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Glioblastoma Multiforme (GM) is the cause of the majority of brain tumour deaths worldwide. 
Cancer cells take advantage of the tumour microenvironment (TME) and the cells that comprise 
it through complex signalling pathways in order to overcome our body’s immune response allow-
ing them to grow and proliferate in our system. Even if this is known, tumour microenvironments 
and their signalling are yet not fully understood. 
 
To approach this problem, the behaviour of glioblastoma cells together with macrophages was 
studied in a 3D brain mimetic hydrogel, created with either carbohydrazide conjugated dopamine-
modified hyaluronic acid (HADA-CDH) or carbohydrazide conjugated hyaluronic acid (HA-CDH), 
combined with aldehyde functionalized chondroitin sulphate (CS-Ald), components that are pre-
sent in the brain’s extracellular matrix. First, THP-1 and U87 MG cell lines were used as a model 
human macrophage cells and glioblastoma cells and were cultured together in the hydrogels to 
analyse their proliferation capabilities and gene expressions. After successfully establishing the 
protocol with the cell lines, we tested peripheral blood derived monocytes (PBMCs) derived mac-
rophages and primary patient derived glioma cell (BT-13).  
 
The results obtained during this study suggest that HA-CS hydrogels (HA-CDH combined with 
CS-Ald) sustained glioblastoma cells and macrophages better than HADA-CDH hydrogels. More-
over, it was shown that this 3D in vitro model gave reliable results with THP-1 and U87 MG cell 
lines, where M2-type macrophages nourished glioblastoma growth and proliferation. Neverthe-
less, the model did not show trustworthy enough results with the use of PBMC and BT-13 primary 
cells, therefore require further investigation.   
 
Overall, this hydrogel platform opens a wide range of possible research areas and applications, 
such as disease modelling combined with drug analyses and testing, or the use of nanoparticles 
to target and silence specific glioblastoma genes. 
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1. INTRODUCTION 

It is known that Glioblastoma Multiforme (GBM) is the most common malignant brain 

tumour, with a global incidence rate of <10 per 100,000 population (Taylor, Brzozowski, 

& Skelding, 2019). Cancer cells are characterized by several factors also known as Hall-

marks of Cancer, one of which is sustaining proliferative signalling (Gutschner & 

Diederichs, 2012), which will allow the cancer cells to grow and develop in our body. The 

tumour microenvironment (TME) is composed mainly by tumour cells, tumour stromal 

cells, endothelial cells and immune cells. Complex signalling pathways between these 

will allow the tumour cells to control the TME, supporting and enhancing sustaining sig-

nalling for tumour growth and progression (Baghban, 2020). 

It is already known that our immune system examines the body for any existing pathogen 

or tumour, and it does so by recognising the so known tumour-associated antigens 

(Pardoll, 2015). Macrophages comprise a major component of the immune system and 

immune responses. Some of their functions are to phagocyte and defend the body 

against foreign substances, and the regulation of T- and B-lymphocytes by activating 

them (Elhelu, 1983). The presence of factors such as interferon-gamma (IFN), polysac-

charide (LPS) or tumour necrosis factor-alpha (TNF), produced mainly by T helper 1 

cells (TH1), will enhance the “classically activated” macrophages (M1) (H. W. Wang & 

Joyce, 2010), resulting in a strong inflammatory reaction (Troidl, 2009). However, T 

helper 2 cells (TH2) will stimulate the “alternatively activated” macrophages (M2) by the 

presence of factors such as interleukin 4 (IL-4), amongst others, enhancing tissue re-

modelling and neovascularization. Tumour associated macrophages (TAMs) are known 

to regulate and benefit tumour formation and metastasis, therefore acquiring the M2-type 

properties (H. W. Wang & Joyce, 2010).  

Studying the crosstalk between tumour cells and TAMs, which promotes tumour cell 

growth, progression and invasion, is still a challenge. Recently, 3D in vitro models have 

been of huge interest when it comes to mimicking characteristics of tissues and even 

organs (Heinrich, 2019). In this way, a 3D in vitro model will more closely recapitulate 

the in vivo cellular interactions. More specifically, 3D hydrogel in vitro models have been 

an emerging prototype in medicine, for simple reasons such as the fact that animal mod-

els still show challenges regarding physiological similarities to humans and the ethical 
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concern about their use, and the fact that we are now advancing in human cell isolation 

and culturing (Liaw, Ji, & Guvendiren, 2018). 

In this project we used two common extracellular matrix (ECM) compounds to mimic the 

brain microenvironment. Carbohydrazide conjugated hyaluronic acid (HA-CDH) or car-

bohydrazide conjugated on dopamine-modified hyaluronic acid (HADA-CDH), and alde-

hyde conjugated chondroitin sulphate (CS-Ald) were used. With both modified biomateri-

als we created a hydrazone crosslinked hydrogels, and cultured glioblastoma cells and 

macrophages, to be studied as a possible in vitro model. 
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2. LITERATURE REVIEW 

2.1 The Human Brain 

The human’s brain main function is to control the body by simultaneously perceiving and 

processing information. Billions of neurons communicating together through synapses 

allow this to happen (Jawabri, 2020). The brain is mainly composed by the cerebrum, 

cerebellum and brainstem (Sachs, 1982). The cerebellum contributes to both motor and 

non-motor (cognitive) functions, and it plays a very important role in the timing and coor-

dination of the human body (Desmond, 2019). The cerebrum, consisting of the cortex 

(grey matter) and an inner layer (white matter), has many different functions depending 

on the specific lobes into which it is divided: frontal, parietal, temporal and occipital) (Ja-

wabri, 2020). 

Two main types of cells comprise the nervous system: neurons and glial cells. The neu-

rons’ main function is to carry electrical signals along their axons and across synapses, 

but glial cells are known as supporting cells, as they protect and help neurons to carry 

out their function (Purves, 2001). 

 

Figure 1. Schematic view of neurons and glial cells. Glial cells supporting neu-
ron. The myelin sheath around the neuron’s axon is formed by the oligodendro-
cytes. Nutrients are provided by astrocytes and provide structural support. Mi-
croglia cells get rid of pathogens and dead cells. (Modified from Rye, 2019). 

 

The main glial cells are astrocytes, oligodendrocytes, Schwann cells, microglial cells, 

ependymal cells and satellite cells, some of which can be observed in Figure 1. One of 
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the most important function of glial cells is the formation of myelin sheaths around the 

neuron’s axons, thus providing a fast, electrical signal conduction. They also control the 

ion and neurotransmitter concentrations in the surrounding environment, essential for 

correct synapse function (Jessen, 2004). These cells are therefore playing a key role in 

the nervous system. 

