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resumo 
 
 

O cancro da próstata é um dos cancros mais diagnosticados e uma das 

principais causas de morte entre os homens a nível mundial. Atualmente, 

apesar de muitos avanços na medicina, os tratamentos desta neoplasia em 

estágio avançado são bastante ineficazes. O desenvolvimento de modelos in 

vitro que recapitulam os tumores da próstata humanos podem ajudar na 

descoberta de novas terapias e fármacos contribuindo assim para um aumento 

da expectativa de vida do paciente. Até à data, as agências reguladoras 

recomendam que o teste da eficácia de fármacos anti-tumorais a nível pré-

clínico deve ser efetuado em culturas celulares bidimensionais (2D), no entanto, 

esses modelos não imitam as principais características dos tumores in vivo, tais 

como a sua distribuição espacial, interações célula-célula e gradientes de 

nutrientes/oxigénio. Além deste facto as culturas 2D não replicam os 

componentes da matriz extracelular tumoral (ECM) e a heterogeneidade celular 

tumoral. Estas limitações são responsáveis pela baixa correlação de resultados 

entre as culturas 2D in vitro e os dados obtidos em ensaios clínicos. 

Para superar essas questões, recentemente os modelos tumorais de cultura 3D 

in vitro têm sido investigados como alternativas valiosas. Estes modelos 

conseguem reproduzir vários aspetos do microambiente de tumores sólidos 

humanos, incluindo os seus padrões de expressão génica, interações 3D entre 

célula-célula, formação de núcleo necrótico e a intrínseca resistência aos 

fármacos.  

O trabalho de investigação desenvolvido no âmbito desta dissertação descreve 

a produção de um novo modelo tumoral 3D in vitro do cancro da próstata que 

mimetiza a heterogeneidade celular na metástase óssea do cancro da próstata 

bem como o microambiente da matriz extracelular. O modelo criado é composto 

por células humanas do cancro da próstata (PC-3) e osteoblastos humanos, 

encapsuladas em micro-hidrogéis com forma quasi-esférica. Estas 

microcápsulas, foram produzidas numa superfície quase super-hidrofóbica 

onde uma mistura de ácido hialurónico metacrilado, gelatina metacrilada, 

células cancerígenas e osteoblastos foram depositadas e reticuladas com luz 

U.V. Os resultados demonstram que os microtumores formados são 

reprodutíveis em termos de morfologia, tamanho e número de células 

encapsuladas. As formulações de co-cultura HA-MA / Gel-MA apresentaram 

deposição de cálcio ao fim de 14 dias, quando comparadas às monoculturas, 

evidenciando assim a importância dos osteoblastos. A avaliação da 

citotoxicidade da cisplatina nas co-culturas heterotípicas demonstrou que os 

microgéis 2.5%HA-MA-5%Gel-MA têm maior resistência ao fármaco que os 

microgéis com 5%HA-MA-5%Gel-MA.  

Em conclusão, os resultados indicam que as superfícies quase super-

hidrofóbicas são úteis para a produção rápida, e sem solventes, de modelos 3D 

in vitro do cancro da próstata e podem vir a servir de plataforma de testes para 

a descoberta de novas terapias para o cancro da próstata. 
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abstract 
 
 

Prostate cancer is one of the most commonly diagnosed malignancy and a 
leading cause of death among men worldwide. Currently, despite many 
advances in medicine, the current treatments for this neoplasia are mostly 
ineffective. The development of advanced in vitro disease models that can 
recapitulate human prostate tumors may revert this scenario by accelerating the 
pre-clinical discovery of new therapies which can realistically impact patients’ life 
span. 
Up to now, regulatory agencies recommend that anti-tumor drug screening 
should be performed in two-dimensional (2D) cell cultures for gathering 
preliminary pre-clinical data. However, these models fail to mimic key 
characteristics of in vivo human tumors including their spatial distribution, cell-
cell contacts and nutrients/oxygen gradients. Moreover, these 2D models utterly 
fail to replicate tumors extracellular matrix (ECM) and cellular heterogeneity. 
These intrinsic limitations cause a number of false positive/negative results and 
provide a poor correlation with clinical trials data. 
To overcome these issues, in vitro 3D tumor models were proposed as valuable 
alternatives. Such platforms are able to reproduce various aspects of human 
solid tumors microenvironment, including gene expression patterns, 3D cell-cell 
interactions, necrotic core formation and drug resistance phenotypes. 
The research work developed within the scope of this dissertation describes the 
production of a novel 3D prostate cancer in vitro tumor model that mimics 
prostate cancer bone metastasis cellular heterogeneity and ECM 
microenvironment. The model is comprised of human prostate cancer cells (PC-
3) and human osteoblasts, encapsulated in spheroidal-shaped hydrogel 
microparticles. Such cell-laden spheroidal microcapsules were assembled on a 
quasi-superhydrophobic surface by unitary droplet dispensing through U.V. 
mediated photocrosslinking of methacrylated hyaluronic acid and methacrylated 
gelatin blends. 
The obtained results show that spheroidal microtumors were reproducible in 
terms of morphology, size and number of encapsulated cells. The selected HA-
MA/GelMA formulations present the deposition of calcium after 14 days, when 
compared to the monocultures, thus evidencing the importance of osteoblasts 
inclusion. The evaluation of cisplatin cytotoxicity in heterotypic co-cultures 
showed that 2.5% HA-MA-5% GelMA microgels have higher drug resistance 
than 5% HA-MA-5% GelMA 
Overall, the findings indicate that quasi SH are suitable for rapid, and solvent-
free, manufacture of 3D prostate tumor in vitro models that may serve as testing 
platforms for the discovery of new therapies for prostate cancer. 
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1.  Introduction 
 

Statistically, cancer kills one out of eight people in the world [1]. Cancer can be caused 

by numerous environmental and epidemiological factors, and it is characterized by an 

unbridled proliferation of cells that have the ability to invade healthy tissues in a process 

known as metastization. Tumor development is a dynamic process in which cancer cells 

differentiate, proliferate and move to diverse sites interacting three-dimensionally (3D) with 

each other and with the surrounding extracellular matrix (ECM). This process is identical to 

those involved in the formation of the first tissues during embryonic developmental stages 

because such cells have specific genetic information to grow and spread [2]. Prostate cancer 

(PCa) has long been identified from ancient times, first described by ancient Egyptians and 

Prostate removal has started more than 100 years ago [3].  

Among, all cancers, prostate cancer is one of the most frequently diagnosed non-

cutaneous malignancies in men. Despite significant advances in this treatment, prostate cancer 

is one of the leading causes of cancer death in men, representing 19 % of all cases, nearly 1 

in 5 new diagnostics [4]–[6]. In Portugal, prostate cancer represents about 3.5 % of all deaths 

in the country and more than 10 % of cancer-related deaths, recorded in 2010 according to the 

Portuguese Urology Association [7]. Inheritance, advanced age, and ethnic origin are some 

examples that may influence the development of prostate cancer. Alcohol consumption, 

exposure to ultraviolet radiation, sexual behavior and exogenous factors may also be involved 

in the development of prostate cancer (PCa), however its direct link to the development of the 

disease is lesser important than those formerly described. Recent prostate cancer development 

studies performed on healthy men from age 20 to 40 revealed the presence of histological foci 

of prostate cancer, suggesting its beginning at a relatively early age, although prostate cancer 

is a disease mainly associated with older men [8]. Statistically, one in six men will develop 

some form of prostate cancer during their lifetime and, curiously, almost 50 % of men, after 

autopsies, have tumors inside the prostate. Although most cases are clinically indolent, a 

variable proportion of patients develops castration-resistant PCa (CRPCa), an aggressive and 

deadly form of the disease, associated with metastasis formation [6]. This indicates that 

prostate cancer is a slow-growing cancer that may not lead directly to morbidity, but there are 

aggressive forms of the disease that, when detected at late stages, lead to fatal outcomes [6], 

[9]. Another important example of an aggressive PCa is mucinous (or colloidal) prostate 
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cancer (MPCa). This sub-type is an adenocarcinoma characterized by approximately 25 % of 

extracellular mucin and reported to have a more aggressive evolution in some cases [10]. 

Dysregulation of microRNA (miRNA) expression has also recently been implicated 

as a possible mechanism in PCa development and disease progression (Figure 1). 

 

Figure 1. Most important RNA classes responsible for the molecular pathogenesis of prostate cancer 

onset and evolution. Adapted from [10]. 

 

In the prostate several neoplastic transformation events can occur because PCa is a 

multifocal disease. The outermost peripheral zone of the prostate gland is the largest part of 

this organ and is the location to where most prostate carcinomas spread. On the contrary, 

benign prostatic hyperplasia (BPH), a non-malignant condition, commonly found in older 

men, arises generally at the transition zone [8]. Both of these conditions are remarkably 

challenging to detect at an early stage and currently there is a high demand for the discovery 

of novel disease biomarkers. 

Androgen signaling plays a critical role in the normal development, proliferation, and 

differentiation prostate, as well as the onset of prostate cancer through their interactions with 
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the androgen receptor (AR). The AR is a protein that is able to bind to androgens and act a 

transcription factor to regulate a diverse array of genes. Testosterone is the most common 

androgen [8], [11].  

Genetic and epigenetic changes contribute to the onset of PCa, but almost all prostate 

cancers begin with androgen dependence, but prostate cancer cells often escape from primary 

hormonal control, so when androgen deprivation therapy is given, the prognosis of the disease 

improves. Despite this, some cancer cells can survive and grow during this treatment, 

originating prostate cancer independent of androgen. When this happens, the disease is fatal 

because there are no therapies yet capable of solving the problem [6], [9], [12]. The main 

methods of diagnosis the PCa are a digital rectal examination (DRE), prostate-specific antigen 

test (PSA) and transrectal ultrasound (TRUS) biopsy. Prostate epithelial cells, in the normal 

secretions of the prostate, produce a serine protease named PSA. This unique biomolecule 

was discovered about 20 years ago and has lately become the leading and only tumor marker 

for diagnosis, monitoring, and prognosis of prostatic carcinoma accepted by the US Food and 

Drug Administration (FDA) with the purpose of diagnosing premature prostatic carcinoma. 

When there is rupture of the normal architecture of the prostate this serine protease is released 

into the bloodstream, being present in relatively large concentrations [8], [13]. Patients who 

present positive PSA tests undergo a prostate biopsy, where the prostate tissue is analyzed to 

determine whether the cancer is present or not [13]–[15].  

After the biopsy, the prostate tissue is evaluated by the Gleason scale, classifying the 

tumor from 1 to 5 (depending on its differentiation), evaluates the patient in the condition of 

his primary tumor, presence and percentage of distant metastases [13]. Figure 2 shows the 

treatment that each patient will make according to the results of the biopsy. 
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Figure 2. Decision diagram of prostate cancer diagnosis and treatment. Adapted from [9]. 

 

Cancers with assessments equal or lower than 6 are monitored only, without requiring 

treatment whereas cancers with higher scores are treated with radical prostatectomy and 

androgen deprivation therapy [9]. 

 If PSA analysis, which usually provides information about the location of the 

disease, indicates that the cancer is located inside the prostate, the patient will undergo 

radical prostectomy. This treatment method has an effectiveness of almost 40 %, and is the 

most usual in this type of cases. The reminiscent tumor tissue is not cured because it is 

impossible to remove the entire tumor mass (these patients are thought to have residual 

disease after surgery). However, there are cases where patients are apparently cured, but they 

return having the disease later. The PSA test in post-prostatectomy patients is of paramount 

importance in deciding who has residual disease, who relapsed (and when) and who can be 

considered cured. Conventional treatments are: surgical excision of the prostate (radical 

prostatectomy) external beam radiation therapy or internal radiation therapy 

(brachytherapy); however, radiation resistance has become a practical deterrent to prostate 

cancer radiotherapy. In the case of advanced cancer, these regimens are usually followed or 

replaced by androgen deprivation therapy, which will initially reduce the tumor load and / 

or the circulation of PSA to low or undetectable levels, but ultimately the disease will recur 

in most cases [4], [6], [16]. All of these medical decisions and biomarkers research are 
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intimately related with the complexity of the disease and ultimately of its unique tumor 

microenvironment. 

 

1.1. The tumor microenvironment: from prostate cancer to bone 

metastatic niche 
 

Most prostate cancers begin when there are interactions between the epithelial cells 

and the surrounding stroma (Figure 3). These interactions define the progression and 

invasiveness of tumor cells. This unique niche is known as the tumor microenvironment 

(TME) and is the cellular environment in which the tumor exists. TME is composed of 

different cell types, including both cancerous and non-cancerous cells, which are embedded 

in a tumor-specific ECM [17]. Non-malignant cells (stromal cells) and the specific 

composition of the extracellular matrix (ECM) in the TME both contribute to the malignancy 

and behavior of cancer cells [18].  

The complex tumor microenvironment controls: (i) the initiation, (ii) growth and 

proliferation, (iii) metastasis and (iv) therapeutic resistance of cancer cells; both during 

disease progression and treatment. The extracellular matrix that surrounds human tumors is 

characterized by higher than normal levels of some ECM components, such as collagens (I, 

II, III, V and IX) and proteoglycans including hyaluronic acid (HA). As the tumor progresses 

the tumor ECM will become more rigid than normal tissue ECM, causing metastases [19], 

[20].  

 

Figure 3. Tumor is a complex heterocellular microenvironment where cancer cells are in constant 

communications with the stromal cells, the extracellular matrix, and biochemical signaling molecules. Tumor 
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stroma plays a major role in regulating functions of cancer cells and their responses to therapeutic compounds. 

Adapted from [21]. 

 

In the process of developing a malignant disease, cancer cells acquire resistance to 

apoptotic signals, leading to the uncontrolled proliferation of cancerous cells with invasive 

potential, where the formation of a supporting stroma and the development of the vasculature 

occur [18]. The ECM is comprised by fibrous proteins (e.g., collagen, laminin and 

fibronectin) and glycosaminoglycans, and it has a three-dimensional (3D) structure that 

provides biochemical and physical support to the surrounding cells [18], [22]. The ECM 

changes during tumor development and progression, so modifications in ECM structure 

would be the main contribution in shaping the surrounding tumor stroma [18]. Interestingly, 

prostate tumor microenvironment and its complex stromal cellular and acellular components 

change in metastatic foci. 

Prostate cancer (PCa), during the advanced stage of the disease, is highly likely to 

form bone metastases, which is why secondary tumors form, contributing to its high level of 

fatality. Several studies have reported that about 90% of patients with advanced prostate 

cancer will develop bone metastases [18], [23], [24]. Metastasis from prostate cancer cells 

to the bone is a process involving several steps: 1) cancerous cells are released from the 

primary site; 2) the displacement of cells into the blood or lymph and 3) fixation of tumor 

cells to bone tissue and development of a tumor at the site of bone metastasis  [23]. Bone-

metastatic cancer cells interact with bone-marrow (BM) cells that promote their 

proliferation, chemoresistance, and evolution. Understanding the role of these bone cells 

(osteoblasts, osteocytes, osteoclasts, hematopoietic cells, mesenchymal cells, and immune 

cells) and how they interact with tumor cells, is an important aspect for the development of 

therapies for the metastasis [23]. Throughout the whole process from the primary tumor to 

the metastasis, it is widely accepted that non-malignant cells actively influence the fate of 

cancer cells [18]. Factors secreted by prostate cancer cells alter the balance between the 

activity of osteoblasts (bone forming cells) and osteoclasts (bone lysis cells). Both are 

involved in the progression of prostate cancer metastases because they inhibit these factors 

and determine the phenotype of bone lesions. Prostate cancer metastases cause osteoblasts 

(excessive bone formation), osteolytic (bone lysis), or mixed bone response (Figure 4) [24], 

[25]. X-ray analysis of bone metastases of prostate cancer shows the joining of many 

osteoblasts to prostate cancer cells, whereas in normal bone or bone metastases of other 
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cancers this does not occur, or occurs in small amounts, for this reason we can associate the 

increased activity of osteoblasts to the metastasis of prostate cancer to the bone [25]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Role of osteoblasts and osteoclasts in bone remodelling. Bone mass is maintained by a 

balance between the activity of osteoblasts (right), which form bone, and osteoclasts (left), which break it 

down. Normally, bone formation and bone resorption are closely coupled processes involved in the normal 

remodelling of bone. Osteoblasts make bone by producing a matrix that then becomes mineralized. Osteoblasts 

also regulate osteoclast activity through expression of cytokines such as receptor activator of nuclear factor-

κB ligand (RANKL), which activates osteoclast differentiation, and osteoprotegerin (OPG), which inhibits 

RANKL. Factors that are known to stimulate osteoblast proliferation or differentiation are boné morphogenetic 

protein (BMP), transforming growth factor-β (TGFβ), insulin-like growth factor (IGF), fibroblast growth factor 

(FGF), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF) and WNT. The 

WNT antagonist DKK blocks osteoblast proliferation. Osteoclasts are large multinucleate cells that break down 

bone and are responsible for bone resorption. Adapted from [25]. 

 

In addition, several other factors such as bone morphogenetic proteins (BMPs), 

transforming growth factor-β1 (TGF-β1) and TGF-β2, insulin-like growth factor 1 (IGF-1) 

and IGF-2, fibroblast growth factor (FGF); platelet-derived growth factor (PDGF) and WNT 

are endocrine and paracrine factors involved in bone formation and resorption that regulation 

of osteoblast proliferation and differentiation and also increase the invasion, proliferation, 

and survival of prostate cells in bone tissue. Vascular endothelial growth factor (VEGF) 

modifies the bone microenvironment and affect osteoblast function indirectly (Figure 5) 

[25], [26]. 
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Figure 5. Biological interplay between prostate cancer cells and osteoblasts in the metastatic niche. 

PCa cells influence bone homeostasis by secreting paracrine factors that regulate osteoblast proliferation or 

differentiation. These factors include BMP, TGFβ, IGF, PDGF, VEGF, endothelin-1 (ET1), MDA-BF-1, 

urokinase-type plasminogen activator (uPA) and PSA. These factors (BMP, TGF-β, IGF, PDGF, VEGF, ET1, 

MDA-BF-1) have been shown to support osteoblast proliferation by exerting direct effects on osteoblasts or 

influence osteoblast proliferation by modifying growth factors present in the bone microenvironment (uPA and 

PSA). In addition, these growth factors modulate osteoblast function to promote deposition of new bone matrix. 

The newly formed bone has features of immature bone (woven bone) with collagen fibres arranged in irregular 

random arrays. Woven bone is eventually converted into lamellar bone, which is mature bone with collagen 

fibres arranged in lamellae. Osteoblasts also produce factors that stimulate proliferation of prostate cancer cells 

(green circles); these bone-derived factors have not yet been identified. Adapted from [25]. 
 

1.2. Current Treatments for prostate cancer 
 

Despite significant advances in treatment prostate cancer and its metastatic niche, 

particularities such as hormone dependence or the slow progression of the disease, can limit 

the medical decision for the best therapeutic approach to be applied, and sometimes there 

are several valid treatment options for the same case [27].  

The European Association of Urology, recommends that in patients with localized 

PCa, cryotherapy and focused high intensity ultrasound (HIFU) should be used as a 

treatment. However, there are more ablative approaches for the treatment of PCa, such as: 

laser ablation therapy, radiofrequency ablation, irreversible electroporation and 

photodynamic therapy [28], [29].  

