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Summary 

Healthy bone is maintained by the process of bone remodeling. An unbalance in this process 

leads to pathologies such as osteoporosis. Animal models are often used to study bone 

pathologies. However, data from animals frequently fail to predict the results obtained in 

human clinical trials. Human in vitro models are emerging as alternatives as they address the 

principle of reduction, refinement, and replacement of animal experiments (3Rs). Osteoblast-

osteoclast cocultures are often used to study bone physiology, bone diseases and drugs in 

these models. In this thesis, we studied ways to advance the microenvironment for in vitro 

bone remodeling models as creating the right environment for both osteoblasts and 

osteoclasts simultaneously remains a challenge. Moreover, we explored methods to 

miniaturize our in vitro bone remodeling models. The emergence of organ-on-chip, which 

utilizes microfluidic technology to simulate the natural environment of tissues, has enabled 

scientists to miniaturize tissue engineered constructs. This technology has great potential to 

improve the accuracy and efficiency of bone tissue engineering, as well as to provide insights 

into the underlying mechanisms of healthy and diseased bone. 

The use of osteoblast-osteoclast cocultures is not always clearly mentioned in the title and 

abstract in literature, making it difficult to identify these studies. As a result, researchers are 

all developing their own methods, leading to many methodological differences and 

incomparable results. Therefore, we systematically identified all osteoblast-osteoclast 

coculture studies that have been published before the year 2020 in Chapter 2. Differences 

in methods were mapped systematically, giving comprehensive details on cells, culture 

conditions and analytical techniques for using and studying osteoblast-osteoclast co-

cultures. In this way, researchers can quickly identify publications relevant to their specific 

needs and easily validate and compare their work with existing literature.  

Coculturing of cells in in vitro tissue models is widely used to study how they interact with 

each other. This asks for a highly specific environment meeting the requirements of all 

involved cell types and therefore requires a great deal of optimization. We provided steps 

that can guide optimization of culture medium composition and volume in cocultures with a 

particular focus on cell communication via the cells’ secretome in Chapter 3. The effect of 

medium exchange on cells is often an overlooked topic but particularly important for this type 

of cell communication. Medium exchange leads to loss of valuable auto- and paracrine 

factors produced by the cells but is necessary for nutrient supply and to prevent waste 

product accumulation. Thus, it remains the gold standard in cell culture applications. We 

proposed a method based on dialysis to reduce loss of the cells’ secretome during culture 

medium exchange in Chapter 4. With our custom-made simple dialysis culture system, 

human mesenchymal stromal cells (MSCs) were differentiated into osteoblasts and 

monocytes (MCs) into osteoclasts while the secretome was maintained via dialysis. We 

showed an increased osteoblastic and osteoclastic activity in the dialysis groups compared 

to the standard non-dialysis groups. This culture system showed the potential to create a 

more efficient microenvironment compared to standard culture methods, allowing for cell 
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interactions via secreted factors in mono- and cocultures. In addition, the system could be 

applied for many other tissue types. 

In the second part of this thesis, we explored methods to miniaturize our in vitro bone 

remodeling model. At the moment, no complete in vitro model for bone-remodeling exists. 

Microfluidic chips offer great possibilities, particularly because of the dynamic culture 

options, which are crucial for in vitro bone formation. We developed a bone-on-a-chip 

coculture system in which human MSCs were differentiated into osteoblasts and self-

assembled into scaffold free bone-like tissues with the shape and dimensions of human 

trabeculae in Chapter 5. Human MCs were able to attach to these tissues and to fuse into 

multinucleated osteoclast-like cells, establishing the coculture. Furthermore, a set-up was 

developed allowing for long-term (35 days) on-chip cell culture with benefits including 

continuous fluid-flow, low bubble formation risk, easy culture medium exchange inside the 

incubator and live-cell imaging options. In Chapter 6, we investigated the use of gravity-

driven bidirectional flow for bone-on-a-chip devices. Perfusion set-ups require specialized 

pumps and tubing and can be rather complex. Gravity-driven flow could offer an alternative 

as it is simpler, requiring only a rocking plate which is readily available in most laboratories. 

The rocking motion enables a bidirectional flow inside the chip channel. We studied the effect 

of bidirectional flow on osteogenic differentiation of MSCs by comparing it with static cultures 

and our previous pump system with unidirectional flow. A clear benefit of flow compared to 

static cultures was seen in terms of extracellular matrix production and mineralization by the 

cells. With Chapter 5 and 6 we provided two different methods for dynamic culturing of bone-

on-a-chip devices, of which each has its own advantages and can be selected based on the 

specific goals of the research project.  

To conclude, this thesis provides strategies for the microenvironmental advancement and 

miniaturization of human in vitro bone remodeling models. Moreover, we are the first to show 

a fully human, 3D, direct osteoblast-osteoclast coculture on a chip. Our work is not only of 

interest for bone tissue engineering applications but could also be used with many other 

tissue types. First, the dialysis system could be used for the proliferation and differentiation 

of different cell types. Second, the microfluidic chip set-up could be combined with any type 

of microfluidic chip and used for dynamic fluid flow cultures. With this thesis we aimed to 

hand out tools for improvement of in vitro models, with the ultimate goal of replacing, 

reducing, and refining the use of animal models. We believe that in vitro models will provide 

reliable and predictive alternatives to animal testing in the future. 
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Samenvatting 

Gezonde botten worden in stand gehouden door een proces genaamd bot remodelering. 

Wanneer dit proces uit balans raakt, ontstaan er ziektes zoals bijvoorbeeld osteoporose. 

Diermodellen worden vaak gebruikt om ziektes in bot te onderzoeken, maar helaas 

voorspellen deze modellen niet voldoende hoe de ziektes verlopen bij mensen. Menselijke 

in vitro modellen zijn hiervoor een alternatief. “In vitro” staat vrij vertaald voor “in een 

reageerbuis”, in dit geval duidend op het maken van weefsels in het laboratorium. Voor het 

nabootsen van botweefsel gebruiken we de botcellen genaamd osteoblasten en 

osteoclasten die we gelijktijdig kweken in zogenaamde coculturen. In deze scriptie hebben 

we manieren onderzocht om de micro-omgeving voor in vitro bot remodeleringsmodellen te 

verbeteren, omdat het creëren van de juiste omgeving voor zowel osteoblasten als 

osteoclasten tegelijkertijd een uitdaging blijft. Bovendien hebben we methoden onderzocht 

om onze in vitro bot remodeleringsmodellen te miniaturiseren. De opkomst van organen-op-

een-chip, waarbij microfluidische technologie gebruikt wordt om het natuurlijke milieu van 

weefsels na te bootsen, heeft wetenschappers in staat gesteld om in het laboratorium 

gemaakte weefsels te miniaturiseren. Deze technologie heeft een grote potentie om de 

nauwkeurigheid en efficiëntie van botweefseltechnologie te verbeteren, evenals om inzicht 

te geven in de onderliggende mechanismen van gezond en ziek bot. 

In de wetenschappelijk literatuur wordt de toepassing van osteoblast-osteoclast coculturen 

niet altijd duidelijk vermeld in de titel en samenvatting, waardoor het lastig is om deze studies 

te identificeren. Als gevolg hiervan ontwikkelen onderzoekers hun eigen methoden, wat leidt 

tot veel methodologische verschillen en niet te vergelijken resultaten. Daarom identificeerden 

we systematisch alle osteoblast-osteoclast cocultuur studies die voor het jaar 2020 zijn 

gepubliceerd in hoofdstuk 2. Verschillen in methoden werden systematisch in kaart 

gebracht, waardoor uitgebreide details over cellen, cultuuromstandigheden en 

analysetechnieken voor het gebruik en onderzoek van osteoblast-osteoclast coculturen 

beschikbaar kwamen. Op deze manier kunnen onderzoekers snel publicaties vinden die 

relevant zijn voor hun specifieke behoeften en hun werk gemakkelijk valideren en vergelijken 

met bestaande literatuur.  

Coculturen van cellen in weefselmodellen wordt veel gebruikt om te onderzoeken hoe cellen 

met elkaar communiceren. Hiervoor is een zeer specifieke omgeving nodig die aan de 

vereisten van alle betrokken celtypen voldoet en daarom is er veel optimalisatie nodig. We 

hebben manieren aangegeven die kunnen helpen bij optimalisatie van cultuurmedium 

compositie en -volume in coculturen met een focus op celcommunicatie via door de cel 

uitgescheiden stoffen in hoofdstuk 3. Het effect van mediumwissel op cellen wordt vaak over 

het hoofd gezien, maar is vooral belangrijk voor dit type celcommunicatie. Mediumwissel 

leidt tot verlies van waardevolle factoren die door de cellen worden geproduceerd, maar is 

noodzakelijk voor het verstrekken van voedingsstoffen en het verwijderen van afvalstoffen. 

Het blijft daarom de gouden standaard in celkweek. We hebben in hoofdstuk 4 een methode 

ontwikkeld, gebaseerd op dialyse, om verlies van door de cel uitgescheiden stoffen tijdens 

de mediumwissel te verminderen. Met ons zelfgemaakte eenvoudige dialysesysteem 



 Samenvatting 

 4 

hebben we menselijke mesenchymale stromale cellen (MSC's) gedifferentieerd tot 

osteoblasten en monocyten (MC's) tot osteoclasten, terwijl de uitgescheiden stoffen 

behouden bleven via dialyse. We zagen een verhoogde osteoblastische en osteoclastische 

activiteit in de dialysegroepen in vergelijking met de standaardgroepen zonder dialyse. Dit 

systeem toont het potentieel om een efficiëntere micro-omgeving te creëren in vergelijking 

met standaard cultuurmethoden, waardoor cel interacties via uitgescheiden factoren in 

mono- en coculturen mogelijk worden gemaakt. Het systeem kan op veel andere 

weefseltypen worden toegepast. 

In de tweede helft van deze scriptie hebben we methoden onderzocht om onze botweefsel 

modellen te miniaturiseren. Op dit moment bestaat er geen compleet model voor bot 

remodelering. Microfluïdische chips bieden grote mogelijkheden, met name vanwege de 

dynamische cultuurmogelijkheden, die cruciaal zijn voor in vitro botvorming. In hoofdstuk 5 

hebben we een bot-op-een-chip cocultuur ontwikkeld waarin menselijke MSCs werden 

gedifferentieerd tot osteoblasten en zichzelf vormden tot driedimensionale botachtige 

weefsels. Menselijke MCs konden zich aan deze weefsels hechten en fuseren tot 

meerkernige osteoclastachtige cellen. Verder werd een opstelling ontwikkeld waarmee 

lange-termijn (35 dagen) celkweek in de chip mogelijk is, met als voordelen een continue 

vloeistofstroom, een lage risicovorming op luchtbellen, een gemakkelijke vervanging van het 

cultuurmedium in de incubator en opties voor het live bekijken van de cellen. In hoofdstuk 6 

hebben we onderzocht hoe zwaartekracht-gedreven bidirectionele stroming voor bot-op-

een-chip kan worden gebruikt. Perfusiesystemen vereisen gespecialiseerde pompen en 

slangen en kunnen redelijk complex zijn. Zwaartekracht gedreven vloeistofstroming kan een 

alternatief bieden, omdat deze eenvoudiger is en alleen een wiegende beweging vereist. De 

wiegende beweging maakt een bidirectionele vloeistofstroming in het chipkanaal mogelijk. 

We hebben de invloed van bidirectionele vloeistofstroom op osteogene differentiatie van 

MSCs bestudeerd door het te vergelijken met statische kweekmodellen. Er was duidelijk een 

voordeel van vloeistofstroom in vergelijking met statische kweekmodellen wat betreft de 

productie van extracellulaire matrix en mineralisatie door de cellen. Met hoofdstuk 5 en 6 

bieden we twee verschillende methoden voor het dynamisch kweken van bot-op-een-chips, 

waarvan elk zijn eigen voordelen heeft en kan worden geselecteerd op basis van de 

specifieke doelen van het onderzoeksproject. 

Concluderend biedt deze scriptie strategieën voor de micro-omgevingsverbetering en 

miniaturisering van menselijke in vitro bot remodeleringsmodellen. Bovendien zijn we de 

eersten die een volledig menselijke, driedimensionale, directe osteoblast-osteoclast 

cocultuur op een chip laten zien. Ons werk is niet alleen van belang voor toepassingen in 

botweefseltechnologie, maar kan ook worden gebruikt met vele andere weefseltypen. Ten 

eerste kan het dialyse-systeem worden gebruikt voor de proliferatie en differentiatie van 

verschillende celtypen. Ten tweede kan de opstelling worden gecombineerd met elk type 

microfluïdische chip en worden gebruikt voor dynamische kweekmodellen. Met deze scriptie 

hebben we als doel gereedschappen aan te bieden voor verbetering van in vitro modellen, 

met als ultieme doel het vervangen, verminderen en verfijnen van het gebruik van 

diermodellen. We geloven dat in vitro modellen in de toekomst betrouwbare en 

voorspellende alternatieven zullen bieden voor dierproeven.
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Preface 

The adult skeleton has around 213 bones.
1
 In the Netherlands, an estimated 100,000 to 

120,000 fragility fractures occur annually, the equivalent of at least 11 broken bones per 

hour.
2
 The underlaying cause of these fragility fractures is osteoporosis, a metabolic bone 

disease that causes bones to become weak and fragile. The number of these fractures is 

expected to rise by more than a third over the next 15 years due to aging of the population.
2
 

Animal models are often used to study bone pathologies such as osteoporosis. However, 

animal models are costly, time-consuming and ethically questionable.
3
 Moreover, data from 

animals frequently fail to predict the results obtained in human clinical trials.
3,4

 The concept 

of tissue engineering has enabled scientists to develop biological substitutes of human 

tissues in the laboratory. With tissue engineering, so called human in vitro models can be 

created that mimic natural bone-related functions. These human in vitro models provide the 

invaluable opportunity to explore bone physiology and pathology, promising the ability to 

further understand bone diseases and develop new drugs. 

1.1 Bone tissue 

Bone is a complex and dynamic tissue that is essential for the structural integrity of the human 

body. It is composed of cells, extracellular matrix, and minerals and is responsible for 

providing support and protection, allowing movement, and serving as a calcium, phosphate 

and growth factor storage. Bones are composed of a dense outer layer known as cortical 

bone and a highly porous inner layer known as trabecular bone (Figure 1.1A). Bone matrix is 

made up of organic (~30-40%) and inorganic (~60-70%) components.
5
 The organic matrix 

consists mainly of collagen type 1 and serves as a template for mineralization.
5,6

 The 

inorganic matrix consists of mineral salts, mainly hydroxyapatite. These small, tightly packed, 

needle like crystals mineralize the collagen fibers, resulting in a mineralized bone matrix with 

unique mechanical properties. 

The smallest functional unit of bone is called a basic multicellular unit (Figure 1.1B).
7
 In this 

unit, three cell types work together: osteoblasts, osteocytes, and osteoclasts. Osteoblasts 

are cube-shaped bone forming cells that secrete the unmature bone matrix, called osteoid.
8
 

Osteoblasts that remain on the bone surface are flatly shaped and called bone lining cells. 

When osteoblasts embed themselves in the secreted matrix and become completely 

surrounded by it, they differentiate into osteocytes. Osteocytes are stellate shaped cells that 

function as mechanosensors that monitor and maintain the matrix. Osteocytes are able to 

transform mechanical strain into chemical signaling to regulate bone formation and 

resorption.
8,9

 For bone resorption, osteoclasts are recruited to the bone matrix.
8
 When active, 

osteoclasts appear as giant multinucleated cells with a ruffled border that is in direct contact 

with the bone. At this contact point, bone is degraded via enzymes and acids. Together, the 

cells in the basic multicellular unit cooperate in a process of continuous bone formation and 

resorption, called bone remodeling, to maintain bone health. 
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Figure 1.1 A) Overview of the structure of long bones comprising of cortical bone and trabecular bone. B) The basic 

multicellular unit with bone lining cells, osteoblasts, osteocytes, and osteoclasts. C) The bone remodeling process 

divided in several steps: activation, resorption, transition and formation and mineralization. This image was created with 

use of BioRender and Servier Medical Art. 

1.2 Bone remodeling 

Bone has the power to regenerate and repair itself. In order to do so, a process referred to 

as bone remodeling plays an important role. Bone remodeling is initiated in response to 

changes in biomechanical loading or to replace old, damaged bone with new bone and takes 

place continuously during a lifetime. This process is vital for the maintenance of healthy 

bones and helps to prevent fractures and other bone-related injuries.
10

 In remodeling, the 

balance between bone formation and resorption is important. In healthy bone, this process 

is in equilibrium, called homeostasis. In certain bone diseases, the balance is disturbed, 
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which could either result in too much (e.g. osteopetrosis) or too little bone tissue (e.g. 

osteoporosis).  

Bone remodeling comprises four phases (Figure 1.1C): In the activation phase, pre-

osteoclasts are recruited from the blood circulation. They attach to the bone surface and fuse 

into multinucleated osteoclasts. Next, the resorption phase is initiated. Osteoclasts start to 

resorb old or damaged bone tissue. Minerals are hereby released into the blood. Thereafter, 

the transition phase takes place in which the osteoclasts leave the bone surface. 

Macrophages clean the surface and osteoprogenitor cells are attracted. In the formation 

phase, these osteoprogenitors differentiate into osteoblasts that secrete new collagen matrix 

and control its mineralization.
11

 This phase is important for maintaining bone strength and 

density. Cortical bone turnover is around 2–3% per year, which is sufficient to maintain bone 

strength.
1
 Trabecular bone presents a higher turnover rate of around 20% per year because 

of its role in calcium and phosphorus metabolism.
1,12

 

1.3 Bone tissue engineering 

Tissue engineering (TE) is the interdisciplinary field that applies the principles of engineering 

and life sciences towards the development of functional biological substitutes for damaged 

tissues.
13

 Advances in TE have produced various strategies for fabricating living human 

tissues, including bone. Traditionally, bone tissue engineering has been focused on creating 

grafts for patients with extensive bone damage, utilizing scaffolds, progenitor cells, 

mechanical stimuli, and soluble factors.
6
 The development of these grafts generated 

methods to manipulate cells and grow three-dimensional tissues. With this, TE also provided 

the opportunity to grow in vitro tissues that could function as a model to monitor diseases 

and to test drugs in the laboratory. 

1.4 In vitro bone models 

In vitro models are engineered tissues made in the laboratory using cells and optionally also 

biomaterials. By using human cells, these models are hopefully able to represent human 

tissue behavior in healthy and diseased states. At the moment, animal models are often used 

to study bone pathologies, but animal models are costly, time-consuming and ethically 

questionable.
3
 In addition, the lack of human relevant models has led to a high rate of failure 

for therapeutic drugs in the clinic and increased healthcare costs.
3
 There is a growing interest 

in exploring alternative preclinical models.
3,4

 Human in vitro models are emerging in search 

for alternatives to animal models as they address the principle of reduction, refinement, and 

replacement of animal experiments (3Rs).
14

 The challenge remains to recreate functional 

bone tissue while being isolated from the natural environment of the body. In vitro bone 

models potentially represent powerful tools for the development of new treatments for bone 

disorders and diseases. 

1.5 Bone-on-a-chip 

One of the recent successes in the pursuit to create human in vitro models is the use of 

organ-on-chip microfluidic culture devices.
3
 These devices are lined with living cells cultured 

under fluid flow and can simulate organ-level physiology and pathophysiology with high 
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fidelity.
3
 Organ-on-chip devices promise several advantages over traditional in vitro culture 

techniques such as small volumes of cells, samples and reagents leading to decreased costs 

and options for parallel and real-time analysis. Additionally, structural and dynamic cues are 

readily integrated. Particularly the dynamic culture options are of interest for culturing bone 

cells, as in their natural environment these cells experience a regular mechanical loading 

regime. 

Organ-on-chip devices have been reported for many different tissue types. Chips with 

several tissue types can even be coupled to create a body-on-a-chip, which enables 

capturing of both the efficacy of a drug and the potential toxicity in other organs.
15

 To date, 

bone-on-a-chip models have not been abundantly reported, probably because of the highly 

complex bone microenvironment and multicellularity.
16

 To study the bone remodeling 

process accurately, all involved cell types (osteoblasts, osteoclasts and osteocytes) need to 

be present. These cell types all have different lifespans from days to months and may not be 

located at the remodeling site simultaneously.
16–20

 Bone-on-a-chip models offer opportunities 

to remove these spatial and temporal restrictions and are therefore of interest to study bone 

remodeling.  

1.6 Thesis outline 

In this thesis we aim to provide strategies for advancement and miniaturization of human in 

vitro bone remodeling models. The thesis is divided into two parts. In the first part, we studied 

ways to advance the microenvironment for in vitro bone remodeling as creating the right 

environment for the coculture of osteoblasts and osteoclasts remains a challenge. In the 

second part, we explored methods to miniaturize our in vitro bone remodeling models into 

bone-on-a-chip systems. 

To study bone remodeling in vitro, a coculture of osteoblasts and osteoclasts is needed. The 

use of these cocultures is not always clearly mentioned in the title and abstract in literature, 

making it difficult to identify these studies. As a result, researchers are all developing their 

own methods, leading to many methodological differences and incomparable results. 

Therefore, we systematically identified all osteoblast-osteoclast coculture studies that have 

been published before the year 2020 in Chapter 2. Comprehensive details on cells, culture 

conditions and analytical techniques were mapped systematically and made openly 

available in a database. In this way, researchers can quickly identify publications relevant to 

their specific needs and easily validate and compare their work with existing literature. 

Part 1: Enhancing the microenvironment for in vitro bone remodeling 

Coculturing of cells in in vitro tissue models is widely used to study how they interact with 

each other. This asks for a highly specific environment meeting the requirements of all 

involved cell types and therefore requires a great deal of optimization. We provided steps 

that can guide optimization of culture medium composition and volume in cocultures with a 

particular focus on cell communication via the cells' secretome in Chapter 3. The effect of 

medium exchange on cells is often an overlooked topic but particularly important for this type 

of cell communication. Medium exchange leads to loss of valuable auto- and paracrine 

factors produced by the cells but is necessary for nutrient supply and to prevent waste 
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product accumulation. We proposed a method based on dialysis to reduce loss of the cells' 

secretome during culture medium exchange in Chapter 4. This culture system showed the 

potential to create a more efficient microenvironment compared to standard culture methods, 

allowing for cell interactions via secreted factors in mono- and cocultures. In addition, the 

system could be applied for many other tissue types. 

Part 2: Miniaturizing in vitro bone remodeling models 

At the moment, no complete in vitro model for bone-remodeling exists that contains all 

needed cell types and their interactions. Microfluidic chips offer great possibilities, 

particularly because of the dynamic culture options which are crucial for in vitro bone 

formation. We developed a bone-on-a-chip coculture system in which human MSCs were 

differentiated into osteoblasts and self-assembled into scaffold-free bone-like tissues with 

the shape and dimensions of human trabeculae in Chapter 5. Human MCs were able to 

attach to these tissues and to fuse into multinucleated osteoclast-like cells, establishing the 

coculture. Furthermore, a set-up was developed allowing for long-term (35 days) on-chip cell 

culture with benefits including continuous fluid-flow, low bubble formation risk, easy culture 

medium exchange inside the incubator and live-cell imaging options. In Chapter 6, we 

investigated the use of gravity-driven bidirectional flow for bone-on-a-chip devices. Perfusion 

set-ups are needed for dynamic culturing, but require specialized pumps and tubing and 

can be rather complex. Bidirectional gravity-driven flow could offer an alternative as it is 

simpler, requiring only a rocking plate which is readily available in most laboratories. 

Furthermore, bidirectional flow can better recapitulate the multidirectional movement of the 

interstitial fluid within the native bone. We studied the effect of bidirectional flow on 

osteogenic differentiation of MSCs by comparing it with static cultures and our previous 

pump system with unidirectional flow. A clear benefit of flow compared to static cultures was 

seen in terms of extracellular matrix production and mineralization by the cells. With Chapter 

5 and 6 we provided two different methods for dynamic culturing of bone-on-a-chip devices, 

of which each has its own advantages and can be selected based on the specific goals of 

the research project. 

The main findings of this thesis are presented and discussed in Chapter 7 and potential 

future directions are described. 
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Abstract 

Drug research with animal models is expensive, time-consuming and translation to clinical 

trials is often poor, resulting in a desire to replace, reduce, and refine the use of animal 

models. One approach to replace and reduce the use of animal models is to use in vitro cell-

culture models. To study bone physiology, bone diseases and drugs, many studies have 

been published using osteoblast-osteoclast cocultures. The use of osteoblast-osteoclast 

cocultures is usually not clearly mentioned in the title and abstract, making it difficult to 

identify these studies without a systematic search and thorough review. As a result, 

researchers are all developing their own methods, leading to conceptually similar studies 

with many methodological differences and, as a consequence, incomparable results. The 

aim of this study was to systematically review existing osteoblast-osteoclast coculture studies 

published up to 6 January 2020, and to give an overview of their methods, predetermined 

outcome measures (formation and resorption, and ALP and TRAP quantification as surrogate 

markers for formation and resorption, respectively), and other useful parameters for analysis. 

Information regarding these outcome measures was extracted and collected in a database, 

and each study was further evaluated on whether both the osteoblasts and osteoclasts were 

analyzed using relevant outcome measures. From these studies, additional details on 

methods, cells and culture conditions were extracted into a second database to allow 

searching on more characteristics. The two databases presented in this publication provide 

an unprecedented amount of information on cells, culture conditions and analytical 

techniques for using and studying osteoblast-osteoclast cocultures. They allow researchers 

to identify publications relevant to their specific needs and allow easy validation and 

comparison with existing literature. Finally, we provide the information and tools necessary 

for others to use, manipulate and expand the databases for their needs. 
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2.1 Introduction 

Bone is a highly dynamic tissue with mechanical and metabolic functions that are maintained 

by the process of bone remodeling by bone forming osteoblasts (OBs), bone resorbing 

osteoclasts (OCs), and regulating osteocytes. In healthy tissue, bone resorption and 

formation are in equilibrium, maintaining the necessary bone strength and structure to meet 

the needs of the body. In diseases such as osteoporosis and osteopetrosis this equilibrium 

is disturbed, leading to pathological changes in bone mass that adversely affect the bone’s 

mechanical functionality.
21

  

Studies on bone physiology, bone disease and drug development are routinely performed in 

animal models, which are considered a fundamental part of preclinical research. The use of 

animals raises ethical concerns and is generally more time consuming and expensive than 

in vitro research. Laboratory animals are also physiologically different from humans. Their 

use in pre-clinical studies often leads to poor translation of results to human clinical trials 
22,23

 

and subsequent failure of promising discoveries to enter routine clinical use.
24,25

 These 

limitations and the desire to reduce, refine and replace animal experiments gave rise to the 

development of in vitro models.
26,27

 Over the last four decades, significant progress has been 

made towards developing OB-OC coculture models. 

The development of in vitro OB-OC cocultures started with a publication of T.J. Chambers in 

1982, where the author induced quiescence of isolated tartrate resistant acid phosphatase 

(TRAP)-positive rat OCs with calcitonin and reversed their quiescence by co-culturing them 

with isolated rat OBs in direct contact.
28

 At that time, studies involving OCs resorted to the 

isolation of mature OCs by disaggregation from fragmented animal bones. The first account 

of in vitro osteoclastogenesis in coculture was realized in 1988 when Takahashi and co-

authors cultured mouse spleen cells and isolated mouse OBs in the presence of 1α,25-

dihydroxyvitamin D3 and found TRAP-positive dentine-resorbing cells.
29

 The herein 

described methods were used and adapted to generate OCs for the following decade. Most 

of the studies published until this point in time used cocultures as a tool for achieving 

osteoclastogenesis, as opposed to a model for bone remodeling. At that time, a coculture of 

OBs with spleen cells or monocytes was the only way of generating functional OCs in vitro. 

It wasn’t until 1999 that Suda discovered Receptor Activator of Nuclear Factor Kappa Ligand 

(RANKL) and Macrophage Colony Stimulating Factor (M-CSF) as the necessary and 

sufficient proteins required for differentiating cells from the monocyte/macrophage lineage 

into functioning OCs.
30–33

 This discovery marked the start of coculture models developed for 

studying bone remodeling.  

In recent years, many research groups have ventured into the realm of OB-OC cocultures 

with the intent of studying both formation and resorption, but each group seems to be 

individually developing the tools to suit their needs resulting in many functionally related 

experiments that are methodologically completely different. In addition, the use of such 

methods is often not clearly stated within title and abstracts. Simple title/abstract searches 

such as ‘OB + OC + coculture’ show only a fraction of available studies using OB-OC 
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cocultures. Finding and comparing different coculture approaches and their results is thus 

complicated which forces each group to develop and use their own methods.  

The aim of this study was to conduct a systematic review of all OB-OC cocultures published 

up to January 6, 2020. With this systematic review, we aimed at identifying all existing OB-

OC coculture studies and analyze these within two comprehensive databases, allowing 

researchers to quickly search, sort and select studies relevant for their own research. 

Database 1 contains all OB-OC coculture studies in which at least one relevant primary 

outcome measure was investigated (formation and/or resorption) or secondary outcome 

measure (alkaline phosphatase (ALP) and/or tartrate resistant acid phosphatase (TRAP) 

quantification as surrogate markers for formation and resorption, respectively) 

(Supplementary Information S2.1). A sub-selection of studies that investigated these relevant 

outcome measures on both OBs and OCs in the coculture was included in Database 2, 

accompanied by additional details on methods, culture conditions and cells (Supplementary 

Information S2.2). The collection of the two databases will further be referred to as a 

systematic map. 

2.2 Methods 

For this systematic map a structured search protocol was developed using the SYRCLE 

protocol format.
34

 The protocol and search strings were made publicly available before 

completion of study selection via Zenodo to ensure transparency of the publication.
35

 In short, 

three online bibliographic literature sources were consulted with a comprehensive search 

query and the resulting publications were combined and screened using a four-step 

procedure (Figure 2.1): 1) identification of OB-OC cocultures, 2) identification of relevant 

outcome measures, 3) categorization in Databases 1 and 2 (Figure 2.2), 4) search for 

additional articles in the reference lists of studies included in Database 2 and relevant 

reviews. 

2.2.1 Database Search 

The online bibliographic literature sources Pubmed, Embase (via OvidSP) and Web of 

Science were searched on January 6, 2020 with a predefined search query consisting of the 

following components: ([OBs] OR ([OB precursors] AND [bone-related terms])) AND ([OCs] 

OR ([OC precursors] AND [bone-related terms])) AND [coculture], where each component 

in square brackets represents a list of related thesaurus and free-text search terms. The full 

search strings can be found via Zenodo.
35

 The results of all three searches were combined. 

