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Adipose tissue serves as an important energy storage, but it also participates in several biological 
processes, including endocrine and paracrine regulation of energy metabolism and 
thermoregulation. Understanding these processes is vital for development of targeted therapeutics 
for diseases linked to them, such as diabetes and obesity. Moreover, regenerated adipose-like 

tissues are needed for soft tissue reconstruction in addition to in vitro models. 
 2D models fail to equate the features of native adipose tissue, which 3D models aim to mimic. 

Adipogenesis is the process during which stem cells differentiate into mature adipocytes. Aim of 
this study is to optimize adipogenic differentiation of adipose stem cells using two different 
hydrogels and varying cell densities. Hydrogels are polymer networks that have high water 
absorption capacity. Also, quantitative and qualitative analysis methods for adipogenic 
differentiation are optimized for 3D-cell culture.  

In the study, adipogenic differentiation of human adipose-derived stem cells (hASCs) was 
tested in hydrazone crosslinked gellan gum/gelatin (1:1) hydrogel (gellan gum 40 mg/ml in αMEM 
and gelatin CDH 40 mg/ml in αMEM.) and in fibrin hydrogel (fibrinogen in DPBS 5 mg/ml and 
thrombin in EBM-2 2 iU/ml in a 1:1 mixture). The cells were seeded inside the hydrogel in a 48- 
well-plate format at densities of 0,5, 1,0, ja 2,0 x 106 cells/ml hydrogel and cultured in adipogenic 
differentiation medium (AM). Differentiation of hASCs was analyzed and quantified using AdipoRed 
staining and WST-1 cell proliferation assay after 14 or 21 days of culturing.  2D hASC culture with 
1053 cells/cm2 was used as a differentiation control. Cell morphology and lipid droplet formation 
were observed during culture time. 

In the study, we showed that the adipogenic differentiation of hASC is dependent on the cell 
number. Furthermore, quantification of lipid droplet formation, characteristic for differentiated 
adipocytes, can be performed in a hydrogel in 3D environment.  
Human adipose-derived stem cells differentiated in hydrogel and obtained features found in native, 
mature adipocytes, including intracellular lipid droplets and spherical shape. The simultaneous 
quantification of both lipid formation and cell viability can be performed in 3D hydrogel presented 
in this study. 
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Rasvakudoksella on suuri merkitys kehon energiavarastona, mutta se toimii myös osana useaa 
biologista prosessia. Näihin lukeutuu energiametabolian ja lämmönsäätelyn endokriininen ja 
parakriininen säätely. Useat sairaudet, kuten diabetes ja liikalihavuus, liittyvät rasvakudoksen ja 
rasvasolujen hormonaaliseen ja kasvutekijävälitteiseen säätelyyn. Näiden prosessien 
ymmärtäminen on tärkeää, jotta voidaan kehittää kohdennettuja hoitomuotoja rasvakudoksen 
toimintaan liittyviin sairauksiin. 

Yksi tapa näiden prosessien mallintamiseen ovat in vitro –kudosmallit. Kaksiulotteiset 
kudosmallit eivät pysty havainnollistamaan natiivin rasvakudoksen ominaisuuksia, joiden jäljittelyyn 
kolmiulotteiset kudosmallit pyrkivät. Kudosmallien lisäksi regeneroitua rasvakudosta voidaan 
hyödyntää pehmytkudoksen rekonstruktiossa. Työn tarkoituksena on optimoida rasvan 
kantasolujen adipogeeninen erilaistuminen, eli erilaistuminen rasvasoluiksi, kolmiulotteisessa 
viljelmässä testaamalla kahta eri hydrogeeliä, eri solutiheyksiä ja erilaistumisen 
analyysimenetelmiä. Hydrogeelit ovat runsaasti vettä sisältäviä polymeerimateriaaleja, joita 
hyödynnetään kudosteknologiassa soluviljelyalustoina. 