Because prostate cancer often grows very slowly, some men (especially those who 

are older or have other serious health problems) might never need treatment for their prostate 

cancer. Instead, their doctors may recommend approaches known as watchful waiting or 

active surveillance. 
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1.2.1. Watchful waiting or active surveillance 

 

Active surveillance is often used to mean monitoring the cancer closely. Usually this 

approach includes a doctor visit with a prostate-specific antigen (PSA) blood test and digital 

rectal exam (DRE) about every 6 months. Prostate biopsies may be done every year as well.  

Watchful waiting (observation) is sometimes used to describe a less intensive type of follow-

up that may mean fewer tests and relying more on changes in a man’s symptoms to decide 

if treatment is needed. These treatments are used when there is no symptom; the cancer is 

expected to grow slowly (based on the Gleason scale); is small; is just located in the prostate 

[30]. 

 

1.2.2. Surgery for Prostate Cancer 
 

Prostate cancer surgery is a common choice to try to cure prostate cancer if it is not 

thought to have spread outside the prostate gland. The main type of surgery for prostate 

cancer is a radical prostatectomy. In this operation, the surgeon removes the entire prostate 

gland plus some of the tissue around it, including the seminal vesicles. The major possible 

side effects of radical prostatectomy are urinary incontinence (being unable to control urine) 

and erectile dysfunction (impotence; problems getting or keeping erections). These side 

effects can also occur with other forms of prostate cancer treatment [31], [32]. 

 

1.2.3. Radiation Therapy for Prostate Cancer 
 

Radiation therapy uses high-energy rays or particles to kill cancer cells and may be 

used as the first treatment for cancer that is still just in the prostate gland and is low grade. 

This approach can also be used as a part of the first treatment (along with hormone therapy) 

for cancers that have grown outside the prostate gland and into nearby tissues, in order to 

help keep the cancer under control for as long as possible and to help prevent or relieve 

symptoms. 

The 2 main types of radiation therapy used for prostate cancer are: External beam 

radiation and Brachytherapy (internal radiation). External beam radiation therapies (EBRT), 

is based on the use of radiation beams (emitted from a machine outside the body), that are 

focused on the prostate gland. This type of radiation can be used overcome early stage 

cancers, or to help relieve symptoms such as bone pain if the cancer has spread to a specific 

area of the bone, but its use to treat advanced diseases is limited [33], [34]. 
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• Three-dimensional conformal radiation therapy (3D-CRT), use special computers to 

precisely map the location of your prostate. Radiation beams are then shaped and aimed 

at the prostate from several directions, which makes it less likely to damage normal 

tissues. 

• Intensity modulated radiation therapy (IMRT) an advanced form of 3D therapy, is 

the most common type of EBRT for prostate cancer. It uses a computer-driven machine 

that moves around the patient as it delivers radiation. Along with shaping the beams and 

aiming them at the prostate from several angles, the intensity (strength) of the beams can 

be adjusted to limit the doses reaching nearby normal tissues. This lets doctors deliver an 

even higher dose to the cancer. 

• Stereotactic body radiation therapy (SBRT) this technique uses advanced image guided 

techniques to deliver large doses of radiation to a certain precise area, such as the 

prostate. Because there are large doses of radiation in each dose, the entire course of 

treatment is given over just a few days. 

• Proton beam radiation therapy focuses beams of protons instead of x-rays on the cancer. 

Unlike x-rays, which release energy both before and after they hit their target, protons 

cause little damage to tissues they pass through and release their energy only after 

traveling a certain distance. This means that proton beam radiation can, in theory, 

deliver more radiation to the prostate while doing less damage to nearby normal tissues. 

Possible side effects of EBRT are bowel, urinary and erection problems, feeling tired 

and lymphedema. 

Brachytherapy (internal radiation therapy) also called seed implantation or interstitial 

radiation therapy) uses small radioactive pellets, or “seeds,” each about the size of a grain of 

rice. These pellets are placed directly into prostate. Brachytherapy alone is generally used 

only in men with early-stage prostate cancer that is relatively slow growing (low-grade), 

combined with external radiation is sometimes an option for men who have a higher risk of 

the cancer growing outside the prostate. Imaging tests such as transrectal ultrasound or MRI 

are used to help guide the placement of the radioactive pellets. Special computer programs 

calculate the exact dose of radiation according to the tumor mass. Possible side effects of 

brachytherapy treatments are bowel, urinary and erection problems [33]. 
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1.2.4.  Cryotherapy for Prostate Cancer 
 

 Cryosurgery or cryotherapy is the use of very cold temperatures to freeze and kill 

prostate cancer cells. Despite it sometimes being called cryosurgery, it is not actually a type 

of surgery. Cryotherapy is sometimes used to treat early-stage prostate cancer. Most doctors 

do not use cryotherapy as the first treatment for prostate cancer, but it is sometimes an option 

if the cancer has come back after radiation therapy. This type of procedure requires spinal or 

epidural anesthesia or general anesthesia.  

The doctor uses transrectal ultrasound (TRUS) to guide several hollow probes 

(needles) through the skin between the anus and scrotum and into the prostate. Very cold 

gases are then passed through the needles to freeze and destroy the prostate. To be sure the 

prostate is destroyed without too much damage to nearby tissues, the doctor carefully 

watches the ultrasound during the procedure. Warm saltwater is circulated through a catheter 

in the urethra during the procedure to keep it from freezing. Cryotherapy doesn’t appear to 

be as good as radiation for more advanced prostate tumors [35].  

 

1.2.5. Hormone therapy 

  

Prostate cancer therapy involving hormones is also called androgen deprivation 

therapy (ADT) or androgen suppression therapy. The goal is to reduce levels of male 

hormones, called androgens, in the body, or to stop them from affecting prostate cancer cells. 

Androgens stimulate prostate cancer cells to grow. The main androgens in the body are 

testosterone and dihydrotestosterone (DHT). Lowering androgen levels or stopping them 

from getting into prostate cancer cells often makes prostate cancers shrink or grow more 

slowly for a time. But hormone therapy alone does not cure prostate cancer. 

 

Currently there are various types of hormone therapy that can be applied both based 

on surgical or pharmacological-based strategies: 

• Orchiectomy (surgical castration), even though this is a type of surgery, its main effect 

is as a form of hormone therapy. In this operation, the surgeon removes the testicles, 

where most of the androgens (testosterone and DHT) are made. This causes most 

prostate cancers to stop growing or shrink for a time. 
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• LHRH agonists: Luteinizing hormone-releasing hormone (LHRH) agonists (also called 

LHRH analogs or GnRH agonists) are drugs that lower the amount of testosterone made 

by the testicles. Treatment with these drugs is sometimes called chemical castration or 

medical castration because they lower androgen levels just as well as orchiectomy. Even 

though LHRH agonists cost more than orchiectomy and require more frequent doctor 

visits. 

• Pharmaceutical LHRH antagonist: Degarelix (FIRMAGON®) [36] is an LHRH 

antagonist. It works like the LHRH agonists, but it lowers testosterone levels more 

quickly and doesn’t cause tumor flare like the LHRH agonists do. Treatment with this 

drug can also be considered a form of medical castration. This drug is used to treat 

advanced prostate cancer. It is given as a monthly injection under the skin. The most 

common side effects are problems at the injection site (pain, redness, and swelling). 

• CYP17 inhibitor: LHRH agonists and antagonists can stop the testicles from making 

androgens, but other cells in the body, including prostate cancer cells themselves, can 

still make small amounts, which can fuel cancer growth. Abiraterone (ZYTIGA®) [37] 

blocks an enzyme called CYP17, which helps stop these cells from making androgens. 

Abiraterone can be used in men with advanced castrate-resistant prostate cancer (cancer 

that is still growing despite low testosterone levels from an LHRH agonist, LHRH 

antagonist, or orchiectomy). 

 

Drugs that stop androgens from working are anti-androgens. Androgens have to bind 

to a protein in the prostate cell called an androgen receptor to work. Anti-androgens are 

drugs that bind to these receptors, so the androgens won’t be able to do so. Flutamide 

(EUXELIN®) [38]; Bicalutamide (CASODEX®) [39] and Nilutamide (NILANDRON® [40]) 

are drugs of this type. Enzalutamide (XTANDI®) [41] is a newer type of anti-androgen. 

Enzalutamide can be used in men with metastatic prostate cancer before chemotherapy [42]. 

Normally when androgens bind to their receptor, the receptor sends a signal to the cell’s 

control center, telling it to grow and divide. Can often be helpful in men with castration-

resistant prostate cancer [43]. 
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1.2.6. Chemotherapy-based prostate cancer therapy 

 

Chemotherapy-based approaches are based on the systemic injection, or oral 

administration of anti-cancer drugs. These drugs enter the bloodstream and go throughout 

the body, making this treatment potentially useful for cancers that have spread (metastasized) 

to distant organs. Chemotherapy is sometimes used if prostate cancer has spread outside the 

prostate gland and in cases where hormone therapy does not promote the desired therapeutic 

outcome. Recent research has also shown that chemotherapy might be helpful if 

administered in combination with hormone therapy. Chemotherapy is not a standard 

treatment for early prostate cancer, but some studies are looking to see if it could be helpful 

if given for a short time after surgery. Some of the anti-cancer drugs used to treat PCa 

include: Docetaxel (Taxotere®) [44]; Cabazitaxel (JETVANA®) [45]; Mitoxantrone 

(Novantrone®) [46] and Estramustine (Emcyt®) [42]. 

Chemotherapy drugs main target is prostate cells that are rapidly dividing. But other 

cells in the body, such as those in the bone marrow (where new blood cells are made), the 

lining of the mouth and intestines, and the hair follicles, also divide quickly. These cells can 

therefore be affected by chemotherapy as well, which can lead to deleterious side effects in 

healthy organs. The side effects of chemotherapy depend on the type of pharmaceutical, 

administered dose and the administration regime. Some common side effects associated with 

these treatments are: Hair loss, mouth sores, loss of appetite, nausea and vomiting, diarrhea, 

increased chance of infections (from having too few white blood cells), easy bruising or 

bleeding (from having too few blood platelets) and fatigue (from having too few red blood 

cells). 

From these former examples of currently applied therapies for PCa, it becomes clear 

that all of them elicit, to a certain extent, deleterious side effects. Adding to this, most of 

these approaches are not sufficient to completely eradicate the disease or even to prolong 

patient survival rates beyond 5-years past diagnosis. Such scenario evidences the necessity 

to actively investigate new, and more advanced, PCa therapies [47].  

In recent decades, researchers have actively sought to capture the complexity of 

human prostate cancer and of its metastasis by developing various types of disease models 

that could help in understanding the pathophysiology and biological hallmarks of PCa, as 

well as discover more effective treatments than those currently applied. 
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 However, the pre-clinical discovery of new anti-cancer therapeutics using laboratory 

animal models, involves high costs and ethical issues associated with the use of rodents, and 

has demonstrated a very low correlation with the data that is obtained in clinical trials [48].  

To overcome these issues 3D in vitro tumor models have been researched in the last 

two decades as potential alternative preclinical testing platforms to screen for new anti-

cancer therapeutics or therapeutics combinations (Figure 6). 

 

 

 

 

 

 

 

 

 

Figure 6. Traditional workflow of designing and testing anti-cancer therapeutics. General methods 

utilize 2D cell cultures and then laboratory animal models at pre-clinical stages, and finally clinical trials in 

human patients (longer red pathway). By taking advantage of 3D cell cultures (green pathway) scientists are 

able to bypass the main limitations of 2D flat in vitro cell culture models, minimize large-scale and expensive 

animal models, decrease false positives, and improve clinical research by identifying promising candidates in 

a more expedite approach. Adapted from [23]. 

 

1.3. In vitro 3D tumor models for new Prostate Cancer therapies 

discovery  

 
The development of improved in vitro models for tumor biology is very important 

since they can expedite the discovery of new treatments or treatment combinations. To date, 

regulatory agencies recommend that pre-clinical drug screening must be based on two-

dimensional (2D) models to study the efficacy of anti-tumor drugs. These models have been 

proposed under the assumption that the cell monolayers reflect the main characteristics of in 

vivo tumors. Adding to this, in the pharmaceutics pre-clinical discovery process it is clear 

that 2D in vitro cultures do not represent the 3D spatial environment of a human tumor, do 

not recapitulate ECM or stromal cellular components, [2], [48] nor are able to mimic the 

resistance to multiple drugs (dysregulation of cellular metabolism, apoptosis, among other 
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factors). In fact, in 2D flat culture systems, cells are grown under non-physiological and 

limited conditions. In 2D cultures, cells become attached to rigid and flat substrates, which 

forces them to polarize and increase their area of exchange for culture media, causing 

excessive nutrition and oxygenation [49], [50]. Ultimately, this reductionist model which 

lacks cell–cell and cell–matrix interactions do not replicate the in vivo response. Two-

dimensional systems cannot provide a complex and dynamic 3D microenvironment for cells, 

and thus lead to poorly in vitro/in vivo correlative findings. In fact, various studies have 

shown that 2D in vitro cell culture cannot replicate real microenvironment and cell actions 

in vivo because of lack of cell–cell and cell–matrix interactions and loss of tissue-specific 

architecture, mechanical and chemical cues, which are vital for unique functions of real 

tissues in the human body. Therefore, in order to advance the development of new treatments 

for cancer, it is of extreme importance to recapitulate the complex cellular microenvironment 

into a simpler system, since only in this way can one perceive the mechanisms involving 

tumor initiation and progression [49]–[52]. For instance, b1-integrin inhibits the growth of 

3D multicellular spheroid (MCS) formation of PC-3 prostate adenocarcinoma cells, but in 

the 2D culture the same results are not observed [53]. 

To reduce these contradictory results, multicellular spheroids were developed, which 

passed the biology of cancer into the third dimension (3D), giving rise to models of a greater 

complexity [54], [55]. However, they have important limitations since they are grown as 

independent cellular aggregates and also show reduced interactions with the extracellular 

matrix (ECM) [56], [57]. To minimize this effect, and considering that the tumor 

microenvironment controls tumorigenesis, tumor-ECM mimics (e.g., hydrogels) were 

introduced as cell culture systems in order to incorporate cells in a ECM mimetic 3D matrix. 

The major difficulty with this approach is the appropriate modulation of physical, chemical 

and mechanical cues of human tumors ECM.  

Sutherland and co-workers, in 1971, were the first to propose the multicellular tumor 

spheroids (MCTS) as 3D models, which are very interesting in the simulation of small non-

vascularized solid tumors [49]. 3D spheroids form only when cell-cell interactions are 

stronger than those between cells and the substrate, and cell’s nucleus adopts a glycolytic 

metabolic activity. Generally, 3D spheroids are not vascularized, the dispersion of oxygen 

and nutrients is therefore limited, increasing the pH outside the cell, as in the regions of 

tumor hypoxia and acidity between the nucleus and tumor blood vessels [20], [58]–[61].  
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As an example [21], Ham et al., produced spheroids of cancer cells, stromal 

fibroblasts and immune cells, so as to mimic the multi-cellular components of the tumor 

microenvironment [21]. Despite achieving interesting results regarding the formation of a 

necrotic core and hypoxia gradients these models still fail to recapitulate the tumor ECM 

(Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. a) Concentration gradients of oxygen, nutrients, and metabolites generate distinct concentric 

zones in spheroids: An outer zone containing proliferative cells, a middle zone with quiescent cells, and an 

inner zone containing necrotic cells. Abundance of oxygen and glucose at the outer zone and efficient removal 

of waste products facilitate cell proliferation, whereas low oxygen levels and a buildup of toxic metabolites 

such as carbon dioxide and lactate generate a necrotic core. (b,c) Development of hypoxia and anoxia is shown 

in spheroids. Adapted from [21]. 

 

Given their tumor-like features, in vitro multicellular 3D spheroids have been 

particularly useful for studying the efficacy of novel chemotherapeutic agents or drug 

delivery systems. Significant differences in drug responses have been observed for numerous 

cancer types in spheroid culture, but increased chemical resistance appears to depend upon 

the type of cancer cells and the specific treatment under study [62]. Therefore, MCSs have 

emerged as a powerful tool to reduce the gap between the in vitro and in vivo model. 

Producing MCS of homogeneous size is essential for the conduct and functions of cells [50]. 
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Figure 8. Various steps to generate a scaffold-based three-dimensional tumor model. Adapted from 

[19]. 
 

 In the manufacture of 3D-MCTS, polymeric hydrogels can function as tumor-ECM 

mimics and serve to recapitulate cell-matrix interactions. In order for the microenvironment 

of 3D-MCTSs and cell responses to be as close to reality as possible, it is possible to adjust 

the scaffold structure, morphology, stiffness, and its biomimetic components during 

synthesis [63]. The synthesized polymeric hydrogels can be chemically modified to have the 

desired ECM characteristics (E.g., integrins, matrix metalloproteinases, collagen, 

fibrinogen) promote cell aggregation and maintain tissue functionality to simulate the in vivo 

environment in vitro. In addition, synthesized polymers have high reproducibility and 

improved handling characters. 3D-MCTSs from breast, prostate and Lewis lung cancer cells 

were successfully produced in a poly (lactic-co-glycolic acid) (PLGA) scaffold [19]. 

 

1.4. Prostate cancer 3D in vitro tumor models  

 
3D culture systems can be subdivided into: (i) scaffold-free or (ii) scaffold-based 

platforms. Scaffold-free 3D cancer models are best exemplified by tumor spheroids. Scaffold 
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materials can be synthetic or natural in origin. Biomaterials are broadly for mimicking 

tumors extracellular matrix (ECM), due to their advantageous features, such as 

biocompatibility, biodegradability, and bioavailability, and also the capability to interact 

with cells. From the different types of biomaterials, natural polymers are particularly 

valuable since they can be engineered and their properties tuned to obtain desirable 

mechanical and physical characteristics, such as those found in tumors ECM [17], [64]–[66]. 

Recent studies related to prostate cancer migration to bone (which has a porous collagen-

rich matrix), have reported that these cells proliferate at the same rate regardless of the 

rigidity of the matrix [67]. 

 

1.4.1. Scaffold-free 3D Prostate cancer models 
1.4.1.1. 3D Prostate cancer spheroids 
 

Mosaad and co-workers,[68] described the use of non-adherent microwells with a 

nylon netting (named microwell-mesh) that allows the manufacture of microtumors by 

promoting cells aggregation. The authors analyzed the response of 3D tumor spheroids and 

2D cell cultures to Docetaxel and Abiraterone Acetate drugs, and concluded that 3D micro-

tumors are not hypersensitive, unlike 2D microtumors (Figure 9 and 10). 