2.1.1 Brain Extracellular Matrix (ECM) 

Most of the functions in the central nervous system (CNS) are dependent on the brain’s 

extracellular matrix (ECM). Some of which include cell support, electrical impulse trans-

missions allowing communication between cells, or growth regulation (Suttkus, 

Morawski, & Arendt, 2016). The main components of the ECM that assist in these events 

to take place – amongst others – are, for example, tenascin-C, neurocan and hyaluronan 

(Rauch, 2004). Versican, aggrecan and glial HA-binding proteins (GHAP) are known to 

bind HA and take part in the brain’s development (Bignami, Hosley, & Dahl, 1993). Be-

cause of its high variety of functions, HA is widely known in brain-related studies, and so 

is the contribution of tenascin-C in brain morphology, but neurocans – also known as 

chondroitin sulphate proteoglycans – have been seen to take part in important barrier 

functions (Rauch, 2004). Neurocans interact with growth and mobility factors (i.e. FGF-

2), structural and matrix proteins (i.e. tenascin-C), neural cell adhesion molecules (i.e. 

N-CAM) and other molecules (i.e. GPI-linked membrane molecules) (Rauch, Feng, & 

Zhou, 2001). Synaptic plasticity and performance is also highly regulated by neuromod-

ulators, such as dopamine (DA) (Mitlöhner et al., 2020). The brain ECM is such an im-

portant component in the study of the brain’s development and mechanisms, that it has 

to be taken into consideration when carrying out studies with brain cells. 

2.2 Glioblastoma Multiforme (GBM) 

Primary brain tumours are known as gliomas, and their classification depends on the 

origin of the cell type in question. Some examples include astrocytic tumours, oligoden-

drogliomas or ependymomas amongst others. The most malignant and frequent type of 

primary astrocytoma is glioblastoma multiforme (GBM), which accounts for more than 

60% of adult brain tumours (Hanif, 2017). 

GBM consists mainly of a group of tumours both genetically and phenotypically hetero-

geneous. De novo glioblastoma multiforme tumours are developed from glial cells by a 

process known as multistep tumorigenesis, and accounts for 90% of the cases 

(Urbanska, 2014). The prognosis of GBM patients is very poor, of about one-year sur-

vival rate in only 37.2% of the cases, being around ten months the median survival. As 
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the majority of the human cancers, GMB is divided into different types according to the 

mutation state of isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2), however treat-

ments remain the same for all patients despite the different tumour classifications 

(Taylor, 2019). Nonetheless, survival rate has significantly improved over the last century 

with the advances of radiotherapy and chemotherapy (Zhang, 2019). 

2.3 Tumour Microenvironment and Immune Cells 

Although there is already a wide knowledge about cancer, the main reasons for cancer 

formation are still not completely understood. This gap of understanding also includes 

the characteristics of both the cellular and noncellular components that help the tumours 

to grow and expand. These components altogether form the tumour microenvironment 

(TME) (M. Wang, 2017). The tumour cells found in the TME are known to communicate 

through complex signalling pathways with both cellular and noncellular components and 

control them for the own benefit of the tumour. The consequence of this crosstalk is 

therefore the tumour growth and expansion, as well as resistance to therapy or multi-

drug resistance (Baghban, 2020). 

One component of the TME is endothelial cells, which help tumour development and 

enhance tumour cell protection against the body’s immune system. They also form 

branching angiogenic vessels to support the tumour with the required nutrients to grow 

(Siemann, 2010). Additionally, cytokines, growth factors or chemokines are secreted by 

tumour cells, which will consequently attract immune cells, the major TME component 

(Barriga, 2019). The main immune cell type in the TME is tumour-associated macro-

phages (TAMs). These mainly express anti-inflammatory markers such as interleukin 10 

(IL-10) and IL-1 receptor alpha (IL-1Ra), which highly contribute to tumour development, 

and therefore acquire the M2-like macrophage characteristics. Moreover, these TAMs 

can recruit even more monocytes to be polarized into more M2-phenotype macrophages. 

In addition, they also promote neovascularization. The three major roles that TAMs play 

in the TME are angiogenesis, chronic inflammation and immune suppression (J. Wang, 

2019). Another TME component is comprised by fibroblasts, which allow the tumour cells 

to migrate into the bloodstream from the primary tumour location, therefore enhancing 

metastasis (Siemann, 2010). 

2.4 Three-Dimensional Cell Cultures 

For many years, two-dimensional (2D) cell cultures have been the basic study methods 

in laboratories for research purposes. These monolayers of cells have highly helped 
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studying and discovering many cell behaviours and characteristics, but over the years 

its limitations have been rapidly increasing. It is now well known that components in the 

in vivo environment are surrounded and affected by many factors, more like in a three-

dimensional (3D) way (Edmondson, 2014), as seen in Figure 2. 

 

Figure 2.  Schematic diagrams of A) two-dimensional and B) three-dimensional cell 
cultures (Modified from Chaicharoenaudomrung, 2019). 

 

It is cheaper, easier and faster to carry out studies in 2D, but the differences in cell-to-

cell or cell-to-matrix interactions, morphological characteristics, cell signalling and other 

factors may contribute to misleading results and conclusions (Chaicharoenaudomrung, 

2019). 

In the 1970s the first three-dimensional culture was made by Hamburg and Salmon in 

soft agar solution. Nowadays, these cultures can be carried out in suspension cultures 

with non-adherent surfaces, in gel-like substances, or in scaffolds (Kapałczyńska, 2018). 

One way to culture cells in a 3D fashion is by the formation of spheroids, which occur in 

suspension when cells tend to self-aggregate together, and is also a natural process 

occurring for example during embryogenesis or organogenesis (Ryu, 2019). Another 

way is by the so known organoids, which, deriving from stem cells or primary tissues, 

they are cultured in a controlled and defined environment, and will self-organize into a 

structure mimicking those characteristics of either a healthy or diseased model. These 

organoids will recapitulate many characteristics of the specific tissue, and they can also 

be propagated (Lehmann, 2019). A recent technique with high interest for 3D culturing 

is the organ-on-a-chip technology (OOC). It is composed by a compartment that has 

been engineered to control and study how drugs or other stimuli affect cell behaviour. It 

is a challenging method as it combines the knowledge in microfluidics, biomimetic tissues 
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and monitoring systems, but it closely mimics the in vivo environment (Jodat, 2019). To-

gether with this method, the popularity of 3D bioprinting in research has been increasing 

up to date. By the use of viable cells, together with biomaterials and biological molecules, 

it is possible to design scaffolds which provide stability and promote cell growth, in order 

to mimic body tissues or organs, which makes it possible to study the cell’s behaviour. It 

is even possible to add a vascularization system to the structure, which will provide the 

cells with oxygen and nutrients, thus reinforcing the in vivo microenvironment (Kačarević, 

2018). Having all these new, high technology methods opens a lot of new possibilities in 

research. The fact that these methods are of new, high technology, sometimes makes it 

a challenge to have access to in laboratories, so experimental set-ups by the use of 

hydrogel scaffolds are more common and cheaper to be used. These are commonly 

composed of hydrophilic polymers that crosslink and create 3D networks, mimicking the 

ECM, and therefore creating an environment for cells to grow (El-Sherbiny & Yacoub, 

2013). 