Tutkimuksessa testattiin ihmisen rasvakudoksesta eristettyjen mesenkymaalisten 
kantasolujen adipogeenistä erilaistumista kahdessa eri hydrogeelissä. Käytetyt hydrogeelit olivat 
hydratsoni –silloitettu gellaanigumi/gelatiini –hydrogeeli (gellan gum 40 mg/ml αMEM –mediumissa 
ja gelatiini CDH 40 mg/ml αMEM –mediumissa) ja fibriinihydrogeeli (fibrinogeeni dPBS:ssä 5 mg/ml 
and trombiini EBM-2– mediumissa 2 iU/ml). Soluviljelmissä solut suspensoitiin hydrogeelin sisälle 
48 –kuoppalevyllä. Käytetyt solutiheydet hydrogeeleissä olivat 0,5, 1,0, ja 2,0 x 106 solua/ml 
hydrogeeliä ja kasvatusliuoksena käytettiin adipogeenistä erilaistumismediumia. Kaksiulotteista 
soluviljelmää (1053 solua per cm2) käytettiin erilaistumiskontrollina, jolloin voitiin verrata eroja 
solujen morfologiassa ja erilaistumisessa kaksiulotteisen ja kolmiulotteisen viljelmän välillä. Solujen 
erilaistuminen kvalifioitiin ja kvantifioitiin käyttäen AdipoRed –värjäystä ja solujen jakautumista 
mittaavaa WST-1– tai CCK-8 –analyysia 14 tai 21 päivän erilaistumisen jälkeen.  

Tutkimuksessa näytettiin, että rasvan kantasolujen adipogeeninen erilaistuminen 
kolmiulotteisessa viljelmässä on riippuvainen solutiheydestä. Huomattiin, että solujen morfologia 
eroaa kolmiulotteisessa viljelmässä verrattuna kaksiulotteiseen viljelmään, ja solujen morfologia 
kolmiulotteisessa viljelmässä muistuttaa natiivin rasvakudoksen kypsien rasvasolujen morfologiaa. 
Solujen morfologia on pyöreämpi ja solut hakevat enemmän kontaktia toisistaan kolmiulotteisessa 
viljelmässä. Lisäksi pystyimme osoittamaan solujen elävyyden ja kvantifioimaan erilaistuneille 
rasvasoluille tyypillisten solunsisäisten lipidipisaroiden muodostumisen hydrogeelin sisällä 
kolmiulotteisessa kasvatusympäristössä. 

 
 

Avainsanat: adipogeneesi, rasvan kantasolut, hydrogeelit, 3D –viljelmä  
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1. INTRODUCTION 

 

Adipose tissue serves as an important energy storage, but it also participates in several 

biological processes, including endocrine and paracrine regulation of energy metabolism and 

thermoregulation. Understanding these processes is vital for development of targeted therapeutics 

for diseases linked to them, such as diabetes and obesity. Moreover, regenerated adipose-like 

tissues are needed for soft tissue reconstruction in addition to in vitro models. (Lago, Silva et al. 

2018)  

Mesenchymal stem cells (MSCs) are nonhematopoietic cells derived from mesoderm that can 

be harvested from several postnatal organs and connective tissues, including e.g. bone marrow, 

trabecular bone, umbilical cord and adipose tissue (Mizuno, Tobita et al. 2012) . In contrast with other 

MSCs populations, adipose-derived stem cells (ASCs) are relatively easy to harvest and can be 

harvested in large numbers with little donor site morbidity and discomfort to the patient. Due to 

these properties, autologous ASCs are promising tool for stem cell science, in vitro- modeling and 

regenerative medicine. (Mizuno, Tobita et al. 2012) 

1.1 Adipogenic differentiation 

 