Conference abstracts and duplicates were removed using the duplicate removal tools of 

Endnote X7 and Rayyan web-based systematic review software.
36

 The entire screening and 

data collection process was performed independently by two researchers. 
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Figure 2.1 Flow diagram of systematic literature search and screening. Screening step 1: Hits from 3 online 

bibliographic literature sources were combined, primary studies were selected, and duplicates were removed. Title 

and abstracts were screened for the presence of OB-OC cocultures. Screening step 2: OB-OC cocultures were 

screened in full text for relevant outcome measures. All studies in which at least one relevant outcome measure was 

studied were included into Database 1. Screening step 3: Papers in which both cell types were studied with relevant 

outcome measures were included into Database 2. Screening step 4: Papers included into Database 2 and reviews 

were screened for potentially missing relevant studies and identified studies were screened in the same manner as 

above. Each screening step is marked with a separate background color. Each selection step within the screening 

steps is marked with a colored header. Blue header: used as input for the review. Grey header: selection step. Red 

header: excluded studies. Yellow header: Database as presented in this systematic map. 

2.2.2 Screening step 1: Identification of OB-OC cocultures 

This step was performed to identify and extract OB-OC cocultures from the complete list of 

studies identified from the three online bibliographic literature sources after automatic 

removal of conference abstracts and duplicates. Using Rayyan web-based systematic 

review software, the titles and abstracts were screened for the presence of primary studies 

using OB-OC cocultures.
36

 Reviews, theses, chapters, and conference abstracts that were 

not automatically detected were excluded at this point. Potentially relevant reviews were 

saved separately to serve as an additional source of studies that could have been missed 

by the systematic search. 
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Figure 2.2 Schematic overview of Databases 1 and 2. All identified studies were searched for OB-OC cocultures, where 

coculture was defined as OB and OC being present simultaneously and able to exchange biochemical signals. In 

addition to direct-contact cultures, cultures such as transwell cultures, 3D or scaffold cultures and bioreactor cultures 

were allowed as well. OB-OC coculture studies which used relevant outcome measures were included into Database 

1. Of these, only the relevant outcome measures were analyzed. All studies where relevant outcome measures were 

used for both OB and OC were included into Database 2 as well. Of these, cells and culture conditions were analyzed. 

The figure was modified from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic License 

(http://smart.servier.com, accessed on 2 July 2021). 

In the selection process, coculture was defined as the simultaneous (assumed) presence of 

OBs and OCs (or OB-like and/or OC-like cells) within the same culture system at a moment 

during the described experiment such that the cells were able to communicate either via 

soluble factors in the medium and/or direct cell-cell contact. Both primary cells and cell lines 

of any origin were admitted including heterogeneous cell populations if these were clearly 

defined and expected to result in a biologically relevant number of the desired cell type. The 

presence of progenitor cells (such as monocytes or mesenchymal stem/stromal cells) was 

allowed only if these were either verified or expected to differentiate into OBs and/or OCs. 
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Studies using a single animal or human donor for both cell types were allowed, but only if the 

two (progenitor) cell types were at one point separated, counted, and reintroduced in a 

controlled manner. Trans-well systems (no physical contact but shared medium 

compartment with or without membrane), scaffolds (3-dimensional porous structure of any 

material including decellularized matrix), and bioreactor culture systems (culture exposed to 

physical stimuli such as rotation, mechanical loading or fluid flow) were included. 

Conditioned media experiments were excluded because these do not allow real-time two-

way exchange of cell signals. Explant-, organ- and other ex vivo cultures were excluded, 

except when these were used solely to generate decellularized matrix. 

When the study used any type of OB-OC coculture as defined above, the study was included. 

When, based on the title and abstract, it was possible that there was a coculture but this was 

not described as such, the full-text publication was screened.  

2.2.3 Screening step 2: Identification of relevant outcome measures in the coculture 

experiments 

This step was used to identify cocultures that specifically investigated relevant outcome 

measures related to bone remodeling: formation or resorption (primary outcome measures), 

or quantitative measurements of activity markers ALP or TRAP in a dedicated assay 

(secondary outcome measures). The primary outcome measures of resorption and formation 

were chosen because these are the processes that are directly affected in bone diseases. 

Formation/resorption measurement was defined as any method that directly measures the 

area or volume of (tissue) mineralization by OBs or resorption by OCs or any method that 

measures by-products or biochemical markers that directly and exclusively correlate to 

formation/resorption respectively. The secondary outcome measures of ALP and TRAP were 

included because these are regarded as viable alternatives for the direct measurement of 

formation and resorption. The measurement of ALP and TRAP was defined as the detection 

of either the enzymatic activity or the direct quantification of these proteins present. 

Polymerase Chain Reaction (PCR) and Immuno-histological stainings (with or without image 

analysis) were not considered relevant outcome measures. The full texts of the studies 

identified in screening step 1 were screened for experimental techniques and outcome 

measures. Studies in which for at least one of the cell types a relevant outcome measure was 

used were selected to be used in Database 1 (Supplementary Information S2.1). Publications 

written in languages other than English with no translation available and publications where 

the full text could not be found were excluded at this point. 

2.2.4 Screening step 3: Categorization within Database 1 

This step made the distinction between studies from screening step 2 on how OBs or OCs 

were studied in each publication. Each study was categorized into one of five categories 

within Database 1: 1) A relevant outcome measure was measured in both OBs and OCs in 

the coculture. These studies were also included in the in-depth screening for Database 2 

(Supplementary Information S2.1). 2) and 3) Both cell types were studied, but relevant 

outcome measures were only measured in OCs or OBs respectively. 4) and 5) Only OCs or 

OBs respectively were studied in coculture, the other cell type was neglected. 
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2.2.5 Screening step 4: Review and reference list screening 

To find additional studies that may have been missed during bibliographic searches, relevant 

review articles and studies labeled as category 1 were screened for additional unique 

relevant publications. Identified publications were screened as before. 

2.2.6 Database 1 generation and analysis – All cocultures with relevant outcome measures 

All information related to the relevant outcome measures was collected and organized in 

Database 1. For resorption, additional information on the resorbed substrate, the 

methodological procedure and quantification of results was collected. For formation, 

additional information on the type of analysis, the methodological procedure and 

quantification of results was collected. For both ALP and TRAP, additional information on the 

mechanism of the biochemical assay, whether it was conducted on lysed cells or 

supernatant, and information regarding the quantification was collected. In addition, the 

following information was collected, whether: the authors described their setup as a model 

specifically for remodeling, the experiment was conducted in 3D, the experiment applied 

bioreactors, more than 2 cell types were cultured simultaneously, the culture used a trans-

well setup, the culture used PCR and components in the supernatant of the culture were 

analyzed by ELISA or a similar quantification method. Finally, a column for additional remarks 

was introduced for details that did not fit in another column. Studies where the authors are 

color coded in pink were those found through screening step 4. Studies categorized as 

category 1 in screening step 3 were selected for use in Database 2 and had their title color 

coded in orange.  

2.2.7 Database 2 generation and analysis – All cocultures in which both cell types had 

relevant outcome measures. 

Additional information was collected from studies in which relevant outcome measures were 

studied on both OBs and OCs (Category 1 studies). The species,
37

 origin (cell line or primary) 

and cell type
26

 of both the OBs and OCs, seeding numbers, densities
38

 and ratios
39

 were 

collected or calculated. The culture surface (bio-)material,
40

 sample size, culture duration, 

medium refreshing rate, environmental conditions and pre-culture duration
41

 were collected 

if available. The medium components
42

 and supplements were extracted, as well as medium 

components of any monoculture prior to the coculture. Finally, the tested genes of all studies 

applying PCR and any proteins studied with ELISA or other supernatant analyses executed 

on the coculture were noted.  

2.2.9 Quality assessment and scripting 

Database 1 only reports the methods used for analyzing relevant outcome measures, 

Database 2 the culture conditions, cells and materials. The data obtained or the results 

described in the publications are not included in the databases. Quality assessment in 

Database 1 and 2 is thus limited to assessing the completeness of the necessary elements 

of the collected methodological details, to the extent that the description of used methods is 

complete enough to be properly represented in Database 1 and 2 and related figures and 

tables. Publications in which information was missing are here represented as ‘not reported’ 

if no information was provided, ‘reference only’ if no information was provided but another 

study was referenced. In database 1 ‘undefined kit’ was used, when a commercial kit was 
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used but the content or methodology was not further described. Instances of missing 

information can easily be identified in figures, tables and databases, but were not further 

used in this systematic map. Studies where information was missing were still used for other 

analyses for which the corresponding provided information was present. If studies were 

missing information critical to reproduce the outcome measures in database 2 (for example 

seeding ratio’s, culture surface material, medium or supplement information, critical steps in 

analyses), the cells in the database missing this information were labeled in red. If the missing 

information was not critical for the outcome measures but necessary for replication of the 

study (for example sample size, medium refresh rate, control conditions), the cells were 

labeled in orange. 

Several scripts were written in Excel Visual Basics programming language to analyze and 

process both databases. On sheet 2 “Data” of both Database 1 and 2 excel file, the statistical 

data and collected information are presented in the form of lists and tables together with the 

buttons to re-run the analyses based on the reader's requirements. The scripts are integrated 

within the excel file and can be used only when the file is saved as a ‘macro-enabled’ file 

(.xlsm). For information on using the databases see Supplementary Information S2.3. 

2.3 Results 

2.3.1 Search results 

From three online bibliographic literature sources, 7687 studies were identified (Pubmed: 

1964, Embase via OvidSP: 2709, Web of Science: 3014). 6874 studies remained after 

removing conference abstracts, and 3925 unique studies remained to be screened after 

duplicate removal.  

2.3.2 Studies included into Database 1 and 2 

After screening step 1, 694 studies remained as OB-OC cocultures. A list of these studies is 

available as a supplementary file (S2.4). Screening step 2 further excluded one study 

because of missing full text, 35 studies because they were in a language other than English 

and 406 studies because no relevant outcome measure was used. The qualifying 252 studies 

were included in Database 1. Screening step 3 revealed that in 77 of the 252 studies in 

Database 1 both the OB and OC were studied. In 39 of these, both OB and OC were studied 

using relevant outcome measures. These 39 studies were included in Database 2.  

Screening step 4 identified 34 unique studies from the reference lists of the included 39 

studies of Database 2, and identified another 25 unique studies from the 10 identified review 

publications. These additional 59 studies were screened as described previously and 

resulted in an additional 3 OB-OC cocultures with only relevant outcome measures measured 

on one cell type, resulting in a total of 255 studies with relevant outcome measures on at least 

one cell type for Database 1, and still 39 studies in which relevant outcome measures were 

studied in both cell types for Database 2. A detailed overview of the search and selection 

process is shown in Figure 2.1.  
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2.3.3 Publications per year 

The publications included in Database 1 were published between 1983 and 2019, with a 

peak in publications around the year 2000, followed by a slight but steady increase until now 

(Figure 2.3A). The peak roughly coincides with the discovery that M-CSF and RANKL were 

both necessary and sufficient to induce osteoclastic differentiation in monocytes in 1999.
43

 

The included publications in Database 2 span the time between 1997 and 2019, with only 8 

publications before 2010 (Figure 2.3B). This coincides with the progress in development of 

in vitro cocultures of OBs and OCs, moving beyond cocultures with OBs to generate OCs, 

and moving towards cocultures of OBs and OCs to study for example cell-cell interactions.
26

  

 

Figure 2.3 Relevant publications per year. A) All 255 publications that contain relevant outcome measures counted by 

year ranging from 1983 to 2019 (Database 1). B) The 39 selected publications of Database 2 counted by year ranging 

from 1998 to 2019 (Database 2). 

2.3.4 Database 1 results 

Database 1 provides an overview of all OB-OC coculture studies published until January 6, 

2020 in which at least one relevant outcome measure was studied. Of the 255 studies 

included, resorption was analyzed in 181 studies, formation was analyzed in 37 studies and 

both were analyzed in 16 studies. ALP was analyzed in 42 studies, TRAP was analyzed in 61 

studies and both were analyzed in 22 studies (Table 2.1). An overview of all reported 

methods to study the relevant outcome measures (resorption, formation, TRAP and ALP) can 

be found in the Supplementary Information S2.5.  

Table 2.1 Combinations and frequencies of primary and secondary outcome measures. This table can be referenced 

to identify the number of studies using any combination of primary and secondary outcome measures. All 255 studies 

that investigate at least one of the primary or secondary outcome measures are represented exactly once in this table. 

Each study is represented by a combination of primary outcome measures (horizontal) and secondary outcome 

measures (vertical). Marginal totals of each row and column are counted under ‘total’ with the grand total in the bottom-

right cell. 

Combinations of primary 

and secondary outcome 

measures in each study 

Primary outcome measures 

No resorption 

or formation 

Resorption 

only  

Formation 

only 

Resorption and 

formation Total 

S
e

c
o

n
d

a
r
y
 

o
u

t
c

o
m

e
s
 

m
e

a
s
u

r
e
s
 

No ALP or 

TRAP 0 151 14 9 174 

ALP only 16 0 2 2 20 

TRAP only 23 9 3 4 39 

ALP + TRAP 14 5 2 1 22 

Total 53 165 21 16 255 
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2.3.5 Database 2 results 

Database 2 provides an overview of experimental details such as culture conditions used for 

cocultures.  

2.3.5.1 Osteoblasts 

Database 2 included 39 studies. Table 2.2 presents the cell types at the start of the coculture 

(Table 2.2). Most studies used human primary cells. Almost half of the studies started the 

coculture with OBs, the others started with progenitor cells. As a result of ambiguous isolation 

methods and nomenclature which is subjective and can evolve over time, some cell 

descriptions in Table 6 might refer to identical cell populations.
44

 This systematic map reflects 

the nomenclature used by the authors or extrapolated from the description and does not 

further interpret the provided information.  

Except for the oldest 6 studies that used chicken and rat cells, all studies used human or 

mouse cells, most of which were primary cells. While the studies using rat and mouse cells 

mostly directly introduced OBs (either isolated as such or differentiated before seeding), 

those that used human cells predominantly introduced progenitor cells.
44

 Those that used 

primary OBs purchased expandable human OBs
45

 or used OBs
46

, undefined expanded bone 

cells
47

, or differentiated MSCs
48

 from bones obtained during a surgical procedure.  

Table 2.2 Osteoblast origins and occurrences. From Database 2, the origin of the cells that were used as OB was 

extracted. Each column represents a different cell type of OB-like cells or their precursors. Each row represents a 

different source of cells, differentiating between both the origin species and whether the cells are primary cells or cell 

lines. Incremental totals are presented in the last row and column. 
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Human cell line 1 

     

1 

Mouse primary 3 2 

    

5 

Mouse cell line 4 

     

4 

Rat primary 3 

    

1 4 

Chicken primary 

   

2 

  

2 

Reference only 1 

     

1 

Total 16 11 2 8 1 1 39 
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OB Seeding densities ranged from 0.9×10
3
 cells/cm

2
 to 60×10

3
 cells/cm

2
 with a mean of 

11×10
3
 cells/cm

2 
(N = 26) in 2D (Figure 4A) and from 0.3×10

3
 cells/cm

3
 to 7×10

3
 cells/cm

7
 

with a mean of 15×10
6
 cells/cm

3
 (N = 6) in 3D (Figure 2.4D).  

 

Figure 2.4 Seeding densities and seeding ratios. Violin plots of 2D and 3D seeding ratios of OB (A+D), OC (B+E) and 

respective seeding ratios in cocultures (C+F). Values are calculated based on reported seeding numbers of the cells 

or precursors thereof per surface are or volume. No distinction was made between different (precursor) cell types in 

these figures, resulting in a considerable spread in data that could be attributed to proliferation and cell fusion after 

seeding The ranges along the Y-axis are not the same for each figure. Each seeding density of each study is 

represented by a blue dot. 

2.3.5.2 Osteoclasts 

Out of the 39 studies in Database 2, 20 used human primary cells, the others used animal 

primary cells or any type of cell line for resorption (Table 2.3). Cultures were mostly initiated 

with OC progenitors: 16 studies introduced monocytes, 11 introduced mononuclear cells, 

the rest used other precursors.  

The 6 oldest included studies used chicken and rat cells, all others used mouse or human 

cells. With only one exception combining a mouse ST-2 cell line with human monocytes, all 

studies used cells of exclusively a single species for the OB and OC source.
49

 Only one study 

claimed to introduce OCs directly into coculture but failed to provide any information 

regarding the cell source and was therefore ignored from further investigation. 

The OC seeding density ranged from 5×10
3
 cells/cm

2
 to 15×10

6
 cells/cm

2
 with a mean of 

190×10
3
 cells/cm

2
 (N = 25) in 2D (Figure 2.4B) and from 20×10

3
 cells/cm

3
 to 70*10

6
 cells/cm

3
 

with a mean of 17×10
6
 cells/cm

3
 (N = 6) in 3D (Figure 2.4E). Seeding ratios of OB:OC in 2D 

varied highly and ranged from 1:1500 to 1:1 (Figure 2.4C). seeding ratios of OB:OC in 3D 

ranged from 100:1 to 1:25 (Figure 2.4F). 
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Table 2.3 Osteoclast origins and occurrences. From Database 2, the origin of cells used as OC was extracted. Each 

column represents a different cell type of OC-like cell or a precursor. Each row represents a different source of cells, 

differentiating between both the origin species and whether the cells are primary cells or cell lines. Incremental totals 

are presented in the last row and column. 

Cell Origin 

M
o

n
o

c
y
t
e

s
 

M
o

n
o

n
u

c
le

a
r
 
c

e
ll
s
 

M
a

c
r
o

p
h

a
g

e
s
 

O
s
t
e

o
c

la
s
t
 
p

r
e

c
u

r
s
o

r
s
 

O
s
t
e

o
c

la
s
t
s
 

S
p

le
e

n
 
c

e
ll
s
 

 
T

o
t
a

l 

Human primary 10 6 1 3 

  

20 

Human cell line 4 
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Mouse primary 2 
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6 

Mouse cell line 
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Rat primary 
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1 4 

Chicken primary  2 

    

2 

Reference only 

    

1 

 

1 

Total 16 11 5 5 1 1 39 

 

2.3.5.3 Coculture medium composition and culture conditions 

The behavior of cells is highly dependent on their environment, of which the biochemical part 

is predominantly determined by the culture medium composition. The main components of 

typical culture media are a base medium, fetal bovine serum (FBS) and specific supplements 

such as OB and OC supplements. Eight different base (or complete) media were reported 

(Figure 2.5A), with αMEM and DMEM accounting for approximately 80% of all studies. FBS 

content ranged from 0% to 20%, with most studies using 10% (Figure 2.5B). Those without 

supplemented FBS used forms of complete media of which the composition was not 

described, but possibly including a type of serum or equivalent serum-free supplements. 

M-CSF concentration was reported in 11 studies and ranged from 10 ng/ml to 100 ng/ml with 

a mean of 39,82 ng/ml (Figure 2.5C). RANKL concentration was reported in 14 studies and 

ranged from 10 ng/ml to 100 ng/ml with a mean of 49 ng/ml. OB supplements were 

recalculated to molarity if necessary (Figure 2.5D). Ascorbic Acid (AA) (also referred to as 

ascorbic acid-2-phosphate, L-ascorbic acid or L-ascorbate-2-phosphate) concentration was 

reported in 19 studies and ranged from 0.05 mM to 0.57 mM, with a mean of 0.18 mM and 

one outlier at 200 mM that was disregarded for this calculation. Dexamethasone was used in 

13 studies and was used in 2 different molarities: 6 times at 10
-7
 M and 7 times at 10

-8
 M. β-

Glycerophosphate (βGP) concentration was reported in 17 studies, and ranged from 1 mM 

to 46 mM, with a mean of 13 mM. 
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Figure 2.5 Medium components used by studies in Database 2. A) The occurrence of all identified base and complete 

media used during the coculture phase of each study. B) Serum concentrations during the coculture phase of each 

study. C) OC supplements administered during the coculture phase of each study. Please note that the x-axis has a 

linear distribution. D) Osteogenic supplements during the coculture phase of each study. Please note that the x-axis 

has a logarithmic scale. Individual concentrations or molarities are shown as blue dots. 

2.4 Discussion 

In recent years, many research groups have ventured into the realm of OB-OC cocultures 

with the intent of studying both formation and resorption. Due to a lack of standardization 

within the field and the difficulty of finding publications based on methods instead of results, 

each group seems to be individually developing the tools to suit their needs resulting in many 

functionally related experiments that are methodologically different. The use of OB-OC 

cocultures is usually not clearly mentioned in the title and abstract, making it difficult to find 

these studies without a systematic search and thorough review. The aim of this study was to 

generate a systematic map to give an overview of existing osteoblast-osteoclast coculture 

studies published up to 6 January 2020, and present their methods, predetermined outcome 

measures and other useful parameters for analysis in 2 databases which can be filtered, 

sorted, searched and expanded.  

The Database 1 contains all OB-OC coculture studies in which at least one relevant primary 

outcome measure (formation and/or resorption) or secondary outcome measure (ALP and/or 

TRAP quantification) was investigated. A sub-selection of studies that have relevant outcome 

measures investigated on both OBs and OCs in the coculture are shown in Database 2, 

accompanied by additional details on methods, culture conditions and cells.  
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2.4.1 Resorption and formation 

To study resorption, 2D bone and dentine discs remain the most-used method although 

alternatives such as osteological coatings offer new and easy ways of quantification. To 

measure bone formation, 2D nodule stainings were the most frequently used. Combined with 

Alizarin Red dye release these provide an easy way to quantify mineralization.
50

 

Compared to 2D cultures however, 3D cultures are under-represented in this systematic 

map. Only 24 studies were labeled as 3D cocultures in Database 1, the first being published 

only in 2006.
51

 From these we learn that studying 3D resorption and formation remains a 

challenge, with the only identified viable options for quantification being μCT imaging
52

 and 

supernatant analysis techniques such as NTx,
53

 CTx,
54

 and CICP.
55

 Because of their non-

destructive nature, they can be used to measure the same sample repeatedly and prior to 

destructive techniques. μCT it is well suited to monitor mineralized volume change within the 

same samples over a longer period of time
52,56,57

. Registering consecutive images can even 

show both formation and resorption events within the same set of images of the same sample 

if both mineralizing OBs and resorbing OCs were present.
57

 The use of µCT leads to both 

quantification and visualization of mineralization. The supernatant analysis methods measure 

bone turnover markers are used in the clinic and can quantify resorption and formation by 

analyzing the liberated collagen fragments in the supernatant
58

 

2.4.2 ALP and TRAP 

ALP and TRAP are the two major markers for indirectly quantifying OB and OC activity that 

were included into Database 1. ALP makes phosphates available to be incorporated into the 

matrix
59

 and TRAP has been associated with migration and activation of OC.
60

 Their presence 

is not conclusive proof that formation and resorption are occurring because ALP is expressed 

already in differentiating MSCs
61

 and TRAP is expressed on monocytes as well.
57

 Still, there 

is a correlation between their presence and that of OB and OC activity. These enzymes can 

be measured both after lysis of the cells or within the culture supernatant. The former allows 

the quantification of enzyme per DNA content when combined with a DNA assay, whereas 

the latter allows the monitoring of relative enzyme release over time. The most frequently 

used methods are the pNPP-based methods where ALP and TRAP directly convert a 

substrate into a measurable compound. Naphthol-based methods
62

 rely on a similar 

principle, and show an increased specificity for TRAP isoform 5B in particular.
63

 The main 

advantage of these methods is that they use the inherent enzymatic activity of ALP and TRAP, 

reducing the complexity and cost of the assay. However, the reliance on the inherent 

enzymatic activity of the enzymes is also a practical limitation as inherent activity can be 

affected by for example freeze-thaw cycles and long-term storage, which is a likely 

occurrence when monitoring ALP or TRAP release over time. A workaround would be to 

analyze the samples directly after collection. Another risk is that both ALP and TRAP are 

phosphatases. Assays that rely on their inherent phosphatase activity may show cross-

reactivity of other phosphatases, although this can largely be mitigated by controlling the pH 

during the test.  

Immunoenzymatic assays such as ELISA detect the presence and not the activity of these 

enzymes instead.
64

 These methods have the capacity to detect low protein concentrations 
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because each individual protein can be labeled with an excess of new enzymes each 

capable of converting substrate. In the case of TRAP, ELISA kits exist that are specific for 

TRAP isoform 5b which is expressed almost exclusively in OCs,
65

 whereas isoform 5a is also 

expressed by macrophages and dendritic cells.
66

 While in a coculture with pure populations 

of OB and OC this distinction would not be relevant, macrophages, macrophage-like cells 

and macrophage precursors
67

 can be used as precursors for OCs
68

, and thus express 

isoform 5a in coculture. Whether this negatively affects the results is another matter that can 

only be determined by comparison between the two assay types.  

To conclude, pNPP based methods are the most frequently used methods for detecting ALP 

and TRAP due to their affordability and simplicity. However, immunoenzymatic detection 

methods are more sensitive and specific, and do not rely on the intrinsic enzymatic activity 

of ALP and TRAP which can be affected by freeze-thaw cycles, long-term storage, and could 

show cross-reactivity with other phosphatases. 

2.4.3 Osteoclasts 

Osteoclastic resorption is an integral part of in vivo bone maintenance. Old and damaged 

bone tissue is resorbed and replaced by OBs with new bone tissue. There is a clear 

preference in the studies identified for Database 2 for using human cells to generate OCs, 

most notably monocytes and mononuclear cells. These have in the past two decades proven 

to be a reliable and relatively straight-forward precursor population for OCs,
26

 they can be 

obtained from human blood donations, and are thought to be better representatives for 

studying human physiology than cells of animal origin.
22,23

 

The choice of using precursors versus differentiated OCs is forced sharply into one direction 

because of both biological and experimental limitations. The extraction of OCs from bone is 

possible but cumbersome, requires access to fresh bone material and generally does not 

yield relevant numbers of OCs. Generating OCs from circulating precursors is easier. 

However, OCs have an average life span of approximately 2 weeks.
69,70

 some of which would 

already be lost if OCs would be created prior to the actual experiments. In contrast to most 

cells, differentiation happens by fusion of several precursors into a single OC. Fused 

multinucleated OCs can become large and hard to handle without being damaged. For those 

reasons they are usually differentiated from precursors within the actual experiments.  

Thanks to the discovery of M-CSF and RANKL being sufficient to induce osteoclastic 

differentiation,
43

 OCs can currently be obtained in vitro without the need for OBs. Where in 

the past researchers used spleen cells for this, the studies included in this systematic map 

predominantly use (blood-derived) mononuclear cells, monocytes, or macrophages as 

precursor cells.  

There are caveats and risks associated with each cell source. Animal cells introduce a 

between-species variation and can respond differently than human cells.
37

 Human donor 

cells tend to exhibit large between-donor variation compared to cell lines
71

 and the number 

of cells acquired is limited and variable.
72

 The large variation between donors again 

highlights the need for patient-specific disease models instead of generic bone models. By 

using cells of a single diseased donor, the reaction of that patient’s cells on potential 
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treatment options can be studied. Immortalized cell-lines are more practical than primary 

cells but result in immortal OC-like cells. While these can greatly reduce between-experiment 

and between-lab variation, they are also physiologically less relevant. While these risks and 

characteristics do not discredit any source as a viable source of OCs for any experiment, the 

results of the corresponding studies should be interpreted with these characteristics in mind.  

2.4.4 Osteoblasts 

OBs are the bone forming cells, and together with bone resorbing OCs they keep the bone 

mass and bone strength in equilibrium. The preference for the use of human primary cells 

identified in the studies included in Database 2 can be explained by the good availability of 

donor material, expandability of OB precursors, and because human cells better reflect 

human physiology than cells from other species.
22,23

 The choice of OB progenitors versus 

OBs is not as crucial here as it is with OCs. MSCs, the most commonly used precursors, have 

a tri-lineage potential and differentiate into OBs on a 1-1 ratio.
73

 The advantage of 

osteoprogenitors such as MSCs is that these are capable of extensive proliferation before 

differentiation. Using progenitors allows studying osteoblastogenesis in addition to bone 

formation. When the effect of an intervention on mineralization but not osteogenesis is under 

investigation, care must be taken that the intervention is not applied before differentiation has 

been achieved.  

The advantage of directly introducing OBs instead of precursors, whether obtained directly 

from primary material or pre-differentiated in vitro, is that these do not need to be 

differentiated within the experiment anymore, and any experimental conditions affect only 

mature OBs and not osteoblastogenesis in parallel. OBs or to-be-differentiated MSCs 

isolated from bone marrow or orthopedic surgery are the most common source of primary 

human OBs. Healthy human donor OBs are scarce because these persons rarely undergo 

bone surgeries or get bone biopsies. Whether the use of OBs from diseased donors affects 

experimental results needs to be elucidated. On the other hand, using patient cells to create 

a personalized in vitro disease model is the first step towards personalized medicine, 

especially if all cells are of that same patient. Finally, the risks of using animal cells the 

introduction of a between-species variation. While none of these risks directly discredit any 

of the methods obtaining OBs, the results must be interpreted with these risks and 

characteristics in mind. 

2.4.5 Culture conditions 

The success of a cell-culture experiment is dependent on the culturing conditions. For many 

cell-types, optimal culture conditions have been established. During coculture experiments 

however, the needs of two or more cell types need to be met. Medium components and 

factors may be needed in different concentrations, as they can be beneficial to one cell type 

but inhibitory to the other.
74

  

There is a clear preference for medium based on DMEM and αMEM, but many factors 

influence the choice of base medium. Base media are chosen based on the intended cell 

type, recommendations by a manufacturer or supplier of either cells or medium, preferred 

effect on cells, interaction with other supplements, and earlier experience. These factors 



Chapter 2 

31 

make direct comparison of experimental results within literature virtually impossible. 

Additionally, none of the studies mentioned why they specifically chose the base media they 

used.  

Another variable in medium composition is FBS (or FCS). It is known to have batch-to-batch- 

and between-brand differences which can impact the results of an experiment 

tremendously.
75

 However, no study explains why each type and concentration of FBS was 

chosen.  

When osteoblastic or osteoclastic supplements were used, the concentrations were within 

the same orders of magnitude in all studies, except for AA. Only 2 studies used all 5 of the 

supplements indexed in this study (AA, βGP, Dexamethasone, M-CSF and RANKL) and many 

combinations of supplements have been registered in this map. OC supplements RANKL 

and M-CSF are both necessary and sufficient for osteoclastogenesis.
43

 However, OBs can 

produce RANKL and M-CSF themselves to trigger differentiation and therefore the 

supplements are not necessarily required in coculture.
29

 Each osteoblastic supplement 

contributes to a specific function. Dexamethasone upregulates osteogenic differentiation, 

βGP acts as a phosphate source, and AA is a co-factor involved in collagen synthesis.
76

 

Depending on the type of (progenitor) cells introduced, the aim of the experiment and other 

methodological details, their inclusion could be necessary. Finally, many studies used or 

omitted specific supplements related to their research question regarding the activity of OBs 

or OCs or used less common supplements for differentiation such as vitamin D3, human 

serum or Phorbol 12-myristate 13-acetate.  