2.5 In Vitro Brain Cell Culture Models 

Many brain disorders such as Alzheimer’s disease, schizophrenia or Parkinson’s disease 

have been modelled in the laboratory for research purposes, but still, studying the human 

brain by recapitulating its complicated architecture is not easy. Even so, there are several 

in vitro brain cell culture models that have been used to study specific parts and charac-

teristics of the brain. 

Examples of 3D cellular models to mimic the complexity of the human brain include, for 

example, organotypic brain slice cultures to study physiology, development and even 

electrophysiology, for instance in the hippocampus, as it is an area of the brain where 

neural loss or other pathologies are most common (Croft, Futch, Moore, & Golde, 2019). 

Some of the neurological diseases have been studied by the use of organs-on-chip mod-

els, where microfluidics are put in use to control the cellular microenvironment (Jorfi, 

D’Avanzo, Kim, & Irimia, 2018). These microfluidic systems are categorized depending 

on the materials used, which can be glass/silicon, polymers or paper (XiuJun (James) 

Li, Alejandra V. Valadez, Peng Zuo, 2012). Neurospheroids have also been developed 

from neural cells that assembly themselves into spheroid structures in culture (Dingle et 

al., 2015). This method is used for drug screening or disease modelling, but the high 

sensitivity of the neurospheroids makes it challenging when it comes to reproducibility 

(Jorfi et al., 2018). Cerebral organoids are another example of brain cell culture models 

to study brain disorders such as microencephaly, where PSCs from human neural tissue 

are cultured in a bioreactor (Bershteyn & Kriegstein, 2013). The blood-brain barrier (BBB) 
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is a very much studied area of the brain because of its high importance, and many of 

these in vitro models have been applied to recapitulate its functions (Wilhelm, 2011). 

Mimicking the ECM is also important when it comes to reproducing brain cell culture 

models. Both natural (i.e. collagen and Matrigel) and synthetic (i.e. polymers and pep-

tides) forms have been used in laboratories (Jorfi et al., 2018). The reason why some-

times synthetic matrices, such as poly ethylene glycol (PEG), have been used is mainly 

because of the variations from batch-to-batch and not always perfectly-defined compo-

sitions of natural matrices (Jorfi et al., 2018). The obvious advantage of using natural 

matrices is the fact that they are present in the in vivo microenvironment and will provide 

the models with the real biological properties of the ECM (Jorfi et al., 2018). Such natural 

matrices can be composed for example by hyaluronic acid (HA), a polysaccharide used, 

for example, in tissue regeneration or wound healing applications (Tang et al., 2020). 

The use of this wide variety of 3D models to recapitulate a tumour and its environment 

(TME) has allowed us to study how cells behave in terms of, for example, growth and 

invasiveness, and their behaviour towards drugs or chemo/radiotherapy, but challenges 

are still to be overcome. The TME is not always constant, but its composition is varying 

as the tumour progresses, and this is still a big obstacle, as well as being able to reca-

pitulate the heterogeneity of tumours (Blanco-Fernandez, 2021). 

2.6 Hydrogels as In Vitro Cell Culture Models 

Over the years scientists have shown an increased interest in the use of biomaterials for 

research purposes as they have shown a high biocompatibility, amongst other properties 

(Mantha, Pillai, Khayambashi, Upadhyay, & Zhang, 2019). Biomaterials have been de-

scribed as substances that have been engineered for medical purposes to interact with 

biological systems, which therefore give the possibility to be used as cell culture systems, 

scaffolds or tissue engineering (Catoira, Fusaro, Di Francesco, Ramella, & Boccafoschi, 

2019). Moreover, hydrogels comprise a huge part of the biomaterials used in research 

over the last years. 

Hydrogels are three-dimensional (3D) polymeric networks, which can be composed by 

natural or synthetic polymers (Lee & Kim, 2018). Synthetic hydrogels, such as poly-

acrylamide (PAA) or polyethylene glycol (PEG), have good stability and mechanical 

properties, which make them reproducible and controllable in the laboratory (Aswathy, 

Narendrakumar, & Manjubala, 2020). However, natural hydrogels composed by colla-

gen, gelatin or hyaluronic acid (HA), mimic the brain ECM that we aimed to develop as 
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a hydrogel in a more desirable way. Additionally, they are biocompatible, therefore hav-

ing low cytotoxicity towards cells, and are biodegradable, which allows them to be used 

for biomedical applications (Catoira et al., 2019). It is for these reasons that we carried 

out our study with the use of carbohydrazide conjugated hyaluronic acid (HA-CDH) or 

carbohydrazide conjugated on dopamine-modified hyaluronic acid (HADA-CDH), and al-

dehyde conjugated chondroitin sulphate (CS-Ald). 

2.6.1 Hyaluronic Acid (HA) 

Hyaluronic acid (HA) is a glycosaminoglycan (GAG) with repeating disaccharide units of 

glucuronate and N-acetyl glucosamine (Figure 3), it is known to take part in wound heal-

ing and development, and it can be find in several parts of the body such as the skin, 

cartilage, and especially in the brain (Aswathy et al., 2020). Some other properties in-

clude hydrophilia, non-adhesiveness and biodegradability (Catoira et al., 2019).  

This biopolymer comprises the main structural component of the brain’s ECM, which is 

one of the main reasons why it was chosen for this study (Bignami et al., 1993). We 

modified HA by combining it with carbohydrazide (CDH), a compound that has been 

found useful against autoimmune and inflammatory diseases, respiratory diseases, car-

diovascular diseases or even tumours (Mansour, Eid, & Khalil, 2003). 

