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Abstract 

Alopecia is a frequent hair loss disorder and the injection of fat into the scalp has been investigated as 

a possible therapy. However, the retention of transplanted fat is quite variable, sometimes presenting 

low survival rates. Recent studies have focused on the enrichment of fat grafts with stromal vascular 

fraction (SVF) to increase cell viability and graft retention.  

The optimization of the fat harvest, processing and injection procedures is essential for the improvement 

of this therapy. Therefore, it is necessary to analyse parameters such as the surgical technique and the 

width of the cannulas used. In this work, nine conditions involving variations on these parameters were 

studied in order to assess their influence on SVF cells. Small cannula widths were focused on as they 

are necessary for ambulatory therapies. The harvested fat was processed by an enzymatic isolation 

protocol. 

Cell yield presented high donor dependence, but average results revealed a decrease with increasing 

fat manipulation and narrower cannulas. Such conditions were also associated with increased adipocyte 

rupture and consequent release of oil droplets as shown through flow cytometry. Additionally, a decrease 

on the mesenchymal stem cell (MSC) population present in the SVF was verified. Nonetheless, some 

conditions exhibited stromal progenitors with clonogenic capacity. The identity of the isolated MSCs 

obtained upon culture of SVF was confirmed in terms of immunophenotype, clonogenicity and 

differentiation potential. 

Further studies should be performed to find a compromise between wider cannulas and minimally-

invasive procedures for the treatment of alopecia. 

Keywords: Alopecia, Autologous Fat Grafting, Stromal Vascular Fraction, Flow Cytometry, 

Mesenchymal Stem Cells. 
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Resumo 

A alopecia é uma patologia capilar frequente e a injeção de gordura no escalpe tem sido estudada como 

possível terapia. Porém, a retenção a longo prazo dos enxertos de gordura é variável, podendo ser 

baixa. Recentemente, o enriquecimento dos enxertos com a fração vascular estromal (FVE) tem sido 

estudado para aumentar a viabilidade das células e a sobrevivência dos enxertos. 

A otimização dos procedimentos de recolha, processamento e injeção da gordura é essencial para 

apurar esta terapia, sendo para tal necessário analisar parâmetros como a técnica cirúrgica e a largura 

das cânulas utilizadas. Neste trabalho foram estudadas nove condições abrangendo variações nestes 

parâmetros para avaliar a sua influência nas células da FVE. Foram usadas cânulas estreitas por serem 

necessárias para terapias ambulatórias. A gordura recolhida foi processada através de um protocolo 

enzimático. 

O número de células variou consideravelmente com o dador, mas em média diminuiu com maior 

manipulação da gordura e utilização de cânulas mais finas. Tais condições mostraram também uma 

associação com acentuado rompimento de adipócitos e consequente libertação de lípidos, tal como 

verificado através de citometria. Adicionalmente, foi observada uma diminuição na população de células 

estaminais mesenquimais (CEM) presente na FVE. Não obstante, algumas condições exibiram 

progenitores estromais com capacidade clonogénica. A identidade das CEM obtidas após cultura da 

FVE foi confirmada relativamente ao imunofenótipo, clonogenicidade e potencial para diferenciação. 

Mais estudos deverão ser realizados para encontrar um compromisso entre cânulas mais largas e 

procedimentos minimamente invasivos para o tratamento da alopecia. 

Palavras-chave: Alopecia, Enxerto de Gordura Autóloga, Fração Vascular Estromal, Citometria de 

Fluxo, Células Estaminais Mesenquimais. 
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1. Introduction 

1.1. Plastic Surgery 

Plastic surgery can be defined as a field of surgery specialised in the restoration, reconstruction or 

modification of the human body [1]. According to the American Society of Plastic Surgeons, plastic 

surgery can be divided in two main classes, namely reconstructive and cosmetic procedures. 

Reconstructive plastic surgery is used for treating body structures in order to obtain a normal 

appearance and/or function that had been hindered by defects or diseases. Cosmetic procedures intend 

to change body structures so as to improve appearance and boost self-confidence and can be divided 

into surgical and non-surgical procedures [2].  

From 2000 to 2017, cosmetic procedures have increased by 137% in the United States of America 

(USA), which shows the fast increase in importance of this industry. Figure 1.1 highlights this rapid 

growth in the USA, which is the leader country in this area, but several other countries are also facing a 

drastic increase in demand for these procedures [3]. In 2017, $16.7 billion were spent on the 17.5 million 

cosmetic procedures that were performed in the USA, out of which 1.8 million were surgical procedures 

and 15.7 million were minimally-invasive procedures [4].  

 

Figure 1.1 – The number of cosmetic procedures in the USA in 2000 and 2015 [5]. 

According to the global statistics of the International Society of Aesthetic Plastic Surgery of 2016, the 

total surgical procedures increased by 8% compared to 2015. The most frequent surgical procedure is 

breast augmentation (15.8%), followed by liposuction (14.0%), eyelid surgery (12.9%), rhinoplasty 

(7.6%) (nose reshaping [6]) and abdominoplasty (7.4%). Women account for 84.6% of the demand for 

all surgical procedures worldwide. The top five requests by women are breast augmentation using 

silicone implants, liposuction, eyelid surgery, abdominoplasty and breast lift. The top five surgical 

procedures for men are eyelid surgery, gynecomastia (correction of oversized breasts in men [7]), 

rhinoplasty, liposuction and hair transplant [8]. 

In Spain, which is the geographically closest country to Portugal that has been included in these 

statistics, the most frequent surgical procedures are breast augmentation, eyelid surgery, liposuction, 

rhinoplasty and abdominoplasty [8]. 
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Liposuction, also called lipoplasty or body contouring, is a surgical procedure that shapes and removes 

fat from areas such as the abdomen, hips, buttocks and thighs, by using a suction technique [9]. An 

abdominoplasty, or tummy tuck, is a surgical intervention that aims to correct deformities in the abdomen 

[10]. Some of the most common alterations that lead to the demand for this procedure are skin excess, 

sagging muscles and localized fat excess [11]. Lipoabdominoplasty is a combination of these two 

procedures that is more complex and leads to better results in the reshaping of the abdominal area [12]. 

In 2016, 1453340 liposuctions were performed worldwide and 85.3% of the patients were women. The 

majority of the patients (85.7%) that underwent a liposuction were 19 to 50 years old. As for 

abdominoplasties, 769067 surgeries were performed in 2016 and women account for 90.5% of them 

[8]. 

In the USA, a liposuction costs on average $3374 and an abdominoplasty around $5992 [4]. No statistics 

were found for Portugal but, by consulting the website of some clinics, it is possible to find prices around 

1800€ to 2100€ for liposuctions and prices starting from 4500€ for abdominoplasties [13]. 

From these surgical procedures a lot of biological material with limited value is generated. Nevertheless, 

it does not have to become medical waste. After a lipoabdominoplasty the removed fat can be processed 

through an advanced technological process, which includes centrifugation. Afterwards, the processed 

fat can be used to enhance certain body structures that need more volume due to aging, such as breasts, 

buttocks, hands and face [14]. This is one possible use for the removed fat, known as autologous fat 

grafting. 

1.2. Autologous Fat Grafting 

The fat that is removed through surgical cosmetic procedures can be used for autologous fat 

transplantation and grafting instead of becoming medical waste. In this procedure, subcutaneous fat is 

aspirated from a certain site on the patient’s body (nowadays usually the abdomen or the flanks, which 

are the lateral areas of the body between the ribs and the hips) and transplanted into other fat depot 

where volumization is desired [15]. This concept was born in 1893, when the German surgeon Franz 

Neuber used fat extracted from lipomas (benign tumours made of fat tissue) of the forearm to correct 

facial defects due to tuberculosis [16].  From then onwards, the technique became progressively more 

popular, and currently there is a broad range of applications concerning both cosmetic procedures, such 

as breast augmentation, facial rejuvenation and augmentation of the limbs and buttocks, as well as 

reconstructive procedures, including facial and breast reconstruction, spinal dura repair, and 

augmentation of paralyzed vocal cords [17]. When compared to other possible fillings, such as 

hyaluronic acid and silicone, autologous fat is superior in that it is available in the majority of the patients 

and can be easily harvested when needed. Consequently, it becomes inexpensive and biocompatible, 

not causing rejections or allergies and eliminating the possibility of transmitting infectious diseases due 

to its autologous nature [17], [18].  

The growing importance of this technique in clinical practice led to the manifestation of its greatest 

drawback. In 1956, Peer determined that, within the first year, around 45% of the volume of the graft 
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was lost due to resorption [19]. Nowadays, after several years spent optimizing the procedure to 

increase the viability of the transferred fat, the long-term graft retention is still quite variable: it can either 

be resorbed quickly or last for many years, ranging from 20% to 80% estimated loss [15]. When fat is 

resorbed, the volume is lost and asymmetries can appear. This shortcoming and its unpredictability 

prevent autologous fat from becoming the ideal filler material [17], [18].  

The mechanisms that cause fat resorption are not fully understood yet. One possible explanation is lack 

of proper vascularization in the fat graft. If revascularization and tissue integration in the new depot do 

not occur, diffusion will not be enough to support more than a few millimetres of solid fat with oxygen 

and nutrients, as well as removal of waste. Consequently, cellular death occurs leading to the loss of 

graft volume [15]. Surgeons usually try to compensate this by transplanting extra tissue, attempting to 

predict how much will be lost due to the lack of revascularization. However, this is far from solving the 

actual problem and is not very accurate, hence repeated fat transfer procedures are usually necessary 

to achieve better outcomes. On average, three treatments with intervals of more than three months may 

be needed to attain the desired volumization, but it can go up to five treatments in some cases. Even if 

the final result is satisfactory, the delays in achieving the desired goal, the associated costs and the 

increasing morbidity with each procedure leads to dissatisfaction both for patients and clinicians [15]. 

Another possibility is the dedifferentiation of adipocytes, which can also cause a decrease in volume 

[20]. Dedifferentiation occurs when a differentiated cell regresses into a less differentiated cell from the 

same lineage. Adipocytes can revert into fibroblastic cells with multipotent characteristics. Although such 

cells could be helpful for regeneration processes during fat grafting, there is a visible loss of volume due 

to the loss of lipids, which does not comply with the surgical goals [21]. Furthermore, if the fat graft 

includes contaminants and proinflammatory material, these will generate false volume that will be 

resorbed quickly after the procedure. For example, the fat harvest, processing and injecting procedures 

have an impact on cell viability and quality, damaging cells that will be considered contaminants to be 

resorbed in the new fat depot [17]. As for the variability in graft retention, one of its main causes is most 

likely the lack of a standardized medical protocol regarding harvest, processing and injection of 

autologous fat [17].  

The survival rate of fat grafts can be improved by defining a standard procedure that takes into 

consideration all the potential mechanisms underlying fat resorption. Understanding the composition of 

the lipoaspirate and the biology of fat tissue is imperative for the establishment of such a strategy. 

1.3. Adipose Tissue 

Adipose tissue (AT) is where lipids are stored in the human body. There are two types of AT: the white 

AT and the brown AT. The white AT has the roles of energy storing, isolation and also provision of 

mechanical protection for some internal organs. The main function of the brown AT is to produce heat 

by metabolizing fatty acids [22]. 

The white AT is a highly metabolically active tissue that synthesizes and secretes several factors which 

can influence certain metabolic processes. In human beings, the main deposits of white AT are the 
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omental, mesenteric and retroperitoneal deposits within the abdomen, and also subcutaneous fat, 

present mostly in the abdomen, thighs and buttocks. There are also smaller depots such as the 

pericardial deposits and the bone marrow [22]. Depending on the location, white AT can have different 

characteristics, such as different sensitivity to hormones and distinct secretion profiles. Brown AT only 

exists in mammals and is related to homeothermy and thermogenesis. In human beings, it is not very 

abundant and decreases with age [22]. 

The AT is very heterogeneous in terms of cell types. The cells that occupy most of the volume of this 

tissue are the mature adipocytes, whose role is to accumulate lipids. Adipocytes from the white AT have 

a single fat vacuole that occupies the whole cytoplasm. They present an expression profile that reveals 

that they are capable of storing excess energy in triacylglycerols, and also able to release fatty acids 

and glycerol from lipid deposits whenever energy is needed by performing lipolysis. In contrast, the 

brown adipocytes have several fat vacuoles and mitochondria in their cytoplasm, which are necessary 

for heat production by evading the coupling of the respiratory chain to ATP synthase [22].  

Although mature adipocytes occupy virtually all volume of AT due to their size, they only make up around 

40% of the total number of cells in this tissue [23]. There are several other cell types present in the AT 

that all together constitute the stromal vascular fraction (SVF). It includes pre-adipocytes, smooth 

muscle cells, fibroblasts, endothelial cells, leukocytes (including macrophages, lymphocytes and 

granulocytes), pericytes and mesenchymal stem cells [24]. The proportion of each type of cell depends 

on the AT depot and also on the protocol used for the isolation of the SVF [25]. An estimate of the range 

of each cell type is presented in Table 1.1. 

Table 1.1 – Proportion of the different cell types present in the SVF [25]. 

Haematopoietic-Lineage Cells  

                     Stem and Progenitor Cells <0.1% 

                     Granulocytes 10 – 15% 

                     Monocytes 5 – 15% 

                     Lymphocytes 10 – 15% 

Endothelial Cells 10 – 20% 

Pericytes 3 – 5% 

Stromal Cells 15 – 30% 

 

Although there are already some clues regarding the cellular composition of the AT, as previously 

explained, it is not fully known yet because of the lack of a reliable in vitro method to analyse cell number 

and viability in this tissue. The major difficulty is the assessment of the number of viable mature 
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adipocytes, mainly due to their fragility. Although there are some studies on this topic, they may involve 

overestimation of the number of mature adipocytes due to confusion with lipid droplets of the same size 

(50 – 200 µm), which are derived from ruptured adipocytes [26], [27]. For example, trypan blue is 

frequently used to assess cell viability, but it is not effective for analysing the viability of adipocytes as 

they have a scant cytoplasm and thus can be easily confused with lipid droplets, which are also not 

stained by trypan blue. Therefore, it is necessary to determine new methodology able to distinguish 

viable adipocytes from nonviable adipocytes and pure lipid droplets [26]. In 2008, Suga and co-workers 

presented a combination of different assays that led to promising results in this regard. Firstly, AdipoRed, 

which stains intracellular lipid droplets [28], and Hoechst 33342, a cell permeable nucleic acid that stains 

both dead and live nucleated cells [29], were used simultaneously. This allowed the distinction between 

three different groups: particles positive for both stains were defined as adipocytes, particles positive 

only for AdipoRed were considered lipid droplets and particles positive only for Hoechst 33342 were 

defined as cells other than adipocytes. Then, to analyse the viability of the cells, Hoechst 33342 was 

used once again together with propidium iodide (PI), a DNA-binding dye that is not permeant to live cells 

[30], [31]. These assays, together with the identification of lipid droplets using bright field microscopy, 

made it possible to distinguish four groups of nucleated cells: PI-positive cells including lipids were 

defined as nonviable adipocytes, PI-positive cells not including lipids were considered to be nonviable 

cells other than adipocytes, PI-negative and Hoechst 33342-positive cells including lipids were 

determined to be viable adipocytes and PI-negative and Hoechst 33342-positive cells without lipids were 

defined as viable cells other than adipocytes. Erythrocytes were not stained by Hoechst 33342 since 

they do not possess a nucleus and so they were not counted in this experiment [26]. The results of this 

work showed much lower adipocyte numbers than in previous studies, possibly due to the distinction 

between lipid droplets and adipocytes that was not performed in the past. Future research on the cellular 

composition of the AT should take this into consideration and adopt similar assays so as to correctly 

analyse the cell number and viability of this tissue. Moreover, since all assays proposed by Suga and 

co-workers require enzymatic digestion and centrifugation, which most likely have an impact on cell 

viability, it would be useful to conceive new assays able to assess cell number and viability in the AT 

without tissue dissociation [26]. 

1.4. Stem Cells 

Stem cells are defined as cells able to self-renew and with the potential to differentiate. Self-renewal is 

the capacity to give rise to daughter cells identical to the mother cell by symmetric division. Stem cells 

can also undergo asymmetrical division, meaning that one of the daughter cells will be a stem cell and 

the other will have a more restricted differentiation potential. Furthermore, stem cells have the property 

of clonogenicity, which is the ability of a cell to generate a large number of daughter cells, called clones, 

by a mitotic process [32]. 
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Stem cells can be classified according to their potency as follows [32]: 

• Totipotent stem cells: cells that can give rise to all types of cells; 

• Pluripotent stem cells: able to generate cells from the three embryonic germ layers (endoderm, 

mesoderm and ectoderm), but not extra-embryonic tissues; 

• Multipotent stem cells: capable of giving rise to cells belonging to only one of the three germ 

layers; 

• Unipotent stem cells: cells that can only generate one type of differentiated cells. 

The zygote is the first totipotent stem cell, which gives rise to all cells present in the human body. The 

cells that result from the first divisions of the zygote are still considered to be totipotent, up until the 

stage of morula is reached, when there are already 16 to 32 cells [33]. From them on, blastocyst 

formation begins, and these cells are already considered to be pluripotent stem cells. Embryonic stem 

cells are found in the inner cell mass of the blastocyst and possess the characteristics of self-renewal 

for many generations and pluripotency. Although they present a great potential for clinical applications, 

safety issues must be solved beforehand, such as the matter of teratoma formation (benign tumour 

containing several different cell types). Furthermore, there are also ethical issues regarding cell 

harvesting from human embryos [32].  

Takahashi and Yamanaka (2006) showed that it is possible to reprogram adult cells into pluripotent stem 

cells by using a cocktail of the factors Oct3/4, Sox2, c-Myc and Klf4, under embryonic stem cell culture 

conditions [34]. These are the induced pluripotent stem cells, that overcome the ethical issues of 

embryonic stem cells, but still possess the same safety concerns [32]. 

Adult stem cells are considered to be multipotent stem cells. These cells no longer have the ability to 

form teratomas in vivo, and so they are regarded as safer than embryonic stem cells. They have been 

found in almost every tissue and are essential for their homeostasis and regeneration, by generating 

new differentiated cells in case of injury. Since these cells do not present the safety and ethical concerns 

of embryonic stem cells, they seem to be quite promising for clinical applications [32], [33]. 

1.4.1. Mesenchymal Stem Cells 

Mesenchymal stem/stromal cells (MSCs) are one type of adult stem cells that have a fibroblast-like 

morphology. The International Society for Cellular Therapy (ISCT) has determined minimal criteria for 

the definition of MSCs in order to standardize the characterization of these cells and to ease 

comparisons between different studies. These are [35]: 

• Plastic adherence; 

• Specific cell surface antigen expression (Table 1.2 and Table 1.3). These proteins expressed on 

the surface of cells can be conveniently used to identify MSCs by flow cytometry; 

• Ability to differentiate in vitro towards the adipogenic, osteogenic and chondrogenic lineages. 
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Table 1.2 – Cell surface markers that should be positive in ≥95% of MSCs. The ones marked 
with a (*) are part of the minimal criteria for the definition of MSCs as stated by the ISCT [35]–

[38]. 

Surface Marker Function Cells/Tissues That Also Express 

This Marker 

CD44 Involved in cell-cell interactions, cell 

adhesion and migration. 

Fibroblasts, leukocytes, epidermal 

keratinocytes, Kupffer’s cells, corneal 

cells. 

CD73* Hydrolyses extracellular nucleotides into 

membrane permeable nucleosides. 

Endothelial cells, lymphoid tissue. 

CD90* Involved in cell adhesion. Fibroblasts. epithelial cells, 

granulocytes, early haematopoietic 

cells, T cells, neurons. 

CD105* Important for haematopoiesis and 

angiogenesis. 

Fibroblasts, endothelial cells, 

macrophages. 

CD, Cluster of Differentiation 

Being multipotent stem cells, MSCs can differentiate into different cell types from their germ layer, the 

mesoderm. The classical lineages into which they differentiate into are the osteogenic, adipogenic and 

chondrogenic lineages, but they have also been shown to differentiate into myocytes and tenocytes [40]. 

Furthermore, they also have a high proliferative capacity, even though it is not unlimited. MSCs enter 

senescence after a certain number of cell divisions, which depends on the culturing conditions, tissue 

source, and age of the donor [40]. 

These properties of MSCs are highly promising for regenerative medicine. Some of the current studies 

using MSCs target clinical conditions such as graft-versus-host disease, stroke, cardiovascular disease, 

osteogenesis imperfect and multiple sclerosis [41]. Besides autologous applications, in which immune 

rejection is inherently prevented, allogeneic applications using MSCs are also being explored, without 

the need for immunosuppressive therapy due to the immune-privileged features of these cells. This can 

help avoiding some of the disadvantages of autologous treatments, such as time constraints as well as 

autologous MSCs with impaired regeneration potential due to age or comorbidities of the patients [42].  
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Table 1.3 – Cell surface markers that should be negative in ≥98% of MSCs. The ones marked 
with a (*) are part of the minimal criteria for the definition of MSCs as stated by the ISCT. To 

comply with minimal criteria, cells can either not express CD11b or CD14, and either CD19 or 
CD79α [35]–[38]. 

Surface 

Marker 

Function Cells/Tissues That Also 

Express This Marker 

CD11b* Associated with adhesive interactions of cells. Granulocytes, monocytes, 

macrophages. 

CD14* Mediator involved in the innate immune 

response to lipopolysaccharides. 

Mature myeloid cells. 

CD19* Decreases the threshold for antigen receptor-

dependent stimulation by assembling with the 

antigen receptor of B lymphocytes. 

B cells. 

CD31 Involved in cell adhesion, activation and 

migration. 

Endothelial cells, haematopoietic 

cells. 

CD34* Involved in cell adhesion. Haematopoietic stem/progenitor 

cells, corneal keratinocytes, 

epithelial progenitors, vascular 

endothelial progenitors. 

CD45* Regulates cell growth, differentiation and T 

and B cell antigen receptor signalling. 

Haematopoietic cells. 

CD79α* Necessary to initiate B cell signal transduction 

when antigens bind to the B cell antigen 

receptor complex. 

B cells. 

CD80 Associated to lymphocyte activation. Monocytes, B cells, dendritic cells. 

HLA-DR* Involved in the immune response. Monocytes, macrophages, B cells, 

dendritic cells. 

CD, Cluster of Differentiation; HLA, Human Leukocyte Antigen  

MSCs have been reported to exist in many different tissues, such as the bone marrow, placenta, 

umbilical cord tissue, synovial tissue and AT (reviewed in [43]). They were firstly isolated from the bone 

marrow, where MSCs exist in a relatively high concentration. However, this source is associated with 

some complications such as pain during harvesting, morbidity and decreased cell yield upon harvesting, 

and consequently other MSC sources have been investigated. One of them is the AT, a very rich source 

in MSCs from which higher initial cell numbers can be obtained. Their availability in this tissue is much 
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higher than in the bone marrow, specifically 2% of nucleated cells against 0.001% to 0.004%, 

respectively. Furthermore, larger volumes can be obtained easily from the biological waste generated 

during liposuctions or other plastic surgery interventions [44]. If only a small volume is needed, 

harvesting can also be performed under local anaesthesia. Besides the ease in harvesting involved in 

such procedures, they are also less painful and involve less risks than bone marrow MSC harvesting 

[40], [45]. Therefore, the AT seems quite promising as an alternative source for MSCs.  

