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ABSTRACT 
Tumor metastasis is the most important reason of cancer-related death. The progress of 

tumor metastasis includes intravasation, survival in the circulation, extravasation and col-

onization. In the process of metastasis intravasation, the basement membrane is the first 

important barrier. Therefore, engineering a basement membrane in 3D structure might 

provide a novel 3D model of tumor metastasis, leading to a better understanding of tumor 

intravasation.  

In this thesis, a novel artificial engineered basement membrane (EBM) was fabricated by 

gelation of Matrigel matrix and PEGDA 20,000 under UV exposure. The function of this 

EBM was investigated by MDA-MB-231 and MCF-7 cell invasion in xCELLigence.  

MDA-MB-231 cells invaded through the membrane successfully but MCF-7 cells failed, 

showing that the EBM can differentiate between metastatic and non-metastatic tumor 

cells. The invasion process was significantly influenced by shikonin and irradiation, 

showing that the EBM allows to study tumor related treatments.  

In summary, this thesis established a novel 3D in vitro tumor metastasis model which 

may serve as a platform for drug screening and study of tumor metastasis.  
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1 INTRODUCTION 

1.1 Bone Metastasis 

Tumor metastasis is the most important  reason leading to cancer-related deaths (Nannuru 

and Singh 2010). Bone is one of the most common sites of tumor metastasis (Li et al. 

2012). The incidence of bone metastasis in breast cancer and prostate cancer is 65–75% 

(Coleman 1997) while the incidence in lung cancer, thyroid cancer, kidney cancer and 

most of the adenocarcinoma primary tumors is much lower (Suva et al. 2011). The median 

survival in patient with bone metastasis is 2–3 years (Holen et al. 2015). Current therapy 

for bone metastasis is mostly palliative (Suva et al. 2011). Bone metastasis may result in 

severe problems like osteolytic bone pain, pathologic fractures, or malignant hypercalce-

mia (Chow et al. 2008).  The first step for bone metastasis is invasion, in which the cancer 

cells invade through the basement membranes to start metastasis. However, the complex-

ity of the invasion process remains unclear (Akhtar et al. 2019). Better understanding of 

the invasion process of metastasis may help to prevent or treat bone metastasis. 

1.2 Bone Metastatic Lesions 

Bone metastatic lesions include osteolytic lesions and osteoblastic lesions. Tumor stimu-

lated osteoclastic bone resorption at the bone marrow plays a very important role in the 

formation of bone metastasis within the strict environment of mineralized bone and pro-

motes the tumor progression (Martin 2002). 

Osteoblastic lesions with increased bone formation are present in many tumoral diseases 

like prostate carcinoma (Ottewell 2016). It can be diagnosed by radiographs. Osteoblasts 

form bone through a multistep of proliferation, matrix maturation and mineralization and 

this can be activated by factors secreted by growing tumor cells.  

Another special type is dormant lesion (Gawrzak et al. 2018). Tumor dormancy is a lesion 

which can stay in silence for a long term and can finally be activated to form a metastatic 

lesion. The silence term can be months to years. Patients with dormant lesions have a 

higher risk of tumor recurrence.  
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1.3 Bone Microenvironment 

The bone plays an important role in structural support, movement and maintaining min-

erals and energy. The bone marrow possesses postnatal hematopoiesis (Frisch 2019). 

Bone cells are mainly comprised of osteoblasts, osteoclasts, osteocytes and adipocytes 

(Florencio-Silva et al. 2015). Osteoblasts and osteoclasts maintain balance of bone struc-

ture and health through bone-remodeling.  

Interestingly, bone metastasis is not the same within different bones (Tanaka et al. 2005). 

Metastases are found more frequently in red marrow and bones rich in trabeculae such as 

vertebrae, ribs, pelvis. The mechanism of the more frequent tumor metastasis to red mar-

row and trabecular rich bones is not clearly understood (Hernandez et al. 2018). One of 

the hypotheses is that the higher rates of bone turnover, vascularization and more trabec-

ular bone induce tumor cell seeding and colonization (Kakhki et al. 2013). �

1.4 Regulatory Factors of Bone Metastasis 

Bone matrix is comprised of mineral and organic matrix. The bone matrix not only pro-

vides structural support for bone cells but also secretes a variety of factors such as trans-

forming growth factor β (TGF-β), receptor activator of nuclear factor κB ligand 

(RANKL), parathyroid hormone related peptide (PTHrP), bone morphogenetic proteins 

(BMPs) , fibroblast growth factors and Wnt pathway molecules, which regulate the bone 

turnover and tumor cell growth during bone metastasis (Käkönen et al. 2002; Boyce 2013; 

Johnson et al. 2014; Wu et al. 2016). 

TGF-β secreted by both primary tumor and colonization cells in bone, can induce the 

bone resorption process and release TGF-β from the bone. After the ligand binding to the 

type II receptor serine kinase (TGFβRII) on target cells, the TGF-β signaling pathway is 

activated (Shi and Massagué 2003). TGFβRII activation induces phosphorylation of the 

type I receptor (TGFβRI) and phosphorylation of Smad2 and Smad3. Smad2 and Smad3 

binding to Smad4 can induce the translocation to the nucleus and increase target gene 

transcription (Roberts and Sporn 1993). TGF-β secreted from both bone and tumor cells 

can suppress T-cell proliferation and activity of natural killer cells. Thus, the immune 

system is inhibited by TGF-β (Fournier et al. 2006). Also, PTHrP and IL-8 can induce 

bone resorption through T-cell activation and the T-cell function inhibition through a 

negative regulation (Fournier et al. 2006). PTHrP, which is secreted by mesenchymal 

stem cells (MSC) or occasionally secreted by cancer cells, promotes the binding of 
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RANKL and its receptor RANK, and thereby activates osteoclast formation (Lacey et al. 

1998). RANKL is one of the most important mediators of osteoclast formation, function 

and survival (Roodman and Dougall 2008). 

Some osteoblastic factors such as fibroblast growth factors, BMPs and Wnt pathway mol-

ecules can stimulate bone formation within bone metastases. Prostate cancer cells express 

factors including BMPs and Fibroblast growth factors (FGFs) which can activate resident 

bone and bone marrow cells in bone metastasis (Morrissey et al. 2010). FGFs including 

acidic and basic FGFs�FGF1 and FGF2�can stimulate the proliferation and differenti-

ation of osteoblasts by upregulating runt-related transcription factor 2 (RUNX2) and 

BMP2 (Kodama et al. 2009). 

Wnts are a large family of glycoproteins related to normal osteoblast development and 

bone formation (Bennett et al. 2005). Prostate cancer cells produce dickkopf-related pro-

tein 1(DKK1), an inhibitor of Wnt signaling at the beginning of the progress of bone 

metastasis. With the progression of metastasis, DKK1 decreases, thus Wnt signaling in-

creases the activity of osteoblast, causing osteoblastic lesions (Hall et al. 2005). 

Apart from soluble factors, also mechanical obstacles like the extracellular matrix of the 

basement membrane play an important role in tumor metastasis. To start the metastasis, 

invading through basement membrane is the first important step. The basement mem-

brane is a thin layer of extra cellular matrix which guides normal tissue development 

(Yurchenco 2011). The basement membranes are self-assembled through binding of lam-

inins, type IV collagens, nidogens, growth factors and proteoglycans (Yurchenco 2011). 

After invading through basement membrane, the cancer cells can invade into vessels (in-

travasation) and survive in the circulation. The possible mechanism of invasion has been 

thought to depend on protease degradation (Glentis et al. 2017). However, in current stud-

ies, physical forces generated by cancer cells growing also promotes the invasion through 

basement membrane (Punovuori and Wickström 2020). Due to the complexity of the me-

tastasis and unclear understanding of the invasion process, it is very important to under-

stand the structure of basement membrane and the mechanism of the invasion through the 

basement membrane.  

Histological confirmation of the surgical margins can ensure complete excision. However, 

several reports demonstrated that pathological assessment are sometimes not accurate 

(Holland et al. 1985; Frazier et al. 1989; Silverstein et al. 1994). It was reported that 
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residual cancer cells were found at 2 cm from the tumor margin in 42% of specimens 

(Holland et al. 1985). 26% of patients who were confirmed with clear pathological margin 

had been reported with residual cancer cells (Frazier et al. 1989). A possible way to mit-

igate this problem is irradiation therapy (Abe et al. 2005). However, the typical clinical 

dose of irradiation (50–60Gy) does not kill all cancer cells but rather achieves better long-

term results with less side-effects (Coles et al. 2005). A part of this effect could be a 

change of the extracellular matrix of the basement membrane due to the irradiation.  

1.5 Current Models of Bone Metastasis 

One of the difficulties in studying bone metastasis is the lack of an ideal tumor metastatic 

model (Thibaudeau et al. 2014a). One of the most important factors is the unclear under-

standing of the complicated pathophysiological mechanisms in bone metastasis 

(Thibaudeau et al. 2014b). Stephen Paget proposed the “seed and soil” hypothesis by 

analyzing autopsy specimens of women who died of breast cancer. The seed only grows 

if it lands in a proper soil (Akhtar et al. 2019). Since the development of “seed and soil” 

hypothesis the knowledge of metastatic mechanisms has greatly improved.  Nearly 3.2 × 

106 cells/g tissue per day escape from the primary tumor (Schilling et al. 2012), and only 

0.01% of these cells survive in the circulation and continue metastasis (Butler and Gullino 

1975). Proteases which are released by tumor cells play an important role in the escape 

from the primary tumor. With releasing proteases, the tumor cells can pass through the 

basement membrane and the endothelium of small blood vessels, enter the circulation, 

and pass through the blood vessels endothelium into the distant organs. There are several 

properties which induce high incidence of bone metastasis: high volume of blood flow in 

bone marrow, mechanical structural support, presence of adhesive cells, angiogenic and 

bone-resorbing factors. RANKL has been widely known to promote tumor cell bone col-

onization. Recent research showed that RANKL secreted by osteoblasts improve tumor 

cell homing and colonization (Campbell et al. 2012). 

Models of bone tumor metastasis are mainly divided into two types, in vivo models and 

in vitro models. Currently several types of models have been used in the research of bone 

metastasis. But all have some limitations (Thibaudeau et al. 2014b; Katt et al. 2016). 
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1.6 In Vitro Bone Metastasis Models 

Numerous in vitro models of bone metastasis have been developed, however reliable, 

simple, and inexpensive models of the complicated bone environment which can mimic 

the in vivo metastasis are still lacking (Salamanna et al. 2016). In vitro bone metastasis 

models can be classified into several types, transwell-based models, spheroid-based mod-

els, hybrid models and tumor-microvessel models (Katt et al. 2016). 

Transwell-based models have been widely used to test cancer cell migration and invasion 

(Kramer et al. 2013). These models with different membranes can be used for drug 

screening, tumor cell invasion, and extracellular matrix remodeling (Madsen et al. 2015). 

They are easily implemented, inexpensive, high throughput and can be used to compare 

metastatic capability of different cell lines. However, the limitation is low physiological 

relevance.  

Spheroid-based models are designed based on cancer cell spheroids grown in suspension 

or 3D culture (LaBarbera et al. 2012). Tumor spheroids are widely used for drug screen-

ing, proliferation and invasion study, immune cell response study, angiogenesis study. 

There are four methods for fabrication of tumor cell spheroids, suspension culture, mi-

crofluidic method, non-adherent surface method and hanging drop method, each differ 

with advantages and disadvantages (Mehta et al. 2012). Suspension culture aggregates 

cancer cell spheroids by improving the viscosity of the media. The limitation of this 

method is uncontrolled size and uniformity.  

To overcome this limitation, non-adherent surfaces which prevent cells from attaching to 

the non-adherent surface had been developed. Spheroid size can be controlled by cultur-

ing the cells in microarrays with special round-bottom non adherent 96-well plates 

(Fennema et al. 2013). Stamped agarose microwells are widely used as non-adherent sur-

face in this method (Gonzalez-Fernandez et al. 2020).  

In hanging drop method, cells are suspended from the underside of an adherent tissue 

culture lid. Cells aggregate to a cluster at the bottom and then the spheroid grows. The 

size of the spheroid is controllable but with a limitation of low throughput. With the de-

velopment of microfluidic devices, size and uniformity of spheroid formation became 

more controllable (Fu et al. 2014). 

Hybrid in vitro bone metastatic models include embedded ex vivo sections, avascular mi-

crofluidic models and 3D invasion models. They combine tumor microenvironment and 
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in vitro model together. Embedded ex vivo sections can keep specific heterogeneity of 

tumor cells, supporting tissue and vascular tissue and have been widely used in study of 

tumor morphology, growth and chemosensitivity. In this method, collagen type I is usu-

ally used to mimic the extracellular matrix, however the gene expression can be regulated 

by the extracellular matrix (Nguyen-Ngoc et al. 2012). The most widely used applications 

of the embedded ex vivo sections are drug sensitivity test and patient specific treatment 

test. One limitation of this method is the missing medium perfusion in these models.  