 

Figure 3. Chemical structure of hyaluronic acid (HA) (Modified from Fallacara, 
Baldini, Manfredini, & Vertuani, 2018). 

 

2.6.2 Chondroitin Sulphate (CS) 

Chondroitin sulphate (CS) is a sulphated GAG with repeating disaccharide units of N-

acetylgalactosamine (Figure 4), it is very commonly found in connective tissues like 

bone, cartilage or skin, and it plays an important role in resistance and elasticity 

(Henrotin, Mathy, Sanchez, & Lambert, 2010). It biologically takes part in cell adhesion, 
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division, differentiation and morphogenesis, and it is also involved in infection, inflamma-

tion and wound repair (Volpi, 2019). 

We created aldehyde conjugated chondroitin sulphate (CS-Ald). Aldehydes have been 

used to conjugate polymers, as they can be used for a wide range of applications, such 

as regenerative medicine, developing of adhesive glues and for hydrogels, amongst oth-

ers. As for the project, we combined aldehyde together with CS normally present in the 

ECM so that biocompatibility is enhanced (Varghese, Wang, Oommen, & Yan, 2013). 

 
 

Figure 4. Chemical structure of chondroitin sulphate (CS), where R1 = R2 = R3 = 
H: non-sulfated chondroitin. R1 = SO3

−; R2 = R3 = H: chondroitin-4-sulfate; R1 = 
R3 = SO3

−; R2 = H: chondroitin-2,4-disulfate; R2 = SO3–; R1 = R3 = H: chon-
droitin-6-sulfate; R2 = R3 = SO3

−; R1 = H: chondroitin-2,6-disulfate; R1 = R2 = 
SO3

−; R3 = H: chondroitin-4,6-disulfate; R1 = R2 = R3 = SO3
−: trisulfated chon-

droitin (Modified from Volpi, 2019). 
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3. OBJECTIVES 

Engineering a tumour microenvironment that mimics the tumour and its surroundings is 

an important research area. In this project, we will tailor a brain mimetic 3D scaffold and 

culture human monocytes, or macrophages to evaluate the crosstalk between the im-

mune cells and glioma cells. 

We anticipate that when the monocytes are differentiated into the M2 or TAM-like phe-

notype, there will be increased paracrine signalling between the tumour cells and mac-

rophages as well as intratumoral interactions which would stimulate the expression of 

tumour promoting genes and tumor invasiveness, thereby proving the validity of our 

model. On the other hand, we believe that if we polarize the TAM-like M2 macrophages 

to proinflammatory M1-type, it would reduce the invasiveness and EMT transition and 

reduce the expression of tumour promoting genes.  
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4. MATERIALS & METHODS 

The materials and workflow of the study are described in this chapter. 

Human acute monocytic leukaemia cell line (THP-1), peripheral blood mononuclear cells 

(PBMCs), Uppsala-87 malignant glioma cells (U87 MG) and patient derived BT-13 glio-

blastoma cells were used for this experiment. 

4.1 Cell Culturing and Splitting 

Cell culturing and splitting of the cells was carried out in the cell culture laboratory parallel 

to the main study. The U87 MG cells were cultured in complete medium (DMEM 1x 

(Gibco, #31885-023) containing 10% foetal bovine serum (FBS, Gibco, #10270-106) and 

1% Penicillin-Streptomycin (10,000 U/mL) (Gibco, #15140122)). U87 MG cells were cul-

tured in 175 cm2 flasks together with 20 mL of the prepared DMEM and incubated at 

37°C and 5% CO2. The THP-1 monocytic cell line was cultured in complete medium 

(RPMI 1x (Gibco, #21875-034) containing 10% foetal bovine serum (FBS) and 1% Pen-

icillin-Streptomycin (10,000 U/mL)). The THP-1 monocytic cell line was cultured in 25 

cm2 flasks together with 10 mL of the prepared RPMI each and incubated at 37°C and 

5% CO2. The FBS was used as a growth supplement for the cell culture. The BT-13 

glioblastoma cells were cultured in complete medium (DMEM/F-12 no glutamine (Gibco, 

#10565-018) containing 2% B27 Serum Free Supplement 50x (Gibco, #17504044) and 

0,2% Penicillin-Streptomycin (10,000 U/mL) (Gibco, #15140122)). Finally, 10 µL of Re-

combinant Human Fibroblast Growth Factor (FGF; 10 µg/mL) (Peprotech AF-100-18B) 

was added. BT-13 cells were cultured in 25 cm2 flasks together with 10 mL of the pre-

pared DMEM/F-12 and incubated at 37°C and 5% CO2. 

Cell splitting was carried out approximately every two days according to the cell conflu-

ency level. The flasks were observed under a microscope to check the cells’ growth 

state. For U87 MG, the old medium was removed from the flask, and it was carefully 

washed with 3-5 mL of phosphate-buffered saline (PBS, Gibco, #1877586). The PBS 

was removed and 3 mL of Trypsin (TrypLE, Gibco, #12604-013) or Ethylenediaminetet-

raacetic acid solution (EDTA, Sigma-Aldrich, #E8008) was added to loosen the cells from 

the flask surface. The flask was then observed under the microscope to check that the 

cells had not been washed away, followed by an incubation of 5-7 minutes at 37°C. To 

stop the trypsinization process, 7 mL of complete DMEM was added. After this, the cells 

were centrifuged at 1200 rpm for 5 mins. A pellet containing the cells was formed, and 
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the supernatant was discarded. The pellet was resuspended in 1 mL of complete DMEM. 

The cells were counted with Countess™ II Automated Cell Counter (Invitrogen) by mixing 

10 µL of Tryphan Blue (Sigma-Aldrich, T8154) and 10 µL of the cell suspension. Finally, 

20 mL of complete DMEM and a desired amount of the cell suspension was added to a 

new 175 cm2 flask. The newly prepared flask was incubated in 5% CO2 at 37°C. For 

THP-1 monocytic cell line Trypsin or EDTA were not necessary as the cells grew in sus-

pension. The cultures from both 25 cm2 flasks were centrifuged at 1200 rpm for 5 mins. 

