addition to gene expression. Cells were seeded 

at the density of 3500 cells/cm2 for the differentiation and at 5500 cells/cm2 for the control. Media 

change was performed every 2-3 days. 
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Figure 8 Osteogenic differentiation setup.  
MSCs were seeded in 12-well plates for osteogenic differentiation, alkaline phosphatase assay and Alizarin red 

staining (A,B) and 6-well plate for gene expression (C,D). Setup for day 7 represents the setup for days 14, 21 

and 28 as well.  

 

3.7.1 Alkaline phosphatase assay 
Alkaline phosphatase activity assay was performed at each time-point, day 7, 14, 21 and 28 to 

evaluate the activity in developing osteoblasts. The media was discarded from the wells and they 

washed three times with 1 ml PBS. Previously prepared 0.02% Triton X-100 in PBS was added, the 

wells scraped and the content of each well moved to a labeled microtube. The tubes were vortexed at 

full speed for approximately 30 seconds and centrifuged at 16.100 g at 4°C for 15 min (Eppendorf AG, 

Hamburg, Germany). From each sample, 500 µl supernatant was transferred to a new tube and the 

pellet discarded. 500 µl pNPP solution (1 pNPP tablet and 1 TRIS buffer tablet added to 5 ml of dH2O; 

Sigma) was added to each sample and a blank that contained 500 µl of 0.02% Triton X in PBS. The 

solutions were blended and incubated for 30 min at 37°C in the dark. After the incubation, 300 µl of 

each sample were put in triplet to a 96-well plate and measured at 400 nm with Multiskan® spectrum 

spectrometer (Thermo Scientific, Vantaa, Finland). Alkaline phosphatase activity was determined with 

equation 3. 

 

 

 

C. D. 

A. B. 
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Equation 3 Alkaline phosphatase activity.  
Formula to determine the nMol of p-nitrophenol released by 

alkaline phosphatase activity per minute. Time is the incubation 

time in minutes and 18,8 is the extinction coefficient. 

𝑛𝑀𝑜𝑙 =
𝑝 − 𝑛𝑖𝑡𝑟𝑜𝑝ℎ𝑒𝑛𝑜𝑙

𝑚𝑖𝑛
=
𝑂𝐷/18,8
𝑇𝑖𝑚𝑒

   ∙ 1000 

 

 

3.7.2 Alizarin red staining 
Alizarin red staining was performed to determine the mineralization of the differentiated cells. Media 

was discarded from the wells and cells washed with PBS three times for 1 min at a time. 

Paraformaldehyde (4%) was put in the wells for cell fixation and the plate stored at 4°C until staining. 

Staining was performed at all time-points, day 7, 14, 21 and 28 in addition to a negative control for 

comparison.  

3.7.2.1 Staining procedure 
Alizarin red staining was performed when day 28 of differentiation was completed. Paraformaldehyde 

was discarded from the wells and washed with 1 ml dH2O three times for 5 min on a rotating plate 

shaker (Heiolph). Staining incubation was done at room temperature with 1 ml Alizarin red solution for 

20 min on the shaker, Alizarin red S powder (Sigma-Aldrich) was dissolved in dH2O to the 

concentration of 2%. The wells were then washed again with 1 ml dH2O for 5 min, four times. The 

plates were dried upside down over night and images taken with infinity capture (Lumenera 

corporation, Ottowa, USA). 

3.7.2.2 Quantitation 
The day after staining, plates were incubated with 1 ml dH2O over-night and quantitation performed. 

Centyl-pyridinum chloride monohydrate (Sigma) was prepared to 10% with dH2O and 1 ml of the 

solution added to the wells after disposing of dH2O. Plates were incubated for 15 min on a rotating 

shaker. Samples were transferred to Eppendorf tubes and centrifuged at 16.100 g for 10 min. To a 96-

well plate, 150 µl of sample was added in triplicates and the optical density measured at 562 nm with 

Multiskan® spectrum spectrometer (Thermo Scientific, Vantaa, Finland). 

 

3.7.3 Gene expression 
Cells were harvested at day 7, 14, 21 and 28 in culture for gene expression. Media was poured out 

and the wells washed with 0.64 ml PBS. The same amount of trypsin was then added and incubated 

at 37°C for 5 min. To neutralize the digestion, 0.64 ml media was added to each well. Samples moved 

from the wells into 15 ml tubes, triplicates combined, and centrifuged for 5 min at 609 g. Supernatant 

was then discarded and 0.75 ml TRIreagent (Ambion, The RNA company, USA) used to resuspend 

the pellet. Samples were transferred to RNase-free eppendorf tubes (Life Technologies, Thermo) and 

frozen at -80°C until isolation. 
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3.7.3.1 RNA isolation 
Isolation was preformed simultaneously for all samples. Samples were vortexed for few minutes and 

incubated for 5 minutes at room temperature. RNA extraction was performed by adding 200 µl of 

chloroform to each sample and then centrifuged at 12.000 g for 15 min at 4°C. The supernatant was 

transferred to RNase free elution tubes. RNA precipitation was done using 500 µl of isopropanol 

(Merck). Samples were vortexed, incubated at room temperature for 8 minutes, and then centrifuged 

at 12.000 g for 8 minutes at 10°C. Supernatant was discarded and 1 ml of 75% ethanol added. 

Samples were centrifuged at 7.500 g for 5 minutes at 22°C, the ethanol discarded and the remaining 

RNA pellet air-dried briefly. RNA solubilization was done by adding 50 µl of RNase free water and 

incubated for 12 minutes at 58°C in a heatblock.  

Lastly RNA clean-up was performed with RNeasy mini kit (Qiagen, Hilden, Germany). To each 

sample, 300 µl RLT buffer (Qiagen) with b-mercaptoethanol (10 µl b-merc per 1 ml buffer) (Sigma) 

was added along with 350 µl of 70% ethanol. Samples were then transferred to RNeasy spin columns 

(Qiagen) and placed in a 2 ml collection tube. Centrifuged at 16.100 g for 15 sec and the flow through 

discarded. To the column, 700 µl RW1 buffer (Qiagen) was added and centrifuged again at 16.100 g 

for 15 sec. The flow through was discarded and 500 µl buffer RPE (Qiagen) added to the column, then 

centrifuged as before. The column was then placed in a new 2 ml collection tube and centrifuged at 

16.100 g for 1 minute. The column was transferred to a 1.5 ml collection tube, 50 µl RNase free water 

added and centrifuged for 1 min again at 16.100 g. The flow through was used but the column 

discarded, 2 µl of each sample was frozen in 0.5 ml RNase free tubes (Life Technologies, Thermo) at  

-80°C and the rest in a 1.5 ml tube until reverse transcription.  

3.7.3.2 cDNA Reverse transcription 
Master mix was prepared with 8 µl nuclease free water, 5 µl RT buffer and random primers, 2.5 µl 

RNase inhibitor and multiscripe™ Reverse Transcriptase and 2 µl dNTP. This volume was multiplied 

with the sample number plus one extra. 