3D invasion models mimic invasion by seeding cancer cell spheroids in an extracellular 

matrix material. In this method, coculture of endothelial cells, fibroblasts and cancer cells 

using a matrix material has been used to study extracellular matrix material, matrix re-

modeling, hypoxia on cell adhesion and invasion (Mosadegh et al. 2015). This method is 

typically used in the study of cancer cell secreted factors, matrix remodeling and cancer 

cell dormancy (Horie et al. 2015). The limitation of this method is lack of vasculature and 

lack of tumor complexity. 

Avascular microfluidic models are typically designed as tumor cells grown in a 2D mi-

crofluidic device. They are widely used in the study of migration. Real-time tracking of 

cell adhesion to endothelial layers before extravasation can be studied with this model. 

The limitations are the lack of vasculature and lack of 3D environment in the models (Hsu 

et al. 2011). 

Tumor vasculature is one of the most important components of the tumor microenviron-

ment. Nutrients and oxygen are transported through vasculature to the tumor cells. The 

factors secreted by the endothelial cells can regulate the tumor growth in several ways 

(Butler et al. 2010). Tumor-microvessel models are widely used to study interactions be-

tween tumor cells and vasculature. They are mainly designed by culturing endothelial 

cells in extracellular matrix scaffolds or remodeled matrix (Abigail and Sharon 2012).  

With a predefined extracellular matrix scaffold method, micro vessels were fabricated by 

seeding endothelial cells onto a predefined channel in a scaffold (Liu et al. 2008). The 

most common substances used to fabricate a predefined extracellular matrix are fibrin 

and collagen I (Liu et al. 2008). After seeding onto the inner surface of the predefined 

extracellular matrix, the cells form a monolayer. A study reported that vessel permeability 

responds to vascular factors and cytokines (Chrobak et al. 2006). With a 3D microvessel 

structure, several types of cells such as smooth muscle cells can be cocultured with tumor 

cells in this system. It makes it possible to study the tumor cell induced angiogenesis, 
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intravasation, and extravasation (Wang et al. 2015). Live-cell imaging uncovered one 

possible mechanism of tumor intravasations: tumor cells can disrupt the endothelial mon-

olayer through cell division (Wong and Searson 2014). The limitation of predefined ex-

tracellular matrix scaffold method is the limited vessel diameter and simple linear geom-

etries. 

To overcome the limitation of vessel diameter and simple linear geometries of the vessel, 

microvessel self-assembly method has been developed based on endothelial cells seeding 

and embedded within a matrix and self-assembling into random vessels smaller than 

50μm (Sarker et al. 2018). Once microvessel networks have been established, the medium 

can perfuse through the microvessel network. After perfusion, the tumor cells can move 

in the network which can mimic the survival of tumor cells in the circulation. It can be 

used to study tumor cell survival and extravasation. Also, with seeding the tumor cells 

with the extracellular matrix surrounding the vessel networks, this model can be used to 

study the interactions of endothelial cells and tumor cell activation and arrestation (Ghajar 

et al. 2013). However, a limitation of this microvessel self-assembly model is the gener-

ation of a random vessel network with unpredictable medium perfusion (Wong and 

Searson 2014).  

Transwell-based metastasis models have the limitation that they mainly evaluate cell mo-

tility. Also, the physiological relevance is low compared to in vivo models (Katt et al. 

2016). 

There are several methods to fabricate spheroid-based models. With cell suspension cul-

ture method, the limitations are no individual compartments for spheroids and uncon-

trolled uniformity. With no-adherent surfaces cell culture method and hanging drop tech-

nique method, the main limitations are the difficulty of long-term tumor cell culture and 

low throughput (Mehta et al. 2012).  

Hybrid in vitro bone metastatic models can be developed in three different ways. With 

embedded ex vivo tumor sections method, the limitation is the lack of medium perfusion 

through vasculature. With 3D invasion models method, tumor cells are embedded in a 

gel. The limitations are the lack of vasculature and lack of tumor complexity. With avas-

cular microfluidic method, tumor cells grow in a 2D microfluidic device, mainly used to 

study migration. The limitations are the lack of vasculature and the lack of 3D environ-

ment (Yabushita et al. 2004). 
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1.7 In Vivo Bone Metastasis Models 

Before commencing clinical trials in human, treatment must first pass the test in vivo 

animal models (Mak et al. 2014). The first type of in vivo animal model is spontaneous 

bone metastasis model. An in vivo model of prostatic cancer metastasize to bone in ca-

nines was reported in 2014 (Trost et al. 2014).  Such models are usually used to mimic 

bone metastasis with quick progress, occuring reliably in animals in vivo, but it may re-

quire months or years of tracking the animals (Langlais et al. 2006).  

The second type of in vivo bone metastasis model is the intravascular and intraosseous 

model. Intraosseous model is used to study the progression of cancer cells in the bone 

microenvironment. This model is fabricated by injecting tumor cells into the bone of the 

rats directly. The advantage of this method is quick metastasis and thus it can be used for 

testing strategies for preventing tumor growth (Zheng et al. 2008). But this model only 

mimics the process after extravasation. It’s somehow more similar to the primary tumor 

(Thibaudeau et al. 2014a). Thus, intravascular models were developed to overcome these 

limitations and fabricate more suitable metastatic models. Some researchers use intracar-

diac injection and tail vein injections of cancer cells to mimic bone metastasis (Yi et al. 

2002). These models can be used to study the process of hematogenous metastasis, ex-

travasation and colonization. The limitation of these models comes from the use of xen-

ograft. Immune-compromised animals are necessary to secure minimal graft rejection. 

This property limits the use of this method to study how the immune system affects bone 

metastasis (Wu et al. 2013).  

The third type is a humanized model that uses human cancer cells and bone implants to 

study metastasis. The advantage is the use of human cancer cells and bone implants for 

metastasis (Yang et al. 2007; Xia et al. 2012). Humanized models try to mimic the process 

of tumor progression in mice with various ways of injection of human cells to better rep-

resent the process in the human body. Subcutaneous implants of human bone scaffold and 

direct injection are used in models. Researchers use these models with an intravascular 

injection to study the ability of the cells to extravasate while direct injection is usually 

used for evaluating colonization ability of the cells. Recently, Moreau’s study evaluated 

the intravasation, survival in circulation, and extravasation. The main limitation of this 

model was the limited source of the human tissues (Moreau et al. 2007).  
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More and more tissue-engineering constructs have been used in creating a controllable 

microenvironment (Schuster et al. 2006).  Tissue-engineered scaffolds provided a repro-

ducible and controllable microenvironment for osteoblast differentiation. However, cur-

rent models using tissue-engineering scaffolds still need an intravascular injection and 

immunocompromised animals with the disadvantage of absence of immune response dur-

ing metastasis (Moreau et al. 2007). 

Interaction between the immune system and skeletal system in cellular mechanisms, “os-

teoimmunology” became a new focus (Rho et al. 2004; Walsh et al. 2006). The same 

molecules which act both in the skeletal system and immune system have been discovered. 

Cancer cell immunosurveillance happens when the immune system is activated by the 

signals from tumor cells such as tumor antigens. Normally the CD8+ T cells in the im-

mune system eliminate cancer cells, but antitumor immune effects are not always efficient 

to inhibit cancer cell survival in the circulation (Capietto and Faccio 2014). In order to 

study the effects of the immune system on possible treatments, immunocompetent models 

of bone metastasis have been developed (Power et al. 2009). As immunocompetent mice 

are widely used in these models, they have obvious advantages compared to immuno-

compromised animal models. However, most of the models still need an intravascular 

injection of cancer cells (Thibaudeau et al. 2014b). They can be used to study homing and 

colonization of tumor cells, but cannot be used to study intravasation and niche formation 

before metastasis because of the lack of primary tumor formation. 

Although these types of models have been developed for years, there is still limitation in 

mimicking the dormancy and homing process during bone metastasis (Linde et al. 2016). 

Based on the 3D coculture of breast cancer cells and bone marrow cells, a dormant model 

of bone metastasis was established and implanted subcutaneously into mice. This model 

can be used for the study of cellular dormancy in bone metastasis (Marlow et al. 2013).  

Taken together, there are already several types of in vivo and in vitro bone metastasis 

models. However, all of the current models have their limitations. 

In spontaneous bone metastasis models, the main limitation is that the spontaneous phe-

nomenon is rare and hard to recreate in most animals (Jinnah et al. 2018). However, in 

the few larger animal models, the primary tumor can occur and metastasize to bone. The 

progression of metastasis is very slow and the costs is too high to be widely used in ther-

apeutic testing (Langlais et al. 2006). 
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In intraosseous models, the main limitation is that the models can only mimic the process 

after bone colonization, but not homing of tumor cells, extravasation and intravasation 

(Thibaudeau et al. 2014a). Intravascular injection models which can mimic the survival 

in circulation, extravasation and colonization have been developed. However, the main 

limitation is that immune-compromised animals are necessary for the models (Wu et al. 

1998). They can’t be used to study the role of the immune system in bone metastasis 

which is also very important in tumor progression. 

Immunocompetent bone metastasis models, which have advantages in preclinical models, 

usually need an intravascular injection of tumor cells. This may affect the mechanisms 

being studied in the bone (Wright et al. 2016). The limitation is that the models can be 

used in study of homing and colonization but not intravasation because the lack of a pri-

mary tumor (Wright et al. 2016). 

Humanized bone metastasis models, use human cancer cells and bone implants to mimic 

the metastasis (Kuperwasser et al. 2005). The main limitation is the difficulty of availa-

bility of human tissues. The complexity of the microenvironment in the animals makes it 

more difficult to reproduce and control (Xia et al. 2012). 

Tissue-engineered bone metastasis models develop a scaffold-based bone microenviron-

ment. The main limitation of this model is the immunocompromised animals used in the 

method, which leads to a lack of immune system response in the metastatic process 

(Schuster et al. 2006). 

In summary, in order to have better understanding of the first step of bone metastasis, the 

invasion process, an engineered basement membrane which can mimic the basement 

membrane in vivo is necessary. In this study, the design of an engineered basement mem-

brane for a 3D bone metastasis model to mimic and study bone metastasis was attempted. 

1.8 Aim of Thesis 

The aim of this thesis was it to create a 3D tissue engineered model of tumor invasion 

through basement membrane to be able to study this important first metastatic step. 

1.9 Hypothesis 

The hypothesis was that a 3D tissue engineered model of a basement membrane allows 

to differentiate between invasive and non-invasive tumor cells, can also show the effect 
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of chemo-therapy and can be used to study matrix mediated direct effects of irradiation 

on the metastatic process.  
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2 MATERIALS AND METHODS 

2.1 Materials and Chemicals 

Table 1 Used machines and manufacturer information 

Machine Model Company 

Balance Explorer Ohaus, USA 

Centrifuge Heraeus Multifuge X1R ThermoFisher, USA 

Freezer(-20°C)  Liebherr, Swiss 

Freezer(-80°C) DF9014 IlShin, Netherlands 

Freezer(-150°C) ULT10140-9-M23 Thermo Scientific, 
USA 

Ice machine ZBE 70-35 Ice Systems, UK 

Cryostat CM1950 Leica, Germany 

Incubator Cytoperm 2 Thermo Scientific, 
USA 

Incubator BBD 6220 Thermo Scientific, 
USA 

Microscope DMi8 Leica, Germany 

Vortexer RS-VA10 Phoenix Instrument�
Germany 

Water bath Isotemp GPD 20 Fisher Scientific, USA 

Real time cell analyzer xCELLigence® RTCA DP ACEA Bioscience, 
USA 

Computer-controlled 
air pressure pump 

Air pressure pump 02 Ibidi GMBH, Germany 

Perfusion set Red (#10962) Ibidi GMBH, Germany 

Fluidic unit 10903 Ibidi GMBH, Germany 

Computer Notebook with pump control soft-
ware 

Ibidi GMBH, Germany 

3D printer Ultimaker 3 Ultimaker, Netherlands 

PLA filament PRO1 Black BASF, Germany 

Live-cell analysis sys-
tem 

Incucyte S3 Essen BioScience, Ger-
many 
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Safety Cabinet Hs18 Thermo Heraeus, USA 

X strahl Cabinet Irra-
diators 

RS225 Gulmay Medical LTD, 
USA 

Flashlights Walther Pro UV5 Laserliner, Schweiz 

RTCA analyzer XCELLigence RTCA DP ACEA Bioscience, 
USA 

Pipette K28906H Star Lab, Germany 

Neubauer Haemocy-
tometry 

 Electron Microscopy 
Sciences, USA 

�

 �
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Table 2 Chemicals and Reagents 

Compounds Provider Information 

DMSO Sigma-Aldrich, USA 

Trypsin Pan Biotech, Germany 

Ethanol Carl Roth, Germany 

Sucrose Sigma-Aldrich, USA 

SYLGARD 184 Silicone Elastomer Base Dow Chemical, USA 

SYLGARD 184 Silicone Elastomer Curing 
Agent 

Dow Chemical, USA 

Mold Star 16 FAST Platinum Silicone 
Rubber 

Smooth-On, USA 

LAP Sigma-Aldrich, USA 

PEGDA 20,000 Sigma-Aldrich, USA 

Shikonin Sigma-Aldrich, USA 

Matrigel Matrix Standard Formulation 
354234 

Corning, USA 

DMEM Gibco, USA 

Phenol free DMEM Gibco, USA 

DPBS Pan Biotech, Germany 

FBS Pan Biotech, Germany 

Penicillin/Streptomycin Pan Biotech, Germany 

PFA Th. Geyer, Germany 

Tissue-Tek O.T.C Sakura, USA 

Blasticidin (G418 solution) Sigma-Aldrich, USA 

Plasmids Addgene, USA 

Anti-Laminin Ab11575 Abcam, UK 
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Anti-Collagen IV Ab19808 Abcam, UK 