What is seldom addressed however, is the compromise that must be made in choosing the 

right supplements and concentrations. Adding too high doses of supplements could cause 

an excess of these signals in the culture medium, effectively overshadowing any other 

ongoing cell-signaling over the same pathway by other cells. This is of critical importance 

when the goal is not to achieve only OB and/or OC activity, but a self-regulating system with 

experimental conditions or interventions that are expected to affect this system. Here, it may 

be beneficial to experiment with lower concentrations of factors, supplemented only during 

critical phases of the cells’ development or differentiation. 

The choice of medium in a coculture is most likely going to be a compromise and must be 

based on the exact research question to be addressed, where the advantages and 

disadvantages of base media and supplements for both cell types are carefully weighed.  

2.4.6 Seeding densities and seeding ratios 

Using the correct seeding densities plays a major role in proliferation and cell function of 

OBs
38,77

 and osteoclastic differentiation.
78

 The seeding densities reported in this map show 

an enormous spread. Many factors could have influenced these numbers. For example, 

some studies report the numbers prior to expansion, others expand the cells in (co-)culture. 

Similarly, the percentages of relevant precursor cells in heterogenous cell populations can 

vary widely. The cell numbers present and OB:OC ratio most likely even change during a 

coculture due to ongoing cell-division, differentiation, fusion and different expected life spans 
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and corresponding cell death. Regrettably, the available documentation of exact cell 

numbers introduced is often lacking, and open to some interpretation.  

Animal type, cell type, cell line versus primary cells and even passage number may also 

directly influence the choice of seeding densities in addition to various experimental choices. 

At the same time, the purpose of the experiment and more specifically the purpose of the 

cells and type of interaction or result required should determine the necessary seeding 

density. The combination of all these factors suggests that there in fact is no ideal seeding 

density, and that the best seeding density for a certain experiment can only be determined 

by taking all the above factors into account, learning from others that did similar experiments, 

and most importantly verifying assumptions and predictions in the lab.  

Looking at the cell seeding ratio, here reported as number of seeded OB/OB-precursors per 

seeded OC/OC-precursor, outliers can be normalized against their seeded counterparts. In 

2D studies, there are never more OBs/OB-precursors than OCs/OC-precursors. At most, they 

are seeded at a 1:1 OB:OC ratio. Even though in human bone tissue the ratio of OB:OC is 

estimated to be approximately 7:1, higher OC numbers than OB numbers are seen.
79

 OB 

precursors can still proliferate, whereas OC precursors usually still need to fuse together to 

form mature OC or OC-like cells. In 3D we do not see the same trend, with ratio’s ranging 

from 1:20 to 100:1. These differences are again affected by the same factors that influence 

individual OB and OC seeding densities, further enhanced by the extra layer of complexity 

that are inherent to 3D cultures. As with the individual seeding densities, these factors 

prevent us from determining an ideal seeding ratio. 

2.4.7 Limitations 

While the authors took great care to construct a series of search queries fine-tuned for each 

of the three online bibliographic literature sources, the authors cannot be certain that all 

relevant OB-OC cocultures have been included into the two databases. The search was 

limited by the necessary addition of a ‘coculture’ search element. Coculture studies without 

any indication thereof in the title or abstract simply cannot be identified through the initial 

search. To compensate for this, screening step 4, searching through identified reviews and 

publications included into Database 2, was executed. Publications in languages other than 

English were excluded because none of the researchers involved in data curation and 

analysis were fluent in the remaining languages. Consequently, relevant publications might 

have been excluded based on language.  

The quality of reporting in included studies is lacking in many cases. Missing information for 

reproducing the methods of the studies was identified, and only 13 out of 39 studies included 

in Database 2 did not miss at least a high-level description of all indexed characteristics.  

This systematic map is not intended to provide a definitive answer to the question of how to 

set up the perfect OB-OC coculture. Instead, it allows searching through all relevant 

coculture studies looking for specific matching experimental characteristics or culture details 

that may be applicable to one’s own research. For this, it contains the possibility to search, 

sort and filter through many relevant characteristics. This allows one to find relevant studies 
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that may have already (partly) studied one’s research question, or that can be used as a 

guide to design comparable experiments.  

2.5 Conclusion 

With this systematic map, we have generated an overview of existing OB-OC coculture 

studies published until January 6, 2020, their methods, predetermined outcome measures 

(formation, resorption, ALP and TRAP quantification), and other useful parameters for 

analysis. The two constructed databases are intended to allow researchers to quickly identify 

publications relevant to their specific needs, which otherwise would have not been easily 

available or findable. The presented high-level evaluation and discussion of the major 

extracted methodological details provides important background information and context, 

suggestions and considerations covering most of the used cell sources, culture conditions 

and methods of analysis. Finally, this map includes the instructions for others to expand and 

manipulate the databases to answer their own more specific research questions. 
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Abstract 

Coculturing of cells in in vitro tissue models is widely used to study how they interact with 

each other. These models serve to represent a variety of processes in the human body such 

as development, homeostasis, regeneration, and disease. The success of a coculture is 

dependent on a large number of factors which makes it a complex and ambiguous task. This 

review article addresses co-culturing challenges regarding the cell culture medium used in 

these models, in particular concerning medium composition, volume, and exchange. The 

effect of medium exchange on cells is often an overlooked topic but particularly important 

when cell communication via soluble factors and extracellular vesicles, the so-called cell 

secretome (CS) is being studied. Culture medium is regularly exchanged to supply new 

nutrients and to eliminate waste products produced by the cells. By removing medium, 

important CSs are also removed. After every medium change, the cells must thus restore 

their auto- and paracrine communication through these CSs. This review article will also 

discuss the possibility to integrate biosensors into cocultures, in particular to provide real-

time information regarding media composition. Overall, the manner in which culture medium 

is currently used will be re-evaluated. Provided examples will be on the subject of bone tissue 

engineering. 

  



 Impact of culture medium on cellular interactions in in vitro co-culture systems 

 40 

3.1 Introduction: In vitro tissue models 

Before culturing of cells was possible, animals were used to study human physiology and 

pathophysiology, in particular in medical and pharmaceutical industries
14

. Animal models 

frequently failed to capture important facets of human physiology and pathophysiology and 

thus failed to mimic true human responses.
80

 The possibility to culture human cells increased 

our insight into healthy and diseased states of the human body.
81,82

 First, cells were cultured 

in monolayers which in some cases lacked the complexity needed to study diseases and 

responses to drugs thoroughly.
83–85

 Three-dimensional (3D) models enabled the creation of 

a cell environment closer to the natural microenvironment, increasing the potential to predict 

physiological responses and also increasing complexity. For example, different 3D in vitro 

models to study osteocytes were established recently, mimicking their native environment 

and showing superior morphology and behavior compared to monolayer cultures, enabling 

future development of human disease models.
85

 

The approach for the design of in vitro tissue models originates from tissue engineering.
13,86

 

TE combines cells, scaffolds, growth factors and mechanical stimuli to create tissues in vitro. 

Traditionally, TE has focused on the creation of tissue grafts for implantation. More recently, 

TE has been applied to develop in vitro tissue models. In contrast to tissue grafts that need 

clinically relevant sizes of engineered tissue, in vitro models aim to resemble the smallest 

functional unit of a tissue. Such in vitro models show potential to study processes of the 

human body such as development,
87

 homeostasis,
88

 regeneration,
89

 and disease.
90

 

The development of 3D human in vitro models depends on the ability to partially recreate the 

complexity of the native microenvironment that defines cues (physical, chemical, and 

biological) for cell function, proliferation, and differentiation
80

. The challenge is to define the 

aspects of the microenvironment which are important in order to engineer the smallest 

functional unit that captures the interaction between key cues in the cell system which it 

controls
80

. Research has shifted toward improving in vitro models by increasing their 

complexity in order to understand how mature intricate tissues form.
82

 An increase in 

complexity can be accomplished by culturing different cell types together in one culture, 

called coculturing. 

3.2 Cocultures with the application for in vitro tissue models 

Coculturing of cells is widely used to study interactions between cell populations in many 

fields including (but not limited to) synthetic biology,
91

 ecology,
92

 TE both 2D and 3D,
93,94

 and 

multi-organ microphysiological systems.
95

 Models have been developed for a variety of 

tissues such as lung,
96

 intestine,
97

 kidney,
98

 bone,
88

 embryo,
99

 ovary,
100

 neuron-glia,
101

 and 

liver.
102

 Cocultures can be used to represent both physiological and pathological tissue 

states. Ideally, human, or even patient-specific cells are used to create cellular environments 

that are more representative for humans rather than animal derived cells.
86

 Most coculture 

studies involve two cell types, owing to an increased complexity in establishing a stable 

system when more cell types are involved.
91

 There are also studies reporting the use of 

three
103–105

 or even four cell types.
106,107
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Different strategies to coculture cells in 3D exist, each allowing for a different degree of 

contact between the cell types. Through this contact, the cells are able to stimulate each 

other. Direct cocultures facilitate physical contact between the different cell types which 

allows for communication though their surface receptors and gap junctions, defined as 

juxtacrine communication (Figure 3.1A). Indirect cocultures incorporate a physical 

separation between cell types, such as a semi-permeable membrane in the form of a 

transwell system, only enabling signaling via the cell secretome (CS; Figure 3.1B-I). In 

addition, in indirect co-cultures, conditioned medium is frequently used (Figure 3.1B-II). 

Medium is first used for culturing one cell type and then transferred to the second cell type. 

The medium contains the CS of the first cell type, which then affects the second cell type. 

Conditioned medium contains numerous CSs that may positively and/or negatively regulate 

cell behavior.
108

 The mechanisms that support the effect of these CSs remain insufficiently 

defined and are highly dependent on the cell source.
109

 

 

Figure 3.1 A) Direct cocultures facilitate physical contact between the different cell types which allows for 

communication though their surface receptors. B) Indirect cocultures incorporate a physical separation between cell 

types only allowing for communication via cell secretomes. I) Physical separation in the form of a transwell system using 

a semi-permeable membrane. II) Conditioned medium is first collected from one cell type and then transferred to the 

other cell type. The medium contains the cell secretome of the first cell type, which then affects the second cell type. 

Cell secretomes ensure cell-cell communication and comprise of soluble factors and cell-

derived membranous structures. These so-called extracellular vesicles (EVs), are nanosized 

particles (exosomes, 30–100 nm; microvesicles, 50–2000 nm)
110

 that transfer proteins, 

bioactive lipids between cells. Moreover, EVs are also capable of transferring RNA between 

cells, called exosomal RNA or esRNA.
111,112

 EVs are present in biological fluids and are 

involved in multiple physiological and pathological processes.
113

 For example, EVs derived 

from osteogenically committed mesenchymal stromal cells were shown to induce osteogenic 

commitment of homotypic cells without further supplementation.
110

 EVs are widely studied for 

their potential as a cell-free therapeutic method for regeneration of numerous tissue types. 
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Subsequently, EVs might be used to study cellular interactions in vitro omitting the 

requirement for a coculture experiment and thus overcoming coculture challenges. The 

biggest challenge of using EVs lies within the development of purification and 

characterization protocols.
114

 

Overall, cocultures are versatile models to create cellular environments in which interactions 

between different cell types can be studied in vitro. These interactions can take place by 

direct contact and by exchange of soluble factors and EVs. This review article will focus on 

steps that can guide optimization of medium composition and volume in cocultures with a 

particular focus on cell communication via the CS. 

3.3 General considerations regarding culture medium in cocultures 

3.3.1 Selecting culture medium composition 

In cell culturing, culture medium is added to nourish the cells. Culture medium is a liquid 

nutritive substance consisting of a mixture of base medium, serum, and regulating factors. 

Firstly, base medium fills the nutritional requirements of the cells. The first base medium was 

developed in 1959 and was defined as the Minimal Essential Medium (MEM), including 13 

amino acids, 8 vitamins, 6 ionic species, and glucose.
115

 Secondly, serum, such as fetal 

bovine serum (FBS) contains important basic proteins including growth factors and 

hormones for maintaining cell survival, growth, and proliferation.
116

 FBS is a complex and 

natural mixture that is extracted from fetal blood. The use of FBS is controversial due to quality 

and reproducibility issues as well as animal welfare concerns which is elaborately reviewed 

elsewhere.
117

 Thirdly, regulating factors such as growth factors are added to the medium to 

guide specific and desired cell behavior such as proliferation and differentiation into a 

particular cell lineage. These factors are key in cell cultures as they predominantly determine 

cell fate. Establishing a functional and precise mixture of these culture medium ingredients 

is of great importance for creating in vitro tissue models. 

Each cell type has specific needs according to its function and requires a corresponding 

specific medium composition. When two or more different cell types are cultured together, 

choosing the right medium becomes a challenge.
91

 Several approaches are possible, such 

as mixed medium, supplemented medium and partitioned culture environments (Figure 

3.2A). In a mixed medium, the medium of all used cell types is combined, possibly in different 

ratios. With this method, the original medium supplements might interfere with the other cell 

type, which is particularly important when culturing progenitor cells as these cells yet have 

to differentiate into the desired cell type. For instance, in a coculture of precursors of 

osteoblasts and osteoclasts, the osteogenic supplements dexamethasone and β-

glycerophosphate are needed for osteoblast differentiation and maturation, while these 

supplements have been shown to inhibit monocyte differentiation into osteoclasts.
118–120

 An 

optimum dosage of supplements has to be found in order to obtain both functional osteoblast 

and functional osteoclasts. Another approach could be to use a general base medium, 

supplemented with the soluble factors that stimulate both cell types without negatively 

affecting either of them.
121

 This method makes it possible to modulate the medium more 

specifically than by just mixing two media types. The disadvantage is that it is time 
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consuming to find suitable supplements and to optimize the combination. Additionally, a 

culture method that enables two physically partitioned medium flows can be used. In this 

way, both cell types receive their specific medium while cell-cell contact is still possible.
122

 

However, this is a complicated and precise method that can mostly be performed in 2D and 

for certain cell types. 

In multi-organ microphysiological systems, the challenge of finding the right medium is even 

more difficult as a variety of cell types may each have their own optimal medium and 

supplements. For example, in a device combining liver, lung, kidney, and adipose tissue, it 

was shown that addition of transforming growth factor β1 (TGF-β1) supported the growth 

of lung cells but inhibited the growth of liver cells.
106

 They overcame this by using gelatin 

microspheres that released TGF-β1 locally to support the lung compartment while in the 

circulation, low TGF-β1 levels could be maintained.
106

 

Just as important, one cell type in a co-culture naturally provides CSs that influence the other 

cell type. As a result, medium supplements might have to be altered in concentration or might 

be fully omitted.
121

 For example, osteoclasts in mono-culture are derived from mononuclear 

cells by addition of macrophage colony-stimulating factor and receptor activator of nuclear 

factor kappa-B ligand. Both molecules are naturally produced by osteoblasts.
123

 Thus, in a 

coculture with osteoblasts, no additional cytokines may be needed for osteoclast 

formation.
121,124

 

Medium optimization is crucial but is laborious and time-consuming because of the 

enormous number of possible combinations. Parallel assays using micro/nano-scale devices 

hold great promise for evaluation and optimization of a multitude of options.
125

 For example, 

a sensitive platform for optimum culture media investigation was developed in which image-

based profiling was combined with microdevices to achieve high-throughput evaluation of 

culture medium conditions.
125

 Advances in this field could be of great value to ease the 

inconvenience of medium optimization. 

3.3.2 The effect of culture medium volume 

Medium volume is of importance as a higher volume leads to lower concentrations of the CS 

(Figure 3.2B). In bone cell cultures, osteoblastic mineral deposition and fusion of osteoclast-

precursors into osteoclasts were shown to be dependent on the medium volume.
126

 When 

culturing cells, often the medium volume suggested by the manufacturer of culture plastics 

is used. However, this volume is not optimized for specific cell types. For example, low culture 

medium volumes not only have been shown to be beneficial for culturing cell types such as 

neuron-like cells
127

 and adipose derived mesenchymal stem cells,
128

 they are also more 

economical. On the other hand, some culturing conditions, for example in bioreactors, might 

require minimal volumes to operate, which makes volume optimization impracticable. In 

these cases, it should be recognized that the medium volume may impact a variety of cell 

culture aspects.
126

 

Medium volume is influenced by cell culture aspects such as nutrient supply, dilution, or 

concentration of waste products and metabolites, and changes in oxygen level.
121

 Studies 

have demonstrated that the oxygen concentration in medium decreases with increasing 
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medium depth, leading to altered cell growth characteristics.
129,130

 Moreover, it has been 

recognized that cell proliferation and differentiation are largely influenced by the 

concentration of CSs.
126

 With different medium volumes these CSs become either more or 

less concentrated resulting in faster or slower proliferation and differentiation of these cells. 

Thus, cells might function differently when cultured in different medium volumes. Again, 

optimization is key but laborious and, in some cases, even impracticable. Therefore, one 

should be aware of the effects of medium volume. Certainly, when unexplainable results are 

encountered and when protocols are adjusted to up- or down-scale experiments. 

3.4 The effect of medium exchange on cell-cell interactions 

3.4.1 Waste accumulation problem 

Medium is exchanged regularly to maintain nutrients and growth factors consumed by the 

cells and to eliminate waste products produced by the cells. Mammalian cells use glucose 

for energy and produce lactate as a metabolite.
131

 In vitro, every cell type needs a narrow pH 

range within 0.2 to 0.4 pH units of its optimum to grow.
132

 The production of lactic acid should 

not exceed the buffering capacity of the medium, because lowering the pH can inhibit cell 

growth.
131,133–135

 Also, high ammonium concentrations as a by-product of glutamine 

catabolism can be toxic to cells causing cytosol vacuolization and subsequent cell 

death.
134,136

 Exchanging the medium prevents these waste product accumulation effects. 

However, after every medium exchange, also the CS is removed, and the cells must make a 

new effort to restore their communication by producing fresh molecules. This effort could 

negatively influence their behavior, not representing their natural state. The influence of 

medium exchange was for example investigated by measuring actin microfilament structure 

directly before and after medium exchange.
137

 Medium exchange led to a rapid disturbance 

of stress fiber formation and disconnection of cell-cell contacts. Frequent medium exchange 

is also economically disadvantageous as medium can contain expensive additives such as 

growth factors and animal serum.
134

 However, medium exchange cannot be prevented as 

nutrient deprivation and waste accumulation would lead to inevitable cell death. 

3.4.2 Systems for culture medium re-use 

Driven by economical motives, re-use of medium was first described in 1977 by adding fresh 

nutrient supplements to used medium.
138

 However, due to the accumulation of waste 

products, the medium could only be re-used once. A second re-use caused cell death. To 

overcome this issue, other cell culture systems were developed in which medium was 

dialyzed to remove waste products. In addition, dialysis could be used to harvest cell 

products such as antibodies.
139

 The principle of dialysis relies on the exclusion of molecules 

based on their size (Figure 3.2C). Fresh medium contains low molecular weight (MW) 

molecules such as nutrients, amino acids, and vitamins. Depending on the chosen MW cut-

off, the dialysis membrane allows for exchange of those molecules. In this way waste 

products can diffuse out of the culture medium while nutrients and vitamins diffuse back in. 

High MW components such as growth factors are retained in the medium compartment. 
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Figure 3.2 A) Several approaches for co-culture medium optimization have been tested, such as mixed medium, 

supplemented medium, and fluidically partitioned culture environments. B) The culture medium volume has an influence 

on the concentration of the cell secretome. C) The principle of dialysis of culture medium relies on the size of the 

components in the medium. Depending on the chosen MW cut-off, the dialysis membrane allows for exchange of low 

MW proteins, amino acids, vitamins, lactate, and ammonium while high MW components such as growth factors, are 

retained in cell culture insert. 

The first dialysis system cultures were rather complex and large. For example, a bioreactor 

was developed using a 5 liter medium vessel coupled to a 2 liter perfusion system.
140

 Several 

fluid streams were connected to control waste removal, medium recycling, and nutrient 

supply. For the elimination of toxic waste products, a hollow fiber microfiltration system was 

used while nutrients were supplied by adding concentrated solutions. Most previous studies 

focused on mass production, generally using large scale reactors.
141,142

 Recently, a simpler 

dialysis culture system was presented that does not require the use of pumps and vessels.
143

 

A deep well culture plate including an insert with a dialysis membrane was used (Figure 

3.2C). Successful and continuous glucose supply and lactate removal through the dialysis 

membrane were shown. The retaining of cytokines and autocrine factor enabled to promote 

endodermal differentiation of induced pluripotent stem cells (iPSCs) without daily cytokine 

addition. This dialysis system for re-using culture medium still is not frequently applied and 

mainly used for proliferation and differentiation processes of (costly) iPSCs studies.
142–144

 Use 

of these dialysis systems in other cell culturing fields requires optimization. For example, the 

size of medium components should be known and taken into account as high MW proteins, 

which are also found in FBS, will not be able to cross the dialysis membrane. In our opinion, 

medium dialysis could not only reduce culture costs, it could also contribute to a more 

physiological environment for cell proliferation and differentiation. This would especially be 
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true for cocultures where the interaction between different cell types is investigated, by 

retaining the communication factors produced by the cells. 

3.5 Implementation of biosensors 

Combining biology and technology advances cell culturing at a rapid pace. Addition of 

biosensors to cell cultures is one of these beneficial combinations. Biosensors show potential 

for monitoring of the microenvironments in in vitro systems and aim at providing real-time 

information regarding cell viability, growth and metabolism.
145–147

 For example, on-line 

measurement of dissolved oxygen was applied for medium optimization of mammalian cell 

cultures.
148

 An oxygen sensor immobilized at the bottom of each well in a 96 wells plate was 

successfully used to optimize the concentration of glucose, glutamine and inorganic salts. 

This method was highly cost effective and time efficient, automatically analyzing many 

samples in one go in small medium volumes. 

In order to maintain cell viability, experimental validity and reproducibility, it is essential that 

metabolite levels are maintained within physiological limits.
130

 For example, fluctuations in 

oxygen and glucose concentration can affect cell growth, differentiation and signaling.
130

 

Multiplexed sensing, recording, and processing of real-time data could provide novel 

insights into the optimal nutrients and culture conditions needed to grow cells.
147

 

Furthermore, real-time data analytics can be used to respond to changes in culture 

conditions in a closed feedback loop, adjusting inputs to obtain desired results.
147

 Sensors 

could provide help in determining the status of the cell culture. For example, medium 

composition can be tracked for the CS as a stem cell differentiates to determine how 

differentiation is progressing. Accordingly, growth factors can be removed or added to 

encourage further differentiation.
147

 

It needs to be mentioned that while the technology is available, not many user-friendly and 

affordable techniques have been implemented into in vitro tissue cultures. Particularly 

techniques developed for continuous detection of biomolecules at low physiological 

concentrations require thorough understanding of electrochemistry, electrical engineering, 

and/or optics. Implementation will require a closer collaboration between researchers of 

different fields, willing to combine each other’s expertise, requirements, and possibilities. 

3.6 Conclusion 

Investigating cell-cell interactions through CSs requires complex tissue cultures where 

different cell types are being co-cultured. Coculturing asks for a highly specific environment 

meeting the requirements of all involved cell types and therefore requires a great deal of 

optimizing. Advances in this field bring us closer to in vitro models that can be used to study 

physiological and pathological cell-cell interactions and will allow for the development of 

drugs that interact with cells. We highly recommend to reconsider today’s method of 

complete medium exchange to provide a more physiological environment to the cells. 

Combining current in vitro culturing techniques with existing technological inventions such 

as dialysis and biosensors could lead toward the goal of developing more complex, 

reproducible, nature-like in vitro tissue models. 
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Abstract 

Culture medium exchange leads to loss of valuable auto- and paracrine factors produced by 

the cells. However, frequent renewal of culture medium is necessary for nutrient supply and 

to prevent waste product accumulation. Thus it remains the gold standard in cell culture 

applications. The use of dialysis as a medium refreshment method could provide a solution 

as low molecular weight molecules such as nutrients and waste products could easily be 

exchanged, while high molecular weight components such as growth factors, used in cell 

interactions, could be maintained in the cell culture compartment. This study investigates a 

dialysis culture approach for an in vitro bone remodeling model. In this model, both the 

differentiation of human mesenchymal stromal cells (MSCs) into osteoblasts and monocytes 

(MCs) into osteoclasts is studied. A custom-made simple dialysis culture system with a 

commercially available cellulose dialysis insert was developed. The data reported here 

revealed increased osteoblastic and osteoclastic activity in the dialysis groups compared to 

the standard non-dialysis groups, mainly shown by significantly higher alkaline phosphatase 

(ALP) and tartrate-resistant acid phosphatase (TRAP) activity, respectively. This simple 

culture system has the potential to create a more efficient microenvironment allowing for cell 

interactions via secreted factors in mono- and cocultures and could be applied for many 

other tissues. 
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4.1 Introduction 

In conventional cell and tissue culture strategies, cells/tissues are surrounded by culture 

medium containing various nutrients and stimulants. This culture medium is exchanged 

regularly to maintain nutrient and stimulant levels upon cell consumption and to eliminate 

waste products produced by the cells.
149

 While in culture, the cells also actively produce and 

secrete a variety of macromolecules to maintain their microenvironment. By changing the 

medium, these important molecules for auto- and paracrine signaling are lost. After every 

medium change the cells must make a new effort to restore their communication through 

these molecules. This effort could considerably influence the cell’s behavior. However, 

frequent renewal of the medium is necessary to provide sufficient nutrients and prevent waste 

product accumulation, which has been shown to inhibit cell growth.
134

 

To overcome this waste accumulation problem, cell culture systems have been developed 

in which culture medium was filtered or dialyzed to remove waste products.
150,151

 The 

principle of dialysis relies on the exclusion of molecules based on their size.
149

 Fresh medium 

contains low molecular weight (MW) molecules such as nutrients, amino acids, and vitamins. 

Depending on the chosen MW cut-off (MWCO), the dialysis membrane allows for exchange 

of those molecules. In this way waste products can diffuse out of the culture medium while 

nutrients and vitamins can diffuse back in. High MW components such as growth factors 

produced by the cells or added to the medium are retained in the medium compartment.
149

 

This dialysis culture principle has already been reported in 1958 by G.G Rose who 

introduced the concept of using a cellophane membrane to divide the tissue culture part 

from the culture medium exchange part.
150

 
151

 He kept advancing the set-up and eventually 

engineered a 12-chambered tissue culture system with dialysis membranes.
152

 Decades 

later, E.A. Vogler reported a cell culture device based on Rose’s work and showed long-term 

cell culture (30 days) of a variety of mammalian cells (epithelioid (canine), fibroblastic 

(monkey), hybridoma, primary thymocytes and splenocytes (all murine)) in the stable culture 

environment created by dialysis.
153

 Vogler’s group further expanded this idea of 

“simultaneous growth and dialysis” and over the years reported work in the field of bone 

tissue engineering and breast cancer metastasis with cell cultures ranging from two-

dimensional (2D) to three-dimensional (3D).
154,155,156,157

 

Currently, dialysis for re-use of culture medium is not frequently reported. It is remarkable 

that these techniques are not used more often in cell culture systems while they have the 

potential to improve cell function tremendously. Dialysis cultures have both economic and 

biological benefits. The economic benefits come from the fact that less of the costly 

macromolecules for cell proliferation and differentiation are needed in the culture medium. 

The biological benefit originates from the maintenance of the cells' secretome over time, 

which leads to a more stable cell culture environment. This seems particularly imperative for 

studies investigating cell-cell-communication via cell-secreted macromolecules or 

extracellular vesicles. Through the retention of those factors in the medium, dialysis cultures 

could be beneficial for the proliferation and differentiation process of many cell types, 

particularly for the culture of in vitro tissue models. These models aim at representing the in 
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vivo situation as closely as possible in order to for example test  the effect of drugs on cells. 

It is hypothesized that a microenvironment providing more stability through less fluctuations 

could contribute to the efficacy and reliability of such models.  

In the most recent study of Krishnan et al., Vogler’s bioreactor was used to create a 3D bone 

remodeling model with murine osteoblasts and osteoclasts cultured over a period of 2-10 

months.
157

 With a goal towards in vitro bone-remodeling models for drug testing and 

personalized medicine, a human model would be preferred over a murine model due to 

interspecies differences. Moreover, a 2-10 month culture period would generate practical 

issues for high throughput drug testing. Therefore, we propose a fully human 3D bone-

remodeling model, including the use of human platelet lysate (hPL) instead of the generally 

used fetal bovine serum (FBS).
158

 We present a simple, cost-effective method for 

incorporating dialysis into the cell culture. A silk fibroin (SF) scaffold will be integrated to 

reduce the amount of time needed to create the 3D bone tissue (Figure 4.1A).  

 

Figure 4.1 Experimental set-up: A) A silk fibroin scaffold was seeded with cells and cultured in a custom-made dialysis 

culture dish. The dialysis membrane ensured retaining of high molecular weight growth- and communication factors in 

the cell culture insert. Nutrients and waste products of low molecular weight can pass the dialysis membrane and will 

be supplied and removed by diffusion across the membrane. B) In the monoculture experiment the silk fibroin scaffold 

is seeded with MSCs. In the coculture experiment the scaffold is seeded with MSCs and MCs. 
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For in vitro bone tissue formation, the extracellular matrix (ECM) production by the cells is of 

uttermost importance. Osteoblasts produce collagen type 1 ECM that is mineralized both 

intrafibrillarly and extrafibrillarly.
6
 The cells' secretome is essential in this process. Continuous 

removal or periodic exchange of culture medium considerably disturbs these mineralization 

processes, making it difficult to induce in vitro bone tissue formation.
154

 Therefore, in this 

study, a dialysis culture approach is investigated for an in vitro bone remodeling model by 

differentiation of human mesenchymal stromal cells (MSCs) into osteoblasts and monocytes 

(MCs) into osteoclasts (Figure 4.1B). A custom-made simple dialysis culture system with a 

commercially available cellulose dialysis insert is developed. It is believed that the dialysis 

of culture medium could contribute to a more efficient and more physiological environment 

for cell proliferation and differentiation, as the cells' secretome remains in the culture. 

4.2. Materials and Methods 

4.2.1 Fabrication of the silk fibroin scaffolds 

Silk fibroin scaffolds were produced as previously described.
159,160

 Briefly, Bombyx mori L. 

silkworm cocoons were degummed by boiling in 0.2M Na2CO3 for 1 hour. Dried silk was 

dissolved in 9M LiBr and dialyzed against ultra‐pure water (UPW) using SnakeSkin Dialysis 

Tubing (MWCO: 3.5 kDa; Thermo Fisher Scientific, Breda, The Netherlands). Dialyzed silk 

solution was snap frozen in liquid nitrogen (-190 °C), lyophilized, and dissolved in 1,1,1,3,3,3‐

Hexafluoro‐2‐propanol (HFIP, FCB125463, FluoroChem), resulting in a 17% (w/v) solution. 