To a RNase free cDNA tubes 25 µl master mix and sample were added and put in a thermal cycler 

(Veriti, Applied biosystems) with the condition of 25°C for 10 minutes, 37°C for 120 minutes, 85°C for 

5 seconds and then 4°C until put in the freezer (-20°C). 

3.7.3.3 Real-time quantitative polymerase chain reaction 
RT-qPCR was done with CFX93 Thermal Cycler (Bio-Rad) using multiplex technique. All qPCR 

primers and probes were obtained from the integrated DNA Technologies as premixed assays except 

for COL1A2 but the primers and probe were obtained from them as well in separate. Genes RUNX2 

(Integrated DNA Technologies; Hs.PT.56a.19568141-FAM) and COL1A2 (Integrated DNA 

Technologies; PrimerPool: (Primer 1) CCTTCAATCCATCCAGACCAT and (primer 2) 

GTGAGAGAGGAGTTGTTGGAC and the probe: CCCTAATGCCTTTGAAGCCAGGAAGT-TEX615) 

were tested in addition to the housekeeping gene TBP (Integrated DNA Technologies; 

Hs.PT.58.20792004-Cy5). A reaction of 20 µl was run for each sample in a 96-well plate in triplicates. 

The reaction mix contained 10 µl PrimeTime Gene Expression Master Mix (Integrated DNA 

Technologies, Belgium), 1 µl of each primer-probe assays (Integrated DNA Technologies), 4 µl 
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nuclease free H2O and 2 µl sample cDNA, per sample. The cycling program used can be seen in table 

5. All experiments were performed according to manufacturer’s protocols. 

 

Table 5 RT-qPCR cycling protocol 
Genes were amplified using CFX93 thermal cycler (Bio-Rad). The following cycle conditions were used. 

Step Cycles Temperature Min:sec 

Polymerase activation 1 95 °C 3:00 

Amplification: 39   

Denaturation  95°C 0:15 

Annealing  60°C 1:00 

 

3.8 Chondrogenic differentiation 
Chondrogenic differentiation was initiated on two donors (D6 and D13). MSCs were grown in 75 cm2 

culture flasks first in 10% PIPL and then in either 10% PIPL or 10% R-PIPL before chondrogenic 

initiation. Cells were seeded at a density of 250000 cells/pellet. Two different methods for 

chondrogenic differentiation were tested. One method consists of making pellets at a bottom of a 

microtube (pellet method) but the other at the center of a well in a 24-well plate (micromass method). 

Three time-points where considered, day 14, 28 and 35 for the differentiation in addition to the 

negative control where cells were grown in regular media for 14 days. Cells were expanded in 

chondrogenic media (table 4) for differentiation and cartilage pellets where examined with 

glycosaminoglycan assay (GAG) and the histological stainings, Hematoxylin & Eosin and Masson’s 

trichrome.  

3.8.1 Glycosaminoglycan quantitation 
3.8.1.1 Preparation 
To evaluate glycosaminoglycan content at each time-point, GAG assay was performed. Papain 

extraction reagent was prepared with 45 ml H2O, 12.78 mg Na2HPO4 (Sigma), 0.369g sodium acetate 

(Sigma), 0.1665g Na2EDTA (Sigma) and 36 mg cysteine HCl (Sigma). To the sodium phosphate 

buffer, 36 µl crystallized papain suspension (Sigma) was added. Pellets from 3-4 tubes were collected 

and combined in a microtube, all the media around the samples was aspirated and 500 µl papain 

extraction reagent added. Samples were then placed in a heat block for 4-7 hours at 65°C. When the 

pellets had dissolved, the microtubes were centrifuged at 16.100 g for 10 minutes. The supernatant 

was transferred to a new microtube and the deposit discarded. Samples were then frozen at -80°C 

until all time points had passed.  

3.8.1.2 Assay procedure 
Standards (Biocolor, Carrickfergus, UK) were prepared to concentration of 1-5 µg with Papain 

extraction reagent as shown in table 6.  
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Table 6 Preparation of GAG standards 

Standards were made in eppendorf tubes according to manufacturer protocols and used in triplicates. 

Concentration GAG (µg) Standard (µl) Papain extraction reagent 
(µl) 

5 50 100 

4 40 110 
3 30 120 
2 20 130 
1 10 140 

0 (Blank) 0 150 

 

Blyscan dye reagent (1 ml) and 100 µl of sample or standard were mixed together on a mechanical 

shaker for 30 minutes. Tubes were then centrifuged for 10 minutes at 16.100 g and the supernatant 

discarded. To each tube, 500 µl of Dissociation reagent was added and vortexed. 150 µl of each 

sample was added to a 96-well microplate in triplicates and optical density measured at 656 nm. The 

blank was subtracted from all measurements and a standard curve plotted. Concentration was 

determined with equation 4 where the concentration was devided by the number of pellet used at each 

time-point. 

Equation 4 Glycosaminoglycan concentration  
Concentration of glycosaminoglycan was determined with the following 

equation. Standard curve was plotted and concentraiton determined 

accordinly. y is the obtained optical density of each sample, b is the y-

intercept and a is the slope of the line.  

𝑥 =
𝑦 ± 𝑏
𝑎

 

 

3.8.2 Staining 
Two cell pellets from each time-point  and both methods (pellet and micromass) were fixated and sent 

to the Department of Pathology (Landspitali, Háskólasjúkrahús, Reykjavík, Iceland) where Masson’s 

trichrome and Hematoxylin & Eosin staining was performed according to their procedure. At each 

time-point, pellets were washed three times with 3 ml of PBS for 1 min, paraformaldehyde then added 

and stored at 4°C. 

3.8.3 Endochondral ossification 
When chondrogenic differentiation had been carried out with micromass method and the pellets 

removed from the 24-well plates for staining, additional cells remained attached in monolayer. 

Osteogenic media (table 4) was added to the wells to initiate endochondral ossification. Endochondral 

ossification was carried out for additional 28 days. At day 28 of endochondral ossification (day 56 and 

63 after initial seeding for chondrogenic differentiation), wells were washed with 500 µl PBS and 500 µl 

paraformaldehyde added until Alizarin red staining was performed (see chapter 3.8.3). 



  

40 

3.9 Adipogenic differentiation 
Adipogenic differentiation was initiated on three donors (D6, D13 and D14). MSCs were grown in 75 

cm2 culture flasks, first in 10% PIPL and then in either 10% PIPL or 10% R-PIPL before adipogenic 

initiation. Regular media (table 3) was used for the first 3 days of differentiation and then replaced with 

adipogenic media (table 4). Two time-points were considered for adipogenic differentiation, day 7 and 

14 in addition to a negative control where cells were cultured in regular media for 7 days. 

Differentiation was evaluated with Oil red O staining and gene expression. Cells were seeded at the 

density of 1000 cells/cm2 for differentiation and at 5500 cells/cm2 for the negative control. Media was 

changed every 2-3 days. 