Adipogenesis is the process during which stem cells differentiate into mature adipocytes. It can 

be divided into two phases, determination and terminal differentiation. Adipogenesis integrates 

several signaling pathways and transcription factors, including for example pro-adipogenic insulin-

growth factor-1/insulin and fibroblast-growth-factor pathways. (Rosen, MacDougald 2006) Adipogenic 

differentiation factors, such as insulin, mediate external growth and differentiation signals to 

differentiating adipocytes. Genes that affect adipogenesis are primarily regulated at transcriptional 

level. Crucial transcription factors that have a role in the mesenchymal stem cell assuming 

adipogenic phenotype are CCAAT/enhancer binding protein (C/EBP) gene family and peroxisome 

proliferator-activated receptor γ (PPAR-γ). (S. Niemelä, S. Miettinen et al. 2008)  

 After hASCs (human adipose-derived stem cells) have been induced to 

assume adipogenic phenotype in-vitro, mature adipocytes can be morphologically characterized 

by the presence of a lone large cytoplasmic lipid droplet (Saler, Caliogna et al. 2017). Adipogenesis 

of hASCs is induced by dexamethasone, IBMX, insulin, dipantothenate and biotin; the media 

supplements used in this study. Factors that induce adipogenesis usually repress alternative 

mesenchymal fates such as osteogenesis and myogenesis (Rosen, MacDougald 2006) . 
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1.2 Extracellular matrix 

 

Extracellular matrix (ECM) is a non-cellular and three-dimensional network present in all tissues 

and organs, providing structural and biochemical support for surrounding cells. The ECM consists 

mainly of glycosaminoglycans and collagen. Biochemical cues of the ECM are required for tissue 

morphogenesis, differentiation and homeostasis. (Frantz, Stewart et al. 2010)  

 In general, the ECM of adipose tissue composes of the same proteins as found in other cell 

types. The tissue specificity of the ECM is determined by the relative quantity of the composition 

factors. The composition is also dependent upon developmental state, subtype and viability of the 

adipocytes. Core proteins of the ECM derived from human subcutaneous adipose tissue cells 

are calreticulin, collagen type 1, dermatopontin and osteonectin. (Mariman, Wang 2010)   

1.3 2D and 3D microenvironment 

 

Several studies show varying cell densities for successful adipogenic differentiation of 

mesenchymal cells, varying from 260 cells per cm2 to 20 000 cells per cm2 in a two-dimensional 

well-plate format (Louis, Kitano et al. 2019) (Hyväri, Ojansivu et al. 2018) . It has been proven that 

relatively high initial plating densities (21 000-25 000/ cm2) improve adipogenic commitment and 

differentiation of hASCs in adipogenic differentiation media in two-dimension during up to four 

weeks of culturing. At high densities, the cells form the stereotypic fat globules indicative of 

adipogenesis. (McBeath, Pirone et al. 2004) Two-dimensional adipogenic differentiation of 

mesenchymal stem cells have been optimized before by the Adult Stem Cell Group (Tampere 

University) using hASCs in a cell density of 260 cells per cm2 and adipogenic differentiation medium 

(Hyväri, Ojansivu et al. 2018). 

However, ASCs cultured in 2D fail to equate the features of native adipose tissue. Even when 

cultured to confluence and past confluence, cells cultured in 2D only have horizontal cell-cell 

contacts (Fig.1)(Hongwei Lv, Lisha Li et al. 2015) . This differs from 3D cultures with cell-cell contacts 

in all dimensions mimicking tissues found in vivo (Louis, Kitano et al. 2019) . In addition, adipocytes 

need to be cultured in high densities in order to develop and maintain a differentiated state. In 3D 

cultures adipocytes are forced to form small aggregates with dense cell-cell contacts which assists 

the differentiation of the cells lessening the need for proliferation. High cell density is also essential 

for the morphology of mature adipocytes, and thus functionality. (Louis, Kitano et al. 2019)  However, 

maintaining appropriate stiffness in the 3D environment is a challenge (Fig.1). 
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Fig.1. Inconsistency and dissimilarity between two-dimensional and three-dimensional 

microenvironments. (Hongwei Lv, Lisha Li et al. 2015)  

1.4 Hydrogels 

 

In a 3D adipocyte culture hydrogel is required to mimic the extracellular matrix (ECM). Hydrogels 

are three-dimensional networks that can absorb huge amounts of water or biological fluids and are 

used e.g. for tissue engineering and wound healing purposes (El-Sherbiny, Yacoub 2013) Collagen 

type 1 has been widely used in adipocyte scaffolds due to its high biocompatibility, high water 

affinity, low antigenicity and promoting of tissue regeneration (Louis, Kitano et al. 2019) . Collagen is 

also easily absorbed by the cells. Collagen 3D models have been found with high amount of mature 

adipocyte markers and lipid metabolism gene expression compared to those in 2D models. 