One milliliter silk‐HFIP solution was added to 2.5 g NaCl with a granule size between 250 and 

300 µm in a Teflon container and allowed to air dry. Silk‐salt blocks were immersed in 90% 

methanol in UPW for 30 minutes to induce β-sheet formation.
161

 NaCl was extracted in UPW 

for 2 days. Scaffolds were cut into disks of 1 mm height, punched with a 5‐mm diameter 

biopsy punch, and autoclaved in phosphate buffered saline (PBS) at 121°C for 20 min for 

sterilization. 

4.2.2 Fabrication of the dialysis culture plates 

A holder with 48 holes was custom-made (poly carbonate, designed in Inventor Professional, 

Autodesk) to fit a 48-wells plate (677180, Greiner) (Figure 4.2). The holder was autoclaved 

at 121°C for 20 min and placed on top of a 48-wells plate in a biosafety cabinet. Slide-a-lyzer 

mini dialysis devices (0.1 mL, 69590, Thermo Fisher scientific) with a MWCO of 20 kDa were 

sterilized using UV-light on both sides for 15 minutes each. The mini dialysis devices were 

carefully placed in the holder. All membranes were pre-wetted using sterile PBS which was 

pipetted in both the base and the insert of the wells (Figure 4.1). Later, the PBS was removed 

and replaced with the appropriate cell culture medium.  

4.2.3 Monoculture: isolation, expansion and cultivation of MSCs 

MSC isolation and characterization from human bone marrow (Lonza, Walkersville, MD, USA) 

was performed as previously described.
162

 MSCs were frozen at passage 3 with 1.25*10
6
 

cells/ml in freezing medium containing FBS (BCBV7611, Sigma-Aldrich) with 10% 

dimethylsulfoxide (DMSO, 1.02952.1000, VWR, Radnor, PA, USA) and stored in liquid 

nitrogen until further use. Before experiments, MSCs were thawed and seeded at a density 

of 2.5*10
3
 cells/cm

2
 in expansion medium containing DMEM (high glucose, 41966, Thermo 
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Fisher Scientific), 10% FBS (BCBV7611, Sigma Aldrich), 1% Antibiotic Antimycotic (anti-anti, 

15240, Thermo Fisher Scientific), 1% Non-Essential Amino Acids (11140, Thermo Fisher 

Scientific), and 1 ng/mL basic fibroblastic growth factor (bFGF, 100-18B, PeproTech, 

London, UK) at 37 ºC and 5% CO2. After 9 days, cells were detached using 0.25% trypsin-

EDTA (25200, Thermo Fisher Scientific) and directly used for experiments at passage 4. A 

dynamic seeding process was used as previously described.
163

 Briefly, SF scaffolds were 

incubated with a cell suspension (3×10
5
 cells/4 mL expansion medium) in 50‐mL tubes 

placed on an orbital shaker at 150 rpm for 6 hours in an incubator at 37°C and 5% CO2. Next, 

the samples were transferred to the dialysis wells plates and incubated at 37°C and 5% CO2 

for a total 4 weeks in osteogenic monoculture medium containing DMEM (low glucose, 

22320, Thermo Scientific), 10% human platelet lysate
158

 (hPL, PE20612, PL BioScience, 

Aachen, Germany), 1% Anti‐Anti, 0.1 μM dexamethasone (D4902, Sigma-Aldrich), 0.05 mM 

ascorbic acid‐2‐phosphate (A8960, Sigma-Aldrich), 10 mM β‐glycerophosphate (G9422, 

Sigma-Aldrich). The insert of the dialysis wells plates contained the scaffold and 200 µL 

osteogenic medium, the base contained 500 µL osteogenic medium. Medium was changed 

according to Table 4.1. The culture was maintained for 28 days. 

 

Figure 4.2 The custom-made holder for the 48 wells plate. A) top view, B) side view, C) dialysis cup, D) top view of 

holder filled with dialysis cups, E) side view of holder filled with dialysis cups, F) holder with cups in 48 wells plate. 

4.2.4 Coculture: isolation of monocytes and cultivation of MSCs + monocytes 

Human peripheral blood buffy coats from healthy volunteers under informed consent were 

obtained from the local blood donation center (agreement NVT0320.03, Sanquin, Eindhoven, 

the Netherlands). The buffy coats (~ 50 mL) were diluted to 200 mL in 0.6 % (w/v) sodium 

citrate in PBS adjusted to pH 7.2 at 4 °C (citrate-PBS), after which the peripheral mononuclear 
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cell fraction was isolated by carefully layering 25 mL diluted buffy coat onto 13 mL 

Lymphoprep (07851, StemCell technologies, Cologne, Germany) in separate 50 mL 

centrifugal tubes, and centrifuging for 20 min with lowest brake and acceleration at 800×g 

at RT. Human peripheral blood mononuclear cells (PBMCs) were collected, resuspended in 

citrate-PBS and washed 4 times in citrate-PBS supplemented with 0.01% bovine serum 

albumin (BSA, 10735086001, Sigma-Aldrich, Zwijndrecht, The Netherlands) to remove all 

Lymphoprep. PBMCs were frozen in liquid nitrogen in freezing medium containing RPMI-

1640 (RPMI, A10491, Thermo Fisher Scientific), 20% FBS (BCBV7611, Sigma-Aldrich) and 

10% DMSO and stored in liquid nitrogen until further use. Prior to experiments, monocytes 

(MCs) were isolated from PBMCs using manual magnetic activated cell separation (MACS). 

PBMCs were thawed, collected in medium containing RPMI, 10% FBS (BCBV7611, Sigma-

Aldrich) and 1% penicillin-streptomycin (p/s, 15070063, Thermo Fisher Scientific), and after 

centrifugation resuspended in isolation buffer (0.5% w/v BSA in 2mM EDTA-PBS). The Pan 

Monocyte Isolation Kit (130-096-537, Miltenyi Biotec, Leiden, The Netherlands) and LS 

columns (130-042-401, Miltenyi Biotec) were used according to the manufacturer’s protocol. 

After magnetic separation, the cells were directly resuspended in osteogenic coculture 

medium (αMEM 41061, 10% hPL, 1% Anti‐Anti with 0.1 μM dexamethasone, 0.05 mM 

ascorbic acid‐2‐phosphate, 10 mM β‐glycerophosphate) spiked with 50 ng/mL macrophage 

colony stimulating factor (M-CSF, 300-25, PeproTech). The cells were counted and 1.9 x 10
6
 

monocytes were resuspended in 20 µL coculture medium and per scaffold added on top of 

the scaffolds that had previously been seeded with MSCs as described above (in 4.2.4). 

After 1.5 hour incubation at 37 °C and 5% CO2, the rest of the 180 uL medium was added to 

the insert. 500 uL medium was added to the base. Medium was changed according to Table 

4.11. After 2 days, 50 ng/mL receptor activator of NFκ-B ligand (RANKL, 310-01, PeproTech) 

was added to the coculture medium and maintained for the rest of the culture. The culture 

was maintained for 28 days. 

4.2.5 Glucose Assay 

A glucose assay was used to measure the glucose concentration in the medium at day 7, 

14, 21 and 28 in both the insert and the base (n=3). The glucose concentration was 

measured to ensure passage of glucose as a nutrient component over the dialysis membrane 

during the 28 day culture period. The method was adapted from Hulme et al.
164

 Briefly, on 

the day of assay, a buffer/chromophore reagent was prepared by mixing an equal volume 

(3.5 mL) of 4-aminoantipyrine (10 mM, 06800, Sigma–Aldrich) and N-ethyl-N-sulfopropyl-m-

toludine (10 mM, E8506, Sigma–Aldrich) with 3.0 mL of 0.8 M sodium phosphate buffer at pH 

6.0. 100 μL of this reagent was added to 10 μL horseradish peroxidase (1.6 units/mL, 77332, 

Sigma-Aldrich) and 2 μL of sample/standard (0–1.25 mM D-glucose (15023-21, Thermo 

Fisher) in wells of a 96-well plate. The reaction was initiated by the addition of 10 μL glucose 

oxidase (2.7 units/mL, G7141-10KU, Sigma-Aldrich) and after 30 min incubation at room 

temperature in the dark, absorbance was measured at 550 nm using a plate reader (Synergy 

HTX, Biotek). Glucose concentration of each sample was then calculated using a standard 

curve.  
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Table 4.1 Overview of group name, culture medium type, medium change schedule and explanation 

culture type group 

name 

medium 

type 

medium change explanation 

monoculture

 

negative 

control 

mono-

cntr- 

control insert + 

base 

3x/week no osteogenic     

differentiation 

expected 

positive 

control 

mono-

standard 

 

osteogenic 

monoculture 

insert + 

base 

3x/week medium change 

according to the gold 

standard 

dialysis mono-

dialysis 

osteogenic 

monoculture 

insert never retainment of cells’ 

secretome in the cell 

culture compartment 

base 3x/week 

coculture 

 

positive 

control 

co-

standard 

osteogenic 

coculture 

insert + 

base 

3x/week medium change 

according to the gold 

standard 

dialysis co-

dialysis 

osteogenic 

coculture 

insert never retainment of cells’ 

secretome in the cell 

culture compartment 

base 3x/week 

 

4.2.6 Lactate Assay 

A lactate assay was used to measure the lactate concentration in the medium at day 7, 14, 

21 and 28 in both the insert and the base (n=3). The lactate concentration was measured to 

ensure passage of lactate as a metabolic waste product over the dialysis membrane during 

the 28 day culture period. The methods was adapted from Salvatierra et al.
165

 Briefly, a 

reaction mix was prepared containing 5 mg/mL of β-Nicotineamide Adenine Dinucleotide 

(N7004,1G, Sigma-Aldrich), 0.2 M glycine buffer (G5418, Sigma-Aldrich), and 22.25 units/mL 

of L-Lactic Dehydrogenase (L3916, Sigma-Aldrich). A standard curve was prepared using 

20 mM lactate stock solution by adding sodium L-lactate (L7022, Sigma-Aldrich) to dH2O. 

Equal parts (40 μL) of the reaction mix and each sample/standard were mixed in a 96-well 

plate. After 30 minutes of incubation at 37˚C, absorbance was measured at 340 nm using a 

plate reader (Synergy HTX, Biotek). Lactate concentration of each sample was then 

calculated using a standard curve. 

4.2.7 Cell metabolic activity 

PrestoBlue assay was used to analyze and track the metabolic activity of the MSCs and MCs 

in the SF scaffold. Briefly, at days 7, 14, 21 and 28, samples (n=4 per group) were transferred 

to a clean 48 wells plate filled with 200 μL of 10 v/v % PrestoBlue reagent (A13262, Thermo 
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Fisher) in the appropriate medium (mono or coculture) and incubated for 1 h at 37 °C. In a 

96-well assay plate 100 μL of the PrestoBlue solution was added in duplo per sample and 

the absorbance was measured at 570 and 600 nm. Dye reduction rate was calculated 

according to manufacturer’s instructions.  

4.2.8 Cell-associated alkaline phosphatase activity 

Alkaline phosphatase (ALP) was used to indirectly quantify osteoblast activity. At days 7, 14, 

21 and 28, after the Presto Blue assay (see 2.7 Cell metabolic activity) scaffolds (n=4 per 

group) were washed in PBS and disintegrated in 0.5 mL of 0.2% (v/v) Triton X‐100 and 5 mM 

MgCl2 solution using steel beads and a Mini Beadbeater™ (Biospec). The remaining solution 

was centrifuged at 3000g for 10 minutes. In a 96‐well assay plate, 80 μL of the supernatant 

was mixed with 20 μL of 0.75M 2‐amino‐2‐methyl‐1‐propanol buffer (A65182, Sigma-Aldrich) 

and 100 μL 100 mM p‐nitrophenylphosphate solution (71768, Sigma-Aldrich) and incubated 

for 10 minutes, before adding 100 μL 0.2M NaOH stop solution. Absorbance was measured 

at 405 nm using a plate reader (Synergy HTX, Biotek) and these values were converted to 

ALP activity (converted p-nitrophenyl phosphate in µmol/ml/min) using standard curve 

absorbance values. 

4.2.9 DNA assay 

The solution obtained for the ALP activity assay (see 2.8) after disintegration of the scaffold 

was further used the measure the amount of DNA as an attribute for cell number. In each 

Eppendorf tube, 340 uL of liquid remained after the ALP measurements. Next, 340 uL of 

papain (280 ug/mL, p4762, Sigma-Aldrich) in digestion buffer was added and the samples 

were incubated overnight at 60 °C under constant shaking in a shaking Eppendorf tubes 

water bath. The DNA content of the supernatant was determined using the Qubit HS dsDNA 

Assay Kit (Q32854, Invitrogen, Thermo Fisher) according to the manufacturer’s instructions. 

The calculated ALP activity was normalized by the DNA content. 

4.2.10 Tartrate-resistant acid phosphatase activity 

Tartrate-resistant acid phosphatase (TRAP) was used to indirectly quantify osteoclast 

activity. Supernatant medium samples of both the insert and the base were taken at medium 

change and stored at −80 °C at day 7, 14, 21, and 28. 100 μL pNPP buffer (1 mg/mL p-

nitrophenylphosphate, 0.1 mol/L sodium acetate, 0.1 % (v/v) Triton-X-100 in PBS, first 

adjusted to pH 5.5, then supplemented with 30 μL/mL tartrate solution (Sigma Aldrich)) and 

20 μL culture medium or nitrophenol standard in PBS were incubated in 96-well assay plates 

at 37 °C. After 90 min, 100 μL 0.3 mol/L NaOH was added to stop the reaction. Absorbance 

was read at 405 nm using a plate reader and absorbance values were converted to TRAP 

activity (converted p-nitrophenyl phosphate in μg/ml) using standard curve absorbance 

values. 

4.2.11 Immunohistochemistry 

At day 28, scaffolds (n=4 per group) were washed with PBS and immersed first in 5% and 

then in 35% sucrose solution in PBS at room temperature for 10 min each. The scaffolds were 

embedded in cryomolds containing Tissue-Tek OCT compound (Sakura, The Netherlands), 

snap frozen in liquid nitrogen, cut into 10 μm thick sections using a Cryotome Cryostat (Leica 
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biosystems), and mounted on Superfrost Plus microscope slides (Thermo Fisher Scientific). 

Next, sections were immunostained after washing with PBS-tween, fixing in 10% neutral-

buffered formalin for 10 min at room temperature, washing again with PBS-tween, 

permeabilizing in 0.5% Triton X-100 in PBS for 10 min and blocking in 10% normal goat serum 

in PBS for 30 min. Cells were incubated with DAPI, Phalloidin and immunostainings (Table 

4.2) in PBS for 1 h. Images were taken with either a Zeiss Axio Observer 7 (collagen type-1 

images) or a Leica TCS SP5X (RUNX-2 and osteopontin images). 

Table 4.2 List of all dyes and antibodies used 

Antigen Source Catalogue No Label Species Concentration/Dilution 

DAPI Sigma-

Aldrich 

D9542   0.1 μg/mL 

Atto 647 

conjugated 

Phalloidin 

Sigma-

Aldrich 

65906   50 pmol 

Collagen type-

1 

Abcam Ab34710  Rabbit 1:200 

RUNX-2 Abcam Ab23981  Rabbit 1:500 

Osteopontin Thermo 

Fisher 

14-9096-82  Mouse  1:200 

Anti-rabbit 

(H+L) 

Molecular 

Probes 

A11008 Alexa 488 Goat 1:200 

Anti-mouse 

IgG1 (H+L) 

Molecular 

Probes 

A21127 Alexa 555 Goat 1:200 

 

4.2.12 Histology 

Cryosections made as described (2.11 Immunohistochemistry) were washed with PBS, fixed 

in 10% neutral-buffered formalin for 10 min at room temperature, washed again with PBS, 

and stained with Alizarin Red (2% in distilled water, A5533, Sigma-Aldrich) for 15 minutes to 

identify mineralization. Sections were imaged using a Zeiss Axio Observer Z1 microscope. 

4.2.13 Scanning electron microscopy  

Constructs for scanning electron microscopy (SEM) (n=4 per group for cocultures) were fixed 

at day 14 in 2.5 % glutaraldehyde for 24 h at 4 °C, dehydrated with a graded ethanol series 

(2 × 50 %, 70 % and 95 %, 3 × 100 % 10-15 min each) followed by a graded 1,1,1-Trimethyl-

N-(trimethylsilyl)silanamine (HMDS)/ethanol series (1 : 2, 1 : 1, 2 : 1, 3 × 100 % HMDS 15 min 

each), dried at room temperature overnight and sputter coated with 5 nm gold (Q300TD, 

Quorum Technologies Ltd, Laughton, UK) prior to imaging with SEM (Quanta600, FEI 

Company, Eindhoven, the Netherlands) with a spot size of 3.0, 10.00 kV, working distance 

10 mm. Images were colored using Adobe Photoshop 2022.  
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4.2.14 Statistical analysis 

Statistical analyses were performed, and graphs were prepared in GraphPad Prism (version 

9.4.0, GraphPad, La Jolla, CA, USA) and R (version 4.0.2). Data were tested for normality in 

distributions with Shapiro-Wilk tests and for equal variances with Levene’s tests. Glucose, 

lactate (Figure 4.3) and TRAP data (Figure 4.6) were normally distributed without equal 

variances and differences were therefore tested with Welch’s t-tests and presented with 

mean and standard deviation. Cell metabolic activity data (Figure 4.4) was not normally 

distributed and without equal variances and differences were tested with Mann-Whitney tests 

and presented with median and interquartile range. ALP (Figure 4.5) data was normally 

distributed and variances were equal and differences were tested with two-way ANOVA and 

Tukey post hoc test for multiple comparisons and presented as mean and standard deviation.   

4.3 Results 

4.3.1 Functionality of the dialysis membrane: continuous passage of glucose and lactate 

To test whether the dialysis membrane did not clog over time, glucose and lactate passage 

over the membrane were measured over the culture period of 28 days in the monoculture. 

Measurements were taken from the cell culture media of both the insert and the base of the 

dialysis system (Figure 4.1). Free passage of glucose and lactate molecules over the 

membrane was indicated by non-significant differences of the measured amount of glucose 

and lactate between the insert and the base medium in all groups (Figure 4.3A-D). 

 

Figure 4.3 Functionality of the dialysis membrane. A, B) Glucose and C, D) lactate measurements on culture medium 

of the monoculture cell experiment over 28 days performed in our dialysis system (n = 3). Measurements were taken in 

both the insert and the base of the system. At each timepoint the difference between insert and base is nonsignificant 

(p > 0.05, Welch's t-tests). 

4.3.2 Functionality of the dialysis membrane: cell metabolic activity 

To ensure that no toxic components build up in the cell culture system, cell metabolic activity  
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was followed over the culture time. Cell metabolic activity was measured in both the mono- 

and coculture for the standard and dialysis groups. In the monoculture, the cell metabolic 

activity of the standard group compared to the dialysis group was similar for each timepoint 

with no significant differences (Figure 4.4A). In the coculture, dialysis seems to be beneficial 

compared to the standard as the cell metabolic activity of the dialysis group was significantly 

higher (co-standard vs. co-dialysis) on day 7, 21, 28 (Figure 4.4B). The results indicate that 

both in mono- and coculture, the cells were equally or at some timepoints more metabolically 

active in the dialysis group compared to the standard showing that the dialysis system could 

beneficially influence the cell metabolic activity. 

 

Figure 4.4 Cell metabolic activity (presto blue) of A) the monoculture and B) coculture measured during 28-day cell 

experiments shown as relative fluorescence versus medium control (n = 4). At each timepoint the difference between 

the control and dialysis samples was determined, with significant differences for p < 0.5 (Mann–Whitney tests) indicated 

with an asterisk. 

4.3.2 Osteoblastic differentiation of MSCs in monoculture 

ALP activity is a widely used marker for indirectly quantifying osteoblastic activity.
166

 ALP 

activity on the cells' surface was determined weekly in the monoculture over a 28 day time 

period and normalized against the amount of DNA. The ALP activity was lowest in the 

negative control throughout all timepoints and was only slightly elevated at day 28. As 

expected, the ALP activity in the standard and dialysis groups was increased and this 

difference was significant compared to the negative control starting from day 14. There was 

a trend that the ALP activity was slightly higher in the dialysis group compared to the 

standard group with significant differences at day 14 and 21 (Figure 4.5A). These results 

indicate higher osteoblastic activity in the dialysis group compared to the standard group 

(Figure 4.5A). 

To confirm extracellular matrix production and osteoblastic differentiation of the MSCs in the 

monoculture, samples were stained for collagen type-1, mineralization (Alizarin Red 

staining), RUNX-2 and osteopontin expression at the endpoint of the experiment (day 28). 

Collagen type 1 was present in all groups, but seemingly less and mostly located at the outer 

rim of the scaffold in the negative control compared to the standard and dialysis groups 

(Figure 4.5B). Mineralization was visible in the standard and dialysis groups while being 

absent in the negative control (Figure 4.5C). RUNX-2 expression was faintly present in the 

nucleus of  
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Figure 4.5 Osteoblastic differentiation of MSCs in monoculture. A) ALP activity divided by DNA (n = 4); significant 

differences are determined by two-way ANOVA with Tukey's post hoc test. All differences are significant (p < 0.05), 

unless indicated with “ns.” B) Collagen type 1 production by the cells visualized by immunostaining at day 28. C) 

Mineralization shown by Alizarin Red staining at day 28. (d) RUNX-2 and osteopontin expression visualized by 

immunostaining at day 28. 
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the standard and dialysis groups while being absent in the negative control (Figure 4.5D). 

Osteopontin expression was visible in the body of cells in all groups (Figure 4.5D). The results 

confirm that the presence of the dialysis system allows for MSC to produce an ECM 

composed of collagen and mineral and for the cells to differentiate into osteoblasts. 

4.3.3 Osteoclastic differentiation of MCs in coculture 

TRAP activity is a widely used marker for indirectly quantifying osteoclastic activity.
166

 TRAP 

activity was measured weekly in the coculture medium of both the base and the insert over 

a 28 day time period. Over time, TRAP activity in the base of both groups was stable and low 

(Figure 4.6A), most likely originating from the hPL.
158

 In the insert TRAP activity increased 

over time with a significantly higher activity in the dialysis group compared to the standard 

at day 14 and 28 (Figure 4.6A). These results suggest retainment of TRAP in the insert of the 

dialysis group leading to higher osteoclastic activity compared to the standard group, where 

the medium in the insert was replaced at every medium change (Figure 4.6A). 

The coculture was investigated with SEM at day 14. In both the standard and dialysis group 

large (~25-40 µm) cells were visible that were attached to the surface (Figure 4.6B, in purple). 

These cells resemble osteoclast in morphology and size. Also, smaller (~5-10 µm) rounded 

cells were visible in both groups. These cells resemble monocytes in morphology and size 

and were expected to be present as monocytes had been seeded in abundance (Figure 

4.6B, in blue). Further, an elongated cell was seen, resembling a towards osteoblast 

differentiated MSC in morphology and size (Figure 4.6B, in orange). 

For the coculture, a different type of culture medium was used compared to the monoculture, 

as MSCs and MCs need different components to differentiate into osteoblasts and 

osteoclasts respectively. To confirm extracellular matrix production of the MSCs in the 

coculture medium, samples were stained for collagen type 1 and mineralization (Alizarin Red 

staining) at the endpoint of the experiment (day 28). In both coculture conditions, the 

standard and the dialysis, an ECM was produced with collagen type 1 and mineralization 

(Figure 4.6C). 

4.4 Discussion 

Regular culture medium exchange leads to loss of valuable auto- and paracrine factors 

produced by the cells. However, frequent renewal of culture medium is necessary to prevent 

waste product accumulation and to supply fresh nutrients and is therefore the gold standard 

in cell culture applications. The use of a cell culture compartment with a dialysis membrane 

could overcome the need for frequent cell culture medium renewal in the cell culture 

compartment as low MW molecules such as nutrients and waste products can easily pass 

the membrane, while high MW components such as growth factors are maintained. Here, a 

coculture system of human osteoblasts and osteoclasts was established in a dialysis system 

that seemed to allow for maintaining of the cells’ secretome. Typical components of the ECM 

together with typical enzymatic activity of the cells (ALP and TRAP activity) were shown. 
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Figure 4.6 Osteoclastic differentiation of MCs in coculture. A) TRAP activity; significant differences (p < 0.05) are 

determined by comparing the inserts the of the standard to the dialysis group for each timepoint using Welch's tests. 

B) Cell morphology visualized by SEM at day 14. Osteoclast-like cells are depicted in purple, osteoblast-like in orange 

and monocyte-like in blue. C) Collagen type 1 production of the cells visualized immunostaining at day 28. 

Mineralization shown by Alizarin Red staining at day 28.  

In the present study, a simple cell culture system with a dialysis membrane was developed. 

For the use of a dialysis membrane in long-term cell culture applications, the characteristics 

of the membrane are important. Based on the sizes of the osteogenic cell culture medium 

components, a membrane with a MWCO of 20 kDa was chosen. The supplements of 

osteogenic monoculture medium are assumed to be able to pass this membrane:  

dexamethasone (390 Da), ascorbic acid (176 Da) and β-glycerophosphate (172 Da). 

However, the coculture supplements RANKL (20 kDa) and MCS-F (37 kDa) are not and are 

therefore only added in the beginning of the culture. No literature was found about the long-

term half-life of these factors at 37˚C, only that no degradation was detected within the first 

48 hours.
167,168

 Although RANKL and MCS-F were only added in the beginning, evidence for 

the presence of osteoclasts was found. Thus, the supplements either stayed active or 

stimulated the coculture enough in the beginning. The possible cells’ secretome consists of 
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high MW molecules that are assumed not to be able to pass the membrane such as ALP (86 

kDa), RUNX-2 (57 kDa), osteopontin (55 kDa), TRAP (30-35 kDa) and extracellular vesicles 

(large range of MW). 

Dialysis membranes are designed to be non-fouling. However, cell culture medium consists 

of nutritious liquids which are slightly viscous and sticky and could cause the membrane to 

clog over time.
169

 Also, cell mediated mineral deposition on the cell side of the dialysis 

membrane has been reported.
170

 However, it was not reported whether this deposition 

influenced the function of the dialysis membrane. Our system was functional over the culture 

period of 28 days. Small molecules such as glucose (180 Da) and lactate (90 Da) were able 

to pass the membrane continuously over the whole culture time. Large molecules such as 

TRAP (30-35 kDa) were maintained in the cell culture compartment. Moreover, the cells 

remained metabolically active, an indicator that the membrane still provided nutrients and 

removed waste products. 

The dialysis culture system was used to study osteogenic differentiation of MSCs and MCs 

into osteoblasts and osteoclasts. It was hypothesized that the maintenance of auto- and 

paracrine factors in the culture medium would contribute to a more physiological 

microenvironment for the cells. The data reported here revealed higher osteoblastic and 

osteoclastic activity in the dialysis groups compared to the standard, shown by significantly 

higher ALP and TRAP activity respectively. Therefore, the dialysis system contributes to an 

excellent cell culture environment. Remarkably, this significant effect seen in the biochemical 

assays was not visible in the matrix production (collagen type 1 and mineralization). We 

hypothesize that this might be due to a difference in overall concentration of ascorbic acid 

and β-glycerophosphate. In the dialysis system, only the base medium is exchanged (500 

µL) while in the standard system both the insert and base media are exchanged (200+500 

µL), resulting in a lower overall concentration of these two factors. Ascorbic acid has been 

shown to increase the secretion of collagen type 1 and β-glycerophosphate is the phosphate 

source that is needed for mineralization.
120

 It is recommended to study this effect in future 

experiments.  

To analyze in vitro models over time, non-destructive methods including medium analysis 

are desired.
7
 A limitation of the current dialysis system is that the possibility to take medium 

samples from the insert is very limited. The principle of the system relies on the fact that the 

insert stays undisturbed. Also, the current design allows for only 200 µL of cell culture 

medium in the insert. Taking medium samples would lead to a necessity for adding fresh 

medium. Therefore, at each timepoint samples were sacrificed to enable the performance of 

assays on the medium. Preferably we would have analyzed more markers, such as cathepsin 

K and carbonic anhydrase II to confirm OC differentiation.
171

 To overcome this limitation, non-

invasive assays or sensors could be used such as for example biosensing by particle mobility 

(BPM)
172

 or aptamer based sensors.
173

 Such sensors would allow for continuous monitoring 

of specific biomarkers without the need for medium sampling. A simpler solution could be 

the use of a larger volume culture medium in the insert. The amount of medium sampled 

should be very small relative to the total amount of medium in the insert, so that it would not 
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lead to disturbance of the microenvironment. However, making the volume too large, could 

lead to loss of the effect of the cells’ secretome on the microenvironment due to dilution.
149

  

A crucial process of in vitro bone tissue formation is ECM production and mineralization. The 

data presented in this study, mainly in the coculture, indicate limited mineralization (alizarin 

red) in both the standard as the dialysis system. Furthermore, this mineralization occurs 

primarily in the scaffold material and not in the matrix produced by the cells. There are two 

possible explanations for this observation. Firstly, the presented experimental set-up cultures 

statically. It has been shown that for mineralized matrix production the cells prefer 

mechanical stimulation.
174

 Here, the MSCs were initially stimulated by dynamic seeding,
163

 

but this effect was limited compared to what is usually seen in a dynamically loaded 

environment.
175

 In future experiments, the use of a bioreactor that can apply for example fluid 

flow induced shear stress would be desired to improve the mineralization.
175

 But 

implementing the dialysis system with its membrane will concomitantly affect the fluid flow. 

Secondly, it is still a major challenge to use the right type of coculture medium as both the 

MSCs and the MCs should be stimulated to differentiate into osteoblasts and osteoclasts 

respectively. Ideally, no exogenous osteogenic and osteoclastic factors need to be added 

and the cells interact with each other in homeostasis. The current setup is limited since it 

starts from OB and OC precursors that first need to differentiate into mature cells, but it has 

recently been shown that this differentiation process might also happen without exogenous 

supplementation.
124

 The coculture medium used in our study may not have offered the ideal 

balance yet, probably resulting in a less mineralized matrix compared to the monoculture. 