The supernatant was discarded, and the pellet was resuspended in 1 mL of complete 

RPMI. The cells were counted with Countess™ II Automated Cell Counter (Invitrogen) 

by mixing 10 µL of Tryphan Blue and 10 µL of the cell suspension. Finally, two new 25 

cm2 flasks were prepared with 10 mL of complete RPMI each and a desired amount of 

the cell suspension. The newly prepared flasks were incubated in 5% CO2 at 37°C. For 

BT-13 cells Trypsin or EDTA were not necessary as the cells grew in suspension. The 

cells were centrifuged at 1200 rpm for 5 mins. The supernatant was discarded, and cells 

were resuspended and washed with 5 mL of PBS. Cells were centrifuged at 1200 rpm 

for 5 mins, supernatant was removed and 1 mL of Accutase solution (Sigma-Aldrich, 

#SLCG0476). Cells were pipetted up and down to dissociate spheroids, followed by wa-

ter bath incubation at 37°C. An additional 5 mL of DMEM/F-12 was added, and cells 

were centrifuged at 1200 rpm for 5 mins. Supernatant was removed and cells were re-

suspended in 6 mL of fresh DMEM/F-12. Only 3 mL of the cell suspension was added to 

a new 25 cm2 flask together with 7 mL of DMEM/F-12 and 10 µL FGF. 

4.2 Priming, Polarization and Activation of Macrophages 

The human THP-1 monocytes were primed with 50 ng/mL PMA (phorbol 12-myristate 

13-acetate) (Sigma-Aldrich, #MKCC8966) and incubated for 24 h in 5% CO2 at 37°C to 

bring them to M0 phenotype. Then, interleukin 4 (IL-4) (30 ng/mL) (Sigma-Aldrich, 

#1406240B) was administered to polarize the M0 into M2-type macrophages. Once dif-

ferentiated, the cells would become adherent, and ready to use in the experiment. 

The PBMCs were first extracted from a buffy coat (Tays Central Hospital, Tampere, A+ 

blood sample, 034380) (125,5x106 cells) following a PBMC isolation protocol and plated 

in 4 Petri Dishes (31x106 cells/dish) together with basal RPMI and incubated for 3 h in 

5% CO2 at 37°C. Each Petri Dish was then washed with warm PBS, and 10 mL of the 

specific polarization media was added per dish. The polarization reagent used to obtain 

M1-type cells was granulocyte-macrophage colony-stimulating factor (GM-CSF; 50 

ng/mL), and the reagent to obtain M2-type cells was macrophage colony-stimulating fac-

tor (M-CSF; 50 ng/mL). After this, the cells were incubated for 6 days at 37°C in 5% CO2. 



14 

 

The polarization media was then removed from the Petri Dishes, and 10 mL of activation 

media was added per dish. The M1-type macrophage activation media contained Inter-

feron Gamma (INFy; 50 ng/mL), lipopolysaccharide (LPS; 10 ng/mL) and GM-CSF (50 

ng/mL). The M2-type macrophage activation media contained IL-4 (20 ng/mL) and M-

CSF (50 ng/mL). The Petri Dishes containing M2-type macrophages were incubated for 

2 days, and the Petri Dishes containing M1-type macrophages were incubated for 5 

days. 

4.3 Hydrogel Preparation 

For this experiment, either carbohydrazide conjugated hyaluronic acid (HA-CDH) or car-

bohydrazide conjugated on dopamine-modified hyaluronic acid (HADA-CDH) were  com-

bined with aldehyde conjugated chondroitin sulphate (CS-Ald) by chemical crosslinking, 

which consists on mainly covalent bonds creating permanent junctions (Zhu & Marchant, 

2011). They were all dissolved to a concentration of 14 mg/mL, and equal volumes of 

carbohydrazide and aldehyde derivatives were used to make the hydrogels. Before com-

bining the materials, HA-CDH or HADA-CDH had to be dissolved in 10% sucrose solu-

tion, while CS-Ald was dissolved in PBS. The materials were sterilized under UV light for 

30 minutes prior to the experiment. 

4.4 Experimental Setting and Cell Plating 

The first set of experiments were carried out by using the U87 MG glioblastoma cells and 

THP-1 monocytic cells. The last set of experiments were carried out using BT-13 glio-

blastoma cells and patient derived PBMCs. For the experiments, 48-well plates were 

used. A total of three different groups were analysed in the hydrogels: macrophages 

control group; glioblastoma cells control group; glioblastoma microenvironment group 

(GME), having four parallels (replicas) each, as seen in Figure 5. 
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Figure 5. Schematic figure of the experimental setting in a 48-well plate. Three 
different hydrogel groups are shown to be analysed: glioblastoma cells control 
group (top); macrophages control group (middle); glioblastoma microenviron-
ment group (bottom). Each of the groups having 4 replicas. Created with Bio-

Render.com 

 

For the control groups, 800 000 cells were plated in 200 µL hydrogels (Figure 6A). For 

the GME group, 800 000 macrophages were plated in 200 µL hydrogels, and 200 000 

glioblastoma cells were plated in 50 µL hydrogels (Figure 6B). 

 

Figure 6. Schematic view of the hydrogel experimental setup. A) Representa-
tion of one of the wells in the 48-well plate, where the hydrogel (V: 200 µL) is 
formed at the bottom, and the media (V: 500 µL) is added on top. B) Top view 
of one of the wells in the 48-well plate of the GME group (VGLIOBLASTOMA: 50 µL; 

VMACROPHAGES: 200 µL). Created with BioRender.com 

 

4.4.1 Glioblastoma and Macrophage control groups 

To plate the cells together with the hydrogels in the plate wells, first the cells were 

counted individually. Once the desired number of cells was obtained, they were centri-

fuged at 1200 rpm for 5 mins. A total of 100 µL/well of CS-Ald was first added in the four 
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required wells. The pelleted cells were resuspended in 400 µL HADA-CDH or HA-CDH. 

Finally, 100 µL of the HADA-CDH or HA-CDH and cell mix was transferred to the wells 

containing 100 µL CS-Ald. Mixing with the pipette tip was necessary for a homogeneous 

mix of all the materials. 

4.4.2 Glioblastoma Microenvironment Group (GME) 

Once the desired number of macrophages was obtained, they were centrifuged at 1200 

rpm for 5 mins. A total of 100 µL/well of CS-Ald was first plated in the four required wells. 

The pelleted cells were resuspended in 400 µL HADA-CDH or HA-CDH. Finally, 100 µL 

of the HADA-CDH or HA-CDH and macrophage mix was transferred to the wells con-

taining 100 µL CS-Ald. Mixing with the pipette tip was necessary for a homogeneous mix 

of all the materials. The hydrogels were incubated for 30 minutes in 5% CO2 at 37°C. 

