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Abstract 

The activity of research of this thesis focuses on the relevance that appropriate in vitro fully 

humanized models replicating physiological microenvironments and cues (e.g., mechanical 

and fluidic) are essential for improving human biology knowledge and boosting new 

compound testing.  

In biomedical research, the high percentage of the low rate of successful translation from 

bench to bedside failure is often attributed to the inability of preclinical models in generating 

reliable results. Indeed, it is well known that 2D models are far from being representative of 

human complexity and, on the other side, although animal tests are currently required by 

regulatory organizations, they are commonly considered unpredictive. As a matter of fact, 

there is a growing awareness that 3D human tissue models and fluid-dynamic scenarios are 

better reproducers of the in vivo context.  

Therefore, during this PhD, I have worked to model and validate technologically advanced 

fluidic platforms, where to replicate biological processes in a systemic and dynamic 

environment to better assess the pharmacokinetics and the pharmacodynamics of drug 

candidates, by considering different case studies. First, skin absorption assays have been 

performed accordingly to the OECD Test Guidelines 428 comparing the standard diffusive 

chamber (Franz Diffusion Cell) to a novel fluidic commercially available organ on chip 

platform (MIVO), demonstrating the importance of emulating physiological fluid flows 

beneath the skin to obtain in vivo-like transdermal penetration kinetics. On the other hand, 

after an extensive research analysis of the currently available intestinal models, which 

resulted insufficient in reproducing chemicals and food absorption profiles in vivo, a 

mathematical model of the intestinal epithelium as a novel screening strategy has been 

developed.  

Moreover, since less than 8% of new anticancer drugs are successfully translated from 

preclinical to clinical trials, breast, and ovarian cancer, which are among the 5 most common 

causes of death in women, and neuroblastoma, which has one of the lowest survival rates of 

all pediatric cancers, have been considered. For each, I developed and optimized 3D ECM-

like tumor models, then cultured them under fluid-dynamic conditions (previously predicted 

by CFD simulations) by adopting different (customized or commercially available) fluidic 

platforms that allowed to mimic u stimuli (fluid velocity and the fluid flow-induced shear 

stress) and investigate their impact on tumor cells viability and drug response. I provided 

evidence that such an approach is pivotal to clinically reproduce the complexity and 

dynamics of the cancer phenomenon (onset, progression, and metastasis) as well as to 

develop and validate traditional (i.e., platin-based drugs, caffein active molecule) or novel 

treatment strategies (i.e., hydroxyapatite nanoparticles, NK cells-based immunotherapies). 



 

 

 

Table of Contents 

Sommario 

Section One .................................................................................................................................. 1 
State of the art ......................................................................................................................... 11 
Innovation: Scientific and Technological Objectives ............................................................... 15 

References .......................................................................................................................... 16 

Section Two ................................................................................................................................ 19 
Comparison Between Franz Diffusion Cell and a novel Micro-physiological System for In Vitro 
Penetration Assay Using Different Skin Models ...................................................................... 20 

3.1 Abstract ....................................................................................................................... 20 
3.2 Introduction ................................................................................................................. 20 
3.3 Materials and Methods ............................................................................................... 22 
3.4 Results ........................................................................................................................ 25 
3.5 Discussion .................................................................................................................. 30 
3.6 References ................................................................................................................. 33 
3.7 Acknowledgments....................................................................................................... 35 

In vitro models replicating the human intestinal epithelium for absorption and metabolism 
studies: A systematic review ................................................................................................... 36 

4.1 Abstract ....................................................................................................................... 36 
4.2 Introduction ................................................................................................................. 36 
4.3 Physiology of the GIT ................................................................................................. 38 
4.4 2D in vitro models to evaluate intestinal absorption ................................................... 40 
4.5 3D cellular models ...................................................................................................... 50 
4.6 Mathematical modelling of absorption at the intestinal wall ....................................... 59 
4.7 Discussion .................................................................................................................. 64 
4.8 References ................................................................................................................. 67 
4.9 Acknowledgements .................................................................................................... 81 

3D Perfusable Hydrogel Recapitulating the Cancer Dynamic Environment to in Vitro 
Investigate Metastatic Colonization ......................................................................................... 82 

5.1 Abstract ....................................................................................................................... 82 
5.2 Introduction ................................................................................................................. 82 
5.3 Materials and Methods ............................................................................................... 84 
5.4 Results ........................................................................................................................ 89 
5.5 Discussion .................................................................................................................. 95 
5.6 References ................................................................................................................. 97 
5.7 Acknowledgements .................................................................................................. 100 

High blood flow shear stress values are associated with circulating tumor cells cluster 
disaggregation in a multi-channel microfluidic device ........................................................... 101 

6.2 Abstract ..................................................................................................................... 101 
6.3 Introduction ............................................................................................................... 101 
6.4 Materials and Methods ............................................................................................. 102 
6.5 Results ...................................................................................................................... 106 
6.6 Discussion ................................................................................................................ 111 
6.7 References ............................................................................................................... 114 
6.8 Acknowledgments..................................................................................................... 116 

A multi-organ-on-chip to recapitulate the infiltration and the cytotoxic activity of circulating NK 
cells in 3D matrix-based tumor model ................................................................................... 117 

7.1 Abstract ..................................................................................................................... 117 
7.2 Introduction ............................................................................................................... 117 
7.3 Materials and Methods ............................................................................................. 119 
7.4 Results ...................................................................................................................... 122 



   

 

 

 

7.5 Discussion ................................................................................................................ 129 
7.6 References ............................................................................................................... 132 
7.7 Acknowledgments..................................................................................................... 135 

A Human Ovarian Tumor & Liver Organ-on-Chip for Simultaneous and More Predictive Toxo-
Efficacy Assays ...................................................................................................................... 136 

8.1 Abstract ..................................................................................................................... 136 
8.2 Introduction ............................................................................................................... 136 
8.3 Materials and Methods ............................................................................................. 138 
8.4 Results ...................................................................................................................... 140 
8.5 Discussion ................................................................................................................ 148 
8.6 References ............................................................................................................... 150 
8.7 Acknowledgments..................................................................................................... 152 

Section Three ........................................................................................................................... 154 
Conclusions ........................................................................................................................... 157 
PhD Achievements ................................................................................................................ 160 

10.1 List of publications ................................................................................................ 160 
10.2 Participation to National and International Conferences ...................................... 160 
10.3 Collaboration to funded projects .......................................................................... 161 

 



 

 

 

Part I 
 

Section One 

 



 

 

 

 

Chapter 1 

State of the art 

 

In the medical and pharma research, there is an urgent challenge related to the evident and 

rising low rate of successful translation from bench to bedside (90% early clinical trials fail 

and of those that arrive to phase III only half passes to the clinical use) [3].  

 

 

Figure 1: The process of drug discovery and development and the failure rate at each step scaled. 

 

The highest percentage of this failure is related to lack of clinical efficacy and unmanageable 

organ toxicity, often attributed to the inability of preclinical models in generating results of 

human relevance [4].  



 

 

 

 

 

Figure 2: Structure-tissue exposure/selectivity–activity-relationship (STAR) selects drug candidates and 

balances clinical dose/efficacy/toxicity. 

 

Moreover, the inaccurate prediction of dynamic responses of multiple organs to the testing 

compound hampers the development of new therapies. 

 

Conventionally, the pre-clinical development of new drugs is mainly carried out through in 

vitro tests and trials on animals.  

Indeed, it is well known that 2D models are far from being representative of human 

complexity [5]. For many years, 2D cell monolayers grown on flat surfaces have been widely 

used for in vitro screening and drug testing. These systems are affordable, simple, and offer 

standardized ways to reproduce biological processes and study (patho)physiological 

mechanisms [6]. However, 2D platforms have some major drawbacks due to the lack of 3D 

tissue-specific spatial features, which leads to incomplete or altered cell-to-cell and cell-to-

matrix interactions, as well as tissue-specific biomechanical and biochemical cues. These 

deficiencies can affect normal cell proliferation, differentiation, gene and protein expression, 

and response to pharmacological treatments [7]. Traditional 2D culture methods on plastic 

may also modify the original cell morphology and heterogeneity, as cells are mainly in 

contact with surface coating proteins through focal adhesions. This forces a polarized and 

abnormally flattened shape, with fewer contacts for intercellular connection [8].  

The correct spatial architecture of cell communication is essential for proper cell function, 

and it cannot be reproduced adequately in a 2D context. Cells in 2D cannot uniformly 

express adhesion molecules and receptors and are entirely exposed to nutrients and oxygen 

distributions, unlike the metabolic gradients experienced in vivo [9]. As a result, drugs that 

appear effective in vitro using 2D systems may not be as successful when given in vivo, 

frequently leading to false-positive outcomes [10]. 

On the other side, although animal tests are currently required by regulatory organizations 

(such as the FDA), they are commonly considered unpredictive. As a matter of fact, there is 

a growing awareness of the molecular, genetic and physiological significant differences 

present between diverse animal species leading to species-specific responses that 

misrepresent the human complex processes and thus explaining this poor animal-to-human 

predictability [11]. In addition, animal models are time-consuming, highly labor-intensive 



 

 

 

 

and related to ethical issues objections, and restrictive regulations, as evidenced by the recent 

ban on animal models for cosmetic testing in European Union countries [12]. 

For this reason, 3D models have been developed as better reproducers of several chemical, 

mechanical environmental in vivo-like cues. They are better able to replicate the in vivo 

environment than 2D cultures, while still offering the benefits of high control of 

experimental conditions and ease of manipulation [5]. Various types of 3D in vitro models 

can be identified, such as cellular spheroids, stable cell aggregates that recapitulates different 

biological features better than cell monolayers. Cells in spheroids exhibit interactions with 

their neighbors in all spatial directions, with a proliferation rate similar to that seen in vivo. 

However, these 3D culture systems still have some drawbacks, mainly due to a lack of a 

proper surrounding extracellular matrix (ECM) [13]. The tissue microenvironmental 

conditions, such as the matrix's mechanical rigidity and its role in modulating cell activity, 

cannot be finely tuned and replicated [14]. To provide cells with the necessary ECM, 

researchers have turned to the culture of 3D engineered tissues, adopting different types of 

biomaterials for this purpose. In particular, 3D hydrogel-based tissue models are emerging 

among others due to their potential of mimicking native ECM and their cell encapsulation 

capability [15]. 

Nevertheless, 3D models are not able to fully replicate the in vivo scenario because they do 

not mimic the fluid-dynamic stimuli that occur at the tissue and microenvironment level. As 

a result, they are not able to replicate the transport mechanisms for nutrients and drugs [16]. 

Accordingly, alternative human-relevant experimental strategies capable to better assess the 

pharmacokinetics (PK) and the pharmacodynamics (PD) of candidates are necessary.  

To face this challenge, alternative human-relevant approaches have been emerged, first on 

all organ-on-chip (OOC) systems [17]. OOCs are an innovative technology that has been 

gaining attention in the biomedical field in recent years. These devices consist of 

microfluidic chambers that are designed to mimic the structure and function of specific 

organs in the human body. They provide a platform for studying human physiology and 

disease in vitro, with greater accuracy than conventional models and without the need for 

animal testing [18]. One of the main advantages of OOCs is their ability to replicate the 

microenvironment of the targeted organ, including the fluid dynamic stimuli. This is 

particularly important as fluid flow plays a crucial role in many biological processes, such 

as nutrient and drug transport, cellular communication, and tissue development [19]. 

Therefore, replicating the fluid dynamic stimuli is essential for ensuring that the OOC 

accurately represents the organ being studied, and also for studying disease mechanisms and 

drug screening. Fluid flow, in fact, provide important mechanical and chemical cues to cells 

and tissues [20]. Some OOCs have integrated pumps and valves that can generate pulsatile 

flow to mimic the physiological flow of blood through blood vessels. Other approaches 

include the use of magnetic or acoustic fields to generate fluid flow, the use of micro-

actuators to mimic the mechanical stress experienced by cells and tissues in vivo, or use 

external pumping system with connecting tubes. Importantly, these systems could enable the 

development of personalized medicine by using patient-specific cells and tissues [21]. 



 

 

 

 

 
Figure 3: Comparing preclinical models. While 2D models provide valuable insights, their 

physiological relevance is limited. 3D models, in particular organ-on-chips providing fluid-dynamin 

culture environment offer a more accurate representation of in vivo conditions being crucial in 

advancing preclinical research. 

Particularly, since tissues and cells within the body are anatomically connected to each other 

by a network of vessels and communicate by the secretion of diverse factors, organ-organ 

interplays are crucial in human disease understanding and should also been introduced. 

Specifically, multi-organ-on-chip (MOOC) systems address this need, having the potential 

to properly emulate the distribution, penetration, biotransformation and kinetics of drugs 

systemically. MOOC technologies possess the capability to accurately decouple biological 

mechanisms behind the cytotoxic effects of testing molecules, through a highly reproducible 

and less time- and cost-consuming in vitro approach [22]. Moreover, they envision to 

represent advanced biological contexts and thus potentially produce physiologically relevant 

outcomes translatable to clinical scenarios. MOOCs combine multidisciplinary aspects 

allowing the recapitulation of the functionality, architecture and dynamics at organ level.  

The integration of novel in vitro technologies with prior in silico analyses may minimize the 

use of animal testing, setting the stage for more efficient preclinical predictions of human 

responses [23].  

 

 



 

 

 

Chapter 2 

Innovation: Scientific and Technological Objectives 

 

The core idea of my PhD project is to model, implement and validate technologically 

advanced platforms (e.g., organ-on-chips) where to replicate biological processes in a 

systemic and dynamic environment, for investigating the efficacy and toxicity of therapeutic 

compounds, by combining in vitro and in silico approaches.  

 

To realize clinically relevant scenarios, 3D tissue models and fluid dynamic stimulations are 

used. Particularly, the human body fluid dynamics is emulated first performing 

computational fluid dynamic (CFD) simulations (ensuring optimal flow velocity and shear 

stress profiles, gas and nutrients gradients and the proper time-dependent drug kinetic 

profile) and then experimentally applied within fluidic platform, thus integrating the use of 

novel technologies with in silico analyses for developing more reliable analytical preclinical 

tools.  

 

Different case studies have been considered.  

 

1.  Since skin and intestinal tissue are physiological barriers where bioactive molecules 

interact and permeate under certain conditions, novel transdermal and intestinal delivery 

platforms have been investigated [24]. Skin absorption assays have been performed 

accordingly to the OECD Test Guidelines 428, by comparing two different diffusive 

chambers (Franz Diffusion Cell and the commercially available MIVO platforms) in terms 

of penetration kinetics of hydrophilic and lipophilic molecules; their capacity to properly 

resemble physiological fluid flows beneath the skin was computationally and experimentally 

inspected [25] (Chapter 3).  

On the other hand, since poor oral drug bioavailability is the primary cause of failures for 

new drugs approval, an extensive research analysis has been performed on the currently 

available intestinal models that resulted insufficient in emulating the compounds (chemicals, 

food etc.) absorption profiles in vivo [26], therefore a mathematical model of the intestinal 

epithelium as novel screening strategy has been developed (Chapter 4).  

 

2. Although huge resources and money are spent to discover new treatments against cancer, 

such remains a leading cause of death worldwide. Since less than 8% of new drugs are 

successfully translated from preclinical to clinical trials, there is an urgent and unmet need 

of developing human-relevant tumor models [27]. In particular, breast and ovarian cancer, 

which are among the 5 most common causes of death in women [28], and neuroblastoma, 

which has one of the lowest survival rates of all pediatric cancers [29] have been considered. 

For each, I developed and optimized 3D ECM-like tumor models in terms of cells behavior 

in vitro; then, they were cultured under fluid-dynamic conditions (previously predicted by 

CFD simulations) through different fluidic platforms that allowed to mimic physiological 

stimuli and investigate the impact of fluid velocities and fluid-associated forces on tumor 

cells viability and drug response.  



 

 

 

 

In particular, in Chapter 5 it is described a new hydrogel channel-based system that was 

realized and fluidically connected to an external fluidic circuit, as a preliminary 3D in vitro 

model, to mimic a secondary metastatic site where CTCs can migrate under a proper 

hemodynamic cancer environment. Once fluid-dynamic conditions and nutrients transport 

kinetics were optimized, the effects of physiological WSS and fluid flow on breast cancer 

cell line were assessed. 

Subsequently, since the fluidic stimuli involved in the metastatic process still need to be 

deeply investigated, in particular the fluid flow-associated force named Wall Shear Stress, a 

novel microfluidic device have been properly designed upon theoretical and CFD modeling 

to simultaneously reproduce three different WSS values typical of the circulatory system 

(i.e. 2, 5, 20 dyn/cm2) and then realized. Once validated, the effect of the increasing levels 

of WSS on triple-negative breast cancer cells clusters was investigated through in silico and 

experimental studies, inspecting morphological variations and clusters disaggregation after 

circulation (Chapter 6). 

In Chapter 7 it is provided a proof-of-concept of humanized and immunocompetent platform 

trying to bridge the gap between standard in vitro methods, advanced miniaturized organ-

on-chips and animal models, by integrating CFD analyses with in vitro tests. An organ-on-

chip organ on chips (OOC)-based approach is here presented for recapitulating the immune 

cell Natural Killer (NK) migration under physiological fluid flow, infiltration within a 3D 

tumor matrix, and activation against neuroblastoma cancer cells in a humanized, fluid-

dynamic environment. Circulating NK cells activity and the spontaneous “extravasation” 

process toward the physically separated tumor niche were studied in silico and in vitro. 

Finally, because of a single-organ approach is not sufficient to determine the effective 

response to the drug treatment, both in terms of efficacy and toxicity, a multicompartmental 

organ-on-chip (OOC) platform was adopted to fluidically connect 3D ovarian cancer tissues 

to hepatic cellular models and resemble the systemic cisplatin administration for 

contemporarily investigating drug efficacy and hepatotoxic effects in a physiological 

context. Computational fluid dynamics was performed to impose capillary-like blood flows 

and predict cisplatin kinetics. 

By using the approach illustrated in Chapter 8, it was possible to easily combine and explore 

three key aspects, firstly focusing on their single role, then studying their effect when 

integrated: 

 

I. The use of 3D models with clinically relevant size. 

II. The prediticon and imposing of fluidical stimuli resembling bloodstream 

circulation to develop a predictive pre-clinical platform that more closely 

reproduces human patho-physiology. 

III. Multi-organs configuration to properly emulate a systemic human-relevant 

scenario and proper assess the PK-PD of therapies. 
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Section Two



 

 

 

 

Chapter 3 

Comparison Between Franz Diffusion Cell and a novel 

Micro-physiological System for In Vitro Penetration 

Assay Using Different Skin Models 

 

3.1 Abstract 
 

In vitro diffusive models are a crucial tool for assessing the ability of active ingredients to 

penetrate various formulations. To achieve successful transdermal delivery, it is important 

to reliably assess the skin penetration enhancing properties and mechanism of action of 

carrier systems, as well as estimate bioavailability. To test the penetration kinetics of 

different compounds across the skin barrier, several in vitro models have been developed. 

The purpose of this study was to compare the Franz Diffusion Cell (FDC) with a new fluid-

dynamic platform (MIVO) by evaluating the penetration ability of caffeine and LIP1 in both 

systems. Caffeine is a commonly used reference substance, while LIP1 is a testing molecule 

with the same molecular weight but different lipophilicity. The amount of the molecules 

absorbed was measured at different time points using HPLC analysis. Both diffusive 

systems showed similar trends for caffeine and LIP1 penetration kinetics. The Strat-M® 

skin model had a lower barrier function than pig skin biopsies, and the PGOA vehicle 

enhanced the penetration effect for both diffusive chambers and skin surrogates. 

Interestingly, the MIVO diffusive system was better at predicting the permeation of 

lipophilic molecules (such as LIP1) through highly physiological fluid flows that resemble 

skin models. 

 

3.2 Introduction 
 

The skin tissue is an effective barrier, representing a fundamental interface between the 

human body and the external environment. Based on its chemical-physical features, it forms 

a protective layer against harmful environmental influences such as ultra-violet light, 

microorganisms, pollutants and environmental toxins, pesticides, or other chemical drugs. 

Moreover, skin regulates temperature and homeostasis of the body, particularly by limiting 

the loss of water [1].  Dermal absorption assays are routinely adopted to predict risks from 

skin exposure to chemicals, but also to demonstrate benefits after topic application of 

cosmetics, medical device or therapeutic active ingredient. In this context, the Organization 

for Economic Co-operation and Development (OECD) and the United States Environmental 

Protection Agency have produced guidelines for the in vitro and in vivo assessment of 

percutaneous absorption [2], that establishes the passage of compounds across the skin. This 

process is basically divided in three steps [3]: i) penetration, which consists of the entry of 

the chemical compound into the stratum corneum, build up by an intracellular lipid matrix 

of mainly ceramides, cholesterol and free fatty acids [4,5]; ii), permeation , namely the 

gradual passage of the substance through the subsequent layers, which are both functionally 

and anatomically distinct from the stratum corneum; iii) the uptake t into lymphatic and 

blood vessels [5], [6], [7], [8]. Interestingly, according to the skin absorption outcome, the 



 

 

 

 

classification of these testing compounds may range from cosmetics to “medical devices 

made of substances”, that need to be absorbed in order to achieve their intended action [9], 

[10], [11].  Therefore, there is increasing demand for reliable and reproducible in vitro and 

ex vivo skin absorption methods that accelerate the chemicals testing and the measurement 

of their absorption percentage. In the last two decades, the European Union and national 

legislations have stipulated that animal experiments should be avoided whenever 

scientifically feasible, in line with the 3Rs (reduce, replace, refine) approach [2]. 

Furthermore, owing to the difference in skin structure, animal studies do not always reflect 

the human situation [2]. The estimation of percutaneous absorption of compounds using 

excised animal skin is widely accepted for the toxicological risk assessment [12]. Porcine 

skin has been re-cognized as an appropriate tissue for prediction of human skin permeability 

for some years, despite the lower barrier function of this tissue compared with human skin 

[13], [14], [15], [16], [17].  Recently, numerous skin surrogate systems and human skin 

equivalents (HSEs) have been developed to study skin penetration to overpass limits of 

animal sources. HSEs are typically constructed by culturing human keratinocytes on 

appropriate substrates [18], providing a good-quality control of the system and species 

relevance. Consequently, some reconstructed tissues (i.e. Episkin and EpiDerm) have 

already been validated under specific applications, such as for skin irritation [19,20]. In 

general, they have proved a lower barrier function than human skin [18,21,22], but for 

hydrophilic compounds (i.e. ethyl ascorbic acid [23] and caffeine [21]) some HSEs (i.e. 

LabSkin, EpiDerm, EpiSkin, SkinEthic) represent a valuable option to carry out transdermal 

delivery investigations, even though some regulation guidelines still have to be updated 

[10,24].  Artificial membranes have been also fabricated and employed as synthetic skin 

alternatives [25]. Non-lipid- and lipid-based membranes are cost-effective and reproducible 

tools to study the underlying physicochemical mechanisms of the passive drug diffusion, 

[24,26]. Moreover, being non-biological models, these skin models may support high-

throughput screenings, without lot-to-lot variability, safety and storage limitations [4].  The 

parallel artificial membrane permeability assay (PAMPA) may be represent an alternative 

to simulate dermal absorption of some compounds [25,27,28], whose results displayed a 

good correlation with . full-thickness skin (R2>0.7).  The Strat-M® membrane is an animal 

free, multiple layer polyether sulfone membrane, which is coated with skin lipids (e.g., 

ceramides, cholesterol, and free fatty acids), especially designed to mimicking the skin 

structure for transdermal diffusion testing . The hydrophobic lipidic structure, which is 

coated on the membrane is composed of the main stratum corneum lipids, paired with the 

polyether sulfone membrane cut-off this membrane mimics a skin penetration more closely 

than other membranes, which are limited only on their cut-off definition [29]. These 

chemico-physical porperties make Strat-M® membrane a good skin model alternative to 

evaluate penetration flux and permeation of molecules, under infinite and finite dosing 

conditions [30]. However, due to their lower barrier function, artificial membranes typicaly 

lead to a higher penetration ability and penetration rate [12,13,31].  For ex vivo skin 

penetration studies the OECD guideline recommends pig ear skin as suitable skin surrogate 

to mimic human percutaneous penetration [24,32]. Pig ear skin shows similarities in 

morphology as well as penetration abilities and corresponds to that of human skin 

[33].Typically, the passive diffusion of active ingredients is tested by culturing surrogate 

skin in a Franz Diffusion Cell (FDC) setup [34]. The FDC system can be either a static or 

flow-through setup. Although both are compliant with the OECD Test Guidelines 428, static 

FDC set-up remains simpler, lower-cost and more widely used diffusive system [12,24]. It 

consists of a receptor compartment filled with a physiological buffer solution, in which the 

compound is released after penetrating through the skin surrogate. Onto this surrogate a 

finite (≤10µL/cm²) or infinite (≥10µL/cm²) formulation dose can be topically applied into 



 

 

 

 

the donor compartment and allows the evaluation of penetration kinetics over time [35,36]. 

Finite dosing represents more closely application and usage condition, whereas an infinite 

dosing helps to understand and elaborate permeation abilities due to a steady state 

penetration and a constant high formulation concentration. The penetration kinetics 

interpretation underlines the predicted bioavailability of the active ingredient, which is 

important to ensure the efficacy and the exposure to the living cell entity and a targeted drug 

delivery. The hydrophilic alkaloid caffeine is recommended as a model compound by the 

OECD guideline for in vivo, ex vivo, and in vitro percutaneous penetration testing due to its 

well-known penetration behaviour [32]. To optimize and ensure targeted delivery of 

ingredients into the skin, the formulation needs to be designed individually [37]. Most 

ingredients are formulated into a standard formulation (vehicle) containing water, glycols 

and fatty acids for penetration testing based on their physico-chemical properties and 

solubility characteristics [38]. Thereby, propylene glycol (PG) is the most used glycol and 

is often combined with other penetration enhancers like oleic acid (OA) to test ingredient 

penetration [39].  In this work, we compared the FDC with a novel ready-to-use, 

compartmental technology , named MIVO® - Multi In Vitro Organ device, compliant with 

the OECD 428 guideline's definition of a diffusion cell and able to properly resemble the 

mono-directional physiological capillary-like flow below the tissue. MIVO has been already 

adopted to carry out diffusion studies in gut absorption [40], tumor cells intravasation [41] 

and cancer drug efficacy testing [42].  Here, molecules having different lipophilicity 

(expressed as log p values) although same molecular weight (i.e. caffeine and LIP1, acronym 

for 1,3-Benzodioxol-5-ylmethylurea lipophilic molecule) have been adopted as testing 

molecules for skin permeation assays through two human surrogate models, the Strat-M® 

membrane and the pig ear skin, carried out employing both FDC, as it is the standard in vitro 

method for this type of study, and MIVO®. Also, computational fluid-dynamic (CFD) 

simulations have been performed to inspect the flow field beneath the skin in the receptor 

of both diffusion cells considered. 

3.3 Materials and Methods 

3.3.1 Diffusive chambers 
 

3.3.1.1 MIVO system 
The MIVO® device is a disposable cell culture chamber able to host living tissues (e.g. 

cellular monolayers, 3D reconstructed tissues, tissue biopsies) or artificial membranes under 

physiological conditions, providing a multiple fluidic circulation that mimics the human 

circulatory system with the vascularization of the tissue of interest. The diffusion cell 

designed and implemented in this work is schematically represented in Figure 4, panel A, 

showing features in compliance with the OECD 428 rule for in vitro skin absorption method. 

Specifically, the human skin surrogate separates the donor compartment from the receiver 

one, exposing a surface area of 0.43 cm2 suitable for drug administration. The receiver 

compartment has been designed to be connected to a peristaltic pump inducing a 

monodirectional flow: then, a capillary velocity can be set up below the skin barrier, 

emulating the real physiological conditions. A three-way valve placed in the fluidic circuit 

allows the sampling of the media over time, without affecting the sterility environment and 

the tissue. The whole system is hosted within the cell culture incubator with controlled 

atmosphere (i.e., 32°C, 5% CO2). 

 



 

 

 

 

 
Figure 4: Diffusive chambers. Schematic representation of the diffusive chambers where the tissue 

(Strat-M® or pig skin) is placed for performing dynamic absorption studies. Panel A: the MIVO® 

fluidic chamber; Panel B: Franz Diffusion Cell. 

Strat-M® membranes and pig skin biopsy discs were placed within MIVO®; an add-on 

equipped with a biocompatible o-ring avoiding any fluid leakage blocks the skin models 

inside the MIVO® chamber. The donor compartment was filled with a volume of caffeine 

formulations according to the infinite-dose experimental condition (780uL/cm2), and the 

receiver one was filled with 2.3 mL of calcium and magnesium enriched phosphate buffered 

saline (PBS), at a flow rate of 2 mL/min in order to have below the skin surrogate a mean 

flow velocity (of 0.1 cm/s), resembling the capillary flow [42,43]. The experiment with 

Strat-M® was performed in triplicate, while the one with pig ear skin was performed with 6 

replicates. For both skin models, 400 μL (or 20%) of the circulating solution in the receiver 

compartment were collected at different time-points (1, 2, 4, 6, 8 hours), in order to assess 

the quantity of caffeine/LIP1 accumulating into the receiver chamber over time. The samples 

were filtered through a cellulose acetate membrane filter (0.22 μm pore size) and analyzed 

through High-Performance Liquid Chromatography (HPLC). 

 

3.3.1.2 FDC system 
The FDC system consists of a receiver compartment filled with 5 mL PBS, in which the 

compound is released after penetrating through the skin surrogate. Onto this surrogate the 

infinite-dose experimental condition (780μL/cm²) is topical applied into the donor 

compartment and allows the evaluation of penetration kinetics over time [[33], [34], 

[35],44]. Errore. L'origine riferimento non è stata trovata. shows a schematic illustration 

of the FDC with its magnetic stirrer and its thermostatically controlled water bath, to 

maintain a controlled temperature of 32°C.  The Strat-M® membranes and pig skin biopsy 

discs as human skin surrogates were placed onto the FDC (Ø 9 mm, diffusion area 0.64 cm²) 

from Logan Instruments Corp. (Somerset, USA). The Strat-M® membrane was placed shiny 

side up and the pig skin dermal side down onto the receiver compartment. The experiment 

with the Strat-M® membrane was performed with 6 replicates, while the one with pig ear 

skin was performed with 8 replicates. After an experimental equilibration for 30 min, 

different exposure times (1, 2, 4, 6, 8 hours) were adopted and 1000 μL (or 20%) of the 

receiver compartment were collected and filtered through a cellulose acetate membrane filter 

(0.22 μm pore size). The solution was HPLC analyzed and replaced with fresh PBS. A 

summary of the main features of MIVO and FDC was shown in Table 1. 

 



 

 

 

 

Table 1: Technical features of MIVO and FDC. 

 
 

3.3.2 Chemicals 
 

Caffeine, 1,3-Benzodioxol-5-ylmethylurea (LIP1), Milli-Q® (water), acetonitrile, were 

purchased from Merck KGaA (Darmstadt, Germany). Propylene glycol (PG), Oleic acid 

(OA), and calcium and magnesium enriched PBS solution were purchased from Sigma 

Aldrich by Merck KGaA (St. Louis, USA). Formulations containing either water or PGOA 

(95:5) with either 0.7% caffeine (w/w) or LIP1 were prepared.  Caffeine and LIP1 were 

selected as reference molecules having same molecular weight and different lipophilicity 

(Table 2). 

 
Table 2: Physico-chemical properties of caffeine and LIP1. 

 
 

3.3.3 Skin models: Strat-M® and pig skin biopsies 
 

The Strat-M® membrane purchased from Merck KGaA (Darmstadt, Germany) is a non-

animal based synthetic membrane build up by multiple layers of polyether sulfones coated 

with skin lipids, which mimics the penetration ability of human skin (Figure 5). This lipid 

coating, which mimics the intercellular lipid matrix of the human stratum corneum, contains 

a combination of ceramides, cholesterol, free fatty acids, and other components with a 

similar specific lipid ratio to human skin surface [4]. 

 



 

 

 

 

 
Figure 5: Strat-M® skin model. Schematic illustration of the skin morphology and the multilayered 
structure of the Strat-M® membrane to compare the different skin layers with a scanning electron 

microscopic image of a Strat-M® cross-section. 

Pig ear skin was used as a human skin surrogate for penetration testing. The pig ears 

(German domestic pigs, 6-month-old) were obtained from a local slaughterhouse 

(Brensbach, Germany). Freshly slaughtered, they were cleaned with water, dried using soft 

tissue and stored at +4°C. The skin from the back of the pig ear was dermatomed with an 

electrical dermatome from Humeca BV (Borne, Netherlands). 500 µm thick split-skin 

punches with a diameter of 26 mm were obtained from each ear and stored for the maximum 

of 6 month at -20°C. 

 

3.3.4 HPLC 
The quantitative concentration of caffeine and LIP1 was determined using a HPLC (VWR-

Hitachi ELITE LaChrom system) system. A Chromolith® Performance RP-18e 100-4.6 mm 

(Merck KGaA, Darmstadt) column was used as the stationary phase at 30°C and at flow rate 

of 2.0 mL/min, with an isocratic mobile phase of 90% water and 10% acetonitrile (HPLC 

gradient grade, Merck KGaA, Darmstadt) for caffeine and a mobile phase of 80:20 for LIP1. 

The caffeine amount was determined at a detection wavelength of 272 nm, and LIP1 at 285 

nm, using a DAD l-2450 detection unit. Prior the analysis, the samples were mixed in auto 

sampler screw vials and analyzed with an injection volume of 60 µL of each sample (n=4). 

The specificity of the HPLC run was controlled via a blank injection and an internal standard 

solution. The quantification linearity was confirmed by a six-point calibration series (0.5-

250.0 μg/mL) with linear regression confirmation of R2> 0.99 in all cases. Accuracy and 

precision of the HPLC run was determined within the internal acceptance criteria variation 

<2 %. 

 

3.4 Results 
 

3.4.1 Caffeine penetration kinetics using Strat-M® 
 

The cumulative amount of caffeine penetrated through Strat-M® was derived for the two 

experimental conditions (PGOA and Milli-Q® as donor solutions), showing statistical 



 

 

 

 

difference between the two diffusive chambers, although similar trend were observed 

(Figure 6). The passage of caffeine was enhanced (∼10X) when using PGOA as a vehicle 

(Figure 6A); moreover, the caffeine absorption through the Strat-M® membrane shows a 

linear trend during time in the Milli-Q® solution (Figure 6B), while in PGOA an initial 

plateau was observed after 6 hours. 

 

 
Figure 6: Cumulative amount of Caffeine penetrated through pig skin. Comparison of the caffeine 

penetration kinetics through pig skin biopsies in FDC and MIVO® systems with PGOA (A) and Milli-

Q® water (B) as vehicle solution. Values are presented as mean ± SD. 

3.4.2 Caffeine penetration kinetics using Strat-M® 
 

The cumulative amount of caffeine penetrated through pig skin tissues was measured for 

both formulations (PGOA and Milli-Q®), comparing the FDC and the MIVO® chambers 

(Figure 7) and showing statistical difference between the two diffusive systems only in 

MilliQ® conditions. The PGOA formulation (Figure 7A) led to an increasing amount of 

caffeine in the receiver chamber over time, despite the resulting penetration (ug/cm2) was 

overall lower than for Strat-M® (∼12X for FDC and ∼17X for MIVO®). Likewise, when 

caffeine was topically applied within the Milli-Q® vehicle (Figure 7B), its penetration over 

time through the pig skin was lower than the one resulted with Strat-M® membrane. 

 

 
Figure 7: Cumulative amount of Caffeine penetrated through pig skin. Comparison of the caffeine 
penetration kinetics through pig skin biopsies in FDC and MIVO® systems with PGOA (A) and Milli-

Q® water (B) as vehicle solution. Values are presented as mean ± SD. 

3.4.3 LIP1 penetration kinetics using Strat-M® and pig skin 

biopsies 
 



 

 

 

 

Similarly to the caffeine in PGOA (Figure 6A and Figure 7A), the LIP1 in PGOA 

formulation displayed a gradual increase of its passage through Strat-M and pig skin, with 

an initial plateau observed at the ending points for Strat-M (Figure 8A) and a linear trend 

for pig skin (Figure 8B) for both diffusive systems. Like for caffeine, also LIP1 was more 

absorbed through the Strat-M than the pig skin (∼6X for FDC and ∼3X for MIVO®).  The 

cumulative amount of LIP1 was statistically higher in MIVO than in FDC already after 2 

hours using Strat-M and 6 hours using pig skin.  Interestingly, values of caffeine in PGOA 

are much higher (∼4X after 8hr) than those of LIP1 using Strat-M in FDC system (Errore. 

L'origine riferimento non è stata trovata.C), while no significant differences are observed 

between caffeine and LIP1 using pig skin in FDC system (Figure 8D). On the other side, as 

expected for lipophilic molecules applied onto skin tissues, MIVO displays a higher LIP1 

permeation (∼3X after 8hr) than caffeine using pig skin model (Figure 8D), while artificial 

Strat-M membrane displayed similar permeation behavior for caffeine and LIP1 (Figure 

8C).   

 

 
Figure 8: Cumulative amount of LIP1 penetrated through the Strat-M® membrane and pig skin. 
Comparison of the LIP1 penetration kinetics through Strat-M® membranes (A) and pig skin biopsies 

(B) with FDC and MIVO® and in comparison with Caffeine penetration kinetics through Strat-M® 

membranes (C) and pig skin biopsies (D). Values are presented as mean ± SD, the values obtained by 

using the two systems are compared using paired t-Test statistics (p < 0.05). 

A comparison of the caffeine and LIP1 penetration for all implemented experimental 

conditions after 8 hours, with statistical analysis, was also shown (Figure 9). 

 



 

 

 

 

 
Figure 9: Caffeine and LIP1 permeation in all the experimental conditions. Quantity of caffeine 
penetrated after 8 hours through Strat-M® (A) and pig skin (B) with FDC and MIVO® and quantity of 

LIP1 through Strat-M® (C) and pig skin (D) with FDC and MIVO®. Values are presented as mean ± 

SD, the values obtained by using the two systems are compared using paired t-Test statistics (p < 0.05). 