3.9.1 Oil red O 
Oil red O staining was performed after day 14 in differentiation. Wells were washed three times with 1 

ml of PBS for 1 min, cells fixed with paraformaldehyde and stored at 4°C until sent to the Department 

of Pathology (Landspitali, Háskólasjúkrahús, Reykjavík, Iceland) where staining was performed 

according to their procedure. 

3.9.2 Gene expression 
Gene expression was performed on adipogenic differentiation after day 14. RNA isolation, cDNA 

synthesis and RT-qPCR was performed as previously described (see chapter 3.8.3). All qPCR primers 

and probes were obtained from the integrated DNA Technologies as premixed assays. Genes PPARG 

(Integrated DNA Technologies; Hs.PT.58.25464465-FAM) and ADIPOQ (Integrated DNA 

Technologies; Hs.PT.58.39189358-HEX) were tested in addition to the housekeeping gene TBP 

(Integrated DNA Technologies; Hs.PT.58.20792004-Cy5). Reaction volume of 20 µl was added to 96-

well plate in triplicates. The reaction mix contained 10 µl PrimeTime Gene Expression Master Mix 

(Integrated DNA Technologies), 1 µl of each primer-probe assays (Integrated DNA Technologies), 5 µl 

nuclease free H2O and 2 µl cDNA per sample. 

 

3.10 Statistical analysis  
The statistical software Graphpad® version 7.0 was used for statistical analysis. Two-way ANOVA was 

used where possible to confirm statistical significance and results presented as mean with SEM as 

error bars. Correction for multiple comparisons was done using Bonferroni test. Relative gene 

expression was calculated with the ΔΔCT method using TBP as a reference gene (Equation 5). 

 

Equation 5 Relative gene expression 
Relative expression was determined with the following equation. E is the efficiency 

of primers and CT is the cycle threshold, the number of cycles required for the 

signal to cross the threshold. TBP was used as a reference gene for all samples. 

𝑅𝑎𝑡𝑖𝑜 =
𝐸(𝑇𝑎𝑟𝑔𝑒𝑡)∆!"(!"#$%"&!!"#!"#)

𝐸(𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)∆!"(!"#$%"&!!"#$%&)
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4 Results 

4.1 Morphology 
Morphology was examined visually and images taken in an inverted microscope at 50x magnification 

during expansion in growth with medium supplemented with PIPL or R-PIPL. Comparison of the 

morphology showed a similarity between cultures in both media. MSCs cultured in 10% R-PIPL 

revealed flatter shaped and more adherent cells than in culture with 10% PIPL. MSCs grown in 10% 

PIPL showed circular growth patterns but in 10% R-PIPL the pattern appeared more regulated and 

denser (figure 9). 

 

Figure 9 Growth of MSCs cultured with 10% PIPL or 10% R-PIPL 

Images of MSCs at two different time-points, at day 3 and 5 days in culture with 10% PIPL or 10% R-PIPL 

supplemented media (n=5). Images are representative of five experiments with different donor cells each time. 

Morphology of the cells was similar but cells grown in 10% PIPL expanded more rapidly than in 10% R-PIPL. 

Images were taken using an inverted microscope at 50x magnification.  
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4.2 Population doubling assay 
Mesenchymal stromal cells from two donors (D6 and D13) were expanded and quantified at the end of 

each passage for the population doubling assay. No significant difference was observed between cells 

in 10% PIPL and 10% R-PIPL. MSCs cultured in 10% PIPL supplemented media exhibited slightly 

higher expansion rate than MSCs cultured in 10% R-PIPL supplemented media but the difference was 

not significant (figure 10). Cells exhibited continuous growth pattern until passage 7 when they started 

to slow down and entered a plateau state. The highest PD number was reached by the end of P2 with 

the number of 3.020 ± 0.224 in 10% PIPL and 2.746 ± 0.498 in 10% R-PIPL (figure 11). 

 

 

Figure 10 Cumulative population doublings of MSCs 

The average cumulative population doublings for two donors (D6 and D13) is shown with the standard error of 

the mean (SEM) as error bars. No significant difference can be seen in expansion of MSCs cultured with PIPL 

supplemented media or R-PIPL supplemented media (n=6 at each time point, p<0.05). Similar growth curve 

was apparent throughout all passages and data is representative for two donors each including three 

experiments. 
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Figure 11 Population doublings of MSCs 

The average PD for two donors (D6 and D13) is shown with the standard error of the mean (SEM) as error bars. 

No significant difference can be seen in expansion of MSCs cultured with PIPL supplemented media or R-PIPL 

supplemented media (n=6 at each time point, p<0.05). 

 

4.3 Osteogenic differentiation 

MSCs were differentiated to an osteogenic lineage with osteogenic media supplemented either with 

PIPL or R-PIPL. For a negative control, undifferentiated cells were grown in regular media.  

4.3.1 Osteogenic morphology 
MSCs were imaged after day 7, 14, 21 and 28 days in osteogenic culture. Throughout the osteogenic 

differentiation, fibroblast-like morphology decreased, replaced with cuboidal shape. At day 28 in 

osteogenic media, MSCs were confluent and mineralization was apparent. No morphologic difference 

could be observed between treatments (figure 12).  

2 3 4 5 6 7 8 9 10 11
-2

-1

0

1

2

3

4

Population doubling

Passage

P
op

ul
at

io
n 

do
ub

lin
gs

10%PIPL
10%R-PIPL



  

44 

 

Figure 12 Morphology of MSCs during osteogenic differentiation 

MSCs were expanded in osteogenic media supplemented with PIPL or R-PIPL for osteogenic differentiation. 

Images were taken at day 7, 14, 21 and 28 in osteogenic differnetiation. Undifferentiated MSCs were used as a 

negative control for comparison. Images are representative of three experiments, each in triplicates (n=9) and 

were taken at 50x magnification. 
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4.3.2 Alkaline phosphatase assay 
MSCs were cultured for 7, 14, 21 and 28 days in osteogenic media. In addition, cells were cultured in 

regular media and used as a negative control. At each time-point, ALP activity was measured in nMol 

(p-nitrophenol)/min protein. For both treatments, ALP increased until day 14 after which a slight 

decline was observed. ALP activity showed no significant difference, neither between treatments nor 

between days in differentiation (figure 13). 

 

Figure 13 ALP activity in osteogenic culture 

The average ALP activity for MSCs from three donors (D6, D13 and D14) (n=9) with SEM as error bars, after 7, 

14, 21 and 28 days in oseogenic culture. Increase in ALP activity is apparent at day 7 but no significant 

difference (p>0.05) is between PIPL and R-PIPL supplemented media.  