Goat anti-rabbit IgG Ab150080 Abcam, UK 

Puromycin Sigma-Aldrich, USA 

Table 3 Consumables 

Consumables Provider Information 

PLA filament BASF, Germany 

96-well plate Thermo Scientific, USA 

24-well plate Greiner bio-one, Germany 

Serological pipette 5 ml Sarstedt, Germany 

Serological pipette 10 ml Sarstedt, Germany 

Serological pipette 25 ml Sarstedt, Germany 

Micro tube 1.5 ml SafeSeal Sarstedt, Germany 

Pipette tips 10 μL Biozym, USA 

Pipette tips 100 μL Biozym, USA 

Pipette tips 1000 μL Biozym, USA 

Pipette Reference 10 mL Eppendorf, Germany 

Pipette Reference 100 mL Eppendorf, Germany 

Pipette Reference 1000 mL Eppendorf, Germany 

Culture flask T25 Sarstedt, Germany 

Culture flask T75 Sarstedt, Germany 

Culture flask T175 Sarstedt, Germany 

Mr. Frosty Freezing Container Thermo Scientific, USA 
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Needle 20 G Braun, Germany 

Syringe 2 mL BD, USA 

Falcon tube 15 mL Sarstedt, Germany 

Falcon tube 50 mL Sarstedt, Germany 

96-well Imagelock microplate Essen BioScience, Germany 

Coverslip 18*18 mm Carl Roth, Germany 

Coverslip 6*6 mm Carl Roth, Germany 

Vivaspin columns Sartorius, Germany 

CIM plate ACEA Bioscience, USA 

�

Table 4 Cell lines 

Cell line Description Distributor information 

MDA-MB-231 Human mammary 
gland 

ATCC® HTB-26TM 

MCF-7 Human mammary 
gland 

ATCC® HTB-22TM 

�

Table 5 Plasmids for LV generation and Addgene information 

Plasmid Addgene Number 

pLemiR-NS 32809 

pLJM1-EGFP 19319 

pCMV-VSV-G 8454 

psPAX2 12260 

�

Table 6 Software 

Software Manufacturer 

Leica Application Suite X 3.4.2.18368 Leica, Germany 

Microsoft PowerPoint 2016 Microsoft, USA 
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Microsoft Word 2016 Microsoft, USA 

Microsoft Excel 2016 Microsoft, USA 

GraphPad Prism 5 GraphPad Software, USA 

Adobe Illustrator 2020 Adobe, USA 

Mendeley Desktop 1.19.4 Elsevier, Netherlands 

Incucyte S3 2019A Sartorius, Germany 

RTCA Data Analysis Software 1.0 ACEA Bioscience, USA 

Freecad 0.17 Matra Datavision, France 

Ultimaker Cura 3.6.0 Ultimaker, Netherlands 

�

Table 7 Work solutions 

Solutions Recipe 
100 μL Matrigel aliquot 7.6 mg/mL Matrigel solution 

100 μL 
Silicone solution SYLGARD 184 Silicone Elas-

tomer Base 10 mL  
SYLGARD 184 Silicone Elas-
tomer Curing Agent 1 mL 

Blue silicone rubber  Mold Star 16 FAST Platinum 
Silicone Rubber Part A 5 mL 
Mold Star 16 FAST Platinum 
Silicone Rubber Part B 5 mL 

200 μg/mL Matrigel solution Matrigel aliquot 1.31 μL 
DMEM (serum free) 48.69 μL 

400 μg/mL Matrigel solution Matrigel aliquot 2.63 μL 
DMEM (serum free) 47.38 μL 

800 μg/mL Matrigel solution Matrigel aliquot 5.25 μL 
DMEM (serum free) 44.75 μL 

1200 μg/mL Matrigel solution Matrigel aliquot 7.89 μL 
DMEM (serum free) 42.11 μL 

1600 μg/mL Matrigel solution Matrigel aliquot 10.50 μL 
DMEM (serum free) 39.50 μL 

10 wt% PEGDA gel solution PEGDA 100 mg 
Distilled water 900 mg 
LAP 1 mg 

7.5 wt% PEGDA gel solution 10 wt% PEGDA gel solution 
750 μL 
DMEM (serum free) 250 μL 
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5 wt% PEGDA gel solution 10 wt% PEGDA gel solution 
500 μL 
DMEM (serum free) 500 μL 

2.5 wt% PEGDA gel solution 10 wt% PEGDA gel solution 
250 μL 
DMEM (serum free) 750 μL 

2.5 wt% PEGDA+400 μg/mL Matrigel gel solution 10 wt% PEGDA gel solution 
250 μL 
Matrigel aliquot 52.5 μL 
DMEM (serum free) 697.5 μL 

�

2.2 Cell Lines and Cell Culture 

Human breast cancer cell lines MDA-MB-231 and MCF-7 were bought from American 

Type Culture Collection. The cells were cultivated in DMEM containing 10% FBS, and 

1% penicillin and streptomycin at 37℃ and 5% CO2. The medium was changed every 3 

days depending on the confluence. The cells were split when the confluence was 70-80%. 

MCF-7 is a poorly-aggressive and non-invasive cell line and normally being considered 

to have low metastatic potential. MDA-MB-231 is an aggressive and invasive cell line 

and has high metastatic potential (Elgundi et al. 2020). 

2.3 Stable GFP/RFP Cell Line Generation 

MDA-MB-231 and MCF-7 cell lines were maintained in DMEM with 10% FCS and 1% 

P/S. Fluorescence microscopy pictures were obtained by an inverted microscope (Leica 

DMi8, Germany) using the filter set BP 525/50 for GFP and filter set BP 605/70 for RFP 

detection. Exposure time was set to 40 ms for all fluorescence pictures. 

MCF-7 and MDA-MB-231 cells were seeded in 24-well plates (50,000 cells/well). After 

24 h, cells were infected with lentivirus (500 MOI) carrying VSVG envelope proteins and 

GFP or RFP as a gene of interest. After 96 h, blasticidin containing media (5 μg/mL) was 

added to cells and cells were selected for at least 14 d. After the selection process (100% 

green/red cells) cells were stored at a -150°C freezer for further experiments. 

2.4 Lentivirus Production, Concentration and Titration 

VSVG pseudotyped lentiviruses were generated in HEK293FT cells. Cells were seeded 

in 6-well plates at 1*106 cells/mL and directly transfected with pLJM1-EGFP for GFP or 

pLemir-NS for RFP delivery, psPAX2 for viral capsid proteins and pCMV-VSV-G for 
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viral envelope proteins (summarized plasmids are listed in Table 5). 16 h after transfec-

tion, sodium butyrate containing media (0.01 M) was added for 8 h. Afterwards, media 

without sodium butyrate was used and collected every 24 h. After 5 da, media was cen-

trifuged for 30 min at 2,000 x g, filtered, and concentrated via Vivaspin columns (10.000 

MWCO, Sartorius, Göttingen, Germany). Concentrated virus solutions were stored at -

80 °C. 

2.5 3D Design of the Molds and the Devices 

The molds and the devices were designed using the free and open-source software 

Freecad 0.17 in this study. A mold was designed to fabricate the transparent silicone cover 

of the main device. The frame of the mold was a rectangular box with an outer ratio of 

length, width, and depth 2:2:1. The size was 20 mm x 20 mm x 10 mm. Two rectangular 

grooves parallel to the boundary of the mold were designed with a rectangular cross sec-

tion. The width and depth of the cross section of the grooves are 1 mm, 1 mm.  

A perfusable cell culture device was designed using Freecad software. In this device, cells 

can be cultured in 3D hydrogels which contain sustainable perfusion in the middle of the 

hydrogels. The frame of the device was a rectangular box with an outer ratio of length, 

width, and depth 20:20:10. The size was 20 mm x 20 mm x 10 mm. Parallel to the bound-

ary of the device, there were two rectangular grooves with a rectangular cross section. 

The width and depth of the grooves were 1mm. The inner space for cell culture is a rec-

tangular box with a ratio of length, width and depth 8:3:10. The size was 8 mm x 3 mm x 

10 mm. The bottom and top surface of the device were hollow and were covered and 

sealed with silicone cover fabricated in molds or thin glass slides with proper size. In the 

middle of the device, a 7.2 mm diameter cylindrical channel was design to achieve the 

sustainable perfusion. Three cylinders with diameters of 3 mm, 5 mm and 7 mm were 

designed to generate a channel for sustainable perfusion in the hydrogels.  

The other molds which were used for fabrication of blue silicone soft rings were designed 

with Freecad. The molds for blue silicone rings were composed of two parts. Part A was 

a disc-shaped mold with an upright slim cylinder in the middle of the disc. Part B was a 

thin-walled hollow cylinder which fits to the part A mold. Two parts were composed 

together when fabricating the blue silicone rings. 
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2.6 3D Printing of the Molds and the Devices 

After the designing, the FCStd files were created by the software Freecad. Then the FCStd 

files were exported to STL files. Before printing the molds and devices, the STL files 

were converted to GCODE files using the free software Ultimaker Cura version 3.6.0. 

The GCODE files which contained instructions tailored to Ultimaker 3 3D printer were 

used to print the molds and devices. All the molds and devices were printed with polylac-

tic acid (PLA) filament with a diameter of 2.85 mm on an Ultimaker 3 3D printer. The 

printing infill density was 100% and the printing speed was 30 mm/s. The molds and 

devices were printed at extra fine profile with support overhang angle 60°. 

2.7 Casting of the Silicone Covers and Blue Silicone Rings 

The silicone cover for the main device was fabricated with designed mold. SYLGARD 

184 Silicone Elastomer Base and curing agent were mixed completely with volume ratio 

10:1. After the silicone solution was poured into the printed mold, the bubbles floated up 

slowly. Then bubbles were carefully removed by pipetting continuous air flow on top of 

the silicone solution. The mold with mixture of the silicone solution was incubated in the 

incubator at 50-55℃ for 72 h. The silicone covers were released from the molds after 

three days incubation. 

The blue silicone ring was fabricated with designed molds. Blue silicone rubber material 

A and B (Mold Star 16 Fast) were mixed completely with volume ratio 1:1. After care-

fully removed the bubbles in the mixture with pipette, it was poured into the blue silicone 

mold immediately. The mold with mixture of the silicone materials was incubated in the 

incubator at 50-55℃ for 2 h. The blue silicone rings were released from the molds 2 h 

later. During the study, the designs of the molds and the devices were modified when 

problems occur during perfusion testing. 

2.8 Assemble the Bioreactor and Leakproof Test of the 3D Bioreactor 

with Continuous Perfusion 

The bioreactor was composed of the main device, the silicone covers and the blue silicone 

rings. The silicone material mixture was poured into the grooves of the main device and 

bubbles were carefully removed by pipette. The silicone cover was covered on the device 

by pressure on the top. The device with silicone cover and liquid silicone material was 

put into the incubator at 50-55℃ for 72 h. After 72 h, the devices with top silicone cover 
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were moved out of the incubator. The bottom of the device was sealed with silicone cover 

or glass slide cover in the same way. 

The continuous perfusion system was composed of a peristaltic pump, medium supply 

and bioreactor. The leakproof test of the perfusion system was performed under sterile 

conditions in a cell culture bench. The bioreactor, the tubes, the cylinders and the medium 

container were disinfected with 70% ethanol for 30 min before use. The 10% PEGDA 

and LAP solution was prepared as above. A big cylinder with outer diameter of 7 mm 

was inserted into the bioreactor. The gel solution was injected by a syringe through the 

silicone cover and exposed to the UV light for 5 min. After UV exposure, the cylinder 

was pulled out and solid gel formed in the bioreactor with a medium channel. The pump 

and medium container were connected to the bioreactor. Proper volume of medium was 

added to the perfusion set. The software of the perfusion system was set up with pressure 

20 millibar. The pump and the bioreactor were put in the incubator at 37℃ and 5% CO2 

for 48 h. After running for 48 h, leakproof of the bioreactor was checked. 

2.9 Test the Possibility of Casting with Different Concentration of 

Matrigel Matrix and PEGDA 

Matrigel matrix was ordered from Corning. The Matrigel matrix was extracted from the 

Engelbreth-Holm-Swarm (EHS) mouse sarcoma. The Matrigel Matrix contains mainly 

laminin, collagen IV, heparan sulfate proteoglycans, entactin/nidogen (Kleinman et al. 

1982; Kleinman et al. 1986). Growth factors including TGF-beta, insulin-like growth fac-

tor, epidermal growth factor, tissue plasminogen activator, fibroblast growth factor, and 

other growth factors in natural EHS sarcoma are also found in Matrigel Matrix (Vukicevic 

et al. 1992). The Matrigel matrix was diluted into 200 µg/mL, 400 µg/mL, 800 µg/mL, 

1200 µg/mL, 1600 µg/mL solution each well 50 µL in 96-well plate with DMEM. At the 

time points 17 h and 24 h, the gels were observed. At 27 h, the gels were diluted with 150 

µL distilled water and the gels were observed. 