Figure 9. Monolayer and micro-tumor behavior of C42B and LNCaP cell lines in androgen deprived 

conditions. (a) C42B (Top) and LNCaP (Bottom) cells were seeded in expansion culture medium for 24 hours 
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followed by medium exchange to androgen-depleted medium (CSS) for a further 48 hours. Abiraterone Acetate 

was then added to the culture medium at the indicated concentrations for an additional 48 hours. AlamarBlue®, 

Cell Titer-Glo 3D Cell Viability and PicoGreen assays were then performed to assess metabolic activity, ATP 

quantity, and DNA quantity, respectively. All results are represented as a percentage of the FBS-containing 

culture medium control values. (b) Metabolic activity (AlamarBlue® assay) and DHR123 staining of LNCaP 

monolayers at specified Abiraterone Acetate concentrations. Results represented as the mean fluorescence 

values of four individual samples normalized to control culture values. Adapted from [68]. 

 

 
 

Figure 10. C42Band LNCaP Docetaxel drug response. C42B and LNCaP cells in 2D and 3D cultures 

were treated with Docetaxel in the indicated concentrations for 72 hours followed by metabolic activity and 

DNA content measurements. All results are represented as a percentage of the vehicle control values. Adapted 

from [68]. 

 

1.4.1.2. Prostate cancer modeling in Hydrogel-based models 

 

The efficacy of three new anticancer drugs (Camptothecin, Docetaxel and 

Rapamycin) for the treatment of metastatic bone prostate cancer was evaluated by Gursky 

and co-workers by using an hydrogel-based 3D drug screening platform. In this study, 

hydrogels derived from hyaluronic acid (HA) have been used to develop a lymph node 

neoplasm of the prostate (LNCaP) and to understand drugs mechanisms of action, to find new 

targets or to address efficacy, toxicity of these chemotherapeutics. [69] 
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To evaluate the efficacy of the three drugs it is necessary to have an adequate 

microenvironment. The inclusion of HA allowed the cells to grow in the hydrogel matrix and to 

form distinct clustered structures reminiscent of real tumors [69] (Figure 11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. C4-2B cells form clusters in HA hydrogels but not on plastic. Phase-contrast images of 

cells cultured on plastic (A) or in HA hydrogel (B) for 2 days. Confocal images of live/ dead stained cells 

cultured on plastic (C) or HA hydrogel (D) for 2 days. Cells were stained with Syto-13 (green) for live cells 

and PI (red) for dead cells. Confocal images of cells cultured on plastic (E) or HA hydrogel (F) for 2 days 

stained for F-actin with phalloidin (green) and Draq5 for nucleic (blue). Adapted from [69]. 

 

 

Lu and colleagues, [70] produced microparticles based on the electrospay technique, 

encapsulated different cell types (MDA-MB-231, RFP and MCF-10A) to produce multilayer 

spherical hydrogel microparticles, and demonstrated that distinct cells could be encapsulated 

at various sites of the same particles (Figure 12). They have also been shown that ECM-

containing microparticles are excellent for creating controlled-size tumor micro-tissues. 

They developed microcapsules of co-culture with MDA-MB-231 breast cancer cells, normal 
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mammary epithelial cells MCF-10A and normal human pulmonary fibroblasts, and were 

also able to produce microcapsules capable of mimicking the hypoxic conditions of an 

avascular tumor in vivo [70]. 

 

 

Figure 12. Hydrogel microparticle designs and their applications for cell encapsulation. (a and b) 

Double-layer hydrogel microparticles made of fluorescently labeled alginate (red: alginate labeled with Alexa 

Fluor® 594 dye; green: alginate labeled with Alexa Fluor® 488 dye). (c and d) Double-layer alginate 

microparticles encapsulating different types of cells (green cells: MDA-MB-231 expressing GFP; red cells: 

normal human lung fibroblasts expressing RFP). (e and f) Side-by-side alginate hydrogel microparticles. (g 

and h) Cell encapsulation using side-by-side microparticles. (i and j) Triple-layer hydrogel microparticles (the 

inner most layer in i and j was unlabeled alginate). (k and l) Cell encapsulation using triple-layer particles (the 

blue cells in k and l were MCF-10A stained with Hoechst). Adapted from [70]. 

 

1.4.1.3. 3D tumor models of prostate cancer-bone metastasis 

 

Metastasis is one of the most complex processes in cancer, one of the most difficult 

to study and mimic using in vitro models therefore, it is crucial to understand the molecular 

and cellular phenomena involved in the metastatic cascade [71], [72]. Invasion of cancer 

cells through the basal membrane into a blood or lymphatic vessel (intravasion) followed by 

entrance into other tissue and / or organs (extravasion) are critical steps [73], [74]. 

There are few studies addressing the development of metastases in 3D models, but 

an in vitro 3D microfluidic model of the tumor–vascular interface was designed to integrate 

live imaging, precise control of microenvironmental factors, and endothelial barrier 

measurement [73]. Bone metastasis is the most difficult case to control, in prostate cancer. 
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As such, there some studies that explored the development of 3D tumor models to represent 

these cases.  

In one case, Sieh and co-workers developed tissue engineered bone (TEB) constructs 

from alveolar osteoblasts (hOB-human osteoblasts) and bone marrow stromal cells by using 

a cell sheet-based technique, then inserted PCa (PC3 and LNCaP) cells within TEB. It was 

verified that PC-3 and LNCaP cells formed clusters within the bone matrix. From hOB-PC-

3 and hOB-LNCaP co-cultures, cell density of PC-3 cells within the TEB construct was 

lower compared to LNCaP cells, perhaps indicating a difference in affinity between the two 

cell types towards the bone matrix. LNCaP cells showed greater integration into the bone 

matrix and formed clusters of cells, however, that appearance was not present in the hOB-

PC3 co-culture (Figure 13)[75]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 13- Fluorescence images of direct co-cultures of hOBs and CaP cells within TEB. Adapted 

from [75]. 

 

 

Fitzgeralnd and co-workers developed a collagen-based scaffold with 3D bone 

metastases from prostate cancer (PC3 and LNCaP) to assess the potential of the model in 

gene therapy designed for bone metastases. Metastatic cells were cultured in 2D and 

compared to the growth of 3D cells in 3 different collagen scaffolds (Figure 14). In the 3D 

model, cell proliferation, prostate specific antigen secretion (PSA), viability and matrix 

metalloproteinase enzyme (MMP) were observed (Figure 15). The evaluation of 

chemosensitivity was evaluated between 2D and 3D cultures through the use of the drug 
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Docetaxel. Both cultures were found to actively integrate and proliferate in the scaffolds, 

and were also more resistant to treatment with Docetaxel (Figure 16). 

In summary, a 3D cell culture model of prostate cancer bone metastasis was 

developed in which for the first time there was success in the delivery of gene therapy in a 

3D model in vitro [76]. 

 
 

Figure 14. Proliferation of PC3 and LNCaP prostate cancer cells in 2D vs 3D on three different 

collagen-based scaffolds. Proliferation rate of PC3 cells on days 1, 4 and 7 (a) and relative PC3 cell DNA 

content on scaffolds on day 7 vs day 4 (b) and day 11 vs day 7 (c). Proliferation rate of LNCaP cells on days 

1, 4 and 7 (d) and relative LNCaP cell DNA content on scaffolds on day 7 vs day 4 (e) and day 11 vs day 7 (f). 

Cells were cultured in 2D on tissue culture plates and in 3D using three collagen-based scaffolds (CollGAG, 

S200 and S500). Adapted from [76]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Live/dead staining of PC3 and LNCaP cells grown in 2D and on collagen-based scaffolds 

7 days after cell seeding. PC3 cells in 2D (a), on CollGAG (b), S200 (c) and S500 (d) scaffolds. LNCaP cells 
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in 2D (e), on CollGAG (f), S200 (g) and S500 (h) scaffolds. Live cells are represented in green and dead cells 

are shown in red. Adapted from [76]. 

 

 
 

Figure 16. (b) PC-3 cell numbers in 2D and 3D models, normalized to untreated control after 

Docetaxel treatment. Adapted from [76]. 

 

 

 The use of super-hydrophobic surfaces has lately been used to produce 3D models 

of disease. In the following sub-chapter is presented a mini-review on super-hydrophobic 

surfaces, since it is the method used in my work to develop a 3D model of prostate cancer.  
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Abstract 

The development of hydrophobized platforms to buildup tailored 3D multicellular in 

vitro microtumors for therapeutics preclinical screening is currently gaining a remarkable 

momentum. Such focus is related to the unique water and protein repellent properties of 

hydrophobic surfaces which rapidly promote cells self-assembly into dense 3D heterotypic 

agglomerates that recapitulate major hallmarks of solid tumors in vitro. Considering this, 

herein we showcase the recent technological advances on precision engineered 

hydrophobized surfaces and discuss their use for establishing reproducible 3D 

microphisiological tumor models with potential for rapid scalability toward high-

throughput/high-content imaging platforms. In addition, an in dept overview of disruptive 

studies employing static multi-array surfaces or dynamic non-wettable microfluidic chips 

for 3D multicellular spheroids fabrication and preclinical anti-cancer therapeutics screening 

is provided and critically discussed considering envisioned future advances. 

 

 

Keywords: 3D in vitro tumor models; Anti-cancer Therapies, Hydrophobized surfaces; 

Microphysiological systems; Therapeutics Screening. 
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1. Introduction 

Presently 2D flat cell culture in vitro testing platforms are increasingly recognized as 

simplistic preclinical models due to their unnatural culture environment when compared to 

the in vivo setting they aim to mimic. This disadvantage is particularly evident in the area of 

cancer in vitro modeling since 2D cell monolayers are utterly unable to recapitulate key cell-

cell and cell-tumor extracellular matrix (ECM) interactions. Moreover, 2D flat cultures do 

not reproduce malignant cells gene expression patterns, nor mimic the complex 3D compact 

architectures of in vivo solid human tumors [2], [3], [8]–[10]. To bridge this gap, in the last 

decade in vitro 3D culture models have been developed as valuable microphysiological 

models of human tumors [11]–[13].  

Up-to-date various types of 3D assemblies have been reported including 3D 

multicellular tumor spheroids, cancer cell laden tumor-ECM like hydrogels, or tumor 

organoids [1]. Among these, multicellular 3D spheroids (3D MCTS) have received a 

particular focus as in vitro malignant microtissues due to their ease of self-assembly, cost 

effectiveness, controllable morphology and potential to be used as large scale high-

throughput/high-content imaging models. Multicellular spheroids generally display a 

spherical morphology and have been widely used for recapitulating the cancer 

microenvironment of solid tumors due to their highly compact structure. Due to their density 

3D MCTS represent better in vitro the cellular heterogeneity, spatial distribution, gene 

expression patterns and also nutrient, oxygen and pH gradients of solid human tumors in 

comparison to their 2D and 3D hydrogel counterparts [2], [3], [14]. The establishment of 

such gradients leads to the formation of multiple milieus within the microtumor mass 

including: (i) an outer layer of highly proliferative cells, (ii) an intermediate layer comprised 

of quiescent cells, and (iii) an hypoxic and acidic necrotic core, similar to that found in 

human solid tumors [15]–[17]. There is also a growing body of evidence that cells within 

3D spheroids volume produce extracellular matrix (ECM) constituents such as collagen I/IV, 

laminin and fibronectin, key components of tumors ECM that ultimately play a role in cell 

proliferation and resistance to chemo- or radiotherapeutics [18], [19]. Since spheroids are 

able to recapitulate these tumor hallmarks, the overall drug response rates provide a more 

realistic in vitro/in vivo correlation with human tumors when compared to their 2D 

monolayer counterparts [5], [20]. Owing to this noteworthy potential, there is currently a 

high demand from pharmaceutical companies for multicellular 3D spheroids testing 
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platforms production through scalable and robust methodologies that can assure the highest 

rate of microtumor-to-microtumor reproducibility and in vivo mimicry. 

To date, various methodologies have been developed for the production of monotypic 

or heterotypic 3D spheroids, mainly through the use of: (i) centrifugal pelleting apparatus, 

(ii) spinner flasks gyratory rotation systems/rotating wall vessels that promote cells 

aggregation, (iii) hydrophobized multi-well/multi-array non-adhesive substrates, (iv) on-

chip hydrophobized microfluidic platforms, (v) porous 3D synthetic polymer scaffolds and 

3D synthetic/natural-origin hydrogels, as well as (vii) external force cell agglomeration 

systems (electric, acoustic, or magnetic), [3], [21]–[23]. Conventional methods for 

producing 3D tumor spheroids have however various disadvantages such as the formation 

of aggregates with irregular shapes and sizes, the inability to be used for high throughput 

drug screening (HTS) [3], have low yields and are time consuming. On the other hand 

hydrophobized surfaces have shown potential to overcome most of these limitations [17], 

[21], [24]. 

Hydrophobized platforms for 3D in vitro tumor spheroids assembly can be classified 

in: (i) static (e.g., non-adherent surfaces) or (ii) dynamic flow multi-arrays (e.g., lab-on-a-

chip microfluidics). These two classes represent the most cost-effective hydrophobic 

technologies to rapidly generate a significant number of 3D multicellular tumor spheroids. 

Such production and testing platforms allow to establish heterotypic multicellular co-

cultures of various cell lines (e.g., normal or malignant) or patient-specific tumor explants, 

offer the possibility to obtain a reproducible spherical morphology and to fabricate size 

tailored 3D microtumors via precise control over key parameters (e.g., droplet size, flow 

rate, cell number, etc.) [21], [25]. Moreover, these platforms may allow the simultaneous 

production of 3D microtumors and evaluation of new drug candidates anti-cancer 

performance in the same spot/compartment.  

Considering the relevance of this technology for 3D tumor in vitro 

microphisiological models’ generation, this review offers an overview of hydrophobized 

surfaces manufacturing techniques and provides an up-to-date exhibit of impactful studies 

that employ this technology both for 3D tumor spheroids production and for expedite drug 

screening. It is envisioned that the widespread use of cost-effective hydrophobized surfaces 

will accelerate the development of more in vivo-like 3D tumor spheroids. 
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2. Hydrophobized Platforms Design and Manufacturing  

 

To date the development of hydrophobized surfaces has been highly inspired by 

nature, for example through the mimicry of lotus leaf and rose petal surfaces which repel 

water by entraining particles. Currently the manipulation of surfaces water-response 

properties can be easily achieved through chemical modification but the advancement of 

lithographic techniques for patterned controlled surface functionalization is one of the most 

important factors that contributed for the widespread development of surfaces with extreme 

wettability (super-hydrophobic) and low surface energy. In fact, hydrophobicity is generally 

a consequence of both surface chemistry and the presence of a unique hierarchic topography 

comprised of nano to micro organization, both of which are crucial for the development of 

anti-corrosive coatings, in the prevention of bacterial surface spreading, and also for the 

fabrication of tailored biomaterial-based scaffolds and microgels/microcapsules [1], [3], 

[26]–[29].  

Inspired by natural structures, Barthlott and Neinhuis studied thousands of lotus 

leaves and concluded that leaf’s hydrophobicity was attributed to the existence of 

micrometric papillae (5-9 mm in diameter) on rough surfaces and wax, showing that the 

orientation, shape, density, size and roughness, influence surfaces hydrophobicity. These 

studies indicate that a rough structure is not only a crucial factor in achieving wettability but 

is also closely related to water bonding properties [30]. Overall, several studies indicate that 

both chemical composition and appropriate surface topography are fundamental for 

obtaining water-repellent behavior on diverse surfaces [31], [32]. In addition, surface 

properties are also important in various biomedical applications because they utterly define 

biomaterials biological performance in vivo as well as the efficiency of the material to 

interact with cells and proteins. The type of biomaterials-cells interactions that are 

established depends on various surface properties, such as wettability, topography and 

roughness, surface loading and chemical [27], [33]. In addition to solid-liquid interactions, 

icephobicity, low protein adsorption and anti-bacterial properties on hydrophobized and 

super-hydrophobic surfaces have been investigated and demonstrated [31]. 

The mechanism of water repulsion begins when a drop of water is delivered to the 

surface, at this time the liquid-solid interface tends to reach an equilibrium configuration 

with a characteristic angle called the static contact angle (CA). Depending on the value of 
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this angle, the surfaces are considered hydrophobic or hydrophilic. For angles between 0 ≤ 

θ ≤ 90° the surface is considered hydrophilic, whereas for angles between 90° ≤ θ ≤ 150° the 

surfaces are considered hydrophobic, as shown in Figure 1, and may promote cells self-

agglomeration into a 3D tumor microtissue. Moreover, surfaces with angles greater than 

150° are considered super-hydrophobic [26]. By definition, super-hydrophobic surfaces 

must have two requirements: 1) a contact angle (AC) greater than 150°, i.e., the liquid is 

totally repelled by the solid surface; 2) the liquid has low adhesion to the solid substrate and 

therefore can be released spontaneously [34]–[37]. The second characteristic is related to the 

very low contact angle hysteresis (CAH), which is the difference between the advancing and 

receding CAs [37], as can be seen in Figure 1F. Normally CAH of super-hydrophobic 

surfaces is less than 10° [38].  

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Schematics of the interactions between neighboring atoms in a water droplet resting on 

an ideal flat surface (figure not drawn to scale). (b) Surface tension plotted against gravity for a water droplet 

on earth. The red spot indicates the crossover between the gravitational-driven and the surface-driven regime. 

This crossover gives rise to many counterintuitive phenomena, such as paperclip floating (inset). Schematic 

drawings of a droplet resting on (c) a hydrophilic flat surface, (d) a hydrophobic surface and (e) a super-

hydrophobic surface. (f) Schematic representation of the advancing and receding angles. (g) Photograph of a 

rose: sticky droplets can be observed on the rose petals. Adapted from [26]. 

The contact angle can be generally determined by the measurement of the tangential 

angle of the liquid-vapor interface at the three-phase limit (Figure 2). On a smooth surface, 

the contact angle is generally described by the Young equation: 

Cos(θ)= 
𝛾𝑆𝑉−𝛾𝑆𝐿

𝛾𝐿𝑉
, where 𝛾𝑆𝑉 relates to the interfacial tension between liquid and 

vapor, 𝛾𝑆𝐿 is the interfacial tension between solid and liquid, and 𝛾𝐿𝑉 is the interfacial 

tension between solid and vapor [38]. 
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Figure 2. Diagram showing the forces at the three-phase contact line of a liquid droplet on a solid. 

Adapted from [38]. 

  

While hydrophobic surfaces found in nature (e.g., on plant leaves or insect wings) 

[28], [35] do not change throughout their useful life, due to their continuous regeneration, 

artificial hydrophobized surfaces degrade over time [35]. The hydrophobicity of these 

surfaces changes essentially due to two factors: (i) the mechanical wear or loss of roughness, 

increases water-surface contact, and (ii) the contamination or degradation of the hydrophobic 

surface coating [35]. 

Hydrophobized and super-hydrophobic surfaces have numerous biomedical 

applications (Figure 3), having been used for the fabrication of cell laden hydrogels that 

serve as cell deliver platforms [39], for biosensing applications [40], to study bioactive 

molecules release profile [39], or to function as detection/capture systems for rare cells such 

as tumor circulating cells [21].  