 

4.3.3 Alizarin red 
MSCs cultured for 7, 14, 21 and 28 days in osteogenic media supplemented either with PIPL or R-

PIPL as well as the negative control were stained with Alizarin red staining for observation of 

mineralization. Staining was visually examined and imaged in an inverted microscope at 50x 

magnification. Rapid increase in mineralization can be seen with time up to day 14 after which the 

activity reduced in both 10% PIPL and 10% R-PIPL. Images show a difference in staining between 

treatments at day 7 (figure 14) but when quantified no significant difference could be seen in 

mineralization. Difference in mineralization between negative control and osteogenic culture reached 

significance at day 14 in 10% PIPL (0.084 ± 0.008 OD562, p≤0.05) but not until day 28 in 10% R-PIPL 

(0.083 ± 0.004 OD562, p≤0.05) were it was equal to 10%PIPL (0.083 ± 0.002 OD562) (figure 15). 

Figures from donor 13, which showed a slightly different staining pattern, can be seen in appendix A. 

Contro
l 7 14 21 28

0.0000

0.0001

0.0002

0.0003

0.0004

Alkaline phosphatase activity

Days

nM
ol

 (p
-n

itr
op

he
no

l)/
m

in 10%PIPL
10%R-PIPL



  

46 

 

Figure 14 Alizarin red staining of MSCs during osteogenic differentiation 

MSCs were expanded in osteogenic media supplemented with PIPL or R-PIPL for osteogenic differentiation. 

Images were taken at day 7, 14, 21 and 28 of osteogenic differentiated MSCs in addition to negative control for 

comparison. Images are representative of three experiments, each experiment in triplicate (n=9) and were taken 

at 50x magnification. 
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Figure 15 Alizarin red quantitation 

MSCs were stained with Alizarin red, the staining quantified and the optical density (OD) measured at 562 nm to 

evaluate osteogenic differentiation. Cells were  grown in osteogenic media for 7, 14, 21 and 28 days, in addition 

to the negative control. SEM is shown as error bars. No significant difference (p>0.05) is apparent between 

miniralization in cultures with 10% PIPL or 10% R-PIPL. There is a significant difference between (p≤0.05) 

control and day 14 in 10% PIPL and the control and day 28 in 10% R-PIPL. Three donors are behind data (n=9). 

 

4.3.4 Gene expression 
Samples were obtained from MSCs grown in PIPL or R-PIPL supplemented media from three donors 

(D6, D13 and D14) after osteogenic differentiation for 7, 14, 21 and 28 days as well as negative 

control where cells had been cultured in non-differentiation media for 7 days. Gene expression of 

RUNX2 and COL1A2 was analyzed.  

To determine osteogenic differentiation, relative expression (RE) of osteogenic markers was 

determined in relation to day 7. RUNX2 expression increased over the time of osteogenic 

differentiation in 10% R-PIPL but in 10% PIPL it had started to decrease at day 28. The highest 

expression was observed at day 21 in 10% PIPL (2.018 ± 0.612 RE, p>0.05) but at day 28 in 10% R-

PIPL (2.216 ± 0.366 RE, p>0.05). Even though increase can be observed, no significant difference 

was apparent between days (figure 16A). COL1A2 expression was highest at day 14 in both 10% 

PIPL (1.336 ± 0.464 RE) and 10% R-PIPL (1.540 ± 0.658 RE). Expression was lower at days 21 and 

28 in 10% PIPL but increased again at day 28 in 10%R-PIPL (figure 17A). Relative expression in 10% 

R-PIPL was calculated at each time-point with 10% PIPL as a reference. No significant difference can 

be observed between treatments at any time-point either in RUNX2 (figure 16B) or in COL1A2 (figure 

17B) expression.  
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A.  

B.  

Figure 16 Relative expression of RUNX2 

Relative expression of RUNX2 in different supplemented media, 10% PIPL or 10% R-PIPL with SEM as error 

bars (n=9). Relative expression was calculated with day 7 in osteogenic differentiation as a reference (A). 

Increase can be observed at each time-point but not of significant difference (p>0.05). Relative expression in 

10% R-PIPL was calculated at eact time-point with 10% PIPL as a reference (B). Negative control is 

undifferentiated cells. No significant difference can be observed between treatments (p>0.05). 
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A.  

B.  

 

Figure 17 Relative expression of COL1A2 

Relative expression of COL1A2 in different supplemented media, 10% PIPL or 10% R-PIPL with SEM as error 

bars (n=9). Relative expression was calculated with day 7 in osteogenic differentiation as a reference (A). 

Stable expression can be observed troughout differentiation with no significant difference (p>0.05). Relative 

expression in 10% R-PIPL was calculated at eact time-point with 10% PIPL as a reference (B). Negative 

control is undifferentiated cells. No significant difference can be observed between treatments (p>0.05). 
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4.4 Chondrogenic differentiation 
MSCs were differentiated to chondrogenic lineage with chondrogenic media supplemented either with 

PIPL or R-PIPL. Undifferentiated cells grown in regular media were used as negative control. 

4.4.1 GAG  
MSCs were grown in microtubes containing chondrogenic media for 14, 28 and 35 days. 

Glycosaminoglycan concentration was measured to evaluate the production of extracellular matrix in 

chondrogenic cultures per pellet. No significant difference is appeared between MSCs differentiated in 

10% PIPL or 10% R-PIPL. Difference can be observed between days of chondrogenic differentiation. 

The highest concentration can be seen at day 28 both in 10% PIPL (0.685 ± 0.007 µg) and 10% R-

PIPL (0.590 ± 0.003 µg). Significant difference came apparent at day 14 in R-PIPL (p≤0.05) compared 

to day 28 in PIPL (p≤0.05). Significant difference is in concentration between negative control and 

days 28 and 35 in both PIPL and R-PIPL but a difference between days 14 and 28 can be seen in 

PIPL and not in R-PIPL (figure 18). 

 

 

Figure 18 Glycosaminoglycan concentration 

Glycosaminoglycan concentration in µg per chondrogenic pellet with SEM as error bars. MSCs were 

differentiated in chondrogenic media for 14, 28 and 35 days in addition to negative control. No significant 

difference (p>0.05) was noticed between pellets in 10% PIPL or 10% R-PIPL. Significant difference can be 

observed between control and all time-points in 10% R-PIPL but significant difference is between control and 

day 28 and 35 in 10% PIPL where the difference is the same in 10% PIPL and 10% R-PIPL. Data is 

representative for two experiments (n=6).  * = p≤0.05 ** = p≤0.01 *** = p≤0.001 
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4.4.2 Chondrogenic stainings 
MSCs were grown in chondrogenic media for 14, 28 and 35 days, both in tubes and plates. The 

following results are representative of tube-method but Appendix D shows a comparison between the 

pellet and micromass method. Pellets were sectioned and stained with Hematoxylin & Eosin (HE) and 

Masson’s thrichrome (Mtri) for evaluation of chondrogenic differentiation. When MSCs began 

differentiation, cell-cell and cell-ECM interactions increased, cells became hypertrophic, nuclei count 

decreased, seen with the decreasing purple stain in HE staining. Extracellular matrix increased, 

stained pink in H&E staining. Drastic increasing of collagen fibers also came apparent throughout 

chondrogenic differentiation, stained blue with Mtri staining. Cytoplasm is stained red/pink in Mtri. 