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and PEGDA 20,000 were dis-

solved in distilled water with final concentration 0.1 wt% and 10 wt%. Then the PEGDA 

20,000 and LAP mixture was diluted again into different concentration. The final PEGDA 

20,000 concentration of the gel solution is 0.67 wt%, 1 wt%, 2.5 wt%, 5 wt%, 7.5 wt% 

and 10 wt%. With each concentration, 100 µL gel solution was added into well in 96-well 

plate. The gel solution was exposed to the UV exposure for 5 min and observed. 
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2.10 Test the Permeability of Matrigel Matrix Gel with Different 

Concentration in xCELLigence 

Cell invasion assay was performed to test the permeability of Matrigel matrix gels using 

the xCELLigence RTCA DP instrument. The RTCA DP instrument includes the control 

unit and the RTCA DP analyzer for measuring impedance-based signals in cell invasion 

and migration assays. Cells seeded in the upper chamber invaded through the membrane 

and porous into the lower chamber with chemoattractant. The change of impedance was 

measured in real time by the analyzer. With xCELLigence, the real time cell index was 

measured during the invasion and migration. 

�

Figure 1:XCELLigence for cell invasion. The RTCA DP instrument includes the control unit and analyzer. 

The CIM plate was used for cell invasion and migration (A). The cells which were seeded in the upper 

chamber invaded through the membrane and porous into the lower chamber with chemoattractant (B). 

FBS was used as the chemoattractant. The Matrigel matrix was from Corning company 

with concentration 7.6 mg/mL. MDA-MB-231 invasion with different cell number was 

tested in different concentration of Matrigel. The cell number for the first testing experi-

ment was 25000/well in CIM-plate.  

The day before the experiment, pipette tips, Eppendorf tubes, a tube of aliquoted Matrigel 

and the CIM-Plate were stored at 4℃ overnight. The cells were deprived from FBS 24 h 

before experiment. The Matrigel was diluted with pre-cooled serum free medium on ice 

in pre-cooled Eppendorf tubes. Matrigel matrix was diluted to 300 µg/mL, 800 µg/mL, 

1200 µg/mL, 1600 µg/mL as described below (Figure 2).  
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Figure 2: Cell invasion experiment through Matrigel matrix. The concentration of the Matrigel Matrix 
was 0 µg/mL in red wells, 300 µg/mL in gold wells, 800 µg/mL in green wells, 1200 µg/mL in cerulean 
wells, 1600 µg/mL in blue wells. The number of cells in each well was 25000.  

50 µL of Matrigel solution was added into each well of upper chamber. Serum free me-

dium was used as control group. The plate was gently tapped to ensure the Matrigel 

evenly covers the entire surface of each well. 30 µL of Matrigel solution was carefully 

removed from each well. Then the upper chamber coated with Matrigel was placed in 37℃ 

incubators for 4 h. 

After the Matrigel had polymerized, the upper chamber was brought to the tissue culture 

hood. The CIM plate assembly tool was placed inside the hood with the blue markings 

facing away the operator and kept the plate sitting flat. Each well was filled with 160 µL 

of media containing 10% fetal bovine serum. A meniscus was formed at the top of each 

well to prevent air bubbles. The upper and lower chambers were locked together. 30 µL 

serum free medium was added to each well of the upper chamber to cover the membrane 

surface. The CIM-Plate 16 was placed into the xCELLigence RTCA DP instrument inside 

the 37℃ incubators for 1 h to allow the CIM membrane to reach equilibrium with the 

media.  

During the incubation, cells were prepared. The media was removed from the T75 flask 

and cell monolayer was gently rinsed with PBS. The cells were trypsinized and trypsini-

zation was stopped by adding media containing 10% fetal bovine serum. The media con-

taining cells was centrifugated for 5 min at 500 x g. After centrifugation, the supernatant 

was removed and serum free media was added to resuspend the cells. Centrifugation was 

running again to get cell pellet without FBS. Serum free medium was added again to 

resuspend the cell pellet. Determined cell concentration under a microscope using a 

Neubauer haemocytometry. The concentration of the cell suspension was adjusted to 

250000 cells/mL using serum free medium. For each experimental condition being ex-

amined triplicates or quadruplicates were used.  
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Figure 3: Cell invasion experiment through Matrigel matrix. The concentration of the Matrigel Matrix 
was 0 µg/mL in red wells, 200 µg/mL in gold wells, 300 µg/mL in green wells, 400 µg/mL in cerulean 
wells, 800 µg/mL in blue wells. The number of cells in each well was 40000. 

100 µL of cell suspension was added to each well of the upper chamber and the final 

number of cells per well was 25000 for the first test. The CIM-plate was placed in the 

hood at room temperature for 30 min to allow the cells to settle evenly onto the bottom 

surface of the upper chamber. The CIM-plate was placed into the RTCA DP instrument 

inside the incubator. RTCA software was programmed a run of 72 h with recording every 

15 min. The cell index was studied and analyzed with GraphPad Prism 5. One-way 

ANOVA was used to compare means of cell index among the groups at 6 h, 12 h, 20 h, 

24 h time points. A P value less than 0.05 was considered as statistically significant. 

As the result showed that the cell index is too low. We changed cell number of MDA-

MB-231 cells to 40,000/well. Matrigel matrix was diluted to 200 µg/mL, 300 µg/mL, 400 

µg/mL, 800 µg/mL in the further experiments. For the invasion of MCF-7 cells the con-

dition of the test was the same as the second experiment (Figure 3). 

According to the results of the experiment of MDA-MB-231 and MCF-7 cells, we tested 

the invasion of the two cell lines under the same condition (Figure 4).  
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Figure 4: MDA-MB-231 and MCF-7 cells invasion experiment through Matrigel matrix gel. The con-
centration of the Matrigel Matrix was 0 µg/mL in red wells, 400 µg/mL in gold wells, 0µg /mL in green 
wells, 400 µg/mL in blue wells. The number of cells in each well was 40000. 

2.11 Test the Permeability of PEGDA Gels with Different 

Concentration in xCELLigence 

For testing the permeability of PEGDA gels, the PEGDA gel solution was diluted into 

2.5 wt%, 5 wt%, and 10 wt%. The number of the MDA-MB-231 cells for the testing 

experiment is 40000/well and 80000/well in CIM-plate 16. Experimental condition being 

examined were described as plate map below. 

�

Figure 5: MDA-MB-231 cells invasion experiment through different concentration of PEGDA gel. 

The concentration of the PEGDA was 10 wt% in red wells, 5 wt% in gold wells, 2.5 wt% in yellow wells. 
The number of cells in each well was 40000. The concentration of the PEGDA was 10 wt% in green wells, 
5 wt% in emerald wells, 2.5 wt% in blue wells. The number of cells in each well was 80000. 

Two experiments with MDA-MB-231 and MCF-7 were performed in the test of PEGDA 

gels. The first experiment was different number of MDA-MB-231 cells invasion through 

different concentration of PEGDA gels. The plate map was described above (Figure 5). 

50 µL of PEGDA gel solution was added into each well of upper chamber. 30 µL of 

PEGDA gel solution was carefully removed from each well. All wells were exposed to 

the UV light for 5 min for gelation. The CIM plate was incubated at 37℃ and 5% CO2 

incubator for 4 h. The cells were prepared and added in to the CIM plate according to the 
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protocol for xCELLigence which described above. The cell index was studied and ana-

lyzed with GraphPad Prism 5. One-way ANOVA was used to compare means of cell 

index among the groups at 6 h, 12 h, 20 h, 24 h time points. A P value less than 0.05 was 

considered as statistically significant. 

The second experiment was different number of MCF-7 cells invasion through different 

concentration of PEGDA gels. The plate map was described as below (Figure 6). The 

protocol was as the same as the MDA-MB-231 cells invasion through different concen-

tration of PEGDA gels. The result showed that 80,000 per well was suitable for the inva-

sion experiment through PEGDA. MCF-7 cells were not able to invade through PEGDA 

gels in the concentration in this experiment. 

�

Figure 6: MCF-7 cells invasion experiment through different concentration of PEGDA gel. The con-
centration of the PEGDA was 10 wt% in red wells, 5 wt% in gold wells, 2.5 wt% in yellow wells. The 
number of cells in each well was 40000. The concentration of the PEGDA was 10 wt% in green wells, 5 
wt% in emerald wells, 2.5 wt% in blue wells. The number of cells in each well was 80000. 

2.12 Test the Permeability of PEGDA Gel with Different Concentration 

of Matrigel Matrix in xCELLigence 

Based on the results of the permeability of the Matrigel membrane and the PEGDA gel 

membrane, two cell lines were tested in one CIM plate to study the permeability of the 

PEGDA membrane with or without Matrigel.  The cells were designed into 6 groups as 

described below (Figure 7). The cell number was 80000 per well. For testing the perme-

ability, the PEGDA gel solution was diluted into 2.5 wt% with or without 400 μg/mL 

Matrigel. The protocol was the same as described above. The result showed the MDA-

MB-231 cells invaded through 2.5 wt% PEGDA gels and 2.5 wt% PEGDA with 400 

μg/mL or 200 μg/mL Matrigel. But the MCF-7 cells didn’t invade through 2.5 wt% 

PEGDA gels and 2.5 wt% PEGDA with 400 μg/mL or 200 μg/mL Matrigel. The cell 

index was studied and analyzed with GraphPad Prism 5. One-way ANOVA was used to 
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compare means of cell index among the groups at 6 h, 12 h, 20 h, 24 h time points. A P 

value less than 0.05 was considered as statistically significant. 

�

Figure 7:  MDA-MB-231 and MCF-7 cells invasion through engineered membrane. The red wells and 
green were coated with 2.5 wt% PEGDA. The gold wells and emerald wells were coated with 2.5 wt% 
PEGDA+400 μg/mL Matrigel Matrix. The yellow wells and blue wells were coated with 2.5 wt% 
PEGDA+200 μg/mL Matrigel Matrix.  MDA-MB-231 and MCF-7 cells were seeded into wells as described 
in the figure. 

2.13 Inhibition Experiment of Shikonin on MDA-MB-231 and MCF-7 

Migration in Incucyte (Scratch Wound Assay) 

According to the results of the permeability of the engineered basement membrane 

(PEGDA+ Matrigel Matrix gel), wound healing assay was used to test the effect of shi-

konin on the cell migration in 24-well plate and Incucyte. Different number of cells, 

80,000/well, 160,000/well, 240,000/well, 320,000/well, were seeded in 24-well plate. 

Pictures were taken after 24 hours. The result showed that 320,000 cells/well was the 

proper number for 24-well plate. To determine the concentration of the shikonin for the 

inhibition experiment, a test experiment was performed in 24-well plate. 320,000 cells 

were seeded in 1mL DMEM containing 10% FBS. The plate was incubated at 37℃ and 

5% CO2. The cell monolayer was scratched with a sterile pipette tip. The cells were 

washed with 1mL DMEM containing different concentration of shikonin. The concentra-

tion of shikonin was set at 0 μM, 2 μM, 5 μM, 10 μM. The cells were cultured with 

DMEM containing different concentration of shikonin at 37℃ and 5% CO2. The pictures 

of the wounds were captured at time point 12 h, 24 h, 36 h and 48 h. The wound healing 

area was measured. The results showed that the cells couldn’t survive in DMED contain-

ing 10 μM shikonin.  

The concentration of shikonin was set at 0 μM, 2 μM, 3 μM, 4 μM, 5 μM and the exper-

iment was repeated again in 24-well plate with cell number 320,000/well. The pictures 

were captured at time points 0 h, 12 h, 24 h and 36 h. 
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Figure 8: Scratch wound assay. Cells were seeded at the bottom of the wells at the confluence of 60-70% 
and were cultured to confluence 95-100% (A). Wound area was created by the WoundMaker (B). Treatment 
was added to the well and the wound healing process was captured by camera every 30 minutes (C). 

Scratch wound assay was performed in Incucyte system (Figure 8). The proper cell num-

ber for 96-well plate was 40,000/well according to the area of the wells. The concentration 

of shikonin in DMEM was 0 μM, 1 μM� 2 μM, 3 μM� 4 μM and 5 μM. 40,000 cells 

were seeded in 96-well plate and incubated at 37℃ and 5% CO2 overnight. The Im-

ageLock plate was removed from the incubator carefully, and wounds were created with 

the WoundMaker. After wounding, the media from each well was removed immediately 

and the wells were carefully washed with DMEM containing different concentration of 

shikonin twice. Cells were cultured with 100 μL DMEM containing different concentra-

tion of shikonin. The cell plate was placed into the Incucyte live-cell analysis system and 

allowed to warm at 37℃ for 30 min prior to scanning. The wound healing pictures were 

captured every 30 min. The WoundMaker was washed and stored according to the wash 

protocol. The data was analyzed by the Incucyte S3 2019A. The relative wound density 

was studied and analyzed with GraphPad Prism 5. One-way ANOVA was used to com-

pare means of cell index among the groups at 6 h, 12 h, 20 h, 24 h time points. A P value 

less than 0.05 was considered as statistically significant. 