MCs need a mineralized surface to attach to and to become osteoclasts. Recently, de Wildt 

et al. reported a pre-mineralized SF scaffold that acts as a bone-mimetic template.
176

 They 

used poly aspartic acid and simulated body fluid to pre-mineralize silk fibroin scaffolds 

before cell seeding. The mineralized scaffolds supported both osteoclastic resorption and 

osteoblastic mineralization while in our study, the monocytes relied on MSCs first 

differentiating into osteoblasts and producing a mineralized matrix. Using the pre-

mineralized template in combination with a dialysis culture system could lead to an even 

faster method to generate a physiological bone remodeling model.  

The proposed dialysis culture system is not limited to bone and could be beneficial for a wide 

variety of cell culture applications. There is a huge variety of existing materials and MWCO 

options for the membrane, making it customizable for different needs. The MWCO can be 

chosen based on the cell culture medium ingredients and expected secretome. Caution 

however has to be taken to possible toxic elements in the manufactured dialysis membranes, 

such as glycerol, which has been shown to inhibit cell proliferation in several cell lines.
177,178

 

In conclusion, we have demonstrated the feasibility of a simple to use dialysis cell culture 

system for bone tissue engineering applications. The dialysis system enables retention of the 

cells’ secretome and thereby omits the extra effort that the cells have to make to restore their 

communication after culture medium exchange. The system creates a stable 

microenvironment for the cells to differentiate into the osteogenic and osteoclastic lineage. 

This simple culture system has the potential to be applied in other TE fields and is 

recommended to be used for differentiation of various cell types. 
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Abstract 

Healthy bone is maintained by the process of bone remodeling. An unbalance in this process 

can lead to pathologies such as osteoporosis which are often studied with animal models. 

However, data from animals have limited power in predicting the results that will be obtained 

in human clinical trials. In search for alternatives to animal models, human in vitro models are 

emerging as they address the principle of reduction, refinement, and replacement of animal 

experiments (3Rs). At the moment, no complete in vitro model for bone-remodeling exists. 

Microfluidic chips offer great possibilities, particularly because of the dynamic culture 

options, which are crucial for in vitro bone formation. In this study, a scaffold free, fully human, 

3D microfluidic coculture model of bone remodeling is presented. A bone-on-a-chip 

coculture system was developed in which human mesenchymal stromal cells differentiated 

into the osteoblastic lineage and self-assembled into scaffold free bone-like tissues with the 

shape and dimensions of human trabeculae. Human monocytes were able to attach to these 

tissues and to fuse into multinucleated osteoclast-like cells, establishing the coculture. 

Computational modeling was used to determine the fluid flow induced shear stress and strain 

in the formed tissue. Furthermore, a set-up was developed allowing for long-term (35 days) 

on-chip cell culture with benefits including continuous fluid-flow, low bubble formation risk, 

easy culture medium exchange inside the incubator and live cell imaging options. This on-

chip coculture is a crucial advance towards developing in vitro bone remodeling models to 

facilitate drug testing. 
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5.1 Introduction 

Bone is a dynamic tissue with multiple functions, i.e. allowing for movement, protecting 

organs, and storing essential minerals. Healthy bone is constantly maintained by the process 

of bone remodeling in which bone tissue is resorbed by osteoclasts and formed by 

osteoblasts. This process is regulated by osteocytes. Under homeostatic circumstances, the 

amount of bone matrix that is resorbed is equal to the amount that is formed, and thus bone 

mass is maintained.
179

 

In pathologies such as osteoporosis, the balance between formation and resorption is 

disturbed, leading to changes in the mechanical properties of the bone and their risk for 

failure. To study bone pathologies, animal models are often used. However, animal models 

are costly, time-consuming and ethically undesirable.
3
 Furthermore, data from animals 

frequently fail to predict the results obtained in human clinical trials.
3,4

 In search for 

alternatives to animal models, human in vitro models are emerging as they address the 

principle of reduction, refinement, and replacement of animal experiments (3Rs).
14

 

Organ-on-chip devices represent one of the recent successes in the search for in vitro human 

models that can recapitulate organ-level and even organism-level functions.
3
 These organ-

on-chip devices promise several advantages over traditional techniques such as integration 

of structural and dynamic cues, small amount of cells, samples and reagents leading to 

decreased costs and options for parallel and real-time analysis. Many successful studies 

have been published, showing the potential of organ-on-chip technologies.
16,180

 However, 

there are still challenges that need to be overcome. 

One of the most important challenges is the formation of air bubbles within the device.
181

 Air 

bubbles can get trapped in the chip and thereby disturb its performance. When air bubbles 

flow over cells in culture, cell membranes damage can be caused to the due to dynamic air-

liquid interfaces. This can result in cell death when the surface tension of these interfaces is 

high enough to rupture the cell membrane.
181

 In addition, bubbles can cause blockage of 

culture medium perfusion. This blockage could lead to pressure build-up that disturbs the 

stability of the system, can cause device failure and sudden mechanical stimulation of the 

cells.
182

  

Next to the bubble formation, the practical handling of the system may be challenging. 

Microfluidic technology often promises scale-up possibilities, but in practice this can be 

difficult to achieve.
183,184

 Setting up the cell culture, connecting the tubing, pumps and chips 

is usually a manual and complex task, limiting the number of samples that can be processed 

at the same time. In addition, researchers in the field advocate standardization.
184,185

 It is 

important that the design of the systems is intuitive and straightforward, while still enabling 

reliable and robust operation. 

In this study, both bubble formation and ease-of-use were tackled by designing a practical 

experimental set-up for long-term (35 days) on-chip culture. The design requirements were: 

easy transportation between safety cabinet and incubator, short tubing length between 

medium reservoir and chip to reduce bubble formation risk, addition of live cell imaging, 
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quick culture medium exchange inside the incubator to reduce contamination risk and 

possibility to remove chips at different timepoints. In a second step, the set-up was used for 

running long-term (35 days) bone-remodeling-on-a-chip experiments.  

Both osteoblasts and osteoclasts are essential to establish an in vitro bone remodeling 

model, as their interplay is important in the remodeling process.
7
 As scaffold integration into 

a microfluidic device can be challenging,
186

 we relied on the cells' own matrix production and 

mineralization. In the present study, human mesenchymal stromal cells (MSCs) were 

differentiated on-chip into osteoblasts that produced their own mineralized extracellular 

matrix and self-assembled into three-dimensional (3D) bone tissues. Next, human monocytes 

(MCs) were added and differentiated on-chip into osteoclasts, establishing a direct 

osteoblast-osteoclast coculture. Computational modeling was used to determine the fluid 

flow induced shear stress and strain in the formed tissue. 

5.2 Materials and Methods 

5.2.1 General experimental set-up 

The general approach and timeline for the bone-remodeling-on-a-chip included several 

steps (Figure 5.1). The materials and methods of each step are elaborately explained in the 

corresponding sections. Briefly, photolithography was employed as a fabrication method to 

create a silicon wafer mold, followed by soft lithography to create a polydimethylsiloxane 

(PDMS) layer in which the cell culture channels were located. The PDMS layer was bonded 

to a glass coverslip to complete the device. Before starting culturing cells in the device, the 

channels were coated with fibronectin to enhance cell adhesion. After the MSCs were well 

attached, osteogenic monoculture medium was perfused through the channels and culturing 

was continued for 21 days to allow for bone-like tissue formation. Next, MCs were added, 

and the medium was switched to coculture medium which was perfused through the 

channels for an additional 14 days. 

5.2.2 Master mold fabrication and validation 

A master mold for the patterned PDMS layer was produced with a silicon wafer by 

photolithography. The design of the photomask was drawn in AutoCAD (version 2021, 

Autodesk) and ordered at CAD/Art Services (Bandon, USA). First, a layer of negative 

photoresist (SU-8 2150, MicroChem, Newton, MA, USA) was spin-coated on top of a silicon 

wafer (Ø100 mm, Si-Mat). To ensure a thickness of 200 µm, the spin-coater (model WS-

650MZ-23NPPB, Laurell, North Wales, USA) was set to a rotating speed of 2000 rpm for 30 

seconds. The wafer was soft-baked, and the photomask was placed on top of the wafer, 

followed by UV-light (model UV-EXP150S-SYS, Idonus, Hauterive, Switzerland) exposure with 

a dose of 315 mJ/cm
2
, initiating SU-8 crosslinking of the exposed parts of the photoresist. A 

post exposure bake was done to complete the crosslinking process, followed by submerging 

the wafer into a developer solution (mr-Dev 600, Micro Resist Technology GmbH, Berlin, 

Germany) for 15 to 18 minutes to remove uncured photoresist. Subsequently, hard baking 

was performed to stabilize the printed pattern. The height of the channel dimensions was 

validated using a Mitutoyo Mu-Checker electronic comparator (model M402 519-402, 

Mitutoyo America Corporation, Aurora, USA). Finally, the master mold was silanized using 
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1H,1H,2H,2H-perfluorooctyltriethoxysilane (Fluorochem Ltd, Hadfield, UK) under vacuum 

overnight. 

 

Figure 5.1 Outline of the experimental set-up. A) With the use of photo- and soft-lithography a PDMS microfluidic chip 

is created. The cell culture channel is coated with fibronectin 24 hours prior to seeding the MSCs. After 4 hours of 

attachment, culture medium fluid flow is applied for 21 days. The cells self-assemble into a bone-like tissue. After 21 
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days, MCs are seeded onto these tissues and allowed to attach for 24 hours. Next, fluid flow is applied, and the MCs 

are differentiated towards de osteoclastic lineage over an additional 14 days. B) The custom-made set-up comprises 

of a tray with handles on which a rack is fixed that holds five microfluidic chips and reservoirs. The peristaltic pump is 

placed behind this rack and Cytosmart Lux2 incubator microscopes are placed directly under two of the five chips. 

5.2.3 Microfluidic chip fabrication 

The microfluidic chips consisted of a PDMS part and a PDMS-coated glass coverslip and 

were made by standard soft lithography. The PDMS part contained two separate meandering 

channels with each a dimension of 200 µm height x 800 µm width x 134 mm length. PDMS 

base and curing agent (Sylgard 184 silicone elastomer kit, Dow Corning, Midland, MI, USA) 

were thoroughly mixed at a 10:1 ratio (w/w), degassed under vacuum, and poured onto the 

wafer mold. After curing the PDMS overnight at 65°C, the patterned PDMS layer containing 

the channels was released from the master mold. A glass coverslip with a size of 35×64 mm 

and thickness of 0.17 mm was used to close off the microfluidic channels. To make sure the 

cells were exposed to the same substrate stiffness on the bottom surface as on the other 

walls of the channel, the coverslip was spin-coated with a thin layer of PDMS of approximately 

130 μm in thickness. Rectangular PDMS pieces of 4 mm height × 35 mm width × 10 mm 

length were bonded at both ends of the PDMS chip to increase friction with the in- and outlet 

needles. Holes for the in- and outlets were punched with a Ø1.2 mm biopsy punch (Harris 

Uni-Core, No. 7093508). To attach the rectangular pieces to the patterned PDMS layer, 20 

watt oxygen plasma was applied for 30 seconds using the plasma asher (model K1050X, 

Emitech, Quorum technologies, UK). Next, the coverslip was plasma bonded to the PDMS 

chip. The microfluidic device was completed by baking it in an oven at 65°C for 2 hours. 

5.2.4 Design and fabrication of the perfusion set-up 

The set-up was designed and fabricated in-house according to requirements that were set 

to enable long-term on chip cell culture (Figure 5.1B). These requirements included: easy 

transportation between safety cabinet and incubator, short tubing length between reservoir 

and chip, addition of live cell imaging devices, easy culture medium exchange and possibility 

to collect chips at different timepoints. The set-up was designed in Autodesk Inventor 2022 

(detailed drawing in Supplementary Information Figure S5.1). The base plate was made of 

stainless steel and functioned as carry tray. The chip holder was made of aluminum and 

received anodizing surface treatment to make them more chemically resistant. The reservoirs 

were made of polysulfone and contained grooves that indicated the medium volume in mL. 

Each reservoir could hold up to 8 mL of liquid.  

5.2.5 Assembly of the set-up and preparation of the microfluidic chips for cell culture 

A closed perfusion-based set-up was constructed (Figure 5.1B). The set-up composed of a 

peristaltic pump (model P-70, Harvard Apparatus, Holliston, USA) and five in-house made 

polysulfone medium reservoirs. Each reservoir was connected to a sterile syringe filter 

(syringe filter 0.2 μm, CA, Sartorius) for air exchange and was closed off with a self-healing 

rubber injection port (Ø13 mm rubber bottle stoppers, SUCOHANS). Pump tubing (Ismatec 

pump tubing, 3-stop, PharMed BPT, 0.5 mm ID, yellow/orange) and silicon tubing (Ibidi 

GmbH, 0.5 mm ID) were connected to each other via metal tubes (Techcon, TE720050PK, 

20G, 12.7 mm) and to the medium reservoirs via male luer connectors (Ibidi GmbH). Prior to 

assembling the set-up, the reservoirs and self-healing injection ports were sterilized with 70% 
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ethanol and flushed with distilled water, and if possible, subsequently autoclaved. One day 

prior to cell seeding, the set-up was assembled, the reservoirs were filled with 6 mL sterile 

phosphate buffered saline (PBS). The pump was set at a speed of 100 μL/min to equilibrate 

the tubing and remove bubbles overnight. The set-up was placed in the incubator (37°C and 

5% CO2). The microfluidic chips were sterilized with 70% ethanol and flushed 3 times with 

sterile PBS. Next, the chips were coated with fibronectin (Human Plasma Fibronectin Purified 

Protein, Merck, Schiphol-Rijk, The Netherlands) in sterile PBS (100 μg/mL) and placed 

overnight in the incubator (37°C and 5% CO2). At the day of cell seeding, the PBS was 

removed from the reservoirs, and they were filled with 6 mL cell culture medium each. The 

pump was set at a speed of 100 μL/min for at least 4 hours before connecting the cell seeded 

microfluidic chips to remove bubbles. The chips were flushed with sterile PBS three times 

and filled with cell culture medium prior to cell seeding. 

5.2.6 Monoculture: isolation, expansion and cultivation of MSCs 

MSC isolation and characterization from human bone marrow (Lonza, Walkersville, MD, USA) 

was performed as previously described.
162

 MSCs were frozen at passage 3 with 1.25x10
6
 

cells/ml in freezing medium containing fetal bovine serum (FBS BCBV7611, Sigma-Aldrich) 

with 10% dimethylsulfoxide (DMSO, 1.02952.1000, VWR, Radnor, PA, USA) and stored in 

liquid nitrogen until use. Before experiments, MSCs were thawed and seeded at a density of 

2.5x10
3
 cells/cm

2
 in expansion medium containing DMEM (high glucose, 41966, Thermo 

Fisher Scientific), 10% FBS (BCBV7611, Sigma Aldrich), 1% Antibiotic Antimycotic (anti-anti, 

15240, Thermo Fisher Scientific), 1% Non-Essential Amino Acids (11140, Thermo Fisher 

Scientific), and 1 ng/mL basic fibroblastic growth factor (bFGF, 100-18B, PeproTech, 

London, UK) at 37°C and 5% CO2. Upon 80% confluence, cells were detached using 0.25% 

trypsin-EDTA (25200, Thermo Fisher Scientific) and directly used for experiments at passage 

4. Cells were resuspended at 1x10
6
 cells/mL in osteogenic monoculture medium containing 

DMEM (low glucose, 22320, Thermo Scientific), 10% human platelet lysate
158

 (hPL, PE20612, 

PL BioScience, Aachen, Germany), 1% Anti‐Anti, 0.1 μM dexamethasone (D4902, Sigma-

Aldrich), 50 µg/mL ascorbic acid‐2‐phosphate (A8960, Sigma-Aldrich), 10 mM β‐

glycerophosphate (G9422, Sigma-Aldrich) and carefully pipetted into the channels of the 

chips. Each meandering channel contained ~25 µL cell suspension and each chip had two 

meandering channels giving ~50.000 cells per chip. Next, the seeded chips were incubated 

at 37°C and 5% CO2 for at least 4 hours before the pump was started to allow for cell 

attachment. Then the pump was set at a speed of 1 μL/min and the chips remained in the 

incubator for 21 days. Medium was refreshed weekly by removing 3 mL of the total 6 mL and 

replacing it by 3 mL fresh osteogenic medium with double the concentration of 

dexamethasone, ascorbic acid and β‐glycerophosphate. Medium refreshment took place 

inside the incubator via the self-healing injection ports.  

5.2.7 Coculture: isolation of MCs and cultivation of MSCs and MCs 

Human peripheral blood buffy coats from healthy volunteers under informed consent were 

obtained from the local blood donation center (agreement NVT0320.03, Sanquin, Eindhoven, 

the Netherlands). The buffy coats (~ 50 mL) were diluted to 200 mL in 0.6 % (w/v) sodium 

citrate in PBS adjusted to pH 7.2 at 4°C (citrate-PBS), after which the peripheral mononuclear 
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cell fraction was isolated by carefully layering 25 mL diluted buffy coat onto 13 mL 

Lymphoprep (07851, StemCell technologies, Cologne, Germany) in separate 50 mL 

centrifugal tubes, and centrifuging for 20 min with lowest brake and acceleration at 800×g 

at room temperature. Human peripheral blood mononuclear cells (PBMCs) were collected, 

resuspended in citrate-PBS and washed 4 times in citrate-PBS supplemented with 0.01% 

bovine serum albumin (BSA, 10735086001, Sigma-Aldrich, Zwijndrecht, The Netherlands) to 

remove all Lymphoprep. PBMCs were frozen in freezing medium containing RPMI-1640 

(RPMI, A10491, Thermo Fisher Scientific), 20% FBS (BCBV7611, Sigma-Aldrich) and 10% 

DMSO and stored in liquid nitrogen until further use. Prior to experiments, MCs were isolated 

from PBMCs using manual magnetic activated cell separation (MACS). PBMCs were thawed, 

collected in medium containing RPMI, 10% FBS (BCBV7611, Sigma-Aldrich) and 1% 

penicillin-streptomycin (p/s, 15070063, Thermo Fisher Scientific), and after centrifugation 

resuspended in isolation buffer (0.5% w/v BSA in 2mM EDTA-PBS). The Pan Monocyte 

Isolation Kit (130-096-537, Miltenyi Biotec, Leiden, The Netherlands) and LS columns (130-

042-401, Miltenyi Biotec) were used according to the manufacturer’s protocol. After magnetic 

separation, the cells were directly resuspended in osteogenic coculture medium containing 

αMEM (41061, Thermo Fisher Scientific), 5% hPL, 1% Anti‐Anti supplemented with 0.1 μM 

dexamethasone, 50 μg/mL ascorbic acid‐2‐phosphate, 10 mM β‐glycerophosphate) spiked 

with 50 ng/mL macrophage colony stimulating factor (M-CSF, 300-25, PeproTech). After 21 

days of culturing the MSCs, the MCs were added to establish the coculture. To seed the MCs 

into the chips, the entire set-up was placed in a safety cabinet and the tubing was carefully 

removed from the chips. The MCs were counted, and a suspension of 5x10
6 
cells

 
/mL was 

carefully pipetted into the chips. Again, each meandering channel contained ~25 µL cell 

suspension and each chip had two meandering channels giving ~250.000 cells per chip. 

The monoculture medium was completely removed from the reservoirs and tubing and 

replaced with coculture medium. The chips were reconnected, and the setup was placed 

back into the incubator where cells were allowed to attach for 24 hours before the fluid flow 

was run again at 1 μL/min. After 2 days the coculture medium was replaced by coculture 

medium additionally containing 50 ng/mL receptor activator of NFκ-B ligand (RANKL, 310-

01, PeproTech). Medium was changed weekly inside the incubator via the self-healing 

injection ports by removing 3 mL of the total 6 mL and replacing it by 3 mL fresh coculture 

medium with double the concentration of dexamethasone, ascorbic acid, β‐

glycerophosphate, M-CSF and RANKL. The culture was maintained for another 14 days, 

making a total of 35 days.  

5.2.8 Brightfield time-lapse imaging 

Brightfield images of the channels in the chip were taken to monitor cell morphology and 

assembly over time. One channel per chip and two chips per experiment were observed at 

10x magnification with Lux2 microscopes (CytoSMART, Eindhoven, The Netherlands). 

Images were taken every three hours for the entire 35 days of culture. 

5.2.9 Computational model for mechanical stimulation calculation 

To quantify the mechanical stimulation in terms of fluid-induced wall shear stress and elastic 

strain on the cells, computational fluid dynamics (CFD) and fluid solid interaction (FSI) 
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models were used (Figure 2). Based on experimental observation, the cells are flatly attached 

to the bottom of the microfluidic channel at day 0, while at day 21, the cells have detached 

from the bottom and have formed into a long 3D bone-like tissue. It was observed that the 

tissue occupied approximately 1/3 of the microfluidic channel width (i.e., 1/3 x 800 μm ≈ 267 

μm), and the height was approximately 180 μm. The computational model was based on 

these experimental observations. In the model, the tissue geometry was idealized into an 

elliptical cylinder. As the tissue orientation could be either along or across the microfluidic 

channel at day 21, these two orientations were proposed (Figure 2B), and the tissue 

geometries were constructed in ANSYS DesignModeler (ANSYS Inc., Pennsylvania, USA). In 

the computational model, a representative volume of the channel (200 μm H x 800 μm W x 

800 μm L) was modelled (Figure 5.2). 

For calculating the shear stress on cells at day 0, when the thin cell sheet was flatly attached 

on the channel bottom, the computational model was based on an empty channel by 

assuming that the shear stress on the channel bottom was equivalent to that on the cells. The 

calculation was based on the CFD model that follows the Navier-Stokes equation for 

incompressible flow:     

                                             𝜌 {
𝛁 ∙ 𝐯 = 0

𝜕𝐯

𝜕𝑡
+ 𝜌𝐯 ∙ ∇𝐯 = −∇𝑝 + 𝜇∇2𝐯

                                                     (1) 

where, ρ and μ are medium density and dynamic viscosity, respectively (μ = 0.93 mPa∙s, ρ = 

1009 kg/m
3 
)
169

; v is fluid velocity vector, p is pressure. 

According to the pre-computation by ANSYS-CFX, the maximum Reynolds number was lower 

than 1. Therefore, the flow was defined as laminar flow. A flow rate of 1.0 μL/min used in 

experiment was prescribed at the inlet and outlet, respectively for mass conservation (Figure 

2B). The channel walls were defined as non-slip boundaries (i.e., the fluid has zero velocity 

relative to the solid surfaces). The fluid domain was meshed by tetrahedral elements (global 

element size = 10 μm) with a patch conforming algorithm as described in Zhao et al. 

(2020).
187

 Moreover, the mesh for the cell/tissue region was refined with an element size of 4 

μm, which generated 1,255,967 elements in total. The CFD model was solved using finite 

volume (FV) method by ANSYS CFX solver under the convergence criteria of root mean 

square (RMS) residual of momentum and mass < 1.0 x 10
−4

. 

For calculating the fluid-induced wall shear stress on cells at the surface and internal strain 

of the bone-like tissue at day 21, a FSI model was used. The fluid domain was meshed with 

the same strategy as above, which generated 1,203,992 tetrahedral elements. The solid 

domain (bone-like tissue) was modelled as a hyperelastic (Neo-Hookean) material with the 

strain density function as equation (2), and solved by finite element (FE) method in ANSYS: 

                                            𝑊 = 𝐶1(𝐼1̅ − 3) +
1

𝐷1
(𝑑𝑒𝑡(𝐅) − 1)2

                                                          (2) 

where W and F are the strain energy density and deformation gradient, respectively; 𝐼1̅ is the 

first invariant of the right Cauchy-Green deformation tensor, which is calculated as: 

                                 𝐼1̅ = (𝑑𝑒𝑡(𝐅) − 1)−2/3𝐼1̅ =  (𝜆1𝜆2𝜆3)−2/3(𝜆1
2 + 𝜆2

2 + 𝜆3
2)                                   (3) 
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where λ1, λ2 and λ3 are the principal stretches. 

In equation (2), C1 and D1 are material constants, which were calculated using shear modulus 

(G) and bulk modulus (K): 

                                                       𝐶1 =
𝐺

2
=

𝐸

4(1+𝜈)
                                                                              (4) 

                                                       𝐷1 =
2

𝐾
=

6(1−2𝜈)

𝐸
                                                                            (5) 

where G, E and K are shear modulus, Young's modulus and bulk modulus, respectively; ν is 

the Poisson's ratio. The bone-like tissue (mixture of bone cells and extracellular matrix) was 

defined as an almost incompressible material with a Young's modulus E of 1.70 kPa and 

Poisson's ratio ν of 0.49, according to the experimental measurements in Taiai et al. (2005) 

and Titushkin and Cho (2007).
188,189

 So, the material parameters can be calculated as: G = 

0.57 kPa, K = 28.33 kPa, C1 = 0.29 kPa, D1 = 7.00x10
-5
 Pa

-1
. 

In terms of boundary conditions of the FE model, one end of tissue was fixed, and the other 

end was defined as frictionless support (Figure 5.2B). The tissue surfaces formed the fluid-

solid interface between the CFD and FE domains and this two-way FSI analysis followed a 

staggered iteration approach, which coupled the fluid force and solid deformation as 

described in Zhao et al. (2020).
187

 

 

Figure 5.2 Determination of fluid shear stress. A) CFD model geometry and boundary conditions for calculating the 

shear stress on flat cell sheet at day 0. B) FSI model geometries and boundary conditions for calculating the shear 

stress on cells exposed to the medium and inside tissue at day 21. 
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5.2.10 Immunohistochemistry 

At day 14, 21 and 35 chips were washed with PBS and fixed in 10% neutral-buffered formalin 

for 15 min. The chips were immunostained by washing with PBS-tween, permeabilizing in 

0.5% Triton X-100 in PBS for 10 min and blocking in 10% normal goat serum in PBS for 30 

min. Cells were incubated with DAPI, Phalloidin and immunostainings (Table 5.1) in PBS for 

1 hour. Images were taken with either a fluorescent light microscope (Axio Observer 7, Zeiss, 

Oberkochen, Germany) (Figure 5.3B and 5.5A and B) or a confocal microscope (TCS SP5X, 

Leica Microsystems CMS GmbH, Mannheim, Germany) (Figure 5.5C). 

Table 5.1 List of all dyes and antibodies used and their working concentrations/dilutions. 

Antigen Source Catalogue 

No 

Label Species Concentration/Dilution 

DAPI Sigma-

Aldrich 

D9542   0.1 μg/mL 

Atto 647 

conjugated 

Phalloidin 

Sigma-

Aldrich 

65906   50 pmol 

Collagen 

type-1 

Abcam Ab34710  Rabbit 1:200 

RUNX-2 Abcam Ab23981  Rabbit 1:500 

Osteopontin Thermo 

Fisher 

14-9096-82  Mouse  1:200 

TRAP Abcam Ab185716   1:200 

Anti-rabbit 

(H+L) 

Molecular 

Probes 

A11008 Alexa 

488 

Goat 1:200 

Anti-mouse 

IgG1 (H+L) 

Molecular 

Probes 

A21127 Alexa 

555 

Goat 1:200 

 

5.2.11 Histology 

Following the immunostaining the same samples of day 14 and 21 were overstained with 

Alizarin Red (2% in distilled water, A5533, Sigma-Aldrich) for 15 minutes to identify 

mineralization. Subsequently, channels were washed with distilled water until no further 

discoloration of the water occurred. Images were made using a brightfield microscope (Axio 

Observer Z1, Zeiss, Oberkochen, Germany). 

5.2.12 Quantification of Ca
2+

 concentration in supernatant 

The calcium concentration from the supernatant was measured to determine changes in 

calcium concentration in the medium, as an indicator for mineralized matrix 

deposition/resorption during osteogenic differentiation. A calcium assay (Stanbio, 0150-250, 

Block Scientific, Bellport, NY, USA) was performed according to the manufacturer’s 

instructions (n=10). Briefly, 95 µl Cresolphthalein complexone reaction mixture was added to 

5 µL sample and incubated at room temperature for 1 min. Absorbance was measured at 

550 nm with a plate reader and absorbance values were converted to calcium concentrations 

using standard curve absorbance values. 
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5.2.13 Quantification of human pro-collagen 1 C-terminal propeptide 

Human pro-collagen 1 C-terminal propeptide (PICP) as a product of collagen formation was 

quantified in cell supernatants of monocultured constructs at day 7, 14 and 21 using an 

enzyme-linked immunosorbent assay (ELISA, MBS2502579, MyBioSource, San Diego, CA, 

USA) according to the manufacturer's protocol (n=2x5: two independent experiments with 

each 5 chips). 100 µL sample/standard was added to anti-human PICP coated microwells. 

After 90 min incubation at 37°C, samples were removed and replaced by 100 µL biotinylated 

antibody solution followed by 60 min incubation at 37°C. After thorough washing, 100 µL 

HRP-conjugate solution was added, and plates were incubated for 30 min at 37°C. Wells 

were again washed, and 90 µL substrate reagent was added followed by 15 min incubation 

in the dark at 37°C. To stop the reaction, 50 µL stop solution was added and absorbance 

was measured at 450 nm in a plate reader. Absorbance values were converted to PICP 

concentrations using standard curve absorbance values.  

5.2.14 Gene expression by qPCR 

To quantify gene expression levels, day 0 MSCs were pelleted by centrifuging 50.000 

cells/pellet (230 rpm, 7 minutes), which is the same amount of cells as in the chips. Pellets 

were frozen and stored at -80°C. After 21 days of culturing in the chip, the self-assembled 

tissues were carefully taken out of the chips and also frozen and stored at -80°C. Frozen 

samples were crushed using a pestle to homogenize the samples, and subsequently lysed 

on ice using RLT lysis buffer. RNA was isolated using the Qiagen RNeasy kit (Qiagen, Hilden, 

Germany) following supplier instructions including a 15 minutes DNAse incubation step 

(Qiagen; 74106) to remove genomic DNA contamination. After extraction, RNA quantity and 

purity were assessed with a spectrophotometer (NanoDrop™ One, Isogen Life Science, The 

Netherlands). cDNA was synthesized in a thermal cycler (protocol: 65°C (5 min), on ice (2 

min) while adding the enzyme mixture, 37°C (2 min), 25°C (10 min), 37°C (50 min), and 70°C 

(15 min)) starting from a 20 μL reaction solution containing 200 ng of RNA, 1 μL dNTPs (10 

mM, Invitrogen), 1 μL random primers (50 ng/μL, Promega, C1181), 2 μL 0.1 M DTT, 4 μL 5x 

first strand buffer, 1 μL M-MLV Reverse Transcriptase (RT) (200 U/μL, Invitrogen, 28025-013, 

Breda, the Netherlands) and supplemented with RNAse-free ultra-pure water (ddH2O). 