3.4.4 Mathematical approach to determine the diffusion coefficient 
 

Permeation of an active ingredient through the skin's stratum corneum is described as 

diffusion process in which active transport plays no role [45]. Mathematically, skin 

absorption can be described by Fick's laws of diffusion.  The first Fick's law is specific to 

an infinite dose condition [45], which is described for experiments with a topical amount 

higher than 100 µL/cm2 (or higher than 10 mg/cm2):  

 

where J is the rate of transfer per unit area (flux) (g/cm2/h), and D is the diffusion coefficient 

(cm2/h).  Thereby a steady-state flux, Jss, is commonly assessed in vitro and ex vivo in 

diffusion cells (e.g., FDC and MIVO®), consisting of a donor compartment separated from 

the receiver compartment by a human skin surrogate. The ingredient is applied to the stratum 

corneum side of the skin, and an accumulation of active ingredient in the receiver 

compartment is monitored by repeated concentration measurements in the receiver medium 

over time.  Under infinite dose conditions, dC can be replaced by the known donor 

concentration, cD, and the permeated mass per time is assumed to be constant. Therefore, a 

plot of the permeated mass per unit area versus unit time, yields a linear function with a 

slope which represents the steady-state flux.  The apparent permeation coefficient, Papp, 

which represents an independent measure of the skin resistance against permeation of the 

examined active ingredient, is frequently calculated as:  

 

because this value only depends on the donor concentration used in the given experiment.  

Jss and Papp were derived for the two skin models and the caffeine/LIP1 vehicle from the 

linear part of the respective absorption curves by linear regression, by using an automated 

approach [46], if at least four data points are within the linear part of a curve (R2 > 0.92).  



 

 

 

 

The time to achieve steady-state conditions, under infinite dose conditions is referred as lag 

time (t) and the preceding period is the lag-phase. Lag time is a function of the active 

ingredient loading the stratum corneum and dermis, diffusivity, and thickness of the skin. 

Lag time is the time required for the diffusion flow to become stable. By using the Lag time 

calculation [47], the diffusion coefficient can be derived:  

 

Table 3 and Table 4 report respectively the steady state flux and the percentages of caffeine 

and LIP1 absorbed after 8 hours under different conditions. 

 
Table 3: Steady-state flux and the apparent permeation coefficient for all the experimental conditions 

investigated. 

 
 
Table 4: Percentage values of penetrated caffeine and LIP1 through Strat-M® membranes and pig skin 

biopsies in all the experimental conditions. 

 
 

3.4.5 CFD simulation of fluid flow within MIVO and FDC 
 

Fluid dynamic simulations were performed both in MIVO and in FDC environments to 

simulate the fluid flow profiles, mean velocities and shear stresses below the skin model 

(Figure 10). The 3D domain was drawn based on the dimensions of the two diffusive 

chambers used for skin permeation assays. The physical outputs were modeled using 

Comsol Multiphysics 5.6 (Laminar Fluid Flow module). The fluid was supposed to be 

laminar, incompressible, and not turbulent. The velocity profiles were calculated according 

to Navier-Stokes and the continuity equation [48,49]. In the MIVO environment, the flow 

rate was set to Q=2 mL/min to generate velocity resembling the capillary blood flow, while 

in the FDC the flow was generated by a stirring bar (length of 7 mm, rotational frequency 

10Hz). An iterative geometric multigrid (GMRES) algorithm was used to solve the 

equations. A no-slip condition was fixed on the boundary of the geometry. 

 



 

 

 

 

 
Figure 10: Computational Fluid-dynamic simulations of FDC and MIVO. Velocities distribution at the 

plane below the skin within FDC and MIVO (panel A). Velocity profiles at the cut line, compared to the 

physiological values, within FDC and MIVO (panel B). 

 

3.5 Discussion 
 

In the fields of pharmaceutical industry, reliable skin penetration data of active ingredients 

are indispensable, since it affects the bioavailability, defined as the amount of molecules that 

reaches the systemic circulation [50]. Various studies have considered the impact of 

different physico-chemical formulations and skin models on permeation assays. Moreover, 

the use of in vitro diffusion cellss has evolved into a major research methodology, providing 

key insights towards more reliable, reproducible, and standardized in vitro and ex vivo 

methods.  In vitro models frequently involve the use of artificial membranes to model 

realistic human skin penetration features. Although these membranes do not model the 

cellular mediated phenomena affecting the molecule passage through a living tissue, 

diffusion studies can be carried out. In particular, artificial membranes may be preferred to 

skin biopsies as they are more easily resourced, less expensive, structurally simpler and lead 

to a faster outcome [51]. Another challenging approach is based on in vitro human epidermis 

and dermis cells models, building human skin equivalent (HSE). Some commercially 

available HSE like Graftskin™, SkinEthic™, LAbskin™, EpiDerm and Episkin, have been 

already adopted for penetration assays [52,53] and to understand metabolic skin response 

[13,31] within exploratory assays, while regulatory bodies are currently involved in 

guidelines updates., Also artificial membranes, although to a higher penetration ability and 

penetration rate [12,13,31], are currently adopted to provide useful permeation measurement 

for multiple formulations with higher throughput [4]. Indeed, they exhibit superior data 

reproducibility, as in vivo variables such as donor age, sex and anatomical site are excluded 

[51]. In this context, the Strat-M® represents an interesting option among synthetic skin 

models, since it is a membrane-based model with diffusion characteristics well-correlated to 

human skin [4]. However, it does not fully resemble the heterogeneous multi-layer structure 

of human skin.  For these reasons, an effective alternative is represented by animal skin 

biopsies as indicated in the OECD TG 428 guidelines [32]. Among these, pig ear skin is 

currently the most widely used, given its histological similarities to human skin, with a 



 

 

 

 

comparable stratum corneum thickness [54,55].  In this work, a comparative study was 

performed by using both synthetic non-animal-based membrane (i.e., Strat-M®) and pig ear 

skin biopsies for assessing the penetration of two molecules with similar molecular weight 

but different lipophilicity: caffeine, a reference OECD 428 substance, and LIP1, a lipophilic 

test substance. By applying such testing molecules to the skin under infinite dose conditions, 

we expected that these penetrate into and diffuse through the stratum corneum, depending 

on their physico-chemical properties. [56,57] Indeed, a continuous increase of the caffeine 

and LIP1 penetration was observed up to 8 hours in all experimental conditions; in 

particular, Strat-M® turned out to be more permeable than pig biopsy, as already reported 

for synthetic membranes, especially for hydrophilic molecules [13]; this i can be due to a 

different morphological and histological structure of the skin tissue.  Moreover, despite 

artificial skin membranes do not fully resemble the proper passive route of molecule 

permeation, a lower variability, and therefore a higher reproducibility, was observed for the 

Strat-M® model than pig ear biopses, as expected [31]. Although the same anatomical site 

(i.e., pig ear) was selected for all donors, this high variability is intrinsic to the model because 

of the biopsy structure, age and hydration state of the skin that may differ from one donor 

to another [45].  Transdermal pharmacokinetic studies allow to recognize the fate of the new 

formulations/drugs applied to the skin, to evaluate what fraction of the applied doses have 

been effectively absorbed, and to determine the bioequivalence of the generic products [58]. 

To better resemble the in vivo situation, where systemic circulation rapidly clears permeants, 

diffusion chambers hosting skin models have been widely adopted as more reliable 

alternative to the static condition [59]. Among these, FDC systems are used since many 

years, under the two available configurations: static and flow-through [34]. In both systems 

the receptor fluid is stirred in a non-physiological way, but the pivotal difference between 

the two configurations is the continuous fluid replacement in the flow-through type [10,24]. 

This further implementation makes the flow-through system more reliable than the static 

counterpart, mimicking the supply of fresh fluid media as it happens in vivo thanks to the 

continuous tissues vascularization. On the other side, flow-through cells are labor-intensive, 

introducing an additional lag time and augment experimental costs (for additional pumping 

equipment and larger volume of fresh media), making the use of the static device preferable 

and more widely diffused among testing laboratories [12,24]. Furthermore, it becomes 

fundamental that the fluid-dynamic environment implemented within the diffusion cell 

could be highly reliable and biomimetic in terms of flow velocities and mass transports 

profiles, that affect the diffusion kinetics of the testing ingredient [42].  For these reasons, 

MIVO® system has been recently employed as alternative diffusion cell, due to its ability 

in reproducing physiologically relevant flow culture conditions. MIVO®, as FDC systems, 

consist of inert non-adsorbing material with receptor compartment volumes of 2 – 10 mL 

and surface areas of exposed membranes of about 0.2 – 4 cm2, according to the OECD 428 

guidelines. The fluid flow is imposed within MIVO through the adoption of a peristaltic 

pump, which allows to finely regulate the flow rate, the flow direction, and the velocity 

profile below the hosting tissue. In particular, based on the inner design of the receptor 

chamber, by setting an unidirectional flow rate of 2 mL/min it is possible to reproduce values 

within the capillary blood velocity range, providing a micro-physiological tool for 

pharmacokinetic and pharmacodynamic studies with high predictability and reproducibility 

outcome, as already reported for gut absorption assay [60] and drug efficacy assays [42].  

As evidence of this, CFD simulations of velocity profiles below skin have been thus 

performed for both FDC and MIVO. A spatially homogeneous velocity profile consistent 

with the capillary blood flow was observed below the skin cultured within MIVO, whereas 

a rotational not physiological profile was detected within FDC, showing values ranging from 

the arterial to veins velocities in the outer and inner region, respectively, thus making MIVO 



 

 

 

 

a diffusion system more suitable to recapitulate the human blood flow dynamics (Figure 10). 

As a matter of fact, a laminar fluid flow was noticed within the MIVO apparatus without 

any vortex formation [42], whereas FDC exhibited a slight turbulence (Reynolds number 

approximately equal to 1700). In particular, this undesirable vortex, being far from 

reproducing capillary physiological settings, may lead to inadequate molecule distribution 

throughout the receptor compartment since it has a potential to disrupt the static fluid layer 

adjacent to the membrane; such an effect changes one of the assumptions of Fick's law, 

namely that the calculation of the diffusion coefficient includes a contribution from the 

boundary layer [61].  Importantly, MIVO® provides a similar permeation trend to FDC 

system when challenged with the Strat-M® for the caffeine in PGOA as well as the Milli-

Q® formulation. According to the skin-related physical features of the Strat-M®, caffeine 

penetration across the membrane was dependent on the vehicle used : in particular, the 

PGOA vehicle enhanced the ingredient penetration through both the Strat-M® (∼10X for 

both diffusive chambers) and the pig skin (∼8X and ∼3X for FDC and MIVO®, 

respectively).  Interestingly, the positive effect of PGOA was constant in the two diffusion 

cells where the artificial membrane was adopted, confirming the good reliability of MIVO® 

for permeation assays. Moreover, the percentage of caffeine permeated through pig skin in 

MIVO® was in line with the observed values in Schäfer-Korting [62]. However, statistically 

significant differences were observed between MIVO® and FDC, with higher permeation 

values measured in FDC. To better investigate these differences, a different molecule having 

the same molecular weight but different lipophilicity (i.e. LIP1) was used.  By using both 

Strat-M® and pig skin models, MIVO® showed higher cumulative amount of LIP1in PGOA 

permeation than that measured in FDC, although a similar slope was observed.  In particular, 

by using the skin tissue as a model, the lipophilic LIP1 was more absorbed than caffeine 

with MIVO® system, whereas FDC showed the same permeation of caffeine and LIP1 

despite their different lipophilic properties. This could be cross-correlated with a more 

physiologically relevant fluid flow conditions below the skin tissue hosted within MIVO 

rather than FDC, properly recapitulating the faster passage of lipophilic molecules than 

hydrophilic ones. Interestingly, a positive penetration enhancing effect of OA in increasing 

diffusion through skin was observed also for LIP1 molecule. This is mostly due to the 

hydrophobic lipidic structure of the Strat-M® top layer mimicking the tight epidermal 

stratum corneum [31]. Considering its barrier characteristics and water resistance, the 

stratum corneum is in fact the main layer that limits drug absorption through the skin 

[36,63,64]. The major route of skin permeation is through the intact epidermis, and two main 

pathways have been identified: the intercellular route through the lipids of the stratum 

corneum and the transcellular route through the corneocytes. In both cases, the molecules 

diffuse into the intercellular lipid matrix, which is recognized as the major determinant of 

absorption by the skin [65], [66], [67], [68], [69].  On the contrary, the Milli-Q® formulation 

led to a lower caffeine penetration by using the FDC, confirming the key chemical role of 

the PGOA: the effects of the OA penetration enhancer on skin barrier function have been 

widely studied. Recent studies suggested that OA may reduce reversible the stratum 

corneum lipid bilayer density and thickness [70] and disrupts the skin barrier facilitating 

water transport [71].  Besides comparing two human skin surrogate models and two vehicles, 

this paper aimed to compare a novel diffusion system (i.e., MIVO®) with the FDC under 

dynamic in vitro circumstances to provide reliable data on penetration of caffeine and LIP1, 

having same molecular weight but different lipophilicity, as suggested by the OECD 

recommendations.  The results of the comparative analysis highlighted that the MIVO® 

diffusion chamber shows comparable penetration trend with the standard FDC system, and 

a possibly better prediction of the behavior of lipophilic molecules. Then, since the FDC has 

been adopted as a reference diffusive chamber by the OECD guidelines, the MIVO® device 



 

 

 

 

could be adopted as an efficient platform for predicting the penetration kinetics of different 

molecules, or to perform prescreening tests before OECD acceptance. 
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Chapter 4 

In vitro models replicating the human intestinal 

epithelium for absorption and metabolism studies: A 

systematic review 

4.1 Abstract 
 

ADME studies are a crucial component of drug discovery, as they help understand how 

drugs are absorbed, distributed, metabolized, and excreted in the body. Absorption, 

specifically oral absorption, is of particular interest as poor oral bioavailability has led to 

drug approval failures in the past. To better simulate human physiology and reduce the use 

of animals, researchers have developed in vitro models to mimic the intestinal barrier. 

However, many of these models are ineffective at predicting drug absorption and 

metabolism during preclinical stages due to a lack of key features of the human small 

intestine epithelium. This chapter provides an overview of different types of in vitro models 

used for pharmaceutical screening, including conventional 2D systems, 3D models, and 

micro-physiological systems. The review will discuss the benefits and limitations of these 

models for drug absorption and metabolism studies. 

 

4.2 Introduction 
 

Absorption, distribution, metabolism and excretion (ADME) are bio- logical processes that 

involve several organs (i.e. intestine, liver, kidneys), finally determining the drug levels in 

tissues [1]. Presently, poor phar- macokinetic (PK) and pharmacodynamic (PD) properties 

of drug candi- dates have been identified as potential causes for high rates of drug failures, 

since only one compound of hundreds is normally approved by the Food and Drug 

Administration (FDA) [2]. For this reason, it is increasingly evident that ADME profiling 

represents a fundamental step in the selection of a new chemical entity (NCE). As a 

consequence, the assessment of ADME mechanisms became an essential part of the drug 

discovery pipeline, starting from the hit identification stage to lead gen- eration and 

optimization, and the early pre-clinical phase of drug devel- opment [3–6]. Oral ingested 

compounds, which are the most commonly administered to patients, are subject to all ADME 

processes; in particular, the absorption, mainly occurring at the intestinal level, is the first 

crucial step establishing the drug fraction which successfully enters the blood circulation. It 

is thus fundamental to develop drugs that can efficiently penetrate the intestinal epithelium. 

Here, multiple cells, carriers and enzymes are involved in the transport and metabolism of 

the delivered substances [4]. In fact, the gastrointestinal tract (GIT) is one of the most active 

and dynamic organs in the body representing the first physical and chemical barrier 

encountered by exogenous compounds that come from the oral cavity [7]. The GIT anatomy 

and physiology (e.g. pH environment) together with the drug physio-chemical properties as 

well as the dosage form type (e.g. capsule, solution, emulsion, tablet) condition the oral 

absorption of natural and artificial compounds [8,9], finally affecting their bioavailability. 

Recent reports highlight that 90% of the orally taken drugs have poor bioavailability as a 

consequence of inefficient intestinal absorption, thus hampering their ultimate therapeutic 



 

 

 

 

efficacy [10,11].  Basically, oral bioavailability (F) refers to the dose that reaches intact the 

systemic circulation. It is defined as: 

𝐹 = 𝐹𝑎 ∗ 𝐹𝑔 ∗ 𝐹ℎ                   (1) 

where Fa is the fraction absorbed, i.e. part of the dose absorbed into the enterocytes of the 

intestinal membrane; Fg is the intestinal bioavailability, i.e. part of the dose escaping the 

metabolism in enterocytes; Fh is the hepatic bioavailability, i.e. part of dose entering the 

liver that escapes the hepatic metabolism [12].  The raising issue of low oral bioavailability 

led to increase drug doses, resulting in high toxicity and complication risks, as well as 

economical wastes, or even the change of the route of administration [13]. Hence, it is 

mandatory to clarify and predict the complex biological phenomena taking place from the 

mouth to the intestine, to properly conceive and design new orally delivered therapeutics.  

Nowadays, animal testing still represents a gold standard in pre-clinics as it is capable to 

reproduce ADME processes mediated by systemic blood circulation [14]. Despite this fact, 

it is difficult to discern and decouple all the parameters involved in the passage of a molecule 

across the several biological barriers encountered in vivo [15]. Furthermore, animal-based 

assays often fail in predicting drug absorption and first-pass metabolism in humans due to 

species differences in transporters and enzymes expression as well as immune responses 

[16,17]. Moreover, in vivo models are generally labor-intensive, expensive and time-

consuming. Therefore, there is a need to develop and promote alternative in vitro platforms 

in pharmaceutical studies in agreement with the 3Rs principles (Reduce, Refine, Replace) 

[18,19].  Conventional cell monolayers are considered the leading models for evaluating the 

ADME effects of orally ingested drugs. These flat systems are simple, cost-effective and 

standardized tools for replicating biological mechanisms in vitro. However, 2D cultures 

cannot precisely reproduce the physiological environment of human tissues, since cells 

adhere to a planar surface and display incomplete or altered cell-cell and cell-matrix 

interactions [20]. Cells grown on plastics are over-exposed to chemicals added in the culture 

medium; this frequently generates false-positive results for a drug candidate thus impairing 

the clinical translation of NCEs [[21], [22], [23]].  As a result, 3D cell culture systems have 

been realized to better recreate native tissue functionalities and pave the way for more 

predictive in vitro drug testing platforms [24]. 3D models provide a more physiologically 

relevant niche for cell growth if compared with 2D cultures, still maintaining their benefits 

over animals. Consequently, when drugs are tested in a 2D or 3D context, their effectiveness 

drastically changes [25]; specifically, cells cultured in a 3D setting are often more resistant 

to pharmaceutical treatments than cells grown as a monolayer, similarly to what happens in 

the human body [22,25]. Nevertheless, despite the great improvements, 3D in vitro models 

(e.g. organoids, spheroids etc.) lack of organ-specific dynamic stimuli significantly affecting 

cells behavior. The study of ADME mechanisms particularly requires the presence of fluid 

flows resembling the bloodstream, and thus the drug systemic circulation and its transport 

kinetics.  To address this need, researchers have recently fabricated micro-physiological 

systems (MPS) by integrating such 3D cell cultures with microfabrication techniques to 

impose dynamic culture conditions at the smallest biologically acceptable scale [26]. Such 

MPS allow to set controlled fluid flow patterns, provide mechanical forces and an efficient 

transport of substances as well [27]. Especially, organs-on-chips (OOCs) support the culture 

of substructures considerable as micro-scaled functional units of living organs under highly 

reliable conditions [28]. So far, these technologies offered the chance to recreate models of 

kidney [29], liver [30], brain [31], heart [32], skeletal muscle [33] and intestine [34] with a 

significantly reduced consumption of costly reagents, number of cells and drugs [35,36]. 

The use of MPS enhanced the automatization and parallelization of experiments for the 

collection of large-scale data sets of ADME profiles, potentially speeding up the drug 

discovery and development processes [24,28]. However, the over-miniaturization of these 



 

 

 

 

models in some cases may affect the faithful reproduction of organ-level functions, requiring 

an experimental complexity that simultaneously hinders the practical operation and 

manipulation of the system [23,36,37].  Hence, this review details the intestinal models 

currently adopted for investigating the absorption of orally administered compounds that 

include 2D conventional intestinal monolayers, complex 3D tissues, and novel emerging 

physiologically relevant MPS culture systems.  In short, we will focus on intestine models 

that reproduce the multiple features of the human organ and accurately predict the time-

dependent drug absorption profiles occurring in vivo. 

 

 

4.3 Physiology of the GIT 
Drugs orally delivered follow a precise path starting from the mouth, passing through the 

esophagus and the stomach, terminating the travel in the large intestine. This alimentary 

canal is lined with a mucosa, which is composed of an epithelium covering a lamina propria 

where blood and lymphatic vessels reside. After traversing the first portions of the GIT, a 

drug (e.g. tablet) enters the stomach, where it encounters an acidic environment (pH ranges 

from 1.5 to 3.5 [38]) and specific enzymes involved in digesting food [39]. Muscular 

contractions also occur to break up the solid tablet into smaller particles, resulting in its 

disintegration and dissolution. In particular, the drug aqueous solubility, lipophilicity, and 

hydrophilicity, as well as the presence of excipients, are crucial factors in determining the 

successful fulfilment of these preliminary absorption phases [12].  Subsequently, the 

gastrointestinal content navigates to the small intestine (duodenum, jejunum, and ileum), 

which represents the major site of absorption of nutrients, water, electrolytes and xenobiotics 

[40]. Here, the absorptive mucosa is characterized by a simple columnar epithelium 

surmounting a highly blood perfused lamina propria, which maximize the possibility of 

molecules entering the systemic circulation through mesenteric vessels. Herein, the mucosa 

possesses a large surface area (250 m2) with wide folds, villi and microvilli (Figure 11) 

which significantly impact the uptake rate by augmenting the available absorptive surface 

area [41]. Layers of smooth muscle are also present within the lamina propria inducing the 

villi to undulate and the luminal content to dynamically mix, thus promoting the ingestion 

of the substances [42]. 

The intestinal epithelium consists of a single layer comprising several types of cells, as 

shown in Figure 11. Specifically, enterocytes are the intestine predominant cells. They are 

columnar-type cells held together by tight junctions, which play a pivotal role in regulating 

the diffusion of small compounds and the exclusion of toxic large molecules. In addition, 

they are characterized by the presence of about 3000-7000 microvilli over their apical 

membranes, which greatly benefit the absorption mechanism [43]. However, enterocytes 

contain also a large number of drugs- and food- metabolizing enzymes for the xenobiotics 

and nutrients digestion as well as for the exogenous substance protection [[44], [45], [46]]. 

Therefore, enzyme-guided reactions taking place in the small intestine limit the oral 

bioavailability of administered compounds [47]. For these reasons, taking into account 

intestinal metabolism is thus necessary.  The enterocytic monolayer is interrupted by the 

residence of both enteroendocrine cells and Goblet cells. The firsts are responsible for 

releasing peptide hormones, which are correlated with tissue repair, angiogenesis, 

enterocytes differentiation and polarization [48]. Conversely, goblet cells produce mucus, a 

rheological substance covering the intestinal epithelium, which acts as a protective layer 

against noxious substances and microbial infections like bacteria or toxins. Importantly, this 

gel is the first barrier that filters and thus narrows the absorption of molecules, being 

essential in the maintenance of intestinal homeostasis [49].  

 



 

 

 

 

 
Figure 11: A cartoon depicting the architecture of the small intestine and its transport mechanisms. (A) 

GIT consists of the esophagus, stomach, small intestine, large intestine, and rectum (left, [62]). 

Schematic cross-sectional views of the small intestine tissue with an increasing magnification (right). 
Wide folds of mucosa (plicae circulares) are characterized by finger-like villi projections protruding 

into the intestinal lumen; microvilli are also present over enterocytes to increase the absorptive area; 

reprinted and adapted from [63], Copyright (2008) with permission from Elsevier. (B) Illustration of a 
typical basal crypt/villus units of the small intestinal mucosa. This columnar epithelium comprises 

several types of adjacent cells, which are firmly joined by tight junctions; a layer of mucus surmounts 
the apical cell membranes providing an additional physical and biochemical barrier, while blood 

vessels highly perfuse the tissue maximizing the possibility of molecules to enter the blood circulation. 

(C) Transport pathways of substances across the intestinal epithelium; absorption can occur in parallel 
involving passive (transcellular and paracellular) and active (transcellular carrier-mediated and 

vesicle-mediated) mechanisms. 

 

Mucus properties and thus function vary along with the GIT; for example, the small 

intestinal mucus contains large pores up to 2 μm2 for ensuring a massive absorption of 

nutrients [50]. Recently, researches demonstrated that alterations in the mucus architecture 

and content may lead to several pathologies, confirming the remarkable impact of this 

viscous gel on intestine health [51].  Columnar intestinal stem cells (ISCs), located in the 

so-called crypt base, are capable to differentiate into all other intestinal cell types, providing 

an extremely high intestinal self-renewal preserving the tissue integrity and function [52,53]. 

Finally, also Paneth cells reside in the crypt region and are specialized in supporting ISCs 

within the niche by secreting growth factors and producing antimicrobial peptides [54,55].  

Ingested drugs travel from the luminal side of the intestinal epithelium to the basolateral one 

to enter the mesenteric vessel through various mechanisms involving either passive or active 

transports (Figure 11).  Passive transport may occur via the transcellular pathway, in which 



 

 

 

 

drugs pass through the cell membrane, and the paracellular pathway, in which drugs pass 

through the intercellular spaces. Both of them are regulated by Fick’s law of diffusion. 

Besides this, the apparent permeability coefficient (Papp) describes the amount of drug 

crossing the barrier per unit time and unit area (A), and it can be calculated in either the 

apical to basolateral (influx) or the basolateral to apical (efflux) direction through the 

equation below derived by Fick's law:  

𝑃𝑎𝑝𝑝 =
𝑑𝑄/𝑑𝑡

𝐴 𝐶0
       (2) 

where dQ/dt expresses the rate of drug appearance in the acceptor side and C0 is the initial 

drug concentration in the donor side [56]. Notably, Papp value is usually adopted to 

determine the oral fraction absorbed (Fa) in humans [57,58].  The paracellular mechanism 

is the primary diffusion process for hydrophilic substances, occurring through the water-

filled intercellular spaces (tight junctions). Hence, the paracellular passage is strictly referred 

to the integrity of the barrier, which can be monitored in vitro by measuring the trans-

epithelial electrical resistance (TEER) [59,60].  On the other hand, transcellular transport 

mostly guides lipophilic compound uptake across the lipid cell membranes.  Nonetheless, 

also active transport promotes the passage of compounds towards the basolateral side of the 

small intestine. Transcellular carrier-mediated mechanisms and the vesicular-mediated 

endo- or trans-cytosis actively carry drugs [61]. In addition, efflux transporters present on 

the apical or basolateral side can modulate the transfer from the cell cytoplasm back into the 

intestinal lumen, decreasing the net amount absorbed.  Accordingly, complex intestinal 

epithelium models recapitulating these various cell dynamics are required for carrying out 

more predictable pharmacological investigations in vitro.   

 

4.4 2D in vitro models to evaluate intestinal absorption 
 

Nowadays, 2D culture systems remain widely employed to determine the bioavailability of 

an orally delivered drug, mainly because of their low costs, high reproducibility, and ease 

of manipulation.  In particular, 2D in vitro models conventionally employed in 

pharmacology can be divided into two main categories: (i) synthetics models based on 

lipidic membranes, which offer a great reproducibility and stability, used to study passive 

diffusion processes [64], and (ii) cell-based cultures that are living and more reliable systems 

allowing broader spectrum analyses of intestinal absorption (Figure 12A). 

 

 



 

 

 

 

 
Figure 12: 2D culture systems currently used to determine the bioavailability of orally delivered drugs. 

(A) Scheme of artificial lipid-based (left) and cell-based (right) monolayers setup. (B) Development of 

tight-junctions in 2D Caco-2 cell monolayers after 3 (left) and 18 (middle) days of plating. Pictures are 

obtained by merging 100-frames z-stacks of the junction-mediating ZO-1 protein; reprinted and 
adapted from [166], Copyright (2012), with permission from Elsevier. SEM image showing a highly 

packed microvilli pattern over Caco-2 cells after 21 days of culture (right, [167]). (C) A side view of 
TC-7 cells cultured on a polycarbonate filter with brush borders and microvilli (left, SEM image); scale 

bar = 1.9 μm; two adjacent TC-7 cells displaying microvilli and strictly held by a tight junction (right, 

TEM image); scale bar = 0.4 μm; reprinted and adapted from [134] Copyright (2001), with permission 
from Elsevier. (D) Fluorescence images demonstrating the establishment of tight junctions (left) and a 

dense structure of actin filaments (right) in a 2D MDCK cell-based culture [168]. (E) Histology of an 
HT29-MTX cell monolayer; cells are organized in a multi-layered structure after 7 days, whereas they 

are well polarized and covered with mucus (stained in blue) after 30 days of static culture (left); 

reprinted and adapted with permission from [169] Copyright (2018) American Chemical Society. SEM 
image showing a lateral view of an HT29-MTX monolayer cultured on a polycarbonate filter with few 

microvilli and mucus droplets covering the apical membrane of the cells (right); scale bar = 2.4 μm; 

reprinted and adapted from [134] Copyright (2001), with permission from Elsevier. 

6.5.1 Synthetic models 
 

6.4.1.1 Pampa 
The Parallel Artificial Membrane Permeability Assay (PAMPA) is a cell-free permeation 

system that reproduces in vitro the phospholipid composition of the desired human 

biological barrier (e.g. gut) for evaluating the passive transcellular absorption [65]. 

Especially, this completely artificial technology consists of two compartments separated by 

a membrane soaked with a mixture of phospholipids dissolved in an organic solvent, 



 

 

 

 

mimicking the lipidic membrane of the enterocytes [66].  Considering that 80–95% of 

commercial drugs are primarily absorbed through passive diffusion, PAMPA represents a 

useful tool for an early-stage ADME screening of orally administered compounds [66,67]. 

Particularly, the rate of permeation across the lipid-based membrane represents a valid 

indicator of a drug absorption potential. In fact, several studies demonstrated a good 

relationship between the permeability data measured by PAMPA and those obtained with 

the Caco-2 cell-based model for drugs transcellularly transported [68].  On the other hand, 

PAMPA is unable to classify hydrophilic compounds transferred via paracellular pathways. 

To overcome this limitation, other variants of the original structure were developed by 

changing the key factors influencing the membrane performances (e.g. the nature of the 

filter support, pH conditions and lipid membrane composition) [7]. Specifically, the Double 

Sink PAMPA showed a stronger correlation with the human data and an improved 

predictive potential for poorly water-soluble drugs [69].  Hence, PAMPAs revealed to be 

rapid, solid and low-cost platforms for measuring permeabilities of lipophilic molecules 

across several biological barriers (gut but also skin, blood-brain barrier), consequently 

limiting cellular-based assays or animal testing in the pre-clinical scenario [70,71]. 

Nevertheless, their potency and applicability are hampered by their acellularity and the 

presence of organic solvents, which can interact with the supportive filter [64]; thus other 

synthetic alternatives have been recently developed [7]. 

 

6.4.1.2 Pvpa 
 

The Phospholipid Vesicle-based Permeation Assay (PVPA) is another artificial membrane-

based system currently employed for the pharmaceutical characterization of NCEs [72]. As 

PAMPA, PVPA was introduced for in vitro replicating the lipid composition of biological 

epithelia to measure the permeability of passively delivered drugs [73,74].  Unlike 

PAMPAs, this is a synthetic organic solvent-free platform consisting of a tight barrier 

fabricated by depositing liposomes between the pores and on the top of filter support 

emulating the phospholipid bilayer, such as that of the intestinal cell membranes [75]. 

Typically, PVPA is capable to better envision the human absorbed fraction compared to 

PAMPA by performing experiments over a more biologically-relevant context, providing 

more similar results to Caco-2 cells cultures [64,73,74].  Over the years, diverse 

advancements of the PVPA led to remarkably enhance the biomimetism of this model. For 

instance, a negative charge was set up, and the lipid composition of the membrane was 

modified to perfectly match the composition of the intestinal barrier, thus allowing to carry 

out permeability tests under physiologically relevant pH conditions. In this way, an accurate 

capability to correctly classify at least 80% of tested compounds was exhibited accordingly 

to the in vivo absorbed fractions [74,76].  PVPAs is considered as an established approach 

for precisely assessing in vitro the absorptive potential of lipophilic drug candidates with 

high reproducibility and greater handling compared to cell-based models [74,76]. 

Nonetheless, significant morphological and physiological features are not expressed, such 

as the presence of villi and active transport proteins, differently from cell-based assays 

(Table 5). Consequently, PVPA, as well as PAMPA, remains a suitable tool only to predict 

the permeability of drugs transcellularly absorbed. 

 

6.5.2 Cellular models 
 

6.4.2.1 Caco-2 cell line 



 

 

 

 

The Caco-2 cell line, isolated for the first time by Fogh et al. [77] from a human colon 

adenocarcinoma, is the most widely used cell-based model to in vitro simulate the physical 

and biochemical barrier of the human intestine in the pharmaceutical and nutraceutical field.  

Caco-2 cells represent a gold standard accepted by regulatory authorities for ADME-Tox 

studies since they demonstrated to be particularly useful to (i) elucidate the absorption and 

metabolism of substances across the intestinal epithelium, (ii) predict the absorbed fraction 

in humans [78], and (iii) study, select and classify drug candidates under controlled 

conditions, according to the Biopharmaceutics Classification System (BCS) [79]. Indeed, 

despite their colonic origin, Caco-2 monolayers resemble most of the morphological and 

functional characteristics of the small bowel [80].  Conventionally, these cells display 

undifferentiated characteristics at the early stages of culture (after 3 or 4 days), whereas they 

are capable to reach an enterocytic phenotype at the late confluence (in about 3 weeks), 

expressing typical cytoskeleton proteins (e.g. villin [81]) and forming a polarized layer with 

brush-border microvilli (confirmed by sucrase immunoreactivity [82]) as well as tight 

junctions (confirmed by occludin antibodies staining [83]) between adjacent cells, as shown 

in Figure 12. However, these strict junctions entail a higher transmembrane resistance (150-

400 Ω·cm2[84]) respect the small intestine (12-120 Ω·cm2[85]). This can be due to a smaller 

number and size of water-filled pores present in Caco-2 cells (about 3.7 Ǻ) than the first 

intestinal tracts (8-13 Ǻ) [59,[86], [87], [88]]. Accordingly, multiple studies, which 

investigated the paracellular uptake of hydrophilic compounds (e.g. atenolol, mannitol), 

indicated the inadequacy of this model in predicting the paracellular transport [[89], [90], 

[91]]. In fact, in literature, a systematic underestimation of the paracellular diffusion kinetics 

is extensively reported for Caco-2 cells. For example, remarkable divergencies respect to 

human jejunum regarding slowly and incompletely absorbed drugs were detected. The 

transport rates resulted to be 30- to 80-fold lower in the Caco-2 model, highlighting 

considerable limitations of such cell line in precisely replicating the physiological and 

anatomical jejunum properties [90]. Moreover, it is well-known that poorly absorbable 

drugs, which are unable to cross the villus narrow junctions, stay for a long time in the 

lumen, precipitating towards the crypt regions, where they can pass through the leakier crypt 

junctions. Nevertheless, this phenomenon cannot occur in flat monolayers because of the 

lack of a 3D crypt-villus structure [92]. Integrity alterations of the junctions by calcium-

chelating solutions (e.g. EDTA) can be helpful to improve the permeability and thus the 

predictability of the paracellular pathway; however, the employment of these solvents is 

contraindicated [58].  Contrarily, the high similarity with absorptive enterocytes led Caco-2 

monolayers to be considered an efficient intestinal membrane-mimicking model for 

studying the passive transcellular penetration of lipophilic compounds (e.g. propranolol and 

metoprolol). The permeability of rapidly and completely absorbed therapeutics differed 2- 

to 4-fold with respect to human intestine values for this route [90] and a high correlation 

was observed between Caco-2 Papp and in vivo Fa values. Surprisingly, reasonable 

correlations were also found for poorly absorbable compounds, fitting well human published 

PK data of 30 marketed compounds [58] and peptidomimetics [93,94]. Therefore, Caco-2 

can be considered a valuable tool to screen passively transported compounds (correlation 

coefficient >83% [95]) as much as more complex models like in situ perfusion ones [96,97].  

Less attractive results were obtained by using these cells to model active transport. Although 

some analyses provided promising outcomes about ATP-dependent paths [98] and gene 

profiles of intestinal transporters, such as P-glycoproteins (P-gps), involved in maintaining 

the intestine homeostasis by mediating xenobiotics efflux and secretion [99], expression 

patterns of other proteins (e.g. breast cancer resistant proteins (BCRPs) and multidrug-

resistant proteins (MRPs)) [[100], [101], [102]] were observed to be considerably different 

from duodenal [95] and jejunal tissues [103]. For these reasons, even though FDA and 



 

 

 

 

European Medicines Agency (EMA) acknowledge this cancerous line as a surrogate for in 

vitro permeation assays, there is still an ongoing debate on whether it represents a 

biorelevant model for certain applications, such as the active absorption or the transporter-

mediated drug-drug interactions [103]. Moreover, an intrinsic variability between and within 

laboratories as well as a strong dependence on culture time was noticed in the transporters 

content [103].  Likewise, some defects can be observed for metabolizing enzymes 

responsible for the elimination of many drugs (e.g. cytochrome P450 -CYP- isoforms) 

[44,45]. In particular, the deficiency of CYP3A4 enzymes represents a remarkable drawback 

to investigate Phase I metabolism and the first-pass effect of orally taken drugs [104,105].  