2.14 Inhibition of MDA-MB-231 and MCF-7 cells Invasion through 

Engineered Basement Membrane Gel in xCELLigence 

The MDA-MB-231 and MCF-7 invasion experiment through engineered basement mem-

brane showed that MDA-MB-231 invaded through but MCF-7 didn’t. Shikonin in differ-

ent concentrations was used to test the inhibition effect on the invasion process through 

the engineered basement membrane. The experiment was performed in xCELLigence 

RTCA DP. The plate map was showed as below (Figure 9). The cells well were designed 

into 6 groups. Cell number per well was 80,000. Serum free medium was used as control 

in the experiment. The protocol was as same as described before. The cell index was 
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studied and analyzed with GraphPad Prism 5. One-way ANOVA was used to compare 

means of cell index among the groups at 6 h, 12 h, 20 h, 24 h time points. A P value less 

than 0.05 was considered as statistically significant.  

�

Figure 9: MDA-MB-231 and MCF-7 cells invasion through engineered membrane inhibited by shi-

konin. Each well was coated with 2.5 wt% PEGDA+400 μg/mL Matrigel Matrix. MDA-MB-231 and 
MCF-7 cells (80000 per well) were seeded into wells with different concentration of shikonin as described 
above. 

2.15 Test the Permeability of Engineered Basement Membrane after 

Irradiation with MDA-MB-231 and MCF-7 in xCELLigence 

The effect of irradiation on the engineered basement membrane was studied in xCELLi-

gence RTCA DP. The experiment was designed into 5 groups. The cell number was 

80,000 per well. The plate map was described as below (Figure 10). The dose of irradia-

tion in groups were 0 Gy, 12.5 Gy, 25 Gy� 37.5 Gy and 50 Gy. The engineered basement 

membrane was composed of Matrigel matrix and PEGDA gel solution. The final concen-

tration of PEGDA was 2.5 wt% and Matrigel matrix was 400 μg/mL. The day before the 

experiment, pipette tips, Eppendorf tubes, a tube of aliquoted Matrigel and the CIM Plate 

were stored at 4℃ overnight. The cells were deprived from FBS 24 h before experiment.  

�

Figure 10: Test of the permeability of engineered basement membrane after irradiation. The wells in 
different colors were coated with engineered basement membrane. First, the red wells were coated and 
treated with irradiation (12.5 Gy). Then, the gold wells were coated with engineered basement membrane 
and the plate was treated with irradiation(12.5 Gy). The other wells were treated in the same way and does 
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of irradiation. The MDA-MD-231 and MCF-7 cells invasion experiment were performed in the plate as 
described before.  

50 µL of gel solution was added into the 50 Gy wells of upper chamber. 30 µL of gel 

solution was carefully removed and the wells were exposed to the UV for 5 min for gel 

crosslink. Then the plate was placed into the X strahl cabinet for 2.5 min with a dose of 

12.5 Gy. The plate was moved out and gel solution was added and removed as above. 

The irradiation was given at 5 Gy per minute with 200 KV and 15 MA. The 0 Gy wells 

were only exposed to the UV not exposed to the X ray. After irradiation the CIM plate 

coated with gels was incubated for 4 h at 37℃ and 5% CO2. Cells were added as same as 

the protocol described above. The MDA-MB-231 and MCF-7 cells invasion experiments 

with irradiation were repeated for 3 times. The cell index was studied and analyzed with 

GraphPad Prism 5. One-way ANOVA was used to compare means of cell index among 

the groups at 6 h, 12 h, 20 h, 24 h time points. A P value less than 0.05 was considered as 

statistically significant. 

2.16  Test the Permeability of 2.5wt%PEGDA Membrane after 

Irradiation with MDA-MB-231 and MCF-7 in xCELLigence 

MDA-MB-231 and MCF-7 cells invasion through 2.5 wt% PEGDA membrane was used 

to study whether irradiation effected the permeability of the engineered basement mem-

brane by changing the permeability of 2.5 wt% PEGDA membrane. The 2.5 wt% PEGDA 

membrane was treated with 50 Gy irradiation and 0 Gy as control. MDA-MB-231 and 

MCF-7 cells were added 80,000/per well and protocol as same as above. Each experiment 

was performed at least in biological triplicates with four technical repeats in each CIM 

plate.  

2.17 Immunofluorescence of Engineered Basement Membrane after 

Irradiation 

Immunofluorescence staining was used to study the mechanism of how irradiation 

changed permeability of the engineered basement membrane. The engineered basement 

membrane was treated with 50 Gy irradiation and 0 Gy as control and the volume of the 

membrane was 100 μL per well in 96-well plate. Gels were fixed with 4% PFA at 4℃ 

overnight and transferred to 50% glucose at 4℃ overnight. The gels were transferred to 

Tissue-Tek optimum cutting temperature at 4℃ overnight and then stored at -80℃. The 
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gels were cut at 20 μm thick cryostat sections and stored at -80℃. The slides were washed 

carefully 2*5min in TBS plus 0.025% Triton X-100. The slides were blocked in 10% 

normal serum with 1% BSA in TBS for 2 h at room temperature. Primary antibody (Lam-

inin ab11575 1:200; Collagen IV ab19808 1:400) was diluted in TBS with 1% BSA and 

applied to the slides at 4℃ overnight. The slides were rinsed 2*5 min with TBS+0.025% 

Triton. Fluorophore-conjugated secondary antibody (ab150080 1:200) was diluted in 

TBS with 1% BSA and applied to the slides for 1 h at room temperature. Then slides were 

rinsed 3*5 min with TBS and mounted using fluoroshield medium and covered with co-

verslip. The slides were checked under fluorescence microscope. The excitation spectra 

of red fluorescence were 540-580 nm, DC 585 nm and emission spectra 592-668 nm. The 

excitation spectra of green fluorescence were 460-500 nm, DC 505 nm and emission 

spectra 512-542 nm. 
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3 RESULTS 

3.1 MDA-MB-231 and MCF-7 GFP/RFP Transduction and Selection 

MDA-MB-231 and MCF-7 cell wild type were transduced with GFP and RFP to show 

the live image of the cell migration and invasion with engineered basement membrane in 

3D bioreactor. Wild type of MDA-MB-231 and MCF-7 were used as control. The green 

and red fluorescence of the wild type showed negative signal. In MDA-MB-231 GFP 

group, the GFP protein signal was positive while the red fluorescence was negative. In 

MDA-MB-231 RFP and MCF-7 RFP group, the RFP protein signal was positive while 

the green fluorescence was negative (Figure 11). 

�

��

Figure 11 MDA-MB-231 and MCF-7 cell GFP/RFP transduction and selection. MDA-MB-231 and 
MCF-7 cell were selected and images were captured via fluorescence microscope using the filter set BP 
525/50 for GFP and filter set BP 605/70 for RFP detection. Exposure time was 40 ms for all fluorescence 
images. Scale bar = 100 µm. 
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3.2 3D Design of the Bioreactors  

A series of 3D bioreactors were designed with Freecad software. All the details of the 

molds and devices was printed precisely. The main bioreactor was a rectangular box with 

20 mm in length, 20 mm in width and 10 mm in height. The inner space was a rectangular 

box with 8 mm in length, 8 mm in width and 10 mm in height. At the top and bottom side 

of the bioreactor, two rectangular grooves with 1 mm in depth and 1 mm in width were 

printed precisely. The grooves were covered with a silicone cover at the top and a glass 

slide at the bottom of the bioreactor which were sealed with liquid silicone and incubated 

for 3 d. There’s a cylindrical channel in the middle of the bioreactor which can connect 

with the perfusion set and ibidi pump system (Figure 12). 

Figure 12 3D views of the bioreactor design. Axonometric view, the main bioreactor was 20 mm in 
length, 20 mm in width and 10 mm in height (A). Front view, the inner diameter of the channel was 7.2 
mm and the outer diameter of the channel was 9.2 mm (B). Top view, the inner space was 8 mm in length, 
8 mm in width and 10 mm in height (C). Right view, the size of the right surface was 20 mm*10 mm (D). 
Rear view, the inner diameter of the channel was 7.2 mm and the outer diameter of the channel was 9.2 mm 
(E). Bottom view, the inner space was 8 mm in length, 8 mm in width and 10 mm in height (F). Left view, 
the size of the left surface was 20 mm*10 mm (G).  The bioreactor was printed by desktop 3D printer (H). 
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Figure 13 3D views of the bioreactor with window design. Axonometric view, the main bioreactor was 
20 mm in length, 20 mm in width and 10 mm in height. The size of the window on the left was 7 mm*7 
mm and the size of the bottom surface was 5 mm*5 mm (A). Front view, the inner diameter of the channel 
was 7.2 mm and the outer diameter of the channel was 9.2 mm (B). Top view, the inner space was 8 mm in 
length, 8 mm in width and 10 mm in height (C). Right view, the size of the right surface was 20 mm*10 
mm (D). Rear view, the inner diameter of the channel was 7.2 mm and the outer diameter of the channel 
was 9.2 mm (E). Bottom view, the inner space was 8 mm in length, 8 mm in width and 10 mm in height 
(F). Left view, the size of the window on the left was 7 mm*7 mm and the size of the bottom surface was 
5 mm*5 mm (G). Axonometric view of the bioreactor (H). 

A series of bioreactors with windows at the side were designed with Freecad based on the 

main bioreactors. The main body was as same as the main bioreactor. On the left side of 

the bioreactor, a window with 7 mm in width and 7 mm in length was designed and were 

covered with glass slide with proper size. The glass window was sealed with liquid sili-

cone and solidified in incubator for 3 d. The bioreactor can be used to observe the living 

status of the 3D culturing cells with a light sheet microscope (Figure 13). The size of the 

bioreactors can be changed according to the size of the gel and perfusion channel. 

3.3 3D Design of the Molds and the Devices 

Molds and devices were designed for fabrication of the silicone cover and blue silicone 

ring. The mold for silicone cover was a square model with 22 mm in length and 22 mm 

in width. There are two grooves in the model with cross section 1 mm in width and 1 mm 

in depth. The liquid silicone was added into the square model and after 3 d incubation the 

silicone cover was fabricated successfully. The devices for the blue silicone ring were 

composed with upper part and lower part. The upper part was a hollow cylinder which 

was 7 mm in inner diameter and 8 mm in outer diameter. The lower part of the device 

D

G
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with a cylinder in the middle was designed to fabricate the blue silicone ring which can 

be used to connect the perfusion set (Figure 14). 

�

�

Figure 14 The molds and devices for the silicone cover and the blue silicone ring in different views. 

Axonometric view, the mold for the silicone cover was 22 mm in length, 22 mm in width and 6 mm in 
height (A). Top view, the inner diameter of the mold was 20 mm*20 mm. Two positive rectangle circles 
were designed with 1 mm in length and 1 mm in height to generate two grooves in the silicone cover (B). 
Axonometric view, the mold for the silicone cover was 22 mm in length, 22 mm in width and 6 mm in 
height (C). Axonometric view, the bottom device for the blue silicone ring was 16 mm in outer diameter 
and 9 mm in inner diameter (D). Front view, the diameter of the center cylinder was 2 mm (E). Axonometric 
view, size of the cylinder was 7 mm in inner diameter and 8 mm in outer diameter (F). Front view of the 
device for blue silicone ring (G). Top view of the device for blue silicone ring (H). 

3.4 Casting of the Silicone Covers and Blue Silicone Rings 

The molds and devices for the silicone cover and the blue silicone ring were precisely 

printed as design with PLA by desktop 3D printer. The upper part and lower part were 

combined together. Equal amounts of liquid parts A and B were mixed thoroughly and 

poured into the molds. After 2 h incubation, the blue silicone ring was fabricated success-

fully. For fabrication of the silicone cover, the SYLGARDTM 184 silicone elastomer 

base and curing agent was mixed 10:1 in volume thoroughly. The mixture was added into 

the mold and incubated at 55℃ for 3 d. The silicone cover for the bioreactor was success-

fully fabricated (Figure 15). The blue silicone ring was soft rubber and elastic and used 

to avoid leaking of the connections. The transparent silicone cover was mild hard and 

transparent which can be used for injection of the gel solution. 
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Figure 15: The views of printed devices and molds for blue silicon ring and silicone cover. Axonomet-
ric view of the bottom device for blue silicone ring, the device was 16 mm in outer diameter and 9 mm in 
inner diameter. The center cylinder was 2 mm in diameter (A). Axonometric view of the upper device for 
blue silicone ring, the device was 7 mm in inner diameter and 8 mm in outer diameter (B). Axonometric 
view of the upper and bottom devices (C). Front view of the upper part of the device (D). Blue silicone in 
the combined devices, the blue silicone was added into the devices for 30 min and the blue silicone ring 
was fabricated (E). Axonometric view of the blue silicone rings; the blue silicone rings were soft and used 
for connection of the perfusion system (F). Axonometric view of the mold for silicone cover (G). Axono-
metric view of the mold for silicone cover with silicone in the mold, the silicone in the mold was incubated 
in incubator for 3 d to get the silicone cover (H). Axonometric view of the silicone cover generated in the 
mold after incubation which was used to cover the top of the bioreactor and sealed with silicone (I). 