Moreover, lipid droplets have been displayed larger and fewer in 3D models. (Louis, Kitano et al. 

2019)  

 In this study, two different hydrogels are tested for the 3D adipogenic differentiation of human 

adipose-derived stem cells. First one, gelatin-gellan gum hydrogel is used for testing different cell 

densities. This hydrogel consists of gelatin, a derivative of collagen, alongside with gellan gum in 



7 
 

a mixture of 1:1. The hydrogel is cross-linked through covalent hydrazone bonds (Koivisto, Gering 

et al. 2019) . Second one, fibrin hydrogel consists of fibrinogen and thrombin in a mixture of 1:1. 

Fibrinogen and thrombin are naturally involved in the clotting of blood. Fibrin gel mimics this 

process and self-assembles into a polymer network when thrombin causes fibrinogen to polymerize 

(Li, Meng et al. 2015) . The fibrin hydrogel is tested with one chosen cell density according to the 

results from experiments with gelatin-gellan gum gel. 

 
 

2. MATERIALS AND METHODS 

2.1 Test systems (Cells) 

The cells used for adipogenic differentiation in hydrazone cross-linked gelatin-gellan gum 

hydrogel are human adipose stem cells (hASCs). The cells are in passage 2-6 during the 

experiments and they originate from three individual donors (Tbl.1). The Ethics Committee of 

Pirkanmaa Hospital District has given approval to conduct research on HFSC (human fat stem cell) 

lines (R15161). 

 
 Tbl.1. The cell lines used in the experiments and the passage numbers the cells are at during 

the experiments. 

Experiment  1st GG/Gela 2nd GG/Gela 3rd GG/Gela Fibrin gel 

Cell line HFSC 3/18  HFSC 4/18  HFSC 2/15  HFSC 4/18  

Donor information Female 
Age 63 
Subcutaneous 

Female 
Age 59 
Subcutaneous 

Female 
Age 28 

Female 
Age 59 
Subcutaneous 

Passage  5/6  4 3 2 

 

2.2 Main reagents 

2.2.1 Media 
For thawing of the cells and introduction of the culture a basic mesenchymal cell culture 

medium is used, containing 5% human serum (HS, Biowest) and 1% penicillin and 

streptomycin (P/S Lonza) in α-MEM (Minimum essential medium, Gibco).  

For adipogenic differentiation, an adipogenic differentiation medium is used, containing 

5% HS (Biowest), 1% P/S (Lonza), 1 µM dexamethasone (Sigma), 100 nM insulin (Gibco), 

17 µM Pantothenate (Sigma) and 33 µM Biotin in α-MEM. After one day of growth, the basic 
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medium is changed into adipogenic differentiation medium (AM) with 0,25 mM IBMX 

(Sigma). During following AM changes IBMX is not included in the AM. 

2.2.2 D-Pantothenic acid calcium salt 
 (Fluka, EC No 2052789, WA18688, 21210, 25 g)  

Calcium pantothenate is the calcium salt of vitamin B5, found naturally in plants and 

animal tissue with antioxidant properties. The vitamin is a growth factor and is involved in the 

synthesis and metabolism of e.g. lipids and cholesterol (National Center for Biotechnology 

Information. PubChem Database. CID=11306073, viewed March 29 2020 

https://pubchem.ncbi.nlm.nih.gov/compound/11306073 ).   