1.4.2. Adipose Tissue – Derived Mesenchymal Stem Cells 

Ever since Zuk and colleagues reported the presence of Adipose Tissue – Derived Mesenchymal Stem 

Cells (AT-MSCs) in 2001, there has been a remarkable increase in the usage and clinical experience 

regarding autologous fat transfer [15], [46].  

AT-MSCs are involved in the expansion of white AT. Upon the presence of adipogenic stimuli in white 

AT, these cells can proliferate and differentiate into committed pre-adipocytes. These pre-adipocytes 

present a similar fibroblast-like morphology to the AT-MSCs and can differentiate into mature adipocytes, 

with accumulation of lipids in vacuoles, if the adipogenic stimuli remain present [47]. This process of 

differentiation is called adipogenesis [48].  

AT-MSCs can be easily differentiated into the three classical lineages. Nonetheless, their differentiation 

capacity has been shown to be higher for the adipogenic lineage, naturally, followed by the chondrogenic 

and finally the osteogenic lineage [40]. Furthermore, they can also undergo myogenic differentiation 

[46]. Compared to MSCs from other sources, AT-MSCs seem to grow at a higher speed that is kept 

constant during several generations, while maintaining low senescence levels. This reflects a greater 

proliferative ability [49]. AT-MSCs can also grow at low cell densities in colony forming unit – fibroblast 

(CFU-F) assays. According to Bourin et al., it is possible to observe colonies after 11 to 14 days of 

incubation starting from an initial cell density of only 2 to 4 cells/cm2 at passage number 1 (P1) with an 

anticipated frequency of more than 5% [25]. It has also been shown that hypoxia leads to an increased 

production of growth factors by these cells [50]. 

Due to the heterogeneity between different MSC populations, a joint statement of the International 

Federation of Adipose Therapeutics and Sciences (IFATS) and the ISCT was published in 2013 aiming 

to clarify surface marker expression of AT-MSCs. These should be negative for CD11b and CD45 in 

more than 98% of cells and positive for CD13, CD73 and CD90 in more than 90% of the cells. Moreover, 

CD10 and CD105 should also be expressed in more than 70% of AT-MSCs [25]. 

1.5. Alopecia 

Hair does not only have a great psychological importance, but it is also of physiological relevance, as it 

protects against ultraviolet rays from the sun and has a biological signalling role. Hair is made of keratin 

and its growth occurs through a cycle with three phases. Anagen is the growth phase, which lasts 2 to 

6 years. It is followed by a transitional phase named catagen that lasts 1 to 2 weeks, in which the active 

part of the follicle recedes and a small hair germ remains [51]. Finally, there is the resting phase, called 
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telogen, which lasts around 2 to 4 months. During this last phase the hair germ remains dormant and in 

the end the hair falls out. The next hair growth cycle is induced by migration of stem cells from the bulge 

region to the hair germ and their proliferation. These are the hair follicle stem cells (HFSCs), which once 

activated will differentiate and form the hair shaft and the inner root sheath of the new hair follicle [48]. 

If men and women have a healthy hair growth cycle, they will have about 80000 to 120000 hairs on the 

scalp which usually grow independently from each other. About 80% or more of the hair should be in 

anagen, whereas 20% or less should be in telogen [51]. 

Hair loss can be divided in two main issues: effluvium, which corresponds to increased hair falling, and 

alopecia, which is visible hairlessness. There are numerous possible causes for alopecia, depending on 

the type of alopecia and on individual variability. Some of these are hereditary factors, drugs, nutritional 

disorders, environmental factors, stress, age and certain medical conditions such as autoimmune 

diseases. These factors may influence the hair cycle negatively, causing a decrease in stem cell activity 

and the regeneration ability of the hair follicle. The type of alopecia and the underlying cause influence 

the type of treatment that should be administered [50], [51]. 

Androgenetic alopecia (AGA) is the most common type and it is characterized by hair follicles with a 

decreased size, less thick hair shafts, and hair growth cycle phases with shorter durations. Overall, this 

hair disorder can affect up to 70% of men and 40% of women, sometimes at a relatively early age [51]. 

AGA reflects a genetic sensitivity of the hair follicles of certain individuals to circulating androgens, even 

if these are within normal levels. The most effective treatments nowadays are drugs which stop hair loss 

in 80% to 90% of the patients but are associated with negative side effects [51].  

Autologous hair transplantation is another possible treatment for AGA, which is considered to be the 

gold standard for the treatment of genetic alopecia [15]. For this procedure, hair is typically removed 

from the occipital area of the scalp, which is androgen insensitive. The two main techniques to obtain 

hair follicles that are currently in use are the follicular unit extraction (FUE) and the follicular unit 

transplantation (FUT), also called strip procedure. These techniques differ mainly in the manner by 

which hair follicles are extracted, with FUE being less invasive [52]–[55]. Nonetheless, autologous hair 

transplantation is clearly not as effective as the medicines previously presented regarding prevention of 

disease progression [51]. 

HFSCs have also been recently researched for treatment of non-scarring alopecia in general, as it does 

not compromise the bulge region. The bulge area is characterized by upregulation of 

immunosuppressant molecules and downregulation of MHC I molecules, making it a safe zone from 

autoimmune aggressions for the HFSCs. Furthermore, this region promotes the regeneration of the hair 

follicle during the hair growth cycle. The activity of HFSCs can be induced by external signals such as 

Wnts, fibroblast growth factors (FGFs), platelet derived growth factors (PDGFs) and bone 

morphogenetic proteins (BMPs) [48]. Wnts are a family of protein growth factors that are involved in 

several signalling pathways such as the Wnt/β-catenin pathway, also called the canonical Wnt pathway. 

If there is no Wnt signalling, β-catenin is degraded by a protein destruction complex. However, if Wnt is 

present, it will prevent the action of the destruction complex on β-catenin, which will consequently 



11 
 

accumulate inside the cell and activate target genes [56]. The activation of this pathway leads to the 

differentiation of HFSCs into hair follicles, and so it has become one highlight in recent research on this 

field of study [57].  

Platelet-rich plasma (PRP) is a preparation of platelets in concentrated plasma of autologous origin 

which contains several growth factors and biomolecules [48]. PRP has already been used as an 

adjuvant treatment together with surgical hair restoration procedures in men in order to improve hair 

follicle growth and density [57]. In 2012, Li et al. showed that PRP increases the expression of β-catenin, 

FGF-7 and B-cell lymphoma 2 (Bcl-2) expression in dermal papilla cells (DPCs), which leads 

respectively to the differentiation of bulge stem cells into hair follicles, prolongation of anagen and 

prevention of cell apoptosis [58]. The DPCs are a population of mesenchymal cells that are associated 

with regulation of the hair growth cycle and formation of new hair follicle. They can activate HFSCs in 

early anagen by activating the Wnt/β-catenin pathway [50].  

Another common type of alopecia is alopecia areata (AA), which also has a genetic component and is 

related to inflammatory and autoimmune diseases including atopic eczema and vitiligo. The hair follicles 

are reversibly damaged by cytotoxic T-lymphocytes and cytokines, leading to hair falling out. Before 

undergoing an actual treatment, it is important to wait since spontaneous remission occurs in one third 

of the patients. If severity increases, topical immune therapies can be applied. These rely on chemical 

allergens which cause an allergic dermatitis that will competitively inhibit the T-lymphocytes. It is the 

most effective treatment for AA, with hair growing back in 3 to 6 months in 30% to 80% of the patients 

[51]. PRP has also been used to treat chronic AA and it led to increased hair growth in 60% of the 

patients. This beneficial effect may have been due to PRP’s anti-inflammatory effects [57], [59]. 

Scarring alopecia is a hair disorder that leads to the irreversible destruction of the hair follicles. In non-

scarring alopecia, only the progenitor cells are damaged, whereas HFSCs are preserved, which makes 

the disease reversible. Contrarily, in scarring alopecia there is inflammatory cell infiltration in the bulge 

area, which leads to the irreversible loss of the HFSCs [50]. It is less frequent than other types of 

alopecia and its pathogenesis is still not well-known, thus there is not enough evidence to establish 

guidelines for its treatment [51]. The main therapies focus on preventing disease progression by using 

anti-inflammatory or immunomodulatory agents [57]. 

Taking into consideration all the possible treatments, it is clear that there is still no perfect solution for 

alopecia. Furthermore, the harsh side effects and the strong persistence required to continue treatments 

for a long time frequently leads to lack of compliance from the patients. Therefore, it is necessary to find 

better treatments with less side effects and with an easier usage [57].  

1.5.1. Adipocyte Lineage Cells and the Skin Stem Cell Niche 

The activity of HFSCs is regulated by the surrounding microenvironment, called niche. It includes the 

daughter cells of HFSCs, which migrate to the hair germ in order to form new hair follicles for the next 

hair growth cycle. The niche also contains the DPCs, which influence the activity of HFSCs by secreting 

signalling molecules, as previously explained. Melanocyte stem cells are also present in this 
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microenvironment. These cells generate new mature melanocytes that will assign colour to hair. The 

extracellular matrix is also quite important for the niche as it affects HFSCs through the formation of the 

basal membrane, which can influence stem cells by contact via integrins, for example [50]. 

The macroenvironment surrounding HFSCs also influences their activity. Vascularization is a key factor 

that varies throughout the hair cycle. Angiogenesis increases during anagen, probably due to stimulation 

of HFSCs. The microvascular network contains venous vessels, which allow the maintenance of a low-

oxygen environment, as preferred by stem cells. Besides vascularization, the fact that the bulge area is 

an immune-privileged region is also very important for the activity of HFSCs. If this property is impaired, 

there will be immune attacks against HFSCs, which have been associated to alopecia [50].   

Another key factor in the macroenvironment surrounding HFSCs is the AT [50]. In 2011, Festa et al. 

demonstrated that immature adipocytes are necessary and sufficient to lead to the activation of HFSCs 

and consequently initiate the hair growth cycle. This activation occurs in parallel with a dynamic process 

of adipogenesis [48].  

It has been shown that the intradermal adipocyte layer expands during induction of hair growth. This 

expansion is caused both by adipocyte hypertrophy, which involves lipogenesis, and adipogenesis [48]. 

It has also been hypothesized that telogen may be caused by lack of AT as it has been documented that 

hair loss and AT loss occur in tandem [15]. The synchrony between the hair growth cycle and the 

oscillation in the thickness of the intradermal adipocyte layer correlates with the periodic activation of 

the Wnt/β-catenin pathway [60]. The growth of AT in this depot is faster than in other sites due to a faster 

regeneration of its intradermal adipocytes, allowing the AT to grow in parallel with the hair growth cycle 

[15]. 

Epidermal activation of the Wnt/β-catenin pathway is crucial for adipogenesis. Moreover, activation of 

this pathway in keratinocytes directly stimulates adipogenesis, not indirectly through mature hair follicle 

formation. In association with the stimulation of adipogenesis, there will be anagen induction [60]. 

Keratinocytes represent 95% of the cells present in the epidermis and have both a structural and an 

immune role, as the skin is the first line of defence against external aggressions. They produce keratin, 

which can be found in these cell’s cytoskeleton and makes up the hair and nails of human beings [61].  

The Wnt/β-catenin pathway is crucial for initiating the signalling cascade that leads to adipogenesis. 

One of the targets of this pathway are keratinocytes. Upon this pathway’s signalling, these cells secrete 

factors that will promote adipogenesis. Some of these factors are BMP2, BMP6 and insulin-like growth 

factor (IGF) - 2. It is the balance of pro-adipogenic signals such as these and anti-adipogenic signals 

that leads to a spatially and temporally regulated adipogenesis [60]. 

Cells from the adipogenic lineage also secrete factors that can regulate the hair growth cycle [60]. It has 

been recently shown that mature dermal adipocytes express BMP2 during the hair growth cycle, which 

is an inhibitory signal for the activity of HFSCs and hair follicle growth. Furthermore, it is inversely 

correlated with Wnt signalling [48]. Additionally, AT-MSCs also participate in the activation of skin stem 

cells by secreted factors such as: peroxisome proliferator-activated receptors (PPARs), whose effect is 
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the stimulation of HFSCs; vascular endothelial growth factor (VEGF), which is associated to the 

regulation of hair growth and the size of the follicle by stimulating angiogenesis; hepatocyte growth factor 

(HGF), which is related to the duration of the hair growth cycle phases; PDGF, whose signalling 

stimulates and maintains anagen; and IGF-1, which regulates the hair growth cycle and cell 

differentiation. Furthermore, AT-MSCs can stimulate angiogenesis and increase blood supply to the 

DPCs. They also possess immunomodulatory and immunosuppressive properties either by secretion of 

biomolecules or by direct interaction with other cells. Their paracrine activity also influences the hair 

follicle in several ways, some of which are not clear yet. As an example, it contributes to the migration 

of HFSCs to the hair germ [50]. 

Taking all the evidence into account, intradermal adipocyte lineage cells seem to be quite important in 

establishing the skin microenvironment that surrounds HFSCs and hair follicles [48]. 

1.5.2. Hair Restoration Statistics 

Besides understanding the biology of healthy hair and the pathophysiology behind alopecia, it is also 

very important to fully comprehend the relevance of this disease for the public, for future research and 

for the medical, pharmaceutical and technological market. 

According to the 2017 practice census results of the International Society of Hair Restoration Surgery 

(ISHRS), the worldwide demand for hair restoration procedures has been increasing every year, as 

shown in Figure 1.2 [62]. 

 

Figure 1.2 – Extrapolated worldwide volume of surgical hair restoration procedures performed 
in recent years according to the 2017 practice census results of the ISHRS [62]. 

The number of hair restoration patients has also been increasing steadily, which does not mean that 

hair loss has been affecting more individuals lately, but that people are becoming more aware of their 

problem and trying to solve it with professional help. It was estimated that in 2016 there were 1838946 

hair restoration patients, which denotes a growth of 74% compared to 2014. Out of the total number of 
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worldwide patients, 12% were Europeans. Most patients were men both for surgical and non-surgical 

procedures (85.7% and 61.8%, respectively) [62]. 

This increase in demand has been accompanied by a growth in market size. It was estimated that the 

surgical hair restoration worldwide market size was €3.6 billion in 2016, which corresponded to a 64% 

increase compared to 2014 [62]. 

The age distribution for each gender regarding surgical hair restoration was also determined and it is 

shown in Figure 1.3. About half of male and female patients of 2016 had their age comprised in between 

30 to 49 years old [62]. 

 

Figure 1.3 – Age and gender distribution of surgical hair restoration patients in 2016 according 
to the 2017 practice census results of the ISHRS [62]. 

The main surgical procedures that were used in 2016 were hair transplantation with FUE harvesting and 

hair transplantation with FUT harvesting, which corresponded to 52.6% and 44.0% of all surgical hair 

restoration procedures performed worldwide, respectively [62].  

Most patients that sought these procedures had genetic hair loss (84.6%). Among other possible causes 

were reconstructive needs (8.0%) and post-cosmetic surgery needs (4.0%). The main target area was 

the scalp, both for men (89%) and women (79%). However, there were also interventions in the eyebrow 

(3% for men and 15% for women), in the beard region (4% for men only) and for scar repair (2% for 

men and 3% for women), among others [62]. 

It is important to note that although the majority of patients only needed one procedure to achieve the 

desired result (58.2%), in some cases a second intervention was necessary (31.3%) or even more 

procedures than that (10.3%) [62]. 

Figure 1.4 illustrates the results of a very interesting poll that was conducted within the members of the 

ISHRS in 2016 regarding which scientific advance they thought that would appear next in the field of 

hair restoration. The majority of the respondents (56.8%) answered stem cell therapies, which shows 
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how much these professionals believe that stem cell therapies are getting closer to the clinical setting 

and will become a major breakthrough in this field [62]. 

 

Figure 1.4 – Thoughts of the members of ISHRS on what the next technological “leap” in hair 
restoration will be [62].  

1.5.3. Clinical Trials and Therapeutic Novelties 

Autologous hair transplantation is considered to be the current gold standard for the treatment of 

alopecia. However, it has a restricted range of usability because the material available for use is limited 

and the cell viability is partially impaired in the process. Therefore, current research is pointing towards 

more effective autologous regenerative strategies [50]. 

There are different populations of stem cells residing in hair follicles, such as HFSCs and dermal stem 

cells. The latter have the role of participating in hair follicle formation and restocking the dermal papilla 

and the connective tissue sheath. These cells grow in spherical colonies when cultured in vitro, which 

is time-consuming and not effective for clinical applications. Stirred suspension bioreactors have been 

used to solve these issues. These bioreactors are an efficient way of culturing and expanding stem cells 

in aggregates at a large scale [63]. Their standardization and the possibility of controlling environmental 

conditions such as the concentration of nutrients leads to more uniform cells and a higher cell density 

per volume. The productivity is five times higher than in static cultures and it has been shown that the 

phenotype of the cells and their ability to form hair follicles is kept even after five passages in these 

bioreactors. All these advantages have led to the suggestion of using these bioreactors commercially 

for the treatment of alopecia [50]. In 2017, Gentile et al. proposed the use of the Rigenera cons device 

for immediate use in clinical practice. After a biopsy and removal of AT, this device was used to obtain a 

suspension of HFSCs by automatic mechanical disaggregation of the cell population without culturing, 

which were then injected into the scalp. The results showed an 29% increase in hair density in the 

treated area of AGA patients and less than 1% in the placebo area [50], [64]. 

Bone marrow mononuclear cells are a heterogeneous mixture of cells which are homologous to the SVF 

from AT. MSCs are also included in this cluster of bone marrow cells. Recently, Ibrahim and colleagues 
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have used this mixture compared to autologous HFSCs in AGA and AA patients. Both groups showed 

significant improvements and stem cells had similar effects, independently from their origin [50], [65]. 

AT-MSCs present promising properties for cell-based therapies for alopecia. In a study from 2014, AT-

MSCs and their growth factors were injected into AGA patients. The cell suspension was obtained by 

mechanically disaggregating the cells from the subcutaneous AT from the occipital area using the 

Rigenera cons device. The transplanted hair grew continuously even after two months had already 

passed since the procedure and the duration of telogen diminished [66]. In another study from 2015, 

AT-MSC conditioned medium containing several growth factors was administered to alopecia patients 

in 4 to 6 sessions and there was a great improvement in hair thickness [50], [67].  

SVF cells altogether have also been studied for the treatment of alopecia. In 2018, Anderi et al. recruited 

20 AA patients in order to, after liposuction, isolate and characterize SVF cells, which were then injected 

into the scalp. About 4.0 to 4.7 million cells were used per injection. Hair growth and thickness greatly 

improved comparing the initially untreated stage of the patients and 6 months post-surgery. Moreover, 

safety and efficacy of the treatment were demonstrated [68]. In 2017, Berman and Lander reported that 

the autologous transplantation of SVF obtained upon enzymatic digestion of lipoaspirates was a safe 

and effective treatment for inflammatory, degenerative and autoimmune conditions, most of them related 

to the musculoskeletal system, on more than 1500 patients [69]. Although alopecia was not included in 

this study, the fact that autologous SVF was able to achieve such satisfactory results on cell-based 

therapies for other diseases is reassuring. In 2018, it was reported that it seems that it is the combination 

of different cells types instead of a single subset of cells such as AT-MSCs that leads to optimal treatment 

efficacy when using SVF. More precisely, it seems that a ratio of 2:1 of AT-MSCs to haematopoietic stem 

cells (HSCs) is promising for a successful cell therapy. Therefore, it might be useful for future therapies 

to adjust the cell ratio beforehand [70]. 

Although fat transplantation is mainly used for aesthetic or reconstructive purposes, there are surgical 

reports stating that it also leads to improvements in skin and hair [15]. Several recent studies have been 

focusing on autologous fat transfer enriched with SVF in order to enhance adipocyte viability and graft 

retention [50]. It is thought that the supplementation with a source of new SVF cells including progenitor 

and stem cells supports the grafted tissue, leading to a longer retention [71]. This procedure is termed 

cell-assisted lipotransfer and has already been shown to be as safe as non-enhanced grafting when 

used at the point of care together with a manual cell isolation protocol based on the use of collagenase 

[72]. Nonetheless, its great potential for reconstructive surgery must still be confirmed in further high-

quality studies and several parameters must be optimized, such as the most adequate level of cell 

enrichment [73]. In 2017, Perez-Meza et al. published the first pilot study on the use of this technique 

for the treatment of a patient series suffering from alopecia, which presented promising results. 

Abdominal and flank fat was harvested from male and female patients suffering from pattern hair loss 

(a distinctive form of hair loss in AGA patients [74]) using a 2.4 mm cannula and the obtained lipoaspirate 

was divided in two aliquots. One was processed using the Celution® system so as to get a cell 

suspension of AT-MSCs and the other using the Puregraft® system in order to obtain a purified 

autologous fat graft. Then, 1.0 mL/cm2 of the scalp was injected using a 1.2 mm cannula. The injected 
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mixture contained purified AT from Puregraft® processing, AT-MSCs from Celution® and also Ringer’s 

Lactate, which is a balanced solution used for fluid replacement [75]. On average, there was an increase 

of 31 hairs/cm2 of the scalp, which corresponds to a 23% increase compared to before the treatment. 

One patient had only fat transplanted and experienced an increase of 14 hairs/cm2 of the scalp, which 

suggests that fat itself can enhance hair growth but fat enrichment with SVF is a more effective strategy. 

Furthermore, one patient acted as his own control by having a treated and a placebo area. A mean 

increase of 44.1 hairs/cm2 of the scalp and 1.33 hairs/cm2 of the scalp was verified, respectively, clearly 

showing the benefits of the treatment. The safety and tolerability of the treatment was demonstrated 

with this study and the results were consistent with previous outcomes obtained with conditioned media 

and with literature reporting hair loss and AT loss occurring together. More research is needed to confirm 

these positive effects of fat enrichment with SVF for alopecia through a blinded study on a larger sample 

[15]. 

Besides cell-assisted lipotransfer, other attempts have been made to increase fat graft retention, for 

instance by stimulating angiogenesis or healing. Preclinical data shows that gene therapy with factors 

that induce angiogenesis leads to an increased survival of the transplanted fat [15]. Other studies using 

animal models have shown that coating the fat that is intended to be transferred with AT from a different 

area leads to higher fat graft retention. This beneficial effect is most likely caused by the healing effect 

that is known to be possessed by some cells in AT and that is generated in the interface between the 

two types of fat [15]. Nevertheless, these alternative strategies have yet to be tested in human beings 

and particularly for alopecia. 