To solve this, some groups tried to induce CYP3A4 expression by treating Caco-2 cells with 

1-α-2,5-dihydroxyvitamin D3 or incorporating CYP3A4 with the NADPH into the 

basolateral side [106] greatly improving the relevance in estimating the first-pass 

metabolism in intestinal kinetics [79]. On the other hand, the presence of hydrolases 

associated with the microvillar membranes was verified in Caco-2 cells, allowing to 

accurately mimic the brush-border enzyme activity of the small intestine [81].  Thereby, 

controversial outcomes and disagreements can be found in literature. This could be due to 

the colonic cancerous origin of these cells, which show structural and functional features 

more similar to large intestinal cells than small bowel ones (e.g. stronger tight junctions, 

higher TEER values, altered enzymes and transporters expression) [104,107].  Furthermore, 

many works highlighted that Caco-2 cell-based systems are highly influenced by the 

experimental culture conditions, the cell line itself (i.e. the stage of cellular differentiation, 

whether the cells have reached confluency), and the passage number [108]. They are a 

heterogeneous population whose properties can differ between and within laboratories based 

on the different culture periods and the culture media used. Thus, it is fundamental to 

calibrate Caco-2-based experimental systems with reference compounds (chemicals with 

known absorbed fraction in vivo) and carefully control the environmental (temperature, pH) 

and barrier conditions (TEER) [78].  Currently, Caco-2 static monolayer cultures are a gold 

standard for in vitro assays of intestinal barrier properties following exposure to 

pharmaceutical and nutraceutical compounds [109].  It is commonly accepted that Caco-2 

cells are the best intestinal epithelium model since they allow to exactly replicate the uptake 

via the transcellular pathway, which is the most common drug permeation route [14].  On 

the other hand, the active passage as well the metabolism of drugs in the gut is drastically 

underestimated [82,90]. Moreover, the absence of a mucus layer has a significant impact on 

this model fidelity, since it represents the first barrier that molecules meet, restricting their 

availability to the underlying cells [110].   

 

6.4.2.2 TC7 cell line 
The TC-7 cell line is one of the Caco-2 subclones isolated to overcome the main limitations 

of the parental line, still maintaining its morphology Figure 12C) [111]. Among the several 

advantages of TC-7 cells, the faster cellular growth due to a shorter doubling time and the 

lower TEER values are certainly favorable features to more closely simulate the small 

intestinal epithelium [82,111]. Also, being a homogeneous population, less variability 

between and within laboratories was observed, ameliorating the robustness of the collected 

data [111]. Concerning the morphological features, the TC-7 monolayer revealed an 

increased height (15.4 ± 1.2 μm) respect Caco-2 cells (13.8 ± 2.4 μm) more similar to the 

native tissue (25 μm) [112].  Hence, TC-7 cells are very useful to analyze the transport 

biokinetics of chemicals. A good correlation between this subclone line and the Caco-2 cells 

was found for transcellularly absorbed drugs, indicating that the TC-7 model is an excellent 

alternative to Caco-2 monolayers [113,114]. Importantly, TC-7 cells also showed the ability 

to properly carry paracellular markers (e.g. mannitol, PEG-4000) via this passive route and 



 

 

 

 

a high content of apical transporters, being capable to even reproduce the carrier-mediated 

delivery, unlike Caco-2 cells [115].  Multiple brush-border enzymes resembling the human 

enterocytic metabolism were also observed, therefore eclipsing the original model [113]. 

The amount of UDP-glucuronosyltransferases (phase II metabolic enzyme), hydrolase 

sucrase-isomaltase and CYP3A isoenzymes (e.g. CYP3A4 and CYP3A5), which reached 

the culmination at late confluency, were noticed to be expressed very similarly to the human 

tract of jejunum [116] [108,117]. Furthermore, it was observed that also P-gp-mediated 

efflux occurred in a more in vivo-like manner than parental line [111,115].  Consequently, 

it is reasonable to consider TC-7 cells as a useful option for studying intestine first-pass 

metabolism and active absorption paths, differently from Caco-2 monolayers [118].  

However, further rigorous investigations about their employment are desirable to better 

evaluate their large-scale screening potential, as little permeability data are available for TC-

7 cells [115].   

 

6.4.2.3 MDCK cell line 
The Madin-Darby canine kidney (MDCK) is another epithelial cell line used for 

permeability measurements, which was isolated for the first time by Madin & Darby from a 

canine distal renal tissue [82]. Despite their different origin, MDCK cells are 

morphologically analogous to Caco-2 cells, imitating the in vivo intestinal barrier topology. 

In fact, these cells converge to form a polarized columnar monolayer displaying brush 

borders and tight intercellular junctions (173 ± 51 Ω·cm2) (Figure 12D) [118]. Two different 

strains of MDCK line were distinguished: (i) MDCK-I, which can generate a tight 

epithelium with high TEER values (above 1000 Ω·cm2) and (ii) MDCK- II, which assemble 

a more permeable layer with lower TEER values (about 100 Ω·cm2), thus being closer to 

the small intestine than Caco-2 cells [119]. In particular, these cells are less time-consuming 

(cells converge after 3-5 days of culture) than other epithelial cell models, consequently 

reducing the possibility of cell contaminations as well as costs [79]. For such benefits, 

MDCK cells were adopted to carry out rapid and bidirectional permeability screenings 

across renal and gastrointestinal epithelia during the early stages of drug discovery 

[119,120][118].  A clear relationship between this canine line and the human-derived Caco-

2 one was demonstrated for passively absorbed drugs with a robust correlation (r2=0.79) 

[121]. Furthermore, MDCK cells well correlate human absorption data (r2=0.58), in line 

with Caco-2 cells (r2=0.54) [121,122].  However, several shortcomings affect the 

experiments carried out by using MDCK cells. Firstly, as the monolayers do not tolerate 

great amounts of organic solvent, poorly soluble aqueous compounds are difficult to assess 

by using these systems. Moreover, the non-intestinal origin of these cells as well as their 

heterogeneity may hamper the reliability of the results depending on cells source, culture 

and transport conditions. The expression levels of transporters and the metabolic activity 

appeared also to be very different in the MDCK line respect the native scenario and the 

intestinal-derived cells [120].  To solve this lack, for example, the human MDR1 gene was 

transferred in the MDCK-II cells to obtain similar levels to the intestinal tract [7]. 

Interestingly, these transfected MDR1-MDCK cells overexpressed an isoform of P-gp as 

well as an enhanced polarized efflux of known substrates (e.g. digoxin) compared to other 

MDCK clones and Caco-2 cells [123].  Hence, MDR-1 transfected MDCK cells share many 

common epithelial cell aspects with the human intestinal mucosa and can be a helpful model 

for examining the carrier activity of drug candidates, such as for the P-gps. Nevertheless, 

their predictability and applicability remain very low compared to Caco-2 cells [124].   

6.4.2.4 HT-29 cell line 
 



 

 

 

 

HT-29 cells are a human colon adenocarcinoma cell that gained increasing attention due to 

the typical characteristics of mature intestinal cells [125]. HT-29 cells express features of 

both absorptive enterocytes and intestinal secretory cells producing a gelatinous mucus-like 

substance. For this reason, this cellular model is broadly employed to perform bioavailability 

studies or to investigate the intestinal immune response to bacterial infections that may affect 

the properties of the secreted mucus [126].  Notably, HT-29 cells phenotype strictly depends 

on the culture conditions, with particular attention to the presence or absence of glucose in 

the culture medium. These epithelial cells form undifferentiated and unpolarized multilayers 

without any typical features of intestinal cells under normal glucose supply conditions [127].  

Conversely, HT-29 cells undergo intestinal differentiation patterns whether modifications 

of the culture medium or the addition of differentiation-inducers are used. For example, they 

can express several characteristics similar to the human enterocytes such as polarized 

monolayer structures, well-developed tight junctions, brush borders and microvilli when a 

glucose-free culture medium is used [128]. In addition, the presence of brush border-

associated enzymes was observed in enterocyte-like HT-29 cells [129]. Interestingly, most 

of them also express proper levels of villin as well as functional receptors for peptides and 

hormones existing in vivo [81,127,129]. Nevertheless, considering that not all hydrolases 

are present (e.g. lactase) and the enzymatic activity (e.g. hydrolases and sucrase-isomaltase) 

is lower than Caco-2 cells and the human small intestine, they cannot be properly considered 

as a reliable model of small bowel enterocytes [81,127]. On the other hand, they cannot be 

treated as colonic enterocytes since they express apical-localized hydrolases, which are 

normally absent in the colon [125]. The utility of this cell line is thus controversial also 

because several receptors naturally absent in the human epithelium (such as the neurotensin 

[130]) were detected in HT-29 cells, and others that are traditionally present (like that for 

the peptide YY or neuropeptide Y) have not been identified yet [126]. To surmount these 

constraints, other strategies to induce the enterocytic differentiation in HT-29 cells were 

carried out [131,132].  Strikingly, such efforts gave rise to other interesting lines: HT29-18-

N2, HT29-H and HT-29/16E. that produce a great number of mucins, accurately resembling 

the in vivo activity of goblet cells, thus being useful to examine the influence of the mucus 

layer on the intestinal absorption [81]. Especially, the HT29-H clone showed a variable 

thickness of the layer and a paracellular permeability higher and more similar to the native 

tissue with respect to Caco-2 monolayers [133].  In spite of this, HT-29 cells treated with 

methotrexate (MTX; HT29-MTX) currently remain the most used model to inspect how 

foods and xenobiotics alter the mucus and vice versa [134]. In particular, the levels of 

secreted mucins are influenced by the applied concentration of this drug. Low doses of MTX 

correspond to a heterogeneous set of both columnar absorptive and mucus-secreting cells, 

whereas mucus-secreting cells prevail by increasing the amount of MTX [126].  Moreover, 

HT29-MTX-D1 and HT29-MTX-E12 sub-populations were selected due to their ability to 

(i) develop thigh junctions, (ii) continuously secrete mucus and (iii) maintain stability for 

over 7 passages. Interestingly, it was noticed an inverse relationship between the 

permeability of lipophilic drugs (e.g. barbiturates and testosterone) and the thickness of the 

mucus layer. Especially, Papp values were lower in HT29-MTX-E12, which displayed a 

leakier but thicker mucus layer, than HT29-MTX-D1, which secreted mucus in smaller 

quantities [129,135]. Therefore, such cells revealed to effectively reproduce the mucus 

native properties.  Despite the common limitations due to the human colon carcinoma 

source, parental and sub-derived HT-29 cells proved to be a valuable model to screen 

endogenous and exogenous compounds [136,137]. The mucus-secreting phenotype received 

a huge interest in studies focused on food digestion and drugs bioavailability since this 

substance influences intestinal tissue homeostasis. Along this line, HT29-MTX cells appear 

to be the most suitable model due to their efficient mucus production (Figure 12), and for 



 

 

 

 

this reason, they are largely co-cultured with Caco-2 absorptive cells to create a more 

suitable in vitro intestinal-mimicking epithelium [138].   

 

6.4.2.5 IEC cell line 
The group of intestinal epithelial cells (IECs) is an intestinal rat cell line that can form 

pseudo-monolayers exhibiting microvilli, tight junctions and an amorphous substance 

similar to the basement membrane [82,139,140]. Even though their differentiation can be 

hardly induced in vitro since they derive from undifferentiated crypt epithelial cells, IEC 

cells treated with fetal rat or mouse gut mesenchyme become (i) absorptive, (ii) goblet, (iii) 

endocrine, and (iv) Paneth’s granular intestinal cellular types [81]. The IEC line includes 

various cellular subgroups, such as the IEC-18, IEC-6 and IEC-14 line. Specifically, the 

IEC-14 cell line is very helpful in examining the regulation of crypt cellular proliferation 

and differentiation [139].  However, the IEC-18 subline is the most common intestinal 

barrier model traditionally utilized for investigating in vitro amino acids, glucose and other 

nutrients ingestion and digestion as well as cholesterol synthesis [118].  Importantly, the 

TEER of these cells (55 Ω·cm2) was found to be comparable to the small intestine part of 

the ileum (88 Ω·cm2), where paracellular permeation massively occurs [141,142]. As a 

consequence, it was confirmed that IEC cells better recapitulate the paracellular pathways 

in comparison to Caco-2 cells [143]. Indeed, paracellular hydrophilic markers such as 

mannitol, dextran and PEG-4000 demonstrated greater permeability coefficients across IEC-

18 monolayers and molecular radius-dependence transport, unlike colonic cells [144]. 

Likewise, natural compounds such as the glycosides of genistein and daidzein (i.e. genistin 

and diadzin, respectively) crossed the intestinal IEC-18-based epithelium via paracellular 

delivery with a high absorption rate [145].  Hence, IEC-18 cells provide a size-selective 

barrier to in vitro discriminate and classify the hydrophilic molecules based on their 

molecular weights [141,146]. This is striking respect to Caco-2 cells that systematically 

underestimate paracellular uptake.  Conversely, uptake rates comparable to the in vivo 

scenario and Caco-2 cells were detected for lipophilic molecules transferred by the passive 

transcellular route, even though IEC-18 cells are less differentiated than Caco-2 cells 

[141,146]. Indeed, they possess less-developed tight junctional complexes and a slight 

polarization, and present a low expression of brush border enzymes (e.g. the sucrase-

isomaltase or the intestinal isotype of alkaline phosphatase) [139,147]. This also results in 

an altered expression of carrier-mediated transport systems such as those of the MRP family. 

Besides, the quite absence of P-gps at the apical domain further correlate the low 

differentiated status of these rat cells with their crypt origin [141,144].  Given together, these 

outcomes suggest that this ileum-derived line is a useful in vitro cellular system for 

predicting the diffusion-mediated mechanisms of absorption, especially for hydrophilic 

compounds, which Caco-2 cells fail to anticipate. Notably, they precisely resemble the in 

vivo morphology and functionality of intestinal crypts rather than villus-localized 

enterocytes given the enormous lack of carriers and enzymes. As a result, these rat colon-

derived cells may rapidly lose their markers of differentiations and their specific properties, 

thus being unstable and unpredictable [82,147]. 

 

6.4.2.6 HIEC cell line 
The need to resort to a new type of intestinal cells to overcome the shortcomings originating 

from the cancerous nature of Caco-2 and HT-29 cell lines was addressed by employing 

human intestinal epithelial cells (HIEC). These cells represent a valuable option being 

capable to show some human crypt-like features [148]. Specifically, HIECs can form 

monolayers of polarized columnar cells with dense microvilli and poorly organized tight 

junctions, resulting in a morphology very similar to the in vivo context [149]. They exhibit 



 

 

 

 

low TEER values (98.9 Ω·cm2) as wells as an aqueous pores size and distribution that 

determine the suitability of this line in replicating some of the crucial aspects and functioning 

of the human small intestine domain [150].  Accordingly, the existence of a sigmoidal 

relationship between Fa in vivo values and those measured in vitro for ten paracellularly 

delivered compounds was demonstrated, indicating a greater sensitivity and accuracy in 

anticipating the human paracellular uptake respect Caco-2 models. In particular, high 

permeability coefficients are systematically found for incompletely and poorly absorbable 

drugs with HIEC cells. Likewise, transcellularly transported drugs well permeate, 

highlighting the efficiency of this human-derived model in predicting the fractions absorbed 

in humans [151].  Furthermore, intestinal cell markers typical of undifferentiated crypt cells 

were found to be expressed in this line, such as low levels of intestinal enzymes (e.g. sucrase-

isomaltase, alkaline phosphatase, CYP2C9, CYP2C19) [152,153]. Notably, other studies 

discovered low amounts of CYP3A4 (<7% of the human small intestine content) in HIECs 

and no considerable discrepancies between HIEC and Caco-2 monolayers for drug-

metabolizing enzymes (e.g. CYP3A5) and transporters (e.g. BCRP, MRP1, MRP2, and 

MRP3) [150].  Different stages of differentiation in HIEC cells can be achieved, replicating 

human crypt or enterocytes aspects. This may also vary based on the tissues from which 

HIEC cells derive. For example, Takenaka et al. investigated the characteristics and the 

possible applications of these epithelial cells differentiated from adult ISCs. Such cells, 

which possess a long-term proliferation and high-differentiating capabilities, generate 

absorptive enterocytes, but also goblet, enteroendocrine and Paneth cells under appropriate 

culture conditions [150]. Another alternative approach may be to obtain HIEC cells from 

the fetal human intestine at mid-gestation of a terminated pregnancy [154] or use fetuses 

derived by legal abortions, which have tissues with rapid metabolism and adult differentiated 

markers already expressed [148]. Nonetheless, despite their advantages, these cells are 

forbidden to use due to related ethical issues in many countries [148].   

 
Table 5: Advantages and disadvantages of synthetic vs cellular models. 

 
 

 

 

6.4.2.7 Co-culture models 
The aforementioned cellular models remain far from reflecting the complex heterogeneity 

of the human intestinal organ [82]. For this reason, conventional Caco-2 cells are often co-

cultivated with other cell types to generate more predictable models and thus perform 

effective drugs screening assays [118,155]. For example, the integration of Caco-2 cells 

expressing enterocytic markers with secretory cells, such as HT-29 sub-populations, may 

provide an environment that better mimics the in vivo conditions. Their contemporary 

presence can modulate the structure of the junctions to be more similar to those of the small 

intestine [120]. Indeed, Caco-2/HT-29 and Caco-2/HT-29-H mixed monolayers display a 

brush border membrane with tight junctions, and sparse irregular microvilli apically [156]. 



 

 

 

 

Moreover, a higher permeability closer to the Fa values was showed for passively ingested 

compounds respect the pure Caco-2-based system, providing an improved prediction of both 

transcellularly and paracellularly transferred drugs [157].  Similarly, the permeabilities of 

drugs absorbed via paracellular, transcellular and carrier-mediated pathways were evaluated 

by using three different initial seeding ratios of Caco-2 and HT29-MTX cells. Although no 

significant differences with Caco-2 pure layers were observed for the transcellular route, 

augmenting the fraction of HT29-MTX cells resulted in an increased uptake of compounds 

paracellularly delivered [155]. Interestingly, the P-gps expression in the co-cultures was 

detected at a lower level compared to the Caco-2 model, and an inverse relationship was 

noticed between the amount of P-gps and the fraction of the goblet-like cells [155,158].  

Nevertheless, this cell mixture is not the only one employed so far. For instance, the Raji-B 

cell line derived from Burkitt’s lymphoma recently gained attention, since these B-

lymphocyte-like cells can induce Microfold cells (M cells)-like phenotype in Caco-2 cells 

[7,159]. Particularly, they are specialized epithelial cells playing a pivotal role in mucosal 

immunity by transporting antigens and pathogens to the underlying lymphoid tissue 

[120,160]. For these reasons, the Caco-2/Raji-B co-culture model revealed to be very useful 

in investigating the passage nanoparticles containing therapeutic peptides and vaccines 

[82,161,162], and explore both intestinal enterocytes and M cells absorptive capabilities 

[163]. Strikingly, the three cell lines maintain their function when cultured together, 

establishing an asset that can faithfully recreate the human intestinal barrier complexity 

[164]. Accordingly, these multiple cell cultures may be employed to obtain more 

physiologically relevant intestinal in vitro models to better evaluate and predict intestinal 

absorption mechanisms [165] (Table 6). 

 
Table 6: Characteristics of cellular models. 

 
 

 



 

 

 

 

 

4.5 3D cellular models 
Recently, remarkable progress in developing 3D cell culture platforms have been achieved 

by mimicking fundamental physiological cues present in the in vivo native tissue. We will 

present an overview of the 3D static culture systems presently adopted in pharmacology 

research and industry discussing their advantages and limitations (Table 7) [179,180]. 

 
Table 7:Characteristics of 3D models. 

 

4.5.1 Villi-shaped scaffold for intestinal cell mono- and co-cultures 

of Caco-2 cells 
Mimicking the complex geometry of small intestinal epithelium in traditional monolayers 

of mono- and co-cultures still remains a challenge nowadays. Therefore, several attempts 

oriented towards 3D scaffold-based models are spreading to more closely recapitulate the 

intestinal architecture (Figure 13A) and thus perform more accurate pharmaceutical tests. 

Especially, scaffolds act as a support for cellular proliferation, differentiation and migration 

[181,182], playing a fundamental role in influencing cells behavior due to their chemical, 

mechanical and surface properties [183,184]. 

 



 

 

 

 

 
Figure 13: Intestinal 3D static culture systems resemble crucial features of differentiated intestinal 

tissues. (A) Schematic representation of villi-shaped scaffolds fabrication. (B) Confocal image of Caco-
2 cells cultured on a collagen-based scaffold (left); hydrogel horizontal slice showing cells properly 

polarized and uniformly seeded on the scaffold (right); republished with permission of Royal Society of 
Chemistry, Copyright (2010), from [223]. (C) Illustration of intestinal organoid topography with villus-

protrusions towards the lumen and crypt regions (top); such architecture can be obtained in vitro by 

culturing human intestinal tissue-derived crypts (bottom, left) after 21 days (bottom, right); scale bar: 
100 μm [224]. (D) Differences in Muc-2 production, Alkaline Phosphatase, and Sucrase Isomaltase 

expression in undifferentiated (top) and differentiated (bottom) intestinal organoids. Scale bars = 1 μm 

for TEM images and 50 μm for microscope images; reprinted and adapted from [225], Copyright 

(2016), with permission from Elsevier. (E) Typical histology (top) and immunohistochemistry image 

(bottom) of the EpiIntestinalTM (SMI-100) tissue illustrating an in vivo-like 3D structure and the 
simultaneous presence of both mucus-secreting and absorptive-like cells after 14 days of culture, 

respectively [219]. 

Among several materials and substrates, collagen-based hydrogels are the most widely 

employed for reproducing the shape of the villus-crypt axis. Caco-2 cells cultured onto these 

3D structures (Figure 13B) exhibit an increased absorptive surface area due to the villi-like 

scaffold conformation together with a proper expression of proteins that mediate the 

intercellular junctions, resulting in decreased TEER values and thus a more representative 

model of the human small intestine respect conventional monolayers [185,186]. 

Interestingly, it was reported that cell differentiation varied along the villus as it is observed 

in vivo [185].  In this context, since the paracellular route of absorption is well-known to be 

seriously underestimated in flat Caco-2 cells, several drug permeability studies investigating 

this pathway were performed to verify whether cells growth over the 3D villi-shaped 

scaffolds better resemble the intestinal barrier function. In particular, the paracellular 

transport of slowly absorbed drugs (FITC-dextran and atenolol) and rapidly absorbed drugs 

(fluorescein) showed higher permeability rates in comparison to 2D well-based cultures 

[181,186]. Specifically, atenolol permeability coefficients were 13 times higher in 3D 

models than planar Caco-2 cells, being approximately 60% of that measured in the perfused 

human intestine, thereby proving that these 3D structures can enhance the prediction of 

human intestine kinetics [172,181,185].  Moreover, the activity of metabolic enzymes and 

drug transporters in such 3D models was found to be more similar to the in vivo scenario 

[186]. For example, immunohistochemistry analysis revealed a quite low presence of P-gp 



 

 

 

 

proteins, while they were uniformly distributed and overexpressed in 2D cultures [[185], 

[186], [187]].  However, although collagen is suitable to support cellular growth and 

migration in a physically adequate 3D culture, this polymer can be subjected to batch 

variation, and its presence may limit the absorption rate of rapidly absorbed drugs. To 

resolve these concerns, investigations about alternative materials were proposed to 

recapitulate villi and crypts architectures without interfering with the permeation process 

[185,188].  Patient et al. fabricated polyethylene terephthalate nanofibrous scaffolds to 

mimic the intestinal epithelium topography. As for collagen, TEER values lower than those 

observed in 2D Caco-2-seeded Transwell were reported, probably due to the increased 

porosity of nanofibers over monolayers. Furthermore, the bidirectional absorption of FITC-

dextran, lucifer yellow, rhodamine 123, propranolol, and atenolol displayed higher 

permeability through Caco-2 cells cultured on 3D scaffolds compared to 2D typical 

platforms [187].  Hence, it was widely accepted that the 3D corrugated structure fosters the 

establishment of a physiologically operating barrier very close to the native gut epithelium 

that increases the potential of the test model in predicting the intake of pharmaceutics both 

via passive and active pathways, regardless of the scaffold material used [188,189].  

Interestingly, the ability of these models to successfully support co-cultures of Caco-2 and 

HT29-MTX cells with prominent stromal cells (i.e. fibroblasts and immunocompetent 

macrophages) was also explored. This setting-up demonstrated a 3D larger absorptive 

surface area, decreased TEER values and a viscous mucus layer formation. This more 

physiological morphology culminated in a decreased permeability for moderately or highly 

absorbed drugs (propranolol, verapamil, antipyrine and carbamazepine), and an increased 

uptake for low absorbable compounds (ranitidine and furosemide) with a high correlation 

with human data (r2=0.84) [190].  Taken together, these outcomes denote 3D scaffold-based 

intestinal mucosa models as powerful and versatile systems to resemble the most important 

native features and functions, with a strong potential in drug screening experiments under 

static conditions [191]. However, additional studies should be conducted to select other 

materials with more suitable biochemical and mechanical properties to generate an in vivo-

like intestinal epithelium. It would be interesting also to include other intestinal lines and 

culture organoids-derived stem cells, as well as to investigate whether biofabricated 3D 

structures or decellularized small intestinal submucosal scaffolds could control intestinal 

cells differentiation, proliferation and transport activity [189,192].  Finally, future 

developments should include fluid flows and mechanical stimulations as it happens in the 

living intestine [193].   

 

4.5.2 Organoids 
 

Organoids are 3D organ-buds created in vitro that have a realistic microanatomy due to their 

in vivo-like self-organizing and self-renewing capabilities [183]. They brought notable 

ameliorations in tissue engineering by exhibiting levels of cellular complexity similarly to 

native organs, bridging the gap between 2D monolayers and animal testing [163,194]. To 

date, several 3D organotypic cultures replicating various organs involved in the GIT tract, 

such as the pancreas [195], stomach [196] and intestine [197], have been developed. 

Especially, small intestinal organoids, also called mini-guts or enteroids, are advanced 

technologies that are currently galvanizing the in vitro modelling to investigate physio-

pathological mechanisms. Mini-guts can replicate the in vivo tissue morphology and 

physiology by retaining key intestinal physiological conditions and functions (e.g. crypts 

and protruding villi formation, cytochrome P-450 metabolizing activity, mucus secretion) 

for prolonged periods (Figure 13C, D) [163,198,199]. They have a central hollow region 

made up of differentiated cells (e.g. goblet cells, enteroendocrine cells, enterocytes), which 



 

 

 

 

are extruded into the lumen forming villi- and microvilli-like domains, and an apex region 

where ISCs and Paneth cells reside, giving rise to crypt bases [194,200].  Enteroids are 

usually derived from primary tissues (either from a single ISC-expressing Lgr5 marker or 

isolated intestinal crypts [[201], [202], [203]]) or also from pluripotent stem cells (PSCs), 

both in the form of induced (iPSCs) and embryonic (ESCs) cells [204], which can 

differentiate into all cell types of the adult intestine thus creating a multilineage culture 

system [205]. Notably, in the personalized medicine scenario, intestinal patient-derived stem 

cells-induced organoids are very useful for establishing a patient biobank and a specific 

platform where to evaluate therapeutic strategies preventing any immune response [206].  

However, although these 3D cellular structures faithfully resemble the human small intestine 

complexity, their morphology and architecture may represent a significant obstacle for 

studying the intestinal barrier absorptive function due to their geometry [207]. The closed 

lumen precludes direct access to the apical surface hampering PK assessments of 

endogenous and foreign substances [207,208]. It’s particularly difficult to manipulate 

entrapped cells and conduct quantitative analyses of the transcellular and paracellular 

diffusion and the presence of apical carriers without altering the organoid architecture [209]. 

For these reasons, alternative methods to access the luminal side, such as the microinjection 

technique, have been conceived, particularly for examining transport phenomena of foods, 

toxins and drugs across the intestinal epithelium [207]. For example, the translocation of 

monosaccharide compounds (e.g. glucose and fructose) and peptides (e.g. Gly-Sar) was 

investigated by adopting this strategy and conjugating a fluorescent tracer to the substance 

of interest [204,210,211]. Nonetheless, the excessive costs of fluorophores and the limited 

reproducibility of the microinjection, which usually requires the use of micromanipulators, 

hinder its applicability to organoids for studying substances permeation [62,204]. Moreover, 

this strategy gained restricted success as it also provokes irreparable damages to the tissue 

[212].  Another solution was identified in mechanically disrupting the organoid 3D structure 

and then replate recovered cells in traditional 2D plates to obtain well-differentiated 

intestinal multilineage cells in an easy-to-use conformation, allowing the direct 

manipulation of the apical and basolateral side of the tissue [213]. Recently, this method 

was adopted by Yoshida et al. for evaluating the entry and metabolism of pharmaceutical 

compounds [214]. In particular, once an organotypic culture was established from human 

iPSCs, it was subsequently mechanically dissociated. Then, researchers purified the culture 

from mesenchymal cells, which could influence the screening activity of the model, cultured 

the gathered iPSC-derived IECs as a monolayer [197,214]. The potential of the established 

iPSC-IECs barrier was confirmed by the proper metabolization of terfenadine and 

midazolam, which are representative substrates of CYP3A and CYP2J2 as well as CYP3A 

enzymes, respectively, and cannot be reproduced with conventional 2D models. This 

technique revealed to be also valid to assess the uptake of other molecules, proving the 

reliability of the organoid-derived epithelial monolayers for investigating xenobiotics 

absorption [104,214]. However, the dissociation process may disrupt the stem-cell 

compartment and thus the continuous propagation ability of the organoid. In addition, the 

authors suggested that a refinement of the presented procedure is still necessary to ensure its 

reproducibility and replicability to perform high-throughput assays [214].  Hence, mini-guts 

are not the easiest-to-handle tools for investigating transport processes through an intestinal 

barrier model. Moreover, the absence of vasculature, which is fundamental for nutrient and 

waste transport, as well as fluid and mechanical stimuli (e.g. luminal flow or peristalsis 

motions) remarkably impact the reliability of the model [194,197]. To close this gap, a 

possible strategy may consist of integrating these enteroids with dynamic culture systems, 

such as commercial bioreactors or custom-made fluidic devices, where physical, biological 

and chemical parameters could accurately be imposed [215,216].  Nevertheless, the elevated 



 

 

 

 

costs for the enteroid formation and maintenance must be also considered in a pre-clinical 

view. In this scenario, it is also well-known that outcomes derived from drug toxicity and 

efficacy assays, performed by using intestinal organoids, often lack reproducibility because 

of the intrinsic variability of the organoids source, size and shape [7,215]. All these aspects 

may lead to significant difficulties in gaining robust statistics of the obtained results, such 

as PK profiles of new drug candidates, impairing the translational potential of mini-guts as 

preclinical screening platforms [62]. Therefore, further efforts are certainly necessary to 

consider these promising organotypic systems in an increasingly present perspective of 

reducing as much as possible animal testing in drug discovery and development [217].   

 

4.5.3 Human Reconstructed small intestinal tissues 
 

Epi-IntestinalTM is an innovative 3D human reconstructed gut tissue model developed by 

MatTek Corporation which closely recapitulates several cues of the native small intestinal 

barrier. Indeed, it was demonstrated to be a functional biologically-relevant tool in a wide 

range of applications, such as drug absorption and metabolism as well as GIT toxicity and 

inflammatory studies [85,218]. This recent technology is emerging in the GIT in vitro 

research field thanks to its proven advantages over the other cell-based systems currently 

employed [219,220]. In fact, Epi-Intestinal, like enteroids, comprises cellular heterogeneity 

deriving from primary intestinal cells, which makes the reliability of data more solid 

compared to 2D immortalized cell-based models (Figure 13E). In particular, it includes 

enterocytes, Paneth cell, M cells, and intestinal stem cells into a polarized epithelium, 

precisely replicating the architectural and phenotypic features of the small intestine.  

Moreover, this organotypic microtissue possesses an open physiological luminal surface 

which is extremely functional in investigating drug and nutrients processing, differently 

from the closed geometry of organoid-based models. Importantly, this topography allows 

easy access to the lumen compartment which is highly profitable for bidirectional 

permeation studies both from the lumen to the bloodstream and vice versa [221].  To 

demonstrate its analogy to the human small intestine, other primary features of the Epi-

intestinal were examined. For example, Ayehunie and colleagues demonstrated the 

formation of villi, microvilli, tight junctions and brush borders similar to the in vivo scenario 

by performing immunohistochemistry analyses [85]. The genetical expression of 

metabolizing enzymes and both uptake and efflux transporters were carefully determined 

with selective substrates and inhibitors. Results revealed the presence of MRP-1 and MRP-

2, BCRP, and the main drug-metabolizing enzymes (CYP3A4, CYP3A5, CYP2B6, 

CYP2C19, CYP2C9 and UDP-glucuronosyltransferases (UGT) with very little biological 

differences respect the human situation [85,220].  These outcomes supported the enhanced 

predictability potential of the Epi-intestinal system compared to Caco-2 cell cultures, where 

CYP3A4 and several drug transporters are almost absent or low expressed [220]. The 

presence of these relevant transporters and enzymes made Epi-intestinal a suitable model 

also for bioavailability studies of many drugs (including talinolol, ranitidine and warfarin) 

with different physicochemical properties. In this context, the Epi-intestinal system was 

found to be very useful to rank order compounds as low (<50%), moderate (50-84%) and 

high (≥85%) absorbed drugs [221]. Along this line, a good correlation between the first-

pass GIT availability (Fa × Fg) calculated in vitro with that of the human PK values was 

noticed for a panel of twelve drugs (e.g. atenolol and midazolam) [220].  The inability of 

cancerous cells-based systems in predicting human absorption was emphasized in 

comparison to Epi-intestinal technology. Data measured by using the organotypic intestinal 

tissue displayed a higher correlation with the human fractions (r2=0.91) respect Caco-2 cells 

(r2=0.71) [85,221]. Furthermore, high reproducibility and low lot-to-lot tissue variability 



 

 

 

 

for permeability assays were demonstrated, as opposed to traditional monolayer cultures 

[85,222].  Therefore, Epi-intestinal microtissue represents an optimal 3D model to 

investigate drug absorption, by mimicking morphological and functional aspect of the small 

intestine. Even though it provides multiple advantages over the other available in vitro 

systems, some limitations hamper its use in pharmaceutical research. For example, like 

other 3D tissue models, Epi-intestinal is not provided with an inner vascularization and is 

usually employed under static incubation conditions, which do not resemble the 

physiological fluidic stimuli of the in vivo microenvironment [219]. Moreover, the lack of 

dynamic recycling of the drugs may underestimate their bioavailability, especially for drugs 

that are extensively metabolically cleared [220]. To our knowledge, only Marrella et al. 

proposed a novel approach to resolve this issue by integrating the 3D Epi-intestinal tissue 

into a commercialized bioreactor to better mimic the physiological fluid-dynamic 

microenvironment of the gut [219]. In addition, such microtissue derives from a single 

donor and thus it cannot be representative for a population with polymorphic metabolizing 

enzymes [220].  Hence, even if Epi-Intestinal is a leading in vitro technology widely 

accepted by formulation scientists and toxicologists as an excellent animal alternative 

platform for absorption and toxicity assays of pharmaceutical and nutraceutical products, 

additional attempts examining a larger set of compounds need to be carried out. 

 

4.5.4 3D fluid-dynamic in vitro models of the human intestinal 

barrier 
3D fluid-dynamic in vitro models are promising tools having the potential to closely 

reproduce the complex physiology of the human intestine, overcoming the limits that affect 

static cultures. In the gastroenterology research field, they provide critical physicochemical 

aspects that are crucial in emulating the intestinal activity, faithfully recreating an in vivo-

like dynamic microenvironment [229]. In fact, fluid flows and mechanical stimuli were 

demonstrated to tremendously alter the gene expression profiles (23.000 genes targeted) 

compared to static systems [230]. Herein, we provide an overview of the existing intestine-

on-chips and, more in general, of the fluidic platforms aimed at recapitulating the human 

intestine physiology with an organ-scale level for absorption and metabolism investigations. 

OOCs of the human intestine usually consist of 2 channels, emulating the intestinal lumen 

and the vasculature, separated by an ECM-mimicking gel-coated porous membrane over 

which intestinal epithelial cells can be cultured (as represented in Figure 14A-B-C). 

Frequently, Polydimethylsiloxane (PDMS) is used to realize these chips since it is gas-

permeable and allows fast prototyping and high-resolution imaging [62]. In these systems, 

dynamic culture conditions are established by imposing tailored fluid flows; in this way, the 

influx and efflux of substances present in the chyme and the bloodstream can be investigated 

across the intestinal-simulating barrier [62,207].   

 



 

 

 

 

 
Figure 14: Intestinal OOCs provide a physiologically relevant environment: the human intestinal 
epithelium can be accurately recapitulated in vitro. (A) Typical design of an intestine-on-a-chip 

composed of two channels mimicking the lumen and the blood circulation, separated by a membrane 

over which cells are cultured. (B) 3D rendering of Caco-2 cells seeded microfluidic chip (left); 
immunostaining of Caco-2 cells cultured in a Transwell system (middle, static condition) at day 21 and 

the microfluidic device (right, dynamic condition) on day 3. Fluid flow stimulates the formation of an 
undulating 3D morphology with brush borders. The height of the monolayer reached 40 μm – 50 μm on 

day 3 when fluidically stimulated (bottom); scale bar = 50 μm [231]. (C) Schematic representation (top 

left, [216]) and image (top right, republished and adapted with permission of Royal Society of 

Chemistry, Copyright (2012), from [236]) of the “Intestine Chip” by Emulate Inc. consisting of two 

channels separated by a gut-mimicking epithelium and surrounded by two lateral vacuum chambers 
which apply a cyclic strain to the cells; confocal fluorescent micrographs confirm that fluidic and 

mechanical stimuli induce organoids-derived cells differentiation into several intestinal cell types after 

8 days of culture within the chip (bottom) [216]. (D) Exploded design of the dual flow device able to 
hold and perfuse a full-thickness intestinal tissue section (top); Red and blue dyes demonstrating the 

dual independent fluidic circuits (bottom); reprinted from [243], with the permission of AIP Publishing. 