Figure 3. Various natural extreme wetting surfaces and their potential biomedical applications. Lotus 

leaf (image by Tanakawho, reproduced under Creative Commons Attribution (CC BY) license); Namib beetle 

(image by James Anderson, reproduced under Creative Commons Attribution Non-commercial Share-alike 

(CC BY-NC-SA) license); Pitcher plant (image by Bauer, reproduced under CC BY); Biomedical device 

(image from the School of Natural Resources & Environment, University of Michigan, reproduced under CC 

BY license); Lab-on-a-chip (image from Argonne National Laboratory, reproduced under CC BY-NC-SA 

license); and others (public domain photo and images). Adapted from [28]. 
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In addition to the former applications, hydrophobized surfaces have also been 

recently employed for the generation of in vitro 3D microtumor tissues and as drug screening 

(HTS)/high content imaging (HCI) platforms. [1], [5], [21], [26], [34], [41], [42].  

Hydrophobized surfaces may be engineered as static multi-array platforms with 

micropatterned spots (e.g., via lithographic patterning), or as chemically hydrophobized 

microchannels included in lab-on-a-chip microfluidic devices (Figure 4). Both these systems 

have been used for fabrication of tumor-ECM mimicking biomaterial scaffolds and for 

creating spheroidal microtissues under highly reproducible and scalable experimental 

settings. 

 

Figure 4. Examples of current microfabrication approaches to process supports for large scale 3D 

tumor spheroids production. A) Micropatterning approaches are based on direct (A1) or indirect photocuring 

technologies (A2). By using a direct surface depositing technology based on robotic microarray spotting device 

(A1), cells are printed onto streptavidin slides, to obtain high-density cellular arrays. Using an indirect 

technology based, Super-hydrophobic porous polymer films on a glass can be produced by UV-initiated 

photolithography. Individual embryo bodies were successively encapsulated in PEG and GelMA microgel by 

photolithography. B) Microfluidic technology was used to generate spheroid culture array: the spheroid culture 

chamber was formed by bonding the PDMS device to a glass slide. In each chamber, there are U-shape traps 

arrayed in the density of 7,500 traps per square centimeter. C) Using microelectronic approaches, a human 

breathing lung-on-a-chip microdevice was developed. The micro-fabricated lung mimic device uses 

microchannels coated with PDMS membrane and ECM to form an alveolar-capillary barrier, recreating 

physiological breathing movements by applying vacuum to the side chambers. Adapted from [1]. 
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2.1. Static Hydrophobized Platforms  

 

In comparison to standard 2D monolayer cultures and other dynamic 3D cell culture 

platforms (e.g., magnetic or microgravitational agitation-based systems), hydrophobized 

surfaces for 3D tumor spheroids high throughput manufacture and drug screening has several 

advantages including the higher reproducibility and control over cell number and 3D 

spheroids size/morphology, their ease of manufacture, cost-effectiveness, as well as the 

absence of mechanical forces for promoting cells assembly (e.g., via forced floating, hanging 

drop-based methods). Static hydrophobized surfaces can be engineered for 3D spheroids 

assembly as: (i) non-patterned systems (standard hydrophobized surfaces and non-adherent 

cell culture plates), (ii) as multi-array patterned hydrophobic/super-hydrophobic platforms 

[3] and (iii) as hydrophobic/super-hydrophobic – hydrophilic micropatterned platforms [43]. 

In a recent study, Salgado and co-workers used the lithographic method, more 

precisely photolithography, to produce a static super-hydrophobic substrate for establishing 

3D in vitro microtissues. In particular, UV / ozone radiation was used to obtain patterned 

hydrophilic regions in a hydrophobic polystyrene substrate via a photomask. The engineered 

platform was then employed to evaluate the effect of different alginate combinations with 

various natural biopolymers (Chitosan, Collagen, Hyaluronic acid and Gelatin), and their 

outcome in cells bioactivity upon entrapment in the combinatory hydrogels’ matrix (L929 

fibroblasts and MC3T3-E1 pre-osteoblast cells). The different biomaterial-cell combinations 

were achieved with the aid of a digital micropipette, that deposited 1 μL sample volumes in 

the hydrophilic regions [44]. The authors then performed destructive and non-destructive 

assays to evaluate cell viability (Figure 5). Overall, the results showed that this methodology 

allows not only the rapid establishment of 3D microtissues laden in ECM mimicking 

components, but also permitted a rapid and non-destructive on-chip analysis of ECM-like 

materials cytotoxicity [44]. 
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Figure 5. Schematic representation of the process used to create hydrophilic spots in the initially 

superhydrophobic substrate using a hollow mask to imprint wet table spots by the action of UV irradiation. 

Images of the contours of water droplets in the original (super-hydrophobic) and surface modified (hydrophilic) 

substrates are included. The characterization of each construct can be carried out by individual destructive tests 

or using colorimetric/image analysis during which cell-laden biomaterials maintain in the chip. Adapted from 

[44]. 

This example evidences the versatility of static micropatterned platforms in the sense 

that they can be employed both for rapid generation of scaffold-free, or scaffold-based 3D 

microtissues, and simultaneously for on-spot recovery/downstream analysis of the formed 

microphysiological models. Despite these benefits, the use of microfluidic chips further 

simplifies liquid handling procedures by offering “in-line” micro-compartmentalization and 

mass fabrication of 3D microsystems (> 1000 droplets/min) [17]. The following chapter will 

focus on these dynamic platforms. 

 

2.2. Dynamic Flow Hydrophobized Microfluidic Chips 

 

Current developments in microfluidics and microarray-like platforms decrease 3D 

microtumors cost and increase the amount of simultaneously generated 3D models in a high 

throughput mode. Moreover, microfluidic platforms can be used for high content imaging 

generally offering the possibility to generate and analyze 3D tumor models in the same 

platform [28], [38], [45] and also with the possibility of producing complex spherical 

particles with controllable sizes and shapes [1], [24], [27], [39], [46]. 

In addition to these features, hydrophobized microfluidic platforms can be used to 

process spheroidal 3D tumor models that are comprised not only by cancer cells but also by 

tumor ECM-mimicking biomaterials (e.g., Gelatin, collagen, Matrigel, etc.). Despite these 

being relevant advantages, the most important chip microfluidics feature is their ability to 

modulate the dynamic physiological cancer microenvironments concerning 3D flow 

conditions (e.g., shear stress, nutrient gradients) and to offer the possibility to evaluate cell 

movement and metastasis under flow [47].  
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Due to significant advances in microfluidics engineering techniques obtained in the 

past decade, currently microfluidic chips can be fabricated with numerous microchannels 

and compartment designs that are valuable for 3D multicellular spheroids manufacture and 

for high throughput drug screening. To date various chemical approaches have been used to 

hydrophobize microfluidic chips, either those comprised by elastomers (e.g., PDMS) or by 

other types of materials (e.g., Quartz, Dolomite®). The most common hydrophobization 

methodology involves the use of AquapelTM (PPG industries, USA), with some studies 

reporting the posterior use of albumin coatin to prevent on-chip cell adhesion to 

microchannels [17]. Microfluidic channels hydrophobization for development of droplet-

based microfluidics is particularly valuable since a large number of cells can be rapidly 

compartmentalized in each drop, that will lead to the formation of a 3D spheroid, as recently 

demonstrated by Kwak and co-workers [17].  

In the following chapters pertinent examples using this and other technologies for 3D 

spheroids generation and drug screening in hydrophobized platforms are presented and 

discussed in light of their advantages and envisioned improvements. 

 

3. 3D microtumors assembly in Patterned hydrophobized static 

surfaces 

 

The assembly of 3D tumor models in cell-repellent surfaces has been receiving a 

significant focus and various 3D cell culture platforms currently being marketed take 

advantage of this approach. One such example of commercially available plates for 

researchers to establish 3D cell cultures in hydrophobic surfaces are round-bottom, ultra-low 

adhesion (Corning® ULA) and cell-repellent (Greiner Bio-one® CELLSTAR®) 96/384 well 

culture plates that have been shown to promote the establishment of spherically-shaped and 

reproducible 3D tumor spheroids [48]. Although these present interesting characteristics, the 

plates are highly expensive. In this context, our group has previously described the 

development of a biomimetic super-hydrophobic polystyrene (PS) surface with a unique 

topographic roughness at the micro/nanoscale and microindentations where quasi-spherical 

liquid droplets were deposited and self-fixed (Figure 6a). Droplets stability and adhesion to 

the patterned surface allowed the inversion of the platform by 180° and 3D cell clusters 

generation via the hanging drop method (Figure 6a). This device was used both as a micro-
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reactor to evaluate 3D spheroids growth and as a platform for drug screening. In this context, 

cytotoxicity tests using Doxorubicin as anti-cancer model drug were performed in mouse 

fibroblasts (L929) and the obtained results demonstrated a direct dose/cytotoxicity 

correlation. Moreover, the platforms were also employed to study more fundamental 3D 

spheroid properties such as necrotic core formation and establishment of acidic pH 

conditions in spheroids volume, an important aspect of solid tumors as previously discussed 

[45]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Manufacture of patterned super-hydrophobic surface for establishing self-aggregated 3D in 

vitro tumor models. a) Scheme of patterned super-hydrophobic surfaces with micro-indentations able to 

suspend arrays of droplets containing cells after upon 24 h spheroids are formed, and drug-screening tests may 

be performed on the individual droplets. b) Confocal laser scanning imaging of L929 3D spheroids obtained 

24 h following the administration of different Doxorubicin doses. c) Percentage of live (green)/dead (red) cells 

per spot in the different conditions tested. Adapted from [45]. 

In a follow up study, our group also manufactured alginate hydrogels for cells 

encapsulation using the discontinuous dewetting effect in an SH-SL (microarray 

superhydrophobic (SH) and super-hydrophilic (SL)) combined with the sandwich method to 

obtain simultaneous droplets generation/gelation. In a first step, we produced alginate 

droplets with HeLa cells (Human cervical tumor cells) on the SH slide, and CaCl2 droplets 

were then dispensed in the SL slide. The precise junction of the two slides allowed the 

formation of calcium crosslinked alginate hydrogels. Figure 7 shows the entire 
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manufacturing process, from obtaining the slides to the production of hydrogels and 

fluorescence microscopy images of the cellular encapsulation [43]. 

 

Figure 7.  Schematic representation of the droplet microarray platform and workflow for the high-

throughput fabrication of hydrogel particles via the sandwiching method. Step 1: Formation of an array of 

droplets of a hydrogel precursor on a super-hydrophobic/super-hydrophilic array. Step 2: Crosslinking of 

alginate droplets by parallel addition of CaCl2 solutions into the individual droplets via the sandwiching 

method. By changing the position of CaCl2 containing droplets of slide 1 (bottom vs top), it is possible to form 

either an array of fixed hydrogel particles (Step 2a) or to detach hydrogel particles to form free-floating 

hydrogel particles (Step 2b). Scale bar: 2 mm. a) Representative brightfield and corresponding fluorescence 

images of free-standing hydrogels encapsulating HeLa-GFP cells for up to 7 d of culturing time. Dead cells are 

visualized using PI staining. Scale bar: 1 mm. b) Percentage of live cells obtained using image-based analysis 

and c) MTT colorimetric assay. Statistical differences by time point analysis were marked with (*), (**), (***), 

which stand for p-values < 0.05; p < 0.01; p < 0.001, respectively. Statistical differences related to the previous 

time points are indicated by ## (p < 0.01) or ### (p < 0.001). Adapted from [43]. 

 

As the results demonstrate, this approach led to the rapid formation of 3D spherical 

alginate cellular aggregates that showed higher cell viability at day 7 when compared to their 

bulk hydrogel counterparts. Interestingly, this sandwich-like technology made possible to 

either maintain the 3D spherical microtumor tissues on the chip, or to retrieve them 

immediately for further downstream processing and drug screening (Figure 7, left panel). This 

is a major advantage when compared to 3D spheroids manufactured in compartmentalized 

microfluidic recesses since key downstream analysis techniques such as gene expression and 

histomorphological analysis require the extraction and processing of the formed microtissue. 

In line with this approach, Li and co-workers employed indirect ice-based soft-

lithography (Figure 8A) to develop quasi-spherical microwells for breast cancer (MCF-7) 3D 

spheroids generation. For this purpose, initially water droplets were deposited on template 
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superhydrophobic PDMS surfaces with different water contact angle (Figure 8B) and frozen. 

By manipulating the initial water volume and by tailoring the superhydrophobicity of the 

PDMS substrate the researchers were able to control the morphology and dimensions of the 

formed microwells [49]. The phenotypic and morphological changes associated with 3D 

spheroids epithelial to mesenchymal transition (EMT) were then compared with their 2D 

culture counterparts by visualization of key mesenchymal markers, such as E-cadherin, 

vimentin and cytokeratin (Figure 8C, D and E). A direct comparison of 2D vs 3D cultures 

showed no alteration in cytokeratin or vimentin markers, however in the 3D spheroids there 

was an emergence of heterogeneous populations with decreased E-cadherin expression [49], 

a known EMT biomarker that is also involved in the process of metastization. 

 

 

Figure 8. (A) Schematic representation of the fabrication of concave microwells by ice lithography. 

Water droplets were printed on (super-hydrophobic substrates then frozen and used as molds to prepare the 

microwells. Microwells prepared from superhydrophobic substrates have a quasi-spherical shape (spheriwells) 

which entrap multicellular spheroids once formed. (B) Photographs of water droplets, ice molds and the 

resulting PDMS microwells obtained using substrates with different hydrophobicity. The shape of the droplets 

as defined by the hydrophobicity of the substrate is maintained. Water droplets of various volumes can be 

easily printed with good spatial resolution using a non-contact spotting system. (C, D and E) Images of 

individual cells and their fluorescence profile (left to right) from imaging flow cytometry. As labelled left to 

right the composite image (incorporates a bright-field, cytokeratin, vimentin, E-cadherin and DAPI image), 

DAPI, Cytokeratin, Vimentin, E-cadherin, Dark-field (DF) and Bright-field (BF). C: Immunostained MCF-7 

cells grown in 2D monolayers. D and E: Immunostained cells from dissociated Spheroids grown in spheriwells 

with (D) and without E-cadherin expression (E).Adapted from [49]. 
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In order to complete the study, the team tested 2D and 3D cultures with different 

concentrations of a model anti-cancer drug, Paclitaxel. The obtained IC50 for 2D monolayer 

models was 3 μM , whereas the IC 50 of the MCF-7 cells cultured in a 3D environment was 

significantly higher, 297 μM [49]. The results obtained are in accordance with several studies 

published in the literature because as expected, cells in 3D environments are more resistant 

to drugs than those cultured as 2D flat monolayers. Since cells in living organisms are in a 

three-dimensional arrangement, it makes sense that drug screening is performed under these 

conditions, otherwise a poor in vitro/in vivo correlation is obtained.  

In addition, our group recently reported the development of a micropatterned super-

hydrophobic polystyrene platform with hydrophilic regions (SH-SL) where heterotypic 

cultures of fibroblasts (L929) and osteosarcoma (SaOs-2) cells were established (Figure 9. 

Similar to past studies by simple 180° plate inversion heterotypic 3D were assembled by the 

hanging drop technique. After the formation of 3D cell spheroids, we evaluated the effect of 

Doxorubicin on co-culture models [4].  

 

 

 

 

 

 

 

Figure 9. Micrographs of superhydrophobic platfors with the cell suspensions turned (A) upside and 

(B) tilted down. (C) Transmitted light microscopy micrograf of a heterotypic 3D tumors spheroid, observed 

from the top of the chip, through the transparent spot (as indicated in the schematic representation). Adapted 

from [4]. 

 

Even with a 106-fold higher concentration of Doxorubicin, L929 cells died less than 

SaOs-2 cells (Figure 10). In both types of cells, spheroids with higher cell density presented 

lower viability, a factor that can be explained by the fact that, in general, the larger the 

number of cells, the larger the cell aggregates and, consequently, the greater the compaction 

of the spheroid and therefore, the diffusion of oxygen and nutrients to the center of the 

cellular mass will be more difficult [4]. This platform has proved to be quite versatile, and it 

is possible to work with many cell varieties, drug solutions and stainings. 
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Figure 10. Confocal microscopy assembled images of the cell spheroids formed by L929 and SaOs-

2 cells, with live (green)/dead (red) staining (calcein AM/propidium iodide). Adapted from [4]. 

 

 

3.1 Hydrophobized platforms for Heterotypic 3D Co-culture Tumor 

Models 
 

As previously demonstrated, there is a significant body of studies that employ super-

hydrophobic or hydrophobized substrates for 3D models’ assembly, however, their majority 

involves only the establishment of monotypic (one cell type) 3D microtumors. Such models 

are therefore a simplistic reproduction of the complex tumor microenvironment and of its 

heterogenic cellular components. Spherical co-culture models are considered very important 

to increase the knowledge of cancer biology and the development and discovery of novel 

anti-cancer drugs. For example, studying the interactions between different cells can be 

applied in cell-based anti-cancer immunotherapies [21].  
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In this context, Michael and co-workers recently described the use of paper for tumor 

models assembly [50]. Paper has widely explored in the biomedical, electronic and chemical 

industries, and has even been used for manufacture of point-of-care diagnostic platforms. In 

this particular study researchers used BSA to form a protein corona on normal paper and 

then used hydrophilic cellulose fibers become hydrophobic when exposed to UV light, as 

shown in Figure 11. Then breast cancer (MCF-7) and CCD 1058Sk breast skin fibroblasts 

were used to produce 3D heterotypic tumor spheroids via the hanging drop technique. In 

addition the authors manufactured micropatterned paper spots with different channel width 

to mimic the different diameter of blood vessels surrounding the main tumor (Figure 11C). 

The model anti-cancer drug 5-Fluoroacil (2000 μM) was then administered on these spots 

[50]. 

 

 

Figure 11. Chemical modification of paper sheets to be used for assembly of heterotypic in vitro 3D 

tumor models. (A) Schematic representation of transition of hydrophilic paper to hydrophobic by photo-

oxidative degeneration of protein corona coated cellulose fiber. (B) Restriction of fluid flow across porous 

paper after surface modification and its application in hanging drop 3D cell culture. (C) Sequence of steps 

involved in fabrication of Paper Hanging Drop Chips (PHDC), and Networked Paper Hanging Drop Chip (N-

PHDC) and its application in for high throughput drug screening and chemotaxis study of cancer spheroids. 

Adapted from [50]. 

  

The effect of the drug on tumor spheroids was assessed by the Live / Dead ™ assay 

and plotted as the ratio of dead cells to fluorescence intensity, as shown in Figure 12.B 



Introduction 
 

48 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Variable drug dosing in N-PHDC. (A) Single-source, multi-sink N-PHDC for variable 

dosage drug testing imaged from the top at 0 and 24 hours. (a-d) Live/Dead assay of MCF-7 spheroids after 24 

hours of anticancer drug (5-FU) treatment, corresponding to channel widths of 0.5 mm, 1 mm, 1.5 mm, and 2 

mm (Scale bar: 100 μm). (B) Plot shows variable dosage corresponding to channel width, quantified using 

fluorescein dye (green) after 24-hour incubation from individual wells from the top of the N-PHDC (n = 3). 

(C) Ratio of Fluorescent intensity from dead (red) and live (green) cells in spheroids (a-c) corresponds to the 

channel width. Adapted from [50]. 

 

Interestingly, as the obtained results demonstrate the channel width had a significant 

influence in the overall therapeutic efficacy of the anti-cancer pharmaceutical performance 

(Figure 12C). These findings evidence the importance of the vascular network that surrounds 

human tumors and provides a unique platform for evaluating and modeling this effect in 

vitro.  