New pantothenate composition: 

Calcium D-pantothenate is the calcium salt of pantothenic acid, consisting of two 

pantothenic acid chains linked together with a calcium cation (MW 476.5 g/mol) with linear 

formula of [HOCH2C(CH3)2CH(OH)CONHCH2CH2CO2]2 · Ca. D-Pantothenic 

acid hemicalcium salt has a linear formula of 

HOCH2C(CH3)2CH(OH)CONHCH2CH2CO2 ·1/2Ca, comprising half of the structure of 

calcium D-pantothenate (MW 238,27 g/mol). However, when dissolved in water, it takes the 

structure of calcium D-pantothenate.  

2 [HA x ½ Ca] àH20 2HA + Ca2+ à2A- + H+ + Ca2+    

n([HA] x ½ Ca])/2 = n(A-)/2   

Previously, the pantothenate used was informed having molecular weight of 476,5g/mol. 

New pantothenate composition (D-Pantothenic acid hemicalcium salt) is informed having 

molecular weight of 238,27g/mol. However, the structure being similar, the 

new pantothenate is used in the same manner as the previous one.  

 

2.2.3 Hydrogels  
Hydrazone cross-linked gelatin-gellan gum hydrogel is made by the ‘Biomaterials and 

Tissue Engineering Group, Faculty of Medicine and Health Technology, Tampere 

University’. The hydrogel consists of gelatin-CDH (carbohydrazide) in EBM (endothelial 

basal medium) 40 mg/ml and gellan gum in EBM 40 mg/ml in a 1:1 mixture. The gel used 

for 2nd and 3rd experiment is dissolved in α-MEM. In 3D experiments the gelatin-gellan 

gum hydrogel is mixed with cell suspension and incubated for approximately 1 hr. During 

incubation time the cross-link formation happens between gelatin-ADH/gelatin-CDH and 

GG-CHO constituting the hydrogel (Koivisto, Gering et al. 2019). 

The fibrin hydrogel consists of fibrinogen in Dulbecco's phosphate-buffered saline 

(DPBS) 5 mg/ml and thrombin in EBM-2 2 iU/ml in a 1:1 mixture. In 3D experiments cells 

https://pubchem.ncbi.nlm.nih.gov/compound/11306073
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are suspended with the components of the hydrogel and incubated for approximately 30 

min. During incubation fibrinogen polymerizes into fibrin network (Li, Meng et al. 2015) . 

2.2.4 AdipoRed 
AdipoRed (Lonza) is used to identify accumulation of intracellular lipid droplets in the 

cell culture. The AdipoRed assay reagent is specially meant for staining of differentiated 

preadipocytes or lipid utilization in mature adipocytes. The reagent fluoresces with 

excitation at 485 nm and emission at 572 nm.  

2.2.5 WST-1  
Cell proliferation reagent WST-1 (Roche) is used for determining mitochondrial activity 

as an index of the number of living cells. The stable tetrazolium salt WST-1 is cleaved to 

a soluble formazan by cellular mitochondrial dehydrogenases. The larger the number of 

viable cells in the culture, the higher the activity of the mitochondrial dehydrogenases is. 

Therefore, the amount of formazan dye formed is directly proportional to the number of 

metabolically active cells in the culture. (Sigma-Aldrich, viewed 20 June 2019, 

https://www.sigmaaldrich.com/catalog/product/roche/cellproro?lang=fi&region=FI) The 

wavelength for measuring the absorbance of the formazan product is between 420-480 

nm. CCK-8 reagent (Tebu Bio) is used as adjacent for WST-1 reagent in the experiment 

with fibrin hydrogel. CCK-8 assay is based on the same principles as WST-1 assay and 

the reagent is used following the protocol optimized for WST-1 reagent. 

 

2.3 Methods and analysis 

Optimal cell number and time needed for hASC differentiation in gelatin-gellan gum hydrogel is 

determined using 48-well plate format in a humidified atmosphere with 5% CO2 at 37 °C. During 

cell culture time the cell morphology and hydrogel integrity is observed using Zeiss Axio Vert.A1 

phase contrast microscope and imaged using Zeiss AxioCam MRc5. 