(E) Schematic illustration of a microfluidic chip capable to maintain an intestinal tissue explant ex vivo 
in a physiologically relevant environment (left); Image of a mouse colon explant inside the device 

(right, top) at 0 h and 72 h through a viewing window (right, bottom). Scale bars: 2 mm; republished 
with permission of Royal Society of Chemistry, Copyright (2020), from [244]. (F) A heatmap of gene 

expression profiles comparing in vivo tissues (jejunum, ileum, duodenum) and in vitro reconstructed 

epithelial models (Caco-2-based Transwell, Caco-2-based chip, 3D organoid, organoid-based intestine 
chip). Combining organoid-derived epithelial cells with fluidic and mechanical stimulations allows to 

better recreate intestinal organ-level physiology [247]. (G) Schematic representation of the MIVO® 

fluidic system hosting either a Caco-2 monolayer and the EpiIntestinal™ (SMI-100) tissue and 

resembling the capillary flow below the gut model (top); immunohistochemistry analysis demonstrating 

that EpiIntestinalTM (SMI-100) tissue develops an in vivo-like morphology (presence of villi and 

microvilli) when properly stimulated by a biologically relevant fluid flow [219]. 

Interestingly, although immortalized cell lines (e.g. Caco-2 cells) displayed several 

limitations under static culture conditions, they can develop a compact intestinal epithelial 

layer with 3D villi-like structures and basal crypts when properly stimulated by a fluid-

dynamic active environment [179,[231], [232], [233], [234]]. Moreover, Caco-2 cells 

complete their differentiation already after 5-7 days under fluid flow, unlike planar 

monolayers that exhibit a complete mature phenotype after 21 days (Figure 14B) 

[56,179,233,235,236].  When the fluidic stimuli are also combined with mechanical cyclic 



 

 

 

 

strains to perform peristalsis-like deformations, intestinal cells undergo a spontaneous 

differentiation reprogramming themselves into 4 different small intestinal cell types 

(enterocytes, enteroendocrine, Paneth and Goblet cells), presenting a columnar in vivo-like 

cell morphology [179].  In this context, several studies aimed at investigating xenobiotics 

and food-related entities transport across the intestinal epithelium were performed and 

compared with traditional Transwell- or Ussing chamber-based cultures. For example, 

Kulthong et al. carried out biokinetic studies of high (antipyrine, ketoprofen and digoxin) 

and low (amoxicillin) permeability compounds in the two opposite culture conditions. 

Results revealed that a lower drug uptake occurred in the gut-on-a-chip with respect to the 

static condition with permeability values in line with the BCS. Similarly, the absorption 

rates of several compounds (curcumin, mannitol, dextran, caffein and atenolol) in Caco-2 

cells-seeded microfluidic devices were reported to be comparable with human data 

[56,231,234]. Moreover, under dynamic stimulation, Caco-2 cells revealed to be efficient 

to in vitro inspect and reproduce PK profiles of orally-delivered chemotherapeutic agents, 

which often fail to pass the intestinal barrier because of their low solubility and permeability. 

New insights were provided for lipophilic chemotherapeutic prodrugs such as SN-38 (7-

ethyl-10-hydroxycamptothecin) and approved antineoplastic drugs like 5-FU [56,237]. In 

particular, for this latter, a concentration-time curve with an in-vivo like pattern of 

absorption and excretion was generated by applying a peristaltic flow on the top channel, 

and its therapeutic effect on target lung cancer cells was verified within the same chip.  

Therefore, it is clear that fluid flows significantly regulate the transport of drugs, for 

example limiting their diffusion due to the recirculation of the luminal content. Dynamic 

conditions trigger a 3D intestinal in vivo-like morphogenesis, increasing the available 

absorptive surface and, consequently, the absorptive efficiency of the tissue [238]. In fact, 

it was recently demonstrated that fluid flow-associated forces such as shear stress play a 

pivotal role in epithelial cells growth and microvilli formation [239,240].  Notably, Caco-2 

cells secrete mucus, unlike standard static cultures in microfluidic chips [179]. Furthermore, 

it was shown that luminal and basal flows are responsible for the proper expression of 

transporters on the apical and basolateral side of the barrier [231]. Likewise, biomimetic 

chips promote the establishment of the main intestinal metabolic pathways, differently from 

Transwell systems, where cells lack the expression of the majority of enzymes [232]. For 

example, 3D collagen-based scaffolds seeded with Caco-2 cells were integrated within the 

chips to couple a 3D intestinal topography with fluid flow patterns [193,241]. However, 

hydrogels are challenging to inject in microdevices at low concentrations, and, at the same 

time, increased volumes subsequently alter the stiffness of the mimetic matrix. For this 

reason, this technique is currently rarely used [62].  In addition, it is necessary to keep in 

mind that Caco-2 cells exhibit a specific mutated genetic profile also when fluidically 

stimulated [242].  Therefore, another valuable approach was identified in incorporating 

mammalian full-thickness explants in dual-flow platforms [[243], [244], [245]] (Figure 

14D-E). Despite the promising results obtained in faithfully mimicking all aspects of the 

intestinal pathophysiology, their employment still remains extremely restricted due to the 

remarkable difficulties in their usability and maintenance in culture, hampering the 

possibility to perform pharmacology assays [207,243].  To date, advancements in the GIT 

research and the hopeful outcomes arising from the microfluidic devices determined the 

circumstances to recreate intestinal organ-level physiology by combining organoids and 

fluidic devices. In this scenario, some researchers were able to culture primary stem cells 

(derived from fragmented enteroids) within these platforms, overcoming the challenges 

shown by human organoids in performing screening assays due to the enclosed geometry, 

as discussed before [246]. In this way, a well-formed intestinal epithelium with tight 

junctions, brush borders and elongated villus-like protrusions, as well as a complete 



 

 

 

 

intestinal differentiation can be developed in response to fluidic and mechanical 

stimulations within 8-12 days [[246], [247], [248]]. Fluorescence microscopy confirmed the 

successful maturation of all major intestinal epithelial cell types, such as proliferative cells 

in the basal regions, mucin-producing cells, enterocytes covered with densely-packed 

microvilli, and enteroendocrine and Paneth cells [216,247,248] (Figure 14C).  Strikingly, a 

human intestinal endothelial-parenchymal tissue-tissue interface was also be successfully 

recapitulated by seeding human intestinal microvascular endothelial cells (HIMECs) in the 

lower channel, enabling the investigation of drug passage and nutrients ingestion across a 

more natural barrier [216,247].  Therefore, organoids-derived intestine chips are very useful 

tools to realize clinically relevant human intestine models. A transcriptomic analysis 

indicated that these human primary cells-based systems more closely emulate the human 

small intestine scenario compared to Caco-2-based gut-on-a-chip and duodenum biopsy-

derived enteroids [216,247]. Kasendra et al. [216,247] found that a subset of 305 genes 

associated with fundamental biological intestine functions (e.g. digestion, metabolism, 

transport, detoxification) was expressed in their Duodenum Intestine-Chip similarly to the 

duodenal native tissue, highlighting the potential of this platform to investigate biokinetics 

and biotransformation processes of nutrients and drugs (as illustrated in Figure 14F). As 

matter of fact, the apical localization and function of the major drug transporters, such as 

MDR1, BCRP and PEPT1, and a high expression of the cytochrome CYP450 (CYP3A4) 

were confirmed.  Microfluidic devices thus offer the possibility to in vitro thoroughly 

reproduce the biochemical processes that dynamically occur in the human intestine. Clearly, 

the synergistic use of primary cells and fluidic chips allows the establishment of 

physiologically relevant pre-clinical platforms for better predictions of human PK, toxicity 

risks as well as an improved in vitro-to-in vivo data extrapolation compared to immortalized 

cell lines-based chips.  Unfortunately, to date, some technical limitations persist in these 

systems, such as fluid leakages, pump requirements, difficulties in performing robust and 

high-throughput experiments [249]. Moreover, even though PDMS holds advantageous 

properties, it can adsorb small and hydrophobic molecules, influencing PK and PD 

evaluations [250]. Therefore, there remains a compelling need to further improve intestinal 

OOC systems for increasing their robustness and reliability as drugs screening platforms 

(Table 8). Alternative manufacturing techniques have already been adopted to realize other 

types of micro-physiological systems for drug delivery and toxicity assays [[251], [252], 

[253]]. An innovative research was recently published by Marrella et al. to in vitro elucidate 

the absorption mechanisms of different sugars (mannitol and lactulose) in healthy and 

pathological conditions by incorporating the Epi-Intestinal tissue within a commercial 

fluidic device (named MIVO®), presented in Figure 14G, capable to resemble the 

physiological stimuli of the intestinal environment [219]. 

 



 

 

 

 

Table 8: Characteristics of fluid-dynamic models. 

 

4.6 Mathematical modelling of absorption at the intestinal 

wall 

4.6.1 Motivation 
The inner wall of the small intestine is covered by villi. These are protruding, approximately 

cylindrical structures with a length of approximately 1 mm and a diameter of 0.1 mm. The 

role of villi is thought to be that of increasing the surface available for exchanges between 

the fluid inside the intestine and blood vessels perfusing the intestinal wall. The surface 

available for exchanges in the presence of villi is increased by a factor 40 with respect to the 

case of a flat wall. One would expect that the absorption rate at the wall scales with the 

surface available for exchanges. However, preliminary two-dimensional simulations that we 

have carried out show that the presence of villi alone thus not support this statement: only a 

very small increase of absorption is predicted and in some cases villi are even found to 

decrease absorption. This implies that some ingredients are missing from our simple models, 

which motivates our interest on this problem. Indeed, similar results have been reported in 

a recent work Wang and Brasseur (2017). 

 

4.6.2 Existing models 



 

 

 

 

• Wang et al. (2010): The model and the results are the same of the work developed 

by Wang and Brasseur (2017) but in 2 dimensions. Thus, please refer to such a work, 

which is described below. 

 

• Lim et al. (2015): The model is three-dimensional and considers a small group of 5 

villi, which are assumed to be rigid structures. Authors solve the equation of fluid 

motion and the advection/diffusion equation for Newtonian and non-Newtonian 

fluids. Fluid flow is produced by a longitudinal contraction of the wall and solved 

by a Lattice-Boltzmann method. The wall movement is defined by a strain rate 

function in the form of a sinusoidal wave. Absorption is assumed to be passive and 

occurs instantaneously when the nutrient reaches the wall. Zero radial velocity and 

pressure as well as non-diffusive boundary conditions are imposed at the left and 

right of the domain. Non-slip conditions are applied at the solid boundaries. Results 

show that the wall action causes fluid to be drawn into the inter-villus region during 

the wall relaxation period and ejected from it during contraction, triggering a 

continuous replacement of the fluid in the inter-villus space during each cycle of wall 

activity. The rheology of the fluid can significantly alter the degree of shear rate: the 

shear rate in the inter-villus space increases when the index of the power-law 

decreases. The movement of the villi increases the mass absorbed by one order of 

magnitude, compared to the situation where villi are static and the only mechanism 

for nutrient transport is molecular diffusion. 

 

• Wang and Brasseur (2017): The model is three-dimensional and considers a series 

of small group of 5 villi, modelled as rigid structures. The authors solve the equation 

of fluid motion and the advection/diffusion equation. Fluid flow is produced by the 

axial movement of the upper wall with a constant speed (roughly mimicking the 

peristaltic or segmental contractions), together with an axial or lateral movement of 

the villi, and it has been solved by a Lattice-Boltzmann method. The villi movement 

is sinusoidal, and each villus group oscillates 180° out of phase with its neighbours. 

No-slip and no-flux boundary conditions are applied at the front a rear wall, whereas 

periodic boundary conditions are applied laterally. Concentration boundary 

conditions are applied at the surfaces over and between the villi, to model immediate 

nutrient absorption. Zero radial velocity and pressure as well as non-diffusive 

boundary conditions are imposed at the left and right of the domain. Concentration 

at the lid is fixed in order to model a source of molecules. Results show that the wall 

action generates macro-scale eddies that interact with micro-scale eddies created by 

the villi movement. These interactions enhance the absorption: macro-scale eddies 

continuously recharge with new molecules the micro-scale ones. The layer adjacent 

to the villi surface over which this macro–micro-scale interaction takes place is what 

the authors refer to as the ”Micro Mixing Layer”. In particular, the enhancement is 

higher when the villi move laterally and thus perpendicularly to the upper wall: the 

net adsorption is increased by 25% when the villi move laterally vs axially. 

 

• Zhang et al. (2020): The model is two-dimensional and mimics the rat duodenum 

structure (pipe with villi). The authors solve the equation of fluid motion and the 

advection/diffusion equation. Fluid flow is produced by pendular wall activity, 

caused by the longitudinal contraction of the muscles, considered in the model by a 

moving mesh method. The effect of a net inlet velocity is also considered. Wall 

motion is in the form of stationary sinusoidal waves. This generates circulation 



 

 

 

 

structures in the pipe. The pendular activity enhances absorption by up to ≈70%; this 

figure reduces to ≈10% in the presence of a net inlet velocity. 

 

• Zha et al. (2021): The model is two-dimensional and mimics the human duodenum 

structure (pipe with circular folds of ≈8mm). The authors solve the equation of fluid 

motion and the advection/diffusion equation for and incompressible fluid assuming 

a laminar fluid flow. Fluid flow is produced by a segmentation contraction of the 

wall, considered in the model by a moving mesh method. No-slip and no flux 

boundary conditions are applied. The segmentation divides the tube into sections, 

where contraction and relaxation occur sequentially and alternatively at the same 

location. Wall motion is in the form of sinusoidal waves. To find out the role of 

circular folds the results have been compared with a smooth tube with the same 

length and volume of the pipe, with folds but with a different radius. Moreover, the 

Peclet number has been quantified to examine the dominant mechanism of mass 

transfer. The presence of circular folds intensifies radial and axial mixing under 

segmentation: prominent and long-lasting vortices can be identified together with 

higher velocity and shear rates than in the smooth pipe(larger Re e Pe values). 

Circular folds enhance absorption by up to ≈10% after 10 periods. The optimal shape 

of circular folds is such that wave height ≈5 mm and wave length ≈2 mm. 

 

 

4.6.3 Mathematical formulation and results 
 

Fluid flow is governed by the Navier-Stokes equation: 

{
𝜌 [

𝜕𝑢𝑓

𝜕𝑡
+ 𝑢𝑓 × (𝛻𝑢𝑓)] = −𝛻𝑝 + 𝜇(𝛻2𝑢𝑓)      (1𝑎)

(𝛻 × 𝑢𝑓) = 0                                                          (1𝑏)

 

where t is time, uf is fluid velocity, p pressure, ρ density and 𝝁 viscosity. We are therefore 

assuming that the fluid has Newtonian properties. The flow has been generated by imposing 

a constant gradient of pressure between the fluid inlet and outlet, together with a 

physiological longitudinal velocity at the inlet, U = 0.1 m/s. This is coupled with the 

advection diffusion equation for the transport of a passive species. 

[
𝜕𝑐

𝜕𝑡
+ 𝛻 × (𝛻𝑢𝑓𝑐)] − 𝛻 × (𝐷𝛻𝑐) = 0    (2) 

where c denotes the species concentration and D the diffusion coefficient. At the intestinal 

wall we impose the no slip condition (u=uwall), where uwall is wall velocity, which as now 

now has been assumed equal to zero. We also impose that the concentration is fixed to the 

value cwall (c=cwall). This condition implies that blood flow very effectively removes the 

species from the tissue. The condition can be obtained as a limiting case of the more general 

condition, for the case of Γ → ∞: 

(𝑐𝑢𝑓 − 𝐷𝛻𝑐) × n = Γ(c − 𝑐𝑤𝑎𝑙𝑙).   (3) 

 

4.6.3.1 Steady flow through a channels of constant width 
 

We considered a two-dimensional channel with physiologically relevant dimensions: a 

length of 100 mm and a height of 12.5 mm. The case of a flat wall (without villi) and the 

case of a geometry provided with rectangular-shaped structures resembling the villi have 

been investigated (Figure 15). The single villus is 1 mm long and 0.1 mm thick. The distance 



 

 

 

 

between the villi is 0.2 mm. To compare the absorption efficiency of the wall with or without 

villi, we defined an absorption efficiency parameter e as: 

𝑒 =
𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡

𝑄𝑖𝑛
,    (4) 

where Qin and Qout are the inlet and outlet species fluxes. 

 

 
Figure 15: Geometries considered and computational mesh. 

Results of simulations performed by using Comsol Muliphysics (Figure 16) showed only a 

slightly higher absorption value for the case of wall covered with villi, as shown in Table 9: 

Evaluation of absorption efficiency. Thus, in this simple case the presence of villi has little 

effect on adsorption. This is since diffusion smooths out gradients within the tightly packed 

villi, and the channels works almost as if it was just narrower than in the flat wall case. This 

suggests for villi to effectively increase adsorption some mechanism that generates species 

gradients in the spaces among villi is needed. 

 

 
Figure 16: Concentration profiles in the case of a flat (left) and rough (right) wall. 

Table 9: Evaluation of absorption efficiency. 

 
 

For this reason, a transverse water flux across the wall was added to the model to consider 

the water absorption that occurs across the intestinal wall. This flux is indeed likely to exist 

as it is normally the case that molecules and ion transport across cell layers is accompanied 

by water flux. This flux has been modelled by imposing a fixed, normal velocity at the wall. 

The absorption efficiency parameter e has been evaluated for different physiological values 

of such a transverse flux and diffusion coefficient. Results reported in Figure 17: Absorption 

efficiency of the wall in the different cases inspected. display a clear enhancement effect in 



 

 

 

 

the ability of the wall to absorb substances when the presence of villi is combined with the 

existence of a transverse water flux, even is this transverse flux is very small (10−6 m/s) 

compared to the longitudinal velocity present in the channel (10−2 m/s). 

 

 
Figure 17: Absorption efficiency of the wall in the different cases inspected. 

4.6.3.2 Steady flow through a wavy channel 
In order to account for the presence of folds (also known plicae circulares) in the small 

intestine we modify our two-dimensional intestinal model as shown in the figure below. 

Three different wavy designs for the absorptive wall have been created, keeping the 

amplitude of the folds constant (4 mm) and varying the distance between them (4, 6, 10 

mm), as depicted in Figure 18: Absorption efficiency of the wall in the different cases 

inspected.. The absorption efficiency of these wavy walls was therefore compared with the 

flat wall in the presence of villi and water absorption (normal velocity equal to 10−6 m/s). 

 

 
Figure 18: Absorption efficiency of the wall in the different cases inspected. 

Results are reported in Figure 19: Comparison between the absorption efficiency of the wavy 

walls and the flat one. It seems that there may be an optimal distance between the folds of 

the intestinal wall to increase absorption. In general, the wavy wall augments the absorption 

efficiency of the intestinal wall, independently from the geometry selected. 

 



 

 

 

 

 
Figure 19: Comparison between the absorption efficiency of the wavy walls and the flat one. 

 

4.7 Discussion 
 

It is commonly recognized that ADME properties are crucial to a drug candidate clinical 

success. To date, poor oral bioavailability - due to inefficient intestinal absorption - has been 

identified as the primary cause of the high rate of new drug approval failures.  For this 

reason, several in vitro culture systems mimicking the intestinal epithelium have largely 

spread in the early stages of drug discovery and development to predict intestinal 

permeability more rapidly and simultaneously reduce animal testing, thus accelerating 

pharmaceutics translation into clinics. 

 



 

 

 

 

 
Figure 20: Caco-2 literature data variability. (A) Atenolol, (B) Metoprolol and (C) Propranolol 
apparent permeability data obtained from Caco-2 cells in different studies/laboratories. The bar graphs 

show the enormous variability of data present in literature for these three largely employed model 
compounds. The median of the data set was selected as best representative value and reported in Table 

5. 

Table 10 shows Papp values obtained from different studies and laboratories by adopting 

the intestinal epithelium in vitro models previously described, focusing on 17 model drugs 

that belong to different BCS class and are characterized by various pKA. 
 

Table 10: Summary of model drugs permeation throughout the intestinal epithelium in vitro models. 
For Caco-2 model, the median of the Papp data set considered from literature was selected as 

representative value to be reported, as shown in Figure 20. 

 
 

2D models are currently the most standardized platforms since they allow for cost-effective 

and high-throughput screenings. In particular, Caco-2 cells have been accepted as a gold 



 

 

 

 

standard due to their capability to closely resemble the enterocytic phenotype. In fact, Caco-

2 and TC-7 cellular models displayed a much higher correlation with in vivo data if 

compared to synthetic models (Figure 21).  

 

 
Figure 21: Human bioavailability and in vitro apparent permeability (Papp) correlation.   Graphs 

illustrating the Papp-Fa sigmoidal relationships for each in vitro system analyzed. The correlation was 

calculated only for those in vitro models which had a data set composed of at least ten values. The 

goodness of the fit and, consequently, the goodness of the in vitro model in predicting the human 

absorption, has been evaluated considering the coefficient of determination R2.   

However, while these conventional cell cultures demonstrated good quantitative correlations 

with absorbed fraction in humans for drugs transcellularly transported, solely good 

qualitative results were achieved for other routes, due to their colonic origin and the altered 

expression of fundamental metabolizing and transporting proteins. Nevertheless, the co-

culture of Caco-2 and HT-29-MTX cells - with or without the presence of a 3D scaffold 

displayed an improved correlation with in vivo data (R2), as depicted in Figure 21.  Hence, 

with the increasing evidence that 3D multicellular in vitro models better recapitulate the in 

vivo environment, several groups have developed more predictive tools for studying 

xenobiotics ingestion and digestion through the intestinal barrier. Among them, organoids 

are capable of reproducing multilineage differentiation as well as the 3D morphology of 

native tissue; nevertheless, their use is limited in this field because of the inaccessible 

luminal surface. As a result, easier-to-use human reconstructed intestinal tissues have been 

commercialized to perform bidirectional permeation studies from the lumen to the 

bloodstream and vice versa. The relationship between Papp and Fa was found to be higher 

than 0.98 by using the Epi-IntestinalTM tissue, where multiple cells are present.  Anyhow, 

the lack of dynamic stimuli that mediate ADME processes in the human body prompted the 

manufacture of micro-physiological technologies capable of emulating chemical gradients, 

luminal flow and peristaltic movements in a highly controllable manner. Tremendous 

progress has been recently obtained by coupling organotypic grafts with fluid-dynamic 

systems in the GIT research. However, many challenges to gain reproducible assays need to 



 

 

 

 

be faced by using these platforms. Indeed, a systematic characterization of drugs, 

standardized protocols for culturing epithelial and organoid-derived cells, as well as a clear 

metrics of choice of manufacturing techniques and materials are lagging behind to translate 

such devices to the market. In light of this, a plethora of efforts will have to be done to 

improve the experimental reproducibility between and within laboratories and thus the in 

vitro to in vivo data extrapolation, finally obtaining a robust data set through which the 

reliability of these models could be demonstrated.  Accordingly, the future implementation 

of these aspects, together with the realization of more in vivo-like models that should include 

the entire microbiome, a mucus layer and other cell types (e.g. immune cells), will increase 

the robustness and the predictive potential of these systems.   

Regarding in silico models, one of the ingredients that are likely to play an important role in 

governing absorption at the intestinal wall is villi motility. Villi motion is mostly passive 

and it is induced by fluid flow. In the presence of an unsteady flow villi deformation might 

create local fluid circulations that could significantly enhance exchanges between the fluid 

and the wall. In the next steps, it would therefore be interesting to develop a model that 

accounts for the following ingredients:  

 

• Three-dimensional fluid and solute transport.  

• Unsteady flow conditions where fluid motion would be induced by motion of the 

wall. 

• Villi flexibility. Villi are slender bodies that can be treated as beams with a given 

bending stiffness. 
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Chapter 5 

3D Perfusable Hydrogel Recapitulating the Cancer 

Dynamic Environment to in Vitro Investigate Metastatic 

Colonization 

 

5.1 Abstract 
 

Metastasis is a complex process in which cancer cells spread through the bloodstream to 

different parts of the body. Despite efforts to develop an in vitro model that can help to 

understand this process, it still remains a challenge. In this study, I have developed an in 

vitro model of extravasation, which is a crucial step in metastasis. The model consists of a 

3D hydrogel that mimics the metastatic site, and a circulation system that allows cancer cells 

to flow. I tested two different polymers (fibrin and alginate) and compared their mechanical 

and biochemical properties. We also used computational fluid-dynamic simulations to 

predict the fluid dynamics within the polymeric matrix and determine the optimal culture 

conditions. I validated the platform through perfusion tests by fluidically connecting the 

hydrogels with the external circuit. Finally, I injected highly metastatic breast cancer cells 

(MDA-MB-231) and exposed them to physiological wall shear stress (WSS) conditions (5 

Dyn/cm2) to assess their migration toward the hydrogel. Rresults showed that CTCs arrested 

and colonized the polymeric matrix, indicating that this platform can be an effective fluidic 

system to model the first steps of the metastatic cascade. Furthermore, it has the potential to 

elucidate the contribution of hemodynamics on cancer dissemination to a secondary site in 

vitro. This study provides important insights into the development of new therapeutic 

strategies for the treatment of cancer metastasis. 

 

5.2 Introduction 
 

Circulating tumor cells (CTCs) are viable cells that circulate in the bloodstream after 

detaching from a primary tumor [1]. Over the past decade, different studies showed that 

these cells play a key role in tumor progression [2]. In fact, it was shown a correlation 

between the presence of circulating tumor cells with a short survival rate of patients with 

metastatic carcinoma [3,4]. During the process of metastasis, tumor cells intravasate into 

bloodstream and lymphatic vessels, translocate until reaching distant tissues, to then 

extravasate, attach and proliferate, giving origin to a metastatic site [5]. In this context, an 

improved understanding of the mechanical forces encountered by CTCs in the blood flow is 

crucial for fully decoding the various process of metastatic cascade and delineating 

vulnerable CTCs states for therapeutic intervention [6]. In fact, CTCs must be able to 

withstand different fluid-dynamical stresses during their circulation, in order to survive and 

to adhere to the endothelial wall of the potential metastatic site, to finally extravasate to 

origin a secondary tumor [7]. Currently, conventional studies of extravasation rely primarily 

on in vivo models [8]. Although these are considered the most physiologically reliable 

models for extravasation, they present some limitations, such as poor segmentation of the 

essential steps of metastatization and hard capture of the individual variables which affect 

the whole process. Therefore, to overcome these disadvantages, some micro-fluidic systems 



 

 

 

 

(called lab-on-chip) have been employed to investigate the metastatic cascade, by 

manipulating small volumes of cellular material and reproducing the dynamic interactions 

between tumor cells and the ECM microenvironment (e.g., CTCs arrest and transmigration 

into a secondary site) [9,10,11]. For example, Jeon et al. fabricated a microfluidic device to 

investigate the cancer extravasation by analyzing the tumor cell adhesion and then the 

transmigration across an endothelial monolayer. In particular, they used a high-resolution 

imaging technique in order to detect and quantify the number of cells involved in these 

processes [12]. In addition, in another work, Jeon et al. realized a microfluidic device to 

study human metastatic breast cancer cell extravasation within a perfusable bone-mimicking 

microenvironment [13]. The resulting device represented a functional human multi-culture 

device where breast cancer cells could flow, adhere, and metastasize through a micro-

vascular network. Moreover, in a further study Ma et al. investigated the breast cancer 

(MDA-MB-231 and MCF-7) cell extravasation toward different cell-based spheroids, by 

realizing a PDMS-based microfluidic device containing a Boyden-chamber-like system 

[14]. However, these lab-on-chip devices show some limitations, due to their small 

dimensions, poor cells number and limited liquid volumes used. In fact, the over-

miniaturization of these models could impair the realism of the tumor microenvironment 

resembled in vitro [15]. In particular, the attachment and colonization of CTCs to a 

secondary tissue require a proper interaction with a surrounding extracellular matrix (ECM) 

[16]. In fact, once CTCs mechanically arrest close to the target tissues, the subsequent 

establishment of the metastasis and cells growth is highly dependent on the interaction 

between metastatic cancer cells and the surrounding environment [17]. In this context, the 

progress in tissue engineering led to design matrix-based culture systems that recapitulate 

the biological, biophysical and biochemical environment of the natural extracellular matrix 

[18,19]. Specifically, hydrogels have been widely used to model the 3D ECM, because of 

their advantageous properties similar to those of the native one [20,21]. In fact, they possess 

a high-water content, which provides biochemical and biomechanical cues similar to the 

physiological ECM [21,22,23,24]. Presently, vascularized 3D hydrogels are increasingly 

gained attention to investigate the dynamic cancer-associated phenomena. In particular, 

vasculogenesis-based, subtractive and bioprinter-based models can be used to realize 

channels within polymeric matrices [12,25,26]. Among them, vasculogenesis models allow 

obtaining a vascularization through a growth factors gradient, thus inducing endothelial cells 

(ECs) to form a capillary-like network. These are the commonest methods used to create 

vascularized 3D hydrogel-based models to study cancer cells extravasation, as it occurs at 

the capillary level. For example, Chen et al. realized a two-channels device to co-culture 

human umbilical vein endothelial cells (HUVECs) and lung fibroblasts stimulated with 

inflammatory cytokines within a 3D fibrin ECM. After 2 days of culture, HUVECs 

organized into tubular structures characterized by tight junctions and a physiological vessels 

permeability [27]. However, injecting fluid flow resembling the bloodstream and controlling 

its biophysical properties, crucial for cancer cells migration and invasion, result in being 

very difficult because syringe or peristaltic pumps cannot be directly connected to the inner 

vasculature [28]. On the other hand, although bioprinting techniques allow creating more 

complex and variable sized networks, they are often hardly accessible due to the high costs. 

Taking together all these considerations, in this work a fluid-dynamic perfusable hydrogel-

based system was fabricated, through a simple and low-cost, but effective, subtractive 

method, as model of cancer cells extravasation. In particular, we developed a hydrogel-based 

3D fluidic system, representative of the bloodstream, where CTCs can experience 

physiologically relevant forces within an “ECM-like” environment, as it happens in vivo. 

Specifically, a hydrogel matrix with a vessel-mimicking channel was realized and directly 

connected with an external fluidic system, where it is possible to set and precisely monitor 



 

 

 

 

fluid flow patterns. Two kinds of hydrogels were tested and compared: alginate and fibrin. 

Alginate is widely employed in many different biomedical applications, such as tissue 

engineering, tissue modeling and drug delivery [29,30,31]. Moreover, it was chosen because 

it is bio-inert, easy-to-use, cheap and has tunable mechanical properties [32,33]. Likewise, 

fibrin is extensively adopted in several tissue engineering fields, such as bone regeneration 

[34] as well as for cardiovascular applications [35,36,37], because of its higher 

biocompatibility and bioactivity [38]. CFD simulations were performed to quantify the 

fluid-dynamic stimuli at tissue scale, to predict the hydrogel mechanical response to fluid 

flow-associated forces, as well as to evaluate if an adequate nutrients fluxes were properly 

provided to the 3D hydrogels [39]. In particular, the glucose transport was modeled, as it is 

a fundamental nutrient for cancer cells metabolism and activity [40]. Finally, the 3D fluid-

dynamic hydrogel-based system was validated with perfusion tests to experimentally 

demonstrate the performance of the system. In addition, highly metastatic breast cancer cells 

(MDA-MB-231) were injected in the circuit, flowing under WSS conditions, and their 

viability upon circulation as well as their capability to invade the surrounding ECM-like 

hydrogel were assessed, finally mimicking one of the crucial steps of the metastatic cascade. 

 

5.3 Materials and Methods 
 

5.3.1 Channel-Based Hydrogels Realization 
 

Firstly, we realized a mold through 3D printing technology (Form 2, Formlabs, Lecco, IT) 

composed by a sphere (diameter = 1 cm), where the hydrogel representing the metastatic 

tumor mass was placed, and two lateral cylinders to easily connect the hydrogel spherical 

central body to an external fluidic circuit. The mold was fabricated with a biocompatible 

resin (Dental LT Resin, Formlabs, Lecco, IT) by using a resolution of 100 µm. After 

printing, it was washed with isopropyl alcohol for 5 min and then photocured through UV 

light for 20 min to eliminate resin residues and to optimize the photo-linking process, 

respectively. Two distinct materials were selected to prepare the hydrogels: alginate and 

fibrin. For each polymer and cross-linking agent, different concentrations and precursor 

solution/cross-linking agent ratios were tested. Briefly, alginate powder (Manugel GMB, 

FMC Biopolymer, Girvan, UK) was dissolved in physiological solution (0.9% w/v NaCl) at 

the final concentration of 1% v/v, 1.5% v/v, 2% v/v and 2.5 w/v; then, the hydrogel were 

crosslinked into the mold by adding a calcium chloride solution (CaCl2), by varying three 

concentrations: 0.5 M, 0.75 M and 1 M. Moreover, CaCl2/alginate 1:1 v/v, 1:3 v/v and 1:6 

v/v ratios were assessed. The cross-linking occurred after 15 min at room temperature (25 

°C). Fibrin hydrogel was realized by combining fibrinogen from human plasma (F3879 

Sigma Aldrich, Saint Louis, MO, USA) (20 mg/mL or 40 mg/mL) diluted in phosphate 

buffered saline solution (PBS)) with thrombin from human plasma (T6884 Sigma Aldrich, 

Saint Louis, MO, USA) (25 U/mL or 10 U/mL) diluted in CaCl2 5 mM solution. 

Furthermore, we tested the thrombin/fibrinogen ratio from 1:1 v/v to 1:3 v/v. The cross-

linking occurred after 15 min at 37 °C. The channel was formed by inserting a 21-gauge 

needle (800 μm) inside the mold, where the polymeric solutions were added, respectively. 

The cross-linking agents were poured within the mold and, after cross-linking, the needle 

was gently removed, leaving a hollow round canal within the gel. 

 

5.3.2 Channel-Based Hydrogels Characterization 
 

5.3.2.1 Diffusion measurements 



 

 

 

 

Glucose diffusion coefficients in alginate and fibrin hydrogels were experimentally 

measured. Hydrogels were formed by pouring alginate and fibrin in a CaCl2 and thrombin 

bath, respectively. Then, hydrogel beads were soaked in 4 mL of deionized water containing 

glucose at the initial concentration of 200 mg/mL and 1 mL of solution was sampled every 

hour for 8 h. Glucose absorbance was red at 193 nm by using a spectrophotometer and the 

glucose diffusivity within the two hydrogels was calculated through the best fitting of the 

data obtained from the experimental release studies. Briefly, a simulation of the mass 

transport process occurring between the medium and the hydrogels was performed by 

employing the Transport of the diluted species (TDS) module of Comsol Multiphysics 

(COMSOL AB, Stockholm, Sweden) in order to fit the raw data (not shown) and thus to 

get the optimal glucose diffusion coefficient by comparing the two resulting curves. The 

implemented model in Comsol Multiphysics was based on the second Fick law assuming 

that only the diffusion process in the bath could occur: 
𝛿𝑐

𝛿𝑡
+ 𝛻 ×  (𝐽) = 0  (1) 

where c is the component concentration and J is the mass diffusive flux vector, defined by 

the Fick law as: 

𝐽 = −𝐷 𝛻𝑐    (2) 

where D is the diffusion coefficient of the metabolite. Experiments were performed in 

triplicates and the results were expressed as mean and standard deviation. 

5.3.2.2 Mechanical characterization 
Both hydrogels were mechanically tested through a dynamic mechanical analysis (DMA) at 

the physiological frequency of 1 Hz. Briefly, the instrument was composed by a plate 

supporting the sample, a mini-shaker that generate a vertical oscillation, connected to a 

cylindrical indenter (diameter = 5 mm), which thus apply a sinusoidal stress on the 

cylindrical sample (diameter = 5 mm, height = 3 mm), linked with a force transducer, and 

finally by a laser measuring the displacement. Before all tests, samples were 10% pre-

deformed. Measurements were recorded in triplicate and the results were expressed as mean 

and standard deviation. When the stress is applied the following equations hold: 

{
𝜎 = 𝜎0𝑠𝑖𝑛𝜔𝑡

𝜀 = 𝜀0𝑠𝑖𝑛𝜔𝑡 + 𝛿
     (3) 

where σ is the stress tensor, ε the strain tensor, ω the frequency, t the time and δ the lag.  

The storage modulus E (or Young modulus) measuring the stored energy and representing 

the elasticity of the material, and the loss modulus E′′ (or viscous modulus) measuring the 

dissipated energy as heat and representing the viscosity, have been evaluated and defined as 

follows: 

{

𝐸 =
𝜎0

𝜀0
𝑐𝑜𝑠𝛿

𝐸′′ =
𝜎0

𝜀0
𝑠𝑖𝑛𝛿

      (4) 

The damping properties were also analyzed by calculating the loss factor (tanδ), as ratio 

between the viscous modulus over the storage one [41]: 

tan 𝛿 =  
𝐸′′

𝐸
   (5) 

 
Furthermore, considering the rubber elasticity theory, the following equation defines the gel 

crosslink density ρx as [20], 



 

 

 

 

𝜌𝑥 =  
𝐸

3RT
     (6) 

where R is the universal gas constant (8.314 J K−1mol−1), T the absolute temperature (298.15 

K). 

5.3.2.3 CFD analysis of the Fluid-Hydrogels Interactions 
Firstly, in order to obtain desired WSS range values inside the channel (1–10 Dyn/cm2) a 

theoretical analysis, assuming (i) a laminar flow regime, (ii) an incompressible Newtonian 

fluid, was carried out. Based on these hypotheses, the inverse formula of Poiseuille’s law 

for a cylindric tube is: 

𝑄 =  
𝜋𝑟3𝜏

4𝜇
      (7) 

where Q is the flow rate, r the channel radius, τ the shear stress and μ is the fluid dynamic 

viscosity of water. Next, the fluid-dynamics inside the channel were simulated. This analysis 

was performed using the Single-Phase Laminar Fluid Flow model of Comsol Multiphysics 

5.5 assuming (i) a laminar flow regime, (ii) an incompressible Newtonian fluid. The solving 

equations are the Navier-Stokes ones for conservation of momentum (8a) and the continuity 

one for conservation of mass (8b): 

{
𝜌 [

𝜕𝑢𝑓

𝜕𝑡
+ 𝑢𝑓 × (𝛻𝑢𝑓)] = −𝛻𝑝 + 𝜇(𝛻2𝑢𝑓)      (8𝑎)

(𝛻 × 𝑢𝑓) = 0                                                          (8𝑏)
 

where uf is the fluid velocity and p the pressure across the circuit. The density ρ (1000 

kg/m3) and viscosity μ (10−3 Pa·s) values of water at room temperature (25 °C) were used. 