There are very few autologous cell therapies that are being developed for alopecia and that are 

minimally invasive. However, the few studies that have been described here presented good results and 

they are promising possible treatments for alopecia. Moreover, such therapeutic strategies could 

possibly be applied to patients that are usually not offered the option of undergoing hair transplantation. 

These include patients with scarring alopecia and early pattern hair loss, as well as patients who do not 

want to comply with the medical therapies that are recommended after the surgical procedure. These 

new cell therapies may become an option for such patients in the future, either alone or as an adjunct 

treatment [15].  

When searching for currently ongoing clinical trials regarding treatments for alopecia, it is interesting to 

find that, upon application of the keyword “stem cells”, most studies use SVF cells or AT-MSCs in 

particular. Such fact highlights how promising these cells seem to be for cell-based therapies for 

alopecia. On Table 1.4 and Table 1.5 it is possible to observe a summarized overview of the clinical trials 

present on ClinicalTrials.gov with the keywords “stem cells” or “stromal vascular fraction” for the 

treatment of alopecia [77]. ClinicalTrials.gov is the largest clinical trials database containing registries 

from all over the world [78]. It is important to understand the different phases of clinical trials for the full 

comprehension of this overview: phase I aims to assess safety of the treatment; phase II evaluates its 

efficacy; phase III aims to confirm previous findings in a large sample; and phase IV focuses on its long-

term safety on a diversified sample [79]. 
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Table 1.4 – Clinical trials currently registered on ClinicalTrials.gov for alopecia using stem cells or the SVF [77]. 

Study Title Phase Cells 

Used 

Conditions Method Status Country and 

Duration Period 

Stem Cell Educator Therapy 

in Alopecia Areata 

Phase 

I/Phase II 

Cord 

blood-

derived 

multipotent 

stem cells 

(CB-SCs) 

Alopecia 

Areata 

Stem Cell Educator: closed-loop system in 

which the patient’s blood passes through a 

blood cell separator, the patient’s lymphocytes 

are co-cultured with in vitro adherent CB-SCs 

and finally the educated lymphocytes are 

returned to the patient’s blood. 

Unknown China 

August 2012 – 

July 2013 

Adipose Tissue Derived 

Stem Cell Based Hair 

Restoration Therapy for 

Androgenetic Alopecia 

Phase II SVF Androgenetic 

Alopecia 

Implantation of a combination of SVF and PRP. Completed Pakistan 

June 2017 – 

December 2017 

The Effect of Allogeneic 

Human Adipose Derived 

Stem Cell Component 

Extract on Androgenic 

Alopecia 

Not 

applicable 

AT-MSCs Androgenetic 

Alopecia 

Administration of 1.2 grams of allogeneic AT-

MSC component extract per month. 

Completed South Korea  

July 2015 – May 

2016 

Adipose Derived Stem Cells 

Versus Platelet Rich Plasma 

on Follicular Unit Extraction 

Phase IV AT-MSCs Androgenetic 

Alopecia 

Comparison between injection of PRP during 

FUE and injection of AT-MSC suspension 

during FUE. 

Recruiting Egypt 

January 2018 – 

March 2019 

(estimated) 
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Table 1.5 – Clinical trials currently registered on ClinicalTrials.gov for alopecia using stem cells or the SVF (continuation) [77]. 

Study Title Phase Cells 

Used 

Conditions Method Status Country and Duration 

Period 

Biocellular-Cellular 

Regenerative Treatment 

Scarring Alopecia and 

Alopecia Areata 

Not 

applicable 

SVF Alopecia Areata; 

Scarring Alopecia 

Comparison between emulsified 

SVF + PRP; emulsified SVF + 

PRP + SVF cell concentrates; 

and SVF cell concentrates. 

Recruiting USA 

February 2017 – June 2019 

(estimated) 

Point-of-Care Adipose-

Derived Cells for Hair 

Growth 

Early 

Phase I 

SVF Androgenetic 

Alopecia 

Single injection of autologous 

SVF. 

Recruiting USA 

October 2016 – July 2019 

(estimated) 

Adipose-Derived SVF for 

Treatment of Alopecia 

Not 

applicable 

SVF Androgenetic 

Alopecia 

Single injection of autologous 

SVF. 

Completed USA 

December 2015 – February 

2017 

Autologous Adipose-

Derived Adult Stromal 

Vascular Cell 

Transplantation for Alopecia 

Not 

applicable 

SVF and 

AT-

MSCs 

Hair 

Loss/Baldness 

Alopecia 

Comparison between 

transplantation of SVF without 

culturing and transplantation of 

cultured AT-MSCs. 

Recruiting Lebanon 

January 2017 – December 

2018 (estimated) 

AGA Biocellular 

Stem/Stromal Hair 

Regenerative Study 

Phase 

I/Phase II 

SVF Androgenetic 

Alopecia; Female 

Pattern Hair Loss 

Comparison of SVF + PRP; and 

cell-enriched SVF + SVF + PRP.  

Recruiting USA 

August 2016 – July 2020 

(estimated) 
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For any of these therapies to be approved in the future, it is necessary for them to achieve the objectives 

established by each phase of clinical trials. Afterwards, they must be accepted by the regulatory 

agencies before being applied in the clinical setting. The regulatory approval is often difficult to obtain, 

particularly if the therapy is classified as an advanced therapy medicinal product (ATMP). According to 

the European Medicines Agency (EMA), an ATMP can be defined differently depending on which 

subtype it belongs to [80]: 

• Somatic cell therapy medicinal product: either the function or the biological characteristics of 

cells or tissues are changed for the intended application. They can be used to prevent, diagnose 

or cure diseases; 

• Tissue engineered product: cells or tissues are modified in order to be used for repair, 

regeneration or replacement of human tissues; 

• Gene therapy medicinal product: genes are used with a diagnostic, prophylactic or therapeutic 

purpose; 

• Combined ATMP: contains one or more medical devices integrated with the medicine. 

Medicinal products that are not classified as ATMPs are usually approved faster by regulatory agencies. 

Therefore, if any of the suggested therapies for alopecia is classified as a medicinal product instead of 

an ATMP in the future after passing through all the phases of clinical trials, it will be applied in the clinical 

setting in a relatively faster way. 

One such therapy is the use of autologous fat transfer for the treatment of alopecia. This is because 

there is no modification of the AT and its role in the human body does not change from one depot to 

another, if injected at the same depth of the skin. The enrichment with SVF, as proposed by Perez-Meza 

et al., could be slightly more controversial, but as long as the isolation process does not alter the cells 

and their function, the therapy will still not be considered an ATMP. Furthermore, this therapy could be 

minimally invasive and possibly even ambulatory if small cannulas were used and the size and number 

of incisions was limited [81]. Minimally invasive surgeries are associated with less pain, less damage, 

fewer complications and shorter hospital stays than open surgeries, which is clearly preferable for the 

patients [82]. Moreover, this would prevent the application of general anaesthesia and the need for large 

amounts of fat, and thus lean patients would also be eligible for the treatment [81]. Hence, this therapy 

seems promising not only from a scientific perspective, as suggested by the results presented in the 

study by Perez-Meza and colleagues, but also from a practical point of view, due to its easier acceptance 

by regulatory agencies and by the patients. 

1.6. Factors Influencing Cell Viability 

One major concern regarding autologous fat transfer is the decrease in cell viability that can lead to loss 

of volume, as previously explained. Cells can lose their viability due to several different reasons, which 

will now be explained. 
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1.6.1. During Harvesting or Injection 

1.6.1.1. Surgical Techniques 

There are several different surgical techniques that can be chosen for plastic surgery procedures 

depending on the surgeon’s preferences and the patient’s characteristics, and each has their own 

advantages and drawbacks. Some of these techniques are liposuction, abdominoplasty and resection. 

The most traditional liposuction technique is the suction-assisted liposuction (SAL), in which a cannula 

is connected to a suction pump. However, alternatives have been developed throughout time. For 

instance, ultrasound-assisted liposuction (UAL) uses ultrasonic energy for a more selective tissue 

lipolysis.  Power-assisted liposuction (PAL) relies on a rapidly vibrating cannula and decreases the 

operator’s fatigue. Other options are laser-assisted liposuction (LAL), which is based on the principle of 

selective photothermolysis in order to lyse adipocytes in a localized manner while leaving the 

surrounding structures unaffected, and water-assisted liposuction (WAL), in which a thin jet injects fluid 

during the procedure in order to loosen the fat cells and minimize collateral damage in the nearby tissues 

[83]. Comparative studies on the different types of liposuction have been published recently. In 2016, 

Harats et al. analysed SAL, PAL and WAL in terms of cell number and viability and demonstrated that 

PAL led to the higher cell counts, WAL to the greater viability ratio and SAL was clearly inferior when 

compared to the other two alternatives [84]. 

An abdominoplasty is another possible surgical technique for the removal of fat, in this case specifically 

in the abdomen. This resection or excision of abdominal fat has also been compared to liposuction in 

several studies. Schneider and colleagues isolated AT-MSCs from fat from both procedures and 

demonstrated that cells isolated from lipoaspirates had a higher proliferative potential at higher 

passages and more cells displayed MSC surface markers [85]. On a different study, Bajek et al. 

compared the potential of isolated cells using PAL, LAL or surgical resection. Excised tissue showed a 

cell yield higher than the double of that of the other options, which were similar to each other in this 

regard. Moreover, AT-MSCs from resected tissue and fat aspirated through PAL formed many more 

colonies that the cells obtained by LAL. Additionally, PAL was the technique whose AT-MSCs presented 

the greatest proliferative ability [86]. Duscher and co-workers verified in their experiment that fat 

obtained by SAL provided considerable fewer AT-MSCs compared to resected tissue obtained through 

an abdominoplasty, but the cell viability was equivalent [87].  

Overall, the results of the comparative studies presented above, as well as many others, seem to be 

quite diverse. A clear tendency has not been identified yet regarding the best choice in terms of surgical 

procedures for cell-based therapies. More research should be performed in the future on this topic while 

using more standardized methodologies to allow reliable comparisons.   

Other AT manipulations can be performed by surgeons in the operating room. For instance, mechanical 

micronization can be applied to lipoaspirates through squeezing or emulsification, as presented by 

Mashiko et al. in a study from 2016. The squeeze technique involves centrifugation of the AT followed 

by fragmentation with an automated slicer. Emulsification consists of repeated transfer of AT between 
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two connected syringes. Emulsified AT is composed of two phases that can be separated by filtration 

with a mesh: filtrated fluid and residual tissue. The authors verified that both types of manipulation led 

to adipocyte and capillary rupture. Residual emulsified tissue and squeezed fat showed a higher cell 

yield of AT-MSCs and endothelial cells than simply centrifuged fat, which demonstrated that in the two 

first types of fat there was the concentration of AT-MSCs while adipocytes were selectively removed. 

Between residual emulsified tissue and squeezed fat, cell number and viability of SVF was similar but 

AT-MSCs were more damaged in residual tissue of emulsified fat. Filtrated fluid of emulsified fat did not 

exhibit any AT-MSCs upon culturing. Although the mechanical micronization of this study was performed 

with minimal manipulation, the resultant fat grafts should be tested in vivo for the full comprehension of 

the effects of the application of such techniques [88].  

1.6.1.2. Cannulas 

Cannulas with different sizes, lengths and shapes can be used during harvesting and injection of the 

extracted fat. Cannula size or width is usually measured according to its thickness in gauges (G). One 

of the most common systems is the Birmingham wire gauge system, which specifies the outer and inner 

diameter, as well as the maximum flow rate of each cannula. A higher gauge means a smaller thickness, 

outer diameter, inner diameter, as well as lower maximum flow rate [89]. 

Although the studies performed up until now cannot clarify which are the best parameters for maximizing 

viability yet, there is a trend in literature that points out that larger cannulas help preserving the cellular 

architecture and avoiding cell death [90]. As an example, in a study of 2012 human fat grafts were 

transplanted into mice by using two cannulas of different sizes. It was shown that the larger aspiration 

cannula led to enhanced graft retention [91]. The most likely cause for the increased cell viability that 

has been verified when comparing larger cannulas with narrower ones is the application of less shear 

stress. Shear stress results from the application of forces parallel to the area that is resisting the force. 

When a viscous fluid such as fat passes by a solid boundary, such stress will arise [92].  

In 2017, Luan et al. demonstrated that longer, narrower and bent cannulas lead to more shear thinning 

of the lipoaspirate. This term means that the viscosity of fat decreases with an increase in shear stress, 

which suggests that the AT breaks apart as the applied force increases. The authors also evaluated the 

differences in the storage modulus when varying cannula parameters. The storage modulus is a 

measure of elasticity that reflects how much mechanical energy is stored. A higher storage modulus 

means a higher ability to store energy and to keep the original structure, rather than dissipating energy 

and changing shape. It was verified that when larger cannulas were used, the resulting fat had a higher 

storage modulus than when using narrower cannulas. Shorter cannulas also led to higher storage 

modulus than long ones, as well as higher human graft retention in mice [93]. 

However, narrower cannulas are necessary for very superficial grafts in certain cosmetic and 

reconstructive procedures, such as for treating superficial scars, wrinkles, acne scars, nasolabial folds, 

rhinoplasty sequelae and dark lower eyelids [94], [95]. Besides being needed for fat grafting at a 

subdermic level, they are also useful for injection in fibrotic dermis [95]. Lipofilling performed with narrow 

cannulas is called micro-fat or nano-fat grafting, depending on how small the diameter of the cannula is 
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[94], [95]. These techniques allow minimally invasive surgeries for small volumization and involve less 

trauma than larger cannulas, minimizing the risks of poor oxygen diffusion in the graft, haematoma 

formation and bleeding [95], [96]. Nonetheless, such narrow cannulas impair cell viability more than 

larger ones. In a study on nano-fat samples, no viable adipocytes were found, though AT-MSCs were 

still highly present [94]. Furthermore, smaller cannulas imply more time-consuming surgeries at a 

constant flow velocity (which if increased will lead to greater shear stress and cause more damage to 

the cells). Therefore, there must be a compromise between the necessity of narrow cannulas for the 

desired application and their disadvantages when choosing the most adequate cannula for a cosmetic 

or reconstructive surgery. Future research will certainly help elucidating surgeons and scientists about 

the best choice.  

1.6.1.3. Pressure 

In a study from 2008, different harvesting conditions were tested on 3 patients and one of the parameters 

tested was the aspiration pressure. Independently from the chosen harvesting technique, cell yield was 

higher for pressures with lower absolute value [97]. In 2016, Chen et al. experimented harvesting with 

two different suction pressures (namely 0.30 bar and 0.55 bar in absolute value), while maintaining all 

the other parameters constant as much as possible. A lower absolute value in pressure led to apparently 

smaller particle sizes, less red blood cells, higher SVF cell number, faster growth at passages 1 and 2, 

higher adipogenic differentiation potential at P1 to P3, and higher FGF and VEGF secretion, though no 

difference in phenotypic markers was found [98]. All these findings suggest that pressure with lower 

absolute value is beneficial for harvesting fat with maximal cell viability. It is important to note that 

negative pressure is applied during harvesting, whereas positive pressure is used for injection [99].  

1.6.1.4. Donor Site and Other Patient Factors 

More than a dozen studies have been performed in humans regarding donor site preferences for the 

harvesting of a higher AT-MSC or SVF cell yield [100]. However, only around half showed statistically 

significant differences between different donor areas. In 2008, Padoin and colleagues tested six harvest 

sites, namely upper abdomen, lower abdomen, flank, trochanteric region (area near the upper part of 

the femoral bone), inner thigh and knee. The cell yield obtained from the lower abdomen and the inner 

thigh was considerably higher relatively to the other areas tested [101]. In the same year, Jurgens et al. 

compared the abdomen and the hip/thigh region and verified a higher AT-MSC number on the abdominal 

fat, but there was no difference regarding the total number of nucleated cells and the differentiation 

potential [102]. In 2014, a study by Geissler and co-workers presented a greater adipocyte viability in 

the lower abdomen compared to the flank and inner thigh, but only for younger patients. Interestingly, 

the adipocytes of the flanks of older patients had a higher viability than the ones from the flanks of 

younger patients [103]. In 2017, Tsekouras et al. tested five different donor areas, namely abdomen, 

waist, outer thigh, inner thigh and inner knee. There was a higher SVF cell yield in the outer thigh 

compared to the other donor sites, and the number of AT-MSCs was significantly higher in the outer and 

inner thigh. However, no differences among the different depots were verified in terms of viability [104].  
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Overall, with the exception of the last studied presented, there seems to be a preference regarding the 

abdominal region. Furthermore, it seems that the harvest site has little impact on the outcome of fat 

grafting [100]. However, the variability in the regions tested, the lack of consistently significant results, 

and the use of different isolation protocols do not allow for accurate conclusions. More studies should 

be conducted in the future using more standardized methodologies so as to determine the differences 

between donor sites in a more precise manner. 

Other patient factors have also been studied in order to find any correlations regarding adipocyte and 

AT-MSC behaviour. Although the evidence is not uniform throughout all studies, it seems that increasing 

age, body mass index (BMI), diabetes mellitus and radiotherapy lead to diminished proliferation and 

differentiation abilities in AT-MSCs. The functionality of adipocytes and the viability of the grafts are 

supported by circulating oestrogen. Physical exercise, hypertension, total cholesterol levels, renal 

disease and peripheral vascular disease do not seem to influence the number of AT-MSCs. Gender, HIV 

and chemotherapy have not shown a significant impact on graft retention, just like harvest site 

preference [100]. 

1.6.2. During Fat Processing 

There are several possible isolation protocols, both for research and for clinical applications at the point 

of care. Such variations lead to different results that cannot be reliably compared. Therefore, it would be 

ideal to find the best standardized method in accordance with good manufacturing practice (GMP) 

guidelines regarding the isolation of SVF cells from the AT. This would not only allow the generation of 

reproducible results in terms of scientific research, but also and mostly the establishment of a safe and 

efficient protocol to be applied in the clinical setting [105]. 

1.6.2.1. Enzymatic versus Non-Enzymatic Methods 

One of the main issues regarding isolation protocols is the possibility of performing enzymatic digestion 

or a non-enzymatic disruption of the AT. Digestion using enzymes such as collagenase has already 

proved to be successful in several studies. However, their usage involves some drawbacks, namely lot-

to-lot and supplier-associated variability and the expensive cost of clinical grade enzymes, leading to an 

increase in the final product’s cost for the patients. Furthermore, enzymatic action may be harsh for the 

cells of interest and cause changes in their immunophenotype [106].  

As a consequence, scientists have been considering other possible processing methodologies that are 

not based on the use of enzymes and that involve minimal manipulation of the AT. One of these 

alternatives implies the usage of mechanical forces to disrupt biological tissues [106]. In 2013, Shah et 

al. performed SVF and AT-MSC isolation based on a mechanical washing step and concluded that the 

SVF cells obtained were immunophenotypically distinct from the enzymatically processed population, 

probably due to the absence of chemical modifications caused by enzymatic digestion. Nonetheless, 

the resulting passaged AT-MSCs were similar. The usage of a collagenase-based methodology 

significantly increased AT-MSC yield [107]. In a different study, it was verified that there were significant 

alterations in terms of the expression levels of certain markers and that the viability of non-enzymatically 
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isolated cell populations was lower upon thawing [106]. Additionally, such methods have been 

demonstrated to be less efficient and to provide a less pure SVF pellet, characterized by fewer progenitor 

cells and more blood mononuclear cells compared to when enzymatic digestion is performed [15]. 

Therefore, it has been proposed that the mechanical forces that have been applied in non-enzymatic 

methods may not be enough to cause the release of the populations of interest within the SVF [106]. 

Nonetheless, methodologies implying the use of mechanical forces are less expensive, faster and 

simpler than enzymatic procedures, and are equally safe [108]. Moreover, the cells obtained possess 

similar immunosuppressive abilities and stemness, hence they are appealing when only a few AT-MSCs 

are necessary [108], [109]. Further developments on non-enzymatic procedures may lead to easier and 

quicker isolation of SVF and AT-MSCs for practitioners and researchers while maintaining the efficiency 

of enzymatic methods [109]. 

1.6.2.2. Centrifugation 

Isolation protocols usually include at least one centrifugation step. In 2008, Kurita et al. performed an 

experiment in which several different centrifugation speeds were tested. In the end, it was suggested 

that the application of 1200 g for 3 min was optimal for short- and long-term results regarding fat grafting, 

even though those specific conditions were not directly used on the experiment [110]. Later, it was 

demonstrated that centrifugation using those parameters led to the concentration of SVF cells and AT-

MSCs, as well as to greater angiogenesis and retention of fat grafts when compared to non-centrifuged 

lipoaspirate [111]. In 2014, Son and colleagues tested three centrifugation speeds, namely 179.2 g, 

1612.8 g and 2867.2 g. There were no significant differences in adipocyte and AT-MSC viability both in 

fresh and cultured samples. However, the amount of oil increased with higher speeds, which was most 

likely due to augmented adipocytes rupture [112]. Therefore, it was hypothesized that although the 

viability percentage did not change significantly between the different speeds, this was caused by the 

fact that while the number of viable fat cells decreased, the number of dead cells did not accumulate. 

Instead, the cells that died due to lower speeds ended up breaking when the speed was increased and 

turned into oil. Hence, they were no longer counted as dead cells, leading to the consistent viability 

results obtained but simultaneously to a decrease in the total number of viable cells and an increase in 

oil volume. Consequently, if large quantities of AT are collected, higher speeds would be beneficial, 

whereas lower speeds would be better for small amounts of harvested fat [112]. More studies should be 

performed in order to fully understand the role of centrifugation speeds on fat preparation and to further 

optimize them for fat grafting. 

1.6.2.3. Cell Isolation Systems 

Protocols involving several manipulations and manual processes are not adequate to be applied at the 

point of care. Furthermore, if the harvested AT is meant to be used for treatment, it cannot leave the 

operating room in non-sterile and unmonitored conditions [105]. Having both of these issues in mind, 

several closed, sterile and safe systems have been developed in order to minimize protocol variations, 

contamination risks and unpredictability of isolated cells, while complying with regulatory requirements 

and GMP guidelines [105], [108], [113].  
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Table 1.6 and Table 1.7 present the devices currently published, patented or commercially available 

using enzymatic and non-enzymatic methods, respectively. Several of them have already been tested 

in preclinical and clinical trials, and some comparative studies have also been published [113]. 

Regarding the systems based on enzymatic digestion, some of them have already demonstrated 

satisfactory results in clinical trials aiming for the treatment of conditions such as idiopathic pulmonary 

fibrosis, systemic sclerosis, osteoarthritis, meniscus tear, male stress urinary incontinence. Moreover, 

their utility for breast conservation therapy and breast and face reconstruction or augmentation has also 

been previously reported (reviewed in [105]). In a comparative study with four different systems, 

Celution® 800/CRS system led to the highest cell yields, followed by Multi Station, LipoKit GT and finally 

CHA STATION™ [114]. Sepax 2 system was observed to lead to higher cell numbers and clonogenicity 

when compared to common manual isolation [115]. It has been verified that fat grafts enriched in SVF 

by Celution® or Fastkit (Fastem) induce an increase in tissue thickness and enhance the long-term 

beneficial effects in breast reconstruction when compared to results obtained from standard lipotransfer. 