3.5 3D Printing of the Bioreactor and Sealing of the Bioreactor 

The bioreactor with widow was printed precisely with PLA by desktop 3D printer. The 

top of the bioreactor was covered with glass slide and the bottom of the bioreactor was 

covered with transparent silicone cover. The windows at the left and right side were also 

covered with glass slides with 6 mm*6 mm in size. The sealing procedure was proceeded 

in three steps. Firstly, the window was sealed with glass slide using liquid silicone and 

incubated at 55℃ for 3 d. Then the transparent silicone cover was used to seal the bottom 

using liquid silicone. The incubation time was 3 d at 55℃. Finally, the glass slide for the 

top was sealed with liquid silicone and incubated at 55℃ for 3 d. The bioreactor was used 
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in 3 layers coculture and living observing of the migration and invasion of the cells with 

a light sheet microscope. 

�

Figure 16: The bioreactor printed with PLA and sealed with glass slides and silicone cover. Axono-
metric view of the bioreactor, the bioreactor was printed with PLA by desktop 3D printer (A). Front view 
of the bioreactor, the bioreactor was covered with glass slide on the top and side window while the bottom 
was covered with silicone cover (B). Axonometric view of the bioreactor, the side windows were designed 
to get living image under light sheet microscope during perfusion (C). Axonometric view of the bioreactor 
and the covers, the glass slides were used to cover the top and side windows while the silicone cover was 
used for the bottom (D). Side view of the bioreactor with windows for overserving with a light sheet mi-
croscope (E). Axonometric view of the assembled bioreactor, the bottom cover was sealed with liquid sili-
cone in incubator for 3 days and then the top and side window were sealed in the same way (F). 

 

3.6 Test of the 3D Bioreactor with Continuous Perfusion 

The multilayer gel approach in 3D bioreactor system was established successfully with 

continuous perfusion. MCF-7 RFP cells were cultured in the bioreactor with controllable 

perfusion for 48 h. No leaking was found during the test (Figure 17). The MCF-7 RFP 

cells were found in the outer layer and no cells were found in the inner layer. 

�
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Figure 17: The 3D bioreactor with perfusion system. 3D bioreactor with cell embedded gel, the gel 
solution with cells was injected into the bioreactor around the cylinder (A). UV exposure of the gel in the 
bioreactor (B). Cell embedded gel with central channel in 3D bioreactor (C). The bioreactor connected with 
the perfusion set and the fluidic unit; the fluidic unit connected with pump was used to generated proper 
pressure for medium flow in the system (D). Cells were embedded outer layer gel and the middle layer gel 
was the engineered basement membrane (E). 3D bioreactor with continuous perfusion (F). 

  Gelation Test of Different Concentration of Matrigel Matrix

The gelation test of different concentration of Matrigel matrix was performed in 96-well 

plate. Matrigel matrix was diluted into Different concentration (200 µg/mL, 400 µg/mL, 

800 µg/mL, 1200 µg/mL, 1600 µg/mL) with serum free medium. The gel suspended in 

the diluted solution was found in all wells except control well. The results showed that 

the Matrigel matrix concentration higher than 200 µg/mL can form gel after 4 h incuba-

tion at 37℃ and 5% CO2. 

Table 8 Gel formation of different concentration of Matrigel 

Concentration of Matrigel Gel formation 

200 µg/mL Yes 

400 µg/mL Yes 

A

B

C

D

E

F
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800 µg/mL Yes 

1200 µg/mL Yes 

1600 µg/mL Yes 

�

3.8 Gelation Test of PEGDA 20,000 Gel Solution 

�

Figure 18: Possibility of gel casting with different concentration of PEGDA 20,000. PEGDA 20,000 
solution + LAP of different concentrations was in Eppendorf tubes. The concentrations were 10 wt%, 5 
wt%, 2.5 wt%, 1 wt%, 0.67 wt% (A). Gels of PEGDA 20,000 in different concentrations, the 2.5 wt%, 5 
wt%, 10 wt% solution formed gels successfully after 5 min UV exposure while 1 wt% and 0.67 wt% solu-
tions didn’t form gel (B). PEGDA 20,000 solution + LAP of different concentrations in 96-well plate, the 
concentrations were 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt% (C). Gels of PEGDA 20,000 in different con-
centrations, the 2.5 wt%, 5 wt%, 7.5 wt%, 10 wt% solution formed gels in 96-well plate after 5 min UV 
exposure (D). 

To overcome the limitation of the long-time gelation of the Matrigel matrix membrane, a 

new component PEGDA was added to the gel. PEGDA 20,000 was taken in this work 

due to its proper size of the gel porous and quick gelation. The gelation test of different 

concentration of PEGDA 20,000 solution was performed in Eppendorf tubes and 96-well 

plate. PEGDA 20,000 was mixed with LAP and diluted with serum free medium. The gel 

solution was exposed to UV light for 5 min. The results showed that the 2.5 wt%, 5 wt%, 
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7.5 wt%, 10 wt% solution formed gels in 96-well plate after 5 min UV exposure. The 

0.67 wt% and 1 wt% gel solution failed in gelation after 5 min UV exposure. Taken to-

gether, PEGDA 20,000 solution with concentration higher than 2.5 wt% formed gel suc-

cessfully after UV exposure. 

3.9 Test the Permeability of Matrigel Matrix Gels with Different 

Concentration in xCELLigence 

Experiments were performed to test the proper concentration of Matrigel matrix gels for 

tumor cell invasion in xCELLigence. The first experiment was designed to find out the 

proper number of cells for the invasion experiments. The result showed that the cell index 

at 24 h was up to only 0.4. At 6 h time point, the difference of cell index between 0 µg/mL 

group and 300 µg/mL group was non-significant. The differences of other groups com-

pared to the control group at 6 h, 12 h, 20 h, 24 h were significant. It indicated that the 

cell index was too low and cell number per well was not enough. There were not enough 

cells invaded through the Matrigel matrix membrane.  

�

�

Figure 19: MDA-MB-231 cells invasion through Matrigel matrix gels with different concentration in 

xCELLigence,25000 cells per well, (mean±SD, n=3). MDA-MB-231 cells invasion through Matrigel ma-
trix gel with concentration 0 µg/mL, 300 µg/mL, 800 µg/mL, 1200 µg/mL, 1600 µg/mL, 25000 cells per 
well (A). 6 h after starting, there were significant difference between 0 µg/mL group and 800 µg/mL, 1200 
µg/mL and 1600 µg/mL groups (B). 12 h after starting, there were significant difference between 0 µg/mL 
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group and 300 µg/mL, 800 µg/mL, 1200 µg/mL and 1600 µg/mL groups (C). 20 h after starting, there were 
significant difference between 0 µg/mL group and 300 µg/mL, 800 µg/mL, 1200 µg/mL and 1600 µg/mL 
groups (D). 24 h after starting, there were significant difference between 0 µg/mL group and 300 µg/mL, 
800 µg/mL, 1200 µg/mL and 1600 µg/mL groups (E). 

According to the cell index in last experiment was lower than 0.5, the possible reason was 

the cell number per well was not enough. The MDA-MB-231 cell number was set at 

40,000 per well in the next experiment. The result showed that the cell index of the control 

group was around 1.0. At time points 6 h, 12 h, 20 h and 24 h, the difference of the cell 

index between control group and the other groups were compared. There was no signifi-

cant difference between the control group and the groups (300 µg/mL and 400 µg/mL) at 

all time points, but the difference between 0 µg/mL group and 800 µg/mL group was 

significant. It indicated that the MDA-MB-231 cells invaded through the Matrigel matrix 

membrane as the same as the control group when the concentration was set at 300 µg/mL 

and 400 µg/mL. 

�

Figure 20: MDA-MB-231 cells invasion through Matrigel matrix gels with different concentration in 

xCELLigence,40000 cells per well, (mean±SD, n=3). MDA-MB-231 cells invasion through Matrigel ma-
trix gel with concentration 0 µg/mL, 200 µg/mL, 300 µg/mL, 400 µg/mL, 800 µg/mL, 40000 cells per well 
(A). 6 h after starting, there were significant difference between 0 µg/mL group and 200 µg/mL, 800 µg/mL 
groups. There was no significant difference between 0 µg/mL group and 300 µg/mL, 400 µg/mL groups 
(B). 12 h after starting, there were significant difference between 0 µg/mL group and 200 µg/mL, 800 
µg/mL groups. There was no significant difference between 0 µg/mL group and 300 µg/mL, 400 µg/mL 
groups (C). 20 h after starting, there was significant difference between 0 µg/mL group and 800 µg/mL 
groups. There was no significant difference between 0 µg/mL group and 200 µg/mL, 300 µg/mL, 400 
µg/mL groups (D). 24 h after starting, there was significant difference between 0 µg/mL group and 800 
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µg/mL group. There was no significant difference between 0 µg/mL group and 200 µg/mL, 300 µg/mL, 
400 µg/mL groups (E). 

 

�

Figure 21: MCF-7 cells invasion through Matrigel matrix gels with different concentration in xCEL-

Ligence,40000 cells per well, (mean±SD, n=3). MCF-7 cells invasion through Matrigel matrix gel with 
concentration 0 µg/mL, 200 µg/mL, 300 µg/mL, 400 µg/mL, 800 µg/mL, 40000 cells per well (A). 6 h, 12 
h, 20 h, 24 h after starting, there was significant difference between 0 µg/mL group and 800 µg/mL group. 
There was no significant difference between 0 µg/mL group and 200 µg/mL, 300 µg/mL, 400 µg/mL groups 
(B, C, D, E). 

Non-invasive cancerous cell line MCF-7 cell was used to test the permeability of the 

Matrigel matrix membrane as negative control. The cell number was 40,000 per well and 

the concentration was set at 200 µg/mL, 300 µg/mL, 400 µg/mL and 800 µg/mL. The 

result showed that the cell index was lower than 0.1. At time points 6 h, 12 h, 20 h and 

24 h, the difference of the cell index between control group and the other groups were 

compared. There was no significant difference of permeability between the control group 

and the groups (200 µg/mL, 300 µg/mL and 400 µg/mL) at all time points, but the differ-

ence between 0 µg/mL group and 800 µg/mL group was significant.  

3.10 Test the Permeability of PEGDA Gels with Different 

Concentration in xCELLigence 

PEGDA gel due to its fast gelation, was supposed to be a possible component of the en-

gineered basement membrane. Two experiments were performed to test the permeability 
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of PEGDA gels with different concentration in xCELLigence. One was designed to find 

out the proper number of cells for the PEGDA gel invasion. The result showed that 6 h, 

12 h, 20 h, 24 h after starting, there was no significant difference between the groups with 

same concentration of PEGDA gels which differ in cell number. However, the group with 

80,000 cells per well in 2.5 wt% PEGDA gels had a higher value of cell index. 

�

Figure 22: MDA-MB-231 cells invasion through PEGDA gels with different concentration (mean±SD, 

n=3). 40,000 per well and 80,000 per well MDA-MB-231 cells invasion through PEGDA gels with con-
centration 2.5 wt%, 5 wt%, 10 wt%(A). 6 h, 12 h, 20 h, 24 h after starting, there was no significant difference 
between the groups which had same concentration of PEGDA gels but differ in MDA-MB-231 cell number. 
However, the group with 80,000 cells per well in 2.5 wt% PEGDA gels had a higher value of cell index (B, 
C, D, E). 

The MCF-7 invasion experiment through PEGDA gels was performed in xCELLigence 

and designed as the same condition as the MDA-MB-231 cells. The result showed that 6 

h, 12 h, 20 h, 24 h after starting, there was no significant difference between the groups 

which had similar PEGDA concentrations but different amounts of MCF-7 cells.  
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Figure 23: MCF-7 cells invasion through PEGDA gels with different concentration (mean±SD, n=3). 
40,000 per well and 80,000 per well MCF-7 cells invasion through PEGDA gels with concentration 2.5 
wt%, 5 wt%, 10 wt%(A). 6 h, 12 h, 20 h, 24 h after starting, there was no significant difference between 
the groups which had same concentration of PEGDA gels but differ in MCF-7 cell number (B, C, D, E).
  

3.11 Test the Permeability of Engineered Basement Membrane Gels 

with Different Concentration in xCELLigence  

Accordingly, 2.5 wt% PEGDA PEGDA and 200 µg/mL, 400 µg/mL Matrigel matrix was 

suitable for the invasion of MDA-MB-231 and MCF-7 cells. Based on the results above, 

the concentration was set at 2.5 wt% PEGDA+200 µg/mL Matrigel matrix and 2.5 wt% 

PEGDA+400 µg/mL Matrigel matrix. With both 2.5 wt% PEGDA+200 µg/mL Matrigel 

matrix and 2.5 wt% PEGDA+400 µg/mL Matrigel matrix groups, there was significant 

difference between MDA-MB-231 and MCF-7 cells at 12 h, 20 h, 24 h after starting. It 

indicated that the MDA-MB-231 cells invaded through the membrane while the MCF-7 

didn’t invade through. In the further experiments, 2.5 wt% PEGDA+400 µg/mL Matrigel 

matrix was used as the engineered basement membrane because of a higher concentration 

of Matrigel matrix provide more laminin and collagen IV for the membrane (Figure 24). 