Adipogenesis is commonly detected by intracellular lipid droplet formation and these droplets 

are visualized using Oil Red O staining or other staining method (Aulthouse, Freeh et al. 2019) . For 

this study, OilRedO and Adipored staining techniques are used for imaging and quantification of 

the lipid droplet formed in 3D hydrogel culture. The quality of lipid droplet formation is analysed and 

imaged using Olympus IX51 Fluorescence Microscope at wavelength of 560 nm. 

Mitochondrial activity was analyzed by WST-1 (Roche) with 1h incubation at 37˚C. Mitochondrial 

activity depicts the number of living cells in the cultures. Absorbance was measured at 450 nm with 

Varioskan flash multimode reader (Thermo Fischer Scientific). The WST-1 results are used without 

normalization. Adipored assay reagent (Lonza) was used to measure triglyceride accumulation in 

https://www.sigmaaldrich.com/catalog/product/roche/cellproro?lang=fi&region=FI
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the cell cultures. Adipored reagent was added to the cultures after the WST-1 analysis and 

incubated for 15 min. Fluorescence was measured with Varioskan flash multimode reader as a 

multipoint reading of a well (Thermo Fischer Scientific), with excitation at 485 nm and emission at 

572 nm. Absorbance values were normalized to the average of the absorbance values of negative 

samples from each run. The number of accumulated triglycerides per cell was determined by 

dividing Adipored values with WST-1 values. The protocol is adapted from (Huttala, Sarkanen et al. 

2019). 

2.4 Experimental procedure 

Adipogenic differentiation of hASCs is induced by adipogenic differentiation medium, containing 

5% HS, 1% P/S, 1 µM dexamethasone, 100 nM insulin, 17 µM Pantothenate and 33 µM Biotin in α-

MEM. For 3D adipogenesis in hydrazone crosslinked gelatin-gellan gum hydrogel, HFSC cells are 

seeded on a 48-well plate. The cells are seeded 100 000, 200 000 and 400 000 cells/well (0,5, 1,0, 

ja 2,0 x 106 cells/ml hydrogel) with three parallel samples. 2D hASC culture with 1053 cells/cm2 with 

triplicates is used as a differentiation control. Also, gelatin-CDH/gellan gum hydrogel controls are 

plated with three parallel samples.  

The wells are coated with gelatin (100 µl/1,1 cm2) and hASCs are pipetted and suspended into 

the gelatin. Gellan gum (100 µl/1,1 cm2) is added and mixed with gelatin-cell suspension. The 

hydrogel is let to gelatinize in an incubator (~1h) before addition of basic culture medium (500 µl/1,1 

cm2). The medium is changed for adipogenic differentiation medium the following day with 0,25 

mM IBMX. During following AM changes IBMX is not included in the AM.  Later the medium is 

changed 3 times a week and lipid droplet formation is observed (Fig.2).   

The fibrin hydrogel is plated in a similar manner than gelatin-gellan gum hydrogel. Cell density 

of 200 000 cells/well is used for this experiment, chosen according to the results from experiments 

with gelatin-gellan gum hydrogel. For plating of the gel, HFSC cells are suspended with thrombin, 

and thrombin and fibrinogen are mixed 1:1 for a total volume of 200 µl fibrin gel. The hydrogel is 

let to gelatinize in an incubator (~30 min) before addition of basic culture medium (500 µl/1,1 cm2). 

The medium is changed for adipogenic differentiation medium the following day with 0,25 mM 

IBMX. During following AM changes IBMX is not included in the AM.  Later the medium is 

changed 3 times a week and lipid droplet formation is being observed (Fig.2).   
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Fig.2. Timeline for adipogenic differentiation of hASCs in hydrogel. Shown above the timeline are 
cell seeding densities and plating manner on a 48- well plate. 