Nonetheless, Faskit (Fastem), which involves mechanical disruption of AT, was less efficient in enriching 

the graft in stem cells that the enzymatically based system Celution® [116]. 

As for systems that do not imply the use of enzymes, Puregraft® was observed to led to greater tissue 

viability and a purer pellet containing less erythrocytes and other contaminants when compared to fat 

grafts produced by simpler isolation processes such as gravity separation and centrifugation [117]. 

Comparing Lipogems® with enzymatically isolated cells, the first has been observed to lead to a higher 

fraction of AT-MSCs and fewer haematopoietic cells [118]. Furthermore, when AT was processed using 

this system, the structure of the original tissue was maintained and it resulted in a better source for AT-

MSCs than the commonly lipoaspirated tissue [119]. Moreover, this system can also have a positive 

impact on healing, osteointegration and stabilization of implants in regenerating bone and on enhancing 

aesthetic results [120]. In terms of medical conditions treated in clinical trials, some of these systems 

have shown to be useful for the treatment of osteoarthritis, ischemic limb, chronic migraine and faecal 

incontinence caused by neural and muscular local trauma (reviewed in [105]). Proteal® is also 

developing a new device, the Stem.pras, which when used together with the already existing 

Duografter® II, allows fat harvest, centrifugation and isolation of SVF cells. This new technology has 

been tested in a study by Rodriguez et al. in comparison with the GID SVF-1™ and Puregraft® devices. 

It was demonstrated that all systems led to the isolation of SVF cells with similar yields and viability. 

Furthermore, there were no considerable differences regarding proliferative and differentiation 

capabilities, as well as in terms of phenotype [121]. 
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Table 1.6 – Devices for AT cell isolation using enzymatic methods [105], [113]. 

Device or Method Company and Country 

AdiStem™ Small/Large Kit and AdiLight AdiStem Pty. Ltd., China 

ADSC Extraction Kit GeneWorld Co., Ltd, Vietnam 

Apparatus and methods for cell isolation Ingeneron, Inc., USA 

A-Stromal™ Kit Cellular Biomedicine Group, Inc./Cellular 

Biomedicine Group HK, Ltd., USA 

Automated systems and methods for isolating 

regenerative cells from adipose tissue 

General Electric Company, USA 

Beauty Cell N-BIOTEK, Inc., South Korea 

Cell Extraction Kit Regenmedlab Co., Ltd, Vietnam 

Cellthera Kits I and II and Method for isolation of 

adipose tissue-derived stromal vascular fraction 

Cellthera, s.r.o., Czech Republic 

Celution® 800/CRS and 820/CRS Cytori Therapeutics, Inc., USA 

CHA STATION™ and Multi-Station PNC International Co., Ltd., South Korea/PNC 

North America Division of Advanced Bio-Medical 

Equipment Co., Inc., USA 

CID300 SNJ Co., Ltd. /TOPMED CO., LTD., South Korea 

GID SVF-1™ GID Group, Inc., USA 

HuriCell Hurim BioCell, Co., Ltd., South Korea 

Sceldis® ED Co. Ltd. and Pure Biotech Co., Ltd., South 

Korea/Medica Group, United Arab Emirates 

Sepax 2 Biosafe Group SA, Switzerland 

Stempeutron™ Stempeutics Research Pvt. Ltd., India 

STEM-X™ Medikan International Inc., USA 

Tissue Genesis® Icellator Cell Isolation System™ Tissue Genesis, Inc., USA 

UNISTATION™ NeoGenesis Co., Ltd., South Korea 
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Table 1.7 – Devices for AT cell isolation using non-enzymatic methods [66], [113]. 

Device or Method Company and Country 

Cell Extraction Easy Kit Regenmedlab Co. Ltd, Vietnam 

Devices for harvesting and homogenising 

adipose tissue containing autologous endothelial 

cells 

Baxter International Inc., USA 

Fastkit (Fastem) CORIOS Soc. Coop., Italy 

Isolation of stem cells from adipose tissue by 

ultrasonic cavitation and methods of use 

Rusty Property Holdings Pty. Ltd., 

Australia/Amberdale Enterprises Pty. Ltd., 

Australia/Tavid Pty., Australia 

Lipogems® Lipogems International S.p.A., Italy 

LipoKit GT Medikan International Inc., USA 

Lipo.pras® with Duografter® II Proteal®, Spain 

LipiVage™ Genesis Biosystems, Inc., USA 

Method for isolating stromal vascular fraction Agency Science, Tech & Res, China 

MyStem® MyStem LLC, USA 

Non-enzymatic method for isolating human 

adipose-derived stromal/stem cells 

Pennington Biomedical Research Center, USA 

Procedure and device for separating adult stem 

cells from fatty tissue and device for separating 

adult stem cells 

Human Med AG, Germany 

Puregraft® Bimini Technologies LLC, USA 

Revolve™/GID 700™ LifeCell Corporation, USA/GID Group, Inc., USA 

Rigenera cons Rigenera HBW LLC, Italy 

Selective lysing of cells using ultrasound Solta Medical, Inc., USA 

StromaCell™ MicroAire Surgical Instruments, LLC, USA 

Ultrasonic cavitation-derived stromal or 

mesenchymal vascular extracts and cells 

derived therefrom obtained from adipose tissue 

and use thereof and isolation of stromal vascular 

fraction from vascular tissues 

IntelliCell BioSciences Inc., USA 

 

Some of these systems are also useful for the treatment of alopecia in particular. One example is the 

Kerastem Therapy, which uses both the Puregraft® to prepare purified AT and the Celution® system to 

prepare AT-MSCs. Lipoaspirated tissue is processed with both devices so as to obtain tissue enriched 
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with AT-MSCs that will be injected into the scalp subcutaneously [122], [123]. It is already available in 

several European countries and in Japan but still undergoing clinical trials in the USA [124], [125]. The 

results of the last clinical trial were published in the end of 2017 and revealed that the treatment using 

Kerastem Hair Therapy was successful in patients with early stage hair loss [126]. Perez-Meza et al. 

used this technology on their pilot study from 2017 that has been previously described [15]. It is important 

to note that Kerastem is the leader company in developing and commercialized cell-based therapies for 

hair growth. It is a subsidiary of Bimini Technologies, the company that produces the Puregraft® system 

[126]. 

Cell therapies using the SVF or AT-MSCs must fulfil the criteria established by regulatory agencies to 

be translated into the clinical setting. The main issues that are preventing that from happening are the 

lack of a standard protocol, the use of enzymes isolated from bacteria, and the lack of a fast method to 

predict donor variability in terms of cell identity and quality [105]. The systems presented in this section 

were created with the goal of overcoming these hurdles. Nevertheless, it is important to note that not all 

of them are closed systems, which is essential for ensuring sterility when a cleanroom facility is not 

used. Furthermore, several parameters vary among them besides the usage of enzymatic and non-

enzymatic isolation methods: manual or automatic operation, easy or difficult usage, and apparatus and 

consumables’ cost. These cell isolation systems are being improved and optimized in order to overcome 

their own disadvantages, and thus the establishment of a standardized protocol using an automatized 

system may happen in the near future [105].  
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2. Aim of Studies 

The aim of the present master thesis was to demonstrate the impact of different cannula widths and 

surgical procedures on the different cell types contained in the SVF. To achieve this main goal, cells 

from the AT were isolated from 14 different donors. The first two donors served the purpose of 

understanding which conditions should be studied and optimizing the isolation process. For the 

subsequent 12 donors, specific surgical conditions were defined: 

1) Fat harvesting with a 0.8 mm cannula followed by decantation; 

2) Fat harvesting with a 0.8 mm cannula followed by decantation and emulsification with a 0.8 mm 

cannula (25 back and forth transfers); 

3) Fat harvesting with a 0.8 mm cannula followed by decantation, emulsification with a 0.8 mm cannula 

(25 back and forth transfers) and simulated injection with a 25G or 23G cannula (approximately 

0.260 – 0.337 mm and 0.514 – 0.641 mm for the inner and outer diameter, respectively); 

4) Fat harvesting with a 2.4 mm cannula followed by decantation; 

5) Fat harvesting with a 2.4 mm cannula followed by decantation and simulated injection with a 0.9 

mm cannula; 

6) Automatized fat harvesting with a 4 mm cannula with a pressure of 0.8 bar; 

7) Automatized fat harvesting with a 4 mm cannula with a pressure of 0.8 bar followed by decantation; 

8) Fat excision with a 0.5 mm cannula post-surgery without purification; 

9) Fat excision with a 2.2 mm cannula post-surgery without purification. 

These conditions were determined by Dr. Tiago Baptista Fernandes and a team of plastic surgery 

specialists from Hospital St Louis according to their utility for clinical practice. Small cannula widths were 

focused on due to the requirements for a non-ATMP and ambulatory procedure for the treatment of 

alopecia. It is important to note that the nine conditions can be divided into four clusters since some of 

the techniques were applied sequentially: 1 to 3, 4 and 5, 6 and 7, and 8 and 9. 

After surgery, samples of AT were processed in the laboratory using an enzymatic digestion protocol for 

the isolation of the SVF, as well as evaluation of the cell yield obtained per mL of processed fat. 

Additionally, AdipoRed and Hoechst 33342 staining was performed on samples of fresh fat for the 

distinction between adipocytes and oil droplets on one donor. The fresh isolated cells were characterized 

in terms of surface marker expression using immunophenotypic analysis. Moreover, CFU-F assays 

allowed the assessment of their clonogenic capability. 

The SVF was cultured allowing the assessment of the proliferative ability of the AT-MSCs contained 

within it. After some passages, AT-MSCs were characterized in terms of clonogenic ability and 

differentiation potential using CFU-F assays and multilineage differentiation studies, respectively. 

Immunophenotypic analysis was also performed to confirm the expression of stromal surface markers.  

This master thesis was developed in the Stem Cell Engineering Research Group, located in the Tagus 

Park campus of the Instituto Superior Técnico, in collaboration with Hospital St Louis.  



31 
 

3. Materials and Methods 

3.1. Isolation of Human AT-MSCs 

AT samples were provided by Dr. Tiago Baptista Fernandes from Hospital St. Louis, Lisbon, Portugal. 

The samples were collected from healthy donors after written informed consent according to the 

Directive 2004/23/EC of the European Parliament and of the Council of 31 March 2004 on setting 

standards of quality and safety for the donation, procurement, testing, processing, preservation, storage 

and distribution of human tissues and cells (Portuguese Law 22/2007, June 29). The AT samples were 

processed at the Stem Cell Engineering Research Group at Instituto Superior Técnico. 

AT samples were washed with an equal volume of pre-warmed Phosphate Buffered Saline (PBS, 

Gibco®) with 1% Antibiotic-Antimycotic (Gibco®). After gentle shaking, AT was allowed to settle for 5 min 

and two phases were formed, an AT supernatant and an aqueous infranatant that was discarded. This 

washing step was repeated 2 times more until the tissue became more yellow, indicating removal of 

erythrocytes. Afterwards, the AT was distributed throughout 50 mL Falcon tubes (BD Biosciences) until 

a maximum of 24 mL of AT per tube, and mixed with an equal volume of a previously filtered and pre-

warmed 0.1% Collagenase Type II solution in Hank’s Buffered Salt Solution (HBSS, both from Gibco®). 

The enzymatic digestion was performed at 37°C for 30 min at 500 rpm in a thermomixer (Eppendorf). 

The resulting digested product was filtered through a Steriflip filter unit (Merck Millipore®), followed by 

centrifugation at 1250 rpm for 7 min. The supernatant was discarded very carefully, due to the loose 

nature of the pellet, and Ammonium Chloride (155 mM Ammonium Chloride (NH4Cl), 0.1 mM 

Ethylenediaminetetraacetic Acid (EDTA) and 10 mM Potassium bicarbonate (KHCO3), with pH adjusted 

to 7.5) was added in a 4:5 proportion. The samples were left at 4°C for 10 min to lyse the remaining 

erythrocytes. Afterwards, the samples were centrifuged at 1750 rpm for 10 min. The SVF pellet was 

washed once with Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco®) supplemented with 10% Foetal 

Bovine Serum (FBS, Gibco®) and 1% Antibiotic-Antimycotic (hereinafter referred to as washing medium) 

and then centrifuged at 1250 rpm for 7 min. The pellet was resuspended in DMEM supplemented with 

10% MSC qualified FBS (Hyclone®) and 1% Antibiotic-Antimycotic (hereinafter referred to as culture 

medium). The cell number was then determined under the microscope (Olympus) by using the Trypan 

Blue (Gibco®) dye exclusion method in a 1:2 proportion. Cells were plated at 2.5×104 cells/cm2 in 24-

well plates (Sigma®) with culture medium and incubated at 37°C and 5% Carbon Dioxide (CO2) in a 

humidified atmosphere. After 24h, the supernatant was discarded and replaced by fresh culture medium, 

which was changed every 3 days. Upon reaching 80% to 90% confluence, the cells were passaged if 

there were less than 1×106 cells in total. If there were 1×106 cells or more, a sufficient number of cells 

was prepared for flow cytometry and the remaining ones were cryopreserved. If confluency was not 

achieved within 15 to 16 days, the samples were discarded. The several steps of the isolation protocol 

described above are illustrated in Figure 3.1. 
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Figure 3.1 – Steps of the isolation protocol. 

3.2. Cell Passaging 

Once the cell cultures achieved 80% to 90% confluence, cell passaging was performed. Firstly, the 

culture medium was removed and the culture vessel was washed once with PBS. After removing the 

PBS, Accutase (Sigma®) was added and the culture vessel was placed in the incubator for 7 min. 

Afterwards, an external force was applied to loosen the cells, namely by taping the side of the culture 

vessel against the palm of the operator’s hand. Cells were observed under the microscope to confirm 

their detachment from the culture vessel. Accutase was then inactivated by adding twice its volume of 

washing medium and the cell suspension was transferred to a Falcon tube and centrifuged at 1250 rpm 

for 7 min. Afterwards, the supernatant was discarded and the pellet was resuspended in culture medium. 

Cell counting was performed and, depending on the total cell number obtained, the cell suspension was 

distributed through an adequate number of culture vessels at a cell density of 3×103 cells/cm2. After 

observing the cells under the microscope, the culture vessels were placed in the incubator at 37°C and 

5% CO2 in a humidified atmosphere. 

3.3. Cell Cryopreservation 

5×105 or 1×106 cells per cryovial were centrifuged at 1250 rpm for 7 min and resuspended in 

cryopreserving medium, namely Recovery™ Cell Culture Freezing Medium (Gibco®), which contains 

Dimethyl Sulfoxide (DMSO) to avoid cell rupture due to the formation of ice crystals. Then, 1 mL of cell 

suspension was distributed per cryovial throughout an adequate number of 1.5 mL cryovials (Thermo 

Scientific™). Cells were stored overnight in a -80° freezer and transferred to liquid nitrogen afterwards 

for long-term storage. 
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3.4. Cell Thawing 

The cryovial was immersed on a 37°C bath until only a small frozen portion was left. DMEM 

supplemented with 20% FBS was added in a 1:5 proportion, cells were centrifuged at 1250 rpm for 7 

min and the supernatant was discarded. After resuspending the cells in culture medium, cell number 

and cell viability were determined using the Trypan Blue dye exclusion method. If the cell viability was 

around 90% or higher, the cells were plated at a cell density of 3×103 cells/cm2. If the cell viability was 

lower than 90%, the cells were plated at a higher cell density. 

3.5. Cell Characterization 

The cells from the SVF were characterized by immunophenotypic analysis, CFU-F assays, and 

AdipoRed™ Assay Reagent (AdipoRed, Lonza) and Hoechst 33342 (trihydrochloride, trihydrate, 

10mg/mL, Thermo Scientific™) staining. 

 If isolation of AT-MSCs was possible, the cells were characterized through immunophenotypic analysis, 

CFU-F assays and multilineage differentiation studies. 

3.5.1. Immunophenotypic Analysis 

Both the SVF cells and the isolated AT-MSCs were analysed by flow cytometry using a panel of mouse 

anti-human monoclonal antibodies conjugated with different fluorochromes, namely Fluorescein 

Isothiocyanate (FITC), Phycoerythrin (PE), Peridinin-chlorophyll proteins – Cyanine dye 5.5 (PerCP-

Cy5.5) and Allophycocyanin (APC), against the cell surface proteins presented on Table 3.1 and Table 

3.2 for SVF cells and isolated MSCs, respectively. LIVE/DEAD™ Fixable Far-Red Dead Cell Stain Kit 

(LIVE/DEAD, Thermo Scientific™) was also used for the staining of SVF cells. FITC is a green 

fluorochrome with an emission peak at 520 nm and PE is a yellow fluorochrome with an emission peak 

at 578 nm. PerCP-Cy5.5 is a far-red tandem conjugate that results from the combination of peridinin-

chlorophyll proteins (PerCP) with the cyanine dye 5.5 (Cy5.5). Its emission peak is at 695 nm [127], 

[128]. Finally, APC is a red fluorochrome with an emission peak at 660 nm and LIVE/DEAD is a red dye 

with an emission peak at 665 nm. Both have similar excitation and emission properties and thus they 

cannot be used together [129], [130]. The LIVE/DEAD dye reacts with cellular amines present in the cell 

surface. In necrotic cells, the dye can also permeate the compromised membranes and stain intracellular 

amines. Therefore, necrotic cells will present an intense staining, allowing the evaluation of the cell 

viability [130]. 

Before preparing SVF cells for flow cytometry, and in order to perform the correct controls for four colour 

compensation (single stainings), it was necessary to verify if there were enough dead cells in the 

population using the LIVE/DEAD stain. If that was not the case, then the volume of cell suspension that 

corresponded to half of the volume for the single staining of the LIVE/DEAD marker was put aside in 

order to apply the death protocol, which consisted of subjecting the cells to 70°C for 30 min in a 

thermomixer. Then, cells were centrifuged at 1250 rpm for 7 min, resuspended in PBS and centrifuged 

again at 1250 rpm for 7 min. Afterwards, the cells were resuspended in 100 µL of PBS per Fluorescence-
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activated Cell Sorting (FACS) tube (BD Biosciences) and distributed throughout the FACS tubes using 

a filter (Thermo Scientific™) to avoid the presence of fat and oil residues. The cells were then stained 

with 10 µL of diluted LIVE/DEAD staining per 1×105 cells and incubated at room temperature for 30 min 

in the dark. PBS was added and cells were centrifuged at 500 g for 5 min. The PBS was discarded and 

cells were resuspended in 50 µL of PBS per FACS tube. Then the cells were stained with 5-20 µL of the 

desired antibody(ies) (Table 3.1) and incubated at room temperature for 15 min in the dark. PBS was 

added and cells were centrifuged at 500 g for 5 min. If flow cytometry was not going to be performed 

right away, the cells were resuspended in 2% Paraformaldehyde (PFA, Sigma®) and stored at 4°C to 

preserve the cells up to 7 days. 

Table 3.1 – Panel of cell surface markers used for SVF, as well as respective conjugated 
fluorophore and brand. 

Surface Marker Conjugated Fluorophore Brand 

CD31 PE BioLegend® 

CD34 FITC BioLegend® 

CD45 PerCP-Cy5.5 BioLegend® 

 

Table 3.2 – Panel of cell surface markers used for isolated MSCs, as well as respective 
conjugated fluorophore and brand.  

Surface Marker Conjugated Fluorophore Brand 

CD11b APC BD Biosciences 

CD19 APC BD Biosciences 

CD34 PE BioLegend® 

CD45 PerCP-Cy5.5 BioLegend® 

CD73 FITC BD Biosciences 

CD90 PerCP-Cy5.5 BioLegend® 

CD105 FITC BD Biosciences 

HLA-DR PE BioLegend® 

 

The preparation of isolated MSCs for flow cytometry was similar to the protocol described above. The 

cells were initially centrifuged at 1250 rpm for 7 min, resuspended in PBS and centrifuged at 1250 rpm 

for 7 min once again. After resuspending the cells in 100 µL of PBS per FACS tube, the cell suspension 
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was distributed throughout the FACS tubes. Then, the cells were stained with 5-20 µL of the desired 

antibody(ies) (Table 3.2) and incubated at room temperature for 15 min in the dark. PBS was added and 

cells were centrifuged at 500 g for 5 min. Just like for the SVF cells, if flow cytometry was not going to 

be performed right away, the cells were resuspended in 2% PFA and stored at 4°C to preserve the cells 

up to 7 days. 

After cell preparation, each sample was analysed by flow cytometry (FACSCalibur cytometer, Becton 

Dickinson®) using the CellQuest™ software (Becton Dickinson®). The results obtained were analysed 

using the FlowJo X 10.0.7r2 software. 

3.5.2. AdipoRed and Hoechst 33342 Staining 

To verify whether there were adipocytes, oil droplets, or a mixture of both right after AT processing, 

AdipoRed and Hoechst 33342 were used to stain the cells. AdipoRed stains intracellular triglycerides, 

whereas the blue Hoechst 33342 dye stains the nuclei of both live and dead cells [28], [29]. Therefore, 

if a particle was positive for both stains, it was considered an adipocyte. If the particle was positive only 

for AdipoRed, it was defined as a lipid droplet, whereas if it was positive only for Hoechst 33342, it was 

considered a cell other than an adipocyte [26]. 

To stain the cells adequately, 15 µL of AdipoRed and 5 µL of Hoechst 33342 (0.1 mg/mL) were added 

to 500 µL of cell suspension, followed by incubation at room temperature for 15 min in the dark. Then 

the cells were observed under the microscope. 

3.5.3. CFU-F Assay 

This assay was used to test the ability to form colonies of the MSCs present in the collected AT samples. 

It was performed both for SVF cells and isolated MSCs, though with different initial densities to account 

for the fact that not all SVF cells are MSCs. 

Firstly, the cells were plated either on a T-flask 25 (T25, BD Falcon™) at 10 cells/cm2 in the case of 

isolated MSCs, and on a well of a 6-well plate (Sigma®) at both 50 cells/cm2 and 100 cells/cm2 for SVF 

cells. Cells were incubated at 37°C and 5% CO2 in a humified atmosphere for 14 days for MSCs and 27 

to 29 days for SVF cells. The culture medium was changed every 3 days. Afterwards, the cells were 

washed once with PBS and incubated with 0.5% Crystal Violet (Sigma®) solution in Methanol (Sigma®) 

for 30 min at room temperature. The stained colonies were rinsed four times with PBS and once with 

distilled water. Finally, the colonies were counted under the microscope. 

3.5.4. Multilineage Differentiation Studies 

Multilineage differentiation assays (osteogenic, adipogenic and chondrogenic lineages) were performed 

for the isolated MSCs. 