Genomic DNA contamination was checked with glyceraldehydes-3-phosphate 

dehydrogenase (GAPDH) primers, conventional PCR, and gel electrophoresis. 

qPCR was executed to investigate the expression of genes related to osteogenic 

differentiation: COL-1, RUNX-2 and SPP1 (osteopontin), utilizing the primer sequences listed 

in Supplementary Information Table S1. Six reference genes were tested of which the two 

most stable ones were used (ATP5F1B and TOP1). Expression was investigated by adding 

500 nM primer mix, 5 μL SYBR Green Supermix (Bio-Rad; 170-8886), and an additional 1.75 

μL ddH2O to 3 μL of diluted cDNA. Ct values were acquired by exposing the mixtures to the 

following thermal protocol: 95°C (3 min), 40 cycles of 95°C (20 s), 60°C (20 s), and 72°C (30 

s), 95°C (1 min), and 65°C (1 min), concluded with a melting curve measurement. Differences 

in expression profiles were determined by normalizing the Ct values for the reference gene 

(only ATP5F1B shown, similar results to TOP1) (ΔCt), correcting these values for the Ct value 
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of the control (day 0) (ΔΔCt) and applying the 2−
ΔΔCt

 formula to determine the fold changes in 

expression.  

5.2.15 Quantification of tartrate-resistant acid phosphatase activity in the supernatant 

Tartrate-resistant acid phosphatase (TRAP) concentration from the supernatant of the 

coculture was measured at day 23, 28 and 35 to determine the amount of secreted TRAP 

during osteoclastic differentiation (n=2+3: two independent experiments, one with 2 and one 

with 3 chips). 10 μL of supernatant was placed in a 96-well plate and resuspended in 90 μL 

assay buffer containing 3M NaAc, 10% Triton X-100, 1 mg/mL p-nitrophenyl phosphate 

(pNPP, Sigma Aldrich, 71768) (pH=5.5). Samples were incubated for 1.5 hours at 37°C. 

Finally, 100 µL 0.3M NaOH solution was added to stop the reaction. The amount of TRAP 

was determined via the optical absorbance at 405 nm and absorbance values were 

converted to TRAP activity using standard curve absorbance values. 

5.2.16 Quantification of human crosslinked C-telopeptide of collagen type 1 

Human crosslinked C-telopeptide of collagen type 1 (CTX) as a collagen degradation 

product was quantified in cell supernatants of cocultured constructs at day 23, 28 and 35 

using an ELISA (MBS162789, MyBioSource, San Diego, CA, USA) according to the 

manufacturer's protocol (n=2+3: two independent experiments, one with 2 and one with 3 

chips). 50 µL standard and 40 µL sample were separately added to anti-human CTX coated 

microwells. 10 µL Anti-CTX antibody was added to each sample well and 50 µL streptavidin-

HRP was added to all sample and standard wells and incubated for 60 min at 37°C. After 

thorough washing, 50 µL substrate reagent A and 50 µL substrate reagent B were added, 

followed by 10 min incubation in the dark at 37°C. To stop the reaction, 50 µL stop solution 

was added and absorbance was measured at 450 nm in a plate reader. Absorbance values 

were converted to CTX concentrations using standard curve absorbance values.  

5.2.17 Statistical analysis 

Statistical analyses were performed, and graphs were prepared in GraphPad Prism (version 

9.4.0, GraphPad, La Jolla, CA, USA) and R (version 4.0.2). Data was tested for normal 

distribution with Shapiro-Wilk tests. All data was normally distributed. One-way repeated 

measures ANOVA was performed for PICP, calcium, TRAP and CTX to compare consecutive 

timepoints. Post-hoc Tukey was applied to correct for multiple comparisons. qPCR data was 

tested for equal variances using Levene’s test. As variances were not equal, Welch’s t-test 

was performed for qPCR data to compare day 0 to day 21. All data is presented as mean 

plus/minus standard deviation. 

5.3 Results 

5.3.1 Experimental set-up enables long-term on-chip cell culture 

A set-up was designed that successfully facilitated long-term (35 days) on-chip cell culture 

(Figure 5.1B). The set-up was quick to assemble. The carry tray with handles provided easy 

and safe transportation between safety cabinet and incubator. All components had a fixed 

position, refraining movement during transportation. The reservoir and chip were placed 

approximately at same height to reduce pressure difference, which has been described to 

prevent a distorted flow.
181

 Inside the incubator, the reservoirs were easily accessible for safe 
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and fast culture medium exchange through the self-healing rubber injection ports. The short 

tubing between reservoir and chip (2.5 cm) reduced the risk of air bubble formation, as long 

tubing length increases the assembly of small air bubbles into large ones. Compared to our 

previous set-up we were able to reduce the total tubing length by 46%, decreasing the 

bubble formation risk. Consequently, double the amount of cell seeded chips survived the 

35-day culture period (detailed comparison with our previous set-up in Supplementary 

Information Table S5.2 and Figure S5.2). 

5.3.2 Self-assembly of elongated 3D tissues containing of collagen type 1 and minerals 

The morphology and behavior of cells was investigated using time-lapse live cell imaging 

(Figure 5.3A). The bright-field images showed that at day 0, the MSCs were spindle-shaped, 

which confirmed their attachment to the channel surfaces. At day 5, cells started to detach 

from the channel side walls. At day 10, cells self-assembled, thereby forming a string of 

connected cells in the middle part of the channel. The string compacted over time. At day 

21, a dense 3D elongated construct was visible. Over the entire culture period, some cells 

remained attached to the channel walls to keep the formed tissue in place. This proved to be 

essential to withstand the shear stress created by the fluid flow. Non-attached cells and cell-

assemblies were flushed out of the channels. At day 21, the self-assembled constructs were 

investigated for their composition. The extracellular matrix produced by the cells consisted 

of collagen type 1 (Figure 5.3B) and was highly mineralized as shown by Alizarin red staining 

(Figure 5.3C). The rate of collagen type 1 formation stayed constant over time shown by 

measuring PICP in the culture medium (Figure 5.3D). Collagen type 1 gene expression was 

significantly higher at the day 21 osteoblasts compared to day 0 MSCs (Figure 5.3E). 

Quantification of calcium concentration in the cell culture supernatant showed that calcium 

was depleted from the supernatant during the first 21 days (Figure 5.3F). Significantly more 

calcium was depleted on day 14 and 21 compared to day 7. This observation together with 

the histological stainings implies that the produced collagenous extracellular matrix was 

mineralized with a calcium mineral and indicates the formation of a self-assembled 3D bone-

like tissue. 

5.3.3 Mechanical stimulation increased upon self-assembly of the tissues and is dependent 

on tissue orientation 

Computational models (CFD and FSI) were used to quantify the mechanical stimulation in 

terms of shear stress and mechanical strain received by the cells in the chip. The fluid-

induced shear stress on the monolayer of cells at day 0 was 3.66 mPa (Figure 5.4A). At day 

21, the self-assembled cells on the surface received an average shear stress of 10.55 mPa 

and 45.30 mPa respectively for the tissue oriented along and across the channel (Figure 

5.4A). Due to the deformation of the tissue under fluid flow, the cells embedded within the 

tissue could experience the mechanical strain. The average values of equivalent elastic strain 

within the tissue were 4.74x10
-4
 and 6.65x10

-3
 respectively for the tissue oriented along and 

across the channel (Figure 5.4B). These results show that the fluid flow shear stress on the 

cells both on the surface and within the tissue increased upon self-assembly and is highly 

dependent on the orientation of the self-assembled tissue.  
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Figure 5.3 Self-assembly of 3D tissues. A) Time-lapse brightfield images of the 3D-self-assembly over time. At day 0, 

MSCs are seeded and attach to the channel in a monolayer. At day 3, the cells have spread over the bottom of the 

channel. At day 5, the cells start to detach from the channel walls. At day 10, the cells self-assemble into an elongated 

3D tissue-like strut that becomes denser over the following days. B) The 3D tissue consists of collagen type 1 and C) 

is mineralized (Alizarin Red staining). D) PICP quantification as a measure for collagen formation (n=2x5). Differences 

are non-significant. E) Col-1 (n=5) gene expression measured before seeding in the chip (day 0) and after 21 days 

culturing in the chip (day 21). Values are displayed as 2
-ΔΔCt

 to day 0. Significant differences are shown by * for  p<0.05. 

F) Calcium concentration in the culture medium showing calcium depletion (n=2x5). The dashed line represents the 

calcium concentration in fresh medium. Significant differences are shown by *** for  p<0.001 and **** for p<0.0001. 
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Figure 5.4 Shear stresses acting on the cells. A) Fluid-induced shear stress on cell/tissue surfaces at day 0 and 21. B) 

Sectional view of the strain within solid tissue (along and across the microfluidic channel) at day 21 due to the tissue 

deformation that is caused by fluid force. 

5.3.4 Osteogenic differentiation of MSCs in a 21 day monoculture 

To confirm osteoblastic differentiation of the MSCs in the first 21 days, samples were stained 

for RUNX-2 and osteopontin at day 14 and 21 and for DMP-1 at day 21. RUNX-2 was present 

in the nucleus and osteopontin in the body of the cells at day 14 and 21 (Figure 5.5A and B). 

DMP-1 was visible in the nucleus of the cells at day 21, indicating early signs of transition to 

osteocytes (Figure 5.5C). Although non-significant, RUNX-2 and osteopontin gene 

expression demonstrated an upward trend comparing day 21 to day 0 (Figure 5.5D and E). 

The immunostaining and gene expression results imply that the microfluidic chip allows for 

MSCs to differentiate into the osteoblastic lineage over time. It is to be noted that the density 

of the self-assembled 3D bone-like tissue complicated the imaging process, as the laser light 

was not able to penetrate through the thick matrix. Only cells on the surface of the tissues 

could be visualized. 
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Figure 5.5 Osteogenic differentiation of MSCs: A) At day 14 and B) 21, osteopontin is expressed in the cells body and 

RUNX-2 in the nucleus. C) At day 21, DMP-1 expression is visible in the nucleus. All scale bars are 20 µm. D) RUNX-2 

(n=5 or 6) and E) osteopontin (n=4 or 5) gene expression measured before seeding in the chip (day 0) and after 21 

days culturing in the chip (day 21). Values are displayed as 2
-ΔΔCt

 to day 0. Differences are non-significant. 
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5.3.5 MCs fuse into multi-nucleated cells in 14-day coculture 

After the 21-day tissue formation phase, MCs were added to the microfluidic chips and 

cultured for another 14 days (35 days in total). Monoculture medium was changed into 

coculture medium containing RANKL and M-CSF to induce osteoclastic differentiation of the 

MCs. At day 35, Z-stack images revealed the presence of mono- and multi-nucleated cells 

with different morphologies (Figure 5.6A and B). Elongated mononuclear cells with large (± 

Ø 16 μm) oval shaped nuclei were identified as osteoblasts (Figure 5.6A, orange arrow). 

Round, multinucleated cells with smaller (± Ø 12 μm) round nuclei were identified as fused 

monocytes/pre-osteoclasts (Figure 6A, purple arrow). An additional TRAP immunostaining 

revealed a multi-nucleated cell with a clear actin-ring and expression of TRAP in the cell 

body, found on the surface of the 3D bone-like tissue (Figure 5.6B). These results suggest 

that MCs were able to attach to the tissues upon cell seeding and could withstand the 

application of fluid flow within the chip. The MCs were stimulated towards the osteoclastic 

lineage shown by the formed multi-nucleated cells and TRAP staining.  

 

Figure 5.6 Osteoclastic differentiation of MCs within the coculture. A) At day 35, round multinucleated cells (purple 

arrow) and elongated mononuclear cells (orange arrow) are visible. B) On the surface of the bone-like tissue, a round, 

multinucleated cell is visible with a clear actin ring and TRAP expression in the cells body. This image is a maximum 

projection of z-stacks. C) TRAP activity (n=2+3); Dashed line represents the TRAP activity in fresh medium, containing 

TRAP originating from the hPL. Differences are non-significant. D) CTX quantification as a measure for collagen 

degradation (n=2+3). Differences are non-significant. 
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TRAP activity was measured in the coculture medium over time (Figure 5.6C). Differences 

between timepoints were non-significant. However, the TRAP activity measured in the 

samples showed a trend of being higher than the activity measured in fresh culture medium 

(Figure 5.6C, dashed line), indicating that there might be some contribution from the cells. 

The TRAP activity in fresh medium is most likely originating from the hPL.
158

  

By measuring CTX in the medium, collagen degradation by the cells was quantified. Collagen 

type 1 degradation was similar over time with non-significant differences between the 

timepoints (Figure 5.6D). A slight trend towards higher degradation at day 28 was seen. 

5.4 Discussion 

A bone-on-a-chip coculture system was developed in which human MSCs differentiated into 

the osteoblastic lineage and self-assembled into scaffold-free bone-like tissues with the 

shape and dimensions of human trabeculae (100–200 μm thick cylindrical rods).
190

 Human 

MCs were able to attach to these tissues and to fuse into multinucleated osteoclast-like cells, 

establishing the coculture. The microfluidic chip and set-up were able to maintain the culture 

over a 35 day culture period. This on-chip coculture is a first step towards in vitro bone 

remodeling models for drug testing.  

To date, bone-on-a-chip models have not been abundantly reported, probably because of 

the highly complex bone microenvironment and multicellularity.
16

 Coculturing osteoblasts 

and osteoclasts within the desired timeline is difficult given the differing differentiation 

timelines and cell culture medium compositions needed.
149,183

 Nonetheless, bone-on-a-chip 

systems have been reported for example for bone cell signaling,
191

 mechanical stimulation,
192

 

and diseases.
193,194

 Most studies use cell lines and/or animal cells and do not incorporate a 

direct coculture of the different bone cells. Our specific in vitro bone remodeling model is 

fully human, having the advantage of no interspecies differences.
195–198

 We used primary 

cells, avoiding cell lines which are manipulated to enable continuous passaging, possibly 

affecting their outcomes.
10

 

To our knowledge, only one other research group has reported a bone-on-a-chip design 

specifically for bone remodeling.
10,199–201

 Their lab-on-a-chip device comprises of three wells 

with each one of the three bone cell types. The osteoblasts (MC3T3-E1) are seeded on 

polystyrene discs, the osteoclasts (RAW 3264.7) are seeded on bone wafers, and osteocytes 

(MLO-Y4) on collagen type 1. The channels between the wells allow for exchange of 

conditioned medium. The chip allows for mechanical loading of the osteocytes by applying 

a static out of plane distention to stretch the cells.
200,201

 This platform allows for many different 

configurations and is planned to be used with direct cocultures and fluid flow. To date only 

indirect coculture and cell lines are used. While indirect cocultures allow cell-cell 

communication though soluble factors, the communication through their surface receptors 

and gap junctions is missing.
149

 We show a direct coculture using primary cells and 

mechanical stimulation by fluid flow shear stress. Direct communication between osteoblasts 

and osteoclasts can be beneficial for the bone remodeling process as for example next to 

the soluble factors M-CSF and RANKL also their membrane bound variants play an important 

role in osteoclastogenesis.
7,190
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Mechanical loading is a critical environmental factor during bone development and 

homeostasis. In vivo, bone shape, mass, and trabecular architecture change constantly in 

response to mechanical loading, a process called bone adaptation.
202

 Shear stress and 

mechanical strain are both examples of mechanical loading that occurs in bone. Many types 

and magnitudes of shear stress and mechanical strain have been shown to have positive 

effects on bone cells. For example, fluid flow shear stress has been show to enhance the 

osteogenic differentiation of MSCs.
202

 A broad range of fluid flow shear stresses in 

microfluidic devices for bone tissue engineering has been reported from 0.01 mPa to 1.03 

Pa.
203–206

 Our cells showed changes in spatial arrangement over time due to 3D self-

assembly. Computational modeling provided us with insight into the associated changes in 

shear stress and strain. Our system falls into the reported range of fluid flow shear stresses 

with values of 3.66 mPa up to 45.30 mPa (Figure 5.4). The cells on the surface of the self-

assembled 3D tissue are expected to feel shear stresses up to 45.30 mPa (Figure 5.4A). 

These cells are most likely the progenitor cells, osteoblasts, bone lining cells and osteoclasts. 

The embedded cells, the osteocytes, are expected to feel elastic strain up to 6.65x10
-3
 

(Figure 5.4B). For comparison, during walking bones experience strains around 1x10
-4
 and 

in vivo, strain in the range of 1x10
-4
 – 2x10

-3
 is shown to be optimal for bone healing.

207
 It 

needs to be noted that our model used for the embedded cells, is based on a number of 

assumptions and did for example not take into account the hardening of the tissue when it 

mineralizes, which in turn might affect the load on the embedded cells. In future experiments 

it would be interesting to take a closer look to both the influence of tissue orientation (and 

thus altered mechanical stimulation) on cell differentiation and matrix production, and to the 

effects of mineralization on strain.  

The analysis methods on chips and thus also in our chip can be challenging. At the moment, 

most methods are off-chip endpoint measurements, while non-destructive methods would be 

desired.
7,16

 Our system is still restricted in the number of samples we can generate, and the 

extended culture time reduces our ability to produce the desired number of samples 

necessary to carry out a complete analysis. Our set-up does offer the advantage of medium 

sampling thanks to the self-healing injection ports. In this way, assays on the culture medium 

can be performed at different timepoints. However, the dilution of secreted growth factors in 

a microfluidic chip using large media reservoirs in combination with the small amount of cells 

present in the chip is also a concern as it asks for sensitive assays.
208

 In the future, integration 

of biosensors into the chip could provide sensitive, non-invasive continuous monitoring of the 

experiment.
16

 For example, efforts in developing microfluidic based biosensing technologies 

for continuous and long-term measurement of glucose, lactate, pyruvate, dissolved oxygen, 

pH and reactive oxygen species have already been reported.
209

 

In bone, the extracellular matrix produced by the cells is a very important microenvironment 

that is particularly essential for the differentiation of osteoblasts into osteocytes. To resemble 

physiological bone, the organic matrix should comprise a highly dense and aligned collagen 

network.
6
 Mineralization should occur inside and outside of the collagen fibrils.

210
 In our 

system, collagen appears to orient in the fluid-flow direction (Figure 5.3B) and mineralization 

of the extracellular matrix was observed (Figure 5.3C). However, to ensure proper collagen 
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alignment and correct mineral location, advanced techniques such as transmission electron 

microscopy (TEM) and focused ion beam scanning electron microscopy (FIB-SEM) that allow 

for nanoscale sample investigation are needed.
6
 Future work is needed to elucidate the 

nanoscale properties of our matrix.   

When the challenges of sample size and analytical methods have been overcome in the 

future, our bone-remodeling-on-a-chip is expected to provide valuable platform for drug 

testing. In comparison to cell monocultures, direct coculture offers the opportunity to study 

the interaction between osteocytes, osteoblasts and osteoclasts under influence of different 

stimuli, such as drugs and altered mechanical loads in a 3D environment resembling bone 

trabeculae. We envision the potential to use both healthy donor cells and patient cells in the 

model to compare the effects of drugs. Furthermore, we would be able to take steps towards 

personalized medicine and accurately screen for the most suitable drugs for individual 

patients. 

In conclusion, we have demonstrated a scaffold-free, fully based on primary human cells, 3D 

microfluidic coculture model. MSCs were differentiated on-chip into the osteoblastic lineage 

and self-assembled into bone-like tissues with the dimensions of human trabeculae. Next, 

MCs were added to these tissues and differentiated on-chip into osteoclast-like cells. 

Furthermore, a set-up was developed allowing for long-term (35 days) on-chip cell culture 

with benefits including mechanical stimulation through applied fluid-flow, low bubble 

formation risk, easy culture medium change inside the incubator and live-cell imaging 

options. This on-chip coculture is a crucial advance towards developing in vitro bone 

remodeling models to facilitate drug testing in the future. 
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Supplementary information 

 

Figure S5.1 Detailed drawing of the optimized set-up. Measures are in millimeter. 
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Table S5.1 Primer sequences of analyzed genes 

Gene 5’ – 3’ 

COL1  

  

F- AATCACCTGCGTACAGAACGG 

R- TCGTCACAGATCACGTCATCG 

RUNX2 F- GTCATGGCGGGTAACGATGA 

R- GGGTTCCCGAGGTCCATCTA 

SPP1 F- GCCGAGGTGATAGTGTGGTT 

R- AACGGGGATGGCCTTGTATG 

ATP5F1B F- CCAGCAGATTTTGGCAGGTGA 

R- AGACCCCTCACGATGAATGC 

 

Table S5.2. Comparison of performance of initial and optimized set-ups. 

Measured parameter Initial set-up Optimized set-up 

Duration of assembling the setup inside biosafety 

cabinet 

~1.5 - 2h ~45 min - 1h 

Total tubing length 51 cm 23.5 cm 

Tubing length between reservoir and chip 15 cm 2.5 cm 

Number of connectors and valves 6 5 

Duration of medium change 30 min 15 min 

Chip cell survival after culture period ~44% ~90% 

 

 

Figure S5.2 Photographic images of A) the initial set-up and B) the optimized set-up showing the difference in level of 

organization, tubing length and handleability. 
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Manual for setting up a coculture in the bone-remodeling-on-a chip 

Protocol for preparing the experimental set-up 

This protocol describes how to prepare the experimental set-up. A schematic overview of the set-up with 

perfusion flow through the microfluidic chips using the peristaltic pump is shown in Figure S5.3 

 

Figure S5.3 Image of the set-up inside the biosafety cabinet 

Materials and Equipment 

 •  Silicon tubing (ibidi GmbH, 0.5 mm ID) [Total length per chip = 23.5 cm] 

 •  3-Stop orange/yellow pump tubing (Darwin microfluidics, 3-stop PharMed BPT Pump 

   tubing, IM-95714-18, LOT: 4090424, 0.51 mm ID) [5x] 

 •  20 gauge needle tips (Darwin Microfluidics, Stainless steel straight PDMS couplers, 

   PB-STN-20G-20, 0.5 mm ID, 0.89 mm OD) [25x] 

 •  Sterile filter (Sartorius Minisart, 16534-K, with male Luer lock of 28 mm diameter, 0.2 μm pore 

size) [5x] 

 •  Male Luer lock connectors (ibidi Gmbh) [10x] 

 •  Self-healing injection ports, 20 mm (SUCOHANS, for 13 mm diameter opening) [5x] 

 •  Medium reservoirs (polysulfone, 6 mL V), custom made (see Figure S5.4A) [5x] 

 •  Metal tray (50 cm x 30 cm), custom made (see Figure S5.4B) 

 •   Paper clips foldback [5x] 

 •  Hex Key, 3 mm 

 •  Syringe microneedle (20mm length) [5x] 

 •  Syringe microneedle (80mm length) [5x] 

 •  70% ethanol (VWR chemicals) 

 •  1% SDS (VWR chemicals) 

 •  Lux2 microscope (CytoSMART) 

 •  Standard incubator (37°C, 5% CO2) 

 

Figure S5.4 A) In-house made reservoir. B) In-house made tray 
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Procedure 

Start the preparation of the experimental setup at least two days prior to the cell seeding in the devices. 

STEP 1: Cut the tubing 

NOTE: The amount of tubing described in this step accounts for one chip. The required amount of tubing 

depends on the number of microfluidic chips used for cell culture. In this study, a maximum of five chips 

can be connected to the peristaltic pump. Therefore, each tubing needs to be prepared five times. 

A. Cut the tubing of a length of 15 cm. These pieces will be used for connecting the orange/yellow tubing 

to the outlet of the microfluidic chips and will be called "outlet tubing". 

B. Cut the tubing of a length of 2.5 cm. These pieces will be used for connecting the reservoir to the inlet 

of the chips and will be called "inlet tubing". 

C. Cut the tubing of a length of 3 cm. These pieces will be used for connecting the channels inside the 

chips to each other and will be called "connector tubing". 

D. Cut two pieces of tubing of a length of 3 cm. These pieces will be used for attaching the tubing to the 

setup and will be called "complementary tubing". 

STEP 2: Prepare the complete tubing 

A. Prepare the connector tubing by inserting needle tips (Figure S5.5B) on both ends (Figure S5.5C). 

B. Prepare the inlet tubing by connecting a male Luer lock (Figure S5.5A) on one end and a needle tip 

on the other end of the inlet tubing (Figure S5.5D). 

C. Place the complementary tubing on both ends of the connector tubing (Figure S5.5E). 

D. Insert a needle tip on one end of the orange/yellow tubing and a male Luer lock to the other end 

(Figure S5.5F). 

E. Prepare the outlet tubing by inserting a needle tip on one end (Figure S5.5G). 

G. Connect the inlet tubing to one complementary tubing (Figure S5.5H). 

F. Connect the outlet tubing to the orange/yellow tubing via the needle tip of the orange/yellow tubing 

(Figure S5.5I). 

H. Connect the outlet tubing to the other complementary tubing (Figure S5.5J) 

NOTE: The needed tubing length varies a bit between batches of chips. Always assemble the set-up 

before it is sterilized to check if the tubing length is appropriate. Sometimes, the outlet tubing needs to 

be a little longer. 

STEP 3: Sterilize the components 

A. Autoclave the medium reservoirs, including the injection ports. 

B. Sterilize the tubing by flushing 2x with 1% SDS, then 2x with 70% ethanol and subsequently 2x with 

sterile PBS 

NOTE: The tubing can be reused about 3x, but carefully check if it looks okay. After use, clean the tubing 

by flushing it 2x with water and dishwash soap and 2x with 70% ethanol. Push air through the tubing 

using an empty syringe to dry it. Store in a way that allows further drying 
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Figure S5.5 Material required for preparing the complete tubing 

STEP 4: Build the set-up and equilibrate with PBS 

This step should be prepared at least one day prior to cell seeding. All steps need to be performed 

inside a biosafety cabinet. Illustration of a step-by-step manual can be found in Figure S5.6. 

A. Sterilize the metal tray and motor drive unit of the peristaltic pump with a tissue sprayed with ethanol 

and place these inside the biosafety cabinet. Place the peristaltic pump on the anti-slip matt. 
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Figure S5.6 Step by step images of building the set-up 

B. Prepare the medium reservoirs by screwing them with the Hex key to their specific location (Figure 

S5.6B). Add a fluid-tight filter to each medium reservoir at opening "A" (Figure S5.7) and place a self-

healing injection port on top of the medium reservoirs (opening "B", Figure S5.7, Figure S5.6C). 

C. Place the orange/yellow tubing in the tubing cassettes of the pump. Connect the male Luer lock 

connector to the medium reservoir at opening "C" (Figure S5.7). Place a clip at the other end of the outlet 

tubing. NOTE: connect each reservoir to the tubing one-by-one to avoid intertwined tubing (Figure 

S5.6D). 

D. Fill the medium reservoirs via the injection port with sterile PBS using a syringe attached to a 20 mm 

microneedle. 

E. NOTE: perform this step reservoir by reservoir. Loosen 

the cassette and paper clip at the end of the 

orange/yellow tubing, and retrieve with a 200 μL pipette 

the PBS until a blub is formed on the male Luer lock 

connector. Connect the male Luer lock to the reservoir at 

opening "D" (Figure S5.7). Fasten the cassette. 

F. Put the experimental set-up in a standard incubator. 

Connect the cable of the peristaltic pump to the control 

unit that is placed on top of the incubator. Start the 

peristaltic pump for 24h with a flow of 100 μL/min. 

STEP 5: Equilibrate the set-up with osteogenic medium 

This step should be performed at least the day of cell 

seeding into the microfluidic chips. All steps need to be 

performed inside a biosafety cabinet. Figure S5.7 Side view of the medium reservoir 
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A. Pause the peristaltic pump and detach the cable. Take the set-up out of the incubator and spray with 

ethanol and place it inside the biosafety cabinet. Check if no PBS has leaked, otherwise fasten the male 

Luer lock connectors. 

B. NOTE: perform the following steps reservoir by reservoir. Clean the injection ports with ethanol and 

retrieve the PBS from the medium reservoir with a syringe attached to a microneedle (80 mm). Detach 

the orange/yellow tubing with the male Luer lock and place a paper clip at this end. Loosen the cassette 

for the tubing and paper clip, and retrieve all PBS out of the tubing using a 200 μL pipette (retrieve three 

times for all PBS). Place the paper clip back on the tubing. 

C. Fill the reservoir with 6 mL of osteogenic medium using a syringe attached to a 20 mm microneedle. 

Again, take the paper clip of the tubing and retrieve the medium through the tubing with a 200 μL pipette. 

Ensure there is a blob on top of the male Luer lock and attach this to the medium reservoir at point "D". 

Fasten the cassette of the pump. 

D. Put the experimental set-up in a standard incubator. Connect the cable of the peristaltic pump to the 

control unit that is placed on top of the incubator. Start the peristaltic pump for 24h with a flow of 100 

μL/min. 

Protocol for MSC seeding and culturing in the microfluidic chips 

This section describes how to prepare the microfluidic chips for MSC seeding and how to seed the cells 

in the chips. 

Materials and equipment 

 •  Primary human bone marrow-derived MSCs 

 •  Osteogenic culture medium 

 •  Commercially available or fabricated microfluidic chips 

 •  Human Plasma Fibronectin Purified Protein 

 •  Phosphate buffered saline 

 •  70% ethanol 

 •  Paper clips foldback [5x] 

 •   Petri dish [1 per chip] 

 •  Standard incubator (37°C, 5% CO2) 

Procedure 

The expansion of MSCs derived from bone marrow needs to be started 7 to 10 days prior the day for 

cell seeding. The time it costs to become confluent varies per donor. All steps need to be performed in 

a biosafety cabinet. 

STEP 1: Prepare the microfluidic devices 

This step needs to be performed 24 hours prior to cell seeding into the microfluidic chips. 

A. Label the microfluidic chips and channels A and B. 

B. Pipette 3x 50 μL 70% ethanol in each channel to sterilize the channels. 

C. Expose the chips to UV-light for 10 minutes to sterilize the outside of the chips 

D. Pipette 3x 50 μL sterile PBS in each channel to remove the ethanol. 

E. Coat the channels with fibronectin (100 μg/mL in sterile PBS) to promote cell attachment to the channel 

bottom surface. The fibronectin stock solution has a concentration of 1 mg/mL, therefore it needs to be 

diluted 10x. Flush each channel 1x with 50 μL diluted fibronectin. 
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F. Place the chips in petri dishes and incubate them overnight in a standard incubator. One chip can be 

put under the Lux 2 microscope in the incubator to monitor cell attachment. Use tape on the Lux to 

indicate the position of the chip in order to observe the same position in the future. 

STEP 2: Seed MSCs into the microfluidic chips 

This step needs to be performed the day after step 1. The estimated time is 1 hour for five chips. 

A. Pipette 2x 50 μL sterile PBS in each channel to remove the fibronectin solution. 

B. Pipette 1x 50 μL osteogenic medium. 

C. Trypsinize, count, centrifuge at 270 rcf (*) for 7 minutes and resuspend the cells with a 1 mL pipette 

at a concentration of 1 x 10
6
 cells in osteogenic medium. 