Fewer nuclei can be observed in pellets from 10% R-PIPL than in 10% PIPL in addition to darker 

staining of Mtri indicating more collagen formation in 10% R-PIPL (figure 19 and figure 20). Figures 

from the other donor (D6) are displayed in figures 28 and 29 (Appendix C). 
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Figure 19 Hematoxylin & Eosin staining of MSCs during chondrogenic differentiation 

MSCs were expanded in chondrogenic media supplemented with PIPL or R-PIPL for chondrogenic differentiation. 

Hematoxylin & Eosin staining was performed on pellets grown for 14, 28 and 35 days in chondrogenic media, in 

addition to negative control for comparison. Images are representative of two experiments each with two pellets 

(n=4). At day 14, cells had begun to expand in size, extracellular matrix  had increased (pink) and fewer nuclei 

(purple) were apperent. Images were taken at 100x magnification. 
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Figure 20 Masson’s trichrome staining of MSCs during chondrogenic differentiation 

Masson’s trichrome staining was performed on chondorgenic pellets cultured in chondrogenic media for 14, 28 

and 35 days in addition to negative control for comparison. Images are representative of two experiments each 

with two pellets (n=4). At day 14, collagen fibers (blue) had formed and increased over the differentiation. Images 

were taken at 100x magnification. 
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4.5 Endochondral ossification 
MSCs were differentiated to chondrogenic lineage with chondrogenic media supplemented either with 

PIPL or R-PIPL. After 28 and 35 days in culture, chondrogenic media was replaced with osteogenic 

media and cells grown for 28 additional days for endochondral ossification. Day 14 in chondrogenic 

differentiation was used as negative control. 

4.5.1 Alizarin red 
MSCs cultured for 28 days in osteogenic media after chondrogenic differentiation as well as the 

negative control were stained with Alizarin red staining for observation of mineralization through 

endochondral ossification. No significant difference can be observed between treatments but a wide 

variation is between donors in endochondral ossification initiated with 10% PIPL (figure 21). 

Comparison between donors can be seen in figure 27 (appendix B). 

 

 

Figure 21 Alizarin red quantification in endohondral ossification 

MSCs were stained with Alizarin red, the staining quantified and the optical density (OD) measured at 562 nm 

to evaluate endochondral ossification. Cells were  grown in chondrogenic media for 14, 28 and 35 days where 

day 14 was used as negative control. At day 28 and 35, chondrogenic media was replaced by osteogenic 

media and cells grown for 28 more days. No significant difference can be observed between treatments 

(p>0.05). Two donors are behind data where the experiment was done in duplicate (n=4). 

 

4.6 Adipogenic differentiation 
MSCs were expanded in adipogenic media supplemented with PIPL or R-PIPL for 7 and 14 days for 

adipogenic differentiation. Undifferentiated cells were used as a negative control for comparison.  
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4.6.1 Oil red O 

MSCs were stained with Oil red O when all time-points had passed. Oil red O stains the developed 

lipids red and the nuclei blue/purple (figure 22). Slight difference can be observed in the growth 

density between treatments in the negative control but no difference is apparent in adipogenic 

differentiation.  

 

Figure 22 Oil red O staining of MSCs during adipogenic differentiation 

MSCs were expanded in adipogenic media for 7 and 14 days and undifferentiated cells used as a negative 

control. Lipids, stained red increased with time in differentiation. Slight difference can be observed in the 

control between treatments but differentiation appears with the same pattern. Images are representative of 

three experiments (n=9). Images were taken at 100x magnification. 

4.6.2 Gene expression 
Samples were obtained from MSCs grown in 10% PIPL or 10% R-PIPL from three donors (D6, D13 

and D14) after adipogenic differentiation for 7 and 14 days as well as negative control where cells had 

been cultured in non-differentiation media for 7 days. Gene expression of PPARγ and ADIPOQ were 

analyzed. 

Relative expression of adipogenic markers was determined in relation to day 7. At day 14, gene 

expression of the marker PPARγ was significantly higher in both 10% PIPL (1.989 ± 0.152 RE, 

p≤0.05) and 10% R-PIPL (1.697 ± 0.101 RE, p≤0.05) (figure 23A). Gene expression of ADIPOQ is 
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also higher at day 14, 3.591 ± 0.685 RE in 10% PIPL and 6.604 ± 3.938 RE in 10% R-PIPL but not to 

a significant difference (figure 24A). Relative expression in 10% R-PIPL was calculated at eact time-

point with 10% PIPL as a reference. Significant higher expression can be observed in 10% PIPL 

compared to 10% R-PIPL in the negative control and at day 14 (figure 23B). No significant difference 

could be observed between treatments in ADIPOQ expression (figure 24B). 

A.  

B.  

Figure 23 Relative expression of PPARγ 
Relative expression of PPARγ in different supplemented media (n=9), 10% PIPL or 10% R-PIPL with SEM as 

error bars. Relative expression was calculated with day 7 in adipogenic differentiation as a reference (A). 

Significant differnece can be observed between day 7 and day 14 in both 10% PIPL and 10% R-PIPL (p≤0.05). 

Relative expression in 10% R-PIPL was calculated at eact time-point with 10% PIPL as a reference (B). 

Negative control is undifferentiated cells. Significant difference can be observed in gene expression of PPARγ 

between tratments in control (p≤0.001) and at day 14 (p≤0.01)  
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A.  

B.  

Figure 24 Relative expression of ADIPOQ 
Relative expression of ADIPOQ in different supplemented media (n=9), 10% PIPL or 10% R-PIPL with SEM as 

error bars. Relative expression was calculated with day 7 in adipogenic differentiation as a reference (A). 

Increase can be observed between day 7 and day 14 in both 10% PIPL and 10% R-PIPL but not of significant 

difference (p>0.05). Relative expression in 10% R-PIPL was calculated at eact time-point with 10% PIPL as a 

reference (B). Negative control is undifferentiated cells. No significant difference can be observed in expression 

of ADIPOQ (p>0.05). 
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5 Discussion 
In this thesis, MSCs characteristics were evaluated when grown in two different media supplements, 

10% PIPL that contained heparin and 10% R-PIPL containing CPD for xenogeneic free media. 

Proliferation, expansion and tri-lineage differentiation was evaluated and compared. 

 

5.1 Morphology and population doubling 
MSCs were expanded for morphology analysis. Slight difference could be seen in morphology 

between cells grown in 10% PIPL and 10% R-PIPL where cells in PIPL seemed to be more 

embossing than in R-PIPL were the cells seemed flatter or more smeared (figure 9). When MSCs are 

grown in R-PIPL, stronger trypsin or more time with the same concentration of trypsin is needed to 

detach the cells from plastic, which could indicate that when expanded without heparin some adherent 

molecules are more available to interact with the plastic. There are reports that have indicated that 

heparin inhibits adherence and migration of MSCs (27) and it can therefore be speculated that heparin 

might be binding to adherent molecules and inhibiting them from attaching to the plastic. However, 

further examinations are needed to confirm these speculations. There was a difference in growth rate 

observed between treatments (figure 10) but reports have indicated that high glucose media can have 

a reducing effect on MSCs expansion rate (49). DMEM F12+ Glutamax includes a sufficient amount of 

glucose for expansion of MSCs but when CPD is added to the media, additional glucose is included. 