3.5.4.1. Osteogenic Differentiation Potential 

The cells were cultured at 3×103 cells/cm2 in 24-well plates with culture medium. Once they were 80% 

to 90% confluent, osteogenesis was induced using StemPro® Osteogenic Differentiation Kit (Gibco®). 
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The medium was changed twice a week for 14 days and then the Alkaline Phosphatase (ALP) and von 

Kossa staining was performed to evaluate osteogenic commitment and the presence of deposits of 

calcium, respectively. Firstly, the medium was removed and cells were rinsed once with PBS. The cells 

were then fixed with 4% PFA for 30 min at room temperature and rinsed twice with PBS. Staining with 

Naphtol (Sigma®) mixed with Fast Violet (Sigma®) in a 1:26 proportion was performed, followed by 

incubation at room temperature for 40 min in the dark. Then, the cells were rinsed three times with 

distilled water and Silver Nitrate (Sigma®) was added to stain the cells upon incubation at room 

temperature for 30 min. The cells were rinsed once with distilled water and left in PBS for observation 

under the microscope. 

3.5.4.2. Adipogenic Differentiation Potential 

The cells were cultured at 3×103 cells/cm2 in 24-well plates with culture medium. Once they were 80% 

to 90% confluent, adipogenesis was induced with StemPro® Adipogenic Differentiation Kit (Gibco®). The 

medium was changed twice a week for 14 days and then the Oil Red-O staining was performed to 

assess the accumulation of lipids, characteristic of the differentiation process towards the adipogenic 

lineage. Firstly, the medium was removed and the cells were rinsed once with PBS. Then, fixation was 

performed at room temperature during 30 min using 4% PFA. Afterwards, the cells were rinsed once 

with distilled water and incubated with 60% Isopropanol (Sigma®) for 5 min at room temperature. 

Subsequently, the cells were incubated with the Oil Red-O (Sigma®) staining solution and then rinsed 

three times with distilled water. Finally, they were left in distilled water to be observed under the 

microscope. 

3.5.4.3. Chondrogenic Differentiation Potential 

This assay was performed using the hanging drop method. Firstly, 5×104 cells per droplet were 

centrifuged at 1250 rpm for 7 min. The supernatant was removed and cells were resuspended in about 

30 µL of culture medium per droplet. 6 – 7 mL of PBS were placed on the bottom of a Petri dish (Thermo 

Scientific™) to prevent the droplets from drying. On the undersurface of the inverted lid, 30 µL droplets 

were placed sufficiently apart from each other. The lid was inverted carefully and the Petri dish was 

closed. After overnight incubation at 37°C and 5% CO2 in a humified atmosphere, the lid was turned 

upwards and the cell aggregates were transferred into ultra-low binding (ULB) 24-well plates (Corning 

Inc.) together with StemPro® Chondrogenic Differentiation Kit (Gibco®). The aggregates were then 

incubated at 37°C and 5% CO2 in a humified atmosphere for 14 days and the medium was changed 

twice a week. After that, the Alcian Blue (Sigma®) staining was performed to evaluate the synthesis of 

proteoglycans by chondrocytes. Firstly, the medium was removed and the aggregates were rinsed once 

with PBS. Then, the cell aggregates were fixed for 30 min at room temperature using 4% PFA, after 

which they were rinsed once with PBS. Next, incubation with 1% Alcian Blue in 0.1 N Hydrogen Chloride 

(HCl, Sigma®) was performed for 1h, followed by three rinses with 0.1 N HCl. Finally, the cell aggregates 

were left in distilled water for observation under the microscope. 
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3.5.5. Statistical Analysis 

Relationships between variables were analysed with different statistical tests due to their distinct 

natures. Normality was not verified and so the chosen tests do not assume it. The independent variables 

analysed were BMI, age, donor site, days until processing and conditions. The dependent variables 

were the number of isolated SVF cells per mL of processed AT (“cells/mL”), being able to achieve enough 

confluency to be passaged to P1 or not (“pass or not”), and if so the number of days until passaging. A 

different dataset was created for this last variable including only the specific conditions of each donor 

that could be passaged to P1. The number of cells per mL of AT was also regarded as an independent 

variable when compared with the other two dependent variables. All donors were included in the analysis 

with the exception of donors #20 and #21 since different experiments were performed on the fat 

harvested from them. Gender was not included as a variable since all donors were females. The chosen 

tests are stated in Table 3.3. A p-value inferior to 0.05 was considered as statistically significant. All 

statistical analyses were completed using the SPSS Statistics V22.0 software (IBM Corporation, USA). 

Table 3.3 – Statistical tests used for analysing possible relationships between the established 
variables. 

 Cells/mL Pass or Not Days Until Passaging 

(Restricted Dataset) 

BMI Spearman’s correlation Logistic regression Spearman’s correlation 

Age Spearman’s correlation Logistic regression Spearman’s correlation 

Donor Site Mann Whitney test Fisher’s exact test Mann Whitney test 

Days Until 

Processing 

Spearman’s correlation Logistic regression Spearman’s correlation 

Conditions Kruskal Wallis test Fisher’s exact test Kruskal Wallis test 

Cells/mL --- Logistic regression Spearman’s correlation 
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4. Results and Discussion 

4.1. Cell Isolation 

In Table 7.1 and Table 7.2 from Annex 7.1, clinical and processing information about each of the donor 

samples can be observed, as well as the results obtained for each of them regarding the cell yield per 

mL of processed AT and the number of days that passed until cells became confluent enough to be 

passaged.  

The isolation process was performed as previously explained and involved some challenges which are 

described in detail in Annex 7.2.  

4.2. Initial Experiments 

The AT from the two first donors, namely #20 and #21, was harvested in distinct manners compared to 

the fat of the subsequent donors. Cell processing and further experiments with the AT-MSCs and other 

cell types also varied slightly from what was done afterwards. This allowed the optimization of certain 

parameters and a more informed choice regarding which surgical conditions would be studied from then 

onwards.  

Two different samples of fat were collected from donor #20, one from the flank region using a 0.4 mm 

cannula and the other from the abdomen using a 0.8 mm cannula. The cell isolation process was 

performed as previously described except that the initial cell density used for plating was 1×105 cells/cm2 

and the supernatant was removed 48h after plating. Furthermore, no lysis step was performed and thus 

Turk’s Reagent Solution (Merck Millipore®) was used for cell counting to exclude erythrocytes. 1.04×105 

and 7.23×103 cells per mL of processed AT were obtained from the abdominal and flank areas, 

respectively. Although the abdominal fat presented a greater cell yield, which corroborates with the 

previously described tendency that has been verified in the literature, the isolated AT-MSCs exhibited a 

slower proliferation, as seen in Table 4.1. Flank cells were also isolated from an explant that was 

removed from the fat bulk after the washing step and incubated for 2h, but their proliferation rate was 

slow, similarly to AT-MSCs isolated from abdominal fat. Interestingly, MSCs could also be isolated from 

the supernatant of the P0 culture of flank MSCs, even though it was collected 48h instead of 24h after 

plating, and they presented an intermediate proliferative rate. At P1, Flank MSCs and MSCs from the 

flank cell culture’s supernatant proliferated relatively fast until confluency was reached again and it 

became necessary to passage the cells to P2. Abdominal MSCs and flank explant MSCs were discarded 

after P1. Detailed information on the number of days until passaging from P0 to P1 and from P1 to P2 

for the different cells cultures can be observed in Table 4.1. 

AT from donor #21 was harvested from the abdomen and flanks together using 4 mm and 5 mm 

cannulas, and the resultant lipoaspirate is shown in Figure 4.1.  
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Figure 4.1 – Lipoaspirate from donor #21. 

Fat from donor #21 was processed as previously explained with the exception that the initial cell density 

used for plating was 1×105 cells/cm2. Furthermore, after the washing step, the AT volume was divided 

roughly equally into three different conditions, differing on the collagenase percentage used and the 

lysis step: in SVF A lysis was performed and 0.2% Collagenase Type II (Gibco®) was used; in SVF B 

there was no lysis step and 0.2% Collagenase Type II (Gibco®) was used; and in SVF C 0.1% 

Collagenase Type II (Gibco®) was used and no lysis step was performed. 5.44×103, 6.59×103 and 

9.70×103 cells per mL of processed fat were obtained for conditions A, B and C, respectively. The 

number of days of cell culture until P1 and P2 were reached are presented in Table 4.1.  

Table 4.1 – Days until passaging from P0 to P1 and from P1 to P2 for the AT-MSCs of different 
cell cultures obtained from processed fat of the two first donors, #20 and #21. Days until 

passaging are not stated if the cells were discarded before being passaged. 

 Days Until Passaging 

from P0 to P1 

Days Until Passaging 

from P1 to P2 

Flank Fat from Donor 

#20 

4 5 

Flank Fat from Donor 

#20: Supernatant 

11 7 

Flank Fat from Donor 

#20: Explant 

16 --- 

Abdominal Fat from 

Donor #20 

16 --- 

Fat from Donor #21:  

Conditions A, B or C 

4 4 

 

Both the cell yield and the number of days necessary to achieve confluency verified for the samples of 

donor #21 were in accordance to what was verified in the previous experiment for flank fat from donor 

#20. This was not expected as the cannula width used for fat harvest in donor #21 was at least 10 times 
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larger than the one used for the harvesting of flank fat from donor #20. It should be noted that the fat of 

donor #21 was stored for 2 days at 4°C in large containers before being processed, which caused the 

thickening of the fat and might have influenced the results. 

It is important to note that the results presented on this section are based on single donors and thus 

they might have occurred by chance or due to donor variability. Furthermore, the operator was still 

becoming experienced, which might also have had an impact on the results. Additionally, the cell cultures 

were performed on T-flasks. The difference in terms of geometry and area compared with 24-well plates 

that were used subsequently may have also influenced cell growth, since environmental geometrical 

and physical cues are crucial for MSC development [131]. The AT from the subsequent donors was 

manipulated in a more capable and standardized manner, leading to more reliable results that will now 

be presented. 

4.3. Cell Yield 

In Figure 4.2, the number of cells per mL of processed AT is presented for each condition of each donor. 

For a better comprehension of the plot, it is important to remember the conditions studied in this work, 

which can be divided into four clusters (conditions 1 to 3, 4 and 5, 6 and 7, and 8 and 9). These are as 

follows: 

1) Fat harvesting with a 0.8 mm cannula followed by decantation; 

2) Fat harvesting with a 0.8 mm cannula followed by decantation and emulsification with a 0.8 mm 

cannula; 

3) Fat harvesting with a 0.8 mm cannula followed by decantation, emulsification with a 0.8 mm cannula 

and simulated injection with a 25G or 23G cannula; 

4) Fat harvesting with a 2.4 mm cannula followed by decantation; 

5) Fat harvesting with a 2.4 mm cannula followed by decantation and simulated injection with a 0.9 

mm cannula; 

6) Automatized fat harvesting with a 4 mm cannula with a pressure of 0.8 bar; 

7) Automatized fat harvesting with a 4 mm cannula with a pressure of 0.8 bar followed by decantation; 

8) Fat excision with a 0.5 mm cannula post-surgery without purification; 

9) Fat excision with a 2.2 mm cannula post-surgery without purification. 

As it can be seen on Figure 4.2, there is a great dispersion between different donors, reflecting a 

remarkable donor dependence. This has been reported previously by Kilinc et al., whose study verified 

that SVF cell yield depends on the patient’s characteristics [70]. The average cell number per mL, 

connected by straight lines within clusters for a better understanding of possible tendencies, and the 

standard deviation for each condition are shown in red in Figure 4.2, but average values should be 

considered with care due to the high donor variability.  
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Figure 4.2 - Cells/mL of AT for each of the conditions tested for each donor. Average and standard deviation of each condition are presented in red. 
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When clustering conditions according to their respective groups, there were no tendencies common to 

all donors besides a decrease from condition 4 to condition 5, which is natural since it was the most 

drastic decrease in cannula width in all main condition groups. However, the average cell number per 

mL for each condition shows that overall there is a decrease in cell yield when the harvesting conditions 

involve more manipulation of the cells and a progressive decrease in cannula width. This tendency can 

be observed from conditions 1 to 2, 2 to 3 and 4 to 5 in Figure 4.2. Regarding the other clusters, 

conditions 6 and 7 presented similar cell yields per mL, whereas from condition 8 to 9 there was an 

increase in cell yield with increasing cannula width. However, it is important to note that the conditions 

of this last cluster only include one donor each, leading to a null standard deviation which would certainly 

not correspond to the truth if there were more donors.  

It was expected that between conditions 1 and 4, in which the only varying parameter was the cannula 

width, there would be a lower cell number per mL of processed AT for condition 1, which involves a much 

narrower cannula. However, that was not verified and the cell yield obtained was actually quite similar. 

This might have been due to the subjectivity associated to the manual cell counting performed after fat 

processing. 

It is also interesting to compare conditions 1 and 4 with condition 7, which differ in terms of cannula 

width and use of a robot for fat harvest. Although condition 7 involved the largest cannula, the average 

cell number per mL obtained was much lower than for the other two conditions. Two different 

interpretations can be thought of to explain these results. On the one hand, fat from conditions 6 and 7 

always presented many more lumps of dense fat, either due to the use of a robot or to the larger cannula 

used, which would not grind fat as much as narrower cannulas. Such lumps were hard to digest and the 

posterior filtration step would sometimes retain them, which probably led to cell loss. On the other hand, 

the lower cell counts verified may have been caused by the harvesting method itself instead of fat 

processing and respective limitations. The use of a robot with the specified pressure might have had a 

harsher impact on cell number than the usual manual harvesting process. It is also important to note 

that condition 6 and 7 did not involve as many donors as conditions 1 to 5 and so their averages have 

been calculated based on less evidence, which may have influenced the results. 

As a final remark, it is important to keep in mind that this plot was based on volumes that could not be 

perfectly assessed and on possibly inaccurate cell counts, as well as other limitations that are described 

in Annex 7.2.  

The statistical analysis performed to ascertain relationships between the independent variables 

previously described and the number of isolated SVF cells per mL of processed AT revealed no 

significant relationships. 

4.4. Cell Characterization 

Different experiments were used to characterize clean fat, SVF cells and isolated AT-MSCs. After the 

washing step of the isolation protocol, AdipoRed and Hoechst 33342 staining was performed on the 
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clean fat from one donor. Cell culture was performed for all donors, allowing the assessment of the 

proliferative capacity of the cells and their ability to become fully confluent. Immunophenotypic analysis 

and CFU-F assays were performed both for SVF cells and isolated AT-MSCs. Multilineage differentiation 

studies were also conducted for AT-MSCs. 

4.5. SVF cells 

AdipoRed and Hoechst 33342 staining allowed the distinction of adipocytes from oil droplets on clean 

fat. SVF cell culture enabled the isolation of AT-MSCs and the acquisition of knowledge on cell growth, 

ability to achieve confluency and proliferative potential of the cells. SVF cells were also characterized 

using immunophenotypic analysis and CFU-F assays.  

4.5.1. AdipoRed and Hoechst 33342 Staining 

AdipoRed and Hoechst 33342 staining was performed on clean fat from conditions 1 to 7 from donor 

#33 and on the supernatants removed 24h after plating from conditions 1 to 5 from the same donor. The 

supernatants had very low cell counts and so they were discarded without being possible to obtain any 

considerable results. As for the clean fat, which corresponds to fat tissue after the washing step of the 

isolation protocol, its observation under the microscope led to the notion that most particles containing 

lipid droplets were oil droplets and not adipocytes due to lack of Hoechst 33342 staining on top of the 

AdipoRed staining, as exemplified on Figure 4.3.  

The results may have been influenced by the fact that a single donor was analysed. Hence, it would be 

interesting to perform this staining on more donors to confirm the hypothesis above.  
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Figure 4.3 – (a) Bright field, (b) Hoechst 33342, (c) AdipoRed and (d) merged image of clean fat 
from donor #33. Although some particles present both stainings, corresponding to adipocytes 
(white arrow), most of the particles stained by AdipoRed were not stained by Hoechst 33342 
(yellow arrow), suggesting that they are lipid droplets according to Suga and colleagues [26]. 

4.5.2. Days Until Passaging 

At P0, the heterogeneity of the cells within the wells was striking, as can be seen in Figure 4.4. Within 

15 to 16 days of cell culture, in some cases MSCs could achieve the necessary 80% to 90% confluency 

level to be passaged, as illustrated in Figure 4.5, but the majority of the cultures could not. As cells 

became more confluent, they started developing extensions which would end up overlapping with 

neighbouring cells, as expected from AT-MSCs. This evolution can be observed in Figure 4.4 and Figure 

4.5. 

(a) (b) 

(c) (d) 



45 
 

       

Figure 4.4 – Day 10 of cell culture of condition 6 of donor #28 at P0 with (a) lower confluency 
and (b) higher confluency. 

 

Figure 4.5 – Day 12 of cell culture of condition 6 of donor #28 at P0. 

The initial cell density is definitely one factor that influences the ability to become confluent. For donor 

#22 an initial cell density of 1×105 cells/cm2 was used and it was possible to isolate MSCs from most 

conditions. However, in some conditions of this donor the cultures ended up with so many different 

adherent cells that the operator was not even able to distinguish if MSCs were growing or not, as 

exemplified in Figure 4.6. Hence, the cells were passaged quickly after isolation, which led to the loss 

of most non-MSC cells. This highly increased the visibility of the cultures and thus, one day after 

passaging to P1, it was already possible to see the developing MSCs, which were already quite 

confluent due to the inability of assessing their confluency previously.  

(a) (b) 
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Figure 4.6 – High cell density after isolating cells at an initial cell density of 1×105 cells/cm2 in 
condition 1 from donor #22 at P0. 

Nonetheless, such an arbitrary determination of the appropriate day to passage the cells was not 

adequate to observe the growth of the AT-MSCs. Therefore, in all donors isolated afterwards an initial 

cell density of 2.5×104 cells/cm2 was used instead (as in [106]), which led to an evident decrease in the 

amount of cultures that could be passaged but allowed for the observation of the AT-MSCs. In Table 4.2 

the number of cultures that could be passaged or not are presented for all donors from #22 to #33. 

Table 4.2 – Days from isolation until passaging from P0 to P1 for each condition for all donors 
from #22 to #33. The number of cultures passaged on each day is highlighted in grey, as well 

as the interval within which the cultures were passaged. The number of non-confluent cultures 
is presented on the last column against the total number of donors for each condition.   

 

Days Until Passaging from P0 to P1 Not 
Passaged 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

C
o

n
d

it
io

n
s

 

1  1  1  n=10/12 

2  n=12/12 

3  n=11/11 

4  1  1   1  n=9/12 

5  1       1 n=10/12 

6  1  1  n=3/5 

7  1  n=5/6 

8  n=1/1 

9  1  n=0/1 

 

By observing Table 4.2, it is possible to see that the MSC isolation efficiency for all the conditions tested 

was low. However, it is evident that in conditions 2 and 3, which involved more intensive manipulation 

(emulsification and injection with a narrower cannula), it was not possible to isolate MSCs from a single 

donor. These results seem to defy the usage of intense manipulation and small cannula widths for the 

treatment of alopecia if the goal is to obtain viable AT-MSCs and to profit from their beneficial effects. 

Conditions 1 and 4 were clearly the ones associated with more proliferation from a qualitative 

perspective, because even if passaging was only possible in two and three cultures respectively, there 
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were always more replicating progenitors in the wells that did not reach confluency in these conditions 

than in the others, in which sometimes not a single fibroblast-like cell was found, only oil droplets or 

similar structures as illustrated in Figure 4.7.  

 

Figure 4.7 – Aspect full of oil droplets in condition 2 from donor #22 at P0. 

Conditions 6 and 7 have less evidence due to having fewer donors, but their overall aspect always 

involved many more small particles than the other conditions, which could be adherent small non-

stromal cells or debris. An example is presented in Figure 4.8, in which an organization similar to the 

results of the tube formation assay by endothelial cells for the study of angiogenesis can be seen [132]. 

 

Figure 4.8 – Cell culture of condition 7 from donor #23 at P0, slightly resembling tube formation 
by endothelial cells. 

For conditions 8 and 9 the results have much less confidence since they are based on a single donor. 

However, it is important to note that overall, in every group of conditions, if more manipulation and 

narrower cannulas were involved in the harvesting process, there would be a decrease in the MSC 

isolation efficiency.  

100um 
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The cell cultures that were passaged from P0 and P1 could be grown for at least five passages more, 

with progressive selection of MSCs and loss of contaminants. Figure 4.9 shows several stages of the 

cell culture obtained from condition 5 from donor #27. 

  

  

Figure 4.9 – Growth and different stages of the cell culture obtained from condition 5 of donor 
#27: (a) ~40% confluent cells at day 6 of P0; (b) ~90% confluent cells at day 9 of P0, ready to be 
passaged; (c) ~70% confluent cells at P1 at day 4; and (d) ~80% confluent cells at P2 at day 11, 

ready to be passaged. 

The statistical analysis performed to ascertain relationships between the previously described 

independent variables and the number of days until passaging revealed no significant relationships. 

However, the same analysis performed for the dependent variable representing the ability to become 

sufficiently confluent to be passaged to P1 or not revealed a single statistically significant relationship 

with a p-value of 0.005 with donor site, which could either be the abdomen or the flanks and the abdomen 

together for donors #22 to #33, as detailed in Annex 7.1. 66.7% and 93.8% of the abdominal fat samples 

and of the mixture of abdominal and flank fat samples were not passaged to P1, respectively. Since the 

percentage of each type of fat within the mixture was not assessed for each donor, it is difficult to 

comprehend the impact of the donor site factor on this dependent variable and the influence of mixing 

fat from different sites. Nevertheless, it can be stated that abdominal fat alone has led to the isolation of 

cells with greater proliferative abilities than the mixture of different types of fat. This is in accordance 

with the tendency verified in the literature regarding cells isolated from the abdominal region. Further 

(a) (b) 

(c) (d) 
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studies using fat from specific donor sites should be conducted in the future in order to enlighten 

practitioners and scientists about the influence of donor site on the SVF cells. 

4.5.3. Immunophenotypic Analysis of SVF Cells 

Flow cytometry was used to characterize fresh SVF cells several times using the panel of surface 

markers presented in Table 3.1 and the viability stain LIVE/DEAD. This panel comprises the markers 

suggested on the joint statement of the IFATS and ISCT for a protocol including erythrocyte lysis. 

Although SVF cell viability is recommended to be higher than 70% for cell expansion, it was preferable 

for it to be around 50% in this flow cytometric analysis in order to provide strong positive and negative 

populations for the LIVE/DEAD staining [25]. Usually, cell viability was much higher than 50% after cell 

isolation and in those cases the previously described death protocol was applied.  

When preparing SVF cells for flow cytometry, it was very difficult to filter the fluid due to the oil residues 

that remained present. Flow cytometric analysis of these cells was also a delicate process due to these 

lipidic remains.  