D. Seed the MSCs in the chips by flushing each channel 1x with the cell suspension. Confirm under a 

light microscope each channel contains cells. 

Optional: Place filter tips in all in- and outlets of the chips to prevent air entering the channels. Fill a filter 

tip with 30 μL osteogenic medium, then drop the filter tip from the pipette and hold your finger on top of 

the filter tip to push out one drop of osteogenic medium. Next, place the filter tip at the in-/outlet. 

E. Place the chips in petri dishes and incubate them without flow in a standard incubator, for at least 4h. 

Place one chip under the Lux 2 microscope to monitor if cells attach sufficiently. 

Protocol for connecting the chips to the set-up and starting the dynamic culture 

This step needs to be performed 4 hours after cell seeding. All steps need to be performed inside a 

biosafety cabinet. 

Materials and Equipment 

 •  Osteogenic culture medium 

 •  Phosphate buffered saline 

 •  70% ethanol 

 •  Paper clips foldback [5x] 

 •  Petri dish 

 •  Lux2 microscope (CytoSMART) 

 •  Standard incubator (37°C, 5% CO2) 

Procedure 

A. Take the set-up out of the incubator and spray with ethanol and place it inside the biosafety cabinet. 

B. Check under a light microscope if cells are attached to the channel surface. 

C. NOTE: perform the following steps chip by chip. Place two paper clips on both sides of the needle 

pin between the outlet and complementary tubing. Place two paper clips on both sides of the needle pin 

between the inlet and complementary tubing. 

D. When air bubbles have formed in a channel, pipette 50 μL osteogenic medium into the channel to 

flush them out. Do this very slowly to prevent cells detachment! 

E. Place the chips on their specific location in the set-up. Disconnect the inlet tubing from the connector 

tubing, make sure the needle pin remains in the inlet tubing. Shortly open the paper clip of the inlet 

tubing to ensure there is liquid to liquid contact. Put the needle tip into the inlet of channel A of the 

microfluidic chip. If the PDMS chip lacks an extra PDMS layer on top of the in- and outlets, put the needle 
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down for 2/3 in the chip. If the PDMS chip contains these extra layers, put the needle down for 1/2 in the 

chip. Be careful not to break the glass coverslip! 

F. Disconnect the end of the connector tubing closest to the inlet tubing from the complementary tubing, 

and make sure the needle pin remains in the connector tubing. Put the needle tip into the outlet of 

channel A of the microfluidic chip as described in the previous step. 

G. Disconnect the other end of the connector tubing from the complementary tubing, and make sure the 

needle pin remains in the connector tubing. Put the needle tip into the inlet of channel B of the microfluidic 

chip as described in the previous step. 

H. Disconnect the outlet tubing from the complementary tubing, and make sure the needle pin remains 

in the outlet tubing. Put the needle tip into the outlet of channel B  of the microfluidic chip as described 

in the previous step. 

I. Remove all paper clips from the tubing. Flush the complementary tubing with PBS and store these 

sterile in petri dishes until further use. 

J. Put the experimental setup in a standard incubator. Connect the cable of the peristaltic pump to the 

control unit that is placed on top of the incubator. Place one chip under the Lux 2 microscope. Start the 

peristaltic pump with a flow of 1 μL/min. To be sure to prevent that the cable of the peristaltic pump 

opens the door of the incubator, use tape to close this door. 

NOTE: How the cells behave in the first hours to first two nights after the flow has started, is telling for 

their cell viability over the next weeks. Therefore, regularly check whether air bubbles have formed inside 

the channels. The flow can be increased shortly (1-2 seconds) with the peristaltic pump to remove any 

non-attached air bubbles. When bubbles are attached, these must be removed manually. This can be 

done by taking out the set-up and placing it in the biosafety cabinet. A bubble in channel A requires 

removal of the inlet tubing, whereas a bubble in channel B requires removal of the connector tubing. 

Before detaching the needle pin of the tubing, place a paper clip on the tubing. Then, pipette very slowly 

50 μL osteogenic medium through the channels to remove the bubble. 

Protocol for medium change during cell culture 

This protocol describes how to perform medium change inside the incubator. The medium needs to be 

prepared a day in advance to the scheduled medium change. Medium change poses a contamination 

risk, therefore ensure sterility when changing medium. Step 1 explains how to prepare the control 

medium. Step 2 describes the medium change of the optimized setup. 

Materials and Equipment 

 •  Cell culture flask, vented 

 •  Cryovial (Sigma-Aldrich, 2 mL) [1x per chip] 

 •  Sterile 50 mL Falcon tube (VWR) 

 •  70% ethanol 

 •  Tissues 

 •  Biosafety cabinet 

 •  Freezer (-20°C) 

 •  Fridge (4°C) 

 •  Syringe (Norm-Ject, luer lock, 3 mL) [1x and 1 per chip] 

 •  Sterile syringe microneedle 20 mm [1 per chip] 

 •  Sterile syringe microneedle 80 mm (B.Braun Sterican Needles, 21G x 31/8 , 0.80 x 80 mm) [1 

per chip] 
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Procedure 

STEP 1: Prepare the control medium 

The medium needs to be prepared the day before medium change is scheduled. This medium lacks 

growth factors and is defined as "control medium". The amount of medium is dependent on the number 

of chips. For a total medium volume per chip of 6 mL, needs to be prepared per chip. 

This step needs to be performed inside a biosafety cabinet. The estimated time is 10 minutes. 

A. Prepare the right amount of control medium in a cell culture flask. 

B. Place the flask inside the incubator and open the vented cap. Incubate the medium for 24 hours to 

discard air bubbles. 

STEP 2A: Change the medium in the incubatore 

Preparing the medium needs to be performed inside a biosafety cabinet, whereas the actual medium 

change is done in the incubator. The estimated time is 20 minutes. 

A. Take the flask out of the incubator to the biosafety cabinet. Add the right amount of growth factors to 

the medium. Transfer the medium to a 50 mL falcon tube. This medium is called "fresh medium". 

B. Label the cryovials with chip number and date. 

C. Pause the peristaltic pump. 

D. Put a 80 mm microneedle on top of the syringe and press the syringe to push out the air present in 

the syringe. Cover the syringe and microneedle with their packaging. NOTE: This syringe with 

microneedle is used for retrieving culture medium of the reservoirs. For five chips, five syringes and 

microneedles are required. These can be prepared prior to the following steps. 

NOTE: steps E - I should be performed reservoir by reservoir, so repeat these steps five times. The 

syringe used for fresh medium retrieval can be reused, however the 20 mm microneedle can only be 

used for one reservoir. 

E. Put a 20 mm microneedle on top of the syringe and press the syringe to push out the air. Do not throw 

away the plastic packaging of both the syringe and microneedle. Retrieve 3 mL of fresh medium in the 

syringe. Cover the syringe and microneedle with their packaging. Be careful not to cut yourself! 

F. Go to the incubator with (1) 1 empty syringe, (2) 1 syringe with fresh medium, and (3) tissue and 

ethanol. 

G. Wipe the self-healing injection ports with a tissue sprayed with ethanol. 

H. Inject the 80 mm microneedle in the injection port and retrieve 3 mL of culture medium. Cover the 

needle and syringe again with their packaging. Next, inject the 20 mm microneedle and fill the reservoir 

to 6 mL with fresh medium. Go back to the biosafety cabinet. 

I. Go back to the safety cabinet and inject the culture medium in the correct labeled cryovial. Wait until 

the incubator is minimal 35°C before repeating steps E to I for each chip. 

J. Clean all injection ports with a tissue sprayed with ethanol. Resume the peristaltic pump. 

K. Store all cryovials in the freezer (-20°C) until further use. 

L. Discard the microneedles in the sharp waste bin and syringes at biochemical waste. Leftovers of the 

medium can be stored in the fridge (4°C) up to a week. 
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Protocol for monocyte seeding into the microfluidic chip 

This section describes how to perform monocyte cell seeding into the microfluidic chips, thereby 

obtaining a MSC-MC co-culture. Monocyte isolation from buffy coats is required. 

Materials and Equipment 

 •  Human-derived isolated monocytes 

 •  Co-culture medium 

 •  Autoclaved or sterile complementary tubing [2 per chip] 

 •  Syringe microneedle (20mm) [5x] 

 •  Syringe microneedle (80mm) [5x] 

 •  Disposable plastic syringe (Terumo, 10 mL) [5x] 

 •  Cryovial 2 mL [1 per chip] 

 •  Paper clips foldback 

 •  PBS 

 •  70% ethanol 

Procedure 

STEP 1: Seed monocytes into the microfluidic devices 

This step needs to be performed inside a biosafety cabinet. 

A. Pause the peristaltic pump and detach the cable. Take the setup out of the incubator and spray with 

ethanol and place it inside the biosafety cabinet. 

NOTE: perform step B to E chip by chip. 

B. Place three paper clips on the inlet tubing, connector tubing, and outlet tubing that are inserted in the 

chip. Disconnect the needle pin of the inlet tubing and connector tubing of channel A from the chip and 

connect both using a complementary tubing. Then, disconnect the needle pin of the outlet tubing and 

connector tubing of channel B from the chip and connect both using a complementary tubing. 

C. Place a microfluidic chip in a petri dish and observe under a microscope if struts have formed. 

D. Seed the MCs in the chip by flushing each channel 1x with the cell suspension. Seed the cells very 

slowly to prevent rupture of any formed struts by the MSCs. Confirm under a light microscope each 

channel contains cells. 

E. Place the microfluidic chip in a petri dish and incubate it for 24 hour without flow to promote cell 

attachment. 

STEP 2: Equilibrate the microfluidic setup with co-culture medium 

This step should be performed on the day of MC seeding. All steps need to be performed inside a 

biosafety cabinet. 

A. NOTE: perform the following steps reservoir by reservoir. Clean the injection ports with ethanol and 

retrieve the supernatant from the medium reservoir with a syringe attached to a microneedle (80 mm) in 

correctly labeled cryovials. Store all cryovials in the freezer (-20°C) until further use. 

B. Detach the orange/yellow tubing with the male Luer lock and place a paper clip at this end. Loosen 

the cassette for the tubing and paper clip, and retrieve all medium out of the tubing using a 200 μL 

pipette. Place the paper clip back on the tubing. 
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C. Fill the reservoir with 6 mL of co-culture medium using a syringe attached to a 20 mm microneedle. 

Again, take the paper clip of the tubing and retrieve the medium through the tubing with a 200 μL pipette. 

Ensure there is a blob on top of the male Luer lock and reattach this to the medium reservoir. Fasten the 

cassette of the pump. 

D. Put the experimental setup in a standard incubator. Connect the cable of the peristaltic pump to the 

control unit that is placed on top of the incubator. Start the peristaltic pump for 24h with a flow of 1 

μL/min. 

STEP 3: Connect chips to set-up 

This step should be performed 24 hours after MC seeding in a biosafety cabinet. 

A. Take the set-up out of the incubator and spray with ethanol and place it inside the biosafety cabinet. 

B. NOTE: perform the following steps chip by chip. Place two paper clips on both sides of the needle 

pin between the outlet and complementary tubing. Place two paper clips on both sides of the needle pin 

between the inlet and complementary tubing. 

C. Place the chips on their specific location in the setup. Disconnect the inlet tubing from the connector 

tubing, make sure the needle pin remains in the inlet tubing. Shortly open the paper clip of the inlet 

tubing to ensure there is liquid to liquid contact. Put the needle tip into the inlet of channel A of the 

microfluidic chip. If the PDMS chip lacks an extra PDMS layer on top of the in- and outlets, put the needle 

down for 2/3 in the chip. If the PDMS chip contains these extra layers, put the needle down for 1/2 in the 

chip. Be careful not to break the glass coverslip! 

D. Disconnect the end of the connector tubing closest to the inlet tubing from the complementary tubing, 

and make sure the needle pin remains in the connector tubing. Put the needle tip into the outlet of 

channel A of the microfluidic chip as described in the previous step. 

E. Disconnect the other end of the connector tubing from the complementary tubing, and make sure the 

needle pin remains in the connector tubing. Put the needle tip into the inlet of channel B of the microfluidic 

chip as described in the previous step. 

F. Disconnect the outlet tubing from the complementary tubing, and make sure the needle pin remains 

in the outlet tubing. Put the needle tip into the outlet of channel B of the microfluidic chip as described 

in the previous step. 

G. Remove all paper clips from the tubing. 

H. Put the experimental setup in a standard incubator. Connect the cable of the peristaltic pump to the 

control unit that is placed on top of the incubator. Place one chip under the Lux 2 microscope. Start the 

peristaltic pump with a flow of 1 μL/min. To be sure to prevent that the cable of the peristaltic pump 

opens the door of the incubator, use tape to close this door. 

STEP 4: Medium change including RANKL 

2 days after MC seeding, RANKL should be added. This can be done according to the medium change 

protocol. 
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Abstract 

Dynamic culturing has been shown to be advantageous in tissue engineering. In bone tissue 

engineering, researchers have been attempting to mimic the concept of mechanical loading 

by perfusion flow cultures, which are regarded as one of the most accurate representations 

of loading in bone. Most perfusion experiments require specialized pumps and tubing to 

create a unidirectional fluid flow which results in rather complex set-ups. Gravity-driven flow 

could offer an alternative as it is simpler. Furthermore, bidirectional flow can better 

recapitulate the multidirectional movement of the interstitial fluid within the native bone. In 

this study, human mesenchymal stromal cells were osteogenically differentiated in a 

microfluidic chip perfused by bidirectional gravity driven flow. Extracellular matrix production 

in terms of collagen type 1 and mineralization were visualized and compared between static 

and dynamic cultures. After 21 days of culturing, monocytes were added and differentiated 

toward osteoclasts in the coculture for another 14 days, making a total of 35 days. Our results 

once again demonstrate the benefit of mechanical loading over static culture for osteogenic 

differentiation, this time in a microfluidic chip device. Gravity driven flow systems are 

relatively easy and cost-effective to construct and maintain, and they offer an accessible 

solution towards higher throughput organ-on-chip models for potential drug testing. 
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6.1 Introduction 

Interest in discovering alternatives to animal testing is growing as data from animal models 

often does not align with the results of clinical trials conducted on humans.
3,4

 The lack of 

human relevant preclinical models has resulted in a high rate of failure of therapeutics in the 

clinic, as well as an increase in healthcare costs.
3
 Human in vitro models can be used to 

address these difficulties. One of the recent successes in the pursuit to create human in vitro 

models is the use of organ-on-chip devices. These devices are lined with living cells cultured 

under fluid flow and can simulate organ-level physiology and pathophysiology with high 

fidelity.
3
 Organ-on-chip devices promise several advantages over traditional in vitro culture 

techniques such as integration of structural and dynamic cues, small volumes of cells, 

samples and reagents leading to decreased costs and options for parallel and real-time 

analysis. 

Dynamic culturing has been shown to be advantageous when tissue engineering bone. 

Researchers in bone tissue engineering have been trying to mimic the concept of mechanical 

loading by perfusion flow cultures that are considered to represent one of the loading 

concepts in bone the closest.
174,211

 For example, when human mesenchymal stromal cells 

(MSCs) were dynamically stimulated during seeding into scaffolds, increased osteogenic 

differentiation and mineral deposition were observed compared to statically seeded cells.
163

 

Also, MSC behavior could be steered and even predicted based on the amount of applied 

mechanical stimulation by fluid flow, causing either enhanced cell proliferation or enhanced 

osteogenic differentiation.
174,212–214

 Bone-on-a-chip systems are able to provide perfusion 

flow, and are increasingly reported in literature.
16

 

Most perfusion experiments require specialized pumps and tubing to create a fluid flow 

which results in rather complex set-ups. Gravity-driven fluid flow could offer a simpler 

alternative, requiring only a rocking plate which is readily available in most laboratories. The 

rocking motion enables a pumpless bidirectional flow inside the chip channel by means of 

gravity driven flow between two reservoirs. Such platforms are relatively easy and cost-

effective to construct and maintain
215

 and they have been used for a variety of organ-on-chip 

models, including skin,
216

 liver,
217

 and blood brain barrier.
95,218

 By integrating microchannels 

and reservoirs on the chip, these systems can be compact and stackable, making them 

suitable for high throughput applications.
219,220

 

The use of bidirectional flow has been introduced as an effective strategy to stimulate bone 

tissue engineered constructs by better recapitulating the multidirectional movement of the 

interstitial fluid within the native bone.
221–223

 Bidirectional fluid flow was first used to improve 

cell seeding efficiency in perfusion bioreactors and later it was shown to promote osteogenic 

differentiation.
224–227

 The gravity-driven bidirectional flow could thus have beneficial effects 

compared to the unidirectional flow used in most bone-on-chip models. 

In this study, we investigated the use of gravity-driven bidirectional fluid flow for bone-on-a-

chip devices. We studied the effect of bidirectional fluid flow on osteogenic differentiation of 

human MSCs in a chip by comparing it with static cultures and our previous pump system 

with unidirectional flow (Chapter 5). It was hypothesized that bidirectional flow enhances 
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collagen type 1 deposition and mineralization compared to unidirectional flow and static 

cultures, as it mimics interstitial conditions.
11,221

 In addition, a coculture was established by 

adding human monocytes (MCs) to the chips after the 21-day osteogenic differentiation of 

the MSCs. The MCs were osteoclastogenically differentiated for an additional 14 days, 

making a total of 35 culture days.  

6.2 Materials and Methods 

6.2.1 General experimental set-up 

The general approach for osteogenic differentiation of MSCs using bidirectional fluid flow 

included several steps (Figure 6.1). Briefly, photolithography was employed as fabrication 

method to create a mold of SU-8 photoresist on a silicon wafer, followed by soft lithography 

to create a polydimethylsiloxane (PDMS) layer in which the cell culture channels were 

located. The PDMS layer was bonded to a glass coverslip to complete the device. Before 

starting culturing in the device, the channels were coated with fibronectin to enhance cell 

adhesion (Figure 6.1A). After the MSCs were well attached, bidirectional flow was induced 

by rocking the chips on a rocking plate (Figure 6.1B). The channel was aligned along the 

rocking axis to induce a fluid flow. The plate was set at an angle of 7° and tilted every 3 

minutes (Figure 6.1C). Culture medium was perfused through the channels and culturing was 

continued for 21 days to allow for bone-like tissue formation. Next, MCs were added, and the 

medium was switched to coculture medium which was perfused through the channels for an 

additional 14 days. 

6.2.2 Master mold fabrication and validation 

A master mold for the patterned PDMS layer was produced on a silicon wafer by 

photolithography. The design of the photomask was drawn in AutoCAD (version 2021, 

Autodesk) and ordered at CAD/Art Services (Bandon, USA). First, a layer of negative 

photoresist (SU-8 2150, MicroChem, Newton, MA, USA) was spin-coated on top of a silicon 

wafer (Ø100 mm, Si-Mat). To ensure a thickness of 200 µm, the spin-coater (model WS-

650MZ-23NPPB, Laurell, North Wales, USA) was set to a rotating speed of 2,000 rpm for 30 

seconds. The wafer was soft-baked, and the photomask was placed on top of the wafer, 

followed by UV-light exposure with a dose of 315 mJ/cm
2
 (model UV-EXP150S-SYS, Idonus, 

Hauterive, Switzerland), initiating SU-8 crosslinking of the exposed parts of the photoresist. 

A post exposure bake was done to complete the crosslinking process, followed by 

submerging the wafer into a developer solution (mr-Dev 600, Micro Resist Technology 

GmbH, Berlin, Germany) for 15 to 18 minutes to remove uncured photoresist. Subsequently, 

hard baking was performed to stabilize the printed pattern. The height of the channel 

dimensions was validated using a Mitutoyo Mu-Checker electronic comparator (model M402 

519-402, Mitutoyo America Corporation, Aurora, USA). Finally, the master mold was silanized 

using 1H,1H,2H,2H-perfluorooctyltriethoxysilane (Fluorochem Ltd, Hadfield, UK) under 

vacuum overnight. 
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Figure 6.1 Outline of the experimental set-up. A) With the use of photo- and soft-lithography a PDMS microfluidic chip 

is created. The cell culture channel is coated with fibronectin 24 hours prior to seeding the MSCs. After 4 hours of 

attachment, culture medium bidirectional flow is applied for 21 days. After 21 days, MCs are seeded onto these tissues 

and allowed to attach for 24 hours. Next, bidirectional flow is applied, and the MCs are differentiated towards the 

osteoclastic lineage over an additional 14 days. B) The set-up comprises of a rocking plate with a 6 wells plate holding 

the chip. The chips have pipet tip reservoirs. C) The rocking plate is tilted 7° every 3 minutes to generate a bidirectional 

fluid flow 
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6.2.3 Microfluidic chip fabrication 

The microfluidic chips consisted of a PDMS part and a PDMS-coated glass coverslip and 

were made by standard soft-lithography. The PDMS part contained one straight channel with 

dimensions of 200 µm height x 800 µm width x 23 mm length. PDMS base and curing agent 

(Sylgard 184 silicone elastomer kit, Dow Corning, Midland, MI, USA) were thoroughly mixed 

at a 10:1 ratio (w/w), degassed under vacuum, and poured onto the wafer mold. After curing 

the PDMS overnight at 65°C, the patterned PDMS layer containing the channels was released 

from the master mold. A round glass coverslip with a size of Ø 32 mm and thickness of 0.17 

mm was used to close off the microfluidic channels. To make sure the cells were exposed to 

the same substrate stiffness on the bottom surface as on the other walls of the channel, the 

coverslip was spin-coated with a thin layer of PDMS of approximately 130 μm in thickness. 

Holes for the in- and outlets were punched with a Ø1.2 mm biopsy punch (Harris Uni-Core, 

No. 7093508). To attach the patterned PDMS layer to the PDMS coated coverslip, 20-watt 

oxygen plasma was applied for 30 seconds using a plasma asher (model K1050X, Emitech, 

Quorum technologies, UK). The microfluidic device was completed by baking it in an oven 

at 65°C for 2 hours. Prior to cell seeding, the devices were sterilized with 70% ethanol and 

flushed 3 times with sterile PBS. Next, the devices were coated with fibronectin (Human 

Plasma Fibronectin Purified Protein, Merck, Schiphol-Rijk, The Netherlands) in sterile PBS 

(100 μg/mL) and placed overnight in the incubator (37°C and 5% CO2). 

6.2.4 Fluid-flow induced shear stress calculation 

Gravity driven culture medium perfusion was used to provide the cells with a bidirectional 

fluid flow. To determine the pressure differences ΔP [Pa] that influence the desired medium 

flow rate Q [m
3
/s] and the shear stress τ [Pa], the Bernoulli equation defined for time 

dependent height differences was used (Supplementary Information S1): 

       ∆𝑃 = 𝜌𝑔(𝐻𝑇(𝑡) + 𝐻𝐿(𝑡 − 𝛥𝑡) − 𝐻𝑅(𝑡 − 𝛥𝑡))    (1) 

With fluid density ρ = 1009 kg/m
3
, gravitational constant g = 9.81 m/s

2
, tilting height HT [m], 

and the heights of the left (HL) and right (HR) reservoirs [m]. All heights were corrected by 

time t [s] and determined by the tilting angles and times of the rocking plate, in this case 7° 

tilting every 3 minutes. The height differences plotted against time were calculated using 

MATLAB software (version 2020a, The MathWorks, Inc.), resulting in the pressure difference 

(Figure 6.2A and B). 

Using the obtained pressure differences, the medium flow rate was calculated at different 

time points of tilting
228

 : 

          𝑄 =
ℎ3𝑤∆𝑃

12𝜇𝑙
(1 − 0.630

ℎ

𝑤
)       (2) 

With channel length l = 2.3x10
-2
 m, width w = 8x10

-4
 m, and height h = 2x10

-4
 m and dynamic 

viscosity of the medium μ = 9.3x10
-4
 Pa∙s

169
.  

Using the obtained values for Q (Figure 6.2C), the shear stress in the channels was 

calculated at the different time points of tilting
229

 : 
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          𝜏 =
6𝜇𝑄

ℎ2𝑤
          (3) 

For clarification, the rocking plate fully tilts 7°, stays in this position for 3 minutes and then 

fully tilts to the other side. 

 

Figure 6.2 Graphs obtained via MATLAB using a rocking time of 3 minutes and angle of 7°. A) Height of the reservoirs 

and tilting [m] at different time points. B) Pressure difference [Pa] and C) Flow rates [m
3

/s] in one of the inlets over time 

during tilting. A negative pressure or flow rate means that the inlet is at its lowest position, resulting in a flow towards 

the inlet. 

6.2.6 Isolation, expansion, and cultivation of MSCs 

MSC isolation and characterization from human bone marrow (Lonza, Walkersville, MD, USA) 

was performed as previously described.
162

 MSCs were frozen at passage 3 with 1.25x10
6
 

cells/ml in freezing medium containing FBS (BCBV7611, Sigma-Aldrich) with 10% 

dimethylsulfoxide (DMSO, 1.02952.1000, VWR, Radnor, PA, USA) and stored in liquid 

nitrogen until use. Before experiments, MSCs were thawed and seeded at a density of 

2.5x10
3
 cells/cm

2
 in expansion medium containing DMEM (high glucose, 41966, Thermo 

Fisher Scientific), 10% FBS (BCBV7611, Sigma Aldrich), 1% antibiotic antimycotic (anti-anti, 

15240, Thermo Fisher Scientific), 1% non-essential amino acids (NEAA,11140, Thermo Fisher 

Scientific), and 1 ng/mL basic fibroblastic growth factor (bFGF, 100-18B, PeproTech, 

London, UK) at 37 ºC and 5% CO2. Upon 80% confluence, cells were detached using 0.25% 

trypsin-EDTA (25200, Thermo Fisher Scientific) and directly used for experiments at passage 

4. Cells were resuspended at 1x10
6
 cells/mL in osteogenic monoculture medium containing 

DMEM (low glucose, 22320, Thermo Scientific), 10% human platelet lysate
158

 (hPL, PE20612, 

PL BioScience, Aachen, Germany), 1% anti‐anti, 0.1 μM dexamethasone (D4902, Sigma-

Aldrich), 0.05 mM ascorbic acid‐2‐phosphate (A8960, Sigma-Aldrich), 10 mM β‐

glycerophosphate (G9422, Sigma-Aldrich) and carefully pipetted into the channels of the 

chips. ~7 μL cell suspension per chip was used, resulting in ~7000 cells/chip. The chips 

were placed in 6 well plates and incubated at 37°C and 5% CO2 for at least 4 hours to allow 

cell attachment. Thereafter, the pipet tip reservoirs (200 μL Saphire sterile filter tips, 775353, 

Greiner Bio-One, the Netherlands), filled with 100 μL osteogenic culture medium each were 

attached to the channels (two tips per chip). Next, the 6 well plates containing the chips were 

placed on the rocking plate (OrganoFlow® L, Mimetas, Leiden, the Netherlands) which was 

set at an angle of 7°, tilting every 3 minutes. Medium was refreshed 3x/week by removing the 

pipet tip reservoirs and replacing them with new pipet tips filled with 100 μL fresh osteogenic 

medium each. The chips were cultured for 21 days. 
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6.2.7 Coculture: isolation of monocytes and cultivation of MSCs + monocytes 

Human peripheral blood buffy coats from healthy volunteers under informed consent were 

obtained from the local blood donation center (agreement NVT0320.03, Sanquin, Eindhoven, 

the Netherlands). The buffy coats (~ 50 mL) were diluted to 200 mL in 0.6 % (w/v) sodium 

citrate in PBS adjusted to pH 7.2 at 4°C (citrate-PBS), after which the peripheral mononuclear 

cell fraction was isolated by carefully layering 25 mL diluted buffy coat onto 13 mL 

Lymphoprep (07851, StemCell technologies, Cologne, Germany) in separate 50 mL 

centrifugal tubes, and centrifuging for 20 min with lowest brake and acceleration at 800×g 

at RT. Human peripheral blood mononuclear cells (PBMCs) were collected, resuspended in 

citrate-PBS and washed 4 times in citrate-PBS supplemented with 0.01% bovine serum 

albumin (BSA, 10735086001, Sigma-Aldrich, Zwijndrecht, The Netherlands) to remove all 

Lymphoprep. PBMCs were frozen in freezing medium containing RPMI-1640 (RPMI, A10491, 

Thermo Fisher Scientific), 20% FBS (BCBV7611, Sigma-Aldrich) and 10% DMSO and stored 

in liquid nitrogen until further use. Prior to experiments, monocytes (MCs) were isolated from 

PBMCs using manual magnetic activated cell separation (MACS). PBMCs were thawed, 

collected in medium containing RPMI, 10% FBS (BCBV7611, Sigma-Aldrich) and 1% 

penicillin-streptomycin (p/s, 15070063, Thermo Fisher Scientific), and after centrifugation 

resuspended in isolation buffer (0.5% w/v BSA in 2mM EDTA-PBS). The Pan Monocyte 

Isolation Kit (130-096-537, Miltenyi Biotec, Leiden, The Netherlands) and LS columns (130-

042-401, Miltenyi Biotec) were used according to the manufacturer’s protocol. After magnetic 

separation, the cells were directly resuspended in osteogenic coculture medium containing 

αMEM 41061, 5% hPL, 1% anti‐anti supplemented with 0.1 μM dexamethasone, 0.05 mM 

ascorbic acid‐2‐phosphate, 10 mM β‐glycerophosphate) spiked with 50 ng/mL macrophage 

colony stimulating factor (M-CSF, 300-25, PeproTech). After 21 days of culturing the MSCs, 

the MCs were added to establish the coculture. To seed the MCs into the chips, the 6 well 

plates containing the chips were placed in a safety cabinet and the pipet tip reservoirs were 

removed from the chips. The MCs were counted, and a suspension of 5x10
6
/mL was carefully 

pipetted into the chips, ~7 μL per chip, resulting in ~35,000 cells/chip. Pipet tip reservoirs 

filled with 100 μL coculture medium each were placed on the in- and outlets. The chips were 

placed back into the incubator where cells were allowed to attach for 24 hours before the 

rocking motion was started again at an angle of 7°, tilting every 3 minutes. After 2 days the 

coculture medium was replaced by coculture medium additionally containing 50 ng/mL 

receptor activator of NFκ-B ligand (RANKL, 310-01, PeproTech). Medium was refreshed 

3x/week by removing the pipet tip reservoirs and replacing them with new pipet tips filled 

with 100 μL fresh coculture medium each. The culture was maintained for another 14 days, 

making a total of 35 days. 