Then, a gap in the shape of a circle was made in the centre of the gel with the use of a 

pipette tip. Once the desired number of glioblastoma cells was obtained, they were cen-

trifuged at 1200 rpm for 5 mins. A total of 25 µL/well of CS-Ald was first added to the gap 

created in the four required wells. The pelleted cells were resuspended in 100 µL HADA-

CDH or HA-CDH. Finally, 25 µL of the HADA-CDH or HA-CDH and glioblastoma cell mix 

was transferred to the wells containing 100 µL CS-Ald. 

Once the hydrogels were cured, 500 µL of the corresponding medium was added to the 

wells. The 48-well plates with the hydrogels were incubated in 5% CO2 at 37°C, and 

analysed after 1, 7 and 14-day timepoints. Media was changed every two days. 

4.5 Cell Characterization Methods  

Several methods were used to characterize cells on different timepoints starting from the 

experiment day. 

4.5.1 Live/Dead Assay 

This assay was performed to determine the percentage of live cells in the hydrogels. This 

is also known as fluorescence cell viability assay, where Calcein-AM stains live cells 

green, and Ethidium Bromide stains dead cells red (Neri, Mariani, Meneghetti, Cattini, & 

Facchini, 2001). To check the cell viability LIVE/DEAD staining (Viability/Cytotoxicity Kit 

for mammalian cells, Molecular Probes, USA) was carried out followed by analysis using 

a fluorescence microscope. First, medium was removed from the wells, and 500 µL 

Live/Dead staining solution containing 1 µL/mL Calcein-AM and 0,5 µL/mL Ethidium Bro-

mide in 1X PBS was added. The plates where incubated in 5% CO2 at 37°C for 2 hours. 
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After incubation, images were then taken with Nikon Eclipse Ts 2 fluorescence micro-

scope on a 10x objective. The images obtained were post-processed using Nikon NIS 

Viewer and ImageJ softwares. 

4.5.2 PrestoBlue Assay 

PrestoBlue is based on a chemical known as resazurin, which is normally a blue, non-

fluorescent and membrane permeable compound which will be reduced into the resorufin 

form when entering the cell, emitting fluorescence that can be quantified to determine 

the cell viability (Lall, Henley-Smith, De Canha, Oosthuizen, & Berrington, 2013). 

A working solution of 10% PrestoBlue (Thermo Fisher Scientific) diluted in PBS was 

placed on top of the hydrogels after removing the medium and was incubated for 8 hours 

in 5% CO2 at 37°C in the dark. After incubation, the solution was transferred into a 96-

well plate to measure the florescence signal at excitation/emission wavelengths 560/590 

with Perkin Elmer multilabel counter plate reader. 

4.5.3 Gene Expression Analysis 

Gene expression analysis was performed to study more closely the interaction between 

the glioma cells and macrophages. The expression level of several brain-specific (gli-

oma) and immune-specific (macrophages) genes were measured and compared at the 

different experimental timepoints. The upregulation or downregulation of genes is af-

fected by the environment which surrounds the cells, together with other factors. It is 

possible to quantify the level of gene expression and the fold change of these gene ex-

pressions of cells exposed to different environments to analyse their different behaviour 

(Krebs, J.E., E.S. Goldstein, 2017). 

First, RNA extraction was carried out, followed by cDNA synthesis from the extracted 

RNA, finishing with a quantitative reverse transcription polymerase chain reaction (qRT-

PCR) for gene expression quantification. 

 

RNA extraction 

RNA extraction follows the steps of isolation and purification of RNA (Tan & Yiap, 2009). 

After each experimental timepoint, RNA samples were collected from each hydrogel 

group separately (including the macrophages and glioblastoma cells from the GME 

groups). The hydrogels were mechanically broken down with the use of a spatula, and 

hydrogel disintegration was enhanced by dissolving in PBS. The solution was filtered 

through a cell strainer to remove as much of the hydrogel materials as possible, and 
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isolate the cells, followed by centrifugation and discarding of supernatant. RNA samples 

were then extracted and purified using RNeasy Mini Kit (Qiagen). The cells were first 

lysed with a cell lysis buffer, and filtrated through gDNA eliminator column, followed by 

several washes to eliminate contaminants, such as proteins and lipids. The RNA con-

centration was measured (ng/µL) with NanoDrop (ND-1000, Thermo Fisher Scientific 

Inc., USA). 

 

cDNA synthesis 

Same RNA concentrations were taken from each of the measured samples in order to 

get as consistent results as possible. RNA was mixed with water to make up to 10 µL 

volume, and to each sample ds-DNase and DNase buffer from cDNA synthesis kit 

(Thermo Fisher Scientific) was added. After 5 minutes, 5X Reaction Mix, reverse tran-

scriptase enzyme and water from the kit were added. A thermocycler was used to then 

carry out the cDNA synthesis. 

 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

 TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific), water and primers were 

added together with the cDNA samples. This mix was then processed by Bio-Rad CFX96 

Real-time PCR machine, to quantify gene expression. The cycle threshold (Ct) values, 

which shows the first sensed signal indicating the first PCR cycle at which it was detected 

(Ade et al., 2021), were later on analysed following the ΔΔCq calculation method to obtain 

the relative gene expression values together with knockdown percentage for each of the 

genes of interest (Haimes & Kelley, 2010). 

A list of the analysed genes in the experiment are shown in Table 1. 

 

Gene Gene Product TaqMan ID 

ACTB 

FGF-2 

Beta-actin 

Fibroblast growth factor 2 

Hs01060665 
Hs00266645 

MMP-9 Matrix metallopeptidase Hs00957562 

TNF Tumour necrosis factor Hs00174128 

IL-1RA Interleukin-1 receptor antagonist Hs00893626 

IL-10 Interleukin-10 Hs00961622 

MRC-1 Mannose receptor C-type 1 Hs00267207 

CDH-1 E-cadherin Hs01023895 

NES Nestin Hs04187831 

Table 1.  List of the analysed genes by qRT-PCR. ACTB used as endogenous gene. 
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5. RESULTS AND DISCUSSION 

5.1 Hydrogel Optimisation 

For the first set of experiments, THP-1 cells were polarized and activated into M2-type 

macrophages, and U87 MG cells were used as a model glioblastoma cell. To test the 

efficiency and the biocompatibility of the hydrogels, Live/Dead and PrestoBlue assays 

were carried out on days 1 and 7 timepoints. 