3. RESULTS 

3.1 Cell morphology 

Cell morphology changes were observed throughout culture time. Cell morphology of the 3D 

culture differed from the morphology of the 2D culture. In the 2D culture the cells were fibroblastic 

in morphology with elongated and multipolar shape. In the 3D culture the cells appeared round and 

spherical. Also, the cell population in the 3D culture seemed heterogeneous (Fig.8) and tubular-

like connections were visible in between cells (Fig.4). The cell morphology between two different 

time points (7 and 14 days) and different cell densities in the gelatin-gellan gum hydrogel is 

compared in Figures 3 and 4.  The cell morphology and lipid droplet formation in gelatin-gellan gum 

hydrogel and fibrin hydrogel is shown in the Figure 5. 
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Fig.3. Phase contrast pictures are taken with 10X magnification after 7 days of differentiation. 
A: 80 000, B: 40 000 and C: 20 000 cells/ml in gelatin-gellan gum hydrogel. D: 1053 cells/cm2  
 

 

 

Fig.4. Phase contrast pictures taken with 10X magnification after 14 days of differentiation. 
A: 80 000, B: 40 000 and C: 20 000 cells/ml in gelatin-gellan gum hydrogel. D: 1053 cells/cm2  

A B 

C D 

A B 

C D 
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Fig.5. Cell morphology and lipid droplet formation in A: fibrin hydrogel and B: gelatin-gellan gum 

hydrogel. The cell density is 80 000 cells/ml and phase contrast pictures are taken with 20X 
magnification after 14 days of differentiation. 

3.2 Lipid droplet accumulation 

WST-1 and Adipored assays were used to quantify the lipid droplet formation of hASCs in 

hydrogel. The cells were cultured for 14 or 21 days in gellan gum (in EBM medium 40 mg/ml) / 

gelatin (CDH in EBM medium 40 mg/ml) hydrogel and for 14 days in fibrin gel. WST-1 cell 

proliferation assay and Adipored staining was conducted to analyze the differentiation and 

maturation state of hASC culture. In addition, Oil Red O staining was performed for 

the surplus wells. The hydrogels remained relatively intact during culture time and the assays were 

conducted successfully. Lipid droplet accumulation could be detected in 3D in all cell densities (0,5, 

1,0, ja 2,0 x 106 cells/ml hydrogel) and in the 2D control as shown in the Fig.6.  

 

Fig.6. Lipid droplet accumulation with different cell densities and hydrogels compared to 2D cul-
ture. The results represent the average quantity of lipid droplets per cell. 
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 Fig.7. Differentiated hASCs cultured (A) in gelatin-gellan gum hydrogel+AM and (B) in AM, 10X 
magnification. The intracellular lipid droplets are stained using AdipoRed. AM= Adipogenic 
differentiation medium. 

Adipored and Oil Red O lipid stainings were used to examine the quality of lipid droplet formation 

of human adipose-derived stem cells in hydrogel (Fig.7-10). Qualitative analysis with microscopy 

and fluorescence microscopy proved that Adipored and Oil Red O reagents were able to penetrate 

hydrogels and stain exclusively intracellular lipid droplets of premature and mature fat cells (Fig.8). 

Hydrogels did not absorb the reagents. 

 

 
 
  

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Fig.8. Differentiated hASCs cultured in gelatin-gellan gum hydrogel and adipogenic 

differentiation medium, 10X magnification. The intracellular lipid droplets are stained 
using AdipoRed. 

A B 
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Fig.9. Fluorescence image of hASC in gelatin-gellan gum hydrogel taken with 10X magnification. 

The intracellular lipid droplets are stained using AdipoRed  

 

 
Fig.10. Fluorescence image of hASC in fibrin hydrogel taken with 10X magnification. The 

intracellular lipid droplets are stained using AdipoRed 
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3.3 Hydrogel characteristics 

Hydrogel stability and durability differed between gelatin-gellan gum and fibrin hydrogels. 