This increases the glucose levels of the media further and it could therefore be that the abundance of 

glucose in R-PIPL is affecting the growth. 

Five donors were tested regarding the morphology but only two of them made it to PDA testing due 

to lack in survival and proliferation. In addition, great variation can be seen between donors throughout 

test results but the donor variation is a well-known phenomenon associated with MSCs and is partly 

caused by the isolation method applied. MSCs are commonly isolated based on plastic adherence that 

leads to the isolation of highly heterogeneous cell population and great variation between MSC 

donors. The data obtained here shows how unpredictable the MSCs can be and that the donor 

variation must be kept in mind when analyzing MSCs data. 
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5.2 Tri-lineage differentiation 

5.2.1 Osteogenic differentiation 

Osteogenic differentiation was initiated on MSCs from three donors with either PIPL or R-PIPL 

supplemented media. No significant difference could be observed between 10% PIPL and 10% R-

PIPL treated MSCs regarding ALP activity (figure 13). SEM error bars are shown on graph and 

represent the variability between donors. As seen with the Alizarin red staining, there is some 

difference in mineralization between treatments at day 7 and 14 but there is a great donor variation as 

well so the difference cannot be seen as significant (figure 15). It has been reported that heparin 

promotes mineralization and magnifies the expression of ALP in osteogenic differentiation seen when 

heparin is added to culture supplemented with FBS (50). The increased mineralization could be seen 

in osteogenic differentiation of donor 13, which was above and beyond in 10% PIPL than what was 

observed in other donors. Values reached 1.713 ± 0.074 OD562 at day 28 in donor 13 but mean value 

for the other donors was 0.083 ± 0.002 OD562 (see Appendix A). When not in presence of heparin, 

mineralization was more consistent between donors (figure 15).  

High glucose has been shown to reduce RUNX2 expression in osteogenic differentiation at earlier 

time-points or at day 7, but when cultured for longer time or 14 days no difference could be observed 

between normal glucose and high glucose (49). This is consistent with the results and could be the 

explanation of delayed mineralization in 10% R-PIPL compared to 10% PIPL. It is apparent that when 

cells are grown in 10% R-PIPL they need longer time to differentiate toward the osteogenic lineage but 

later in the differentiation they reach comparable quantity as cells grown in 10% PIPL (figure 15 and 

16A). 

 

5.2.2 Chondrogenic differentiation 

MSCs were differentiated toward chondrogenic lineage with either PIPL or R-PIPL supplemented 

media. To determine the potential of differentiation, glycosaminoglycan concentration was measured. 

No significant difference was observed between GAG concentration of MSCs grown in 10% PIPL or 

10% R-PIPL but difference between control cells and differentiated cells was detectable at earlier 

stage in 10% R-PIPL than 10% PIPL indicating that cells grown in 10% R-PIPL differentiate faster 

toward chondrogenic lineage than cells in 10% PIPL (figure 18). It has been reported that FGF 

mechanisms promotes chondrogenic differentiation (16) and where heparin has been shown to 

interact with FGF, it could have an affect on the differentiation (36,39). Both treatments managed to 

initiate chondrogenic differentiation according to H&E and Mtri stainings but more intense Mtri 

stainings were apparent in pellets from 10% R-PIPL (figure 20), indicating more collagen formation but 

gene expression is needed to confirm these speculations. It is necessary to bear in mind when 

evaluating the pellet stainings, that pellets were sectioned and each showed different size and shape. 
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5.2.3 Endochondral ossification 

Endochondral ossification was carried out in both treatments after 28 and 35 days of chondrogenic 

differentiation. MSCs differentiated toward chondrogenic lineage, became hypertrophic and when 

changed to osteogenic media, mineralization started to appear, seen with Alizarin red staining. This 

indicates that MSCs grown either in 10% PIPL and 10% R-PIPL have the ability to differentiate 

through endochondral ossification pathway. No significant difference can be observed between 

treatments in endochondral ossification (figure 21) but great variability was between the two donors in 

mineralization after initiation of ossification. One donor (donor 6) exhibited more mineralization in 10% 

R-PIPL after chondrogenic differentiation followed by culture in osteogenic media but the other donor 

(donor 13) exhibited a lot of mineralization when grown in 10% PIPL (Appendix B). This difference in 

mineralization is consistent with the intramembranous ossification for donor 13 (Appendix A). As seen 

in intramembranous ossification, results in mineralization seems to be more consistent and not as 

much variation can be observed between cells grown in 10% R-PIPL than when grown in 10% PIPL. 

 

 

5.2.4 Adipogenic differentiation 

Adipogenic differentiation was carried out on MSCs grown with either PIPL or R-PIPL supplemented 

media. No difference could be seen on the adipogenic morphology or Oil red O staining of the lipid 

droplets between treatments indicating a successful differentiation (figure 22). Gene expression of 

adipogenic markers showed no significant difference in ADIPOQ expression between 10% PIPL and 

10% R-PIPL (figure 24). However, a significant difference can be observed in expression of PPARγ 

where in control and at day 14, cells grown in 10% PIPL exhibited more expression than in 10% R-

PIPL. It has been reported that high glucose media has an increasing effect on MSCs toward 

adipogenic lineage where as it upregulates expression of PPARγ (49) but it has also been reported 

that heparin enhances adipogenic differentiation, especially the marker PPARγ (39,50). It can 

therefore be speculated that the difference in the expression is due to slower growth rate of cells in 

10% R-PIPL resulting in fewer cells in the culture and therefore lower cDNA concentration available 

for gene expression analysis. Other explanation for this difference can be the inhibition of adherent 

molecules where it has been reported that cell-matrix disruption by heparin causes rounding of cells 

and therefore enhances adipogenic differentiation (39). It could therefore be the great adherence of 

cells grown in 10% R-PIPL to the plastic that is detaining the differentiation. 
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5.3 Advantages and disadvantages 
The main upside for using CPD for cell culture when hPL is used is that it’s already used in the 

process for platelet storage in blood banks and the substances added throughout the total process are 

therefore limited. CPD has been studied to great extent regarding blood donations and storage. It has 

been the anticoagulant of choice in blood banks due to its low toxicity and side effect rate (46). This 

study shows a variety of differentiation, not just the tri-lineage differentiation that MSCs have been 

shown to carry out in vitro, but also the second pathway of bone formation, endochondral ossification. 

Most bones in the human body develop through this endochondral pathway in addition to bone repair 

and regeneration. There has been a recent increase of interest in this pathway of ossification 

regarding treatments for bone defects and remodeling. Not many studies use clinically accepted 

human MSCs and no studies have to our knowledge reported use of platelet lysates to achieve this 

(4,51). This thesis is therefore one of the first one to report initiation of endochondral ossification on 

human MSCs grown with hPL and without scaffolds. 