A flow rate was set as input according to Equation (7) to create a pressure gradient within 

the channel, in order to generate the fluid motion, whereas as output the atmospheric 

pressure was set as null, avoiding a backflow. A no-slip boundary condition was set, thus 

assuming no flow across channel walls. Moreover, the shear stress distribution within the 

channel was estimated. Since the steady state flow is reached almost instantaneously for our 

flow rate range, we considered only a steady state analysis. Indeed, an iterative geometric 

multigrid (GMRES) algorithm was used to solve the equations. The interaction between the 

fluid and the hydrogel solid structure, including both fluid pressure and viscous forces, was 

investigated. According to the Fluid-Structure Interaction (FSI) Multiphysics module, the 

interplays between the fluid (cell culture medium) and a deformable solid (3D hydrogel) 

were examined. In particular, the fluid-dynamic load on the structure, i.e., the hydrogel, 

especially focusing on the channel deformation in order to determine the fluid flow-

associated forces effects on the polymer matrix, was analyzed. According to the DMA 

results (Table 11), the solid structure was approximated to an isotropic linear elastic material 

since the elastic component was found to be predominant respect to the viscous one.  

 
Table 11: Hydrogels chemical-physical characteristics. Data are reported as mean ± s.d. 

 
Therefore, the multiphysics model equations are: 

 

• Equation of motion, an expression of Newton’s second law: 



 

 

 

 

∇ × 𝜎𝑠 + 𝐹𝑣 = 𝜌ℎ

𝜕𝑢2

𝜕𝑡2
        (9) 

where σs is the Cauchy stress tensor, Fv the body force per unit volume, ρh is the hydrogel 

density and u2 the channel displacement vector. 

 

• Strain-displacement equation: 

𝜀 =
1

2
[∇𝑢2 + (∇𝑢2)𝑇]      (10) 

where ε is the strain tensor. 

 

• Constitutive law for the structural material: 

𝜎𝑠 = [
𝐸𝜐

(1 + 𝜐)(1 − 2𝜐)
∇ × 𝑢2] 𝐼 + [

𝐸

1 + 𝜐
] 𝜀   (11) 

 

where E is the Young Modulus, measured through DMA analysis, and 𝜐 the Poisson 

coefficient. 

 

• Equation of normal components, which allows coupling the fluid-dynamics with 

the solid mechanics: 

𝜎𝑠 × 𝑛 = 𝜎𝑓 × 𝑛   (12) 

where n is the normal vector on the channel walls and 𝜎𝑓 the fluid stress tensor. 

Constitutive law for a Newtonian fluid: 

𝜎𝑓 = −𝑝𝑓𝐼 + 𝜇 [∇𝑢𝑓 + (∇𝑢𝑓)
𝑇

] −
2

3
𝜇(∇ × 𝑢𝑓)𝐼    (13) 

 

As initial condition, the channel displacement was assumed null. 

 

5.3.2.4 Cell Viability Analysis within Channel-Based Hydrogels 

 
Alginate and fibrin hydrogels were tested and compared to model the ECM environment 

mimicking the metastatic site. Breast cancer cells from adenocarcinoma (MDA-MB-231) 

were embedded within the two polymers and cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM; Invitrogen, Carlsbad, CA, USA) enriched with 10% Fetal Bovine Serum 

(FBS), 1% L-glutamine and 1% penicillin/streptomycin (all from Sigma Aldrich, Saint 

Louis, MO, USA) at the concentration of 2·106 cells/mL. After 24 h, the cells viability was 

evaluated by washing the hydrogels three times with PBS and by incubating them in 2 mM 

calcein AM and in 4 mM EthD-1 in PBS for 15 min at 37 °C in a dark environment, to 

identify live and dead cells, respectively. All images were obtained using fluorescence 

microscope (Nikon H550L, Nikon, Tokyo, Japan) and processed with ImageJ® software. 

Cell viability is derived as ratio between alive cells and the total number of cells for image. 

Measurements were recorded in triplicates and the results were expressed as mean and 

standard deviation. 

 

5.3.3 Channel-Based Hydrogels Validation under Dynamic 

Conditions 

 
5.3.3.1 Perfusion Tests 
Perfusion tests were carried out to verify the two materials capability to resist to the fluid 

passage, previously examined through FSI analysis, and thus the fluidic continuity between 



 

 

 

 

the hydrogel inner channel and an external fluidic circuit. This circuit was composed by 

silicone tubes connected to a syringe pump (Harvard apparatus PHD2000, Holliston, MA, 

USA), which allowed to accurately control the flow rate and keep it constant. The pump 

flow rate was set in the range predicted by the CFD analysis to obtain a physiological WSS 

values in the 1–10 Dyn/cm2 range. Furthermore, we injected a dye into the entire fluid circuit 

and dipped the hydrogel into a colored PBS bath, to identify any liquid leakage from the 

channel. 

 

5.3.3.2 Computational Glucose Transport Simulation 
A glucose mass transport analysis was carried out, by using the TDS Multiphysics module. 

In addition to the diffusive mechanism, other two processes were considered: the convection 

transport, due to the presence of a velocity field (uf), and the metabolite 

consumption/production because of the cellular respiration. The glucose metabolism is 

accurately described by the Michaelis-Menten reaction: 

𝑅 =
𝑉𝑚𝑎𝑥𝑐

𝐾𝑚 + 𝑐
     (14) 

where R is the reaction term, c is the concentration of the component, Vmax represent the 

maximum consumption/production rate (equal to 2.57 × 10−4 mol/m3·s) and Km represents 

the component concentration when the rate is Vmax/2 (equal to 2.9 mol/m3) [42]. Thus, the 

general form to describe the mass transport can be written as: 
𝛿𝑐

𝛿𝑡
+ 𝛻 × (𝐽) + 𝑢𝑓  ×  𝛻𝑐 = 𝑅       (15)       

where J is the mass diffusive flux vector previously defined Equation (2).  

In particular, this study was conducted by considering two opposite scenarios to monitor the 

presence of concentration gradients inside the hydrogels: (i) a continuous refilling of the 

culture medium within the culture chamber and (ii) no culture medium refilling, both in 

static and dynamic conditions. In both cases, 5.5 mol/m3 was set as culture medium initial 

glucose concentration. 

 

5.3.3.3 Metastatic Breast Cancer Cells Circulation 
The mold was sterilized in ethanol 70% v/v for 30 min, washed with sterile DI water and 

connected to the syringe pump using autoclaved connectors (Bio-rad, Milan, IT) and Tygon 

tubes (i.d. = 800 μm; Saint-Gobain, Courbevoie, France). Fibrin hydrogels were prepared 

by using the protocol described above. The tubes inner surface was treated with 1% Pluronic 

F-127 (Sigma Aldrich, Saint Louis, MO, USA) for 30 min to reduce cell adhesion during 

circulation. 

Highly metastatic breast cancer cells (MDA-MB-231) from breast adenocarcinoma were 

expanded in DMEM enriched with 10% FBS, 1% L-glutamine and 1% 

penicillin/streptomycin (all from Sigma Aldrich, Saint Louis, MO, USA). Cells were 

enzymatically detached with 0.05% trypsin, counted, and injected within the circuit at a 

density of 1·105 cells/mL. The pump flow rate was set to 1.5 mL/min to reproduce the 

physiological WSS value of 5 Dyn/cm2. As controls, MDA-MB-231 cells were injected in 

a circuit composed of Tygon tubes (i.d. = 800 μm) where cells could circulate at the same 

WSS and cultured in static conditions over surfaces pre-treated with Pluronic. 

 

5.3.3.4 Recovered Cells Viability Assay and Cells Migration in the 

Hydrogel under Circulation 
Cells viability was analyzed after 24 h of circulation by using the Live/Dead assay (Sigma 

Aldrich, Saint Louis, MO, USA). Shortly, MDA-MB-231 were recovered from the circuits 



 

 

 

 

(petri dish for the static control) and counted. Then, cells were placed in 96 well plates, 

where they could adhere. After 24 h, supernatant was collected to count the cells which did 

not adhere on the plastic surfaces, while the remaining cells were incubated with 2 mM 

calcein AM and in 4 mM EthD-1 in PBS for 15 min at 37 °C in a dark environment, to 

identify live and dead cells, respectively. Cells were washed three times in PBS and observed 

under microscope. All images were obtained by using fluorescence microscope (Nikon 

H550L, Nikon, Tokyo, Japan) and processed with ImageJ® software. Cells’ viability was 

derived as the ratio between the number of alive cells and the total number of cells for each 

picture. A toluidine blue staining on the hydrogel was performed to establish the presence 

of the cells within the hydrogel after 24 h of circulation. Briefly, fibrin hydrogel was fixed 

in 4% paraformaldehyde and next washed three times with PBS. Then, the gel was immersed 

in a 0.2% toluidine blue (Sigma Aldrich, Saint Louis, MO, USA) solution for 15 min and, 

subsequently, washed in PBS until the excess toluidine was removed. Images were captured 

using light transmitted microscope (Nikon H550L, Nikon, Tokyo, Japan). 

 

5.4 Results 
 

5.4.1 Hydrogels Realization 
To obtain a tumor ECM-like model traversed by a perfusable channel, a hydrogel matrix 

with a single inner vessel-like channel fluidically connected to an external circuit was 

realized (Figure 22) in order to study the first steps occurring during the metastatic cascade 

(i.e., cells circulation and survival within the bloodstream, extravasation, spreading and 

colonization of the metastatic site). 

 

 
Figure 22: Schematic representation of the main steps of the metastatic cascade. 

Two kinds of polymers were used and compared to realize the channel-based hydrogel by 

using two different precursors (alginate solution and fibrinogen, respectively). The polymers 

were respectively poured into a mold after the insertion of a 21G-needle in an appropriate 

support. The mold was necessary to create and mechanically sustain the hydrogels. Once 

alginate or fibrin were cross-linked, the needle was gently removed from the mold leaving 



 

 

 

 

cylindrical cavities within the hydrogel. Different fabrication parameters (polymeric 

precursor and cross-linking agent concentrations, precursor/cross-linking agent ratios) were 

tested for the two polymers, respectively. As result, we observed that highest concentration 

of fibrinogen (40 mg/mL) and alginate precursor in a weight/volume ratio higher than 1.5% 

were difficult to pour into the mold due to the high viscosity of the solutions. On the other 

hand, the hydrogel collapsed by using alginate concentrations lower than 1.5 % w/v. 

Accordingly, we chose alginate 1.5% w/v and fibrinogen 20 mg/mL as precursor 

concentrations. Regarding the cross-linker agent, 1 M CaCl2 was selected, to guarantee 

performant mechanical properties without impairing cells viability [43]. Thrombin 

concentration of 10 U/mL was chosen because it was enough to enable a good manipulation 

of the final hydrogel. Therefore, the final protocol of alginate realization consisted of 

alginate 1.5% w/v, CaCl2 1 M and a CaCl2/alginate ratio of 1:3 v/v, whereas the fibrin 

hydrogel was prepared by mixing fibrinogen 20 mg/mL and thrombin 10 U/mL at 1:1 v/v 

ratio. 

 

5.4.2 Hydrogels Characterization 
 

Firstly, the chemical-physical characteristics of alginate and fibrin hydrogels without 

channel were assessed. To successively examine the glucose distribution within the 

hydrogels, experimental glucose diffusion measurements were carried out, by performing a 

CFD mass transport analysis. The mass transport process occurring between the medium 

and the hydrogel was simulated by using Comsol Multiphysics in order to obtain the best 

fitting of the raw data (not shown) and thus to identify the optimal glucose diffusion 

coefficient. Results are reported Table 11. Subsequently, both polymers were mechanically 

characterized: the storage and viscous moduli were evaluated by performing a DMA analysis 

at a physiological frequency (1 Hz). Results reported in Table 11 show the elastic and 

viscous moduli for both the hydrogels. The alginate elastic and viscous moduli resulted in 

being considerably higher than the fibrin ones. The elastic modulus values are directly 

correlated with the degree of crosslinking of the polymeric compounds. It can be observed 

that the crosslinking density of the alginate was higher than the fibrin one, reflecting the 

different mechanical properties of the two polymers. The damping properties, represented 

by the Loss factor, showed that for both the hydrogels the elastic component was more 

dominant than the viscous one (loss factor << 1). This means that these materials can be 

considered simple linear elastic ones. Accordingly, the Young modulus was used as input 

hydrogel parameter in the following computational simulations. These values were used as 

input in the further CFD simulations, performed to predict the mechanical response of the 

channel-based hydrogels in presence of a fluid flow. Newtonian incompressible fluid was 

considered and, according to the theoretical analysis Equation (7), the 0.3–3 mL/min range 

was imposed as input flow rate for the CFD simulations. In particular, the fluid-dynamic 

load transmitted from the fluid to the hydrogel was quantified through the FSI Multiphysics. 

Alginate or fibrin channel-based hydrogels were modeled as linear isotropic elastic 

materials, as results of the mechanical characterization (Table 11). The radial channel 

displacement was compared to the initial diameter size (800 μm) to evaluate the channel 

deformation respect to its initial dimensions. Both polymers showed a low channel 

deformation and to properly withstand the fluid flow-dynamic load. It can be noticed in 

Figure 23 that the fluid flow-associated stress and the resulting deformation were higher at 

the beginning of the channel, both for alginate and fibrin, showing that such area is crucial 

to ensure a fluidic continuity between the hydrogel and the external circuit. 

 



 

 

 

 

 
Figure 23: Channel displacement within alginate and fibrin models evaluated at minimum flow rate 

(0.3 mL/min) and maximum flow rate (3 mL/min). 

Finally, alginate and fibrin 3D samples were tested and compared to evaluate their 

biocompatibility. Breast cancer cells from adenocarcinoma (MDA-MB-231) were 

embedded within the two polymers. After 24 h of culture, cells viability was evaluated by 

using the live/dead assay to discriminate live and dead cells, revealing a cell viability higher 

than 90% in both cases (93.5% ± 2.2% for alginate hydrogels and 95.7% ± 1.2% for fibrin 

ones). Moreover, cancer cells were characterized by a round shape typical of the in vivo 

native tumor environment, as shown in Figure 24. Despite the different chemical 

composition and mechanical properties of the two polymers, no substantial differences were 

highlighted in cells viability and organization within the matrix, confirming that alginate 

and fibrin are both suitable candidates to mimic the tumor extracellular surrounding 

environment, as widely documented in the literature [44,45] and that our protocol of 

hydrogels fabrication is not harmful for cells’ viability. 

 

 
Figure 24: Live/dead staining on MDA-MB-231 cultured in channel-based alginate (a) and fibrin (b) 

hydrogels. 

5.4.3 Perfusion tests 
 

Perfusion tests were performed to experimentally compare the capability of alginate and 

fibrin to withstand the fluid flow at the same flow rate. According to the theoretical and CFD 

analyses, the 0.3–3 mL/min range, corresponding to a WSS of 1 Dyn/cm2 and 10 



 

 

 

 

Dyn/cm2 respectively, was imposed as input flow rate at the pump level. Fibrin revealed to 

be the most performing material. In fact, as it is shown in Figure 25b, the dye flowing into 

the channel, at flow rate values equal or lower than 1 mL/min, did not disperse within the 

fibrin polymeric matrix, differently from in presence of alginate (Figure 25a), where the 

fluid rapidly permeated from the channel to the hydrogel, Moreover, it was possible to carry 

out tests up to 24 h by using fibrin, whereas alginate collapsed after only a few hours. 

 

 
Figure 25: Hydrogels perfusion tests. The dotted line indicates where the channel is located. 
Comparison between alginate (a) and fibrin (b) capability to withstand the fluid passage at the same 

flow rate (1 mL/min); comparison between 3 mL/min (c) and 1.5 mL/min. 

Therefore, further perfusion tests only on fibrin hydrogels were executed to experimentally 

investigate effects of different input flow rates in the established range. As the FSI analysis 

predicted, the first tract of the channel was confirmed to be the critical point for the fluidic 

continuity with the external circuit, since liquid leakages occurred only in this area. In 

addition, as it is shown in Figure 25c, flow rate values higher than 1.5 mL/min, therefore 

higher than 5 Dyn/cm2 of WSS, often caused channel damaging, yielding to a liquid leakage. 

On the other hand, a perfect fluidic continuity was obtained by setting a flow rate of about 

1.5 mL/min (Figure 25d), corresponding to a WSS of 5 Dyn/cm2, as CFD simulations 

predicted which is a physiological micro-vessel WSS [25]. 

 

5.4.4 Glucose Diffusion Analysis 
 

Two different culture conditions were simulated by employing the TDS module of 

COMSOL Multiphysics 5.5: the so-called “continuous refill” culture condition, 

characterized by a continuous medium refresh over time, and the “no refill” condition. In 

addition, the static and dynamic scenarios for the “no refill” condition were investigated. 

The simulation was carried out up to 8 h, by using as input values the physical parameters 

found by performing the experimental absorption studies (Table 11). Figure 26 shows 

glucose distribution over time for all the culture conditions. A homogeneous spatial 

distribution in the refill condition just after 4 h was achieved, whereas in the other scenarios 

(no refill, both static and dynamic) a higher glucose accumulation around the vessel can be 

observed, since in these cases the nutrients renewal could occur only through the fluid flow 

within the channel. 



 

 

 

 

 
Figure 26: Glucose concentration within fibrin hydrogels modeled simulating three different scenarios: 
(i) continuous culture medium refilling, (ii) dynamic no culture medium refilling, (iii) static no culture 

medium refilling within the chamber. Four different time points are reported: t0 = 0 h, t1 = 1 h, t2 = 4 h, 

t3 = 8 h. 

Finally, we calculated the glucose concentration gradient as the difference between the 

maximum and the minimum glucose concentration values for each time point considered 

(Figure 27). If the glucose is not homogeneously distributed, the concentration gradient is 

higher, since this last is representative of the concentration discrepancies within the 

polymeric matrix. The results reported confirm the trends previously described. 

 

 
Figure 27: Glucose concentration gradients values in the three culture scenarios considered at 

different time points: t0 = 0 h, t1 = 1 h, t2 = 4 h, t3 = 8 h. 

In summary, a constant monotone decreasing glucose gradient was observed in the refill 

and dynamic no refill mode, meaning that the glucose was uniformly delivered to the cells 

in the gel over time, whereas in the static condition, an initial decrease, due to the initial 

large disparity between the surrounding culture medium rich in glucose and the glucose-

free polymer matrix, was followed by a gradient increase, indicating a non-homogenous 

glucose profile. 

 

5.4.5 Recovered Cells Number and Viability after Circulation 



 

 

 

 

High metastatic potential breast adenocarcinoma cells (MDA-MB-231) circulated within 

the hydrogel-based fluidic platform under physiological WSS (5 Dyn/cm2) conditions. 

Cell suspension was collected after 24 h of circulation from the circuits and cells were 

counted. The percentages of recovered cells from the hydrogel-based circuit, the plastic 

tube one and the static control, respect to the total number of cells injected, were 57.5% ± 

1.3%, 80.1% ± 1.9%, 91.3% ± 1.2%, respectively (Figure 28). 

 

 
Figure 28: Number of recovered cells from the hydrogel-based circuit, the plastic tube-based one and 
the static control after 24 h. Values are reported as mean ± s.d., N = 3, student’s t-test: * p < 0.05, 

*** p < 0.001. 

After counting the recovered cells, they were plated in 96 well plates and cultured to allow 

their adhesion. After 24 h, the supernatant containing the dead cells, which were not able 

to adhere on the plastic surface (or detached), was collected, while a fluorescent staining 

(live/dead) was performed on the remaining adherent cells (Figure 29). 

 

 
Figure 29: Recovered cells viability measured by live/dead staining of cells after 24 h of circulation 

within the hydrogel-based circuit (WSS = 5 Dyn/cm2), plastic-based circuit (dynamic control, WSS=5 
Dyn/cm2) and culture within petri dish (static control) (a); quantitative analysis of the images, values 

are reported as mean ± s.d., N = 3, student’s t-test: * p < 0.05 (b). 

Image post-processing analysis of fluorescent images (Figure 29a) revealed a cell viability 

of 77.3% ± 4.1% after cells circulation within the hydrogel-based circuit under a WSS of 5 

Dyn/cm2, and of 81.3% ± 5.3% at the same WSS 5 Dyn/cm2 in the hydrogel-free plastic 



 

 

 

 

circuit, whereas in the static control resulted equal to 95.2% ± 1.9%. This means that the 

WSS affected cells viability, although at this physiological value (5 Dyn/cm2) the cells 

viability was still high (around 80%) after 24 h of culture. It is important to note that the 

number of dead cells which did not adhere on the well plates after recovery from the circuits 

was not significantly different (data not shown) in all cases suggesting that the cells viability 

is not altered respect that represented in Figure 29. Interestingly, no significant differences 

in cells viability were found after cells circulation in the fluidic platform with and without 

the hydrogel. The lower number of cells recovered in the hydrogel-based circuit could be 

due to the presence of a bioactive fibrin surface where breast cancer cells could adhere. 

Therefore, we then investigated the presence of cells within the hydrogel, to evaluate if they 

migrated toward the fibrin. 

 

5.4.6 Cells Migration within the Hydrogel under Fluid Flow 
CTCs migration within the hydrogel-based surrounding environment was qualitatively 

evaluated by performing a toluidine blue staining on the fibrin hydrogel. As can be observed 

in Figure 30, MDA-MB-231 extravasated from the channel and migrated in the hydrogel. 

The high presence of embedded cells within the fibrin hydrogel confirmed that the 

difference between the absolute number of cells recovered from the hydrogel-based circuit 

and from the hydrogel-free one was due to the cells migration toward the hydrogel. Most of 

the migrated cells were found in the polymeric matrix portions closer to the channel where 

they circulated. 

 

 
Figure 30: Toluidine blue staining on fibrin hydrogel identifying cells extravasated and migrated within 

the fibrin hydrogel. 

5.5 Discussion  
Cancer metastasis represents one of the leading causes of death. Despite recent advances in 

cancer research, the establishment of a reliable in vitro platform to accurately explore the 

crucial mechanisms involved during the metastatic dissemination remain still a challenge. 

To meet this need, here we realized a novel in vitro fluidic platform to deeply investigate 



 

 

 

 

the cancer cells extravasation and colonization in a 3D hydrogel-based metastatic model 

under physiological hematogenous forces. Firstly, a 3D printer was employed to fabricate a 

plastic mold to realize 3D hydrogels provided with an inner channel directly connected to 

an external fluidic circuit. Alginate and fibrin were tested and compared as bulk polymers 

for the hydrogel realization. Hydrogels fabrication protocols were optimized to obtain a 

balance between the feasibility of the channel-based system and the performance of the final 

hydrogel-based structure. Specifically, the two polymeric concentrations were optimized to 

be low enough to be easily handled in the molds and high enough to guarantee a suitable 

stiffness of the final hydrogels, able to withstand the hydraulic pressure generated by the 

fluid flow. In fact, mechanical properties are fundamental at the macroscale level as well as 

at the microscale one. In this context, it is widely recognized that the mechanical properties 

condition cell activity [46]. For example, breast cancer cells showed a decreased viability 

by increasing alginate hydrogels elasticity, while soft hydrogels (E < 200 kPa) were more 

permissive to cell proliferation [44]. Here, DMA results reported that alginate and fibrin 

hydrogels stiffness was in this range. Besides the biocompatibility, it was important to 

predict, through CFD simulations, the hydrogels mechanical response to external fluidic 

stimuli. In fact, fluid flow-derived stimulation within compliant and deformable materials, 

such as soft hydrogels, may lead to structural deformations [47]. FSI results indicated that 

both polymers endured the flow-associated stresses, preventing matrix collapses and liquid 

leakages of the circulating medium, by imposing a flow rate range of 0.3–3 mL/min, 

corresponding to the physiologic WSS of 1–10 Dyn/cm2 within the channel. In fact, such 

WSS values establish a physiologically relevant range of fluid forces experienced by CTCs 

in microvascular vessels [48]. Furthermore, it is commonly accepted that fluid flow patterns 

have a regulatory effect on tumor cells adhesion, proliferation, and invasion. In particular, 

the shear stress can influence the CTCs survival during the vascular transport and thus their 

metastatic potential [25]. Therefore, it is important to resemble the cancer hemodynamics, 

especially the biophysical properties experienced by the CTCs during the metastatic 

migration in the bloodstream. As first platform validation, experimental perfusion tests were 

carried out by fluidically connecting the hydrogels to the external fluidic circuit to verify the 

real capability of the 3D hydrogels to withstand the fluid flow stimuli. Interestingly, results 

revealed that fibrin was the most performing material, since liquid dispersion within the 

matrix was absent and the channel was clearly visible after perfusion. This behavior can be 

due to the well-known adhesive properties of the fibrin that make it widely adopted in the 

surgical field as a sealant to promote tissues bonding [49,50]. Another major current 

challenge in designing 3D hydrogel-based culture systems relies on the mass transport 

limitations experienced when using clinically relevant length scales (centimeters) [51]. In 

fact, one of the major common limitations of the hydrogel-based constructs is represented 

by the passive cell culture medium diffusion, which is inadequate to deliver nutrients over 

large length scale, thus resulting in nutrient and waste discrepancies within the constructs, 

reducing cell viability as well as altering cellular phenotypes [52,53]. In fact, ideally, once 

the CTCs have colonized the hydrogel representing the metastatic site, they need an adequate 

nutrients supply, present in the culture medium, to carry on their metabolic activity. 

Therefore, we simulated three different scenarios: the medium “continuous refill” culture 

condition, characterized by a continuous medium refresh over time in the culture chamber 

and the “no refill” condition, in static and in dynamic culture, respectively. As reported, in 

each of these configurations, an initial (first 4 h) increase of the glucose concentration inside 

the hydrogel occurred, due to a massive medium diffusion to the gel, caused by the high 

glucose concentration difference between inside (0 mol/m3) and outside (5.5 mol/m3) the 

polymer. After 4 h, a change in the trend occurred for the “no refill” static scenario. In fact, 

a small decrease of glucose concentration was shown in the following h (up to 8 h), resulting 



 

 

 

 

in higher concentration inhomogeneities within the entire matrix. On the contrary, for the 

“no refill” dynamic culture mode, an enhanced glucose spatial uniformity within the 

hydrogel was reached, demonstrating that the dynamic stimuli had a clear effect on 

improving the hydrogel glucose supply due to the additional convection process occurring 

within the system. Accordingly, the “no refill” dynamic scenario was more similar to the 

“continuous refill” one, which represented the ideal culture condition. Finally, once the 

platform was fluidically validated and the nutrient transport mechanisms optimized, highly 

metastatic breast cancer cells (MDA-MB-231) were injected within the circuit and exposed 

to physiological WSS conditions of 5 Dyn/cm2, to assess their viability upon circulation as 

well as their capability to migrate toward the hydrogel and colonize the metastatic model. 

Since a lower number of cells was recovered from the hydrogel-based circuit (57.5% ± 

1.3%), respect the hydrogel-free one (80.1% ± 1.9%), we supposed that this remarkable 

difference was due to the presence of the bioactive fibrin [49], where breast cancer cells 

could adhere. Hence, we investigated the presence of cells within the hydrogel, to evaluate 

if they migrated toward the fibrin. As Figure 30 shows, a large presence of cells within the 

polymeric matrix can be shown, confirming that invasion and adhesion to the hydrogel 

occurred under physiological WSS conditions. Moreover, it is well-known that vasculature 

structure plays a pivotal role on CTCS extravasation and that the complex interplay between 

the ECs and cancer cells needs to be reproduced to fully elucidate the mechanisms of cells 

invasion in a secondary tissue [28,54]. Furthermore, the endothelium is susceptible to 

different shear stresses by altering morphology, gene expression profiles, ECs-ECM 

interactions and barrier transport capabilities [25]. Based on these considerations, further 

studies could be performed aimed at increasing the level of accuracy of our fluidic platform 

by associating multiple components typical of the metastatic niche (e.g., chemical signals, 

cells recreating the tumor stroma, endothelial cells to re recreate the endothelial barrier 

functions). In addition, biomolecules, as vascular endothelial growth factor (VEGF), can be 

incorporated in our system, since, for example, VEGF gradients together with shear forces 

may promote ECs sprouting and vasculogenesis of capillary-sized networks within the ECM 

[28,55]. Here, we realized a 3D hydrogel-based fluidic platform by coupling an experimental 

approach to an in silico analysis to assess the optimal culture conditions and precisely control 

fluid patterns within a ECM-based channel, thus providing the scientific community a low-

cost and efficient in vitro model to carry out systematic studies on the development and 

progress of the metastatic process. 
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Chapter 6 

High blood flow shear stress values are associated with 

circulating tumor cells cluster disaggregation in a multi-

channel microfluidic device 

6.2 Abstract 
 

Metastasis is a complex process that involves the spread of tumor cells through the 

bloodstream. These circulating tumor cells (CTCs) can exist as single cells or clusters, and 

the latter have a higher potential to cause metastasis. However, the effects of physical 

constraints such as hemodynamic wall shear stress (WSS) on CTC clusters are not well 

understood. To investigate this, a new multichannel microfluidic device was developed that 

can replicate different WSS levels characteristic of the human circulatory system. Three 

physiological WSS levels (i.e. 2, 5, 20 dyn/cm2 ) were generated to simulate the conditions 

of capillaries, veins, and arteries. The device was validated using triple-negative breast 

cancer cells (MDA-MB-231) injected as single CTCs, which showed that higher WSS 

values led to decreased viability. Computational simulations were also used to investigate 

the disaggregation of CTC clusters under different WSS levels. Finally, CTC clusters were 

injected into the three different circuits and subjected to the different WSS levels, showing 

that higher WSS levels led to increased cluster disaggregation after 6 hours. These findings 

suggest that the microfluidic device represents a valuable in vitro tool for studying the 

biological significance of blood flow mechanical forces and developing new strategies for 

anticancer therapy. 

 

6.3 Introduction 
 

Cancer metastasis is a biologically complex tumor dissemination process associated with a 

poor survival rate. During this process, circulating tumor cells (CTCs) detach from a primary 

tumor and exploit the physiological blood circulation to give origin to metastases at 

secondary sites [1,2]. In particular, cancer cell motility enables their invasion into the blood 

vessels, in a phase known as intravasation, to then flow through the circulatory system up to 

reach localized and distant sites [3,4]. Although CTCs are present in the blood of oncologic 

patients, the amount of these cells is very low if compared with other cells like blood cells 

or leukocytes [5,6]. In particular, CTCs flow the bloodstream as single cells or as 

multicellular aggregates (CTC clusters), which present with a higher potential to metastasize 

[7]. Specifically, when transported in fluids, single CTCs and CTC clusters are subjected to 

various fluid-dynamic forces affecting cell death or extravasation [8].  Therefore, different 

studies have recently investigated the role of the bloodstream on the CTCs survival and 

aggressiveness to better understand the metastatic cascade and to identify more effective 

therapeutic approaches [9–11]. In particular, physical blood parameters, including pressure, 

fluid velocity and shear stress, may affect the morphology, the expression of specific 

biomarkers and aggressiveness of CTCs [12,13].  The tumor vasculature is capillary-based 

with a very low fluid flow velocity, where CTCs are subjected to mild SS (10–20 dyn/cm2), 



 

 

 

 

mostly due to the small section of the blood capillary. As they are transported far from the 

primary site, some CTCs flow through the arterial and venous system, where they encounter 

higher SS (4–30 dyn/cm2) and lower SS (1–4 dyn/cm2), respectively [8].  How individual 

CTCs and CTC clusters can withstand fluidical stimuli and survive in their way in the 

circulatory system is not yet fully elucidated. Mathematical models and computational fluid-

dynamics (CFD) analysis based on physical principles can be extremely useful for 

investigating single CTCs and CTC clusters behavior in the vascular microenvironment. In 

fact, the use of algorithms opens a wide range of scenarios for modeling biological processes 

and optimizing the performance of device and materials conceived to interact with biological 

tissues [14,15]. Moreover, CFD analysis together with experimental data may allow to 

predict how cellular networks and systems respond to changes in their environment and 

therefore can help in defining which parameters affect their activity [16,17]. Indeed, a 

computational-experimental approach has recently elucidated the influence of cellular 

biophysical properties on hemodynamic deformation and margination of CTC aggregates 

within the bloodstream, successfully highlighting the fluid dynamics contribution during the 

CTCs dissemination [18,19].  In this scenario, in vitro microfluidic systems have been 

emerged paving the way towards novel in vitro cell-culture formats able to better reproduce 

the fluid-dynamical features of the cancer environment [20,21]. In fact, although in vivo 

models are more physiological, they still present some experimental limitations [22]. In 

particular, it is difficult to in vivo independently capture the effects of individual 

microenvironmental variables (i.e. rigidity of the ECM matrix, bio-mechanical features of 

the blood vessels, blood fluid-dynamical proprieties) on the development of biological 

processes and extract quantitative data [23–27].  The advances in microfluidic technologies 

enabled in vitro modelling of tumor-related biophysical factors affecting different cell types 

[28–30]. Moreover, it was already shown that SS is one of the prominent physical stimuli 

that alters the cancer cells motility and migration, the adhesion capacity and the viability 

and cluster activity of CTCs within the bloodstream [31–35].  However, to date, most of the 

systems aimed to study in vitro the effects of fluidic stimuli (such as SS) in vitro on tumor 

cells are based on rudimental single-channel fluidic systems connected to a peristaltic pump 

or systems based on needles connected to syringe pumps, where it is possible to get different 

SS values, by changing the flow rate at the pump level for each experimental condition 

[10,11,36].  In this work, we have designed and realized a novel microfluidic device able to 

simultaneously reproduce different hemodynamic WSS in the same experiment, thanks to a 

specific design based on increasing levels of vessels ramifications, finally reducing 

biological (experimental) variability.  To fabricate the 3D vessels interconnections, 3D 

printed technology was adopted to produce a 3D master with the desired fluidic pattern. 

Polydimethylsiloxane (PDMS) was then molded against the sacrificial 3D printed template, 

thus obtaining microfluidic PDMS channels, difficult to achieve through standard soft 

lithography.  We then examined the effects of different WSS on circulating metastatic breast 

cancer cells (MDA-MB-231) as single cells and as clusters of cells, respectively, by injecting 

a cells suspension in the microfluidic device.  This system can be further used to analyze the 

drug efficacy towards CTCs in circulation as well as to improve a deeper understanding of 

which factors allow single CTCs and CTC clusters to survive in the bloodstream, with the 

ultimate goal to design next generation therapies against the metastatic spread of cancer.   

6.4 Materials and Methods 

6.5.1 Theoretical and CFD analysis 
 

Firstly, a theoretical model, based on the Continuity law and energy balance, was developed 

to reproduce different shear stress values within the device. In particular, different levels of 



 

 

 

 

ramifications were designed in order to obtain multiple shear stress in three distinct circuits 

by setting a unique inlet flow rate at the level of the pump. The theoretical model is based 

on the hypothesis of i) laminar flow within vessels, i.e. channels, with rectangular geometry 

and with the same length; ii) the cells are dispersed in a medium similar to water as 

Newtonian fluid.  It was then possible to calculate the number of ramifications for each 

circuit to get the proper wall shear stress (WSS) by following (1):   

𝑄𝑖𝑛

𝑛
=  

𝜏𝐵𝐻2

6𝜇
                (1) 

 where Qin is the inlet flow rate at the pump level, τ is the WSS in the vessels, B and H the 

height and width of vessels, respectively, μ is the water dynamic viscosity, n the number of 

vessels. Thanks to this equation it is possible to design the proper number of ramifications 

for each circuit to obtain the desired range of shear stress within the device, by setting a 

unique flow rate at the pump level.  Since we wanted to reproduce the range of physiological 

shear stresses at the different vascular tree districts ranging from is 1–20 dyn/cm2, three 

independent set of branches were designed to reproduce the following different levels of 

WSS: 2-5-20 dyn/cm2.  The obtained geometry was designed through a commercial 

software. The fluid was assumed to be incompressible and in laminar flow regime, therefore 

the fluid dynamics within the circuit was modelled by using the Laminar Fluid Flow module 

of Comsol Multiphysics 5.5. The equations solved are the Navier-Stokes ones for 

conservation of momentum (2) and the continuity one for conservation of mass (3):   

{
𝜌 [

𝜕𝒖𝒇

𝜕𝑡
+ 𝒖𝒇 × (𝛻𝒖𝒇)] = −𝛻𝑝 + 𝜇(𝛻2𝒖𝒇)      (2)

(𝛻 × 𝒖𝒇) = 0                                                          (3)

 

 where u is the velocity in the vessels and p the pressure across the circuit. The density ρ and 

dynamic viscosity μ values were specified for water at room temperature (25°C).  As initial 

conditions, the velocity field and the pressure were considered null.  No-slip boundary 

condition was fixed because there is no flow across the device walls.  An inflow laminar rate 

equal to 30 ml/min was set as inlet for each of the three circuits, whereas an atmospheric 

pressure condition with no backflow was chosen as outlet.  Since the steady state flow is 

reached almost instantaneously (~0.005 s to ~0.01 seconds) for flow rates range between 

24–36 ml/min, we considered only a steady state analysis avoiding transient laminar flow 

simulations.  An iterative geometric multigrid (GMRES) algorithm was used to solve the 

equations for the steady-state condition. 

 

6.5.2 Microfluidic device fabrication   
 

6.4.2.1 3D printing of the masters 
The device negative masters were designed through the Computer-Aided Drafting (CAD) 

software Sketchup 2016, accordingly with the theoretical and CFD analysis described above. 