 

 

4. Advanced Microfluidic Chips for 3D Tumor Spheroids 

Assembly and Screening 

 

Advanced microfluidic platforms offer the unique opportunity to rapidly generate 3D 

mono and heterotypic tumor spheroids and use the same platform for high throughput 

screening. In this context, Kwak and co-workers [17], generated breast cancer tumor cell 

agglomerates (MCF-7 e MDA-MB-231) via alginate micro droplets with diameters between 

50 and 150 μm by using a microfluidic system. The microfluidic chip consisted of two 

intakes, one for the oil solution (which was a surfactant diluted in fluorinated oil) and the 

other for the aqueous phase which contained a suspension of cells in culture medium, and 

an outlet for collection of micro- as can be seen in Figure 13. The surface of the microfluidic 
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channel is hydrophobic, and the yield and diameter of the micro droplets were controlled by 

changing the channel geometry and rate of speed between the two solutions as seen in Figure 

13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 13. (a) Formation of 3D tumor spheroid model from single cell in micro-droplet. (b) Droplet-

based microfluidic system for 3D tumor spheroid model generation and (c) optical image. Adapted from [17]. 
 

After 24 h of incubation, the spheroids were withdrawn from within the micro-

droplets with the addition of 1H,1H,2H,2H, -perfluoro-1-octanolto the oil solution, which 

caused the droplets to burst. The authors then centrifuged the mixture and collected the 

culture medium with 3D spheroids. 3D cell culture was performed in a magnetic stirring cell 

incubation system. The tumor model was assessed was characterized by labeling the junction 

protein (ZO-1), adhesion molecules (i.e., E-cadherin) and ECM components (collagen type 

IV), indicating the presence of these biomarkers. Moreover, anti-cancer drug screening using 

Doxorubicin as a model drug revealed that at the same Doxorubicin concentration, 23% of 

cells were dead in 2D monolayer cultures and only 4 % of dead cells were detected in 3D 

microtissues. These findings could be correlated to cells 3D agglomeration and the presence 

of extracellular matrix compounds, which serve as a barrier to anti-cancer pharmaceutics 

diffusion [17]. 
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5. Conclusions and Future Perspectives 
 

Hydrophobized and super-hydrophobic surfaces continue to receive significant 

interest for tissue engineering and regenerative medicine applications. They have been used 

for high-throughput screening (HTS) and formation of 3D tumor models. They are very 

reproducible, versatile, easy to manufacture and allow the development of 3D structures 

similar in vivo tumors (polymer structures, hydrogels or spheroids of 3D cells) where size, 

shape, cell density and chemical concentrations can be controlled, that traditional methods 

of spheroid formation can not be. [1], [5], [21], [26], [34], [41], [42]. 

The versatility of the platform seems to be one of the most promising in terms of real 

applicability to clinical practice, promoting great technological advances in modern biology 

and medicine, also allowing the construction of disease models through spheroids in mono 

or co-culture, useful for in vitro studies of new therapies, diagnostic techniques or 

pharmacological tests [21], [26]. The use of low amounts of biomaterials and encapsulated 

cells in small spaces makes high-throughput methods an approach that may be essential for 

the study of rare samples, which is important in miniaturized bioanalytical and biomedical 

systems, as they decrease sample size can significantly reduce the time required for analysis 

and associated costs [11], [45]. 

The use of hydrophobized and super-hydrophobic surfaces seems to be a very useful 

method for applications in cancer biology, microtissue formation and drug screening. 
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2. Aims 

 

 The aim of this thesis was the development 3D tumor-ECM like photo-crosslinkable 

microgels fabricated via droplet addition in quasi- superhydrophobic surfaces and their use 

as scaffolds for assembly of in vitro 3D heterotypic cancer models capable of recapitulating 

key aspects of the complex metastatic prostate-to-bone niche found in vivo. These platforms 

ultimately aim to accelerate the discovery of candidate compounds that can be used to target 

this unique microenvironment. Thus, the specific objectives of this thesis were the following: 

• Synthesis and characterization of methacrylated hyaluronic acid (HA-MA); 

• Production of quasi-Superhydrophobic Polystyrene Surface (PS); 

• Generation of 3D microgels in quasi-hydrophobic surfaces by droplet 

dispensing and UV-mediated photocrosslinking; 

• Encapsulation of PC-3 prostate cancer cells in HA-MA spheroidal microgels 

and evaluation of cells metabolic activity; 

• Synthesis and characterization of Gelatin-Methacryloyl (GelMA); 

• Generation tumor ECM mimicking HA-MA/GelMA 3D spheroidal 

microgels in modified PS surfaces via droplet dispensing and UV-mediated 

crosslinking; 

• Simultaneous encapsulation of PC-3 and human osteoblast cells in HA-MA 

and Gel-MA spheroidal microgels and metabolic activity evaluation; 

• Characterization of micro-tumor size, circularity, morphology and ability to 

recapitulate key tumor features formation over long periods of culture; 

• Analysis of microtumor internal organization and calcium deposition; 

• Formation of 3D spheroids of PC-3 and PC-3 + hOB via forced floating; 

• Evaluation of cisplatin cytotoxicity in 3D spheroids and 3D tumor ECM like 

microgels; 
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3. Materials and Methods 

 
3.1. Materials 
 

Hyaluronic acid sodium salt polymer (MW: 80 – 100 kDa) was obtained from 

Carbosynth Ltd (Berkshire, United Kingdom). Gelatin Type A from porcine skin, Irgacure 

2959, and N,N-dimethylformamide (DMF 99.8 %) reagent solution were acquired from 

Merk-Sigma (Sintra, Portugal).The regenerated cellulose dialysis membrane with 6-8 kDa 

MWCO were purchased from (Spectrum Labs, inc). Triethylamine (TEA, 99 %), Glycidyl 

methacrylate (97%) were acquired from ACROS organics. L-Ascorbic Acid 2-Phosphate 

was obtained from VWR, Water and Ice Repellent Satellite Coating (WX2100) were 

acquired from Cytonix and Cisplatin were purchased from Biogen. 

Cell culture materials including T-75 and T-175 cell culture treated T-flasks, as well 

as plates were obtained from Starstedt (Starstedt, Rio de Mouro, Portugal). All of the 

following reagents cell culture media and supplements namely GIBCO® Dulbecco's 

Phosphate buffered saline (DPBS), Trypan Blue, Fetal Bovine Serum (FBS; E.U. approved, 

South America origin), Roswell Park Memorial Institute RPMI-1640 Medium, Dulbecco's 

Modified Eagle Medium Nutrient Mixture F-12 (DMEM F-12), TrypLE™ Express, 

GIBCO® Antibiotic/antimycotic solution (ATB) containing 10,000 units/mL of penicillin, 

10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco Amphotericin B were purchased 

from ThermoFisher Scientific (Alfagene, Portugal). Ultra-Low-Adhesion (ULA) round-

bottom 96-wells plates were purchased from Corning (Corning, NY, US). Calcein-AM, 

Propidium Iodide (PI) and β-Glycerol phosphate were all purchased from Thermofisher 

Scientific Inc (Alfagene, Portugal). Alizarin Red S was obtained from Laborspirit (Loures, 

Portugal). CellTiter-Glo® were purchased from Promega (Madisson, WI, USA). PC-3, an 

androgen independent cell line derived from a bone metastasis of a prostate adenocarcinoma, 

was provided through a partnership with the Portuguese Institute of Oncology (IPO) and 

primary fetal human osteoblasts were acquired from Cell Applications Inc. (San Diego, CA, 

US). 
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3.2. Methods 

 

3.2.1. Synthesis of methacrylated hyaluronic acid (HA-MA) 

 

Methacrylated Hyaluronic acid was synthesized by reacting hyaluronic acid with 

glycidyl methacrylate under alkaline conditions as previously described in the literature [1]. 

In brief, Hyaluronic acid (HA) (2.0 g) was dissolved in distilled water (100 mL) in a 500 mL 

round bottom flask, under magnetic stirring, at room temperature (RT), to yield a 2 % w/v 

aqueous solution. Additionally, glycidyl methacrylate (35.5 mL) and TEA (25.3 mL) were 

drop-wised added to 39.2 mL of DMF, in a Schott Flask under magnetic stirring, in a 

chemical fume hood. Afterwards, the organic DMF phase was added to HA aqueous phase 

via drop-wise addition, and the reaction proceeded for 72 h, at RT protected from light. After 

this period the modified polymer solution was carefully transferred to a regenerated cellulose 

dialysis membrane (MWCO 6-8 kDa), and dialyzed against DI water for 5 days, at RT, in a 

chemical fume hood. The dialysate was exchanged three times a day to assure full sink 

conditions. The purified solution was then frozen at -80 °C and freeze-dried for 5 days, in 

the dark. The resulting Methacrylated Hyaluronic acid (HA-MA) polymer as recovered as a 

white cotton foam. 

 

3.2.2. Synthesis of Gelatin-methacryloyl (GelMA) 
 

Porcine gelatin type A was chemically modified with methacryloyl functional 

moieties as previously described by Loessner and co-workers, with slight modifications [2]. 

Initially a 10 % (w/v) gelatin solution was prepared by dissolving gelatin in PBS, under 

vigorous magnetic stirring, at 50 ºC, overnight, to achieve complete dissolution. Afterward, 

0.6 g of methacrylic anhydride per 1 g of dissolved gelatin (very viscous liquid) was added 

slowly to the mixture for a high degree of methacryloyl functionalization and the reaction 

was left to proceed for 5 h, at RT, under stirring. Afterward, the solution was transferred into 

50 mL tubes and centrifuged at 3500 g for 3 min, at RT, to remove unreacted methacrylic 

anhydride. The GelMA-containing supernatant was then decanted into another 50 mL tube, 

and the unreacted methacrylic anhydride deposited on the bottom was discarded. The 

supernatant was then diluted with 10 mL of pre-heated (37 °C) deionized water and 

transferred to a regenerated cellulose dialysis membrane (MWCO 6-8 kDa). GelMA was 



Materials and Methods 
 

58 
 

dialyzed at 50 °C against deionized water for 5 to 7 days in a fume hood and protected from 

light. The purified methacrylated polymer was then freeze-dried as above mentioned. 

 

3.2.3. Functionalized Biopolymers Spectroscopic Characterization 

 

The inclusion of the acrylate photoreactive moieties in the different biopolymers was 

initially characterized by Proton nuclear magnetic resonance (1H NMR) spectroscopy. All 

spectra were acquired on a Bruker Advance III 300 MHz spectrometer. For NMR analysis 

all samples were dissolved in 500 µL of deuterated water (D2O) and transferred to 500 MHz 

NMR glass tubes (Wilmad, Cortenet, France). Samples were acquired with 256 scans, 8 

dummy scans and with 18 secs of relaxation delay. The acquired spectra were processed by 

using the MestReNova v6.0.2 software. 1H NMR data was used to determine HA and Gelatin 

degree of methacrylation as described in the literature [3], [4]. 

In addition, the chemically modified ECM-mimetic biopolymers were characterized 

by attenuated total reflectance Fourier Transformed Infrared spectroscopy (ATR-FTIR). For 

analysis, powdered samples were place in a Brucker Tensor 27 spectrometer. A total of 256 

scans, with a spectral resolution of 4 cm-1 were acquired in the spectral window spanning 

from 4000 to 350 cm-1. The obtained data was processed in OPUS software and plotted in 

Origin software (v9.1, trial version). 

 

3.2.4. Fluoraldehyde assay for GelMA functionalization characterization 

 

The fluoraldehyde assay that detects primary amines was used to determine the 

degree of acrylate functionalization (DoF) in gelatin lysine residues as previously described 

in the literature, with minor modifications [2]. For this purpose, initially, a freshly prepared 

gelatin stock solution (0.5 mg/mL, in PBS pH =7.4) was used for computing a standard curve 

(0.02, 0.1, 0.5, 0.75 and 1.0 mg/mL). Before the experiments the fluoraldehyde reagent was 

warmed to RT. For samples analysis, 300 µL of GelMa samples solutions were mixed with 

600 µL of the fluoraldehyde reagent. Control samples were prepared by mixing 300 µL of 

PBS with 600 µL of the fluoraldehyde reagent under vortex for 1 min. After 5 min of 

incubation 250 µL of each solution were placed in a 96-well black-clear bottom plate, and 

the fluorescence intensity at 450 nm using an excitation wavelength of 360 nm was measured 

by using a plate reader. The average fluorescence intensity was determined to each sample 
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and the fluorescence intensity of the PBS control was subtracted from the sample and 

standard solutions to determine the net fluorescence. The DoF was then calculated as DoF = 

((0.5 − X)/0.5) × 100 %, where X is gelatin concentration in mg/mL. 

 

3.2.5. Production of quasi Superhydrophobic Polystyrene Surfaces (PS) 

 

The production of polystyrene (PS) quasi superhydrophobic surfaces was performed 

by using a simple, economical and fast procedure. In brief, circular polystyrene 90 mm petri 

dish plates were spray coated with the U.V. resistant FluoroThane-MW (WX 2100TM) 

coating reagent that provides a contact angle ranging from 145° to 150°, i.e. quasi-

superhydrophobic [5] as described by the manufacturer (Cytonix, MD, US). The entire petri 

dish surface was spray coated and left to dry overnight in a chemical safety fume hood, at 

room temperature. In the following day, the surface was washed with 99 % ethanol and oven 

dried at 37 °C for 5 days. 

 

3.2.6. In-air production of spheroidal microgels 

 

Spheroidal microgels were produced by using a mechanical electronic repeater 

pipette (Eppendorf® M4 electronic digital repeater pipette) to dispense biopolymer aqueous 

solutions (1.25 % to 5 % w/v) onto PS quasi superhydrophobic surfaces. Spheroidal hydrogel 

droplets of different sizes were formed by dispensing various volumes (1 μL to 5 μL, Figure 

5). The droplets were then photocrosslinked by using Irgacure 2959 (1 % w/v) as a 

photoinitiator and a U.V. curing system (Omnicure® S2000, Excelitas Technologies, US) 

that was used to irradiate hydrogels for 2 min, at an intensity of 10 mW/cm2. Through this 

approach, different ECM-mimetic spheroidal hydrogels formed by HA-MA and HA-

MA/GelMA blends were obtained.  

 

3.2.7. Spheroidal microgels morphological characterization 

 

Spherical microgels size and morphological characterization was performed by 

optical contrast microscopy and optical imaging. For size evaluation different microgel 

droplets were imaged in a stereomicroscope (Zeiss Stemi 508, Carl Zeiss, Germany), 

equipped with a 3 MPix color camera, and in a upright optical contrast microscope (Zeiss 

Primostar, Carl Zeiss, Germany) equipped with an A-Plan 5x/0.12 Ph0 M27 objective. 
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Macrographs of spheroidal hydrogel particles were also acquired by using a Canon EOS 

1200d DLSR camera equipped with a macro lens. 

 

3.2.8. Routine 2D In vitro Cell culture 

 

In general, cells were cultured under aseptic conditions in temperature-controlled cell 

culture incubators at 37 ºC and with a 5% CO2 atmosphere. For routine cell culture cells 

were grown in T-75 and T-175 cm2 cell culture flasks, with cell culture media changes every 

other day. The human osteoblasts cell line (hOB) was cultured in DMEM-F12 medium 

supplemented with 10 % (v/v) FBS, 1 % (v/v) ATB and ascorbic acid (50 µg/mL, in PBS 

pH=7.4). The human prostate cancer cell line (PC-3) was maintained in RPMI 1640 medium 

(Glucose 2.5 g/L), supplemented with 10 % (v/v) FBS and 1 % (v/v) ATB. All cells were 

detached from culture flasks by using TrypLE™ Express enzyme detaching reagent upon 

attaining a confluence of 80-85 %. 

 

3.2.9. Formulation of cell laden spheroidal 3D in vitro tumor models 

 

Formulation of monotypic and heterotypic cell laden 3D spheroidal microgels was 

performed by using quasi superhydrophobic surfaces and U.V. mediated photocrosslinking. 

Initially, cells were detached as above mentioned and resuspended in equal volumes of HA-

MA and GelMA, in order to obtain a homogeneous cell dispersion. After crosslinking for 2 

min under U.V. light (λ= 365 nm, 10 mW/cm2), 3D microgels were washed in DPBS and 

transferred to Ultra-Low-Adhesion (ULA) round-bottom 96-wells plates. 3D microgels were 

cultured in 200 µL of culture medium, at 37 °C and in a 5% CO2
 atmosphere. In the case of 

heterotypic 3D co-cultures, the culture medium was 50% RPMI 1640 and 50% DMEM F12 

with 50 μL/mg ascorbic acid and 2.16 mg/mL of β-Glycerol phosphate. These last two 

compounds were added at day 3 and 7 of culture to mimic the microenvironment found in 

PC-3 bone metastasis. Production of the 3D tumor model did not follow any previously 

detailed procedure. Afterward, the cells were trypsinized and counted, pellets with the 

desired number of cells were formed by centrifugation at 300 g for 5 min, at RT. 3D in vitro 

prostate cancer tumor models’ morphology and shape was analyzed overtime via optical 

contrast microscopy by using an inverted microscope (Primovert, Carl Zeiss, Germany). 

Images were acquired at specific time points (Days 3, 7 and 14). 
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Figure 1. Schematic representation of 3D spheroidal microtumor microgels and their in vitro 

culture. 

 

3.2.10. Cell Viability assays  

 

The cell viability of 3D spheroidal micro-tumors in mono and co-culture were 

analyzed at 3,7 and 14 days by using: (i) Alamar Blue® Cell Viability Assay and (ii) Live / 

Dead Assay. Alamar blue® was used to evaluate the metabolical activity of 3D tumor models 

during monocultures and co-cultures. Both assays were performed according to the 

manufacturer's guidelines, except for the incubation time of Alamar Blue®, which was 

performed overnight rather than the standard 2-4 h period. Resazurin reduction to pink 

colored resorufin was determined by fluorescence measurements (λex: 540 nm, λem: 600 nm). 

All measurements were performed in a Synergy HTX microplate reader by using a 96-well 

black-clear flat bottom plate (VWR, CN: CORN3915). To assess cell viability, the 

microtumors were labeled with Calcein-AM (Cal-AM) (3 μg/mL) and Propidium Iodide (PI) 

(6 μg/mL) for 45 min at 37 °C. Following incubation, the 3D tumor models were washed 3 

times with DPBS and immediately by fluorescence microscopy. Fluorescence micrographs 

were acquired in an upright Widefield fluorescence microscope (Zeiss Imager M2, Carl 

Zeiss, Germany), equipped with an Objective EC Plan-Neofluar 5x/0.16 objective and a 

3MPix monochromatic camera. All micrographs were acquired and processed in Zeiss Zen 

SP2 Software (Carl Zeiss, Germany). 
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3.2.11. 3D in vitro tumor calcium deposition evaluation 

 

To detect the calcium deposition, cultured 3D tumor spheroids were stained with 

Alizarin Red S dye. For this purpose, 3D tumors were initially fixed in 4% formaldehyde 

overnight, before incubation with 150 µL of Alizarin Red S (40 mM, pH=4.2), for 2 h in the 

dark, at RT. After incubation, the staining solution was aspirated and 3D tumor was rinsed 

three times with deionized water. All images were acquired at specific time points (days 7 

and 14) by using a Stemi 508 Stereo Microscope. 