A

B C D E
12h

40
00
0/w
ell
+2
.5w
t%
PE
GD
A

80
00
0/w
ell
+2
.5w
t%
PE
GD
A

40
00
0/w
ell
+5
wt
%P
EG
DA

80
00
0/w
ell
+5
wt
%P
EG
DA

40
00
0/w
ell
+1
0w
t%
PE
GD
A

80
00
0/w
ell
+1
0w
t%
PE
GD
A

0.0

0.5

1.0

1.5

ns ns ns

PEGDA 20,000

C
el

l I
nd

ex

24h

40
00
0/w
ell
+2
.5w
t%
PE
GD
A

80
00
0/w
ell
+2
.5w
t%
PE
GD
A

40
00
0/w
ell
+5
wt
%P
EG
DA

80
00
0/w
ell
+5
wt
%P
EG
DA

40
00
0/w
ell
+1
0w
t%
PE
GD
A

80
00
0/w
ell
+1
0w
t%
PE
GD
A

0.0

0.5

1.0

1.5

ns ns ns

PEGDA 20,000

C
el

l I
nd

ex

20h

40
00
0/w
ell
+2
.5w
t%
PE
GD
A

80
00
0/w
ell
+2
.5w
t%
PE
GD
A

40
00
0/w
ell
+5
wt
%P
EG
DA

80
00
0/w
ell
+5
wt
%P
EG
DA

40
00
0/w
ell
+1
0w
t%
PE
GD
A

80
00
0/w
ell
+1
0w
t%
PE
GD
A

0.0

0.5

1.0

1.5

ns
ns

ns

PEGDA 20,000

C
el

l I
nd

ex

6h

40
00
0/w
ell
+2
.5w
t%
PE
GD
A

80
00
0/w
ell
+2
.5w
t%
PE
GD
A

40
00
0/w
ell
+5
wt
%P
EG
DA

80
00
0/w
ell
+5
wt
%P
EG
DA

40
00
0/w
ell
+1
0w
t%
PE
GD
A

80
00
0/w
ell
+1
0w
t%
PE
GD
A

0.0

0.5

1.0

1.5

ns ns ns

PEGDA 20,000

C
el

l I
nd

ex

10 20
0.0

0.5

1.0

Timeҁ h҂

C
el

l I
nd

ex

10%PEGDA+40000/well

10%PEGDA+80000/well

5%PEGDA+40000/well

5%PEGDA+80000/well

2.5%PEGDA+40000/well

2.5%PEGDA+80000/well



RESULTS   

�

45 

�

Figure 24: MDA-MB-231 and MCF-7 cells invasion through engineered basement membrane gels 

with different concentration, 80,000 cells per well (mean±SD, n=3). MDA-MB-231 and MCF-7 cells 
invasion through engineered basement membrane (A). 6 h after starting, in 2.5 wt% PEGDA+200 µg/mL 
Matrigel matrix groups, there was significant difference between MDA-MB-231 and MCF-7 cells in cell 
index (B). 12 h, 20 h, 24 h after starting, there was significant difference between MDA-MB-231 and MCF-
7 cells in all compared groups (2.5 wt% PEGDA, 2.5 wt% PEGDA+200 µg/mL Matrigel matrix, 2.5 wt% 
PEGDA+400 µg/mL Matrigel matrix) (C, D, E). 

3.12 MDA-MB-231 and MCF-7 Cell Migration Inhibited by Shikonin 

in Incucyte (Scratch Wound Assay) 

Shikonin, which isolated from a traditional chinese medicinal herb zicao, has been re-

ported as an inhibitor of MDA-MB-231 and MCF-7 cell migration and invasion (Jang et 

al. 2014). In this study, shikonin was used to test the inhibition of the migration and in-

vasion through the engineered basement membrane. 
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Figure 25: MDA-MB-231 cell migration inhibited by shikonin in Incucyte (mean±SD, n=3). MDA-
MB-231 cell migration in Incucyte; %RWD(t)= 100∙ ("(#)%"(&))('(#)%"(&))  , w(t)=Density of wound region at time, (t) 

c(t)=Density of cell region at time, (t) (A). 6h, 12h, 20h, 24h after starting, there was significant difference 
between 0 µM group and the other groups. The migration of MDA-MB-231 cell migration was significantly 
inhibited (B, C, D, E). 

Wound healing assay was used to test the effect of shikonin on the MDA-MB-231 and 

MCF-7 cell migration. The result showed that 6 h, 12 h, 20 h, 24 h after starting, the 

migration of MDA-MB-231 cells in 1 µM, 2 µM, 3 µM, 4 µM, 5 µM groups was signif-

icantly inhibited compared to 0 µM group. Pictures at the wound area in each group was 

captured every hour. Wound area pictures at 0 h, 24 h after scratch were captured. The 
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wound area at 24 h were significantly larger in shikonin groups than in the control group 

(Figure 25, Figure 26). 
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Figure 26: MDA-MB-231 cell migration inhibited by shikonin in Incucyte. Wound area at 24 h in shi-
konin groups were larger than in the control group (0 h, 24 h). The blue arrows indicated the border of the 
wound area. 

�

Figure 27: MCF-7 cell migration inhibited by shikonin in Incucyte. Wound area at 24 h in shikonin 
groups were larger than in the control group (0 h, 24 h). The blue arrows indicated the border of the wound 
area. 
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Figure 28: MCF-7 cell migration inhibited by shikonin in Incucyte (mean±SD, n=3). MCF-7 cell mi-
gration inhibited by different concentration of shikonin (A). 6 h, 12 h, 20 h after scratch, there was no 
significant difference between the relative wound density value in control group and the shikonin groups. 
24 h after scratch, there was no difference between control group and 1µM group while the relative wound 
density in 2 µM,3 µM,4 µM,5 µM groups were significantly lower than the control group (B, C, D, E). 

MCF-7 migration experiment was performed to evaluate the effect of shikonin. The rela-

tive wound density in the shikonin groups compared with the control group had no sig-

nificant difference at 6 h, 12 h and 20 h. At 24 h, there was no significant difference 

between the control group and 1 µM group while the difference between the control group 

and 2 µM, 3 µM, 4 µM, 5 µM groups was significant. The wound area pictures captured 

at 24 h also showed that the wound areas were larger than the control group. The results 
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indicated that 1 µM shikonin was too low in concentration for inhibition of the migration. 

The migration of MDA-MB-231 and MCF-7 cells were inhibited by shikonin at 6 h, 12 

h, 20 h, 24 h time points (Figure 27, Figure 28). 

3.13 Inhibition of MDA-MB-231 and MCF-7 Cells Invasion through 

Engineered Basement Membrane Gels in xCELLigence   

�

Figure 29: MDA-MB-231 and MCF-7 cell invasion through engineered basement membrane gel in-

hibited by shikonin in xCELLigence (mean±SD, n=3). MDA-MB-231 and MCF-7 cells invasion through 
engineered basement membrane inhibited by shikonin (A). 6 h after starting, there was no significant dif-
ference between the MDA-MB-231 and MCF-7 groups (B). 2h after starting, there was significant differ-
ence between 0 µM and 2 µM, 5 µM group in MDA-MB-231 while there was no significant difference in 
MCF-7 groups (C). 20h after starting, there was significant difference between 0 µM and 2 µM, 5 µM group 
in MDA-MB-231 while there was no significant difference between 0 µM and 2 µM, 5 µM group in MCF-
7 cells (D). 24h after starting, there was significant difference between 0 µM and 2 µM, 5 µM group in 
MDA-MB-231 while there was no significant difference between 0 µM and 2 µM, 5 µM group in MCF-7 
cells (E). 

Experiment was performed to study whether the invasion through engineered basement 

membrane could be inhibited by shikonin. The cell number was 80,000 per well and en-

gineered basement membrane was composed of 2.5 wt% PEGDA and 400µg/mL Mat-

rigel matrix. The result showed that 12 h, 20 h and 24 h after starting the cell index of 

MDA-MB-231 cells in 2 µM shikonin and 5 µM shikonin group was significantly lower 

than the control group while the cell index of MCF-7 cells has no significant difference 

with the shikonin group. It indicated that the MDA-MB-231 cells invasion through the 
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engineered basement membrane was significantly inhibited by shikonin. The MCF-7 in-

vasion cell index remained low and no MCF-7 cells invaded through the membrane (Fig-

ure 29). 

3.14 MDA-MB-231 and MCF-7 Cell Invasion after Irradiation of the 

Engineered Basement Membrane in xCELLigence 

�

Figure 30: MDA-MB-231 cell invasion after irradiation of the engineered basement membrane. 

MDA-MB-231 cell invasion cell index (mean) after irradiation of the engineered basement membrane, cell 
number 80,000 per well, n=9 (A). MDA-MB-231 cell invasion cell index (mean±SD) (B). 6 h, 12 h, 20 h 
after starting, cell index of 50Gy group was significant different with the control group (C, D, E). 24 h after 
starting, there was no significant difference between control group and irradiation groups (F). 
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Figure 31: MCF-7 cell invasion after irradiation of the engineered basement membrane. MCF-7 cell 
invasion cell index (mean) after irradiation of the engineered basement membrane, cell number 80,000 per 
well, n=9 (A). MCF-7 cell invasion cell index (mean±SD) (B). 6 h, 12 h, 20 h, 24 h after starting, there was 
no significant difference between control group and irradiation groups (C, D, E, F). 

Invasion experiment was performed to study the invasiveness of the MDA-MB-231 and 

MCF-7 after different dose of irradiation on the membrane. The cell index of MDA-MB-

231 invasion in 50Gy group was significantly lower than the control group at 6 h, 12 h, 

20 h after starting. There was no significant difference of cell index of MDA-MB-231 

cells between 12.5 Gy, 25 Gy, 37.5 Gy groups and the 0 Gy group. The cell index of 

MDA-MB-231 cells was significantly lower than 0 Gy group after 50 Gy irradiation of 

the engineered basement membrane (Figure 30). 

The cell index of MCF-7 cells in all irradiation groups were lower than the control group. 

But there was no significant difference with the control group at 6 h, 12 h, 20 h and 24 h 

after starting. 

After 50 Gy irradiation, the cell index of MDA-MB-231 cells was reduced significantly 

and the cell index of MCF-7 cells was also reduced but without significant difference 

(Figure 31). 
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3.15 MDA-MB-231 and MCF-7 Invasion through 2.5wt%PEGDA after 

Irradiation 

�

Figure 32: MDA-MB-231 and MCF-7 invasion through 2.5wt%PEGDA after irradiation. MDA-MB-
231 and MCF-7 cell invasion cell index (mean±SD) after irradiation of the 2.5 wt% PEGDA membrane, 
cell number 80,000 per well, n=12 (A). 6h, 12h, 20h, 24h after starting, there was no significant difference 
between control group and irradiation groups (B, C, D, E, F). 

To evaluate whether the change of invasiveness was related to PEGDA gel, experiment 

was performed with irradiation on the 2.5 wt% PEGDA gel. At 6 h, 12 h, 20 h, 24 h time 

points, there was no significant difference of cell index of MDA-MB-231 and MCF-7 

cells between 50 Gy irradiation group and control group. This result indicated that there 

was no significant change of permeability after irradiation on 2.5 wt% PEGDA gel. The 

inhibition of invasiveness of MDA-MB-231 cells after 50 Gy irradiation of engineered 

basement membrane may related to the change of Matrigel matrix rather than 2.5 wt% 

PEGDA gel (Figure 32). 

3.16 Immunofluorescence Laminin and Collagen IV Staining of the 

Engineered Basement Membrane after Irradiation 

Based on the result of cell invasion through 2.5 wt% PEGDA after irradiation, immuno-

fluorescence laminin and collagen staining experiments were performed to study the 

mechanism of the irradiation inhibited the engineered basement membrane. Anti-laminin 
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staining showed the laminin distribution on the membrane clearly. However, the red im-

munofluorescence images didn’t show obvious difference in 50 Gy and 0 Gy group (Fig-

ure 33). 

�

Figure 33: Anti-laminin staining of the engineered basement membrane before and after irradiation. 
Immunofluorescence image of anti-laminin staining of the engineered basement membrane 0 Gy and after 
50 Gy irradiation (Red fluorescence and green fluorescence). Scale bar = 100 µm. 

�

Figure 34: Anti-collagen IV staining of the engineered basement membrane before and after irradi-

ation. Immunofluorescence image of anti-collagen IV staining of the engineered basement membrane 0 Gy 
and after 50 Gy irradiation (Red fluorescence and green fluorescence). Scale bar = 100 µm. 

Anti-collagen IV staining of the engineered basement membrane didn’t show clear colla-

gen IV distribution due to the week fluorescence. Also, there was no obvious difference 

between 50 Gy and 0 Gy groups (Figure 34).  
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4 DISCUSSION 
Tumor metastasis is the majority cause of death in tumor patients. It is reported that 66.7% 

of cancer deaths were related with metastasis in solid tumor group in Norway 2015 

(Dillekås et al. 2019). Tumor invasion through the basement membrane is the first and 

important step of tumor metastasis. Therefore, in order to stop or prevent tumor metastasis, 

it is very important to study the mechanism of tumor invasion through basement mem-

brane.  