We first tested the biocompatibility of HA-CS composite gels, grafted with dopamine (DA) 

groups (HA-DACS gels). As mentioned earlier, dopamine is an important neuromodula-

tor present in the brain’s ECM (Mitlöhner et al., 2020). Additionally, dopamine shows to 

improve hydrogel stability in medium, with a high swelling ratio, mimicking the in vivo 

microenvironment (Koivusalo et al., 2019). The THP-1 and the U87 MG cells were cul-

tured in separate hydrogels as mentioned above. Around 800 000 cells were encapsu-

lated in these hydrogels and were cultured for a period of 1 and 7 days. At these time 

points the gels were analysed using the Live/Dead and PrestoBlue assays. It was inter-

esting to note that there was a high number of dead THP-1 and U87 MG cells in day 1 

from the Live/Dead assay. One probable reason for the high number of dead cells in the 

U87 MG groups could be due to the presence of dopamine in the hydrogel. Dopamine is 

known to inhibit the proliferation rates of the tumour cells, as it has shown to affect apop-

tosis and tumour angiogenesis in cancer cell lines, causing a decrease in tumour size 

(X. Zhang, Liu, Liao, & Zhao, 2017). In the case of the THP-1 cells, we believe that 

treatment with EDTA (2mM) for 30 minutes could have been the main cause of the cell 

death, as we observed high number of cell death even before the cells were encapsu-

lated in the gels. The PrestoBlue assay also confirmed the observations seen in the 

Live/Dead assays (Figure 7). 
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Figure 7.  Live/Dead (cell viability) and PrestoBlue (proliferation) Assays for 
dopamine (DA) grafted HA-CS composite hydrogels. A) Cell viability images 
of days 1 and 7 timepoints for M2-type cells and U87 MG cells. B) Cell prolifera-

tion graphs of days 1 and 7 timepoints for M2-type cells and U87 MG cells. 

 

We therefore carried out the biocompatibility studies with the HA-CS gels which were 

made by crosslinking CS-Ald and HA-CDH components, (excluding dopamine). This 

time, EDTA (2mM) was applied for 10 minutes to detach the primed and polarized THP-

1 cells (M2-type macrophages). The cell viability of U87 MG cells appeared to improve 

with the use of HA-CDH when compared to the use of HA-DA-CDH in both days 1 and 

7, as seen in Figure 8A. The PrestoBlue assay also showed signs of proliferation on U87 

MG cells, increasing up to roughly 30% by day 7 (Figure 8B). The proliferation capability 

of THP-1 cells is lost once primed and polarized (Genin, Clement, Fattaccioli, Raes, & 

Michiels, 2015), therefore no proliferation signal was shown in M2-type cells as expected 

in the PrestoBlue assay. Anyhow, the Live/Dead assay showed a significant amount of 

live cells in both the time points (Figure 8B). 

A 

B 
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Figure 8. Live/Dead (cell viability) and PrestoBlue (proliferation) assays for 
HA-CS composite hydrogels. A) Cell viability images of days 1 and 7 

timepoints for M2-type cells and U87 MG cells. B) Cell proliferation graphs of 
days 1 and 7 timepoints for M2-type cells and U87 MG cells. 

 

Since good biocompatibility and cell viability results were obtained for both cell types, 

HA-CS hydrogel composite excluding DA was used to create a co-culture system be-

tween macrophages and glioblastoma cells, as seen in Figure 9C. We first studied the 

influence that THP-1 differentiated macrophages (M2-type) could have on U87 glioblas-

toma cells when co-cultured in the same hydrogel – in a glioblastoma microenvironment 

(GME). 

A 

B 
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Figure 9. Schematic view of the three hydrogel groups. A) Macrophage control 
group. B) Glioblastoma control group. C) Glioblastoma microenvironment co-

culture group. Created with BioRender.com 

 

5.2 Gene Expression Analysis in Co-culture 

Changes in gene expression were analysed from THP-1 differentiated macrophages 

(M2-type) and U87 glioblastoma cells co-cultured in the same HA-CS hydrogel compo-

site. As controls, only the mentioned cell types were encapsulated in separate hydrogels. 

Brain-specific and immune-specific genes were analysed, which included: fibroblast 

growth factor 2 (FGF-2), matrix metallopeptidase (MMP-9), tumour necrosis factor (TNF), 

interleukin-1 receptor antagonist (IL-1RA), interleukin-10 (IL-10), mannose receptor C-

type 1 (MRC-1), e-cadherin (CDH-1) and nestin (NES) (Table 1). The up- or down-regu-

lation of these genes indicate the change in level of the cells’ behaviour, such as tumour 

growth and cell survival capabilities, angiogenesis, cell migration, or anti-inflammatory 

properties, therefore stipulating the type of relationship and communication between 

macrophages and glioblastoma cells. 

The GME hydrogels were first analysed after a week (Figure 10). These were collected, 

and the inner hydrogels containing the U87 MG cells were separated from the outer 

hydrogels containing the macrophages to later extract their RNA individually for further 

analysis. Later, average relative gene expression levels from the control hydrogel groups 

were compared to the relative gene expression levels in GME groups. 
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Figure 10. Gene expression of brain-specific (glioma) and immune-spe-
cific (macrophages) genes at day 7 timepoint. A) Gene expressions of M2-

type cells. B) Gene expressions of U87 MG cells. 

 

At first, the qRT-PCR data only estimated the expression of FGF-2 and MMP-9 genes 

for U87 MG cells, and only the MMP-9 gene expression was detected in the gels with 

M2-type cells (Figure 10). It could be noted that there was an increase in FGF-2 and 

MMP-9 gene expression levels in U87 MG cells in co-culture. This suggested that there 

was a cross-talk between macrophages and cancer cells, improving their cell survival, 

tumour growth and invasion (Li, Guo, Wang, Wang, & Li, 2020). Not enough gene ex-

pression data was obtained from the M2-type cells, but a slight increase in MMP-9 ex-

pression was seen. Thus, we conclude that one week of co-culturing was not long 

enough to obtain enough mRNA for the qRT-PCR study. 

The GME setup was then repeated and analysed after two weeks. The qRT-PCR 

showed signal for all the analysed gene expressions for both U87 MG and M2-type cells 

(Figure 11). 

 

A 

B 
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Figure 11. Gene expression of brain-specific (glioma) and immune-spe-
cific (macrophages) genes. A) Gene expressions of M2-type cells. B) Gene 

expressions of U87 MG cells. 

 

Relative gene expression levels of most of the analysed genes appeared to change in 

the cells in the GME group in relation to the control hydrogels – when the cells were 

cultured individually – suggesting that when co-cultured, both U87 MG and M2-type cells 

underwent molecular changes, and there was therefore a cross-talk between the differ-

ent cells. IL-10 and IL-1RA expression levels had a great increase in M2-type cells when 

co-cultured, having a greater anti-inflammatory effect (Iyer & Cheng, 2012). The upreg-

ulation of the MRC-1 gene in TAMs (Figure 11), also known as the CD206 marker, has 

been positively correlated with tumour cell proliferation and invasion (Haque et al., 2019). 