 

3.2.12. Cell-specific tracking in 3D Microgels 

 

Cell tracking assays were performed to access internal cellular organization and 

permanence at a populational level during co-culture within the produced HA-MA / GelMA 

microgels. For this purpose, the distinct cellular populations of PC-3 and hOB were 

differentially stained with long-term cell tracking lipophilic dyes DiO and DiD 

(Thermofisher scientific, Alfagene, Portugal), as per the manufacturer’s instructions. 

Briefly, upon cell trypsinization individual solutions were prepared for a final cellular 

concentration of 1 million cells per mL of serum free cell culture medium, to which 5 µL of 

staining agent (per mL of solution) were added. The solutions containing both cells and 

staining agents were then incubated for 30 min at 37 °C, after which 3x sequential washings, 

using serum containing medium, were performed. To prevent cell damage, between cycles 

of washing-centrifugation, cells were allowed to rest for 10 min at 37 °C after each wash.  

PC-3 were stained with DiO (blue), and hOB with DiD (red) (Figure 16). These 

membrane staining are transferable to subsequent cellular generations, with no considerable 

signal loss being observed up to a period of 14 days of culture. Widefield fluorescence 

microscopy (Zeiss Imager M2, Carl Zeiss, Germany) analysis of produced microgels, 

containing PC3 (DiO) and hOB (DiD) stained populations, at days 7 and 14 allowed a 

qualitative assessment of both localization and aggregation patterns of the different cell 

populations. 
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3.2.13. Chemotherapeutic drug cytotoxicity screening in 3D in vitro tumor models 

 

3D models of in vitro tumors in co-cultures were used as test platforms for evaluation 

of cisplatin cytotoxicity. On the seventh day of culture, the 3D models were incubated with 

cisplatin at different concentrations (100 μM, 150 μM, and 200 μM) [6] for 48 h. Cell 

viability was assessed by quantifying cellular ATP in 3D cell aggregates in vitro using a 

luminescence-based assay (Cell Titer Glo Luminescent viability assay, Promega, Madisson, 

WI, USA). CellTiter-Glo® assays were performed according to the manufacturer's 

instructions. After Cisplatin incubation, the medium was removed and 3D tumor models 

were incubated with a mixture of RPMI 1640/10% FBS / 1% ATB medium and CellTiter-

Glo® reagent at a ratio of 1:1. The mixture was then stirred for 5 min and incubated for 25 

min at RT. Luminescence was measured on 96-well opaque flat bottom white plates by using 

a Synergy HTX microplate reader programmed with an integration time of 1 sec. 
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Abstract  

Three-dimensional (3D) in vitro tumor models are becoming widely used pre-clinical 

platforms for testing the performance of existing drugs or discovery of novel anti-neoplastic 

therapeutics. Due to their multicellular compact structure and spatial architecture, in vitro 

3D tumor models recapitulate major hallmarks of human solid tumors. However, these 

microphysiologic systems generally lack the existence of tumor-ECM components, a critical 

aspect that can affect overall therapeutic performance and ultimately the decision of 

advancing candidate drugs to later stages of the pipeline. Herein, by using easy to assemble 

quasi super-hydrophobic platforms we fabricated size and shape controlled 

photocrosslinkable methacrylated hyaluronic acid (HA-MA) and gelatin-methacryloyl 

(GelMA) spherical microgels. These platforms were used for establishing heterotypic 3D 

co-culture models of prostate cancer cells (PC-3) and human-derived osteoblasts (hOB) with 

the aim to mimic prostate cancer-to-bone metastasis cellular heterogeneity and tumor-ECM 

microenvironment. The produced spheroidal 3D microtumors morphology, size and cell 

number were easily controlled via digital droplet generation on hydrophobic surfaces and 

reproducible across numerous conditions. 3D microgels formed by 2.5%HA-MA-

5%GelMA and 5%HA-MA-5%GelMA ratios showed the highest calcium deposition after 

14 days, thus evidencing osteoblasts viability and the establishment of functional 

mineralization in the 3D spherical gel matrix. Cisplatin cytotoxicity evaluation showed that 

3D microgels are more resistant to platin chemotherapeutics than their mono and heterotypic 

3D multicellular spheroid counterparts. Overall, our findings indicate that the produced 3D 

microgel microenvironments are versatile and robust platforms for in vitro screening of 

therapeutics targeted to prostate-to-bone metastasis microenvironments. 

 

 

Keywords: Hydrophobized Surfaces, 3D Prostate Cancer in vitro models, Spherical 

Microgels, Drug Screening  
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1. Introduction 

Prostate cancer (PCa), is the second most commonly diagnosed cancer in men 

worldwide [1] and despite significant medical advances, prostate cancer is still one of the 

leading causes of cancer-related deaths in men [2]–[4]. In Portugal, prostate cancer 

represents about 3.5% of all deaths in the country and more than 10% of cancer-related 

deaths, recorded in 2010 according to the Portuguese Urology Association [5]. Prostate 

cancer represents a complex disease normally highly susceptible to androgen regulation, and 

the establishment of immune-suppressive microenvironments [6]. Ultimately this tumor 

supportive microenvironment if untreated can, in advanced stages of the disease, leads to 

cancer cell invasion, migration, and metastasis [6], [7]. 

Prostate cancer metastasis occurs normally to the growth-factor rich 

microenvironment of the bone-marrow [8]. Metastasis from prostate cancer cells to the bone 

is a process involving several steps: i) cancerous cells are released from the primary site; ii) 

the displacement of cells into the blood or lymph and iii) fixation of tumor cells to bone 

tissue and development of a tumor at the site of bone metastasis [9]–[11]. Understanding the 

role of these bone cells (osteoblasts, osteocytes, osteoclasts, hematopoietic cells, 

mesenchymal cells, and immune cells) and how they interact with tumor cells, is an 

important aspect for the development of therapies for the metastasis [10]. Throughout the 

whole process from the primary tumor to its metastatic niche, it is widely accepted that non-

malignant cells actively influence the fate of cancer cells [9]. Factors secreted by prostate 

cancer cells alter the balance between the activity of osteoblasts (bone forming cells) and 

osteoclasts (bone lysis cells). Both are involved in the progression of prostate cancer 

metastases because they inhibit these factors and determine the phenotype of bone lesions. 

Prostate cancer metastases can cause osteoblasts to promote excessive bone formation, to 

acquire an osteolytic behavior (bone lysis), or trigger a mixed response [11], [12]. Several 

studies have reported that about 90% of patients with advanced prostate cancer will develop 

bone metastases [9]–[11]. Presentation of secondary tumors is associated with high levels of 

morbidity and mortality, in part due to the lack of effective therapies in the clinic. This 

scenario evidences the urgent need to discover new therapeutic approaches that can 

realistically impact patient survival rates. 

The pre-clinical discovery of new anti-cancer therapeutics using both 2D in vitro cell 

cultures and animal models involves high costs and ethical issues associated with the use of 
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rodents and has demonstrated a very low correlation with the data that is obtained in clinical 

trials [13]–[15]. Adding to this, in the pharmaceutics discovery process it is clear that 2D in 

vitro cultures do not represent the 3D spatial environment of a human tumor, nor its ECM 

or stromal cellular components [13], [16]. To overcome these issues 3D in vitro tumor 

models have been researched in the last two decades as potential alternative testing platforms 

for new anti-cancer drugs screening [17], [18]. Currently, the most used scaffold-free 3D 

tumor models are cell-spheroids which are cellular aggregates formed by cancer cells. There 

are various technologies for 3D spheroids assembly such as those based on ultra-low 

adhesion cell culture plates (Corning® Costar® Ultra-Low attachment multiwell plates) [19], 

or micro-molding techniques (MicroTissues® 3D Petri Dish®[20] micro-mold mixed 

spheroids). Given their tumor-like features, in vitro multicellular spheroids have been 

particularly useful for studying the efficacy of novel chemotherapeutic agents for prostate 

cancer [21],[22]. 

However, these scaffold-free models do not include tumor ECM components at their 

initial stage of assembly. The development of 3D in vitro tumor models should take into 

consideration the inclusion of tumor ECM components, as these trigger key physicochemical 

responses [23]. In this focus, biomaterials provide an excellent platform to include ECM-

like cues, however, such materials must be optimized [13]. Hence, there is a need to develop 

ECM mimicking biomaterials with suitable mechanical rigidity, 3D architecture, structural 

organization and cell adhesion, so as to recapitulate in an increasingly reliable form the 

tumor microenvironment of human tumors [24], [25]. Natural-origin biomaterials (e.g., 

chitosan, alginate, collagen, hyaluronic acid (HA)), have been exploited for the manufacture 

of 3D tumor scaffolds (e.g., hydrogel matrixes) as they replicate cancer cells-ECM 

interactions present in the native tumor microenvironment [25]. However, in hydrogel 

matrixes the cell number comprising self-forming 3D agglomerates and their shape is highly 

difficult to control within the gel volume leading to variable drug responses. Cells 

bioencapsulation in spherically shaped microgels may provide therefore a valuable 

alternative to address these issues if controllable and cost-effective sphere generating 

technologies such as hydrophobic surfaces or microfluidic chips are employed. 

Superhydrophobic surfaces, have been used in the field of biomedicine, regenerative 

medicine, and tissue engineering as platforms for biomaterials processing and also for high 

throughput screening (HTS) and 3D cell niches manufacturing, [26]–[32]. By using 
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hydrophobized surfaces virtually 100% cell encapsulation is possible and control over 

spheroids size can be easily attained by adjusting the number of encapsulated cells and the 

volume of dispensed droplets [27], [33], [34]. 

In this work we produced a new 3D model of metastatic prostate cancer that mimics 

prostate cancer bone metastasis cellular heterogeneity and ECM microenvironment. The 3D 

models are comprised of methacrylated hyaluronic acid and gelatin-methacryloyl (HA-MA 

and GelMA). Interest in these two biopolymers is related to the fact that GelMA is 

chemically similar to native tissues ECM [35] and hyaluronic acid is an abundant structural 

component in the extracellular matrix of prostate cancer [7], [36]. These two methacrylated 

macromers can be crosslinked by photopolymerization and form a stable network through 

covalent crosslinking. Cells were encapsulated using quasi-superhydrophobic surfaces for 

the formation of spherical microgels that were then subjected to photocrosslinking through 

U.V. light incidence. The produced spheroidal microtumors have a reproducible spherical 

morphology, it is possible to control the number of encapsulated cells and the size is 

adjustable with the volume of the drop dispensed on the quasi-superhydrophobic surface. 

We performed several monoculture assays with different polymer concentrations and cell 

densities, and the two best formulations were used for cell co-culture with osteoblasts. In 

addition, the co-cultured models used for cisplatin cytotoxicity screening and the results 

indicate that 3D co-culture microgels are more resistant to cisplatin than their 3D spheroid 

counterparts. These findings evidence the importance to develop in vitro models that 

replicate the tissue microenvironments so that the experimental results are reliable and more 

biologically meaningful.   
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2. Materials and Methods 

2.1. Materials 
 

Hyaluronic acid sodium salt polymer (MW: 80 – 100 kDa) was obtained from 

Carbosynth Ltd (Berkshire, United Kingdom). Gelatin Type A from porcine skin, Irgacure 

2959, and N,N-dimethylformamide (DMF 99.8 %) reagent solution were acquired from 

Merk-Sigma (Sintra, Portugal).The regenerated cellulose dialysis membrane with 6-8 kDa 

MWCO were purchased from (Spectrum Labs, inc). Triethylamine (TEA, 99 %), Glycidyl 

methacrylate (97%) were acquired from ACROS organics. L-Ascorbic Acid 2-Phosphate 

was obtained from VWR, Water and Ice Repellent Satellite Coating (WX2100) were 

acquired from Cytonix and Cisplatin were purchased from Biogen. 

Cell culture materials including T-75 and T-175 cell culture treated T-flasks, as well 

as plates, were obtained from Starstedt (Starstedt, Rio de Mouro, Portugal). All of the 

following reagents cell culture media and supplements namely GIBCO® Dulbecco's 

Phosphate buffered saline (DPBS), Trypan Blue, Fetal Bovine Serum (FBS; E.U. approved, 

South America origin), Roswell Park Memorial Institute RPMI-1640 Medium, Dulbecco's 

Modified Eagle Medium Nutrient Mixture F-12 (DMEM F-12), TrypLE™ Express, 

GIBCO® Antibiotic/antimycotic solution (ATB) containing 10,000 units/mL of penicillin, 

10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco Amphotericin B were purchased 

from ThermoFisher Scientific (Alfagene, Portugal). Ultra-Low-Adhesion (ULA) round-

bottom 96-wells plates were purchased from Corning (Corning, NY, US). Calcein-AM, 

Propidium Iodide (PI) and β-Glycerol phosphate were all purchased from Thermofisher 

Scientific Inc (Alfagene, Portugal). Alizarin Red S was obtained from Laborspirit (Loures, 

Portugal). CellTiter-Glo® were purchased from Promega (Madisson, WI, USA). PC-3, an 

androgen-independent cell line derived from a bone metastasis of a prostate 

adenocarcinoma, was provided through a partnership with the Portuguese Institute of 

Oncology (IPO) and primary fetal human osteoblasts were acquired from Cell Applications 

Inc. (San Diego, CA, US). 
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2.2. Methods  
2.2.1. Synthesis of methacrylated hyaluronic acid (HA-MA) 

 

Methacrylated Hyaluronic acid was synthesized by reacting hyaluronic acid with 

glycidyl methacrylate under alkaline conditions as previously described in the literature [37]. 

In brief, Hyaluronic acid (HA) (2.0 g) was dissolved in distilled water (100 mL) in a 500 mL 

round bottom flask, under magnetic stirring, at room temperature (RT), to yield a 2 % w/v 

aqueous solution. Additionally, glycidyl methacrylate (35.5 mL) and TEA (25.3 mL) were 

drop-wise added to 39.2 mL of DMF, in a Schott Flask under magnetic stirring, in a chemical 

fume hood. Afterward, the organic DMF phase was added to HA aqueous phase via drop-

wise addition, and the reaction proceeded for 72 h, at RT protected from light. After this 

period the modified polymer solution was carefully transferred to a regenerated cellulose 

dialysis membrane (MWCO 6-8 kDa), and dialyzed against DI water for 5 days, at RT, in a 

chemical fume hood. The dialysate was exchanged three times a day to assure full sink 

conditions. The purified solution was then frozen at -80 °C and freeze-dried for 5 days, in 

the dark. The resulting Methacrylated Hyaluronic acid (HA-MA) polymer as recovered as a 

white cotton foam. 

 

2.2.2. Synthesis of Gelatin-methacryloyl (GelMA) 

 

Porcine gelatin type A was chemically modified with methacryloyl functional 

moieties as previously described by Loessner and co-workers, with slight modifications [38]. 

Initially a 10 % (w/v) gelatin solution was prepared by dissolving gelatin in PBS, under 

vigorous magnetic stirring, at 50 ºC, overnight, to achieve complete dissolution. Afterward, 

0.6 g of methacrylic anhydride per 1 g of dissolved gelatin (very viscous liquid) was added 

slowly to the mixture for a high degree of methacryloyl functionalization and the reaction 

was left to proceed for 5 h, at RT, under stirring. Afterward, the solution was transferred into 

50 mL tubes and centrifuged at 3500 g for 3 min, at RT, to remove unreacted methacrylic 

anhydride. The GelMA-containing supernatant was then decanted into another 50 mL tube, 

and the unreacted methacrylic anhydride deposited on the bottom was discarded. The 

supernatant was then diluted with 10 mL of pre-heated (37 °C) deionized water and 

transferred to a regenerated cellulose dialysis membrane (MWCO 6-8 kDa). GelMA was 
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dialyzed at 50 °C against deionized water for 5 to 7 days in a fume hood and protected from 

light. The purified methacrylated polymer was then freeze-dried as above mentioned. 

 

2.2.3. Functionalized Biopolymers Spectroscopic Characterization 

 

The inclusion of the acrylate photoreactive moieties in the different biopolymers was 

innitially characterized by proton nuclear magnetic resonance (1H NMR) spectroscopy. All 

spectra were acquired on a Bruker Advance III 300 MHz spectrometer. For NMR analysis 

all samples were dissolved in 500 µL of deuterated water (D2O) and transferred to 500 MHz 

NMR glass tubes (Wilmad, Cortenet, France). Samples were acquired with 256 scans, 8 

dummy scans and with 18 secs of relaxation delay. The acquired spectra were processed by 

using the MestReNova v6.0.2 software. 1H NMR data were used to determine HA and 

Gelatin degree of methacrylation as described in the literature [39], [40]. 

In addition, the chemically modified ECM-mimetic biopolymers were characterized 

by attenuated total reflectance Fourier Transformed Infrared spectroscopy (ATR-FTIR). For 

analysis, powdered samples were placed in a Brucker Tensor 27 spectrometer. A total of 256 

scans, with a spectral resolution of 4 cm-1 were aquired in the spectral window spanning 

from 4000 to 350 cm-1. The obtained data was processed in OPUS software and plotted in 

Origin software (v9.1, trial version). 

 

2.2.4. Fluoraldehyde assay for GelMA functionalization characterization 

 

The fluoraldehyde assay that detects primary amines was used to determine the 

degree of acrylate functionalization (DoF) in gelatin lysine residues as previously described 

in the literature, with minor modifications [38]. For this purpose, initially, a freshly prepared 

gelatin stock solution (0.5 mg/mL, in PBS pH =7.4) was used for computing a standard curve 

(0.02, 0.1, 0.5, 0.75 and 1.0 mg/mL). Before the experiments the fluoraldehyde reagent was 

warmed to RT. For samples analysis, 300 µL of GelMa samples solutions were mixed with 

600 µL of the fluoraldehyde reagent. Control samples were prepared by mixing 300 µL of 

PBS with 600 µL of the fluoraldehyde reagent under vortex for 1 min. After 5 min of 

incubation 250 µL of each solution were placed in a 96-well black-clear bottom plate, and 

the fluorescence intensity at 450 nm using an excitation wavelength of 360 nm was measured 

by using a plate reader. The average fluorescence intensity was determined to each sample 
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and the fluorescence intensity of the PBS control was subtracted from the sample and 

standard solutions to determine the net fluorescence. The DoF was then calculated as DoF = 

((0.5 − X)/0.5) × 100 %, where X is gelatin concentration in mg/mL. 

 

2.2.5. Production of Quasi-Superhydrophobic Polystyrene Surfaces (PS) 

 

The production of polystyrene (PS) quasi superhydrophobic surfaces was performed 

by using a simple, economical and fast procedure. In brief, circular polystyrene 90 mm petri 

dish plates were spray coated with the U.V. resistant FluoroThane-MW (WX 2100TM) 

coating reagent that provides a contact angle ranging from 145° to 150°, i.e. quasi-

superhydrophobic [41] as described by the manufacturer (Cytonix, MD, US). The entire petri 

dish surface was spray coated and left to dry overnight in a chemical safety fume hood, at 

room temperature. In the following day, the surface was washed with 99 % ethanol and oven 

dried at 37 °C for 5 days. 