4.1 Engineered Basement Membrane in 3D Bioreactor 

Basement membrane is the first and important barrier of tumor invasion (Chang and 

Chaudhuri 2019). Tumor invasion though basement membrane is one of the key steps in 

tumor metastasis. A series of events including adhesion of tumor cells to the receptors 

within the basement membrane, degradation of the basement membrane by enzymes, mi-

gration of tumor cells into tissues with chemotactic stimulation were proceeded in tumor 

invasion. There were several methods to mimic the invasion though basement membrane 

in vitro using extracts from chick chorioallantoic (Armstrong et al. 1982), amnion (Liotta 

et al. 1980), lens capsule (Starkey et al. 1984) and bladder wall (Fidler and George 1980). 

However, the experiments using these extracts were intricate due to the complexity of 

tissue preparing (Vukicevic et al. 1992). In current studies, more extracellular matrices 

were used to study tumor invasion. Matrigel which was purified from the Engelbreth-

Holm-Swarm mouse sarcoma was used widely in experiments of in vitro tumor invasion 

(Paquette et al. 2007; Comşa et al. 2012; Ibrahim et al. 2018). Although, it is closer to the 

substrate of basement membrane in vivo, Matrigel needs several hours for crosslinking. 

Also, it’s hard to form a special 3D shape which is more similar to the environment in 

vivo.  

To overcome these limitations of Matrigel, it is important to engineer new permeable 

basement membrane which can crosslinking fast and form special 3D shape. In this thesis, 

we engineered basement membrane based on Matrigel and PEGDA 20000. Matrigel pro-

vided components of basement membrane while PEGDA 20000 provided fast crosslink-

ing and the possibility of forming special 3D shape. According to our results, the mem-

brane which composed of 2.5% PEGDA and 400 µg/mL Matrigel formed gel in less than 

5 min UV exposure and formed 3D membrane in 3D bioreactor which provided the pos-

sibility to study distal metastasis. 
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In this study, the MDA-MB-231 cells invaded through the engineered basement mem-

brane but the MCF-7 cells didn’t. The pore size of PEGDA 20000 gel is 38–42 μm while 

the size of MCF-7 and MDA-MB-231 cell is  smaller than 20–25 μm (Lin et al. 2011). 

The size of cells smaller than the pore size of PEGDA 20000 gel provided the possibility 

of cell invasion and migration. We tested the system with inhibitor shikonin and found 

that the invasion process was inhibited significantly. These experiments showed that the 

permeability of the engineered basement membrane might be able to be used in the study 

of tumor invasion. The property of form 3D shape can be used in 3D bioreactors. This 

membrane in our 3D bioreactor mimics the process of tumor invasion through the base-

ment membrane, which might be available to drug screening. However, only two cell 

lines were tested in this study, so further work with other cell lines should be performed 

in the future. 

4.2 Clinical Dose of Irradiation of the Engineered Basement 

Membrane Reduced the Invasiveness of MDA-MB-231 Cells 

Irradiation therapy was proved to be an effective therapy to treat breast cancer. However, 

the irradiation dose in the clinic (50-60 Gy) was not designed to kill all the cancer cells 

escaped from the primary breast cancer but to improve the long-term results with less 

complications (Miller et al. 2018). Although, excision margins was confirmed by histo-

logic assessment, it was shown that residual cancer cells were found in 26% of patients 

with pathological clear margins (Frazier et al. 1989). It means that some cancer cells were 

not removed after surgery and irradiation therapy maybe an effective way to stop these 

residual cancer cells from metastasis. 

How the clinical dose of irradiation influenced the invasion of MDA-MB-231 and MCF-

7 cells was evaluated in this study. The results showed that the invasiveness of MDA-

MB-231 cells were significantly reduced after 50 Gy irradiation on the engineered base-

ment membrane while the invasiveness of MDA-MB-231 and MCF-7 cells was not re-

duced significantly after 50 Gy irradiation on the 2.5 wt% PEGDA gels. The result indi-

cated that 2.5 wt% PEGDA 20,000 in the engineered basement membrane was not re-

sponsible for the inhibition of MDA-MB-231 invasiveness.  

Meanwhile, the engineered basement membrane after 50 Gy irradiation was assessed us-

ing laminin and collagen IV staining of the membrane. There was no significant change 

of architecture and distribution of laminin and collagen IV. Similar to our result, it was 
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reported that clinical dose of irradiation reduced the matrix stiffness without significantly 

altering the architecture. The adhesion and migration of the cancer cells were reduced in 

the irradiated matrix (Miller et al. 2018). The basement membrane showed a different 

molecular structure after irradiation. However, one study reported that in vitro irradiation 

of basement membrane increases the invasiveness of MDA-MB-231 cells by improving 

the release of pro-invasive factors MMP-2 stored in Matrigel (Paquette et al. 2007). 

Integrin in basement membrane is very important for matrix degradation and stiffness 

which promotes tumor invasion (Miller et al. 2018). It’s also reported that laminin-421 

promotes migration of tumor cells derived from melanomas, gliomas and carcinomas 

through integrin (Ishikawa et al. 2014). MDA-MB-231 cells have been shown to express 

β1 integrin (Hou et al. 2016).The hypothesis for the decrease of invasiveness of MDA-

MB-231 cells in this study may related to integrin. Tumor cells cannot attach and migrate 

through matrix because of lacking integrin binding sites.  

4.3 Current In Vitro 3D Tumor Metastasis Models 

Many In vitro and in vivo models were developed for tumor metastasis study in the past 

decades. However, 3D bioreactors which mimic the invasion through the basement mem-

brane were rarely reported (Fu et al. 2014; Liu et al. 2016; Salamanna et al. 2017). 

In this study, 3D designing with open-source software Freecad, 3D printing, molding and 

casting approach were used to design and fabricate 3D bioreactors. A series of 3D biore-

actors with central perfusion channel were designed and fabricated, in which a multilayer 

basement membrane mimicking the invasion process was generated. The designing, fab-

ricating and assembling of the bioreactors was economic, customized and easily to be 

achieved. This design owned the originality with transparent side windows, which pro-

vides the possibility to get living 3D image of the tumor invasion with a light sheet mi-

croscope. 

With a desktop 3D printer Ultimaker 3 and Freecad, it is feasible to design individualized 

bioreactors with controlled medium perfusion and allows the other researchers to create 

their own multilayer basement membranes to study the complexity of tumor invasion in 

the laboratories. 

In the past years, a series of bioreactors were designed to mimic the process of tumor 

invasion including transwell-based models, spheroid-based models, hybrid platforms and 
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tumor-microvessel models (Arrigoni et al. 2016; Katt et al. 2016; Ni et al. 2019). Ni et al 

developed a plug-and-play in vitro metastasis system based on insert transwell, allowing 

the culture of human cancer cells and quantitative analysis to evaluate different stage of 

tumor metastasis (Ni et al. 2019). Puls et al engineered a spheroid-based tumor invasion 

model for high-throughput drug screening using 3D printed platform which was low-cost 

and supported tumor spheroid within the surrounding gel of matrix (Puls et al. 2018). 

However, the disadvantage of these two models is lack of vasculature and typically 3D 

environment. Ko et al reported a tumor spheroid model that can be used in studying tumor 

angiogenesis and drug screening. The 3D printed platform contained a rail guide for cell 

patterning and medium perfusion both sides (Ko et al. 2019). The limitation of this model 

was low throughput and long-term culture was difficult. Horie et al developed a 3D co-

culture model in which A549 cancer cells were co-cultured on the collagen gel which was 

embedded with lung fibroblasts. After 5 d floating culture, the cancer cells with collagen 

gel were cultured in air-liquid interface medium. This model was used to evaluate the 

effects of lung cancer-associated fibroblasts on lung cancer invasion, proliferation (Horie 

et al. 2015). Lack of typical vasculature and 3D environment was the main limitation of 

this model. Wong and Searson engineered a live-cell imaging of invasion and intravasa-

tion model using predefined microvessel channels in ECM scaffold. This platform can be 

appliyed to analyze the interplay between metastatic cancer cells and microvessels (Wong 

and Searson 2014). The main disadvantage of this model was simple vessel structure with 

limited diameter. Several models were developed in tumor invasion. 3D designing and 

printing creates possibility to fabricate engineered models with individual structures in 

the models. 

However, each existing model for tumor invasion has different limitations such as lack 

of controlled perfusion, no live-cell image or no multilayer structure which can mimic the 

escape and intravasation process. For example, transwell-based models were low physi-

ological relevance and used only for monolayer cell structure which may leading to dif-

ferent results as spheroid cancer cell invasion (Horie et al. 2015). Spheroid-based models 

had difficulties on long-term culture, collecting cells for analysis and no live-cell image 

(Puls et al. 2018). Hybrid platforms lacked perfusion through vascular structures. Tumor-

microvessel models were limited by linear structure and diameter (Buchanan et al. 2014).  

In this study, 3D bioreactors were engineered with simple structure which can be pre-

cisely printed with desktop 3D printer. Compared to other models, the central channel 
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can be connected with controlled perfusion by ibidi pump system. The glass window de-

sign on both sides provided the possibility for live-cell image with a light sheet micro-

scope system. The main device was assembled with a glass cover and silicone cover with-

out much manual work. The multilayer approach provided the possibility to mimic a tu-

mor microenvironment, tumor invasion though basement membrane and intravasation. 

The gelation finished in only a few minutes by using PEGDA gel in our work. The gela-

tion process was much easier than in other models. By using the engineered basement 

membrane, we created a 3D basement membrane in this model, which is more likely the 

environment in vivo. In further study, it is possible to build a tumor distal metastasis 

model by connecting two or more bioreactors together. The tumor cells can invade 

through the basement membrane into the circulation and metastasize to the distal biore-

actor.  

4.4 Limitations of the Thesis 

In this thesis, a basement membrane was engineered successfully and the function of the 

basement membrane on preventing tumor cell invasion was tested in a 3D tumor metas-

tasis model in a 3D-printed bioreactor. It showed quick gelation and biocompatibility. 3D 

metastasis model for tumor invasion with basement membrane was established success-

fully. However, there were some limitations. Firstly, the perfusion channel in this model 

had a simple structure. Complicated vessel like structures need to be created and studied 

in the further research. Additionally, the mechanism of invasiveness change of MDA-

MB-231 cells after irradiation on the engineered basement membrane was still not clear. 

More work needs to be done to investigate the underlying mechanism. 

4.5 Future Directions of In Vitro Bone Metastasis Models 

The development of the in vitro models of bone metastasis makes it possible to reproduce 

the complexity of the tumor microenvironment with specific cells, extracellular matrixes 

and other factors. By controlling specific components in the in vitro models, it can be 

useful to study the interactions of the specific factors such as TGF-β, PTHrP, RANKL, 

FGFs, BMPs and Wnt pathway, the tumor cells and tumor microenvironment while it is 

too complicated in the in vivo models due to the complexity of the in vivo environment. 

Tumor-microvessel models are widely used to study tumor angiogenesis, intravasation, 

extravasation and tumor vessel interactions due to the sustained perfusion and vessel 
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structure in the models. The future direction of this type may be to coculture the relevant 

cell types within the extracellular matrix and modify the properties of the vessels such as 

shear stress and networks. Designing an engineered basement membrane which can 

mimic the basement membrane of tumor nodule in vivo and combining it in the models 

maybe interesting. Coculturing the other cell types within the extracellular matrix for 

studying the invasion through the basement membrane and the interactions of tumor cells 

and matrix may be more relevant to the in vivo process. 

The further direction of this study is studying the mechanism of how the irradiation ef-

fected the basement membrane and the invasiveness of the tumor cells. Another direction 

is fabricating more complicated structure of perfusion channels and co-culture cell lines 

in 3D bioreactor such as chondrocytes to mimic bone environment. Connecting two bio-

reactors together maybe also a good choice to observe real-time images of tumor distal 

metastasis using light sheet microscope. 
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5 CONCLUSIONS  
Studying the structure of basement membrane and the mechanism of the invasion through 

the basement membrane may help to understand the invasion process and the complexity 

of tumor metastasis.  

In this study, a novel permeable and fast gelation basement membrane with 3D structure 

was engineered successfully by mixing Matrigel Matrix and PEGDA 20,000 gel. It was 

also demonstrated that clinical dose of irradiation reduced the invasiveness of tumor cells. 

Using open-source software and desktop 3D printer, 3D bioreactors were established. Our 

methods provide a cost-effective way to fabricate customized 3D bioreactors with engi-

neered basement membrane. A novel 3D tumor metastasis model which showed great 

functionality and potential for the study of tumor distal metastasis, was established suc-

cessfully with this engineered basement membrane. 

Generally, a permeable basement membrane which might be useful for tumor invasion 

study was engineered successfully. Our methods and membrane provide an economical 

way to design and fabricate customized 3D bioreactors and metastasis models. 

Further study will be 3D bioreactor with multilayer gel approach and engineered base-

ment membrane in distal tumor metastasis study. Furthermore, side windows in this bio-

reactor provide the possibility to get real-time images of tumor invasion under light sheet 

microscope. Further study about the mechanism of the invasiveness change of MDA-MB-

231 cells after irradiation on the membrane should be done in the next step. 

The engineered basement membrane could be used to study 3D tumor metastasis and drug 

screening. It may serve as a novel platform for tumor distal metastasis. It may be useful 

for real-time observing of tumor metastasis.  
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