Due to a first series of unsuccessful experiments, particularly because of insufficient cell numbers, it 

was decided that cryopreserved SVF cells should be analysed first in order to understand the reasons 

behind the lack of success in the immunophenotypic characterization of SVF. Therefore, SVF C from 

donor #21, which belonged to the initial experiments, was thawed and prepared for flow cytometry, 

leading to satisfactory results. The gating strategy used was the same that was reported by Suga and 

colleagues in 2007 [26], which has also been used in several other studies performed after that year 

[133]–[138]. As illustrated by Figure 4.10, the first step consisted of identifying the SVF population and 

excluding debris using an unstained sample. Next, live cells were gated out of the SVF population and 

from a sample only stained with the LIVE/DEAD staining. Out of the population of live cells, CD45- cells 

were selected from a full stained sample in order to exclude haematopoietic cells, which are typically 

CD45+. Then, four quadrants were designed to analyse all possible combinations between the CD31 

and the CD34 surface markers. 
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Figure 4.10 – Gating strategy used for the immunophenotypic analysis of SVF cells. 

According to Suga et al., quadrant 3 of the CD31 and CD34 plot of Figure 4.10 corresponds to AT-MSCs, 

quadrant 2 to endothelial progenitor cells and quadrant 1 and 4 to other cells, also from adipose origin 

[26]. Haematopoietic cells correspond to the CD45+ population excluded before the final plot. Suga and 

colleagues reported 37% of blood-derived cells, 37% of AT-MSCs, 15% of endothelial progenitor cells 

and 11% of other cells, the last three cell types being considered adipose-derived cells [26]. Other cells 

may be, for instance, pericytes [138]. In Figure 4.11 it is possible to observe the distribution of different 

cell types present in the thawed SVF of this study. 
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Figure 4.11 - Distribution of different cell types in thawed SVF C according to 
immunophenotypic analysis of the SVF live cells. 

There were significant differences compared to the results obtained by Suga and co-workers. The 

percentage of haematopoietic cells was clearly lower in the present study, even though no lysis step 

was applied to this cryopreserved SVF condition. This was probably due to the cryopreservation, which 

has already been described to cause depletion of haematopoietic cell populations [139]. The percentage 

of endothelial progenitor cells was also lower in this study, and an enrichment in AT-MSCs was verified. 

It is important to note that Suga and colleagues did not use any staining to distinguish live from dead 

cells and did not include a lysis step in their cell isolation protocol [26]. Furthermore, the authors 

determined all CD34+ CD31- CD45- cells to be AT-MSCs, but other cells such as preadipocytes and 

adipocytes could be included in that selection. Although adipocytes are very large (50-200 µm), the 

diameter of the fluidics of cytometers (150-250 µm) allows the passage of at least part of the fat cells, 

which are characterized by a great deformability that would also help in this matter [27]. Nonetheless, it 

should not be forgotten that in this work high shear stress and small cannula diameters are involved 

right from the harvesting process, which leads to the rupture of several adipocytes as it will be explained 

later on in this section. To effectively distinguish AT-MSCs from these two other cell types, CD105 could 

be used as the later cells are negative for it whereas AT-MSCs are positive [24], [140]. Regarding single 

surface marker expression, SVF C exhibited 10.3% CD31+ cells, 69.9% CD34+ cells and 19.8% CD45+ 

cells within the SVF live cell population. 

The experience gained from the immunophenotypic study of the cryopreserved SVF C was beneficial 

and afterwards it was finally possible to analyse fresh samples. Conditions 1 to 5 from donor #25 

exhibited sufficient cell numbers for flow cytometry and they seemed promising to understand 

immunophenotypic variations between the different conditions. However, the results were completely 

different from what was seen during the analysis of the thawed SVF, as can be observed in Table 4.3. 

Only in condition 4 a distinct AT-MSC population was found, though it was rather small (3.2% of the total 

SVF live cells). All other conditions presented even fewer AT-MSCs, and the number of endothelial 

progenitor cells was almost null in all conditions. Though it may be just a coincidence, it was interesting 
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to find that the condition involving a much larger cannula presented better results in terms of the 

population of interest. Although lysis was performed during the isolation protocol to eliminate the 

anucleated red blood cells, the percentage of haematopoietic cells was considerable for conditions 2 to 

4. This could represent the presence of monocytes, macrophages, dendritic cells, T lymphocytes, B 

cells, NK lymphocytes, neutrophils and mast cells [134]. 

Table 4.3 – Distribution of different cell types in conditions 1 to 5 from donor #25. 

Conditions %Haematopoietic 

Cells 

%AT-MSCs %Endothelial 

Progenitor Cells 

%Other Cells 

1 6.4 0.6 0.8 92.2 

2 10.6 0.4 0.9 88.1 

3 10.4 1.2 0.8 87.6 

4 12.7 3.2 0.6 83.5 

5 1.9 0.3 0.4 97.4 

 

The most interesting aspect of this flow cytometric analysis was the confirmation of an increase in oil 

droplets with decreasing cannula size and increasing fat manipulation, which is most likely due to a 

higher percentage of adipocytes rupturing and consequently releasing their inner lipidic contents to the 

surrounding environment [26]. Oil droplets typically create a S-shaped diagram in flow cytometry due to 

the oscillations in the intensity of the forward scatter (FSC), while there is a monotonic increase of the 

intensity of the side scatter (SSC) due to the size of the droplets. Note that this is the opposite of what 

happens for cells or particles, for which FSC is proportional to their size and SSC reflects the complexity 

and cellular structure, including aspects such as the existence and quantity of cytoplasmic granules, 

nuclear shape and membrane roughness [141]. In Figure 4.12, an increase of the proportion of events 

presenting this S-shape with low FSC values can be observed from condition 1 to 2, 2 to 3 and 4 to 5, 

which correspond precisely to decreases in cannula width and/or more manipulation of the harvested 

fat.  
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Figure 4.12 – Total cell populations for conditions (a) 1, (b) 2, (c) 3, (d) 4 and (e) 5 from donor 
#25. 

 

(a) (b) 

(c) 

(d) (e) 
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Flow cytometry was also applied to fresh SVF from donor #33 but only for conditions 6 and 7 since the 

others did not provide sufficient cell numbers. The results were considerably different from what was 

previously shown for the thawed SVF. In condition 6, 59.9% of the cells were blood-derived, while 1.6% 

were AT-MSCs, 0% endothelial progenitor cells and 38.5% were other cells. The distribution of cells in 

condition 7 was as follows: 41.5% haematopoietic cells, 2.5% AT-MSCs, 0% endothelial progenitor cells 

and 56.0% other cells. Although the cell distribution for the two conditions was slightly different, they 

were similar in the fact that the cells of interest were almost non-existent. Nevertheless, it is important 

to notice that, like in condition 4 of donor #25, there was a clear population of AT-MSCs even though it 

was very small. In Figure 4.13, single surface marker expression within SVF live cells is compared for 

the two conditions. The expression levels were quite similar, being the haematopoietic marker CD45 the 

only one with a greater difference, which is coherent with the fact that condition 7 corresponds to 

condition 6 after decantation. Furthermore, these results corroborate the ones presented previously in 

terms of haematopoietic populations on the multicolour analysis. 

 

Figure 4.13 – Immunophenotypic analysis comparing the expression of single surface markers 
on conditions 6 and 7 from donor #33. 

Although Bourin et al. reported that the AT-MSC population should represent at least 20% of the SVF 

cells, this was not the case for any of the fresh samples analysed in the present study. One of the 

protocol variances that might have caused such difference is that instead of using a lysis step like in the 

present study, flow cytometry was used to exclude erythrocytes. It is not fully known yet whether NH4Cl 

used for erythrocyte lysis affects immunophenotypic analysis of SVF [25].  

There are no certain conclusions about the immunophenotypic analyses presented due to the high 

variability throughout the different experiments and donors. Although it is rather difficult to collect large 

volumes of fat using such small cannulas due to the long time necessary for the procedure, it would 

definitely be beneficial for future studies involving these conditions as it would provide higher cell yields. 
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With more events, populations would become more defined and the results would have a higher 

reliability. Nevertheless, it was possible to identify the expected populations in cryopreserved SVF, small 

AT-MSC populations in fresh samples, and also an increasing amount of oil droplets with increasing fat 

manipulation and decreasing cannula size. 

4.5.4. CFU-F Assay on SVF cells 

The CFU-F assay was performed on SVF cells from conditions 1 and 4 from donors #29, #30 and #31 

straight after the isolation process, with no culturing in between. The experiment was carried out twice 

with two different initial cell densities, namely 50 cells/cm2 and 100 cells/cm2, which are within the limits 

proposed by the joint statement of the IFATS and the ISCT [25], specifically 40 to 400 cells/cm2. Table 

4.4 shows the number of colonies counted for each case. 

Table 4.4 – CFU-F Assay results for the tested SVF cells. 

Donor Condition Initial Cell Density 

[cells/cm2] 

Number of Colonies 

Counted on a Well of a 6-

Well Plate 

Final Cell Density 

[colonies/cm2] 

#29 1 50 5 0.5 

100 2 0.2 

4 50 1 0.1 

100 3 0.3 

#30 1 50 0 0 

100 0 0 

4 50 1 0.1 

100 0 0 

#31 1 50 3 0.3 

100 2 0.2 

4 50 3 0.3 

100 5 0.5 

 

Some colonies were very dense, even more than the ones formed in the case of isolated MSCs as it will 

be shown later, but others were not so confluent. Some of the counted colonies are presented in Figure 

4.14. The frequency of stromal progenitors, which give rise to one colony each, was 0% to 1% in the 



56 
 

present study, which is below the 1% to 10% interval relative to the total percentage of nucleated cells 

as specified by the joint statement of the IFATS and the ISCT [25]. This may be due to loss of viability 

of the progenitor cells during the harvesting process of the specified conditions, or also due to difficulties 

in pipetting volumes corresponding to such a low number of cells when beginning the CFU-F assay. 

    

Figure 4.14 – CFU-F assay results after crystal violet staining for (a) condition 1 with an initial 
cell density of 50 cells/cm2 and (b) condition 4 with an initial cell density of 100 cells/cm2, both 

from donor #29 after 29 days of primary cell culture. 

From the results presented on Table 4.4, in two conditions from different donors there was a correlation 

between the initial and the final cell density, while in three conditions a decrease in final cell density was 

verified with an increase in initial cell density. The latter results are not coherent with what would be 

expected, but it may have happened by chance. There were no progenitors in condition 1 of donor #30, 

which could have also been a coincidence. To avoid such coincidental events, triplicates for each initial 

cell density should be performed, as advised by the joint statement of the IFATS and the ISCT. Moreover, 

it would also be beneficial if more than two cell concentrations had been tested [25].  

It is important to note that cell cultures lasted for 29 days on donor #29 and 27 days for donors #30 and 

#31. This is completely different from the 11 to 14 days suggested by the joint statement of the IFATS 

and the ISCT [25]. However, at 14 days the colonies were almost impossible to find due to their small 

size, and with the additional days given they developed much more and were still far apart from each 

other. Nonetheless, this modification to the protocol may have influenced the results. Furthermore, it 

should be noticed that CFU-F assays were only conducted on conditions 1 and 4, which probably had 

an impact on the results. For instance, it can be hypothesized that if conditions 2 and 3 were used 

instead, no colonies might have formed due to their lower proliferative abilities that have been previously 

described. In the future it would be interesting to perform CFU-F assays for all of the conditions. The 

results obtained could also have been influenced by the inexperience of the operator when counting the 

colonies manually after the staining, donor specificity, as well as overlapping progenitors due to the 

greatly heterogeneous culture distribution inherent to SVF cells when plated for the first time, as 

explained before. Nonetheless, the proliferation of cells cultured at such a low initial density confirms 

the presence of stromal progenitors within the heterogeneous SVF populations and proves their 

clonogenic ability.  

(a) (b) 
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4.6. Isolated AT-MSCs 

The identity of isolated AT-MSCs was confirmed using immunophenotypic analysis, CFU-F assay and 

multilineage differentiation studies. Flow cytometry was also used to analyse the immunophenotype of 

AT-MSCs with slower growth rate.  

4.6.1. Immunophenotypic Analysis of Isolated AT-MSCs 

Immunophenotypic analysis of isolated AT-MSCs was performed with the panel of antibodies presented 

in Table 3.2 on certain conditions from three donors, namely a mixture of condition 1 and 4 from donor 

#26 at P1, condition 5 from donor #27 at P2 and condition 6 from donor #28 at P2 as well. This panel 

comprises the minimal criteria markers as specified by ISCT [35]. Their cell surface marker expression 

is presented on Figure 4.15. 

 

Figure 4.15 – Isolated AT-MSCs surface marker expression using the panel in Table 3.2 (n=3). 

CD90 presented an expression over 95%, while less than 2% of the cells analysed expressed CD11b, 

CD19, CD45 and HLA-DR, which is in agreement with the minimal criteria determined by the ISCT [35]. 

CD105 expression level was lower than 95%, but still higher than 90%, which corresponds to the limit 

established by the joint statement of the IFATS and the ISCT [25]. 

Although CD73 expression was still quite high and completely distinct from the expression levels of the 

markers that are usually negative on MSCs, it was below the 90% limit. A possible reason for this is that 

freshly isolated MSCs may present low initial expression of CD73, CD90 and CD105, which increases 

throughout cell culturing [142]. Although these markers are implied in the minimal criteria for defining 

MSCs, those requirements were mainly determined based on adherent cultures and not on fresh 

samples. Since the samples analysed were at low passage number (either P1 or P2), the expression of 

these markers could have still been increasing [39].  
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CD34 also showed a slightly deviant profile regarding the 2% threshold determined by the ISCT. This 

was mainly due to donor #28 out of the three donors that were included in this analysis, which had a 

small CD34+ population (13.10%). In 2012, Lin et al. presented a disapproving opinion about the minimal 

criteria defined by the ISCT regarding the expression levels of CD34 because they were defined based 

on MSCs growing on plastic surfaces. Nevertheless, freshly isolated MSCs from various tissues have 

been found to express CD34 in several studies (reviewed in [143]). Therefore, it has been proposed that 

CD34 is expressed when MSCs are in resident tissues and it becomes negative as a consequence of 

cell culturing. According to the joint statement of the IFATS and the ISCT, CD34 is usually more 

expressed in early phases of culture, around 8 to 12 populations doublings after SVF isolation, and then 

it decreases with increasing passage number and cell divisions [25]. In one study by Mitchell and 

colleagues, the percentage of adherent CD34+ cells decreased from 59.2% at P0 to 5.4% at P2, 

disappearing afterwards [142]. Similarly, in a study from 2016 by Nielsen et al., it was shown that upon 

culturing AT-MSCs tended to maintain high expression of CD73, CD90 and CD105, and converged to a 

common phenotype distribution regarding variable markers such as CD34, whose expression tended to 

become negative [144]. The ISCT minimal criteria, together with the fact that CD34 is usually associated 

to haematopoietic stem and progenitor cells, can lead to the incorrect assumption that CD34+ cells in 

non-haematopoietic populations correspond to haematopoietic contaminants [39]. Nonetheless, as 

described in Table 1.3, CD34 is expressed by several other types of cells, which may include non-

cultured AT-MSCs as discussed above.  

4.6.2. Immunophenotypic Analysis of Isolated AT-MSCs with 

Slower Growth 

Some of the isolated cells from SVF presented a slower growth, not achieving confluency at 15 to 16 

days of culture. However, the MSCs were clearly visible and formed large colonies that were highly 

concentrated in a small area of the well, as illustrated in Figure 4.16.  

 

Figure 4.16 – Highly confluent localized colony in condition 2 from donor #28 at P0, while 
confluency in the remaining area of the well was remarkably lower. 

In an attempt to understand the difference between the cells that formed such colonies and the usual 

AT-MSCs, these cells were immunophenotypically analysed using the same panel of antibodies, 
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presented in Table 3.2. The two samples analysed were from donors #28 at P1 from a mixture of 

conditions 2, 4 and 7, and donor #32 at P1 from a mixture of conditions 1, 4, 5, 6 and 7. Their cell surface 

marker expression is presented on Figure 4.17. 

 

Figure 4.17 – Surface marker expression of isolated AT-MSCs with slower growth using the 
panel in Table 3.2 (n=2). 

The expression profile of the isolated AT-MSCs with slower growth is quite similar to the one of AT-MSCs 

with a usual growth rate. CD90 is above 95%, and CD11b, CD19, CD45 and HLA-DR are below 2% 

expression levels, meeting the minimal criteria for MSC definition [35]. CD105 expression is slightly 

lower than the 95% limit but still above 90%, resembling the isolated MSCs with normal growth rate. 

CD34 was expressed in 4.15% of cells, which also represents a very slight difference regarding the 2% 

limit established by the ISCT [25]. The same happened for the MSCs with usual growth rate and possible 

explanations have been presented before. 

The greatest difference comparing the profile of the usual MSCs and slower growth MSCs was the 

expression of CD73, which was present in only 59.65% of the cells of the latter group. Although this 

could have been caused by still growing expression levels, as explained previously, it is not common to 

find MSCs with such low expression of CD73. However, a study on bone marrow MSCs by Ode et al. 

from 2011 found low expression levels of this marker on MSCs characterized under mechanical loading. 

It was demonstrated that both CD73 and CD29 have a diminished expression level after applying a 

loading stimulus. This stress also led to a decrease in migratory properties of MSCs, which was 

maintained for a week after removal of the loading. Consequently, the authors proposed that CD73 and 

CD29 are simultaneously involved in the mediation of the decrease in migratory capacity caused by 

mechanical stress [145]. In the present study, CD29 expression was not analysed, but diminished levels 

of CD73 were found in certain populations of MSCs that were unable to achieve confluency and 

remained highly concentrated in a single colony. This might be due to a decrease in migratory ability. 
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Therefore, it is hypothesised that these slower growth MSCs corresponded to MSCs that were under 

mechanical stress in the resident tissues or that suffered more mechanical loading during the harvesting 

and/or isolation process than the other MSC populations, which caused a decrease in the expression of 

the surface marker CD73 and in their migratory capacity. 

Although these populations were identified through everyday visual analysis by the operator towards 

the end of the project, in which experience was at its peak, their differences with respect to MSCs with 

usual growth rate might have been the result of variability introduced during the isolation process due 

to lack of homogeneity during the different steps. An automatized isolation step would definitely help 

ruling out or confirming this possible explanation for these different MSCs populations. Additionally, 

characterizing these cells with other assays, such as CFU-F assays and multilineage differentiation 

studies, would contribute to the assessment of more differences and to the identification of the reasons 

behind them. Nonetheless, these differences might also be an inherent characteristic of these cells as 

MSC population are highly heterogeneous, not only between different sources but also MSCs from the 

same source and clonal MSCs [39]. 

It is important to note that all the immunophenotypic analyses shown in the present study involved 

underlying subjective decisions which may have influencing the results. Some of these choices are 

deciding the level of confluency of the cells, which determined the time point at which staining took 

place, performing compensations on the flow cytometer, analysing the results in the FlowJo software, 

among several other determinant decisions for which the operator’s experience is crucial. 

4.6.3. CFU-F Assay on Isolated MSCs 

The CFU-F assay was performed on isolated AT-MSCs from donor #22 at P5 from a mixture of 

conditions 5 and 9. The joint statement of the IFATS and ISCT suggested an initial cell density of 2 to 4 

cells/cm2 [25], but the initial cell density used was slightly higher (10 cells/cm2), according to the study 

by Santos and co-workers on bone marrow MSCs [146]. From this initial cell density, 126 small, not very 

confluent colonies were counted on a T25 in the end of the experiment, which corresponds to a final 

density of approximately 5 colonies/cm2. Although the colonies were not very dense, maybe due to being 

already at P5 while progenitor frequency was evaluated at P1 in the joint statement of the IFATS and 

the ISCT [25], the proliferation of cells cultured at such a low initial density proves the clonogenic abilities 

of the tested AT-MSCs. Each colony is supposed to be originated from one progenitor, hence about 50% 

of the initial nucleated cells were stromal progenitors. This is much higher than the threshold presented 

in the joint statement of the IFATS and the ISCT and within the established values (frequency of more 

than 5% [25]), which may be due to the existence of a high percentage of progenitors and donor 

specificity. Furthermore, the counting of the colonies was performed manually, which can lead to errors, 

particularly in large areas such as the one of a T25 and with inexperienced operators, as was the case. 

The growth of the colonies as well as the final result obtained after the crystal violet staining are 

presented in Figure 4.18. 
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Figure 4.18 – Growth evolution during the CFU-F assay of AT-MSCs from donor #22 at P5 from 
a mixture of conditions 5 and 9: (a) day 7, earlier stage; (b) day 10, later stage; and (c) day 14, 

Crystal Violet staining. 

4.6.4. Multilineage Differentiation Studies 

AT-MSCs from two different donors were characterized in terms of multilineage differentiation potential 

into three different lineages: osteogenic, adipogenic and chondrogenic. The cells tested were from 

donors #22 at P5 from a mixture of conditions 5 and 9, and donor #27 at P3 from condition 4. The 

staining was observed under the microscope, leading to the results presented in Figure 4.19.  

  

(a) (b) 

(c) 
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Figure 4.19 – Stained control and differentiated AT-MSCs from donor #27 at P3 from condition 4 
after multilineage differentiation studies for the osteogenic ((a) and (b) respectively), 

adipogenic ((c) and (d) respectively), and chondrogenic lineages ((e) and (f) respectively). 

Both ALP and von Kossa staining was strong in the AT-MSC populations tested, reflecting the presence 

of immature osteoblasts and calcium deposits, respectively. Oil Red-O staining revealed the presence 

of lipid vacuoles within the cells from different donors, which is attributed to adipogenic commitment. 

Differentiation of chondrocytes was made visible through Alcian Blue staining, identifying proteoglycans 

(a) (b) 

(c) (d) 

(e) (f) 
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within the cell aggregates. Although it was difficult to distinguish their characteristic blue colour under 

the microscope due to their high cell density, the aggregates were clearly blue as seen in Figure 4.20.  

 

Figure 4.20 - Macroscopic aspect of the control (CTR well) and differentiated (wells 1 and 2) cell 
aggregates of donor #22 at P5 from a mixture of conditions 5 and 9 after chondrogenic 

differentiation and Alcian Blue staining. 

The multipotency and differentiation potential of AT-MSCs were thus demonstrated and they are in 

agreement with the joint statement of the IFATS and ISCT [25].  
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5. Conclusions and Future Trends 

Alopecia is a hair loss disorder which results in visible hairless areas. Although it is not a fatal disease, 

it affects many people psychologically and physically through different forms. For instance, up to 40% 

of women and 70% of men are affected by AGA, the most common type of alopecia. These considerable 

numbers have led to an increased interest in finding new and better therapies for this disorder. Although 

pharmaceutical medicines have been developed, they are associated with unpleasant side effects. 