The 3D masters were printed with a biocompatible photopolymer resin (Dental LT Resin) 

by using a 3D-printer (Form2, Formlabs) with a resolution of 100 μm.  After printing, the 

masters were washed with isopropyl alcohol for 10 minutes and then photo-cured through 

UV light for 20 minutes in order to eliminate resin residues and to optimize the photo-

crosslinking process, respectively.  Then, a silanization treatment was performed to facilitate 

the successive rapid removal of PDMS replicas from the masters during the replica molding 

(REM) phase [15]. Briefly, it consists in an oxygen plasma treatment for 240 seconds with 

50 W (Tucano plasma reactor Gambetti Kenologia) and in the vapor phase deposition (p = 

30 kPa) for 30 minutes of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTS) 

antiadhesive agent (Sigma-Aldrich). 



 

 

 

 

 

6.4.2.2 PDMS molding 
Positive replicas were fabricated in PDMS (Sylgard® 184 Silicone Elastomer Kit, Dow 

Corning) by curing the pre-polymer (a mixture of 10/1 w/w base and the curing agent) on 

the printed masters at 60°C for 2 hours, accordingly with the previously described protocol 

[16]. The PDMS mold was removed from the printed master by manually peeling it off 

(demolding). This procedure resulted in replicas with intruded and top-opened channels with 

rectangular cross-sectional geometry, as a result of the negative 3D-printed master. The 

patterned replica was bonded to a PDMS flat layer (i.e. a closing layer of 175 mm x 70 mm 

x 1 mm in size), that was previously fabricated by casting and curing PDMS pre-polymer in 

a proper plastic master fabricated by standard stereolithography. Both masters were then 

reused without additional cleaning processes.  Once demolded, both the fabricated PDMS 

layers were irreversibly sealed together, resulting in a final polymer device. In details, the 

sealing procedure is the following. Firstly, a pre-polymer film was deposited directly on a 

200 mm x 200 mm glass plate, with a thickness lower than 50 μm. Then, the patterned replica 

and coated glass were arranged to allow a fast inking contact (5 minutes) between the open-

side of the replica’s channels and the film. Successively, the replica was manually detached 

from the coated glass and exposed to partial curing at 60°C for no more than 5–8 minutes, 

obtaining a sticky side. Then, the sticky layer was placed in contact with the closing layer 

and bonded together by curing in oven at 60°C for 30 minutes. Finally, the plastic tubes of 

the circuit were connected to the holes at the extremities of the channel and permanently 

sealed by applying the pre-polymer at the interfaces, and by curing it at 60 ˚C for 30 minutes 

to fix the connection. 

 

6.4.2.3 Hydrophilic treatments  
To make a hydrophilic surface layer on PDMS, the native PDMS surfaces were modified by 

oxidation. The oxidation process was firstly performed by plasma oxidation, placing the 

assembled PDMS device in the oxygen plasma chamber for 120 seconds with 50 W [17], 

and then by exposure to an oxidizing solution of H2O:HCl:H2O2 (in a volume ratio of 1:1:5) 

[20]. The PDMS channels were filled with this solution and maintained for 10 minutes at 

70°C, followed by two washes in DI-water, thus resulting in a hydrophilic silanol-covered 

(Si-OH) PDMS surface.  Since in contact with air the PDMS surface reverts to hydrophobic, 

the oxidized channels’ surfaces were treated with a silanization solution of 5% 3-

aminopropyltriethoxysilane (APTES, Sigma-Aldrich) for 20 minutes at 80°C, followed by 

an EtOH rinse to remove the unreacted APTES. The fluidic device was then baked at 80°C 

for 30 minutes in an oven, followed by rinsing with a 1X-PBS (ThermoFisher Scientific) 

solution for 5 minutes. After this procedure, the channels’ surface results in aamino-grafted 

PDMS and glass-like surfaces that remain stable over time [21]. 

 

6.4.2.4 Morphological analysis of the device 
The PDMS patterned replicas were analyzed under an upright epifluorescence microscope 

(BX51, Olympus) to detect that no cracks were formed along channels during the PDMS 

removal process. The optically transparent PDMS device enabled independent channel 

defect or leakage verification using dispensed a dye consisted of 1% methylene blue (Alfa 

Aesar) in deionized water.   

6.4.2.5 Metastatic breast cancer cells circulation   
The device was sterilized in ethanol 70% v/v for 30 minutes followed by rinsing with sterile 

DI water and connected to a syringe pump (Harvard apparatus PHD2000) using connectors 

(Biorad) and Tygon tubes (i.d = 1 mm). To reduce the cell adhesion to the inner surface of 



 

 

 

 

the tubes, these were treated with 1% Pluronic F-127 (Sigma Aldrich) for 30 minutes. MDA-

MB-231 cells (from breast adenocarcinoma) were expanded in Roswell Park Memorial 

Institute medium (RPMI) enriched with 10% Fetal Bovine Serum (FBS), 1% L-glutamine 

and 1% penicillin/streptomycin (all from Sigma Aldrich). The culture media was changed 

twice a week. At confluence, cells were enzymatically detached with 0.05% trypsin, counted 

and injected within the three different circuits, with a 21G needle, at a density of 2 x 105 

cells/ml. The syringe pump flow rate was set at 30 ml/min to reproduce the different WSS 

values. Cells cultured over non-adhesive surfaces were used as static control.   

 

6.4.2.6 Cell viability analysis of recovered cells   
MDA-MB-231 viability after circulation within the device was evaluated through a 

live/dead assay (Sigma Aldrich). Briefly, after 6 hours of culture the same volume of cells 

from different circuits was placed in 96-well plates. Cells were allowed to adhere for 24 

hours, were washed with PBS and incubated in 2 mM calcein AM and in 4 mM EthD-1 in 

PBS for 15 minutes at 37°C in a dark environment, to detect live and dead cells, respectively. 

Cells were washed three times in PBS. Positivity to either staining solution was observed by 

means of fluorescence microscopy (Nikon H550L). Viable cells were counted by using 

Image J® software from binarized images. In particular, cells positive to calcein were 

assessed through image post-processing of binarized images, by calculating the number of 

cells present in the green channel. 

 

6.4.2.7 CFD analysis of cell clusters disaggregation  
The hemodynamic disaggregation of CTC clusters due to the blood flow-associated forces 

was simulated, by considering three different physiological WSS values (2-5-20 dyn/cm2).  

Each cluster circulating in the vascular system was assumed as a fluid with physical 

properties, such as density, dynamic viscosity, etc., equal to those typical of the clusters. In 

particular, the values were set considering the spatial average values of the cluster.  Thus, 

the clusters motion and disaggregation within the blood vessels were simulated by 

considering the flow of two different immiscible fluids, one representing the blood and the 

other one representing the clusters. Accordingly, a two-phase flow model was set up by 

combining the Laminar Fluid Flow module with the Level Set one of Comsol Multiphysics 

5.5, following a computational approach recently proposed and adopted by Phillips and 

colleagues [37].  In fact, the level-set method was used to track moving interfaces in fluid 

flows models taking into account differences in fluids densities and viscosities, and also 

including the effects of surface tension, by solving the transport equation for the level set 

function ϕ (4):   
𝜕𝜙

𝜕𝑡
+ 𝒖 ∙ 𝛻𝜙 = 𝛾 𝛻 ∙ (𝜀 𝛻𝜙 − 𝜙 (1 − 𝜙)

𝛻𝜙

|𝛻𝜙|
)         (4) 

where γ is a reinitialization parameter, set to the maximum expected velocity magnitude, 

and ε the interface thickness controlling parameter, set to hmax/2 where hmax is the 

maximum element size in the component.  Since the velocity field is not divergent, a 

conservative level set method was adopted because it perfectly conserves the mass of each 

fluid, even if the computational time is longer.  Moreover, in most level-set methods the 

right-hand side of (4) is zero, but in the current method it was necessarily filled to keep 

numerical stability and interface thickness [38].  The auxiliary function ϕ (5) varies smoothly 

from 0 (fluid 1) to 1 (fluid 2), passing through the interface where it is equal to 0.5.    

𝜙 =  {

< 0.5           𝑤𝑎𝑡𝑒𝑟 (𝑓𝑙𝑢𝑖𝑑 1)
0.5                         𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

> 0.5          𝑐𝑙𝑢𝑠𝑡𝑒𝑟 (𝑓𝑙𝑢𝑖𝑑 2)
                       (5) 



 

 

 

 

Finally, the incompressible formulation of the Navier-Stokes equation solved for the laminar 

flow regime becomes:   

𝜌 (
𝜕𝒖

𝜕𝑡
+ 𝒖 ∙ 𝛻𝒖) = 𝛻 ∙ [−𝑝𝑰 + 𝜇(𝛻𝒖 + 𝛻𝒖𝑻)] + 𝑭𝑠𝑡, (6) 

where ρ is the density, μ the dynamic viscosity and Fst the surface tension force, which 

allows the model to incorporate the cluster deformability, defined as:   
𝑭𝒔𝒕 = 𝜎𝛿𝑘𝒏 + 𝛿 𝛻𝑠𝜎,         (7) 

where σ is the surface tension coefficient, n the normal to the interface and k the curvature:   
𝑘 = −𝛻 ∙ 𝒏,            (8) 

δ a Dirac delta function located at the interface and ∇s the surface gradient operator:   
𝛻𝑠 = (𝑰 − 𝒏𝒏𝑇)𝛻.   (9) 

The density is a function of ρ1 (1000 kg/m3) and ρ2 (1500 kg/m3) [39], densities of fluid 1 

and fluid 2 respectively, defined as:   

𝜌 =  𝜌
1

+ (𝜌
2

− 𝜌
1
) 𝜙, (10) 

whereas, the dynamic viscosity, also depending on ϕ, is a function of μ1 (0.001 Pa∙s) and μ2 

(1.36 Pa∙s) [37], dynamic viscosities of fluid 1 and fluid 2 respectively, given by:   

𝜇 =  𝜇 
1

+ (𝜇 
2

− 𝜇 
1
) 𝜙.         (11) 

As initial conditions the velocity field and the pressure of each fluid were considered null, 

whereas a no-slip condition for boundaries was fixed.  The computational domain was 

designed to reproduce a single device channel characterized by rectangular shape with 1 mm 

of width and 120 mm in length. To avoid high computational timing, the geometry was 

implemented in two dimensions.  In order to obtain the three different levels of WSS within 

the channels (2-5-20 dyn/cm2), at inlet an inflow laminar rate was set to 2-5-20 ml/min 

respectively (1).  A user-defined unstructured triangular mesh was used. In particular, an 

interface refinement and a boundary layers elements densification were performed by 

splitting them.  Finally, in order to automatically initialize the level-set variable, a Phase 

Initialization study was performed and then a Time Dependent step was implemented, since 

the position of an interface always depends on its history. 

 

6.4.2.8 Experimental analysis of cell clusters disaggregation   
Clusters of MDA-MB-231 were generated by detaching 80%-confluent monolayer of cells 

with trypsin for 1 minute. Clustered MDA-MB-231 were then counted and injected within 

the three different circuits, with a 21 G needle, at a density of 1 x 103 clusters/ml. The same 

needle was used to add the clusters suspension in a non-adhesive 96-well plate as static 

control. The same procedure was also performed to remove the clusters from the device and 

the non-adhesive static control after 6 hours of circulation.  Samples were then observed 

under the microscope. Images obtained by an optical microscopy were analyzed through 

ImageJ® software, to quantify morphological features of the clusters after circulation. In 

particular, the following morphological parameters were measured: cluster size, defined as 

the diameter of the cluster calculated as the average between the major and minor axis 

length; cluster area; circularity, defined as 4πarea/perimeter2; and perimeter. Quantification 

of the clusters diameter, area, circularity and perimeter was performed with ImageJ® on 

thresholded images through a semiautomatic image postprocessing of binarized images. 

Within each experiment, the same threshold was used for all the conditions. 

 

6.5 Results 
 

6.5.1 Theoretical and CFD analysis 



 

 

 

 

Three distinct circuits composed by ramified vessels have been designed within the device 

to simultaneously and independently reproduce three different levels of WSS, resembling 

the human vascular system.  Based on the theoretical mathematical model, the number of 

designed ramifications is 10 for the first circuit, 2 for the second circuit, and 1 for the third 

one (Figure 31), to obtain with a unique flow rate the desired physiological WSS values of 

2, 5, 20 dyn/cm2, corresponding to those present in veins, arteries and capillaries. 

 

 
Figure 31:  SS profiles of the fluid flows. SS profiles of the fluid flow within the channels with an inflow 

rate of 30 ml/min. 

To predict the fluid dynamics within the circuits, a computational analysis of the fluid 

dynamics within the device was performed, and the WSS values within the microfluidic 

vessels evaluated.  Figure 31 reports the different WSS values at the three levels of 

ramifications. The figure shows that the desired values of WSS are obtained by setting at 

inlet the same flow rate at 30 ml/min, as anticipated by the theoretical model.  Table 12 

reports the shear stress in the microfluidic vessels for the flow rate tested in this work. The 

shear stress values obtained from the simulations are close to the ones predicted with the 

theoretical model, showing the good reliability of the model. 

 
Table 12: Wall Shear stress within three different ramifications. 

 
 

6.5.2 Device Fabrication 
 

The fluidic system was composed of different parts: the PDMS micro-channel device; plastic 

tubes physically connected to the device which allows cells circulation; a syringe pump 

which drives the fluid flow.  To simultaneously reproduce different hemodynamic WSS on 

a single device, the microfluidic device developed in this study comprises three independent 

circuits composed of ramifications of channels connected respectively to three inlets and 

three outlets.  The specific pattern of three independent circuits—composed of ramifications 

of channels connected respectively to three inlets and three outlets was designed according 

to the theoretical and CFD analysis.  We utilized a procedure based on 3D-printing and soft-



 

 

 

 

lithography techniques to fabricate the flow circuits in PDMS (Figure 32), ensuring a well-

defined size and shape of channels with optical transparency (down to 280 nm). 

 
Figure 32: PDMS device fabrication process. Schematic representation of the fabrication process of the 

device. 

In particular, after the designing step, the channels pattern was converted into 3D-printing 

code and printed under precise digital control as a solid polymeric three-dimensional master 

(Figure 32). The master contained extruded tube-shaped structures of rectangular cross-

section with 1 mm × 3 mm in size and 120 mm in length. The device was then realized in 

PDMS by curing the pre-polymer on the printed template, then the PDMS mold was 

removed from the printed masters by manually peeling it off.  After completing this reliable 

manufacture process, a fluidic device (175 mm × 70 mm × 4.5 mm) was realized in PDMS 

(Figure 33A), to guarantee low cost, biocompatibility, gas-permeability and robustness. In 

particular, the channels were deep 3 mm to avoid their collapse during fabrication. 

 

 
Figure 33: PDMS multi-channel device. Pictures showing (a) the 3D fluidic PDMS device with 

different ramifications of channels, inlets/outlets are permanently connected to tubes, (b) the same 

channels filled with a blue dye to demonstrate absence of leakage and (c) the cross-section of a PDMS 

channel. 

Before and after sealing, we analyzed the integrity of the channels by injecting methylene 

blue and observing under an upright epifluorescence microscope. No entrance of methylene 

blue dye was observed into the walls of channels and the seal areas (Figure 33B). A cross-

section of the channels made in PDMS after removal from the mold was evaluated (Figure 

33C) and show the successful realization of 1mm wide channels. 

 



 

 

 

 

6.5.3 Cell viability   
 

MDA-MB-231 cells were cultured within the fluidic device to validate the system and 

analyze the effects of WSS on CTC viability. After 6 hours of circulation within the device, 

the cells were collected and re-plated in multi-well plates. Image post processing was 

performed to quantify the number of viable cells. Cell viability was inferred from the number 

of green (viable) cells for each sample, respectively to the number of viable cells in the static 

control.  The fluorescent micrographs showed that a low WSS (2 dyn/cm2) didn’t 

significantly affect cell viability, being most of the cells alive and thus able to adhere unto 

plastic surfaces, compared to the static control. Moreover, results showed that high WSS 

affected cell survival: in particular, after 6 hours of circulation at 20 dyn/cm2 the cells 

recovered and adhered in multiwells were less in number, as effect of a reduced viability 

(Figure 34). 

 

 
Figure 34: Cell viability. (a) Cell viability measured by live/dead staining of cells replated after 6 hours 

of circulation (b) Quantitative analysis of the images. Values are reported as mean ± s.d., N = 4. 

Student's t-test. ***P < 0.001. 

6.5.4 Cell clusters CFD simulations   
To reproduce CTC clusters disaggregation, depending on the WSS level experienced by the 

clustered cells, mathematical simulations were performed in a two-dimensional (2D) domain 

mimicking a single micro-channel of the device.  Therefore, three different physiological-



 

 

 

 

relevant WSS conditions (2, 5, 20 dyn/cm2) were investigated. Since each cluster was 

represented by a fluid, we implemented a two-phase flow model by using Comsol 

Multiphysics 5.5.  Figure 35shows the different SS effects on CTC clusters. In particular, 

based on the simulations, increasing SS levels should induce a major cluster disaggregation. 

Under a WSS equal to 20 dyn/cm2, the clusters disaggregation gives origin to bigger newly 

derived clusters, thus highly reducing their original size; while when the WSS is lower (5 

dyn/cm2), smaller derived aggregates are observed. Moreover, no significant differences 

can be noticed between the 2 dyn/cm2 condition and the control one (no SS). 

 

 
Figure 35: CTC clusters disaggregation. Fluid-dynamic simulation of CTC clusters disaggregation 

process under fluid flow with (A) one and (B) two clusters circulating. Clusters shape inside the vessel 

is reported at different time points: t = 0, 0.02, 0.04 and 0.06 s. 

Furthermore, it can be observed how the clusters align along the flow direction to decrease 

their hydrodynamic resistance in the first instants of experiment simulated (Figure 35). In 

addition, such mechanism is more evident as SS raises. In a recent study, this process was 

experimentally observed in human CTC clusters in xeno-transplanted zebrafish, where CTC 

clusters reduced their flow resistance by reorganizing into single-file chain-like clusters 

[40]. 

 

6.5.5 Cell clusters experimental analysis   
 

The here proposed fluidic device was adopted also to culture tumor cell clusters, for 

resembling the in vivo pathological conditions. To this aim, the role of WSS on cluster 

disaggregation was also experimentally investigated.  Higher WSS levels increased the 

disaggregation of cell clusters recovered after 6 hours of circulation, as predicted by the 

CFD analysis (Figure 36). At low WSS (2 dyn/cm2) a poor reduction of cluster size was 

observed. At high WSS (20 dyn/cm2) very few and small clusters were observed and 

recovered. 



 

 

 

 

 

 
Figure 36: Clusters size reduction at different shear stress levels. Clusters size reduction after 6 hours 

of circulation at different shear stress. 

Clusters size, area, perimeter and circularity after circulation at different SS were quantified 

through image post processing (Figure 37). It was found that after 6 hours of circulation at 

20 dyn/cm2 there was a significant reduction of the clusters size up to reach a reduction of 

about 70% respect to the static control. Moreover, the clusters area and perimeter decrease 

by incrementing the values of SS confirming that higher values of SS were able to 

increasingly disaggregate the CTC clusters. 

 

 
Figure 37: Quantitative analysis of the CTC clusters images. Values are reported as mean ± s.d., N = 

4. Student's t-test. * P<0.05; ***P < 0.001. 

Interestingly, it can be observed a reduction of circularity after 6 hours of culture for 2 

dyn/cm2, indicating a kind of cluster elongation for low values of WSS, while smaller 

clusters (WSS>2 dyn/cm2) were characterized by a higher circularity and rounded shape. 
 

6.6 Discussion 
 

In the present work a micro-fluidic device able to simultaneously reproduce different 

physiological SS was designed and fabricated. During the first phase, theoretical and CFD 

models were respectively implemented. They allowed the design of three independent 

circuits composed by a set number of ramified channels. The number of ramifications at 



 

 

 

 

each entry was determined to obtain within the same fluidic device the SS values reached in 

vivo in capillaries, veins and arteries that together form the blood vessel circulation feeding 

tissues and organs. In the different anatomical sites of the vascular tree (i.e. capillaries, veins, 

arteries) shear stress are deeply different, reaching the highest values both in arteries, mostly 

due to the high flow velocities values close to 100–500 mm/s (8), and in capillaries where 

blood velocities are 3 orders of magnitude less but the vessel geometrical dimensions are 

significantly smaller. Therefore, decoupling in vivo the distinctive role of shear stress and 

velocities on CTCs behavior is still an open issue. For these reasons, we here have developed 

an alternative in vitro approach aimed to properly tune the number of ramifications for 

reducing the velocities differences in the three independent circuits, that are within the veins 

range (10–200 mm/s), and better understanding the role of the shear stresses.  The technique 

adopted for the device fabrication is 3D printing combined with soft-lithography. Although 

both 3D-printing and the PDMS-molding procedures require individual skill and expertise, 

they were combined to boost the respective advantages offered by 3D-printing in terms of 

time efficiency and complexity of the models and by PDMS-molding, due to the superior 

physico-mechanical properties of PDMS as substrate for microfluidic applications [41]. The 

fluidic device here fabricated is optically transparent and sufficiently thick to sustain 

pressures necessary to perform dynamic experiments and, at the same time, to allow 

microscopic observation.  For this application, it was also necessary to make each PDMS 

channel hydrophilic. since the cell culture medium should easily be injected and flow within 

the channels. This is challenging, due to the fast hydrophobic recovery of the PDMS surface 

after modification [42]. We used plasma treatment combined with the exposure to an 

oxidizing solution, and a coating with APTES aminosilane compound, to provide a 

hydrophilic functional film covalently bonded to the PDMS surfaces. In fact, such treatment 

reduces the nonselective adsorption of hydrophobic molecules, which is a typical limit of 

the hydrophobic nature of PDMS [43]. Among various methods, we opted for this one since 

it is suitable for a fully bonded fluidic device and ensures hydrophilicity over an extended 

period of time.  As first validation, we tested the viability of CTCs within the device, 

subjected to the different WSS reproduced.  The results obtained are consistent with previous 

studies reporting a decreasing cell viability along with increased WSS values of stimulation 

[11,36]. In particular, it was previously shown that MDA-MB-231 cells viability was about 

85% and 60% after 4 hours of stimulation with WSS of 15 and 30 dyn/cm2, respectively 

[11]. In this context, the molecular pathway of WSS-mediated apoptosis was clarified by 

Hope et al. [44]. In particular, they identified mechanosensitive ion channels called Piezo1 

as key players in WSS-induced TRAIL-mediated apoptosis of cancer cells (COLO 205 and 

MDA-MB-231 cell lines), decoding one of the possible WSS-induced mechanism impairing 

CTCs survival in the bloodstream.  Interestingly, in a further study it was also demonstrated 

that if most of highly aggressive metastatic breast cancer cells were resistant to physiological 

WSS (15 and 30 dyn/cm2), these stimuli could kill non-metastatic breast cancer cells 

(MCF7) by inducing apoptosis [36].  Moreover, the fluidical stimuli have a role also in the 

survived CTCs extravasation potential, even if the exact mechanisms are still not fully 

understood [32,45]. In particular, a recent work reported that cancer cell migration efficacy 

was 3-fold higher after a fluidic stimulation with a WSS of 15 dyn/cm2 if compared to a 

static control group [32].  Along this line, WSS around 15 dyn/cm2 seemed to promote also 

metastatic cells adhesion to extracellular matrix and endothelial monolayer. This means that 

WSS also conditions the effective adhesion of the extravasated tumor cells to a secondary 

organ with a pro-metastatic effect [33].  Therefore, these studies together with our work 

suggest a dual role of WSS on CTCs: if it has the capability to kill CTCs in circulation, it is 

also able to modulate the aggressiveness of the survived cells, fostering their capability to 

migrate, extravasate and adhere to a metastatic site.  Other studies showed the importance 



 

 

 

 

of increasing the level of complexity of the model. In fact, in a recent work authors examined 

the fluid WSS effects on CTC clusters by realizing a spheroid-based 3D mono and co-culture 

model formed by prostate cancer cells and cancer associated fibroblasts (CAFs), 

respectively. They demonstrated that CAFs play a pivotal role in promoting CTC survival 

and migration during the vascular transport, conferring shear resistance to CTC clusters 

through heterotypic cell-cell interaction [46].  However, despite recent advances in the 

understanding of biological features of CTCs, the effects of physiological WSS levels on 

single and clustered CTCs remain to be investigated.  In this context, our device may 

represent a valid system to study the hydrodynamical effects of the blood flow on human 

single or aggregated CTCs (Figure 38) and where also different co-cultures or cells derived 

from metastatic patients can be incorporated and analyzed. 

 

 
Figure 38: SS induce CTC clusters disaggregation. Schematic representation of the observed effects of 

increasing levels of SS on the disaggregation of CTC clusters. 

Furthermore, CFD simulations, based on the laminar two-phase modelling, were coupled to 

an experimental approach to investigate the hemodynamic disaggregation of CTC clusters 

in response to different physiologically relevant WSS within the vessels.  In the past years, 

the CTCs and CTC clusters dynamics within the vasculature was modeled with other 

mathematical models, for example by adopting the analytical Green’s function formulation 

[47], where CTCs are designed as non-deformable particles, or by using the immersed finite 

element method (IFEM) [18], which takes into account the Young’s module of the CTC. 

However, in this works CTCs were modeled as spheres composed of a simple linear-elastic 

material and the CTC clusters as aggregations of spheres with a non-deformable structure. 

Therefore, it was not possible to evaluate the possible CTC clusters morphology changes 

that can be induced by the blood flow-associated stimuli within the bloodstream, such as the 

shape reorganization into single-file chain-like geometries that substantially reduce the 

clusters hydrodynamic resistance [40], by using this computational approach.  Hence, in our 

work, we employed the laminar two-phase modelling, provided by Comsol Multiphysics, 

following the approach proposed by a recent paper which adopted this method to in silico 

study the CTC clusters circulation and deformability within the vasculature [37]. In 

particular, each CTC cluster circulating was assumed as a fluid immiscible with the primary 

one (i.e. blood) with physical properties, such as density and dynamic viscosity, known from 

the literature [3,37,39]. Importantly, the two-phase model allowed to take into account the 

CTC cluster membrane deformability by considering a surface tension at the interface 

between the two fluids and thus to investigate the CTC cluster deformation, reorganization 

and disintegration in response to different physiologically relevant WSS.  Here, the results 

suggest that in our model the WSS has a role on the disaggregation of CTC clusters, as 



 

 

 

 

resumed in Figure 35and experimentally shown in Figure 36. Specifically, MDA-MB-231 

clusters were injected within the three independent circuits and their morphology after 6 

hours of dynamic culture was observed.  In particular, while the clusters size decreases by 

increasing the values of WSS, an increased circularity of the clusters was observed. This 

observation can suggest that the cells within the aggregates were subjected to a kind of 

elongation aligning in the direction of the flow at low WSS, to then disaggregate at higher 

WSS values assuming the original more rounded conformation.  The capability of clusters 

to modulate their morphology in transit has already been demonstrated [40]. It was shown 

that clusters act as individual cells in series, which elongate to pass through capillary-size 

vessels, to then reform into the typical “rounded” organization.  Accordingly, from our 

results it can be hypothesized that at low WSS values (2 dyn/cm2) CTC clusters undergo 

reorganization forming chain-like structures in order to escape to the blood flow-associated 

forces avoiding the disaggregation process. On contrary, at higher WSS (> 5 dyn/cm2) 

cluster cells disaggregate by assuming their original rounded morphology. 
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Chapter 7 

A multi-organ-on-chip to recapitulate the infiltration 

and the cytotoxic activity of circulating NK cells in 3D 

matrix-based tumor model 

 

7.1 Abstract 
 

The efficacy of immunotherapy for cancer treatment relies heavily on the interaction 

between immune cells and cancer cells. However, conventional in vitro cell cultures lack 

the complexity and dynamic nature of the tumor microenvironment, while animal models 

do not accurately reflect the anti-tumor activity of the human immune system. Therefore, 

the development of reliable preclinical models is essential for screening immunotherapeutic 

approaches. Here, it is presented an organ-on-chip (OOC) approach that recreates the 

migration of Natural Killer (NK) immune cells in a physiologically flowing environment, 

their infiltration within a 3D tumor matrix, and activation against neuroblastoma cancer cells 

in a humanized setting. The circulating NK cells actively migrate towards the tumor niche 

and maintain their ability to interact with matrix-embedded tumor cells, leading to a 

cytotoxic effect (tumor cell apoptosis). The phenotype of the NK cells is also examined since 

it correlates with prognosis and response to immunotherapy. The model reveals a significant 

decrease in CD16-positive NK cells within the migrated and infiltrated population. The 

proposed immune-tumor OOC-based model is a promising approach for faithfully 

replicating human pathology and efficiently testing immunotherapies, potentially in a 

personalized manner. This immune-organ on chip approach can recreate the tumor-mediated 

infiltration of circulating immune cells within a 3D tumor model. 

 

7.2 Introduction 
 

Immunotherapies represent one of the current most promising challenges in cancer 

treatment. These are based on the concept of boosting the host’s immune system toward the 

elimination of cancer and include several strategies such as the use of monoclonal antibodies 

(mAb) targeting tumor-associated molecules or blocking immune checkpoints, anti-cancer 

vaccines and cell-based therapies (Ringquist et al., 2021; Shelton et al., 2021). The success 

of immunotherapeutic approaches aimed to unleash the activity of cytotoxic cells such as 

CD8+ T lymphocytes or Natural Killer (NK) cells strictly depends on their interaction with 

cancer cells and other immune cells. Such interaction might be profoundly affected by the 

highly complex niche of the tumor microenvironment (TME), which is populated by 

different type of cells (i.e., stromal cells, tumor cells, immune cells), interconnected within 

a complex three-dimensional vascularized matrix. Given these premises, the development 

of reliable preclinical human models has become crucial for the assessment of the best 

immune therapeutic approaches (Boucherit et al., 2020; Ando et al., 2021; Ringquist et al., 

2021).  To date, preclinical safety and efficacy assessment of immunotherapies are carried 

out through 1) extensive in vitro cultures, addressing the cellular and molecular basis of 

immune responses, cancer initiation and development, and its interactions with immune cells 



 

 

 

 

2) in vivo xenografts and genetically engineered animal models, for a necessary systemic 

contextualization. However, both approaches show limitations. Conventional in vitro 

models use 2D cultures that under-represent the complexity of the TME (three-

dimensionality, shear stresses due to fluidic exposure, irroration affecting molecule 

distribution) (Rodrigues et al., 2021). On the other side, the animal models classically used 

in oncology often rely on immunodeficient mice xenografted with human cell lines or 

patient-derived tumor cells (PDX). These models, although useful for testing anti-tumor 

drugs, do not allow to obtain information regarding the anti-tumor activity of the human 

immune system. Other in vivo approaches are based on syngeneic mice with a fully 

competent immune system with results that not always recapitulate the human setting 

(Franklin et al., 2022). The more sophisticated and informative animal models to date are 

the so called “humanized mice” having a human HSC-derived immune system which can 

be engrafted with human tumors. However, some limitations are related to the often 

incomplete reconstitution of the human immune system, in terms of cell lineage 

development, wrong proportion of the various immune cell subtypes and degree of their 

activity and maturation. These defects are due to the presence of a mouse-specific 

microenvironment lacking human stroma and growth factors (Cogels et al., 2021). 

Moreover, such models are very expensive, time-consuming, and hardly usable in 

personalized medicine.  Therefore, 3D, human in vitro tumor models, including spheroids 

and organoids, as well as microfluidics approaches integrating the human immune 

components, are increasingly being developed and adopted (Rodrigues et al., 2021; Vitale 

et al., 2022). 3D tumor models have advantages over conventional 2D cultures, such as an 

increased cellular and architectural cancer complexity, like the presence of a biomimetic 

TME with the proper chemical and biomechanical features (Cavo et al., 2016), beside to the 

possibility of coculturing stromal, endothelial and cancer cells where cells can migrate and 

infiltrate in a 3D space. Moreover, from a technical point of view, the adoption of 3D cancer 

models allows to scale up cell yields, with a sample size compatible with a wide variety of 

standard downstream analysis, such as molecular and cytofluorimetric analysis, beside 

immunohistochemistry maintaining a possible anisotropic cells behavior (Ballester-Beltran 

et al., 2015).  The arising microfluidic platforms display the potential to recapitulate the 

physiological blood flows affecting the survival of circulating tumor cells (Marrella et al., 

2021a), the intra/extravasation of circulating cells (tumor cells or activated immune cells), 

besides a reliable drug distribution (Marrella et al., 2021b). However, some microfluidic 

models used to co-culture immune and tumor cells in physically separated compartments 

are currently adopted in static conditions (Lee et al., 2018). Moreover, the over-

miniaturization of some organ on chips (OOC) allow to host only few cells and very small 

amount of tumor samples, thus limiting the downstream analytical approaches.  From a 

manufacturing point of view, the conventional OOC models and microfluidic models under 

development are typically fabricated using the polydimethylsiloxane (PDMS) elastomer, in 

which UV lithography is utilized to create an overall chip architecture with microscale fluid 

channels across the compartments where few microliters of media circulate without any 

sampling/injection port (Amin et al., 2016; Lee et al., 2018). Besides suffering the difficulty 

of mimicking the complex structures of the microenvironment in vivo (Amin et al., 2016), 

these PDMS-based devices lead to the adsorption of small hydrophobic compounds on the 

chip, causing the reduction of their bioavailability, finally resulting in issues in terms of 

cellular responses and/or bias in biochemical analysis.  In this paper, we present a unique 

and promising approach aimed at recapitulating the immune cell infiltration and activation 

against cancer cells in a humanized, fluid-dynamic and 3D environment. An organ-on-chip 

technology (MIVO®) has been recently adopted by authors for recapitulating the systemic 

administration of anticancer drugs and for carrying out efficacy assays in comparison with 



 

 

 

 

the standard xenograft model, demonstrating the high predictability of this in vitro 3R 

approach (Marrella et al., 2021b). Similarly, the same technological platform has been 

adopted for culturing aggressive breast cancer models and recapitulating the cancer cells 

migration and infiltration in the fluid flow circuit, which represents the first physio-

pathological step towards the metastatic onset (Cavo et al., 2018). Here, the generation of a 

humanized and immunocompetent in vitro cancer model (Marrella et al., 2019), where tumor 

cells are cultured in a compartment physically separated through a porous permeable 

membrane from the fluid flow compartment, relies on the capability to emulate the 

microcirculation as well as the circulatory behavior of immune cells within the TME. The 

possible access to both the tumor and the circulating compartments allows to monitor and 

quantify the changes that occur in the TME (soluble molecules, cell death, tumor cell 

invasion), in circulating immune cells, and potentially in additional compartments 

physically connected each other through the circulating fluid flows (i.e., evaluation of the 

metastatic site). The flexibility of this approach carries the important potential of better 

recapitulating a clinical scenario, opening the way for a more reliable platform for 1) a 

personalized investigation of the specific migratory and infiltrative capacity of immune 

cells, 2) the analysis of the anti-tumor activity of both drug-based and cell-based therapies, 

3) the investigation of the effects of tumor-immune cell cross-talk often leading to the onset 

of resistant tumor variants (Bottino et al., 2021).   

 

7.3 Materials and Methods 
 

7.3.1 Cell cultures 
 

The MYC-N amplified neuroblastoma (NB) cell line HTLA-230 was provided by Dr. E. 

Bogenmann (Children’s Hospital Los Angeles, CA) (Corrias et al., 1996) and cultured in 

RPMI-1640 medium supplemented with 10% heat-inactivated FCS (Biochrom, Berlin, 

Germany), 50 mg/ml streptomycin, 50 mg/ml penicillin (Sigma-Aldrich), and 2 mm 

glutamine (Euroclone). The cells were cultured in a humidified environment (95% air/5% 

CO2) at 37°C and were used to generate 3D tumor models.  Peripheral blood mononuclear 

cells (PBMCs) were obtained from blood of volunteer healthy donors by Ficoll-Hypaque 

gradients (Sigma Aldrich). NK cells were purified by using the NK-cell isolation kit II 

(Miltenyi Biotec) and were cultured on irradiated PBMCs in RPMI-1640 supplemented with 

10% heat-inactivated FCS, 50 mg/ml streptomycin, 50 mg/ml penicillin (Sigma-Aldrich), 2 

mm glutamine (Euroclone), 600 IU/ml rhIL-2 (Proleukin; Chiron, Emeryville, CA) and 

0.5% v/v phytohemagglutinin (Gibco, Paisley, United Kingdom). After 10 passages, NK 

cells were checked for purity (>95%) analyzing classical NK cell markers (Castriconi et al., 

2007b).   

 

7.3.2 Computational fluid-dynamic simulations  
 

Fluid dynamics within Single-Flow MIVO® device was investigated to predict 1) the fluid 

velocity profiles within the device and 2) the fluid flow-driven NK cells trajectories.  First, 

the analysis was performed by using the Single-Phase Laminar Fluid Flow model of Comsol 

Multiphysics 5.6 assuming 1) a laminar flow regime, 2) an incompressible Newtonian fluid 

(Vitale et al., 2020; Pulsoni et al., 2022). The equations to be solved are the Navier-Stokes 

ones for the conservation of momentum Equation (1) and the continuity law for conservation 

of mass Equation (1):   
  



 

 

 

 

{
𝜌 [

𝜕𝒖𝒇

𝜕𝑡
+ 𝒖𝒇 × (𝛻𝒖𝒇)] = −𝛻𝑝 + 𝜇(𝛻2𝒖𝒇)      (1𝑎)

(𝛻 × 𝒖𝒇) = 0                                                          (1𝑏)

 

where uf is the fluid velocity and p p  the pressure across the circuit. The values of the density 

ρ (1,000 kg/m3) and the viscosity μ (10–3 Pa⋅s) was selected as water at room temperature 

(25°C). A flow rate of 0.3 ml/min was set as input according to the value impose 

experimentally to generate the fluid motion, whereas as output the atmospheric pressure was 

set as null, avoiding a backflow. A no-slip boundary condition was set. Finally, an iterative 

geometric multigrid (GMRES) algorithm was used to solve the equations.  Subsequently, 

the particle tracing module for fluid flow was added to the model to identify the position and 

velocity of the NK cells dispersed in the moving fluid as a function of time. The Newtonian 

model was used to estimate the behaviour of the particles in the fluid flow. Such model is 

based on the conservation of total momentum:   
𝑑(𝑚𝑝𝒗𝒑)

𝑑𝑡
= 𝑭𝒅 + 𝑭𝒈,    (2) 

where mp is the mass of the particle, vp its velocity, Fd and Fg the drag force and the gravity 

force, respectively. The drag force was calculated through the Stokes drag law:  

𝑭𝒅 = 6𝜋𝜇𝑟𝑝(𝒖𝒇 − 𝒗𝒑),    (3) 

 where µ is viscosity defined above, rp is the particle radius (assuming NK cells as spheres) 

equal to 0.006 mm (Dickinson et al., 2015) The gravity force was calculated as:   

𝑭𝑮 = 𝑚𝑝𝒈 
(𝝆𝒑 − 𝜌)

𝝆𝒑
,    (4) 

 where g is the gravity acceleration, ρp the particle density equal to 1,080 kg/m3 (Zhao et al., 

2015) and ρ the fluid density defined above. A rebound condition on the walls was set, 

meaning that the momentum of the particles that encounter the wall is preserved.   