Cultured with all three cell densities the gelatin-gellan gum hydrogel remained intact for 14 days, 

and some of the cultures were intact after 21 days. Fibrin hydrogel showed poorer durability, as 

the hydrogel began to degrade after 4 days of culture. The hydrogels also degraded in a different 

manner. Gelatin-gellan gum hydrogel degraded slowly by detaching from the walls of the cell 

culture well and the gel appeared fibrous. Fibrin hydrogel partly dissolved with the culture medium 

and formed aggregates with dense cell density in the cell culture well. 

4. DISCUSSION 

In the study, adipogenic differentiation of adipose-derived stem cells was tested in two 

biocompatible hydrogels. For the adipogenic differentiation, three hASC lines from three donors 

were used. The hydrogels used were gelatin-gellan gum and fibrin hydrogel. Lipid droplet 

accumulation, characteristic for differentiated adipocytes, was quantitative and qualitative analyzed 

using Adipored and Oil Red O staining and WST-1 or CCK-8 proliferation assay. 

Adipose-derived stem cells were able to differentiate into mature adipocytes in the 3D cultures. 

First results showed that the morphology of the cells was significantly different in 3D hydrogel 

culture compared to 2D culture. Adipocytes cultured in hydrogel tended to round up more compared 

to 2D control, and the hASC cell population appeared heterogeneous (Fig.8). The heterogeneity is 

anticipated because hASC cell line is a primary cell line isolated from adipose tissue. Also, with a 

primary cell line donor variability can affect cell morphology and behavior. 

The study showed the need for optimization when shifting from 2D to 3D adipogenic 

differentiation as shown e.g. in changing cell morphology in 3D environment. The differences in 

cell morphology between two different hydrogels were minor. In addition to round cell morphology 

and heterogenous cell population, tubular-like connections between cells were found in the 

hydrogel cell cultures (Fig.10). 

WST-1 and Adipored assays were optimized successfully for 3D culture of human adipose-

derived stem cells. Fluorescence was measured at multiple time points and incubation periods of 

the reagents were adjusted according to changes in the fluorescence measurement data. Also, 

analysis with fluorescence microscopy confirmed that the reagents were able to infiltrate the 

hydrogel, which is inevitable for the analysis of lipid droplet accumulation.  

With gelatin-gellan gum, hydrogel stability and lipid accumulation were optimal using 1,0x106 

cells/ml hydrogel. Fibrin hydrogel showed relatively poor stability using 1,0x106 cells/ml hydrogel. 



17 
 

However, in the intact parts of the gel, lipid droplets were found after 14 days of culture. The fibrin 

hydrogel is more effortless than the gelatin-gellan gum hydrogel when it comes to preparing and 

plating the hydrogel, but in the conditions of the experiment it degraded too rapidly. The gelatin-

gellan gum hydrogel remained intact for 14 days, and some of the cultures were intact after 21 

days. These two hydrogels were chosen for the study because of their availability, biocompatibility 

and usability. Synthetic polymers or firm scaffolds could have provided better stiffness and stability 

for the cell culture. On the other hand, a stiffer scaffold could lead the adipose-derived stem cells 

to differentiate towards osteogenic lineage. In addition, for the purpose of in-vitro modelling and 

soft-tissue reconstruction, the material needs to be absorbable and biodegradable, and promote 

cell proliferation and differentiation. 

This study shows that the adipogenic differentiation capacity of hASC is dependent on the cell 

number. Furthermore, quantification of lipid droplet formation, characteristic for differentiated 

adipocytes, can be performed in a hydrogel in 3D environment. 

5. CONCLUSIONS 

Human adipose-derived stem cells differentiated in hydrazone crosslinked hydrogel and fibrin 

hydrogel. The stem cells obtained features found in native, mature adipocytes, including 

intracellular lipid droplets and spherical shape. The simultaneous quantification of both lipid 

formation and cell viability can be performed in 3D hydrogel presented in this study. This primary 

study provides methodological as well as biological information for further development of 3D 

adipose tissue model as part of multi-tissue Body-on-a-chip. 
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