Autologous hair transplantation is considered to be the gold standard treatment, but it is less effective 

than the aforementioned medicines in preventing disease progression [51]. Therefore, new therapies 

have been sought and one of them is the injection of autologous fat in the scalp. Autologous fat grafting 

is a technique with more than 100 years which became more popular ever since AT-MSCs were 

discovered [46]. However, this procedure has unpredictable clinical outcomes regarding long-term graft 

survival. One possibility to increase graft retention is to enrich fat with SVF, a heterogeneous population 

within the AT that includes MSCs and that can be isolated either in the laboratory or at the point of care 

in closed systems. Positive results have been published regarding the therapeutic use of enriched fat 

for alopecia [15]. More clinical trials are being conducted nowadays in order to assess the safety and 

efficiency of such therapy. 

Several parameters can influence the viability of SVF cells during fat harvest, cell isolation and posterior 

injection, which must be optimized so as to maximize the efficiency of such treatment. In this work, 

different conditions, involving variations in surgical technique and cannula width, were studied using an 

enzymatic isolation protocol. Small cannula widths were focused on due to the requirements for a non-

ATMP and for an ambulatory procedure for the treatment of alopecia. It is important to note that the 

protocol used in this work would not be approved for a non-ATMP clinical application due to the several 

manipulations involved, use of an enzymatic product isolated from bacteria, time constraints and 

unmonitored transport of the fat tissue from the operating room to the laboratory. Ideally, a closed, sterile 

and automatized system should be used at the point of care for a safer and faster clinical-grade therapy. 

In the future, studies similar to this work should be performed using clinical-grade isolation systems 

instead of laboratorial fat processing. 

The isolation protocol used involved some challenges that are described in detail in Annex 7.2. The main 

problem was the possible inaccuracy of the manual cell counting. The use of a reliable automatic cell 

counter, able to distinguish cells from debris and oil droplets, is highly recommended for future studies 

to decrease subjectivity.  

The cell yield obtained per condition upon cell isolation was quite divergent depending on the donor and 

there were no tendencies common to all donors, except for a decrease from condition 4 to 5. This is 

consistent with the fact that this cluster involved the most remarkable decrease in cannula width. 

However, the average cell number showed that more fat manipulation and the use of progressively 

narrower cannulas lead to a decrease in cell yield. Interestingly, automatized conditions involving larger 

cannulas led to lower cell counts than manually harvested fat with narrower cannulas. One possible 



65 
 

explanation is that the use of a robot with the specified pressure may influence the cells. The cell 

numbers obtained would be much more reliable if cell counting was automatized, as previously 

discussed. 

After cell isolation, the immunophenotype of fresh SVF cells was analysed through flow cytometry. Most 

experiments were not successful, particularly due to insufficient cell numbers. Therefore, it is advisable 

to collect larger amounts of fat for each condition in future studies. It was only possible to conduct flow 

cytometry on two donors. On one of them, conditions 1 to 5 were analysed and a clear small AT-MSC 

population could only be identified on condition 4. Since this was the condition involving a larger cannula, 

it is suggested that smaller cannulas and more manipulation may be harmful for AT-MSCs, leading to 

the loss of these cells during the harvesting process. Interestingly, increasing amounts of oil droplets 

were found within the clusters of conditions, indicating that narrower cannulas and greater manipulation 

may lead to more adipocytes rupturing and consequent release of lipid droplets. On the other donor, 

conditions 6 and 7 were analysed and small AT-MSC populations were identified for each of them. The 

main difference between the two conditions was that the haematopoietic population was greater for 

condition 6, which is consistent with the fact that decantation was only performed for condition 7. 

Immunophenotypic analysis was also performed for cryopreserved SVF, which led to much more 

satisfactory results, with an evident AT-MSC population within the SVF live cells. 

The fresh samples of clean AT from one donor were stained for AdipoRed and Hoechst 33342. Visually, 

it seemed that most particles including lipids did not exhibit a nucleus, hence being classified as oil 

droplets instead of adipocytes. It would be valuable to perform this experiment on more donors in the 

future together with a quantitative analysis so as to confirm the notions obtained from this work. 

SVF cells were cultured after cell isolation and grew in a highly heterogeneous distribution. Cell culturing 

allowed the analysis of the proliferative potential of the cells depending on the surgical condition. 

Although there were few cases in which cells achieved sufficient confluency to be passaged, it never 

occurred for conditions 2 and 3. This suggests that smaller cannulas and more manipulation of AT during 

fat harvesting leads to a decrease in the proliferative potential of the AT-MSCs contained within it. 

A significant relationship between donor site and the SVF cells becoming confluent enough to be 

passaged was found, with a preference regarding the abdominal region when compared to a mixture of 

abdominal and flank fat. This corroborates previous findings [100]–[103], even though accurate 

conclusions cannot be drawn yet due to the great variability throughout different studies. 

CFU-F assays were conducted for both fresh SVF cells and AT-MSCs. Although the progenitor 

frequency of MSCs contained within SVF cells was below the interval established on the joint statement 

of the IFATS and ISCT, namely 0 – 1% instead of 1 – 10%, the result obtained for isolated MSCs was in 

agreement with the literature, specifically 50% versus more than 5% [25]. However, it is important to 

note that instead of 14 days, almost 30 days were necessary for a greater visibility of the colonies that 

developed from SVF cells. Furthermore, only conditions 1 and 4 were tested, and it would be interesting 

to ascertain whether other conditions would behave differently in terms of clonogenicity.  
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AT-MSCs were also characterized by immunophenotypic analysis, which revealed that the stromal 

markers CD73, CD90 and CD105 were highly expressed by these cells whereas CD11b, CD19, CD45 

and HLA-DR were expressed by less than 2% of the cell population. Although still low, CD34 had slightly 

higher expression levels, which have been described to decrease throughout cell culturing. These 

results were predominantly in accordance with the joint statement of the IFATS and ISCT [25]. During 

cell culturing, it was noticed that some AT-MSCs grew at a slower pace in localized colonies that did not 

achieve confluency except for their limited area. With the aim of understanding whether these cells had 

a different immunophenotype with respect to the MSCs with the usual growth rate, they were also 

analysed by flow cytometry, which exposed that only CD73 expression was decreased. Diminished 

levels of this surface marker have been previously reported for mechanically stressed AT-MSCs with 

decreased migratory properties [145]. Since the slower growth MSCs identified in this work developed 

localized colonies and could not become fully confluent, which seems to reflect decreased migratory 

capacities, it is suggested that these cells were subjected to greater mechanical stress than most MSCs 

of the processed AT, either during fat harvesting or cell isolation. In the future, more studies should be 

performed on mechanically stressed AT-MSCs in order to confirm these findings and to highlight the role 

of the CD73 surface marker. 

To complete the hallmark studies used for the confirmation of the MSC potential of the isolated AT-

MSCs, multilineage differentiation studies were performed on these cells. The AT-MSCs successfully 

differentiated into the osteogenic, adipogenic and chondrogenic lineages, which led to the confirmation 

of their multipotency. 

Overall, narrower cannulas and more fat manipulation seem to affect the cell content and viability of 

SVF cells. However, larger cannulas do not comply with a minimally invasive protocol. Therefore, it is 

imperative that more studies comparing wide and narrow cannulas are performed in the future so as to 

identify the ideal compromise between higher cell numbers and viability and minimally-invasive 

procedures. Nonetheless, in this work it has already been determined that it is possible to obtain fully 

functional and multipotent AT-MSCs from fat harvested with cannulas as small as 0.8 mm, as they 

presented the expected immunophenotype, clonogenicity and differentiation potential. However, as this 

was not possible for all donors, better methodologies for fat harvest, processing and injection must be 

developed in order to obtain the desired cell populations independently from donor variations. These 

new methods should also be standardized to allow reliable comparisons throughout different studies 

and to create a dependable therapy for alopecia patients with the potential to be approved by regulatory 

agencies. 

  



67 
 

6. References 

[1] P. Babu et al., “Five ‘Ds’ of plastic surgery,” Plast. Aesthetic Res., vol. 4, no. 1, p. 13, 2017. 

[2] “American Society of Plastic Surgeons.” [Online]. Available: https://www.plasticsurgery.org/. 

[Accessed: 02-Sep-2018]. 

[3] “Worldwide demand for cosmetic surgery continues dramatic increases.” [Online]. Available: 

https://www.healio.com/aesthetics/body-aesthetics/news/online/%7Bab15e88c-9c24-4d99-

afa7-9f1b1292f5f2%7D/worldwide-demand-for-cosmetic-surgery-continues-dramatic-increases. 

[Accessed: 05-Sep-2018]. 

[4] “2017 Plastic Surgery Statistics.” [Online]. Available: https://www.plasticsurgery.org/news/plastic-

surgery-statistics. [Accessed: 02-Sep-2018]. 

[5] “Plastic surgery is surging in America — the trends in six simple charts.” [Online]. Available: 

https://www.washingtonpost.com/news/to-your-health/wp/2016/03/01/the-surge-in-butt-

implants-in-america-and-other-plastic-surgery-trends-in-5-simple-

charts/?utm_term=.9906546b1b93. [Accessed: 03-Sep-2018]. 

[6] “Rhinoplasty.” [Online]. Available: https://www.plasticsurgery.org/cosmetic-

procedures/rhinoplasty. [Accessed: 06-Sep-2018]. 

[7] “Gynecomastia Surgery.” [Online]. Available: https://www.plasticsurgery.org/cosmetic-

procedures/gynecomastia-surgery. [Accessed: 06-Sep-2018]. 

[8] “ISAPS Global Statistics.” [Online]. Available: https://www.isaps.org/medical-

professionals/isaps-global-statistics/. [Accessed: 02-Sep-2018]. 

[9] “Liposuction.” [Online]. Available: https://www.plasticsurgery.org/cosmetic-

procedures/liposuction. [Accessed: 06-Sep-2018]. 

[10] “Tummy Tuck.” [Online]. Available: https://www.plasticsurgery.org/cosmetic-procedures/tummy-

tuck. [Accessed: 06-Sep-2018]. 

[11] “Abdominoplastia.” [Online]. Available: http://www.cirurgiaplastica.pt/corpo.asp?pth=c_a. 

[Accessed: 06-Sep-2018]. 

[12] “S.A.F.E Lipoabdominoplastia.” [Online]. Available: 

http://www.cirurgiaplastica.pt/corpo.asp?pth=c_sla. [Accessed: 06-Sep-2018]. 

[13] “Clínica Atlanta - Corpo.” [Online]. Available: https://atlanta.com.pt/corpo/. [Accessed: 02-Sep-

2018]. 

[14] “S.A.F.E Lipoescultura.” [Online]. Available: http://www.cirurgiaplastica.pt/corpo.asp?pth=c_sle. 

[Accessed: 06-Sep-2018]. 



68 
 

[15] D. Perez-Meza, C. Ziering, M. Sforza, G. Krishnan, E. Ball, and E. Daniels, “Hair follicle growth 

by stromal vascular fractionenhanced adipose transplantation in baldness,” Stem Cells Cloning 

Adv. Appl., vol. 10, pp. 1–10, 2017. 

[16] G. A. Neuber, “Fett Transplantation,” Verl Dtsch Ges Chir, 1893. 

[17] E. C. Cleveland, N. J. Albano, and A. Hazen, “Roll, Spin, Wash, or Filter? Processing of 

Lipoaspirate for Autologous Fat Grafting: An Updated, Evidence-Based Review of the Literature,” 

Plast. Reconstr. Surg. J., vol. 136, no. 4, pp. 706–713, 2015. 

[18] M. Zhu et al., “Supplementation of Fat Grafts With Adipose-Derived Regenerative Cells Improves 

Long-Term Graft Retention,” Ann. Plast. Surg., vol. 64, no. 2, pp. 222–228, 2010. 

[19] L. Peer, “Loss of weight and volume in human fat grafts,” Plast. Reconstr. Surg., 1950. 

[20] S. S. Tholpady et al., “The Cellular Plasticity of Human Adipocytes,” Ann. Plast. Surg., 2005. 

[21] Y. Liao, Z. Zeng, F. Lu, Z. Dong, Q. Chang, and J. Gao, “In vivo dedifferentiation of adult adipose 

cells,” PLoS One, vol. 10, no. 4, pp. 1–13, 2015. 

[22] M. Esteve Ràfols, “Adipose tissue: Cell heterogeneity and functional diversity,” Endocrinol. y 

Nutr. (English Ed., 2014. 

[23] S. Poglio et al., “Adipose tissue as a dedicated reservoir of functional mast cell progenitors,” 

Stem Cells, vol. 28, no. 11, pp. 2065–2072, 2010. 

[24] W. P. Cawthorn, E. L. Scheller, and O. A. MacDougald, “Adipose tissue stem cells meet 

preadipocyte commitment: going back to the future,” J. Lipid Res., vol. 53, no. 2, pp. 227–246, 

2012. 

[25] P. Bourin et al., “Stromal cells from the adipose tissue-derived stromal vascular fraction and 

culture expanded adipose tissue-derived stromal/ stem cells: a joint statement of the International 

Federation for Adipose Therapeutics (IFATS) and Science and the International S,” Cytotherapy, 

vol. 15, no. 6, pp. 641–648, 2013. 

[26] H. Suga et al., “Numerical measurement of viable and nonviable adipocytes and other cellular 

components in aspirated fat tissue,” Plast. Reconstr. Surg., vol. 122, no. 1, pp. 103–113, 2008. 

[27] S. M. Majka et al., “Analysis and Isolation of Adipocytes by Flow Cytometry Susan,” Methods 

Enzymol., pp. 1–13, 2014. 

[28] Lonza, “AdipoRed TM Assay Reagent.” 2010. 

[29] Invitrogen, “Hoechst Stains,” 2005. 

[30] BioLegend, “Propidium Iodide Solution,” 2015. 

[31] Invitrogen, “Propidium Iodide Nucleic Acid Stain,” 2006. 

[32] H. Bindu A and S. B, “Potency of Various Types of Stem Cells and their Transplantation,” J. Stem 



69 
 

Cell Res. Ther., vol. 01, no. 03, pp. 1–6, 2011. 

[33] “Morula Cells.” [Online]. Available: https://discovery.lifemapsc.com/in-vivo-

development/zygote/morula/morula-cells. [Accessed: 05-Sep-2018]. 

[34] K. Takahashi and S. Yamanaka, “Induction of Pluripotent Stem Cells from Mouse Embryonic and 

Adult Fibroblast Cultures by Defined Factors,” Cell, vol. 126, no. 4, pp. 663–676, 2006. 

[35] M. Dominici et al., “Minimal criteria for defining multipotent mesenchymal stromal cells. The 

International Society for Cellular Therapy position statement,” Cytotherapy, vol. 8, no. 4, pp. 315–

317, 2006. 

[36] S. A. Boxall and E. Jones, “Markers for characterization of bone marrow multipotential stromal 

cells,” Stem Cells Int., vol. 2012, 2012. 

[37] K. Książek, “A Comprehensive Review on Mesenchymal Stem Cell Growth and Senescence,” 

Rejuvenation Res., vol. 12, no. 2, pp. 105–116, 2009. 

[38] BD-Biosciences, Human and Mouse CD Marker Handbook. 2010, p. 46. 

[39] L. E. Sidney, M. J. Branch, S. E. Dunphy, Harminder S. Dua, and Andrew Hopkinson, “Concise 

Review : Evidence for CD34 as a Common Marker for Diverse Progenitors,” Stem Cells, pp. 

1380–1389, 2014. 

[40] A. G. Via, A. Frizziero, and F. Oliva, “Biological properties of mesenchymal Stem Cells from 

different sources.,” Muscles. Ligaments Tendons J., vol. 2, no. 3, pp. 154–62, 2012. 

[41] C. Nombela-Arrieta et al., “The identity and properties of mesenchymal stem cells,” Nat. Rev. 

Mol. Cell Biol. Stem Cell Technol., vol. 596, no. 2010, p. 2011, 2011. 

[42] R. Atoui and R. C. J. Chiu, “Concise Review: Immunomodulatory Properties of Mesenchymal 

Stem Cells in Cellular Transplantation: Update , Controversies , and Unknowns,” Stem Cells 

Transl. Med., 2011. 

[43] K. A. Hasty and H. Cho, “Stem Cells Considerations for the Clinicians,” Phys. Med. Rehabil. Clin. 

N. Am., vol. 27, no. 4, pp. 855–870, 2017. 

[44] P. M. Doran, Cartilage Tissue Engineering: Methods and Protocols. 2015. 

[45] R. Hass, C. Kasper, S. Böhm, and R. Jacobs, “Different populations and sources of human 

mesenchymal stem cells (MSC): A comparison of adult and neonatal tissue-derived MSC,” Cell 

Commun. Signal., vol. 9, no. 1, p. 12, 2011. 

[46] E. Al Zuk, PA, “Multilineage cells from human adipose tissue: implications for cell-based 

therapies.,” Tissue Eng., vol. 7, no. 2, pp. 211–28, 2001. 

[47] B. Gustafson, A. Hammarstedt, S. Hedjazifar, and U. Smith, “Restricted adipogenesis in 

hypertrophic obesity: The role of WISP2, WNT, and BMP4,” Diabetes, vol. 62, no. 9, pp. 2997–



70 
 

3004, 2013. 

[48] E. Festa et al., “Adipocyte lineage cells contribute to the skin stem cell niche to drive hair cycling,” 

Cell, vol. 146, no. 5, pp. 761–771, 2011. 

[49] L. Peng et al., “Comparative Analysis of Mesenchymal Stem Cells from Bone Marrow, Cartilage, 

and Adipose Tissue,” Stem Cells Dev., vol. 17, no. 4, pp. 761–774, 2008. 

[50] A. Owczarczyk-Saczonek et al., “Review Article: Therapeutic Potential of Stem Cells in Follicle 

Regeneration,” Stem Cells Int., vol. 2018, 2018. 

[51] H. Wolff, T. W. Fischer, and U. Blume-Peytavi, “Diagnostik und Therapie von Haar- und 

Kopfhauterkrankungen,” Dtsch. Arztebl. Int., vol. 113, no. 21, pp. 377–386, 2016. 

[52] A. Kumar, S. Gupta, S. Mohanty, B. Bhargava, and B. Airan, “Stem Cell Niche is Partially Lost 

during Follicular Plucking : A Preliminary Pilot Study Background : Objective : Materials and 

Methods : Results : Conclusion :,” Int. J. Trichology, vol. 5, no. 2, pp. 97–100, 2018. 

[53] L. M. Bicknell, N. Kash, C. Kavousport, and M. Rashid, “Follicular unit extraction hair transplant 

harvest: a review of current recommendations and future considerations,” 2014. 

[54] “Strip vs Fue Harvesting.” [Online]. Available: https://dermatologylouisville.com/strip-vs-fue-

harvesting/. [Accessed: 07-Sep-2018]. 

[55] “FUE or FUT: Comparing hair transplant methods.” [Online]. Available: 

https://www.bosley.com/blog/comparing-hair-transplantation-methods-fue-fut/. [Accessed: 10-

Sep-2018]. 

[56] J. R. Miller, “The Wnts.,” Genome Biol., vol. 3, no. 1, p. REVIEWS3001, 2002. 

[57] L. Falto-Aizpurua, S. Choudhary, and A. Tosti, “Emerging treatments in alopecia,” Expert Opin. 

Emerg. Drugs, pp. 1–12, 2014. 

[58] Z. J. Li et al., “Autologous Platelet-Rich Plasma: A Potential Therapeutic Tool for Promoting Hair 

Growth,” Dermatologic Surg., pp. 1–7, 2012. 

[59] A. Trink et al., “A randomized , double-blind , placebo and active-controlled , half-head study to 

evaluate the effects of platelet rich plasma on alopecia areata,” Br. J. Dermatol., 2013. 

[60] G. Donati et al., “Epidermal Wnt/β-catenin signaling regulates adipocyte differentiation via 

secretion of adipogenic factors,” Proc. Natl. Acad. Sci. U. S. A., 2014. 

[61] “Keratinocytes: Structure, Function, Immunity and Differentiation.” [Online]. Available: 

http://www.keratinocyte-transfection.com/. [Accessed: 08-Sep-2017]. 

[62] International Society of Hair Restoration Surgery, “International Society of Hair Restoration 

Surgery: 2017 Practice Census Results,” p. 25, 2017. 

[63] C. Dores, D. Rancourt, I. Dobrinski, E. Medicine, and M. Genetics, “Stirred suspension 



71 
 

bioreactors as a novel method to enrich germ cells from pre-pubertal pig testis,” Andrology, vol. 

3, no. 3, pp. 590–597, 2015. 

[64] P. Gentile, M. G. Scioli, A. Bielli, A. Orlandi, and V. Cervelli, “Stem cells from human hair follicles : 

first mechanical isolation for immediate autologous clinical use in androgenetic alopecia and hair 

loss,” Stem Cell Investig., no. 2, pp. 1–10, 2017. 

[65] Z. Abel et al., “Stem cell therapy as a novel therapeutic intervention for resistant cases of alopecia 

areata and androgenetic alopecia,” J. Dermatolog. Treat., vol. 6634, no. August, 2016. 

[66] F. Zanzottera, E. Lavezzari, L. Trovato, A. Icardi, and A. Graziano, “Adipose Derived Stem Cells 

and Growth Factors Applied on Hair Transplantation . Follow-Up of Clinical Outcome,” J. Cosmet. 

Dermatological Sci. Appl., no. September, pp. 268–274, 2014. 

[67] H. Fukuoka and H. Suga, “Hair Regeneration Treatment Using Adipose-Derived Stem Cell 

Conditioned Medium : Follow-up With Trichograms,” Eplasty, pp. 65–72, 2015. 

[68] R. Anderi, N. Makdissy, A. Azar, F. Rizk, and A. Hamade, “Cellular therapy with human 

autologous adipose-derived adult cells of stromal vascular fraction for alopecia areata,” Stem 

Cell Res. Ther., vol. 9, no. 1, pp. 1–9, 2018. 

[69] M. Berman and E. Lander, “A Prospective Safety Study of Autologous Adipose-Derived Stromal 

Vascular Fraction Using a Specialized Surgical Processing System,” Am. J. Cosmet. Surg., vol. 

34, no. 3, pp. 129–142, 2017. 

[70] M. O. Kilinc et al., “The ratio of ADSCs to HSC-progenitors in adipose tissue derived SVF may 

provide the key to predict the outcome of stem-cell therapy,” Clin. Transl. Med., vol. 7, no. 1, p. 

5, 2018. 

[71] J. B. Olenczak et al., “Effects of collagenase digestion and stromal vascular fraction 

supplementation on volume retention of fat grafts,” Ann. Plast. Surg., vol. 78, no. 6, pp. S335–

S342, 2017. 

[72] J. A. Aronowitz, R. A. Lockhart, C. S. Hakakian, and K. C. Hicok, “Clinical safety of stromal 

vascular fraction separation at the point of care,” Ann. Plast. Surg., vol. 75, no. 6, pp. 666–671, 

2015. 

[73] N. M. Toyserkani, M. L. Quaade, and J. A. Sørensen, “Cell-Assisted Lipotransfer: A Systematic 

Review of Its Efficacy,” Aesthetic Plast. Surg., vol. 40, no. 2, pp. 309–318, 2016. 