 

7.3.3 3D cultures 
 

Three-dimensional NB models were generated as previously described (Marrella et al., 

2019). Briefly, HTLA-230 cells were resuspended in DMEM (Euroclone) supplemented 

with 10% heat-inactivated FBS, 1% penicillin/streptomycin and 1% glutamine and mixed 

with a 1% alginate solution (1:1 V/V), to obtain a final 0.5% alginate concentration (w/V). 

This cell suspension was dropped into a 0.5 M CaCl2 gelling bath gel spheroids formation. 

The hydrogels were then washed with sterile distilled water and transferred in a 96-well 

plate, cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin and 1% 

glutamine, and 5 mm CaCl2, ensuring gel maintenance.  For the establishment of NK cell 

3D cultures, after thawing NK cells were recovered for 72 h, and then cultured for additional 

24 h in the standard 2D setting (96-well plate) or embedded within the alginate matrix. 

Specifically, the 3D culture was obtained resuspending NK cells in DMEM supplemented 

with 10% FBS, 1% penicillin/streptomycin, 1% glutamine and 600 UI/ml IL2, and mixed 

with a 1% alginate solution (1:1 V/V). The 3D hydrogels were obtained following the 

procedure described above. The cells were then analyzed by flow cytometry in terms of cell 

viability through staining with a Cell Viability Dye.  For NB/NK cell 3D co-cultures, HTLA-

230 cells or NK cells were resuspended in DMEM supplemented with 10% FBS, 1% 

penicillin/streptomycin and 1% glutamine or DMEM supplemented with 10% FBS, 1% 

pen/strep, 1% glutamine and 600 UI/ml IL2, respectively, and then mixed at different E:T 

ratios (1:1; 1:10). The 3D hydrogels were obtained following the procedure described above 



 

 

 

 

and kept in culture over/night before analyzing the expression of the NK marker CD16 

through flow cytometry.   

 

7.3.4 Dynamic culture  
The dynamic co-cultures were performed by using the Single-Flow MIVO® device, with 

the aim to recapitulate the complexity of a 3D, dynamic TME. NK cells were counted, 

eventually stained with CFSE Cell Proliferation Kit (ThermoFisher Scientific), resuspended 

in RPMI-1640 medium (Euroclone) supplemented with 10% FBS, 1% 

penicillin/streptomycin, 1% glutamine and 600 UI/ml IL2, and loaded within the MIVO® 

chamber (1.5 ml/chamber), to get an effector: target (E: T) ratio of 10:1 with tumor cells. 

The circulation of NK cells was allowed by a pumping system, through the imposition of a 

fluid flow rate of 0.3 ml/min, simulating capillary flows, while 3D NB hydrogels were 

cultured with the maintenance medium physically separated through a permeable porous 

membrane.  For extravasation experiments, after 4 h dynamic co-culture, both circulating 

(within the capillary circuit) and extravasating (within the tumor niche) NK cells were 

harvested and counted by means of a hemocytometer. NK cells were also cultured when the 

MIVO chamber contained either DMEM w/o supplement (negative control) or an alginate 

gel w/o NB cells supplemented with 40% FBS as a chemoattractant factor (positive control).   

 

7.3.5 Immunofluorescence analysis of 3D cultures  
 

For 3D dynamic or static NK/NB co-cultures, NK cells were used unlabeled or labeled with 

carboxyfluorescein succinimidyl ester (CFSE) (CellTrace CFSE Cell proliferation kit, 

Molecular Probes). Briefly, NK cells were washed three times with RPMI-1640 and 

resuspended at 1 × 107/ml in the same medium. CFSE was added at the final concentration 

of 100uM and incubated for 10 min at 37°C in water bath. The reaction was stopped by 

adding complete culture medium and cells were washed twice before performing the 

experiments.  For NK cell or NB staining, 3D cultures, either from dynamic or static 

conditions, were washed with a 0.9% sodium chloride solution supplemented with 5 mm 

CaCl2 and fixed in 4% paraformaldehyde supplemented with 1 mm CaCl2. For experiments 

performed with unlabeled NK cells, after incubation with blocking solution (2% BSA, 5 mm 

CaCl2 in 0.9% sodium chloride solution), the hydrogels were stained for the NK-associated 

marker DNAM-1 (Castriconi et al., 2004) (F5, mouse anti-human, IgM) primary antibody 

for 2 h, followed by a goat anti-mouse IgM FITC-conjugated secondary antibody (Southern 

Biotech, Birmingham, AL). Cell nuclei were counterstained with DAPI. The hydrogels were 

mounted on a microscope slide, squeezed with a glass coverslip, and then observed under a 

fluorescence microscope (Nikon ECLIPSE Ts2-FL).  For experiments performed with 

CFSE-labelled NK cells, after incubation with blocking solution (2% BSA, 5 mm CaCl2 in 

0.9% sodium chloride solution), the hydrogels were stained for the NB-specific marker 

GD2, by using a direct Alexa Fluor 647 mouse anti-human Disialoganglioside GD2 (IgG2a, 

BD Biosciences) antibody. Cell nuclei were counterstained with DAPI. The 3D hydrogels 

were layered on a 0.17 mm-thick microscope coverslip (optically clear borosilicate glass) 

and examined on the laser scanning confocal microscope SP2-AOBS (Leica Microsystems, 

Mannheim, Germany), using either a 20x/0.70 (Plan Apochromat) objective or a HCX PL 

APO ×40/0.75–1.25 oil immersion objective, on a DM IRE2 inverted microscope. 

Fluorescent dye excitation was performed using a 488 nm laser for CFSE excitation 

(emission detection range 500–560 nm), a 633 nm laser for Alexa 647 excitation (emission 

detection range 655–760 nm), a 405 nm diode laser for DAPI excitation (emission detection 

range 410–480). Image merging was performed with Leica proprietary software or ImageJ.  



 

 

 

 

To provide a formal proof of the NK cell-mediated tumor killing in 3D cultures, NB and NK 

cells were cultured alone or in co-cultures overnight (E:T 1:1). After cell recovering, cells 

were stained with direct Alexa Fluor 647 mouse anti-human GD2 (IgG2a, BD Pharmigen) 

and direct APC-H7 mouse anti-human CD45 (IgG1, BD Pharmigen) antibodies to 

discriminate NB cells (GD2+CD45−) from NK cells (GD2-CD45+). Then, cells were 

stained with Fixable Viability Stain 510 (BD Horizon) following manufacturer’s procedures 

and analyzed by flow cytometry (FACSVerse flow cytometer-BD).   

 

7.3.6 Flow cytometry analysis  
 

To assess NK cell viability, cells were recovered from the 2D standard (96-well plate) 

culture or from the 3D culture. The latter was achieved by hydrogel dissolution, through 

incubation in an alginate solubilizing solution (0.15 M NaCl, 100 mm trisodium citrate 

dihydrate), for 10 min in a 37°C water bath. Cells were then washed with PBS w/o Ca2+ 

and Mg2+ and stained with a PE-TexasRed Fixable Cell Viability dye (ThermoFisher 

Scientific), following manufacturer’s protocol.  To assess NK cell infiltration within the 3D 

tumor culture, as well as their phenotype, the cells were recovered from the alginate scaffold 

as described above. Cells were also recovered from the medium surrounding the hydrogels 

within the transwell inserts (to analyze extravasated NK cells) and from the circulating 

compartment (to analyze circulating NK cells). The cells were then washed with PBS w/o 

Ca2+ and Mg2+ and incubated with the staining solutions, for 30 min: the cells were stained 

with an anti-human CD45-APC and an anti-human CD16-PacificBlue antibody 

(ThermoFisher Scientific). For the analysis of tumor cell death after dynamic co-culture, the 

cells were recovered from the alginate scaffold and subsequently stained with an anti-human 

CD45-APC antibody and an Annexin V-FITC Apoptosis Detection Kit (eBioscience).  After 

incubation with the staining solution, the cells were washed and run through a 

NovoCyte3000 Flow Cytometer System. Data were analyzed with the NovoExpress 

software (Agilent Technologies).   

 

7.4 Results 
 

7.4.1 Assessment of natural killer cell viability in standard 2D 

culture vs. 3D alginate embedding 
 

High-risk neuroblastoma (NB) is an aggressive, metastatic pediatric cancer difficult to treat 

and still characterized by poor overall survival. We have recently developed an alginate-

based 3D NB culture as in vitro model characterized by a more physio-pathological setting 

showing only a partial overlap with the standard 2D culture in terms of expression of 

immune-related molecules (Marrella et al., 2019). We also demonstrated that the NB cell 

viability and proliferation are preserved after embedding NB cells within the 3D alginate 

matrix.  The aim of the present work is the implementation of such three-dimensional culture 

with features mimicking 1) the dynamic microcirculation within the tumor 

microenvironment and 2) the circulatory behavior of immune cells. Then, a reliable dynamic 

culture, consisting in the 3D NB model cultured with circulating NK cells, has been 

generated as a suitable tool for analyzing immune cell migration and infiltration, as well as 

tumor cell killing.  Given the hypothesis that circulating NK cells could be able to 

specifically infiltrate the alginate-based NB culture, we wanted to verify whether the 

alginate matrix per se could be detrimental for the NK cell viability. NK cells were cultured 

in standard conditions (suspended culture within a 96-well plate) or embedded in the 



 

 

 

 

alginate-based 3D matrix; the cells were then collected from the standard culture by 

pipetting or recovered from the 3D culture through alginate dissolution, stained with a 

Viability Dye, and analyzed by flow cytometry.  In the NK 3D culture, a clear population of 

unstained (thus viable) cells is shown beside to a clear stained population of dead cells 

(Figure 39A); conversely, in the 2D culture the presence of a mid-stained population might 

be indicative of early cell death/structural degradation of the cell, enriching the population 

of non-viable cells (Figure 39A). According to the clearly viable population, a significant 

difference was observed in cell viability between the standard suspended NK culture and the 

3D embedding (Figure 39B,C).   

 

 
Figure 39: 3D alginate embedding does not negatively affect cell viability. NK cells were cultured in 
the standard setting (n = 6) or in 3D alginate hydrogel (n = 6) for 24 h. The cells were then recovered 

and stained with a Fixable Cell Viability Dye (PE-TexasRed). (A) Flow cytometry analysis on NK cells, 

histograms: three distinct populations are observed in the 2D standard culture. (B) Flow cytometry 

analysis on NK cells showing % of low-staining population. (C) Statistical analysis of (B). 

7.4.2 Assessment of natural killer cell viability in standard 2D 

culture vs. 3D alginate embedding 
 

Flow cytometry is one of the most widely adopted approaches for quantitative and 

qualitative assessment of the composition of TME. With the aim to generate a reliable in 

vitro model, to support some preclinical studies in a 3Rs perspective, we wanted to check if 

flow cytometry could be successfully employed to analyze heterogeneous cell populations 

recovered from the alginate scaffold, as a model of a complex 3D tumor. We started by 

analyzing simple NK monocultures. NK cells were cultured in standard 2D conditions or in 

3D embedding over/night, and the cells directly collecting from the cell suspension or 

dissociating the alginate, respectively. We assessed the expression of the NK-associated 

marker CD16, being aware that such marker is highly expressed in polyclonal NK cells 

(Figure 40). Indeed, as expected, we found high percentage (70%) of CD16+ positive cells 



 

 

 

 

(Figure 40A,B). No significant differences were observed between the 2D and 3D culture 

setting in terms of percentage (Figure 2C) of positive cells (69.91% vs. 70.39%). 

 

 
Figure 40: Reliability of flow cytometry analysis after cell recovery. NK cells were cultured in the 

standard 2D setting (A), in 3D alginate embedding (B), or co-cultured with tumor cells in the 3D 
alginate matrix (C). The cells were then recovered and analyzed for the expression of the NK marker 

CD16. (A) CD16 expression on NK cells cultured in standard conditions (96-well plate, n=6). (B) 
CD16 expression on NK cells cultured in a 3D alginate scaffold (n=6). (C) No significant difference in 

CD16 expression is highlighted by flow cytometry in standard vs. 3D culture. (D) CD16 expression on 

NK cells recovered from a 3D alginate-based co-culture with HTLA-230 cells, at different E:T ratios 

(n=12). 

We then prepared cocultures with NK and the HTLA-230 NB cell line, to assess the 

reliability of the staining of hetero-cultures. In particular, we performed cocultures with two 

different effector/target (E: T) ratio (1:1 and 1:10). The lowest NK: NB ratio was specifically 

chosen with the aim to get closer to in vivo scenario where few NK cells generally infiltrate 

the most aggressive solid tumors including NB (Balsamo et al., 2012; Castriconi et al., 2018; 

Melaiu et al., 2020).  We then verified by flow cytometry the percentage of CD16-positive 

cells, gated on total cells. Considering that, in the NK monocultures, approximately 70% of 

the cells show CD16 positivity (Figure 40–C), as expected, we detected around 38% CD16+ 

cells in the 1:1 coculture and around 8% CD16+ cells in the 1:10 coculture. 

 

7.4.3 Assessment of natural killer-tumor cell interaction within the 

3D model 
 

To verify if NK cells could infiltrate the alginate matrix and interact with tumor cells, we 

co-cultured NK cells and NB at different E:T ratios (1:1 and 1:10).  When embedded in the 

alginate matrix, NK cells and tumor cells are homogeneously dispersed in a single-cell 

suspension. To assess the ability of NK cells to move within the matrix for reaching the 

tumor cells, we performed a confocal microscopy analysis. NK cells were labelled with the 

cell tracker CFSE (green) and then co-embedded with the unlabeled tumor cells. Then, the 

3D co-culture was fixed in paraformaldehyde and stained with a mAb specific for the NB-

specific marker GD2 (red). We observed several NK cells start to interact with NB cells 

(Figure 41). 

 



 

 

 

 

 
Figure 41: NK cells and NB cells coembedded in a 3D alginate scaffold. Confocal Microscopy 

Acquisition and Analysis of CFSE-labeled NK cells (green) and GD2-positive NB cells (red) co-

embedded in 3D alginate scaffold and cultured for 24 h. In panel D, nuclei have been stained with 

DAPI. (A) ×20 magnification (representative square field of ×173173 micron); (B–D) ×40 

magnification. Scale bar: 10 micron. 

This leads to a significant tumor cell death paralleled by a high NK cell viability (Figure 42) 

cells co-culture analysis showed that tumor cell death significantly increased when NB cells 

were co-cultured with NK cells in 3D models, indicating that NK cells are able to interact 

and effectively kill tumor cells grown in 3D cultures. As expected, the percentage of dead 

tumor cells in the presence of NK cells was also significantly increased in 2D culture, 

whereas at T = 0 was negligible. Moreover, NK cells recovered from hydrogels showed a 

high viability, demonstrating that 3D alginate spheres are suitable models for testing NK 

cell-mediated immunotherapy. 

 

 
Figure 42: Viability assessment of NB and NK cells in 2D and 3D cultures. (A) Percentage of dead NB 

or NK cells (i.e., Fixable Viability Stain 510 positive cells) recovered from 2D cultures or 3D alginate 
spheres, both in monoculture and coculture, gated on GD2+CD45− and CD45+GD2−, respectively. 

Mean fluorescence intensity with 95% CI is reported (n = 4, *p < 0.05). (B) Representative experiment. 



 

 

 

 

7.4.4 Dynamic culture and assessment of natural killer cell 

“extravasation” 
 

Once we have analyzed the feasibility of 3D cultures in static conditions, we carried out the 

dynamic co-culture by using MIVO®. The dynamic culture has been specifically planned 

to allow the circulation of NK cells below hydrogel-embedded tumor cells (E:T ratio 10:1), 

which are accommodated in a standard 24-well plate transwell insert, fitting the MIVO® 

chamber (Figure 43). 

 

 
Figure 43: Organ on chip platform for immune-tumor cells cross-talk. Representative scheme of the 

experiment: HTLA-230 cells were embedded in a 3D alginate scaffold and cultured above a 

microcirculation of NK cells, for 4 h. 

The device has been connected to a pumping system, which enable the imposition of a fluid 

flow, driving NK cells throughout the circulation, thus mimicking the circulatory system 

within the tumor microenvironment. The MIVO material is PDMS free, to avoid any 

molecule binding issues, and no immune cells adhesion at the walls was observed (data not 

shown). As evidence of that, Computational Fluid Dynamics (CFD) simulations have been 

performed. Results show that velocity values within MIVO® range from 0 to 1.2 cm/s, 

which are characteristic of capillary blood flow, when the imposed inlet flow rate is 0.3 

ml/min (Figure 44A). 

We then verified the ability of NK cells to migrate upward (thus against the gravity force), 

following an active, chemoattractant-driven “extravasation”, with no driving forces 

dependent on the fluid flow per se. To this purpose, additional experimental groups included 

1) a positive control of cell migration (“empty” 3D alginate scaffolds, without tumor cells, 

in culture medium enriched with 40% FBS as a chemoattractant), and 2) a negative control 

(without alginate scaffolds, with culture medium without any chemoattracting supplement). 

The tumor samples were represented by 3D alginate cultures of HTLA-230 cells, kept in 

standard conditions (cell culture medium with 10% FBS). After co-culturing the cells for 4 

h in a dynamic microenvironment, the supernatants into the transwell inserts were collected, 

and the migrated cells were counted by means of a hemocytometer. As shown in Figure 44B, 

we did observe a significant increase of cell migration in the tumor group as well as in the 

positive control, whereas little or no NK cell migration was observed in the negative control 

group, demonstrating an active, tumor-specific, NK cell “extravasation”. The biochemical-

driven specificity of the “extravasation” process is further corroborated by the CFD 

simulation aimed at investigating fluid flow-driven NK cells trajectories: the simulation does 



 

 

 

 

not report cells “extravasation” events from the bottom chamber towards the tumor, because 

of the fluid motion alone, as shown in Figure 44C. 

 
Figure 44: Dynamic culture with circulating NK cells (4 h coculture). (A) CFD simulation of the fluid 

velocity profiles within the organ on chip and the fluid flow-driven immune cells trajectories. (B) 
Tumor-specific NK cell extravasation (neg ctrl: DMEM w/o supplements; pos ctrl: alginate gels w/o 

HTLA-230 cells, plus 30% FBS; HTLA-230 gels with standard 10% FBS) (n = 6). (C) NK cell 

infiltration within the gel, as indicated by DNAM-1-positive cells highlighted by red arrows. 

7.4.5 Natural killer cell infiltration 
 

To understand if the migrated NK cells were capable to infiltrate the 3D tumor despite the 

presence of the alginate matrix, and eventually to interact with tumor cells, we performed 

the same dynamic culture described above. After co-culturing the cells for 4 h under 

microcirculation, the 3D alginate cultures were recovered, fixed with 4% PFA, NK cells 

stained for the DNAM-1 marker (Castriconi et al., 2004), and observed under a fluorescence 

microscopy. As shown in Figure 44D, DNAM-1+ cells were mostly located along the border 

of the gels. This is indicative of the ability of NK cells not only to specifically migrate toward 

the tumor culture, but also to infiltrate the alginate matrix.  The same experiment was 

performed by labelling NK cells with the cell tracker CFSE before the establishment of the 

coculture, and then following their journey toward the NB culture (Figure 45A,B). This 

served also as a proof of concept that all the cells found within the transwell inserts during 

the dynamic culture were CFSE-positive, thus NK only. No tumor cells migrated outside the 

alginate gels, excluding a bias in the quantification of the “extravasation” of immune cells 

(data not shown). After 4 h dynamic co-culture, the 3D alginate gels were recovered, fixed 

and stained for the tumor marker GD2, and observed under confocal microscopy, with the 

aim to highlight possible effector-to-tumor cell interactions. As shown in Figure 45C,D, 

CSFE-positive NK cells were found among the GD2-positive tumor ones within the alginate 

cultures. 

 



 

 

 

 

 
Figure 45: Over/night dynamic co-culture of alginate-embedded neuroblastoma cells with circulating 

NK cells. (A) Representative experiment showing a flow cytometry analysis of the cells recovered from 
the gels. A clear population of CFSE-labelled cells (corresponding to NK cells) is visible in the co-

cultured sample (n = 6). (B) Perfect concordance between CFSE-labelling and CD45 expression (n = 
6). (C AND D) Confocal Analysis of different 3D alginate scaffold isolated from 3D dynamic cultures 

(4 h). Representative confocal microscopy xy fields (370 × 370 micron) acquired in 3D alginate 

scaffolds containing GD2-positive NB cells (red) that were previously embedded in the gel, and 
subjected to 4 h of dynamic flow of CFSE-labeled NK cells (green). Merged fluorescence images show 

that NK cells were able to infiltrate the gel. Scale bar is 50 micron. 

7.4.6 Assessment of the natural killer cell phenotype in circulating, 

extravasating, and infiltrating populations 
 

NK cells being related to a high cytotoxic activity. However, because of the tumor 

microenvironment, the CD16-negative infiltrating NK cells may prevail, which are 

characterized by low-cytotoxicity.  Given these premises, we sought to verify if our dynamic 

culture could recapitulate the selection of a specific NK cell phenotype in the extravasated 

and infiltrated NK cell fraction. We then performed a dynamic culture, incubating HTLA-

230 3D hydrogels with circulating, CFSE labelled NK cells over/night (10:1 E:T ratio). 

Then, we collected 1) the 3D tumor hydrogels, 2) the migrated NK cells, found into the 

transwell inserts, and 3) the circulating NK cells, which were analyzed for CD45 and CD16 

expression through flow cytometry. The hydrogels were dissociated as described above, and 

the single cell suspension was analyzed identifying the CSFE-labelled NK cells infiltrating 

the tumor model. As shown in Figure 45A a clear, although small, CSFE-labeled cell 

population was present within the hydrogel, corroborating the findings (Figure 45C,D) on 

the ability of the “extravasated” NK cells to infiltrate the 3D tumor culture. As a further 

demonstration, CD45 staining confirmed that all and only the CFSE-positive cells were 

belonging to the immunity lineage (Figure 45B).  Moreover, Figure 8 shows the proportion 

of CD45 and CD16 co-expressing NK cells, gated out on the total CFSE-positivity. We 

compared the standard NK culture (positive control), the circulating NK cells recovered 

from the MIVO® devices, the migrated NK cells recovered from the transwell inserts, and 

the infiltrated NK cells recovered from the hydrogels. As highlighted in the representative 

plots in Figure 46A, as well as in Figure 46B, the proportion of NK cells expressing CD16 

is markedly reduced in the “extravasated” and infiltrated groups, if compared with the 

circulating group, which conversely is similar to the standard NK culture. This might reflect 

a preferential recruitment of CD16-negative NK cell population, recapitulating data 



 

 

 

 

observed in different solid tumors (Balsamo et al., 2012; Castriconi et al., 2018; Melaiu et 

al., 2020). 

Finally, we aimed at analyzing the induction of apoptosis in tumor cells, after overnight 

coculturing with circulating NK cells. Figure 46C shows a significant increase in the 

exposure of annexin-V on tumor cells membrane, indicating that the migrated infiltrating 

NK cells are able to specifically induce tumor cell death, thus retaining, at least in part, their 

cytotoxic potential. 

 

 
Figure 46: Phenotypic characterization of the different fractions of NK cells (A) Representative plotes 
showing the phenotypic characterization of the different fractions of NK cells recovered from the 

dynamic culture (infiltrated, extravasated, circulating vs. the standard NK culture) based on 

CD45/CD16 expression, gated on the CFSE-positive population (n = 6). (B) Statistical analysis of 
CD16 expression in the different fractions of NK cells, recovered from the dynamic culture (n = 6). (C) 

Induction of apoptosis in tumor cells, assessed through flow cytometry as annexin-V staining on CD45-

negative cells (n = 6). Control: HTLA-230 3D monoculture. 

7.5 Discussion 
 

The improvement of preclinical cancer models represents the basis for the acceleration of 

the development of more effective and personalized therapeutic strategies, and the reduction 

of clinical failure rate of oncology drugs, mainly due to the lack of both 1) complex clinically 

relevant in vitro models that better recapitulate the physio-pathological features occurring 

in patients (Jardim et al., 2017; Wong et al., 2019; Honkala et al., 2021), and 2) fully 

humanized animal models (Mak et al., 2014; Maulana et al., 2021; Bjornson-Hooper et al., 

2022). For instance, and importantly, immune-oncology therapies would need a fully 

integrated human microenvironment to be tested, given the intricate interplay between the 

different immune cell subsets, tumor cells, and other cells within the TME. Moreover, the 

vascularization state, the accessibility of the tumor bulk and the presence of 

immunosuppressive signals within the human TME must be considered for both drug-based 

and cell-based immunotherapies.  Starting from a two-dimensional “flat biology”, across the 

development of three-dimensional cultures and co-cultures, the current rise of microfluidic 

technologies enables the implementation of a “fourth dimension”, with the introduction of 

fluid flows mimicking the tissue dynamic environment. In this context, the organ-on-chip 

technology represents a new generation of in vitro models, which consists in the realization 

of hyper organized cell cultures building tissue-level structures, the corresponding 

physiological functions (Bhatia and Ingber, 2014; Sontheimer-Phelps et al., 2019) and 

different cellular compartments which can cross-communicate through channels 

interconnection, and/or porous membranes (Maulana et al., 2021).  For instance, the 

cultivation of cancer cells and immune cells in two separated compartments, connected 

through microchannels within the same planar chip, allows the establishment of a 

biochemical gradient for immune cell recruitment from the first chamber toward the side 



 

 

 

 

chamber, hosting tumor cells. However, most of these tumor-on-chip are used either in static 

conditions (Hsu et al., 2012; Businaro et al., 2013; Parlato et al., 2017; Pavesi et al., 2017; 

Lee et al., 2018; Guo et al., 2019; Um et al., 2019; Yu et al., 2019; Ren et al., 2020; Ayuso 

et al., 2021), or through simple gravity-driven flow (Song et al., 2021), or perfusion with 

very low fluid flow rates, being far from physiological conditions. For instance, in a tumor-

on-chip model, Aung et al. perfused T cells applying a fluid flow rate of 50 ul/hr 

(corresponding to 0,8 ul/min) (Aung et al., 2020); similarly, in an immune system-on-chip 

recently developed by Goyal et al., immune cells were cultured through a flow rate of 60 

ul/hr (corresponding to 1 ul/min) (Goyal et al., 2022).  Instead, these devices could be further 

implemented with microfluidic motion, generating more reliable cell culture models with 

shear stresses and stimuli associated with fluid flows mimicking the dynamics of real tissues 

(e.g., interstitial flows, blood flows) as well as the biological and biochemical processes that 

physiologically rely upon dynamic flows (e.g., circulation of immune cells, drug kinetics). 

Here, we provide a fluid-dynamic technology for performing dynamic experiments with a 

300 ul/min flow rate, corresponding to a physiological capillary blood flow velocity 

(Marrella et al., 2020; Marrella et al., 2021b), for mimicking the microcirculation of the 

TME. Specifically, NK cells were driven by the fluid flow motion below the tumor model, 

which was in turn cultured in a 3D matrix. NK cells and the tumor model were physically 

separated in two different compartments through a porous permeable membrane supporting 

the adoption of different culture media (e.g. serum percentage, selective growth factors), 

while NK cells were free to sense the chemo-attractive gradient exerted by tumor cells and 

to actively initiate a spontaneous “extravasation” process toward the tumor cells themselves.  

Importantly, NK cells were able to migrate upward, against the gravity and viscous forces 

exerted by the fluid flow, demonstrating that their migration is specifically mediated by 

soluble factors released by tumor cells, as little or no migration has been observed in the 

negative control group (w/o chemo attractants, w/o tumor cells). In particular, the gradient 

of chemoattractant molecules activates the inner filament network of the cells, leading to a 

cell chemotactic response (Yang et al., 2015). This force that drives the cells to move 

towards the chemoattractant source is also named protrusion force. In our experiments, the 

protrusion force generated by the presence of tumor cells led to a migration of immune cells 

that was significantly higher than that obtained with increased serum percentage in the 

medium, demonstrating for the first time a tumor-mediated migration of immune cells in a 

biologically relevant organ-on-chip platform.  Interestingly, NK cells and tumor cells were 

co-cultured in the dynamic setting in a standard 10:1 E:T ratio (Ayuso et al., 2019; Sargenti 

et al., 2020; Gopal et al., 2021; Morimoto et al., 2021). However, we observed that only 

around 2% of circulating NK cells were able to specifically extravasate in the upper 

compartment, in line with the low number of NK cells generally observed in tumor tissues 

(Balsamo et al., 2012; Castriconi et al., 2018; Melaiu et al., 2020); then, only this cellular 

subset had the potential to really interact with tumor cells, highlighting the limitations of the 

current static co-culture modalities, where often high E/T ratios are used simply adding NK 

cells into the well/circuit, leading to a possible overestimation of their efficacy in tumor 

control. This technical issue of the current approaches might lead to a deep impact in the 

preclinical evaluation of immunotherapies, in which the activation and recruitment of 

specific subsets of immune cells (for drug-based therapies) as well as of infused, often 

engineered cells (for cell-based therapies) represent the crucial first step for their efficacy. 

Furthermore, this may explain at least in part the high success rate of immunotherapies at 

the preclinical level, which is not mirrored by the same success once translated into the 

clinic.  The second step for activated immune cells to be effective against the tumor is their 

capability to infiltrate the tumor bulk, keeping an activation state without being affected by 

the adverse/immunosuppressive signals from the TME. This is, for instance, the main 



 

 

 

 

challenge of CAR-T (and -NK) cell therapy for solid tumors: indeed, despite being 

successful for hematological malignancies, such cell-based therapy has not found a 

successful application for solid tumors yet (Guerra et al., 2021; Kumari et al., 2021). In this 

context, our experiments show that, beside the importance of determining the extravasation 

rate as indicative of immune cell recruitment, it is mandatory to assess the immune cell 

infiltration within real three-dimensional matrix-based tumor cultures, where the chemo-

physics and biomechanics (i.e. stiffness) of the matrix itself better resemble the immune-

tumor cross talk occurring in vivo. Importantly, the over-miniaturization of the “classical” 

microfluidic devices, beside failing in recapitulating the biological and clinical features of 

TME, possibly leads to the underrepresentation of the tumor heterogeneity occurring into 

the clinic. Moreover, this also carries some technical limitations related to downstream 

biochemical assays and to small volumes/bubbles handling (Ayuso et al., 2021; Song et al., 

2021): indeed, the use of very small cell numbers (e.g., 1,000 cells/spheroid (Ayuso et al., 

2019), 2,500 cells/well (Gopal et al., 2021)) and/or very small volumes (e.g., 10–20 ul 

containing 105-2 × 105 cells (Ren et al., 2020)) are not always suitable for standard 

analytical methods such as immunofluorescence and flow cytometry analysis. 

Consequently, the user adaptation to a different cell culture technology, with a less 

comfortable handling with respect to the standard cultures and a narrowed range of 

analytical methods (i.e., often confined to cell imaging) make these microfluidic devices not 

easy to adopt in conventional laboratory practices. On the contrary, following the approach 

here described, 3D cultures were obtained with more cells (min. 3 × 104 cells/matrix) co-

cultured with 10-fold higher NK circulating cells. Furthermore, given the increased sample 

size (up to 5 mm), our experiments represent the proof-of-concept for the use of this platform 

with more complex 3D cultures (i.e., based on bioprinted scaffolds and/or seeded with 

different cell types) to better mimic the TME, as well as with patient biopsies. The latter 

could have a profound impact on personalized screening, for tailoring patients based on the 

better response or for assessing the efficacy of cell-based therapies.  We already 

demonstrated the reliability of alginate-based cultures for different tumors (Cavo et al., 

2018; Marrella et al., 2019; Marrella et al., 2021b), and in particular for NB cultures, where 

the susceptibility to therapies and the tumor cells immune-phenotype were properly 

predicted and recapitulated (Marrella et al., 2019). Here, we demonstrated that the alginate 

matrix is suitable also for culturing NK cells, without affecting their viability or their 

phenotype. Moreover, when NK cells and NB cells were co-embedded in alginate matrix, 

we observed that NK cells retained their ability to interact with tumor cells and to kill them, 

providing evidence of their migratory/infiltrating behavior within the hydrogel. After co-

culturing NK cells and the 3D tumor in dynamic conditions, we also assessed the cytotoxic 

effect of infiltrated NK cells: since we observed a significant increase of annexin-V exposure 

on tumor cells, we demonstrated that NK cells also retained their killing capacity within the 

alginate matrix.  Importantly, we analyzed NK cell phenotype in terms of CD16 expression, 

within the circulating environment (administered NK cells), the migrated and infiltrated 

fractions, after 24 h of dynamic co-culture: we observed a clear decrease in CD16-positive 

NK cells within the recruited populations (both migrated and infiltrated). CD16+ cells 

represent a subpopulation of NK cells displaying cytotoxic activity higher than that exerted 

by the CD16−population (Orange, 2008; Myers and Miller, 2021). Since the infiltration and 

phenotype of NK cells have been correlated with prognosis and response to immunotherapy 

in NB tumors (Melaiu et al., 2020; Szanto et al., 2021), it is crucial to dispose of a preclinical 

model that faithfully recapitulates the human pathology.  In this context, our NB/NK model 

represents a paradigm for the establishment of advanced in vitro models that can be 

efficiently employed for testing immunotherapies also in different tumors, eventually in a 

personalized perspective. Here, by using HTLA-230, a human cell line highly recapitulating 



 

 

 

 

the most aggressive NB disease (Castriconi et al., 2007a), we provided a humanized and 

immunocompetent platform bridging the gap between standard in vitro methods, advanced 

miniaturized organ-on-chips and animal models. With its further optimization by the 

addition of cells and molecules characterizing the TME, this model could be more 

successfully utilized for deciphering or consolidating the mechanisms supposed to drive the 

quality and the amount of human NK cell infiltration in tumors (Castriconi et al., 2013; 

Regis et al., 2017). In the present model this infiltration could depend on the activity of 

factors such as TGF-β, MIF, or VEGF shown to be highly secreted by HTLA-230 cells line 

(Castriconi et al., 2013). Finally, these mechanisms could be finely tuned in combined 

personalized strategies to potentiate the efficacy of immunotherapies. 
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Chapter 8 

A Human Ovarian Tumor & Liver Organ-on-Chip for 

Simultaneous and More Predictive Toxo-Efficacy Assays 

8.1 Abstract 
 

The limited success rate of clinical trials in oncology is due to the inadequate predictability 

of preclinical assays, which fail to replicate the complexity of human tissues (in vitro tests) 

or produce species-specific outcomes (animal testing). Therefore, the development of new 

approaches is necessary to better evaluate novel anti-cancer treatments. In this study, a 

multicompartmental organ-on-chip (OOC) platform was used to connect 3D ovarian cancer 

tissues to hepatic cellular models and mimic the systemic administration of cisplatin to 

investigate drug efficacy and hepatotoxic effects in a physiological context. Computational 

fluid dynamics was used to impose capillary-like blood flows and predict cisplatin diffusion. 

After conducting a cisplatin concentration screening using 2D/3D tissue models, 

cytotoxicity assays were performed in the multicompartmental OOC and compared with 

static co-cultures and dynamic single-organ models. Increasing cisplatin concentration 

resulted in a linear decrease in SKOV-3 ovarian cancer and HepG2 liver cell viability. 

Additionally, the 3D ovarian cancer models displayed higher drug resistance than the 2D 

model in static conditions. Importantly, the experimental approach combining 3D culture, 

fluid-dynamic conditions, and multi-organ connection showed the most predictive toxicity 

and efficacy results when compared to clinical therapy. This demonstrates that OOC-based 

approaches are reliable alternatives to the 3Rs (Replacement, Reduction, Refinement) in 

preclinical research. 