Upregulation of FGF-2 and MMP-9 in U87 MG cells was observed when co-cultured with 

macrophages, as seen in the previous experiment, but also NES relative expression level 

increased enhancing growth and invasiveness (Neradil & Veselska, 2015). Additionally, 

CDH-1 was found to be downregulated, enhancing the cancer cells’ capabilities to mi-

grate and grow (Liu & Chu, 2014). 

It was noted that hydrogels started to degrade   by day 14, so a 10-day timepoint was 

used for the following experiments. Moreover, we decided to execute the same model 

A 
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with patient-derived primary glioma cells (BT-13). We decided to also use human blood-

derived primary macrophages obtained from PBMC cells, differentiated into M1-type and 

M2-type macrophages to be analysed in the GME. 

5.3 Use of Peripheral Blood Mononuclear Cells (PBMCs) 

For the following experiments, THP-1 macrophages from PBMC cells and BT-13 cells 

were used. The PBMCs were polarized into both M1- and M2-type macrophages, which 

were then co-cultured separately with and without the presence of BT-13 cells. Then, 

qRT-PCR was carried out to analyse the cells’ gene expressions after a 10-day timepoint 

in co-culture, having also control groups.  

Figure 12 shows the relative gene expression levels when M1-type (Figure 11A) and M2-

type (Figure 11B) macrophages were cultured together in a GME. 

 

Figure 12. Gene expression of brain-specific (glioma) and immune-spe-
cific (macrophages) genes. A) Gene expressions of M1-type and BT-13 cells. 

B) Gene expressions of M2-type and BT-13 cells. 

 

We could see that MMP-9, TNF, IL-1RA, IL-10 and MRC-1 genes in M1-type macro-

phages were upregulated relative to the control. These gene upregulations suggested 

that the presence of BT-13 cells was causing the M1-type macrophages to gain a TAM-

like phenotype, becoming M2-type macrophages. Additionally, we observed that the M2-

B 
 

A 
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type macrophages gene expressions were completely different from the results we pre-

viously obtained with the use of THP-1 M2-type macrophages and U87 MG cells, as this 

time MMP-9, TNF, IL-1RA, IL-10 and MRC-1 genes were downregulating, suggesting 

that the M2-type macrophages were gaining a similar phenotype to the one expected in 

M1-type macrophages, fighting against the tumour cells. We therefore decided to carry 

out the same experiment with the same cells, in order to compare with new results (Fig-

ure 13). 

 

Figure 13. Gene expression of brain-specific (glioma) and immune-spe-
cific (macrophages) genes. Gene expressions of M1-type and BT-13 cells. 

 

Unfortunately, sufficient mRNA expression was only obtained for the M1-type macro-

phages co-culture system (Figure 13). This could be due to the fact that hydrogels for 

the M2-type cells did not form correctly during the experimental procedure, and most of 

the M2-type and BT-13 cells were lost due to experimental error. 

Interestingly, in this case the M1-type macrophages gene expression levels were down-

regulating (Figure 13) when compared to the previous results (Figure 12A). This time, 

the TNF gene – M1-type marker – downregulated when co-cultured with BT-13 cells, 

which met our expectations. In addition, the M2-type markers (IL-1RA, IL-10 and MRC-

1) were expected to upregulate with the presence of BT-13 cells, and this behaviour 

could be seen in M1-type macrophages in figure 12A. 

In addition, the decrease in relative expression level of FGF-2 in BT-13 cells (Figure 13) 

suggests that the cancer cells were indeed affected by the M1-type cells present in the 

hydrogel. The same happens with the apparent upregulation of CDH-1 in BT-13 cells, 

decreasing invasiveness and growth properties of cancer cells (Liu & Chu, 2014). On the 

other hand, these same BT-13 cells experienced an upregulation of the MMP-9 and NES 

genes, showing that their cancer progression and cell remodelling capabilities were not 

interfered by the presence of M1-type cells (Neradil & Veselska, 2015). 
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We also observed different gene expression levels in M2-type cells (Figure 12B). In pre-

vious results, M2-type cells had a greater anti-inflammatory effect (Figure 11) by the 

upregulation of IL-10 and IL-1RA genes (Iyer & Cheng, 2012). Also, the upregulation of 

MRC-1 gene enhanced cell-to-cell recognition and phagocytosis of immune cells (von 

Ehr et al., 2020). On the other hand, we later observed that most of the genes analysed 

in M2-type cells were downregulated (Figure 12B). A possible reason for this could be 

that the PBMCs did not differentiate completely into M2-type macrophages. Compari-

sons of M2-type macrophages with the use of PBMCs and BT-13 cells could not be done 

as gene expression data was not obtained. 
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6. CONCLUSION 

In this project we created hydrogels to mimic the brain microenvironment with the use of 

common extracellular matrix (ECM) compounds, to analyse and evaluate the behaviour 

of glioblastoma cells and macrophages, to be studied as a possible in vitro model. 

The results obtained during the project show that HA-CDH with CS-Ald hydrogels offer 

a favourable microenvironment for glioblastoma cells to grow and develop and offers a 

platform capable of sustaining macrophages. The combination of glioblastoma cells and 

macrophages in the designed in vitro model offered the possibility to analyse the cell’s 

gene expressions, revealing the upregulation of genes such as FGF-2, IL-10 or MRC-1 

in M2-type cells when plated together with glioblastoma cells, enhancing these cancer 

cells to proliferate – also shown by Ling Qi (Qi et al., 2016) in a study about the IL-10 

secretion from M2-type cells. This designed model also demonstrated the downregula-

tion of the same genes in M1-type cells in the presence of glioblastoma cells – as seen 

in a study about the crosstalk between microglia and glioblastoma by Jee-Wei Emily 

Chen (Chen et al., 2020) – inhibiting the cancer cells from taking advantage of the sig-

nalling pathways. 

It has been demonstrated that the created hydrogel microenvironment gave reliable re-

sults with the use of THP-1 and U87 MG cell lines, but further studies need to be done 

with PBMCs and BT-13 primary cells to analyse more deeply their behaviour in a tumour-

like microenvironment. 

This hydrogel platform opens a wide range of possible research areas and applications, 

such as disease modelling combined with drug analyses and testing, or the use of nano-

particles to target and silence specific glioblastoma genes. 
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