 

2.2.6. In-air production of spheroidal 3D microgels 

 

Spheroidal microgels were produced by using a mechanical electronic repeater 

pipette (Eppendorf® M4 electronic digital repeater pipette) to dispense biopolymer aqueous 

solutions (1.25 % to 5 % w/v) onto PS quasi superhydrophobic surfaces. Spheroidal hydrogel 

droplets of different sizes were formed by dispensing various volumes (1 μL to 5 μL, Figure 

5). The droplets were then photocrosslinked by using Irgacure 2959 (1 % w/v) as a 

photoinitiator and a U.V. curing system (Omnicure® S2000, Excelitas Technologies, US) 

that was used to irradiate hydrogels for 2 min, at an intensity of 10 mW/cm2. Through this 

approach, different ECM-mimetic spheroidal hydrogels formed by HA-MA and HA-

MA/GelMA blends were obtained.  

 

2.2.7. Spheroidal microgels morphological characterization 

  

Spherical microgels size and morphological characterization was performed by 

optical contrast microscopy and optical imaging. For size evaluation different microgel 

droplets were imaged in a stereomicroscope (Zeiss Stemi 508, Carl Zeiss, Germany), 

equipped with a 3 MPix color camera, and in a upright optical contrast microscope (Zeiss 

Primostar, Carl Zeiss, Germany) equipped with an A-Plan 5x/0.12 Ph0 M27 objective. 
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Macrographs of spheroidal hydrogel particles were also acquired by using a Canon EOS 

1200d DLSR camera equipped with a macro lens. 

 
2.2.8. Routine 2D In vitro Cell culture 

 

In general, cells were cultured under aseptic conditions in temperature-controlled cell 

culture incubators at 37 ºC and with a 5% CO2 atmosphere. For routine cell culture cells 

were grown in T-75 and T-175 cm2 cell culture flasks, with cell culture media changes every 

other day. The human osteoblasts cell line (hOB) was cultured in DMEM-F12 medium 

supplemented with 10 % (v/v) FBS, 1 % (v/v) ATB and ascorbic acid (50 µg/mL, in PBS 

pH=7.4). The human prostate cancer cell line (PC-3) was maintained in RPMI 1640 medium 

(Glucose 2.5 g/L), supplemented with 10 % (v/v) FBS and 1 % (v/v) ATB. All cells were 

detached from culture flasks by using TrypLE™ Express enzyme detaching reagent upon 

attaining a confluence of 80-85 %. 

 

2.2.9. Formulation of cell laden spheroidal 3D in vitro tumor models  

  

Formulation of monotypic and heterotypic cell laden 3D spheroidal microgels was 

performed by using quasi superhydrophobic surfaces and U.V. mediated photocrosslinking. 

Initially, cells were detached as above mentioned and resuspended in equal volumes of HA-

MA and GelMA, in order to obtain a homogeneous cell dispersion. After crosslinking for 2 

min under U.V. light (λ= 365 nm, 10 mW/cm2), 3D microgels were washed in DPBS and 

transferred to Ultra-Low-Adhesion (ULA) round-bottom 96-wells plates. 3D microgels were 

cultured in 200 µL of culture medium, at 37 °C and in a 5% CO2
 atmosphere. In the case of 

heterotypic 3D co-cultures, the culture medium was 50% RPMI 1640 and 50% DMEM F12 

with 50 μL/mg ascorbic acid and 2.16 mg/mL of β-Glycerol phosphate. These last two 

compounds were added at day 3 and 7 of culture to mimic the microenvironment found in 

PC-3 bone metastasis. Production of the 3D tumor model did not follow any previously 

detailed procedure. Afterward, the cells were trypsinized and counted, pellets with the 

desired number of cells were formed by centrifugation at 300 g for 5 min, at RT. 3D in vitro 

prostate cancer tumor models’ morphology and shape was analyzed overtime via optical 

contrast microscopy by using an inverted microscope (Primovert, Carl Zeiss, Germany). 

Images were acquired at specific time points (Days 3, 7 and 14). 
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2.2.10. Cell Viability assays  

  

The cell viability of 3D spheroidal micro-tumors in mono and co-culture were 

analyzed at 3,7 and 14 days by using: (i) Alamar Blue® Cell Viability Assay and (ii) Live / 

Dead Assay. Alamar blue® was used to evaluate the metabolical activity of 3D tumor 

models during monocultures and co-cultures. Both assays were performed according to the 

manufacturer's guidelines, except for the incubation time of Alamar Blue®, which was 

performed overnight rather than the standard 2-4 h period. Resazurin reduction to pink 

colored resorufin was determined by fluorescence measurements (λex: 540 nm, λem: 600 nm). 

All measurements were performed in a Synergy HTX microplate reader by using a 96-well 

black-clear flat bottom plate (VWR, CN: CORN3915). To assess cell viability, the 

microtumors were labeled with Calcein-AM (Cal-AM) (3 μg/mL) and Propidium Iodide (PI) 

(6 μg/mL) for 45 min at 37 °C. Following incubation, the 3D tumor models were washed 3 

times with DPBS and immediately by fluorescence microscopy. Fluorescence micrographs 

were acquired in an upright Widefield fluorescence microscope (Zeiss Imager M2, Carl 

Zeiss, Germany), equipped with an Objective EC Plan-Neofluar 5x/0.16 objective and a 

3MPix monochromatic camera. All micrographs were acquired and processed in Zeiss Zen 

SP2 Software (Carl Zeiss, Germany). 

 

2.2.11. 3D in vitro tumor calcium deposition evaluation 

  

To detect the calcium deposition, cultured 3D tumor spheroids were stained with 

Alizarin Red S dye. For this purpose, 3D tumors were initially fixed in 4% formaldehyde 

overnight, before incubation with 150 µL of Alizarin Red S (40 mM, pH=4.2), for 2 h in the 

dark, at RT. After incubation, the staining solution was aspirated and 3D tumor was rinsed 

three times with deionized water. All images were acquired at specific time points (days 7 

and 14) by using a Stemi 508 Stereo Microscope. 

 

2.2.12. Cell-specific Tracking in 3D microgels 

 

Cell tracking assays were performed to access internal cellular organization and 

permanence at a populational level during co-culture within the produced HA-MA / GelMA 

microgels. For this purpose, the distinct cellular populations of PC-3 and hOB were 
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differentially stained with long-term cell tracking lipophilic dyes DiO and DiD 

(Thermofisher scientific, Alfagene, Portugal), as per the manufacturer’s instructions. 

Briefly, upon cell trypsinization individual solutions were prepared for a final cellular 

concentration of 1 million cells per mL of serum free cell culture medium, to which 5 µL of 

staining agent (per mL of solution) were added. The solutions containing both cells and 

staining agents were then incubated for 30 min at 37 °C, after which 3x sequential washings, 

using serum containing medium, were performed. To prevent cell damage, between cycles 

of washing-centrifugation, cells were allowed to rest for 10 min at 37 °C after each wash.  

PC-3 were stained with DiO (blue), and hOB with DiD (red) (Figure 16). These 

membrane staining are transferable to subsequent cellular generations, with no considerable 

signal loss being observed up to a period of 14 days of culture. Widefield fluorescence 

microscopy (Zeiss Imager M2, Carl Zeiss, Germany) analysis of produced microgels, 

containing PC3 (DiO) and hOB (DiD) stained populations, at days 7 and 14 allowed a 

qualitative assessment of both localization and aggregation patterns of the different cell 

populations. 

 

2.2.13. Chemotherapeutic drug cytotoxicity screening in 3D in vitro tumor models 

  

3D models of in vitro tumors in co-cultures were used as test platforms for evaluation 

of cisplatin cytotoxicity. On the seventh day of culture, the 3D models were incubated with 

cisplatin at different concentrations (100 μM, 150 μM, and 200 μM) [42] for 48 h. Cell 

viability was assessed by quantifying cellular ATP in 3D cell aggregates in vitro using a 

luminescence-based assay (Cell Titer Glo Luminescent viability assay, Promega, Madisson, 

WI, USA). CellTiter-Glo® assays were performed according to the manufacturer's 

instructions. After Cisplatin incubation, the medium was removed and 3D tumor models 

were incubated with a mixture of RPMI 1640/10% FBS / 1% ATB medium and CellTiter-

Glo® reagent at a ratio of 1:1. The mixture was then stirred for 5 min and incubated for 25 

min at RT. Luminescence was measured on 96-well opaque flat bottom white plates by using 

a Synergy HTX microplate reader programmed with an integration time of 1 sec. 
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3. Results and Discussion 

  

The body of knowledge regarding the involvement of the tumor microenvironment 

as a barrier or promoter of cancer progression is constantly being expanded [43]. Being a 

complex multifactorial quasi organ, the tumor microenvironment is composed by both 

cellular and extracellular matrix components that are modulated and modulate disease 

progression. In this context, the microenvironment of secondary metastasis sites becomes 

equally important, especially for the study and testing of novel anti-metastatic therapeutics, 

and as such requires robust models that are capable of mimicking it. During the 

establishment of secondary prostate cancer tumors into the bone microenvironment 

migrating cancer cells modify the resident bone-marrow microenvironment. As recently 

reviewed by Park and coworkers 2018 [44], migrating prostate cancer cells of advanced 

stage III and IV tumors preferentially target the highly vascularized microenvironment of 

the red-marrow. These metastatic cells are attracted not only by the anatomical 

characteristics that defined these tissues but also due to chemoattractant gradients [45]. For 

example, increased expression of C-X-C chemokine receptor type 4 (CXCR4) receptor by 

migrating prostate cancer cells is believed to allow these cells to home into the C-X-C motif 

chemokine ligand 12 (CXCL12) reach microenvironment of bone-marrow in a similar 

fashion to the behavior exhibited by bone-marrow derived mesenchymal stem cells [44]. 

Upon establishment in the bone-marrow prostate cancer cells can enter a state of 

dormancy, in order to evade the immune system. Moreover, cancer cells also immediately 

upon invasion begin promoting altered phenotypes on bone-marrow resident cells, 

ultimately modifying the surrounding microenvironment to a pro-tumoral, mostly 

osteoblastic, landscape [44]. As a consequence of these communications and phenotypic 

alteration, uncontrolled bone-formation takes place [46]. In this context, HA and collagen 

are reported as to major components of ECM present in the process of the metastatic niche 

ECM [46]. Hyaluronic acid (HA) is a non-thrombogenic and non-immunogenic anionic 

biopolymer, that consists of D-N-acetylglucosamine and D-glucuronic acid repeating units, 

covalently linked through alternating β-1,4 and β-1,3 glycosidic bonds [47], [48]. This 

polysaccharide is well-recognized as a major ECM component in a variety of tissues, is a 

highly expressed in bone ECM and is associated with prostate tumor growth [7], [36], [49], 

[50]. It is produced by hyaluronan synthases and secreted into the extracellular space as a 

constituent of the extracellular matrix (ECM) [47], [51],[52].  



Results and Discussion 

80 
 
 

HA is highly expressed by motile PCa epithelial cells and associated stromal cells, 

being concentrated within the tumor-associated stromal ECM, making it an integral 

component of the microenvironment of bone metastatic cancer cell [51], [53]. HA can be 

degraded by hyaluronidase, so an HA-rich environment can be partially degraded, creating 

a permissive pathway for the migration of tumor cells [47],[53]. 

Gelatin is a biocompatible material which is widely used as a scaffold to promote 

cell fate processes in 3D constructs, either alone or in combination [54]. It can be obtained 

by partially hydrolyzing collagen which comprises approximately 95% of the organic matrix 

of bone [10], [48]. Gelatin contains peptide sequences as binding sites (e.g., Arg-Gly-Asp 

sequence) for integrins and protease sensitive sites for matrix metalloproteinases (MMPs), 

being chemically similar to native tissues ECM [54]. This cationic biomaterial degrades due 

to its matrix metalloproteinase (MMP) sensitive protein sequences, which are essential to 

allow for the deposition of newly formed ECM. Therefore, hyaluronic acid-gelatin hydrogels 

may mimic the ECM of native tissues. However, these biomaterials when used singularly to 

generate 3D microgel models, demonstrate several disadvantages, such as the non-adhesive 

nature of HA and its low stability, and gelatin hydrogels exhibit mechanical weakness and 

rapid degradation [55]. To improve the physical and biological properties of these 

macromers they were chemically modified with methacryloyl chemical groups.  

 

3.1. Spectroscopic Characterization of methacrylated hyaluronic acid 

(HA-MA)  
 

 Hyaluronic acid consists of two saccharide rings as a repeating unit that gives it 

biodegradable and biocompatible properties. The polymer can be chemically modified or 

methacrylated (MA) to facilitate crosslinking upon exposure to UV light [48]. Herein, we 

modified HA with the methacrylate group through a reaction with glycidyl methacrylate, as 

reported in the literature [37], to obtain methacrylated hyaluronic acid. The 1H NMR spectra 

(Figure 1) and FTIR (Figure 2) are shown and allowed the confirmation of the substitution.  

In the 1H NMR spectrum of methacrylated hyaluronic acid, two new peaks with a 

chemical shift of 5.8 and 6.2 ppm were obtained. These peaks are characteristic of 

methacrylate vinyl groups (Figure 1, Peak 1) [43].  
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Figure 1. 1H NMR spectra of methacrylated HA. The new peaks were observed at approximately 5.8 

and 6.2 ppm, these correspond to methyl groups of methacrylated moieties included in HA polymeric 

backbone. These peaks were not present in the unmodified HA. The peaks 2 and 3 located at approximately 

1.8 and 2.1 ppm respectively, are the methyl group signals. 

 

Following chemical modification of HA polymeric backbone the degree of 

substitution was calculated as described in the literature by the integrated intensity of the 

double bond protons to those of the HA polymeric backbone [37]. The synthesized HA 

derivative had a 35% degree of methacrylation, indicating that a significant amount of HA 

monomers is modified with photo-crosslinkable groups. It is important to emphasize that the 

multiplicity of peaks observed between δ 3.0 ppm and δ 3.8 ppm are attributed to the high 

degree of HA methacrylation as also observed in other recent reports [37].  

In addition, HA methacrylation was also evaluated by using ATR-FTIR spectroscopy 

(Figure 2). 
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Figure 2. Absorbance FTIR spectra of HA and methacrylated HA derivative.  

 

 ATR-FTIR spectroscopy demonstrated the existence of a new peak at ~1730 cm-1 

which can be assigned to the C=O bond and also the existence of a second new peak at 1643 

cm-1 that is assigned to the C=C bond (Figure 2). These findings further corroborate the 

successful functionalization of HA polymeric backbone with methacrylate moieties. 

 

3.2. Spectroscopic Characterization of gelatin-methacryloyl (Gel-MA) 
 

Although gelatin can form physically crosslinked hydrogels through temperature-

induced physical gelation, a high concentration of gelatin is often needed for this process. 

To improve hydrogel stiffness, a number of crosslinking strategies have been adopted, 

including the use of chemical modification to support photo-crosslinking (e.g., methacrylic 

anhydride (MA), that is currently the most widely used to gelatin modification) [38]. 

Gelatin has abundant amino, hydroxyl, and carboxyl groups that can be used for 

modification. Therefore gelatin-methacryloyl was synthesized through the reaction of the 

amino and hydroxyl groups in gelatin molecules with methacrylic anhydride. The 1H NMR 

spectra of gelatin (Gel) and Gel-MA macromers is shown in Figure 3. As the results indicate 

the MA modification of lysine residues could be confirmed by the decrease in lysine protons 

signal at δ = 3.31 ppm, indicating the conjugation of lysine with MA. In addition, the 
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increases in the methacrylate vinyl group signal at δ = 5.7 ppm and δ = 5.9 and the methyl 

group signal at δ = 2.2 ppm reinforce the occurrence of the linkage between MA and gelatin. 

 
 

 

 

 

Figure 3. Schematics of gelatin methacrylate substitution. 1H NMR spectra were recorded for 

unsubstituted gelatin and GelMA. The MA modification of lysine residues can be confirmed by the decrease 

in the lysine signal at δ = 3.31 ppm (peak labeled with number 3), and the increases in the methacrylate vinyl 

group signal at δ = 5.7 ppm and δ = 5.9 ppm (peaks labelled with number 1) and the methyl group signal at δ 

= 2.2 ppm (peak labelled with number 2). 

 

3.3. Fluoraldehyde assay for GelMA functionalization characterization 

 
To estimate the degree of functionalization of the gelatin the fluoraldehyde assay was 

performed. To this end, after measuring the fluorescence of each standard gelatin solution, 

a calibration curve was established which correlates the fluorescence with the concentration 

of gelatin in the solution (Figure 4). From the calibration curve obtained, and the average 

absorbance read for the Gel-MA sample, the respective gelatin concentration was calculated. 

In this way, the fluorescence intensity of the Gel-MA sample corresponding to a gelatin 

concentration of 0.0524 mg/mL on the calibration curve and the residual amine 

concentration was determined. The degree of functionalization (DoF) was then calculated as 

DoF = (0.5 – 0.0524)/0.5 × 100%, thus DoF obtained for synthetized Gel-MA was 89.53%. 
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Figure 4. The degree of methacrylate substitution was determined for the GelMA formulations via 

fluoraldehyde assay: linear calibration curve based on the standard gelatin solutions was constructed. The 

fluorescence intensity of the GelMA sample corresponding to a gelatin concentration of X mg/ml (X= 0,0524 

mg/mL) on the calibration curve and the residual amine concentration was determined. The degree of 

functionalization (DoF) was then calculated as DoF = (0.5 − X)/0.5 × 100%, thus DoF obtained for synthetized 

GelMA was 89.53%. 

 

 

3.4. Spheroidal microgels morphological characterization 
 

As previously demonstrated, in vivo microtissues with sizes superior to 100-200 µm 

lack oxygenation and have a poor nutrient aport in their core [56]. In the context of solid 

tumors, such characteristics are also common in the poorly vascularized environment of 

expanding tumor mass at initial stages. In order to access which conditions of micro-tumor 

production would allow an ideal size, for recapitulation of such physiological conditions, 

distinct volumes of HA-MA droplets were dispensed with a repeater pipette on quasi-

superhydrophobic surfaces. We started by analyzing particle diameter with HA-MA 

microgel formulations, testing multi-volume droplets (1μL, 2μL, 3μL, and 5μL) to determine 

the most appropriate size to recapitulate a microtumor. To verify the spherical shape and the 

diameter of the particles, they were analyzed using a stereomicroscope and an inverted 

optical microscope. The obtained results demonstrate that all 3D microgel formulations have 

a well-defined spherical shape.  
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Figure 5. Morphological characterization of 3D microgels formed by 10% HA. A) Enlarged 

photograph of variation of droplet size with deposited volume (side view); B) Particle with a volume of 1μL 

seen in stereomicroscope (Zeiss Stemi 508); C) Particle with a volume of 2μL seen in stereomicroscope; D) 

Particle with a volume of 3μL seen in stereomicroscope; E) Particle with a volume of 5μL seen in 

stereomicroscope. F) 1 μL particle seen in an inverted microscope (Primvert Car Zeiss, Germany); G) 2 μL 

particle seen in the inverted microscope; H) 3μL particle seen in inverted microscope; I) 5μL particle seen in 

inverted microscope. Scale bar is 500 µm. 