Among the disadvantages of this study as expected in MSCs research is the great donor variation 

in test results. MSCs are heterogeneous population of cells and their capability in vitro is affected by 

number of factors, such as donor age, health status and lifestyle. However, this study includes several 

donors behind each test result so the variation should show the overall picture and not effect the final 

conclusion of this thesis.  

The replacement of heparin with CPD could show some disadvantages. Heparin is a strong 

anticoagulant and is needed in small amounts to prevent coagulation. Higher concentration of CPD is 

necessary for effective anticoagulation in cultures because of less intensified anticoagulation 

compared to heparin (46). Because of increased volume of the anticoagulant added, more of additives 

are included to the culture. It has been reported that calcium is necessary for the regulation of 

mineralization-associated genes and therefore bone formation. Citrate binds calcium to prevent 

anticoagulation and can therefore possibly act as an inhibitor for formation of mature osteoblasts even 

though osteo-progenitor and pre-osteoblast formation is efficient (52). There are some improvements 

that can be done to make R-PIPL more efficient such as lowering the glucose levels. 

 

 

5.4 Future directions 
Even though no significant difference could be detected between MSCs grown in 10%PIPL and 

10%R-PIPL, some improvements could be made to obtain more efficient proliferation and expansions. 

Early in the process it came apparent that glucose levels were higher in 10% R-PIPL than in 10% 

PIPL due to the extra dextrose in the CPD anticoagulant. As previously noted, high glucose can alter 

the expansion of cells and the first step would therefore be to lower the glucose levels and see if that 

changes anything in MSCs growth rate. It could also be a worthy experiment to seed cells in 10% FBS 

originally and then expand the cells in 10% PIPL and 10% R-PIPL at the same passage to start the 

cells from a even ground whereas cells have adapted to the environment of 10% PIPL when they are 

seeded in 10% R-PIPL. It would give a better perspective about the growth rate of cells in 10% R-
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PIPL. It could be interesting to test for cytotoxicity when CPD is added as an extra substance in cell 

culture. Immunological testing is also necessary to determine the state of cells in the heparin-free 

media but testing of immunological properties of MSCs grown in 10% PIPL have been done by our 

team (33,53). 

As previously stated, heparin has been reported to promote mineralization and magnify the 

expression of ALP in osteogenic differentiation when added to FBS supplement (50). Citrate has also 

been tested as an additive to FBS in human MSCs culture and Xie et al reported that citrate could 

promote mineralization in osteogenic differentiation (54). A recent study has also reported that citrate 

increases gene expression of ALP and SP7 in mouse myoblast cell lines that are capable of 

differentiate to osteoblasts (54). It would therefore be interesting to measure the gene expression of 

these markers where studies show increase in both cases.  

In order to verify the effective osteogenic differentiation there is a need to test gene expression of 

late osteogenic markers such as BGLAP, secreted protein acidic and cysteine rich (SPARC) and 

SPP1 to see if they are increasingly expressed. It would also be interesting to compare gene 

expression of markers that code for migration and adhesion due to speculations of 

glycosaminoglycans, therefore possibly heparin, binding to CXCL12 residues and causing MSCs to be 

less adherent. The genes CXCR4, CXCR7 and CXCL12 could be especially interesting where reports 

of interactions of heparin with these genes have been published (44). Further experiments need to be 

done to determine the stage of adipogenic differentiation but gene expression for other adipogenic 

markers, such as the early markers CEBPβ and CEBPδ could give more information. It is also 

necessary to test gene expression for chondrogenic differentiation and endochondral ossification to 

determine the effectiveness of differentiation and whether cells are in fact going towards endochondral 

ossification with this method. It would be interesting to try this method with whole pellets in culture, not 

just the additional monolayered cells.  

The results of this thesis are promising. However, to be able to fully conclude from these results, 

more tests on R-PIPL with more donors are necessary and also testing it on different types of cells. It 

has been reported that isolation of mononuclear cells (MC) from whole blood is more effective if taken 

in test tubes with ethylene di-amine tetra-acetic acid (EDTA) rather than heparin or CPD and that the 

MCs are more reluctant to differentiate to fibrocytes in CPD than EDTA (55). EDTA has been added to 

FBS supplemented media in murine mesenchymal stromal cell culture to prevent salt scaling and cell 

aggregation with effective results (56). It would be interesting to test out and compare other anti-

coagulants for culture, like EDTA but EDTA is also used in the process where as it is added to the 

trypsin as a chelator. The use of both CPD and EDTA could be superior choices to heparin in cell 

culture because of the fact that neither of them are animal derived products. This thesis shows that 

heparin is not a necessary additive when culturing MSCs where as CPD can be used as a 

replacement and that is our believe that future studies will lead to the exclusion of heparin from cell 

culture intended for cell therapy.  
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6 Conclusion 
To our knowledge, CPD has not been tested previously as an anti-coagulant in cell culture with 

human-platelet lysates. This thesis demonstrates that the improved, heparin free supplement was able 

to support MSCs proliferation and expansion. In addition, initiation of tri-lineage differentiation as well 

as endochondral ossification is achievable and comparable to the standard supplement, PIPL. Some 

improvements to the supplement can be made and further experiments are needed to confirm the 

effects on differentiation and proliferation. The conclusion of this thesis is that R-PIPL is a suitable 

replacement for PIPL to grow MSCs in vitro and MSCs can therefore be grown with completely xeno-

free methods. 
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Appendix A 

MSCs were cultured for 7, 14, 21 and 28 days in osteogenic media supplemented either with PIPL or 

R-PIPL as well as undifferentiated cells (negative control) and stained with Alizarin red staining for 

observation of mineralization. Staining was visually examined and imaged in an inverted microscope 

at 50x magnification (figure 26) and the staining quantified (figure 25). Extreme increase in 

mineralization can be seen at day 21 in 10% PIPL with a significant difference to 10% R-PIPL 

(p≤0.0001) and at day 28 the value has reached 1.713 ± 0.074 OD562 in 10% PIPL compared to 

0.085 ± 0.003 OD562 in 10% R-PIPL (p≤0.0001). 

 

 

Figure 25 Alizarin red quantitation in MSCs culture from donor 13 

MSCs from donor 13 were stained with Alizarin red, the staining quantified and the obtical density measured at 

562 nm to evaluate osteogenic differentiation. Cells were  grown in osteogenic media for 7, 14, 21 and 28 days, in 

addition to the negative control. There is a significant difference between 10% PIPL and 10% R-PIPL at days 21 

and 28 (p≤0.0001). Three cultures are behind data (n=3). 
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Figure 26 Alizarin red staining of MSCs from donor 13 during osteogenic differentiation 

MSCs from donor 13 were expanded in osteogenic media supplemented with PIPL or R-PIPL for osteogenic 

differentiation. Images were taken at day 7, 14, 21 and 28 of osteogenic differentiated MSCs in addition to 

negative control for comparison. Each image is reprasentative of three cultures (n=3) and were taken at 50x 

magnification. 
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Appendix B 

MSCs from donors 6 and 13 were differentiated to chondrogenic lineage with chondrogenic media 

supplemented either with PIPL or R-PIPL. After 28 and 35 days in culture, chondrogenic media was 

replaced with osteogenic media and cells grown for 28 additional days for endochondral ossification. 