 

8.2 Introduction 
 

In medical and pharmaceutical research, there is an urgent challenge related to the evident 

and increasingly low rate of successful research results being translated from bench to 

bedside [1,2,3]. In particular, there is a disproportion between the huge investments in new 

medicines and their impact on population health [4] since about 90% of early clinical trials 

fail [5,6,7]. This problem is particularly significant in oncology, where the statistics are more 

dramatic [7,8]. The main reason for this failure is related to the lack of clinical efficacy and 

unmanageable organ toxicity [9,10], and these poor predictive results are often attributed to 

the poor ability of preclinical models to generate results of human relevance 

[7,11,12,13,14,15]. Indeed, current 2D models are far from representative of human 

complexity, and while emerging 3D models more closely resemble chemical and 

biomechanical environmental in vivo-like cues [16], they are still insufficient in 

recapitulating human disease progression and tissue–drug dynamic interaction 

[17,18,19,20,21]. On the other hand, while animal tests are required by regulatory 

organizations, playing a pivotal role in evaluating the safety and efficacy of drugs [6,22], 



 

 

 

 

there is still a severe mismatch in the diversity of animal species that explain this poor 

animal-to-human predictability. As a result, less than 8% of animal trials are successfully 

translated to clinical cancer trials [1,11,23,24,25,26,27,28,29,30]. Indeed, animal studies 

have been demonstrated to overestimate the likelihood of a treatment being effective by 

about 30%, while toxic outcomes at sub-clinical and lower doses than those found to be safe 

in animals have been reported [31,32]. Hereafter, although in vivo models continue to 

provide useful information about drug safety and potency, it is crucial to keep in mind that 

their findings are rarely applicable to humans [1,6,33,34]. To circumvent these 

shortcomings, alternative human-relevant approaches have emerged, the most significant 

being organ-on-chip (OOC) systems [35]. These technologies are capable of accurately 

decoupling biological mechanisms behind the cytotoxic effects of testing molecules through 

a highly reproducible and less time- and cost-consuming in vitro approach. In particular, it 

is hoped that OOCs will advance biological contexts and thus potentially produce 

physiologically-relevant outcomes translatable to clinical scenarios [20,36,37,38]. OOC 

systems exploit the advances made in the last decade in microfabrication and biomimicry of 

materials, as well as novel methodologies for using primary cells or patient-derived biopsies 

in vitro [35,39,40,41]. These unprecedented multidisciplinary combinations allow the 

recapitulation of the functionality, architecture and dynamics at the organ level, setting the 

stage for more efficient preclinical predictions of human responses and thus potentially 

diminishing the high attrition rates of clinic trials [42]. However, many human diseases, 

such as cancer, involve multiple organs, and thus 2D static models used to manage 

spatiotemporally separated organs are too simplistic and fail to simulate the dynamic 

interrelated physiology of tissues and their interaction with the tested drugs [43,44]. Indeed, 

tissues and cells within the body are anatomically connected by a network of vessels, where 

fluids flow and communicate by the secretion of signaling factors (e.g., extracellular 

vesicles, soluble molecules) [40]. Hence, organ-organ interplays are crucial to our 

understanding of human disease and they should also be introduced to model and achieve 

appropriate responses to investigational drugs. Moreover, it is well known that drugs may 

cause multi-organ side effects and when they enter the human body, they are bio-

transformed (e.g., ADME processes) [30,43]. Thus, to properly emulate the pharmaco-

kinetics and pharmacodynamics of drugs, systemic approaches must be pursued. 

Specifically, multi-organ-on-chip (MOOC) systems have been recently developed to 

address this need, reproducing the multicellular nature of organs and their connections, 

which would not have been possible to implement in single OOCs [43,45]. Particularly, 

multi-organ platforms with medium recirculation emulate systemic and cross-organ 

communication and reciprocal influences, better reproducing the in vivo context [39,43]. 

For example, MOOCs incorporating a liver model may bring essential information about 

hepatic metabolism and the hepatotoxicity of the compounds tested, as has been reported for 

many conventional therapies [46,47]. Moreover, MOOCs can be valuable tools for 

developing metastasis models for the online monitoring of cancer cells extravasation from 

the primary mass and their circulation and intravasation into one or multiple specific 

metastatic sites [44,47]. However, although they are promising tools in cancer research, 

these approaches are currently based on miniaturized cell culture, allowing the adoption of 

a small number of cells, which may not accurately represent phenotypic or 

microenvironmental characteristics or tiny tumor samples, thus limiting the use of analytic 

techniques [17,20]. Moreover, fluid flow is mostly driven by gravity or capillary forces, 

preventing important fluidic cues, such as velocity and shear forces of the human 

bloodstream, from modulating through a pumping system [17,48]. Finally, both 

conventional and advanced microfluidic devices are made of polydimethylsiloxane 

(PDMS), which is known to be potentially harmful to cells by causing biocompatibility loss 



 

 

 

 

due to the gradual release of non-crosslinked oligomers and the adsorption of small 

hydrophobic molecules [20,48,49]. In this study, to overcome these limitations, we adopted 

a multicompartmental PDMS-free OOC technology (MIVO®) for testing the efficacy of on-

target and simultaneously measuring off-target toxicity, determining the therapeutic index 

in a pathophysiological scenario. The system enables the combination of 3D clinically 

relevant-sized tumor tissue cultures with a fluidic circuit controlled by a peristaltic low flow 

rate pump that accurately mimics the capillary bloodstream, allowing systemic drug 

administration to be simulated. Specifically, a 3D hydrogel-based ovarian cancer model [17] 

was generated and fluidically connected to a hepatocellular culture; cisplatin was injected in 

circulation and the anti-cancer effects and hepato-toxicity were assessed after 48 h of 

treatment, respectively. Computational fluid-dynamic (CFD) simulations have been 

performed to (i) set capillary-like blood flow dynamics and (ii) investigate the mass transport 

profiles of cisplatin within the cell culture models. Finally, toxo-efficacy results derived 

from the dynamic multi-organ system were compared with (i) static single-organ models, 

(ii) dynamic single-organ models, and (iii) static multi-organ models. 

 

8.3 Materials and Methods 
 

8.3.1 Liver and Ovarian Cancer Cell Cultures 
The human liver HepG2 cell line (ATCC No. HB8065) was expanded in Eagle’s Minimum 

Essential Medium (EMEM), supplemented with 10% heat-inactivated Fetal bovine serum 

(FBS), 2 mM L-glutamine (L-glu), and 1% penicillin/streptomycin (Pen/Strep), and plated 

at a density of 1 × 105 cells/cm2. The human ovarian cancer SKOV-3 cell line (ATCC) was 

expanded Dulbecco’s modified Eagle’s medium (DMEM) high glucose supplemented with 

10% FBS, 2 mM L-glu and 1% Pen/Strep and plated at a density of 1 × 105 cells/cm2. The 

cells were incubated in a humified, 5% CO2 atmosphere at 37 °C. Media were changed twice 

a week. When culture dishes were nearly confluent, liver, and ovarian cancer cells were 

detached with 0.25% trypsin-EDTA solution, after two washes with Phosphate Buffered 

Saline (PBS) and replated until the next confluence. FBS, L-glu, Pen/Strep solution, DMEM, 

EMEM, trypsin-EDTA solution, trypsin solution, Live/Dead assay, Phalloidin Fluorescein 

Isothiocyanate Labeled, DAPI, and cisplatin were purchased from Sigma Aldrich. A first set 

of cells culture in 2D was adopted to preliminary investigate the cytotoxic effect of cisplatin 

on HepG2 and SKOV-3 that were cultured as monolayers at a density of 1 × 105 cells/mL 

in 96-well plates. Cells were left to adhere overnight in a humified, 5% CO2 atmosphere at 

37 °C. The day after (T0), cisplatin was added to the culture medium at a final concentration 

of 10, 25, 50, and 100 μM. 

 

8.3.2 Ovarian Cancer Model 
A 3D hydrogel-based ovarian cancer model was developed as in our previous publication 

[17]. Briefly, Alginate powder (React4life) was dissolved in physiologic solution at 1% w/v 

and filtered under sterile conditions. SKOV-3 cells suspension was mixed with the alginate 

solution to obtain a final concentration of 0.5% w/v. The SKOV-3/alginate suspension was 

dripped into a sterile 0.5 M Calcium-based crosslinker bath to form hydrogel spheres with a 

final density of cells of 1 × 106 cells/mL. After washing the spheres with DI water to remove 

the excess of calcium, the hydrogels were gently moved into the culture systems, placed in 

96-well plates, and cultured with DMEM supplemented with 10% FBS, 1% Pen/Strep, and 

CaCl2 5 mM. The day after (T0), cisplatin was added to the culture medium at a final 

concentration of 10, 25, 50, and 100 μM. 

 



 

 

 

 

8.3.3 Static vs. Dynamic In Vitro Model 
A co-culture model was implemented by cultivating SKOV-3 cells within 24-well Transwell 

inserts accommodated within the 24-well plates where HepG2 cells were plated on the 

bottom. Cells were left to adhere overnight in a humified, 5% CO2 atmosphere at 37 °C. 

The day after (T0), cisplatin was added to the culture medium at a final concentration of 10, 

25, and 50 μM. A compartmental fluidic device (MIVO® by React4life) was adopted to 

simultaneously assess the on-target and off-target cytotoxic activity of cisplatin under 

dynamic conditions. Briefly, inserts containing either HepG2 cells or SKOV-3 cancer 

spheres were placed within the MIVO® chamber, producing two fluidically independent 

compartments: (i) the tissue culture chamber, and (ii) the circulatory one. The device was 

connected to a pumping system imposing a fluid flow predicted by CFD simulations through 

a closed-loop fluidic circuit that mimics the circulatory system disseminating the drug. 

Cisplatin was injected into the fluidic circuit, resembling systemic drug administration and 

extravasation. For the dynamic multi-organ condition, two independent chambers hosting 

liver and ovarian cancer models were fluidically connected by the external fluidic circuit, 

reproducing the in vivo-like tissues arrangement and interconnections. Mono-culture or co-

culture of HepG2 cells and SKOV-3 cells provided with the same amount of culture medium 

with or without cisplatin were used as static controls. 

 

8.3.4 Computational Fluid-Dynamic Analyses 
Fluid dynamics within the organ-on-chip was investigated to predict (i) the fluid velocity 

profiles within the device, and (ii) the transport kinetics of cisplatin, as the anticancer drug 

tested. First, the analysis was performed by using the Single-Phase Laminar Fluid Flow 

model of Comsol Multiphysics 5.6, assuming (i) a laminar flow regime and (ii) an 

incompressible Newtonian fluid. The equations to be solved include Navier–Stokes for the 

conservation of momentum (1a) and the continuity law for the conservation of mass (1b):  

{
𝜌 [

𝜕𝒖𝒇

𝜕𝑡
+ 𝒖𝒇 × (𝛻𝒖𝒇)] = −𝛻𝑝 + 𝜇(𝛻2𝒖𝒇)      (1𝑎)

(𝛻 × 𝒖𝒇) = 0                                                          (1𝑏)

 

where uf is the fluid velocity, and p is the pressure across the circuit. The values of the 

density ρ ρ  (1000 kg/m3) and the viscosity μ (10−3 Pa·s) were selected as water at room 

temperature (37 °C). A flow rate of 2 mL/min was set as input according to the value 

imposed experimentally to generate the fluid motion, whereas as output the atmospheric 

pressure was set as null, avoiding a backflow. A no-slip boundary condition was set. Finally, 

an iterative geometric multigrid (GMRES) algorithm was used to solve the equations. 

Subsequently, cisplatin mass transport analysis was carried out by using the Transport of the 

diluted species (TDS) module of Comsol Multiphysics. In addition to the diffusive 

mechanism, an additional two processes were considered: the convection transport, due to 

the presence of a velocity field (uf), and the metabolite and drug consumption due to cellular 

activity. The reaction term R for the drug was defined according to the Michaelis–Menten 

kinetics:  

𝑅 =
𝑉𝑚𝑎𝑥 𝑐

𝐾𝑚 + 𝑐
    (2) 

where c is the concentration of the component, Vmax represents the maximum consumption 

rate (equal to 1.66 × 10−12 mol/m3·s for cisplatin) and Km represents the component 

concentration when the rate is Vmax/2 (equal to 6.64 × 10−3 mol/m3 for cisplatin) [17,19]. 

Thus, the general form to describe mass transport can be written as:  
𝜹𝒄

𝜹𝒕
+ 𝜵 ×  (𝑱) + 𝒖𝒇  ×  𝜵𝒄 = 𝑹  (3) 



 

 

 

 

where c is the component concentration and J is the mass diffusive flux vector, defined by 

Fick’s law:  

𝑱 = −𝑫 𝜵𝒄    (4) 

where D is the diffusion coefficient of the molecule, previously reported in the literature 

[17,19]. This study was conducted by considering 2D and 3D alginate hydrogel-based 

culture scenarios to monitor the transport profiles of the compounds over time, both in static 

and dynamic conditions, with the same culture medium volume. In both cases, 0.1 mol/m3 

was set as the initial culture medium concentration for cisplatin [19]. 

 

8.3.5 Cell Viability and Pharmacodynamic Evaluation 
Cell viability and proliferation of both HepG2 and SKOV-3 were quantitatively assessed 

through Alamar Blue Assay. After 48 h of drug treatments, culture media were changed with 

fresh medium containing 10% v/v of Alamar Blue solution. Samples were incubated at 37 

°C for 4 h in the dark, the supernatants were collected, and absorbance was measured 

spectrophotometrically (Infinite 200 Pro). Cell viability was calculated as the percentage of 

live cells normalized to the untreated controls. The proliferation rate was derived as the ratio 

between the time point of interest and the number of cells at T0. A pharmacodynamic 

evaluation was performed by calculating the cisplatin half maximal effective concentration 

(EC50) for SKOV-3 and median lethal dose (LD50) for HepG2 cells under different culture 

conditions. These parameters were estimated as best-fit values of a non-linear fitting dose-

response model by GraphPad Prism software (La Jolla, CA, USA). To investigate possible 

SKOV-3 and HepG2 cells crosstalk, a conditioned media experiment was carried out. 

Briefly, a conditioned culture medium was produced by culturing HepG2 cells as 

monolayers and SKOV-3 cells as monolayers or embedded in a 3D alginate hydrogel with 

or without cisplatin (10, 25, 50 μM) for 48 h. After, this culture medium was collected and 

administered to the other cell type (i.e., culture medium collected from HepG2 cells was 

administered to SKOV-3 cells and vice versa) to evaluate the possible impact on the cellular 

growth rate. HepG2 and SKOV-3 cells cultured with fresh culture medium were used as the 

negative control. 

 

8.3.6 Immunofluorescence 
SKOV-3 viability, both cultured as monolayers and embedded within alginate, was 

qualitatively evaluated through live/dead assay. Briefly, after 48 h of treatment, samples 

were washed with PBS and incubated in 2 mM Calcein-AM and 4 mM EthD-1 in PBS for 

15 min at 37 °C in a dark environment to detect live and dead cells, respectively. Then, 

samples were washed three times in PBS and observed by means of fluorescence microscopy 

(Nikon H550L). HepG2 clusters disaggregation and morphological changes upon cisplatin 

treatments were evaluated by visualizing cytoskeleton alteration with Phalloidin Fluorescein 

Isothiocyanate Labeled. Briefly, cells were fixed with 4% paraformaldehyde in PBS (PFA; 

pH 7.4) for 15 min and permeabilized with 0.1% Triton X-100 for 5 min. Subsequently, cells 

were incubated with 1% bovine serum albumin (BSA). Then, cells were incubated with 

Phalloidin Fluorescein Isothiocyanate Labeled (1:5 in DI) for 1 h at RT. Nuclei were 

counter-stained with DAPI. Then, samples were washed three times in PBS and imaging 

was performed by using fluorescence microscopy (Nikon H550L). All images obtained were 

analyzed through ImageJ software. 

 

8.4 Results 
 

8.4.1 Static Cisplatin Toxo-Efficacy Evaluation 



 

 

 

 

 

8.4.1.1 Mono-Culture vs. Co-Culture Conditions 
A screening of cisplatin concentrations was conducted to investigate both the efficacy and 

toxicity on ovarian cancer and liver cells, respectively. Regarding the cancer model, both 

the 2D and the 3D models were investigated, both in monoculture and co-culture. For mono-

culture efficacy assays, Skov-3 cells were grown in 2D monolayers or embedded within 3D 

alginate-based spheres [17] and treated with cisplatin (10 μM, 25 μM, 50 μM and 100 μM) 

for 48 h. As expected, the percentage of alive cells decreased with increasing cisplatin 

concentrations, and it was significantly higher in 3D models than in 2D. Consequently, the 

derived EC50 parameter shifted from 15 μM (2D model) to 32.5 μM (3D model), showing 

a higher drug resistance of cells when they are surrounded with an extracellular matrix 

(ECM)-mimicking matrix (Figure 47). 

 

 

 
Figure 47: Cisplatin efficacy after 48 h of treatment. (a) SKOV-3 viability was assessed by Alamar Blue 

assay both in 2D and in 3D static mono-culture models treated with the 10, 25, 50, 100 μM cisplatin 
concentrations. Cell viability was derived as the percentage of alive cells normalized to the untreated 

controls. Values are reported as mean ± SD. Student’s paired t-test between each experimental 
condition was performed and statistical significance was set at *** p < 0.001 (N = 3 biological 

replicates; n = 3 technical replicates). (b) Cell viability upon cisplatin treatment represented by 

live/dead assay. Scale bar is 100 μm. 



 

 

 

 

For the mono-culture toxicity assays, the same concentrations of cisplatin were administered 

to HepG2 cell monolayers. As can be seen from Figure 48a, cisplatin was revealed to be 

highly toxic for HepG2 cells, with a remarkable reduction in cell viability up to 25% that 

was detected at the lowest cisplatin concentration (10 μM). The LD50 parameter was 4 μM. 

Interestingly, the cisplatin cytotoxic activity against HepG2 cells was also shown through a 

DAPI-Phalloidin staining: an increasing disaggregation of typical HepG2 cell clusters was 

noted with the increase in drug doses, indicating that this anticancer drug leads also to a 

cytoskeletal destructive effect on actin filaments (Figure 48b). 

 

 
Figure 48: Cisplatin toxicity after 48 h of treatment. (a) HepG2 viability was assessed by Alamar Blue 

assay in 2D static mono-culture models treated with the 10, 25, 50, 100 μM cisplatin concentrations. 
Cell viability was derived as the percentage of alive cells normalized to the untreated controls. Values 

are reported as mean ± SD. Student’s paired t-test between each experimental condition was performed 

and statistical significance was set at * p < 0.05 and *** p < 0.001 (N = 3 biological replicates; n = 3 

technical replicates). (b) Images of nuclei (DAPI) and cytoskeleton (Phalloidin) of HepG2 cells upon 

cisplatin treatment. Scale bar is 100 μm. 

A co-culture of HepG2 and SKOV-3 cells was then realized to evaluate whether the co-

presence of multiple tissue models could affect a single cell-type response to cisplatin. 

SKOV-3 cells grown in 2D monolayers or embedded within 3D alginate-based spheres were 

cultured onto porous permeable inserts and placed above HepG2 cell monolayers (Figure 

49). Cisplatin directly added to the culture medium generated a significant dose-dependent 

inhibition in cell viability for both cell lines as occurred for mono-cultures. Intriguingly, 

considering the 10 μM dose , which is in line with cisplatin plasma concentrations observed 

in clinics [50], the hepato-toxicity in the co-culture model was reduced in respect to the 



 

 

 

 

mono-culture condition. On the other hand, the ovarian cancer cells displayed significantly 

higher drug resistance when encapsulated in 3D alginate hydrogels, whereas their viability 

in 2D cultures was reduced when cancer cells were co-cultured compared to the mono-

culture 2D, showing a more significant effect of the cell culture dimensionality (2D vs. 3D) 

than the presence of a concurrent cellular model (mono-culture vs. co-culture). 

 
Figure 49: Cisplatin response in mono-culture vs. co-culture conditions and conditioned media effect. 

Cisplatin dose-response of SKOV-3 (a) and HepG2 (b) cells under different culture conditions. Values 
are reported as mean ± SD. For each condition, the EC50 (vertical dotted lines, left image) and LD50 



 

 

 

 

parameters (vertical dotted lines, right image) were calculated as best-fit values of a non-linear fitting 

dose-response model (solid curves) by GraphPad Prism software. Statistical significance was set at *, 

§, # p < 0.05 and ***, §§§ p < 0.001 (N = 3 biological replicates; n = 3 technical replicates). (c) 
SKOV-3 (left) and HepG2 (right) cell proliferation were assessed after the conditioned media 

administration. Control is the negative control (i.e., cells that received fresh culture medium); 

conditioned control: cells with culture medium w/o cisplatin previously conditioned with the other cell 
type for 48 h; 10, 25, 50 μM are values of cells with conditioned culture medium with cisplatin. 

Statistical significance was set at * p < 0.05 and *** p < 0.001 (N = 3 biological replicates; n = 3 

technical replicates). 

To further inspect cell interplays and tissue crosstalk, conditioned media experiments were 

carried out: a higher proliferation rate was observed for Skov-3 (107% and 115%) and 

HepG2 (128% and 122%) cells fed with a drug-free medium—previously used for culturing 

the other cell type—than those that received fresh culture medium (Figure 49c), pointing out 

the possible presence of soluble signaling molecules (e.g., cytokines) released by the cells 

during the first culture that stimulates the growth of the second ones, and thus the occurrence 

of cell interactions. Furthermore, this phenomenon was more noticeable when cisplatin was 

present in the conditioned medium in a dose-dependent manner; intriguingly, enhanced cell 

proliferation was identified with respect to the case of drug-free medium treatment, with a 

decreasing trend as the administered concentration increased. Particularly, both SKOV-3 

and HepG2 cells in all culture configurations displayed a higher proliferation rate (108% 

and 121% for SKOV-3, 11% and 120% for HepG2) when cisplatin was administered at 10 

μM as the initial concentration. This could suggest that further and/or diverse mechanisms 

of cell-cell communication and protection occur when cisplatin induces apoptosis. 

 

8.4.2 Dynamic In Vitro Cisplatin Toxo-Efficacy Evaluation 
8.4.2.1 Fluid-Dynamic and Mass Transport Analysis 
 

First, fluid dynamics within a Single-Flow MIVO® device was investigated. The results 

show a capillary flow dynamic beneath the tissue cultured within inserts (Figure 50a); in 

particular, streamlines illustrating the flow field of the circulating medium in the basal 

chamber are associated with velocity values ranging from 0 to 1.5 cm/s, faithfully 

recapitulating capillary bloodstream when the imposed inlet flow rate is 2 mL/min. 

Subsequently, cisplatin mass transport analysis was carried out for 2D and 3D static and 

dynamic culture conditions (Figure 50b). 

The maximal cisplatin percentages reached were lower in static conditions (64% and 95% 

for 3D and 2D, respectively) than in dynamic ones (100% for 3D and 2D). In static 

conditions, they were revealed to be higher in the 2D cell model than in the 3D sphere, 

whereas in dynamic conditions, no differences were noted. All curves present a constant 

increase in concentration until reaching a plateau value, which differs much more between 

the 3D static model than the 3D dynamic one. Moreover, the kinetics transport was very fast 

in all 2D scenarios and the 3D static one, whereas a slower rising over time developed in the 

3D fluid-dynamic model. 

 



 

 

 

 

 
Figure 50: CFD simulations. (a) CFD streamlines illustrating the flow field of the circulating fluid 

within the MIVO® chamber in terms of velocity profile when a flow rate of 2 mL/min is imposed. (b) 

Molecule mass transport was derived up 7 days by using the TDS module of Comsol Multiphysics. The 
percentage of the cisplatin molecule that is indicated on the ordinate axis was calculated as the ratio 

between the concentration measured at the center of the considered model (2D cell monolayer or 3D 

hydrogel sphere) and the initial concentration in the culture medium. 

8.4.2.2 Cisplatin Toxo-Efficacy Evaluation in Static vs. Dynamic 

Conditions Models 
The cytotoxicity of cisplatin was also investigated in the 2D liver cells model and 3D cancer 

cells model by introducing a physiological flow circulation, mimicking systemic drug 

administration. Data obtained by using the dynamic cell culture were compared with those 

obtained in static mono-culture conditions (Figure 51). 

Interestingly, while in the 2D cellular model (i.e., liver) non-significant differences were 

noticed in LD50, cancer cells cultured within a 3D ECM displayed an effect of the drug that 

was significantly higher under flow, in line with the computational model. The EC50 

parameter was revealed to be 25.9 μM and 15.4 μM for the static and dynamic culture 

conditions, respectively, meaning that fluid flow enhances drug diffusion through the 3D 

ECM-mimicking alginate hydrogel. 



 

 

 

 

 
Figure 51: Dynamic culture condition impact on cisplatin pharmacodynamics in mono-culture models. 

Cisplatin dose-response of SKOV-3 (a) and HepG2 (b) cells under static or dynamic culture conditions. 

Values are reported as mean ± SD. The LD50 and EC50 parameters were calculated, with their R2. 

Statistical significance was set at * p < 0.05 (N = 3 biological replicates; n = 3 technical replicates). 

8.4.2.3 Multi-Organ-on-Chip Configuration Design and Development 
A novel multi-organ OOC based on MIVO® tissue chamber has been developed to allow 

physiological communications among different organs and simulate dynamic cisplatin 

systemic administration through an imposed capillary-like fluid flow (Figure 52). The OOC 

device was adopted since it allows both planar (2D) and 3D cell culture, being compliant 

with commercially available inserts. The luer-lock standard connectors of tubing guarantee 

a flexible and modular connection between different organs connected in series. The 

modular design of this OOC allows tissues to be previously prepared in static conditions and 

then moved into a dynamic cell culture. Moreover, the flexibility of this design and the 

adoption of fluidic standards enable a wide range of configurations tailored to the desired 

experimental setup: single vs. multi-organ configuration, the type and the number of cells, 

and shape and dimension of scaffolds where seeding cells, flow rate, and shear stresses are 

generated by the flow. 

 

 
Figure 52: Dynamic multi-organ platform. A novel multi-organ-on-chip configuration was developed to 
co-culture HepG2 cells monolayers in one chamber (1) and ovarian cancer 3D hydrogel-based models 



 

 

 

 

in a second independent chamber (2) fluidically connected to the first one through an external fluidic 

circuit where cisplatin circulates (3), resembling the systemic drug administration. 

8.4.2.4 Cisplatin Toxo-Efficacy Evaluation in Single-Organ vs. Multi-

Organ Conditions 
 

The last experimental configuration achieved considered the possibility of simulating both 

cisplatin systemic administration through capillary blood flow conditioning and multi-organ 

culture by adopting the multi-compartmental setup of the MIVO® organ-on-chip. Briefly, 

in one chamber the liver model was cultured onto a porous insert, while in a second chamber 

fluidically connected with the previous one, ovarian cancer tissue was 3D cultured. Data 

were compared with those obtained in co-culture static conditions. Cisplatin generated a 

significant dose-dependent inhibition in cell viability for both co-cultured cell lines, both in 

static and dynamic conditions (Figure 53). 

Interestingly, under plasmatic drug concentration (i.e., 10 μM), the hepatotoxicity was 

drastically reduced in dynamic multi-organ configuration, while the efficacy of the 

anticancer drug was shown to be significantly higher (Figure 53). 

 

 
Figure 53: Cisplatin toxicity in single-organ vs. multi-organ conditions. Cisplatin dose-response of 
HepG2 and SKOV-3 cells when co-cultured in static vs. multi-organ dynamic conditions. Values are 



 

 

 

 

reported as mean ± SD. (a) The LD50 and EC50 parameter were calculated, with their R2; statistical 

significance was set at *, §, #, ◊ p < 0.05, §§§ p < 0.001. (b) The effect of cisplatin at plasma 

concentration was measured in both conditions for liver and ovarian cancer cells (N = 2 biological 

replicates; n = 3 technical replicates). 

 

8.5 Discussion 
 

The development of new drugs is a complex and scientifically demanding task that is also 

highly time and cost-consuming. In addition, only a small number of the most promising 

new drug candidates successfully complete the clinical test phase and are released onto the 

market as approved drugs. To minimize this failure of potential candidates, the introduction 

of more predictive and significant test systems in the preclinical phase is becoming highly 

demanded. To this aim, several microfluidic OOC systems have been recently designed by 

introducing a fluid-dynamic environment to the cells in culture to recapitulate proper human 

cells behavior in vitro, such as in the human body, which is fundamental for a reliable 

prediction of pharmaco-kinetics and pharmaco-dynamics in subsequent clinical studies. 

However, a great deal of work still has to be carried out to accelerate the adoption of these 

technological alternatives among pharma and CRO stakeholders. Indeed, OOCs are 

typically too difficult to be used than many other in vitro cell culture systems and their 

implementation needs highly specialized personnel, which can result in increasing 

experimental costs. To avoid these issues, some of the authors have developed a highly 

flexible OOC device with the ability to grow established cellular models, both in monolayer 

and 3D matrixes, with different sizes and shapes. In particular, during its design, proper 

tuning of the chamber dimensions and culture media volume in circulation was achieved to 

guarantee the possibility of both culturing clinically relevant size tissues and sampling the 

sufficient amount of media volume for more robust and modular experimental readouts. 

Indeed, the use of miniaturized OOCs (i.e., few thousand of cells and a few microliters of 

media) does not allow tumors to be recreated to scale, and the microscale volume of these 

OOC amplify some adverse phenomena such as bubble formations and media evaporation, 

besides allowing the use of a small cellular range. In previous work, authors reported a 

successful preclinical validation of an OOC-based drug efficacy assay in comparison with 

the xenograft model, which still represents the gold standard [17]. Here, a simultaneous 

toxo-efficacy assay has been achieved and successfully validated by co-culturing both liver 

and ovarian cancer tissue models in dynamic conditions, while cisplatin treatment was 

placed in circulation. Indeed, the unusual high modularity of this OOC makes both mono-

culture and multi-organ configuration possible. The latter will allow multiple physiological 

niches to be built in separate chambers, where cells from different organs are cultivated 

under specific fluid flow-inducing shear stresses; during this multicompartmental cell 

culture condition, soluble molecule diffusion and cell–cell crosstalk can be successfully 

achieved through a serial fluidic connection among the chambers. In particular, to promote 

a more in vivo-like environment for cancer cells, a 3D alginate hydrogel-based matrix with 

the proper stiffness and mechanical stability [51] was optimized in terms of cell viability, 

migration, and also molecule/drug diffusion. Although in this work, a human cell line was 

used to recapitulate the ovarian tumor model, this matrix supports the co-culture of multiple 

cells (e.g., immune cells and tumor cells) [20] and also the embedding of patient-derived 

cells spheroids (paper in preparation). Moreover, a hepatoma cell line (HepG2) was used to 

mimic the liver tissue, since over the years it has represented one of the main standards in 

pharmacological and toxicological studies [52,53], retaining the different functionalities of 

the native organ [53], thus still being commonly adopted in innovative emerging pre-clinical 



 

 

 

 

platforms [52]. Nevertheless, the authors are aware that it lacks some features related to the 

metabolic activity of the human liver (e.g., low expression of cytochrome P450 enzyme) 

[54,55]. However, the use of HepG2 cells allowed us to perform a proper number of assays, 

which were fundamental to ensure the reproducibility of the experimental outcomes and to 

provide the proof of concept that the novel technological approach here described is a 

relevant pre-clinical tool. In fact, differently from primary hepatocytes, immortalized human 

hepatic cell lines are much more available and easier to manipulate and maintain in cell 

cultures for a prolonged time, besides being much cheaper without requiring any special 

operator skills [55]. Furthermore, although primary human hepatocytes more closely 

reproduce the phenotypic and functional aspects of the human tissue [56] as well as express 

many drug-metabolizing enzymes better reflecting the in vivo scenario [55], they are also 

characterized by high variability, due to their origin from various donors and the different 

isolation methods adopted among different groups, making the standardization of models 

highly challenging [55]; in addition, they retain the in vivo characteristics for short times 

when cultured in 2D traditional settings, often undergoing de-differentiating processes that 

could limit the reliability of the data [52,54,55,56]. Interestingly, while the importance of 

replacing 2D cell culture with 3D structures (with or without an extracellular component) to 

recapitulate the behavior of the cells closer to the in vivo scenario is widely accepted by 

scientists, the key role of dynamic flow conditions has still not been deciphered, especially 

when such 3D tissue models are adopted. Indeed, fluid flow resembles the proper feeding of 

tissue culture, which helps the tissue maintain a healthy state over time if compared to the 

static conditions [57], but, most importantly, it guarantees the proper diffusion of molecules 

(i.e., drugs) within the ECM as in vivo, thanks to our complex vasculature structure. As also 

anticipated by the computational model, we have shown that only a residual part of the 

cisplatin is able to diffuse within the millimetric cancer tissue model cultured in vitro, and 

then to induce the expected cancer cells death. In fact, CFD showed that when a 2D model 

is adopted, the maximal drug concentration is rapidly reached with an over-estimated kinetic 

that does not recapitulate the in vivo scenario, where cells are not directly exposed to the 

drug treatment immediately after administration. Conversely, when a 3D static setting is 

adopted, the maximal percentage of cisplatin reaching cells is massively lower than in 2D 

models, since the ECM-like matrix limits the drug diffusion within the 3D structure. On the 

other hand, when the 3D tumor model is cultured in dynamic conditions, the slower and 

continuous rising of the diffusion up to 95% of the total amount better reproduces the drug 

delivery across the tissue, with a consequent increase in drug efficacy against the tumor as 

it happens in vivo. Moreover, if the combinatory application of 3D tissue culture and fluid 

flow represents the necessary path to obtain more predictive preclinical outcomes, another 

revolutionary step to be considered is the simultaneous culture and drug treatment of 

multiple organs. From this perspective, we have adopted a multi-compartmentalized OOC 

to investigate and quantify the dose–response both in the on-target (e.g., cancer) and off-

target (e.g., liver) organs, simultaneously. Compared to the static co-culture, the multi-organ 

OOC configuration allowed us to obtain a lower hepato-toxicity and higher efficacy of 

cisplatin against cancer cells by using a drug dose of 10 μM determined according to human 

plasmatic concentration. Surprisingly, these results suggest that multi-organ and dynamic 

3D culture are more predictive than the traditional static models, considering the wide use 

of this chemotherapeutic drug for treating women affected by ovarian cancer 

[58,59,60,61,62]. Moreover, it is worth discussing the experimental setting that we used in 

the dynamic multi-organ assay. In fact, liver cells were maintained as a monolayer instead 

of being cultured in a more complex and reliable model such as ovarian cancer cells. In this 

way, it was possible to highlight the role of any variable added step-by-step in these 

experiments (i.e., 3D culture, fluid motion, organ-organ connection). Furthermore, 



 

 

 

 

considering that hepatic cells cultured in 2D are more exposed to cisplatin than SKOV-3 

cells, they should be basically more sensitive to the toxic effect of the drug; therefore, it is 

reasonable to conclude that by the decay of hepato-toxicity in such culture conditions, this 

experimental platform clearly demonstrates the importance of multi-organ connections in 

evaluating the systemic effects of chemical compounds. 
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Chapter 9 

Conclusions 

 

In conclusion, technologically advanced platforms (e.g., organ-on-chips) where to replicate 

biological processes in a a dynamic environment have been designed and validated for 

investigating the efficacy and toxicity of therapeutic compounds, by combining in vitro and 

in silico approaches.  

 

To realize clinically relevant scenarios, 3D tissue models and fluid dynamic stimulations 

have been used. Specifically, the human body fluid dynamics was simulated by performing 

CFD simulations (ensuring optimal flow velocity and shear stress profiles, gas and nutrients 

gradients and the proper time-dependent drug kinetic profile) and then experimentally 

applied within fluidic platform, thus integrating the use of cutting-edge technologies with in 

silico analyses establishing more reliable analytical preclinical tools.  

 

Different case studies have been considered.  

 

1.  Skin absorption assays have been performed accordingly to the OECD Test Guidelines 

428, by comparing two different diffusive chambers (Franz Diffusion Cell and the 

commercially available MIVO platform) in terms of penetration kinetics of hydrophilic and 

lipophilic molecules; their capacity to properly resemble physiological fluid flows beneath 

the skin was computationally and experimentally inspected (Chapter 3).  

On the other hand, an extensive research analysis has been performed on the currently 

available intestinal models confirming that currently available intestinal preclinical models 

are insufficient in emulating the compounds (chemicals, food etc.) absorption profiles in 

vivo [10], therefore a mathematical model of the intestinal epithelium as novel screening 

strategy has been developed (Chapter 4) .  

 

2.  I developed and optimized 3D ECM-like tumor (breast cancer, Chapter 5 and 6, 

neuroblastoma, Chapter 7, ovarian cancer, Chapter 8) models in terms of cells behavior in 

vitro; then, they were cultured under fluid-dynamic conditions (previously predicted by CFD 

simulations) through different fluidic platforms that allowed to mimic physiological stimuli 

and investigate the impact of fluid velocities and fluid-associated forces on tumor cells 

viability as well as the influence of a systemic multi-organ environment on drug efficacy and 

toxicity.  

 

Such an approach, the combination of 3D tissue models and fluid-dynamic simulation and 

stimulations as well as the multi-organ test scenario, demonstrated to be pivotal to 

physiologically and clinically reproduce the complexity and dynamics of human phenomena 

(cancer onset, progression and metastasis, drug delivery and absorption) as well as to 



 

 

 

 

develop and validate traditional (i.e. platin-based drugs, caffeine) or novel treatment 

strategies (NK cells-based immunotherapies). 

 

Indeed, while the FDA is pushing the adoption of new alternative methods for regulatory 

use that can replace, reduce, and refine animal testing and improve the predictivity of non-

clinical testing (FDA Modernization Act 2.0), the novel in vitro tools validated in this thesis 

represent an important bridge towards the implementationof of 3R regulations a toxicity and 

efficacy assays. In this context, the technological advancements gained conbining in vitro 

and in silico preclinical approaches, particularly employing CFD simulation and OOCs, 

made possible to test therapies in a more predictive ways and drastically reduce the use of 

animals, and thus costs and time.  

If the integration of 3D biology-inspired matrixes with fluidical stimuli resembling 

bloodstream circulation is necessary to develop a predictive pre-clinical platform that more 

closely reproduces what happens during therapy, as demonstrated in this thesis, also it has 

been evaluated that a single-organ approach is not sufficient to determine the effective 

response to the drug treatment, both in terms of efficacy and toxicity.  

Further studies on multi-organ clinically relevant-sized OOCs might lead to a boost in the 

development of personalized therapies, in which toxicity and efficacy could be tested in vitro 

in a highly robust, reproducible, and reliable manner. Moreover, such a MOOCs-based 

experimental setup will also have a strong impact on basic research, improving the 

understanding of biological mechanisms behind systemic diseases. 
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10.3 Collaboration to funded projects 

 
As CNR research fellow during my PhD I collaborated to the European FET-OPEN project 

B2B (from Breast To Bone) (2018-2022); I was involved in the design and realization of a 

multi-chamber bioreactor to study the metastatic process starting from a breast organoid to 

a bone tissue (CAD design, 3D printing, and CFD simulations).  
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