 

 Moreover, as demonstrated in Figure 6 the particle size varied with the increase of 

the deposited droplet volume. The particles of 1μl, 2μL, 3μL, and 5μL presented a mean 

diameter of (821.9 ± 41.42µm), (1090.8 ± 44.64µm), (1348.7 ± 51.96µm) and (1834.1 ± 

26.31µm), respectively. 

 

 

  

 

 

 

 

 

 

 

 

 

 Figure 6. Variation of particle diameters with increasing droplet volume. Measurement of the 

diameter of the various particle sizes was performed in the ImageJ software. Data is presented as mean ± s.d, 

n= 12. 
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The volume of 1µL was chosen given their preferred mean size of ~821 µm. It is 

important to mention that this is an innovative approach that easily allows the obtention of 

spherical microgel constructs compatible with HTS and already established protocols for 

downstream spheroid analysis. To the best of our knowledge, this is the first report of quasi- 

superhydrophobic surfaces use for the assembly of HA-MA / Gel-MA microgels containing 

co-cultured PC-3 and hOB populations.  

 

3.5. HA-MA 3D Microgels for monotypic tumor spheroids assembly 

 
 HA has been reported to play significant roles in cellular proliferation, angiogenesis 

and cell-receptor interactions [47],[53]. Therefore, HA-based materials have been widely 

used for in vitro study of novel therapeutics targeting bone metastatic prostate cancer cells 

[51]. However, when this biomaterial is used singularly to generate 3D models, may 

demonstrate some disadvantages mainly because the non-adhesive nature of HA limits its 

use when 3D cell proliferation and bioactivity is required [48]. 

Initially, to optimize the cell density of 3D microgel encapsulated cells and verify if 

PC-3 cells adhere to this biopolymer we begun by producing HA particles with a low cell 

density (4000 PC-3 cells per particle (per uL) and a high cell density (20 000 PC-3 cells/μL. 

As visualized in Figure 7 A1, A4 and A7, 3D microgels formed at the lowest HA were 

distroyed in culture. For this reason, the concentration of HA 2.5% was no longer used. From 

the optical images, it is clear that a higher cell density and cells compaction was observed 

for the bioencapsulation of 20000 cells in 3D microgels volume. 
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Figure 7. Follow up of PC-3 cancer cells encapsulation in 3D HA microgels along time. A) Optical 

micrographs of cell laden 3D microgels formed by different HA-MA concentrations. B) Optical micrographs 

of HA 5% and HA 10%. 3D microgels encapsulating 20 000 PC-3 cells per particle.  
 

Metabolic activity and cell dead were then verified by AlamarBlue (Figure 8 A and 

C) and LiveDead (Figure 8 B), respectively. The obtained results indicate that even with an 

increase in cell number per particle, the metabolic activity decreases over time. We 

hypothesize that this result is a consequence of HA non-adhesive nature that prevents its use 

in applications where it is necessary to maintain cells metabolic activity and proliferation, 

such as those of tumor mimicking in vitro models. As observed between day 3 and 7 only a 

small loss in cell viability. However, when PC-3 3D HA microgels were cultured for 

extended periods of time (14 days) a significant loss in metabolical activity was observed. 

This was further corroborated by the increased number of dead cells in Live-dead assay 

(Figure 8 B). Despite this decrease in viability, no necrotic core formation was observable 

in all 3D microgel models. Instead, a generalized cell death seemed to occur, perhaps a result 

of cells incapacity to adhere and effectively spread. Such observations are concordant with 

previous reports, where cells cultured within HA scaffolds seem to loose the ability to 

acquire a physiological three-dimensional conformation and die [48]. 
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Figure 8. Assessment of PC-3 cells viability in 3D HA microgels along time. A and C) AlamarBlue 

metabolic analysis of particles with 4000 and 20000 cells per particle, respectively. B) Live Dead analysis of 

higher cell density particles (20000 cells per particle). Green channel – Calcein-AM, Red channel: PI. 

 

3.5.1. HA-MA/Gel-MA 3D microgels for monotypic tumor models assembly 

 

Contrarily to HA, gelatin is a well-established natural scaffold containing extensive 

collagen fragments to which cells can adhere through integrins and is known for its well 

reported biocompatibility and ECM-mimicking properties. As such, the use of GelMA for 

microgels formation was hypothesized to not only improve cell adhesion properties of the 

microgel matrix but also to provide crucial collagen I motifs that mimic those of native bone 

tissue. Gelatin addition was performed in a (1:1) volume ratio to HA-MA. Initially, HA-MA 

and Gel-MA microgels were manufactured through U.V. photocrosslinking, alloying the 

generation of 3D microgels for studying cell-cell and cell-biomaterial interactions in a 

controlled manner.  

To verify if the addition of GelMA affected the diameter of 3D microgels, various 

formulations were fabricated. Figure 9 (A and B) shows the variations of particles diameter 

according to the variation of GelMA amounts. As optical micrographs demonstrate, particle 

diameters remain constant regardless of the type of formulation used, hence it becomes clear 

that droplet volume is the most important parameter to control 3D microgel spheres diameter 

upon manufacture in quasi-superhydrophobic platforms. 
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Figure 9. HA-MA/GelMA 3D microgels size and morphological characterization. A) Variation of the 

HA-MA 2.5% particles with several concentrations of Gel-MA. B) Variation of the HA-MA 5% particles with 

several concentrations of Gel-MA. C) Side view of 2.5% HA particles with Gel-MA. D) Side view of 5% HA 

particles with Gel-MA. E) Top view of HA particles 2.5%. F) Top view of HA particles 5%. 

 

HA-MA/Gel-MA 3D microgels formed with 1 µL droplets presented sub-millimeter 

sizes similar to those generally obtained for scaffold-free in vitro 3D tumor spheroids. 

Therefore, in all following assays, 1 μL volumes were used to produce 3D tumor microgel 

models to promote a closer cell-cell contact in microgels 3D volume. To fully characterize 

this new ECM-mimetic matrix for in vitro tumor models assembly various cell densities per 

microgel were (Figure 10 I to VI). 
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Figure 10. Optical micrographs of 3D HA-MA/GelMA microgels bioencapsulating PC-3 cells along 

time. I and II) 2.5% and 5% HA-MA 3D microgels with 6000 PC-3 / μL, respetively. III and IV) 2.5% and 5% 

HA-MA particles with 10000 PC-3 / μL, respectively.  2.5% HA-MA and 5% HA-MA particles with 20000 

PC-3 / μL, respectively. 

 

Metabolic activity and cell dead were verified by AlamarBlue (Figures 11 A to F) 

and Live/Dead (Figures 12 I to VI) respectively. With the addition of gelatin, the metabolic 
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activity increased over time in all 3D microgels with the various cell densities tested, a 

desirable result since these cultures better mimic the proliferative nature of PC-3 metastasis 

in bone. Moreover, this increase in cells metabolic activity was corroborated by Live/Dead 

analysis since no significant death was observed at 14 days. 

Among all the conditions, the 3D microgels with 20000 encapsulated cells were those 

that presented the highest metabolic activity, therefore, these conditions were chosen for the 

posterior establishment of heterotypic 3D microgel PC-3 osteoblast tumor models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Metabolic activity analysis of 3D microgel monocultures formed by various concentrations 

of gelatin and cells, at 3,7 and 14 days. A and B) 2.5% HA-MA and 5% HA-MA particles with 6000 PC-3 / 

μL, respetively.  C and D) 2.5% HA-MA and 5% HA-MA particles with 10000 PC-3 / μL, respectively.  E and 

F) 2.5% HA-MA and 5% HA-MA particles with 20000 PC-3 / μL, respectively. Data is presented as mean ± 

s.d., n=3.  
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Figure 12. Fluorescece micrographs of LiveDead assays performed at 3,7 and 14 days of PC-3 cutlure 

in different 3D microgels. I and II) 2.5% HA-MA and 5% HA-MA particles with 6000 PC-3 / μL, respetively.  

III and IV) 2.5% HA-MA and 5% HA-MA particles with 10000 PC-3 / μL, respectively.  V and VI) 2.5% HA-

MA and 5% HA-MA particles with 20000 PC-3 / μL, respectively. 
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3.6. HA-MA/Gel-MA 3D microgels for heterotypic tumor models assembly 
 

 As previously discussed, metastasis of prostate cancer cells to the bone 

microenvironment is a process involving several sequencial steps: 1) cancerous cells are 

released from the primary site after suffereing a process of EMT; 2) after which the invading 

cancer cells enter into the blood or lymphatic circulatory system and either by chance or 

natural tropism migrate into mestastic sites (seed and soil), 3) where upon exit of the 

vasculature these circulating cancer cells invade and colonized the growth-factor rich bone 

microenvironment, establishing a secondary tumor site. Throughout the whole process from 

the primary tumor to metastasis, it is widely accepted that non-malignant cells actively 

influence the fate of cancer cells [9]. Understanding the role of the bone cells that compose 

this new microenvironment (osteoblasts, osteocytes, osteoclasts, hematopoietic cells, 

mesenchymal cells, and immune cells) in the attraction, establishment and consequent 

interaction with the secondary tumor site, is a crucial starting point for the development of 

novel therapies targeting metastasis [10]. Factors secreted by prostate cancer cells alter the 

balance between the activity of osteoblasts (bone forming cells) and osteoclasts (bone lysis 

cells). Both are involved in the progression of prostate cancer metastases because they inhibit 

these factors and determine the phenotype of bone lesions. Prostate cancer metastases cause 

osteoblasts (excessive bone formation), osteolytic (bone lysis), or mixed bone response [11], 

[12].  

 For the formation of 3D bone tumor metastasis models PC-3 were co-encapsulate 

with osteoblast cells in 3D microgels at a 1:1 ratio [11]. This ratio was selected from previous 

literature reports that indicate it to be a suitable representation of prostate-bone models. 

Figure 13 A and B shows optical images of the established 3D heterotypic microgel models 

containing the tumor ECM-mimicking components (HA-MA and GelMA). 
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Figure 13.  Optical images of 3D tumor models of HA-MA and Gel-MA with PC-3 and human 

osteoblasts. A) Co-culture of HA-MA 2.5% and Gel-MA with 1: 1 ratio of PC-3 and human osteoblasts. B) 

Co-culture of HA-MA 5% and Gel-MA with 1: 1 ratio of PC-3 and human osteoblasts. 
 

Metabolic assays (Figure 14) demonstrated an increased metabolic activity over time, 

which would be expected in all concentrations, as osteoblasts are associated with the 

proliferation of prostate cancer cells as before mentioned. However, the metabolic activity 

at 14 days in the HA-MA 2.5% Gel-MA 5% and HA-MA 5% Gel-MA 5% conditions is 

slightly higher than on the other conditions tested and for this reason, these conditions were 

selected for testing of drug. Live/Dead analysis (Figure 15) evidences some cell death at 

later culture stages in HA-MA 2.5% /GelMA 5% formulation at 14 days, however, the 

number of dead cells is much lower than that of live cells. 

 

 

Figure 14. Metabolic activity of 3D heterotypic PC-3/hOB microgel models. A) Co-culture of HA-

MA 2.5% and Gel-MA with 10000 PC-3 and 10000 human osteoblasts. B) Co-culture of HA-MA 5% and Gel-

MA with 10000 PC-3 and 10000 human osteoblasts. Data are presented as mean ± s.d., n=3. 
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Figure 15. Pictures of LiveDead at 3,7 and 14 days of cocultures. A) Co-culture of HA-MA 2.5% and 

Gel-MA with 1: 1 ratio of PC-3 and human osteoblasts. B) Co-culture of HA-MA 5% and Gel-MA with 1: 1 

ratio of PC-3 and human osteoblasts. 
 

3.7. 3D microgel heterotypic in vitro tumor models’ mineralization 
 

Matrix mineralization consists of the deposition of bone tissue components such as 

extracellular calcium deposits. The presence of calcium in 3D PC-3:hOB co-culture 

microgels was determined by using the Alizarin Red S assay which provides a red coloration 

if calcium deposits are detected. The obtained results clearly demonstrate that in time 

calcium deposits are more evident. Interestingly, a higher calcium deposition was obtained 

for 3D microgels assembled with higher gelatin concentration, (Figure 16). These important 

results demonstrate the effect of osteoblasts when in closed culture with PC-3, as previously 

discussed and evidence the bioactivity of bone forming cells upon bioencapsulation in the 

fabricated 3D ECM-mimetic microgels. 

 

 Figure 16. Images of calcium quantification in cocultures over time. A) Co-culture of HA-MA 2.5% 

and Gel-MA with 1: 1 ratio of PC-3 and human osteoblasts. B) Co-culture of HA-MA 5% and Gel-MA with 

1: 1 ratio of PC-3 and human osteoblasts. Scale bar is 500 µm. 
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3.8. Cell-specific tracking in 3D microgels 

 

In order to further understand the organization and behavior of co-cultured cells 

within the 3D microgel matrix, we labeled PC-3 with DiO and osteoblasts with DiD cell 

tracking fluorophores and analyzed the localization and aggregation patterns of the different 

cell populations at 7 and 14 days of cultures (Figure 17). Interestingly the signaling of PC-3 

(blue) was always higher than that of hOB cells. 

  
Figure 17. Widefield fluorescence micrographs of cell-specific tracking in different 3D microgels at 

7 and 14 days. PC-3 were stained with DiO (blue), and hOB with DiD (red). Scale bar is 200 µm. 

 

 Such results could be attributed to the higher cell proliferation rate of PC-3 cells when 

compared to that of human osteoblasts and is an important factor that must be taken into 

consideration in drug screening assays. Moreover, cell-specific tracking assays demonstrate 

that no preferential spatial organization of PC-3 nor hOB occurs. Taking this data into 

consideration the formed 3D microgels were then used for the evaluation of cisplatin 

cytotoxic potential. 

  



Results and Discussion 

97 
 
 

3.9. Anti-cancer drug screening in 3D microgel in vitro tumor models 
  

As the formulations 2.5% HA-MA-5% Gel-MA and 5% HA-MA - 5% Gel-MA were 

those where a higher calcium deposition was observed they were selected for drug screening 

assays. Before, performing the drug screening assays, scaffold-free monotypic and 

heterotypic 3D tumor spheroids were established via forced floating techniques 

(Supplementary Figure S1) and were used as controls to evaluate the influence of tumor 

ECM mimetic microgel matrix. The size, morphology and shape of control 3D spheroids 

were monitored over 5, 7 and 14 days. It is clearly observable that monotypic and heterotypic 

3D spheroids have different sizes and morphologies (Supplementary figure S1). The size in 

both cultures increases over time, however the spheroids with hOB are significantly more 

compact and exhibit a necrotic nucleus, a feature that is not visible in monotypic 3D 

spheroids. This clearly demonstrates the effect of PC-3 and hOB cell-cell interactions, 

evidencing its importance in the recapitulation of prostate-bone metastasis in vitro. 

In these studies, 3D microgel co-cultures were subjected to various concentrations of 

cisplatin (100 µM, to 200 µM) an anti-cancer pharmaceutical clinically approved for the 

treatment of bone cancer [42]. As the results of Figure 18 a demonstrate, the increase in 

cisplatin dose led to a direct decrease in cell viability (Figure 18 a).  

The evaluation of cisplatin cytotoxicity in heterotypic co-cultures showed that HA-

MA 2.5% - GelMA 5% microgels have slightly higher drug resistance than HA-MA 5% -

GelMA 5% such could be correlated with higher cells bioactivity in these microgels. In fact, 

as previously demonstrated, at day 7 and 14, 3D microgels of HA-MA 2.5% / GelMA 5% 

present higher calcium deposition. Interestingly, 3D microgels present slightly higher 

resistance to cisplatin activity when compared to their 3D spheroid counterparts. 

Such evidences the importance of evaluating different ECM-like hydrogel 

formulations during drug screening so a final decision over a particular treatment 

performance can be inferred.  
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Figure 18. Cisplatin cytotoxicity evaluation. A) Dose dependent heat map of cell viability following 

administration of various cisplatin concentrations. Data is represented as mean, n=3. B) 3D cell titer glow cell 

viability analysis of 3D models incubated with the highest cisplatin concentration (200 µM). Data is presented 

as mean ± s.e.m., n=3. 
 

 The obtained results indicate that HA-MA 2.5% /GelMA 5% 3D spherical microgels 

have potential to be used for screening of candidate anti-cancer therapeutics that target 

prostate-to-bone metastatic niches. The versatility of these systems in terms of the inclusion 

of ECM-mimicking biomaterials as well as diverse cell cultures such as immune system cells 

or tissue resident mesenchymal stem cells increases the applicability potential of these 

platforms. It is important to emphasize that the ease of manufacture of these platforms and 

photo-crosslinkable 3D spherical microgels may contribute for their widespread use. 
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4.Conclusions 

 

Through the use of a quasi superhydrophobic surface it was possible to produce a 3D 

disease model of prostate cancer in mono and co-culture. The in vitro generated micro-tumor 

exhibits tumor-associated characteristics in vivo, such as matrix deposition, resulting from 

cell-cell and cell-ECM interaction. The addition of osteoblasts to the cultures allowed the 

metabolic activity of the cells to increase and that calcium deposition was higher, the greater 

the % Gel-MA. This result evidences the interaction between PC-3 and osteoblasts, to 

promote the bioactivity of bone-forming cells. The evaluation of cisplatin cytotoxicity in 

heterotypic co-cultures showed that HA-MA 2.5% - GelMA 5% microgels have slightly 

higher drug resistance than HA-MA 5% -GelMA 5% may be correlated with the fact that 

this condition was also the one with the highest calcium deposition.  

The current microtumor may be improved in the future with regards to the inclusion 

of new assays or other cell types, so that in vitro assays replicate the tumor microenvironment 

better and better. 
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5. Conclusions and Future Perspectives 
 

There is no doubt that the interactions between the cellular and tumor components of 

stroma ECM act as regulators in the aspects of cancer progression or not. However, the exact 

nature of these complex interactions is not fully understood. Thus, it is extremely important 

to develop new models of in vitro disease that replicate the environment in vivo. 

 A 3D model of metastatic prostate cancer was developed containing extracellular 

matrix compounds (hyaluronic acid and gelatin) cancerous human cells (PC-3), one of the 

key populations of ECM cells (the osteoblasts). The inclusion of the cells in biomaterials, 

led to a closer approximation of these models to the reality of tumors in vivo. 

 3D microgels present slightly higher resistance to cisplatin activity when compared 

to their 3D spheroid counterparts. 

In the future, the versatile method used in this work can be employed to the culture 

of other cell lines and with other ECM-mimetic biopolymers. Microtumors can also be 

coated via layer by layer with ECM components or with other types of chemical 

functionalization technologies. In all these hypotheses, the screening of drugs is a possibility, 

thus contributing to the advancement of new therapies or discovery of new anti-neoplastic 

drugs. 
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Supplementary Figure S1. Optical contrast micrographs of 3D monotypic and heterotypic tumor 

spheroids size and morphology at 5, 7 and 14 days of culture. 3D heterotypic tumor spheroids were 

assembled at 1:1 ratio of PC-3 to hOB cells. 

 