6.2.10 Immunohistochemistry 

At day 14, 21 and 35, chips were washed with PBS and fixed in 10% neutral-buffered formalin 

for 15 min. The chips were immunostained by washing with PBS-tween, permeabilizing in 

0.5% Triton X-100 in PBS for 10 min and blocking in 10% normal goat serum in PBS for 30 

min. Cells were incubated with DAPI, Phalloidin and immunostainings (Table 6.1) in PBS for 

1 hour. Images were taken with a fluorescent light microscope (Axio Observer 7, Zeiss, 

Oberkochen, Germany). Images showing the results of unidirectional flow (Figure 6.3D) were 
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from an earlier study, using the same (immuno)stainings. Details on the methods of how these 

samples were cultured can be find in Chapter 5.2. 

Table 6.1 List of all dyes and antibodies used and their working concentrations/dilutions 

Antigen Source Catalogue No Label Species Concentration/Dilution 

DAPI Sigma-

Aldrich 

D9542   0.1 μg/mL 

Atto 647 

conjugated 

Phalloidin 

Sigma-

Aldrich 

65906   50 pmol 

Collagen 

type-1 

Abcam Ab34710  Rabbit 1:200 

RUNX-2 Abcam Ab23981  Rabbit 1:500 

Osteopontin Thermo 

Fisher 

14-9096-82  Mouse  1:200 

Anti-rabbit 

(H+L) 

Molecular 

Probes 

A11008 Alexa 

488 

Goat 1:200 

Anti-mouse 

IgG1 (H+L) 

Molecular 

Probes 

A21127 Alexa 

555 

Goat 1:200 

6.2.11 Histology 

Following the immunostaining the same samples of day 14 and 21 were stained with Alizarin 

Red (2% in distilled water, A5533, Sigma-Aldrich) for 15 minutes to identify mineralization. 

Subsequently, channels were washed with distilled water until no further discoloration of the 

water occurred. Images were made using a brightfield microscope (Axio Observer Z1, Zeiss, 

Oberkochen, Germany). Images showing the results of unidirectional flow (Figure 6.3D) were 

from an earlier study, using the same staining. Details on the methods of how these samples 

were cultured can be find in Chapter 5.2. 

6.3 Results 

6.3.1 Shear stress in dynamic culture conditions 

Numerical analysis was used to estimate the 

mechanical stimulation in terms of shear stress 

received by the cells in the chip. When using a 

tilting angle of 7° and rocking time of 3 minutes the 

flow rate fluctuates between Q = 5.82x10
-11

 and 

1.01x10
-9
 m

3
/s depending on the timepoint after 

tilting (Figure 6.2A and C). This fluctuation occurs 

due to the bidirectional character and thus transient 

effect of the fluid flow. Using these fluid flow rates in 

equation 3, results in shear stresses between 10 

and 180 mPa (Figure 6.3). 

Figure 6.3 The expected shear stress when 

using a rocking time of 3 minutes and angle of 7° 



Chapter 6 

115 

6.3.2 Osteogenic medium and dynamic culturing are both essential for 3D mineralized matrix 

production 

The cell cultures were investigated for their composition at day 14 and 21, comparing static 

and dynamic conditions. At day 21, also osteogenic medium versus control medium was 

compared. The cells in the static conditions were flatly spread over the channel bottom and 

remained two dimensional (2D), spread and spindle shaped over time (Figure 6.4A, B and 

C, left columns). In dynamic conditions, the cells self-assembled into layered, three 

dimensional (3D) structures (Figure 6.4A, B, C, and D, right columns, red arrows), indicating 

the need for mechanical cues to produce 3D structures. 

Collagen type 1 (immunofluorescent antibody staining) was visible in the extracellular matrix 

(ECM) of all osteogenic groups (Figure 6.4A, B and D), but more prominently in the 

dynamically unidirectional cultured group at day 21 (Figure 6.4D). In the control medium 

group, both the static and dynamic culture, collagen type 1 was visible in the cell body, but 

not in the ECM (Figure 6.4C).  

Mineralization (Alizarin red staining) occurred in all osteogenic groups (Figure 6.4A, B and 

D), but more prominently in the dynamically unidirectional cultured group (Figure 6.4D). 

Mineralization did not occur in control medium group (Figure 6.4C), indicating that 

osteogenic factors in the culture medium are essential for mineral deposition in the ECM in 

the present setup. 

6.3.3 Osteogenic differentiation of MCSs 

To confirm osteoblastic differentiation of the MSCs during the 21-day culture, samples were 

stained for RUNX-2 and osteopontin expression at day 14 and 21. RUNX-2 was present in 

the nucleus and osteopontin in the body of the cells at day 14 and 21 (Figure 6.5A and B). 

The cells changed in morphology from stellate toward more cuboidal from day 14 to 21. The 

results confirm that the microfluidic chip allows for MSCs to differentiate into osteoblast-like 

cells. 

6.3.4 Osteoclastic differentiation of MCs 

After the 21-day tissue formation phase, MCs were added to the microfluidic chips and 

cultured for another 14 days (35 days in total). Monoculture medium was changed into 

coculture medium containing RANKL and M-CSF to induce osteoclastic differentiation of the 

MCs. At day 35, mono- and multi-nucleated cells with different morphologies were present. 

Based on Figure 6.4, elongated mononuclear cells with large (± Ø 16 μm) oval shaped nuclei 

were identified as osteoblast-like cells (Figure 6.5A and B, white ovals). Round, 

multinucleated cells with smaller (± Ø 12 μm) round nuclei were identified as fused 

monocytes (Figure 6.6A, green circles) and pre-osteoclasts (Figure 6.6B, orange circle). 

These results suggest that MCs were able to attach to the mineralized tissues upon cell 

seeding and could withstand the dynamic conditions. The MCs were stimulated towards the 

osteoclastic lineage shown by the formed multi-nucleated cells, establishing a coculture on 

a chip. 
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Figure 6.5 Osteogenic differentiation of MSCs: A) at day 14 and B) at day 21. Osteopontin is expressed in the cells 

body and RUNX-2 in the nucleus. 

 

Figure 6.6 Coculture after 35 days. A) White ovals show osteoblasts, green circles show fusing monocytes. B) yellow 

circles show multinucleated pre-osteoclasts with clear actin ring. 

6.3.5 Comparison of pump and gravity driven flow set-up 

Comparing the previous unidirectional pump system (Chapter 5) with the bidirectional gravity 

driven flow system points out both practical (Table 6.2) and biological (Table 6.3) 
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(dis)advantages between the systems. The gravity driven flow system is easy and quick to 

set up, without any tubing. It allows for culturing four 6-well plates simultaneously, creating 

the possibility to culture 24 chips. Culture medium exchange remains a labor intensive and 

manual task as for each chip the pipet tip reservoirs need to be exchanged three times a 

week. The unidirectional pump system allows for easy and quick culture medium exchange 

thanks to the custom designed reservoirs (Chapter 5.2.4). 

Table 6.2 Set-up parameters comparing pump set-up with gravity driven flow set-up. 

Measured parameter Pump set-up Gravity driven flow 

set-up 

Duration of assembling the setup inside biosafety 

cabinet 

~45 min – 1 h ~10 min 

Total tubing length 23.5 cm 0 cm 

Duration of medium change 15 min 30 min 

Sample size per experiment ≤5 ≤24 

Both set-ups allow for osteogenic differentiation of MSCs and enabled long-term coculturing 

of osteoblasts and osteoclast (35 days). However, some long-term cultured chips in the 

gravity driven flow set-up did not survive due to clogging of the in- and outlets leading to 

obstructed medium flow. Overall, the unidirectional pump set-up performs better in terms of 

matrix production and mineralization, creating more defined firm bone-like tissues (Figure 

5.3 and 6.3). 

Table 6.3 Outcome parameters comparing pump set-up with gravity driven flow set-up. Comparison is based on 

samples cultured in osteogenic differentiation medium under fluid flow. Used scale from best to worst performance: 

++, +, +-, -, - - 

Measured parameter Pump set-up Gravity driven flow 

set-up 

Fluid flow direction unidirectional bidirectional 

Expected shear stress 3.7 - 446 mPa 47 - 150 mPa 

Chip cell survival after culture period ~90% ~80% 

Osteogenic differentiation (quantitative) ++ ++ 

Collagen 1 production (quantitative) ++ +- 

Mineralization (quantitative) ++ ++ 

3D self-assembly 100% ~85% 

Appearance clearly defined firm 

tissue 

less distinctly defined 

looser tissue 

Coculture and long term-culture (35 days) ++ + 
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6.4 Discussion 

Human MSCs were osteogenically differentiated in a bone-on-a-chip, perfused by gravity 

driven bidirectional flow. Gravity driven flow offers a simple perfusion method, requiring only 

a rocking plate and no pumps and tubing. ECM production in terms of collagen type 1 and 

mineralization were visualized and compared between static and dynamic cultures. After 21 

days of culturing MSCs, MCs were added and cocultured for another 14 days, making a total 

of 35 days, resulting in a coculture of the two cell types that are essential for bone remodeling. 

Homeostasis in bone tissue is influenced by shear stress generated by interstitial fluid flow 

in the lacunar-canalicular network.
11

 Osteocytes are occupying the lacunae, small spaces in 

mineralized bone tissue. They are connected via narrow channels, the canaliculi, through 

which interstitial fluid is squeezed under influence of mechanical loading, creating a 

bidirectional fluid flow. A numerical model by Weinbaum et al. (1994) estimated the induced 

fluid flow shear stress sensed by osteocytic processes within their canaliculi to range 

between 0.8 and 3 Pa.
11,230

 In our system, the cells are expected to experience shear stress 

in a considerably lower range of 10 – 180 mPa. These cells are however, probably not (yet) 

osteocytes but MSCs differentiating towards osteoblasts. To investigate whether osteocytes 

are present, specialized techniques such as 3D focused ion beam scanning electron 

microscopy (FIB-SEM) are needed.
231

 Next to this physiological shear stress felt by the 

osteocytes, many studies have shown that in vitro osteogenic differentiation of MSCs is 

supported by shear stresses in a broad range of 0.1 mPa – 1.03 Pa in microfluidic devices.
203–

206
 This type of stimulation is more important in our system, as the MCSs first have to 

differentiate into osteoblasts. The shear stress values in our system are within this reported 

range. 

Our expected shear stress was calculated based on empty channels and thus does not take 

into account the volume of the cells and produced matrix. Therefore, the calculations do not 

describe the mechanical environment correctly once the matrix volume starts to occupy the 

channel. Our previous research using computational models has shown a broad range in 

shear stress depending on the matrix produced by the cells (Chapter 5.3.3). Monolayer cells 

were expected to feel a shear stress of 3.66 mPa, while cells on the surface of the 3D tissues 

(osteoblasts) got up to 45.30 mPa. In future research, simulations would be beneficial to gain 

a more realistic image of the shear stress in the bidirectional flow system seeded with matrix 

producing cells. 

Fluid shear stress regulates cell function by stimulating multiple intracellular signaling 

pathways.
232

 We hypothesized that bidirectional flow enhances collagen type 1 deposition 

and mineralization compared to unidirectional flow and static cultures, as it mimics interstitial 

conditions.
11,221

 Comparing static and dynamic conditions, presence of collagen type 1 and 

minerals was seen in both types of culture. Self-assembled 3D constructs only formed when 

shear stress was applied, while in static conditions, the matrix remained 2D. Osteogenic 

culture medium containing ascorbic acid, dexamethasone and β-glycerophosphate turned 

out to be essential for matrix deposition and mineralization, which was not observed in control 

medium cultures without these supplements. Other studies have shown that osteogenic 
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differentiation is possible without chemical induction by osteogenic medium, solely by 

mechanical stimulation in both 2D
233,234

 and 3D,
235

 even in 3D without osteoinductive scaffold 

material.
221

 Again, a broad range of shear stresses were used in these studies (0.2 mPa – 

2.2 Pa), indicating that the optimal magnitude and duration of mechanical stimulation are yet 

to be determined. This optimum might be species-specific and donor-specific, complicating 

the search.
235

 

Comparing unidirectional and bidirectional flow, our results did not confirm beneficial effects 

of bidirectional flow on collagen type 1 production and mineralization compared to 

unidirectional flow. This might be caused by a suspected lower shear stress in the 

bidirectional flow system compared to the unidirectional one. We observed (partly) 

obstructed channels in the bidirectional flow system, which certainly influenced the shear 

stress. A study directly comparing unidirectional and bidirectional flow in a perfusion 

bioreactor observed better ECM deposition when using bidirectional flow.
221

 However, 

alkaline phosphatase (ALP) activity was not significantly different between the two flow 

types.
221

 Unfortunately, our study is limited by a lack of quantitative data due to the small 

number of cells present in each chip (~7000), leading to undetectable results, obscured by 

culture medium interference. For future research, more sensitive methods need to be 

explored to obtain accurate quantitative data. 

Taking together we have seen that both the bidirectional rocking plate system and our 

previous unidirectional pump system have their advantages and disadvantages for 

dynamically culturing bone-on-a-chip devices. With this research, we provided two different 

methods for dynamic culturing of these devices, that can be selected based on the specific 

goals of the research project. For example, the unidirectional pump systems shows more 

defined 3D firm tissues, which could be important when studying bone remodeling as 

osteoclasts need firm matrix to attach to and become functional.
236

 The bidirectional system 

however, could be preferred to study comparison of multiple groups as more samples can 

be studies simultaneously.  

In conclusion, we have demonstrated the benefit of dynamic culturing for osteogenic 

differentiation in bone-on-a-chip devices. Gravity driven bidirectional flow offers a simple and 

scalable way to induce the desired dynamic cues by fluid flow shear stress. We also showed 

the suitability of the set-up for long term (35 days) cell culturing and coculturing of MSCs and 

MCs. In the future, gravity driven systems could offer an accessible solution towards higher 

throughput organ-on-chip models for drug testing. 
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Supplementary Information 

S1 Fluid-flow induced shear stress calculation 

The Bernoulli equation is defined for time dependent height differences as follows: 

   ∆𝑃 = 𝜌𝑔∆ℎ      Bernoulli derived for height difference 

with 

   ∆ℎ = sin(𝛼) 𝑙       Define height difference by using the tilting angle of the plate 

gives 

   𝐻𝑇(𝑡) = sin (𝛼 sin
2𝜋𝑡

𝑡𝑡
) 𝑙  For the tilting 

and 

   ∆𝑃 = 𝜌𝑔(𝐻𝑇(𝑡) + 𝐻𝐿(𝑡 − 𝛥𝑡) − 𝐻𝑅(𝑡 − 𝛥𝑡)) 

For the height reservoirs: HR (right reservoir) and HL (left reservoir) 

𝐻𝑅 = 𝐻𝑅(𝑡 − 𝛥𝑡) ±
𝑄(𝑡)

𝜋𝑟2
 

Calculate current reservoir level by taking previous 

level and correcting with the flow rate to get current 

reservoir level 

𝐻𝐿 = 𝐻𝐿(𝑡 − 𝛥𝑡) ±
𝑄(𝑡)

𝜋𝑟2
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7.1 Rationale and main findings 

Healthy bone is maintained by the process of bone remodeling. An unbalance in this process 

leads to pathologies such as osteoporosis. Animal models are often used to study bone 

pathologies. However, data from animals frequently fail to predict the results obtained in 

human clinical trials. Human in vitro models are emerging as alternatives as they address the 

principle of reduction, refinement, and replacement of animal experiments (3Rs). Osteoblast-

osteoclast cocultures can be used to study bone physiology, bone diseases and drugs in 

these models. The emergence of organ-on-chip, which utilizes microfluidic technology to 

simulate the natural environment of tissues, has enabled scientists to miniaturize tissue 

engineered constructs. This technology has great potential to improve the accuracy and 

efficiency of bone tissue engineering, as well as to provide insights into the underlying 

mechanisms of healthy and diseased bone. 

7.1.1 Creating a systematic osteoblast-osteoclast coculture database 

The use of osteoblast-osteoclast cocultures is not always clearly mentioned in the title and 

abstract in literature, making it difficult to identify these studies. As a result, researchers are 

all developing their own methods, leading to many methodological differences and 

incomparable results. Therefore, we systematically identified all osteoblast-osteoclast 

coculture studies that have been published before the year 2020 in Chapter 2. Differences 

in methods were mapped systematically in an openly available database, giving 

comprehensive details on cells, culture conditions and analytical techniques for using and 

studying osteoblast-osteoclast co-cultures. In this way, researchers can quickly identify 

publications relevant to their specific needs and easily validate and compare their work with 

existing literature.  

7.1.2 Culture medium dialysis improves the microenvironment for cell culture 

The first part of this thesis focused on ways to advance the microenvironment for in vitro bone 

remodeling models. Coculturing of cells in in vitro tissue models is widely used to study how 

they interact with each other. This asks for a highly specific environment, meeting the 

requirements of all involved cell types and therefore requires a great deal of optimization. We 

provided steps that can guide optimization of culture medium composition and volume in 

cocultures with a particular focus on cell communication via the cells’ secretome in Chapter 

3. The effect of medium exchange on cells is often an overlooked topic but particularly 

important for this type of cell communication. Medium exchange leads to loss of valuable 

auto- and paracrine factors produced by the cells but is necessary for nutrient supply and to 

prevent waste product accumulation. Thus, it remains the gold standard in cell culture 

applications. We proposed a method based on dialysis to reduce loss of the cells’ secretome 

during culture medium exchange in Chapter 4. With our custom-made dialysis culture 

system, human mesenchymal stromal cells (MSCs) were differentiated into osteoblasts and 

monocytes (MCs) into osteoclasts while the secretome was maintained via dialysis. We 

showed an increased osteoblastic and osteoclastic activity in the dialysis groups compared 

to the standard non-dialysis groups. This culture system showed the potential to create a 

more efficient microenvironment compared to standard culture methods, allowing for cell 
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interactions via secreted factors in mono- and cocultures. In addition, this system could be 

applied for many other tissue types. 

7.1.3 Bone-remodeling-on-a-chip with an osteoblast-osteoclast coculture 

The second part of this thesis explored methods to miniaturize our in vitro bone remodeling 

models. At the moment, no complete in vitro model for bone-remodeling exists. Microfluidic 

chips offer great possibilities, particularly because of the dynamic culture options, which are 

crucial for in vitro bone formation. We developed a bone-on-a-chip coculture system in which 

human MSCs were differentiated into osteoblasts and self-assembled into scaffold free bone-

like tissues with the shape and dimensions of human trabeculae in Chapter 5. Human MCs 

were able to attach to these tissues and to fuse into multinucleated osteoclast-like cells, 

establishing the coculture. Furthermore, a set-up was developed allowing for long-term (35 

days) on-chip cell culture with benefits including continuous fluid-flow, low bubble formation 

risk, easy culture medium exchange inside the incubator and live-cell imaging options. In 

Chapter 6, we investigated the use of gravity-driven bidirectional flow for bone-on-a-chip 

devices. Perfusion set-ups require specialized pumps and tubing and can be rather 

complex. Gravity-driven flow could offer an alternative as it is simpler, requiring only a rocking 

plate which is readily available in most laboratories. The rocking motion enables a 

bidirectional flow inside the chip channel. We studied the effect of bidirectional flow on 

osteogenic differentiation of MSCs by comparing it with static cultures and our previous 

pump system with unidirectional flow. A clear benefit of flow compared to static cultures was 

seen in terms of extracellular matrix production and mineralization by the cells. With Chapter 

5 and 6 we provided two different methods for dynamic culturing of bone-on-a-chip devices, 

of which each has its own advantages and can be selected based on the specific goals of 

the research project.  

7.2 Challenges and perspectives for our bone-remodeling-on-a-chip 

7.2.1 Combining culture medium dialysis and bone-remodeling-on-a-chip 

In this thesis, two distinct objectives were achieved. First, the cell culture microenvironment 

was advanced by using a dialysis culture system (Chapter 4). Second, the bone remodeling 

model was miniaturized by using organ-on-chip technology (Chapter 5). The logical next step 

is then to combine this work. For this, a specialized medium reservoir has been designed, 

incorporating the dialysis membrane (Chapter 4), which can then be used with the bone-on-

chip set-up (Chapter 5). The set-up with specialized reservoir can also be combined with 

any type of organ-on-chip, keeping it versatile in use. The standard reservoir (Chapter 5, 

Figure 5.1B) has been adjusted so that two compartments are separated by a dialysis 

membrane that is kept in place by a rubber O-ring (Figure 7.1A and B). The lower 

compartment is looped to the chip via tubing, creating an undisturbed cell culture 

microenvironment (Figure 7.1C). The upper compartment allows for culture medium change. 

Nutrients and waste products will diffuse through the dialysis membrane, while the cell’ 

secretome remains in the lower cell culture compartment. Two rubber injection ports provide 

access to the two compartments, one for medium sampling (lower compartment) and one for 

medium change (upper compartment). The study is currently ongoing. Hopefully this set-up 

will allow for an enhanced microenvironment for cell communication in our bone-remodeling-
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on-a-chip which is particularly important for cell communication in the osteoblast-osteoclast 

coculture as shown in Chapter 4. 

                     

Figure 7.1 Design of the specialized reservoir for incorporating a dialysis membrane in the bone-remodeling-on-a-chip 

cell culture set-up. A) Detailed drawing of the reservoir. Measures are in millimeter. B) Photograph of the reservoir with 

two compartments, separated by a dialysis membrane that is hold in place with use of a rubber O-ring (red). The 

reservoirs are made of out of polysulfone and have rubber self-healing injection ports (grey). C) The total cell culture 

set-up with a peristaltic pump and five reservoirs connected to five chips. 

7.2.2 Demonstration of bone remodeling 

Our current work shows MSCs that differentiate into osteoblast and produce a bone-like 

tissue and MCs that differentiate into osteoclasts (Chapter 5). We did not yet show actual 

bone remodeling which requires demonstration of both formation and resorption events. To 
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demonstrate this, micro computed tomography (μCT) or even nano CT could be 

used.
175,237,238

 By registering consecutive CT images it is possible to reveal both formation 

and resorption within a sample over time.
237

 CT is a non-destructive method and is therefore 

well suited to monitor mineralized volume change within the same samples over a longer 

period of time. 

Supernatant analysis can be performed to detect analytes as a measure for bone formation 

and resorption, for example an enzyme-linked immuno sorbent assay (ELISA) of collagen 

type 1 propeptide for formation and telopeptide for resorption. We did use this method in 

Chapter 5 but were not able to show significant differences. This is probably due to dilution 

of secreted growth factors as we used large media reservoirs in combination with a small 

number of cells. With the combined dialysis and chip set-up (combining Chapter 4 and 5) 

we hope to overcome this limitation by maintaining the cell’ secretome over the culture 

period. 

In future research, compression can be introduced to the chip. In this way it is possible to 

study if our formed bone tissue will adapt in response to mechanical loading as is known 

from in vivo.
239

 Our model can also be developed further by investigating whether osteocytes 

are present. Osteocytes are considered to be the regulators of bone remodeling and are thus 

important to incorporate in the in vitro model. To investigate the presence of osteocytes, 

immunostainings such as early osteocyte markers dentin matrix protein-1 (DMP-1) and 

podoplanin, and late marker sclerostin can be investigated.
231

 We did stain for DMP-1, which 

was visible in the nucleus (Chapter 5, Figure 5.5). However, to indicate early differentiation 

into osteocytes, the protein should be exported to the extracellular matrix, where it 

orchestrates mineralized matrix formation.
240

 Furthermore, osteocytes are embedded within 

the matrix of the tissue, making them invisible from the outside. We attempted to slice through 

the tissues by means of cryosectioning, but were unsuccessful due to the small dimensions 

of the tissues. In the future, specialized techniques such as 3D focused ion beam scanning 

electron microscopy (FIB-SEM) can be used to investigate whether osteocytes are present 

within the tissues.
231

 

7.3 Challenges and perspectives for the organ-on-chip field 

7.3.1 Integration of biosensors 

Integration of biosensors into tissue culture systems enables long-term monitoring of the 

microenvironments in these systems.
146

 Biosensors should be able to detect biophysical 

parameters such as osmolarity, pH, and oxygen concentration as well as biochemical 

parameters such as biomarkers, cytokines and drug molecules.
146

 An ideal cell culture 

system contains sensors that frequently evaluate developmental and functional parameters 

in a cell culture without the need for manual sample collection.
147

 

Organ-on-chip systems are often mentioned to have the benefit of integrating sensors. 

However, currently most analyses still take place off-chip and as endpoint measurements.
16

 

Integrating biosensors could provide noninvasive, continuous monitoring of the experiment. 

In- and online biosensors show potential for providing real-time information regarding media 

composition.
145,147,241

 Multiplexed sensing, recording, and processing of real-time data could 
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provide novel insights into the optimal nutrients and culture conditions needed to maintain 

cell viability and to grow cells for up to weeks.
147

 Furthermore, real-time data analytics can 

be used to respond to changes in culture conditions, adjusting inputs to obtain desired 

results.
147

 For example, media composition can be tracked as a cell differentiates to 

determine how differentiation is progressing and accordingly growth factors can be removed 

or added to encourage of slow down further differentiation.
147

 

In the future, organ-on-chip research is heading towards automated and self-contained 

systems, which is necessary to enable cost effective high throughput drug screening. With 

the upcoming development of artificial intelligence algorithms, these systems are likely to 

become capable of autonomous decision-making. For example, in automated bone-

remodeling-on-a-chip, biosensors could be used to accommodate for the differences in 

differentiation timelines between donors. When MSCs have differentiated into osteoblasts, 

automated monocyte seeding and culture medium change is triggered. After the monocytes 

have differentiated into osteoclasts, drugs are added and the response is monitored. Data 

will be collected automatically and sent to the researchers, allowing for high throughput 

screening and even personalized medicine. 

7.3.2 Multidisciplinarity is key, complexity a pitfall 

Organ-on-chip asks for biological, mechanical, mathematical, biochemical and engineering 

knowledge. In the organ-on-chip field, the necessity of multidisciplinarity is a recurring 

theme. Due to the complexities of the culture systems, interdisciplinary collaboration is 

essential.
10,16

 Many separate building blocks such as coculture techniques, complex 

microfluidic chip designs, integrated sensors and predictive models exist. However, to date, 

the combining efforts usually excel in one aspect but still lack complexity in the others, which 

can only be solved through a collective effort from multiple disciplines. 

In addition, openness in sharing protocols and challenges is an essential part of the 

development of organ-on-chip systems. By openly sharing protocols and challenges, 

researchers are able to leverage the collective knowledge in the field and avoid the time and 

effort spent on reinventing the wheel. It is important to share not only the results, but also 

clear information on the methods and set-up of experiments. To provide a more 

comprehensive overview of the process, it is recommended to include data on the 

percentage of successful experiments in comparison to non-successful ones, as well as 

behind-the-scenes photographs of set-up in the incubator as shown in Chapter 5 

(Supplementary Information S5.2). 

The introduction of high-end organ-on-chip systems through multidisciplinary collaborations 

is a promising development. Nonetheless, the tradeoff between complexity and usability 

must carefully be considered. Researchers often try to replicate in vivo as close as possible, 

but that might not always be needed. More complex experiments are less easy to execute, 

leading to reproducibility issues and high costs. The level of complexity is therefore inversely 

correlated to the clinical translation.
242

 To get to functional and usable organ-on-chips, 

parameters such as reproducibility, handling and costs need to be considered during the 

design phase. 
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7.3.3 Towards replacing animal models 

In order to achieve a high level of success in creating in vitro on-chip alternatives to animal 

models, several steps have to be taken. Up until now, a few organ-on-chip models have 

reached the market, but the commercialization and application of the technology still lags 

behind high-profile academic research.
243

 This is largely because innovative organ-on-chip 

models have not yet been independently standardized, valorized, and qualified, making the 

value for end-users unclear.
243

 For this, an overarching consortium between academia, 

industry and regulators is necessary. Fortunately, this large consortium has already been 

founded. 

In 2017, an European project called Organ-on-Chip In Development (ORCHID) started with 

the goal of creating a roadmap for organ-on-chip technology and of building a network of 

academic, research, industrial and regulatory institutions to move organ-on-chip devices 

from laboratories into industry.
184,244

 Experts were asked to share their views on the state-of-

the-art, unmet needs, challenges and barriers of the field.
184

 The major challenges for the 

acceptance of these organ-on-chips are: standardization, qualification, production and 

upscaling. It was strongly emphasized that there is an urgent need for an infrastructure that 

will be used for testing, qualification and standardization, to generate data and methodology 

accessible to end users and the research community.
245

 

Different research groups generally use different protocols and only a relatively small number 

of samples/chips. This makes validation of the chip models more complicated. True 

validation will require large-scale evaluation, involving hundreds of devices of the same 

design carried out using the same protocols.
3
 Thus, it is unlikely that true validation will be 

achieved by academic researchers.
3
  Instead, it will probably be handled by the commercial 

market, which is now possible given that an increasing number of companies are 

manufacturing organ-on-chip devices as well as automated control systems to run them.
3
 

In order to validate organ-on-chip devices, compounds and drugs that already demonstrated 

to be toxic or effective in animals or patients should show similar effects in organ-on-chip 

models.
244

 First, these comparison tests need to be run parallel to animal experiments or 

clinical trials. For comparing animal experiments, organ-on-chip devices using animal cells 

could be used. Eventually, the ultimate benchmark for success should be the replication of 

existing in vivo human clinical data.
3
 

A recent organ-on chip study shows an example of how to deal with validation. In this study, 

870 liver chips were analyzed to determine their ability to predict drug-induced liver injury 

caused by small molecules identified as benchmarks by a consortium of multiple 

pharmaceutical and biotechnological companies.
14

 The liver chip met the qualification 

guidelines across a blinded set of 27 known hepatotoxic and non-toxic drugs with a 

sensitivity of 87% and a specificity of 100%.
3,246

 With this, the chip demonstrated a major 

improvement in performance relative to hepatic spheroids (sensitivity of 42% and specificity 

of 67%)
247,248

 and animal models, in which eight of the tested components were approved for 

clinical use after which liver toxicity was identified in humans. 
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Eventually the combined efforts of these extensive consortia will hopefully provide us with 

validated organ-on-chip devices. The process of acceptance will probably happen gradually 

with replacement of one animal model at a time, but the first steps have been taken.
3
 

7.4 General conclusion 

To conclude, this thesis provides strategies for the microenvironmental advancement and 

miniaturization of human in vitro bone remodeling models. We are the first to show a fully 

human 3D direct osteoblast-osteoclast coculture on a chip. The systems we developed are 

not only of interest for bone tissue engineering applications but could also be used with many 

other tissue types. First, the dialysis system could be used for the proliferation and 

differentiation of different cell types. Particularly in cocultures it could enhance the cell 

communication through retainment of soluble factors. Second, the microfluidic chip set-up 

could be combined with any type of microfluidic chip and used for dynamic fluid flow 

cultures. With this thesis we aimed to hand out tools for improvement of in vitro models with 

the ultimate goal of replacing, reducing, and refining the use of animal models. We believe 

that in vitro models will provide reliable and predictive alternatives to animal testing in the 

future.
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