MSCs cultured for 28 days in osteogenic media after chondrogenic differentiation were stained with 

Alizarin red staining for observation of mineralization through endochondral ossification. Donor 6 

exhibited more mineralization in 10% R-PIPL after chondrogenic differentiation followed by culture in 

osteogenic media but donor 13 exhibited a lot of mineralization when grown in 10% PIPL (figure 27). 

 

 

 

Figure 27 Comparison of donors in endochondral ossification 

MSCs from two donors were stained with Alizarin red, the staining quantified and the optical density (OD) 

measured at 562 nm to evaluate endochondral ossification. Cells were  grown in chondrogenic media for 

14, 28 and 35 days where day 14 was used as negative control. At day 28 and 35, chondrogenic media 

was replaced by osteogenic media and cells grown for 28 more days (n=2). 
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Appendix C 

 

MSCs were grown in chondrogenic media for 14, 28 and 35 days. Pellets were stained with 

Hematoxylin & Eosin (HE) and Masson’s thrichrome (Mtri) for evaluation of chondrogenic 

differentiation. When MSCs began differentiation, cells became hypertrophic, nuclei count decreased, 

seen with the decreasing purple stain in HE. Extracellular matrix increased, stained pink in H&E 

staining (figure 28). Drastic increasing of collagen fibers also came apparent throughout chondrogenic 

differentiation, stained blue with Mtri staining (figure 29). No difference could be observed between 

staining of pellets grown in 10% PIPL or 10% R-PIPL. 
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Figure 28 H&E staining of chondrogenic differentiated MSCs from donor 6 

MSCs from donor 13 were expanded in chondrogenic media supplemented with PIPL or R-PIPL for 

chondrogenic differentiation. Hematoxylin & Eosin staining was performed on pellets grown for 14, 28 and 35 

days in chondrogenic media, in addition to negative control for comparison. Images are representative of two 

pellets (n=2). At day 14, cells had begun to expanded in size, extracellular matrix  had increased (pink) and 

fewer nuclei (purple) were apperent. Images were taken at 100x magnification. 
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Figure 29 Mtri staining of chondrogenic differentiated MSCs from donor 6 

Masson’s trichrome staining was performed on chondorgenic pellets from donor 13 cultured in chondrogenic 

media for 14, 28 and 35 days in addition to negative control for comparison. Images are representative of two 

pellets (n=2). At day 14, collagen fibers (blue) had formed and increased over the differentiation. Images were 

taken at 100x magnification. 
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Appendix D 

MSCs were grown in chondrogenic media for 14, 28 and 35 days, both in tubes and plates. Pellets 

were sectioned and stained with Hematoxylin & Eosin (HE) and Masson’s thrichrome (Mtri) for 

evaluation of chondrogenic differentiation potential between methods. The following results show a 

comparison between the pellet (tube) and plate (micromass) method for chondrogenic differentiation, 

figure 30 shows HE staining of donor 13 but figure 32 Mtri staining. Figure 31 shows HE staining of 

donor 6 and figure 33 Mtri staining. When MSCs began differentiation, cells became hypertrophic, 

nuclei count decreased, seen with the decreasing purple stain and extracellular matrix increased, 

stained pink in HE staining. Drastic increasing of collagen fibers also came apparent throughout 

chondrogenic differentiation, stained blue and cytoplasm stained red/pink with Mtri staining. Fewer 

nuclei can be observed in pellets from micromass method than in tube method in addition to darker 

staining of Mtri indicating more collagen formation in the micromass. 

 

 

10% PIPL                                                              10% R-PIPL 

   

Figure 30 H&E staining of chondrogenic differentiation (MSCs donor 13) in different methods 

MSCs from donor 13 were expanded in chondrogenic media supplemented with PIPL or R-PIPL for 

chondrogenic differentiation. Two methods were set up, one in pellets (tubes) but the other in plates 

(micromass) Hematoxylin & Eosin staining was performed on pellets grown for 14, 28 and 35 days in 

chondrogenic media. Images are representative of two pellets (n=2). At day 14, cells had expanded in size, 

extracellular matrix  had increased (pink) and fewer nuclei (purple) were apperent. Images were taken at 100x 

magnification. 

 

 

Tubes 

D
ay

 1
4 

D
ay

 2
8 

D
ay

35
 

Micromass 

50 µm 

50 µm 

50 µm 

50 µm 

50 µm 

50 µm 

10% PIPL 

Tubes 

D
ay

 1
4 

D
ay

 2
8 

D
ay

35
 

Micromass 

50 µm 

50 µm 

50 µm 

50 µm 

50 µm 

50 µm 

10% R-PIPL 



  

75 

 

 

10% PIPL                                                              10% R-PIPL 

  

Figure 31 H&E staining of chondrogenic differentiation (MSCs donor 6) in different methods 

MSCs from donor 6 were expanded in chondrogenic media supplemented with PIPL or R-PIPL for chondrogenic 

differentiation. Two methods were set up, one in pellets (tubes) but the other in plates (micromass) Hematoxylin 

& Eosin staining was performed on pellets grown for 14, 28 and 35 days in chondrogenic media. Images are 

representative of two pellets (n=2). At day 14, cells had expanded in size, extracellular matrix  had increased 

(pink) and fewer nuclei (purple) were apperent. Images were taken at 100x magnification. 
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10% PIPL                                                            10% R-PIPL 

  

Figure 32 Mtri staining of chondrogenic differentiation (MSCs donor 13) in different methods 

MSCs from donor 13 were expanded in chondrogenic media supplemented with PIPL or R-PIPL for 

chondrogenic differentiation. Two methods were set up, one in pellets (tubes) but the other in plates 

(micromass) Masson’s trichrome staining was performed on pellets grown for 14, 28 and 35 days in 

chondrogenic media. Images are representative of two pellets (n=2). At day 14, collagen fibers (blue) had 

formed and increased over the differentiation. Images were taken at 100x magnification. 
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10% PIPL                                                            10% R-PIPL 

  

Figure 33 Mtri staining of chondrogenic differentiation (MSCs donor 6) in different methods 

MSCs from donor 6 were expanded in chondrogenic media supplemented with PIPL or R-PIPL for chondrogenic 

differentiation. Two methods were set up, one in pellets (tubes) but the other in plates (micromass). Masson’s 

trichrome staining was performed on pellets grown for 14, 28 and 35 days in chondrogenic media. Images are 

representative of two pellets (n=2). At day 14, collagen fibers (blue) had formed and increased over the 

differentiation. Images were taken at 100x magnification. 
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