[74] “Female pattern hair loss.” [Online]. Available: https://www.dermnetnz.org/topics/female-pattern-

hair-loss/. [Accessed: 10-Sep-2018]. 

[75] “Ringer’s Lactate.” [Online]. Available: https://www.ncbi.nlm.nih.gov/books/NBK500033/. 

[Accessed: 10-Sep-2018]. 

[76] H. Huang et al., “Bone marrow mesenchymal stem cell-derived extracellular vesicles improve 



72 
 

the survival of transplanted fat grafts,” Mol. Med. Rep., vol. 16, no. 3, pp. 3069–3078, 2017. 

[77] “ClinicalTrials.gov: studies found for stem cells OR stromal vascular fraction | Alopecia.” [Online]. 

Available: 

https://clinicaltrials.gov/ct2/results?cond=Alopecia&term=stem+cells+OR+stromal+vascular+fra

ction&cntry=&state=&city=&dist=&Search=Search. [Accessed: 11-Sep-2018]. 

[78] “ClinicalTrials.gov.” . 

[79] “Clinical Trials Liability.” [Online]. Available: https://www.agcs.allianz.com/insights/expert-risk-

articles/watching-clinical-trials-liability/. [Accessed: 11-Sep-2018]. 

[80] P. Hurley, S. Jurmeister, and K. Parsley, “Advanced Therapy Medicinal Products — an Evolving 

Regulatory Landscape,” Regul. Focus, no. February, pp. 1–5, 2017. 

[81] “Minimally Invasive Surgery.” [Online]. Available: https://www.healthline.com/health/minimally-

invasive-surgery. [Accessed: 11-Sep-2018]. 

[82] “Minimally invasive surgery.” [Online]. Available: https://www.mayoclinic.org/tests-

procedures/minimally-invasive-surgery/about/pac-20384771. [Accessed: 11-Sep-2018]. 

[83] S. M. Shridharani, J. M. Broyles, and A. Matarasso, “Liposuction devices: Technology update,” 

Med. Devices Evid. Res., vol. 7, no. 1, pp. 241–251, 2014. 

[84] M. Harats et al., “Adipocytes Viability After Suction-Assisted Lipoplasty: Does the Technique 

Matter?,” Aesthetic Plast. Surg., vol. 40, no. 4, pp. 578–583, 2016. 

[85] S. Schneider, M. Unger, M. Van Griensven, and E. R. Balmayor, “Adipose-derived mesenchymal 

stem cells from liposuction and resected fat are feasible sources for regenerative medicine,” Eur. 

J. Med. Res., vol. 22, no. 1, pp. 1–11, 2017. 

[86] A. Bajek et al., “Does the Harvesting Technique Affect the Properties of Adipose-Derived Stem 

Cells?—The Comparative Biological Characterization,” J. Cell. Biochem., vol. 118, no. 5, pp. 

1097–1107, 2017. 

[87] D. Duscher et al., “Suction assisted liposuction does not impair the regenerative potential of 

adipose derived stem cells,” J. Transl. Med., vol. 14, no. 1, pp. 1–11, 2016. 

[88] T. Mashiko et al., “Mechanical Micronization of Lipoaspirates: Squeeze and Emulsification 

Techniques,” Plast. Reconstr. Surg., vol. 139, no. 1, pp. 79–90, 2017. 

[89] S. M. Yentis, N. P. Hirsch, and J. K. Ip, Anaesthesia and Intensive Care A–Z: An Encyclopaedia 

of Principles and Practice. 2003. 

[90] T. M. Gause II, R. E. Kling, W. N. Sivak, K. G. Marra, J. P. Rubin, and L. E. Kokai, “Particle size 

in fat graft retention : A review on the impact of harvesting technique in lipo fi lling surgical 

outcomes,” Adipocyte, vol. 3, no. 4, pp. 273–279, 2014. 



73 
 

[91] J. C. Kirkham, J. H. Lee, M. A. Medina, M. C. Mccormack, M. A. Randolph, and W. G. Austen, 

“The Impact of Liposuction Cannula Size on Adipocyte Viability,” Ann. Plast. Surg., vol. 69, no. 

4, pp. 479–481, 2012. 

[92] D. Tambasco, D., Arena, V., Finocchi, V., Grussu, F., & Cervelli, “The Impact of Liposuction 

Cannula Size on Adipocyte Viability,” Ann. Plast. Surg., vol. 73, no. 2, 2014. 

[93] A. Luan et al., “Dynamic Rheology for the Prediction of Surgical Outcomes in Autologous Fat 

Grafting,” Plast. Reconstr. Surg., 2017. 

[94] P. Tonnard, A. Verpaele, G. Peeters, M. Hamdi, M. Cornelissen, and H. Declercq, “Nanofat 

grafting: Basic research and clinical applications,” Plast. Reconstr. Surg., vol. 132, no. 4, pp. 

1017–1026, 2013. 

[95] P. S. A. Nguyen, C. Desouches, A. M. Gay, A. Hautier, and G. Magalon, “Development of micro-

injection as an innovative autologous fat graft technique: The use of adipose tissue as dermal 

filler,” J. Plast. Reconstr. Aesthetic Surg., vol. 65, no. 12, pp. 1692–1699, 2012. 

[96] F. Simonacci, N. Bertozzi, M. P. Grieco, E. Grignaffini, and E. Raposio, “Procedure, applications, 

and outcomes of autologous fat grafting,” Ann. Med. Surg., vol. 20, pp. 49–60, 2017. 

[97] A. Mojallal, C. Auxenfans, C. Lequeux, F. Braye, and O. Damour, “Influence of negative pressure 

when harvesting adipose tissue on cell yield of the stromal-vascular fraction,” Biomed. Mater. 

Eng., vol. 18, no. 4–5, pp. 193–197, 2008. 

[98] Y. W. Chen et al., “Effect of suction pressures on cell yield and functionality of the adipose-derived 

stromal vascular fraction,” J. Plast. Reconstr. Aesthetic Surg., vol. 70, no. 2, pp. 257–266, 2016. 

[99] D. A. Banyard et al., “Phenotypic Analysis of Stromal Vascular Fraction After Mechanical Shear 

Reveals Stress-induced Progenitor Populations,” Plast. Reconstr. Surg., 2016. 

[100] J. Varghese, M. Griffin, A. Mosahebi, and P. Butler, “Systematic review of patient factors affecting 

adipose stem cell viability and function : implications for regenerative therapy,” pp. 1–15, 2017. 

[101] A. V. Padoin et al., “Sources of processed lipoaspirate cells: Influence of donor site on cell 

concentration,” Plast. Reconstr. Surg., vol. 122, no. 2, pp. 614–618, 2008. 

[102] W. J. F. M. Jurgens et al., “Effect of tissue-harvesting site on yield of stem cells derived from 

adipose tissue: Implications for cell-based therapies,” Cell Tissue Res., vol. 332, no. 3, pp. 415–

426, 2008. 

[103] P. J. Geissler, K. Davis, J. Roostaeian, J. Unger, J. Huang, and R. J. Rohrich, “Improving fat 

transfer viability: The role of aging, body mass index, and harvest site,” Plast. Reconstr. Surg., 

vol. 134, no. 2, pp. 227–232, 2014. 

[104] A. Tsekouras, D. Mantas, D. I. Tsilimigras, D. Moris, M. Kontos, and G. C. Zografos, “Comparison 

of the viability and yield of adipose-derived stem cells (ASCs) from different donor areas,” In Vivo 



74 
 

(Brooklyn)., vol. 31, no. 6, pp. 1229–1234, 2017. 

[105] E. Oberbauer, C. Steffenhagen, C. Wurzer, C. Gabriel, H. Redl, and S. Wolbank, “Enzymatic and 

non-enzymatic isolation systems for adipose tissue-derived cells: Current state of the art,” Cell 

Regen., vol. 4, no. 1, p. 4:7, 2015. 

[106] Irina Neves Simões, “Tissue Engineering Approaches to Stress Urinary Incontinence using 

Acellular Urethra Bioscaffolds,” 2015. 

[107] F. S. Shah, X. Wu, M. Dietrich, J. Rood, and J. M. Gimble, “A non-enzymatic method for isolating 

human adipose tissue-derived stromal stem cells,” Cytotherapy, vol. 15, no. 8, pp. 979–985, 

2013. 

[108] J. A. Aronowitz, R. A. Lockhart, and C. S. Hakakian, “Mechanical versus enzymatic isolation of 

stromal vascular fraction cells from adipose tissue,” Springerplus, vol. 4, no. 1, pp. 1–9, 2015. 

[109] B. Chaput et al., “Mechanically Isolated Stromal Vascular Fraction Provides a Valid and Useful 

Collagenase-Free Alternative Technique: A Comparative Study,” Plast. Reconstr. Surg., vol. 138, 

no. 4, pp. 807–819, 2016. 

[110] M. Kurita et al., “Influences of centrifugation on cells and tissues in liposuction aspirates: 

Optimized centrifugation for lipotransfer and cell isolation,” Plast. Reconstr. Surg., vol. 121, no. 

3, pp. 1033–1041, 2008. 

[111] S. Yin, J. Luan, S. Fu, and Q. Zhuang, “Is centrifugation necessary for processing lipoaspirate 

harvested via water-jet force assisted technique before grafting? Evidence of lipoaspirate 

concentration with enhanced fat graft survival,” Ann. Plast. Surg., vol. 77, no. 4, pp. 477–484, 

2016. 

[112] D. Son, T. Choi, H. Yeo, J. Kim, and K. Han, “The effect of centrifugation condition on mature 

adipocytes and adipose stem cell viability,” Ann. Plast. Surg., vol. 72, no. 5, pp. 589–593, 2014. 

[113] P. Van Pham and N. B. Vu, Stem Cell Processing - Chapter 6: Production of Clinical-Grade 

Mesenchymal Stem Cells. 2016. 

[114] J. A. Aronowitz and J. D. I. Ellenhorn, “Adipose Stromal Vascular Fraction Isolation,” Plast. 

Reconstr. Surg., vol. 132, no. 6, p. 932e–939e, 2013. 

[115] S. Güven et al., “Validation of an Automated Procedure to Isolate Human Adipose Tissue–

Derived Cells by Using the Sepax ® Technology,” Tissue Eng. Part C Methods, vol. 18, no. 8, pp. 

575–582, 2012. 

[116] R. Domenis et al., “Adipose tissue derived stem cells: in vitro and in vivo analysis of a standard 

and three commercially available cell-assisted lipotransfer techniques,” Stem Cell Res. Ther., 

vol. 6, no. 1, p. 2, 2015. 

[117] M. Zhu et al., “Comparison of three different fat graft preparation methods: Gravity separation, 



75 
 

centrifugation, and simultaneous washing with filtration in a closed system,” Plast. Reconstr. 

Surg., vol. 131, no. 4, pp. 873–880, 2013. 

[118] M. Garcia-Contreras, F. Messaggio, O. Jimenez, and A. Mendez, “Differences in exosome 

content of human adipose tissue processed by non-enzymatic and enzymatic methods,” CellR4, 

vol. 3, no. 1, p. e1423, 2014. 

[119] S. Carelli et al., “Characteristics and Properties of Mesenchymal Stem Cells Derived From 

Microfragmented Adipose Tissue,” Cell Transpl., vol. 24, no. 7, pp. 1233–1252, 2015. 

[120] M. Raffaini and C. Tremolada, “Micro fractured and purified adipose tissue graft (Lipogems®) 

can improve the orthognathic surgery outcomes both aesthetically and in postoperative healing,” 

CellR4, vol. 2, no. 4, p. e1118, 2014. 

[121] J. Rodriguez et al., “Evaluation of Three Devices for the Isolation of the Stromal Vascular Fraction 

from Adipose Tissue and for ASC Culture: A Comparative Study,” Stem Cells Int., vol. 2017, 2017. 

[122] “Bernstein Medical - Center for Hair Restoration: Kerastem.” [Online]. Available: 

https://www.bernsteinmedical.com/medical-treatment/hair-cloning/kerastem/. [Accessed: 25-

Sep-2018]. 

[123] “Kerastem.” [Online]. Available: http://kerastem.com/. [Accessed: 25-Sep-2018]. 

[124] “Kerastem Technologies.” [Online]. Available: https://www.hairlosscure2020.com/kerastem-

technologies/. [Accessed: 25-Sep-2018]. 

[125] “STYLE -- A Trial of Cell Enriched Adipose For Androgenetic Alopecia (STYLE).” [Online]. 

Available: https://clinicaltrials.gov/ct2/show/NCT02503852. [Accessed: 25-Sep-2018]. 

[126] “Kerastem Reports Successful US Phase II Hair Growth Clinical Trial Results.” [Online]. 

Available: https://www.prnewswire.com/news-releases/kerastem-reports-successful-us-phase-

ii-hair-growth-clinical-trial-results-300568170.html. [Accessed: 25-Sep-2018]. 

[127] “Multicolor Flow Cytometry: Blue Laser.” [Online]. Available: 

http://www.bdbiosciences.com/eu/applications/research/multicolor-

flow/m/745795/sampledata/bluelaser. [Accessed: 09-Aug-2018]. 

[128] BD-Biosciences, “BD Biosciences Fluorochrome Reference Chart.” 2012. 

[129] “Multicolor Flow Cytometry: Red Laser.” [Online]. Available: 

http://www.bdbiosciences.com/eu/applications/research/multicolor-

flow/m/745795/sampledata/redlaser. [Accessed: 09-Aug-2018]. 

[130] Invitrogen, “USER GUIDE LIVE / DEAD TM Fixable Dead Cell Stain Kits.” 2016. 

[131] K. A. Kilian, B. Bugarija, B. T. Lahn, and M. Mrksich, “Geometric cues for directing the 

differentiation of mesenchymal stem cells,” Proc. Natl. Acad. Sci., vol. 107, no. 11, pp. 4872–

4877, 2010. 



76 
 

[132] K. L. DeCicco-Skinner et al., “Endothelial Cell Tube Formation Assay for the In Vitro Study of 

Angiogenesis,” J. Vis. Exp., vol. 10, no. 91, pp. 1–8, 2014. 

[133] F. Agostini et al., “Improved GMP compliant approach to manipulate lipoaspirates, to 

cryopreserve stromal vascular fraction, and to expand adipose stem cells in xeno-free media,” 

Stem Cell Res. Ther., vol. 9, no. 1, pp. 1–16, 2018. 

[134] A. Caggiati, A. Germani, A. DI Carlo, G. Borsellino, M. C. Capogrossi, and M. Picozza, “Naturally 

Adipose Stromal Cell-enriched fat graft: Comparative polychromatic flow cytometry study of fat 

harvested by barbed or blunt multihole cannula,” Aesthetic Surg. J., vol. 37, no. 5, pp. 591–602, 

2017. 

[135] G. Cappellano et al., “Human macrophages preferentially infiltrate the superficial adipose tissue,” 

Int. J. Mol. Sci., vol. 19, no. 5, pp. 1–14, 2018. 

[136] V. Feisst, A. E. S. Brooks, C.-J. J. Chen, and P. R. Dunbar, “Characterization of Mesenchymal 

Progenitor Cell Populations Directly Derived from Human Dermis,” Stem Cells Dev., vol. 23, no. 

6, pp. 631–642, 2014. 

[137] R. Ribeiro et al., “Human periprostatic white adipose tissue is rich in stromal progenitor cells and 

a potential source of prostate tumor stroma,” Exp. Biol. Med., vol. 237, no. 10, pp. 1155–1162, 

2012. 

[138] L. Zimmerlin et al., “Stromal vascular progenitors in adult human adipose tissue,” Cytometry, vol. 

77, no. 1, pp. 22–30, 2010. 

[139] F. Zanata et al., “Effect of Cryopreservation on Human Adipose Tissue and Isolated Stromal 

Vascular Fraction Cells: In Vitro and In Vivo Analyses,” Plast. Reconstr. Surg., vol. 141, no. 2, p. 

232e–243e, 2018. 

[140] C. N. Sarantopoulos, D. A. Banyard, M. E. Ziegler, B. Sun, A. Shaterian, and A. D. Widgerow, 

“Elucidating the Preadipocyte and Its Role in Adipocyte Formation: a Comprehensive Review,” 

Stem Cell Rev. Reports, vol. 14, no. 1, pp. 27–42, 2018. 

[141] J. Fattaccioli et al., “Size and fluorescence measurements of individual droplets by flow 

cytometry,” Soft Matter, vol. 5, no. 11, pp. 2232–2238, 2009. 

[142] J. B. Mitchell et al., “Immunophenotype of Human Adipose-Derived Cells: Temporal Changes in 

Stromal-Associated and Stem Cell–Associated Markers,” Stem Cells, pp. 376–385, 2006. 

[143] C. Lin, H. Ning, G. Lin, and T. F. Lue, “Is CD34 Truly a Negative Marker for Mesenchymal Stem 

Cells?,” Cytotherapy, vol. 14, no. 10, 2012. 

[144] F. M. Nielsen et al., “Discrete adipose-derived stem cell subpopulations may display differential 

functionality after in vitro expansion despite convergence to a common phenotype distribution,” 

Stem Cell Res. Ther., vol. 7, no. 1, pp. 1–13, 2016. 



77 
 

[145] A. Ode et al., “CD73 and CD29 concurrently mediate the mechanically induced decrease of 

migratory capacity of mesenchymal stromal cells,” Eur. Cells Mater., vol. 22, no. 030, pp. 26–42, 

2011. 

[146] F. D. O. S. Santos et al., “Ex Vivo Expansion of Human Mesenchymal Stem Cells : A More 

Effective Cell Proliferation Kinetics and Metabolism Under Hypoxia,” no. August, pp. 27–35, 

2009. 

[147] Gibco, “Collagenase.” 2013. 

 



i 
 

7. Annexes 

7.1. Data on Donors 

Table 7.1 – Information on donor samples: donor code, days until processing, age, gender, 
BMI, donor site, conditions analysed for each donor, cell yield per mL of processed AT and 

days until passaging from P0 to P1. For donor site, 1 corresponds to abdomen, 2 to flanks, and 
3 to a mixture of abdominal and flank fat. Days until passaging are not stated if the cells did not 

achieve enough confluency to be passaged to P1. 

Donor Days Until 
Processing 

Age Gender BMI Donor 
Site 

Conditions Cells/mL Days Until 
Passaging 
P0 to P1 

#20 0 65 Female 25.3 2 0.4 mm 1.04×105 4 

1 0.8 mm 7.23×103 16 

#21 2 38 Female 27.3 3 4 & 5 mm 7.22×103 4 

#22 1 43 Female 25.9 1 1 8.78×103 10 

2 2.94×104 - 

3 1.58×104 - 

4 1.00×105 6 

5 3.83×104 16 

6 5.79×103 10 

7 1.00×104 6 

8 6.52×103 - 

9 1.14×105 3 

#23 2 51 Female 23.7 3 1 3.89×103 - 

2 3.40×104 - 

3 1.97×104 - 

4 1.38×104 - 

5 1.42×104 - 

6 1.74×104 - 

7 1.14×104 - 

#24 2 28 Female 27.9 3 1 1.43×104 - 

2 2.22×104 - 

3 1.23×105 - 

4 2.02×104 - 

5 1.51×104 - 

7 2.89×105 - 

#25 1 28 Female 23.7 1 1 5.26×104 - 

2 8.34×104 - 

3 1.05×105 - 

4 1.37×105 - 

5 9.47×104 - 

#26 1 48 Female 21.0 1 1 5.58×104 8 

2 4.33×104 - 

3 6.07×104 - 

4 6.74×104 8 

5 4.00×104 - 



ii 
 

Table 7.2 – Information on donor samples (continuation). 

Donor Days until 
Processing 

Age Gender BMI Donor 
Site 

Conditions Cells/mL Days until 
Passaging 
P0 to P1 

#27 2 58 Female 25.6 3 1 1.85×106 - 

2 1.04×105 - 

3 1.19×105 - 

4 1.75×105 11 

5 7.94×104 9 

#28 2 51 Female 32.0 3 1 4.02×105 - 

2 1.69×105 - 

3 4.20×105 - 

4 1.27×106 - 

5 2.25×105 - 

6 6.40×104 12 

7 1.92×104 - 

#29 1 39 Female 23.9 3 1 4.40×105 - 

2 1.02×105 - 

3 1.43×105 - 

4 3.27×105 - 

5 1.91×105 - 

#30 1 61 Female 23.3 1 1 5.31×105 - 

2 6.82×105 - 

3 3.73×105 - 

4 3.56×105 - 

5 2.40×105 - 

#31 1 35 Female 27.2 3 1 4.16×105 - 

2 5.90×105 - 

4 3.35×105 - 

5 2.92×105 - 

#32 2 40 Female 24.0 3 1 1.61×105 - 

2 2.24×105 - 

3 2.70×105 - 

4 2.83×105 - 

5 2.24×105 - 

6 8.47×104 - 

7 9.72×104 - 

#33 1 25 Female 30.0 3 1 5.04×104 - 

2 1.22×105 - 

3 5.87×104 - 

4 1.21×105 - 

5 1.07×105 - 

6 3.11×104 - 

7 2.11×104 - 
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7.2. Technical Challenges During Cell Isolation 

The assessment of the initial volumes of AT was not completely accurate. Lumps of fat did not pass 

through smaller pipettes that can measure smaller volumes. Additionally, since the collected fat was not 

received with the Falcon tubes in upright position, some fat was inevitably stuck to their walls or lids, 

and even by pushing it down with a pipette there was always some fat left in the tubes.  

For the enzymatic digestion, Collagenase type II (Gibco®) was used. However, according to its manual, 

it is more adequate for digestion of heart, thyroid, salivary, bone, cartilage and liver tissues. Collagenase 

type I is the most suitable product from Gibco® for the digestion of fat, as well as for epithelial, adrenal 

and lung tissue [147]. The use of a less appropriate enzyme for fat digestion was probably the reason 

behind the clear phase separation after digestion (as seen in Figure 3.1) when it was supposed to be a 

homogeneous mixture, as well as the existence of undigested fat lumps even after this stage of the 

protocol. Afterwards, such lumps would not pass the filter of the Steriflip unit, which led to loss of fat 

tissue and cells. 

After isolation, cells were counted manually using a glass haemocytometer before plating, preparation 

for flow cytometry or any other further actions. This was the most difficult step of the whole isolation 

protocol, as it was very time-consuming and demanding. It took approximately 1h of repeated counting 

processes until two replicable results were obtained for seven conditions. Whatever dilution was used, 

it was impossible to distinguish whether a particle was debris or a cell, and so it was a matter of deciding 

from which size onwards particles should be counted. As one can imagine, this is a subjective process, 

even for the same operator on the same day. Moreover, when oil droplets were pipetted into the 

haemocytometer, they would drag cells with them, leading to a not homogeneous distribution of cells in 

the haemocytometer, hindering the counting process. Furthermore, among the particles counted as 

cells, some may have been lipid droplets as only trypan blue was used [26]. This effect was augmented 

in conditions that involved more manipulation of the cells using smaller cannulas due to the increased 

amount of fat particles present. 

 


