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Summary 

Bone is a highly dynamic tissue with both mechanical and metabolic functions. As the 
mechanical demands placed upon bones change, bones adapt and optimize their structure 
and strength by removing obsolete or damaged tissue and producing new or stronger 
tissue when and where needed. The cells responsible for bone remodeling are the bone 
forming osteoblasts, the bone resorbing osteoclasts, and the regulating osteocytes. In 
healthy tissue, bone resorption and formation are in equilibrium. In diseases such as 
osteoporosis this equilibrium is disturbed, leading to pathological changes that affect the 
bone’s mechanical functionality. Many treatment options are available for osteoporosis, 
but the degenerative nature of osteoporosis still cannot be undone, highlighting the need 
for accurate, reproducible, and translatable model systems to study the cellular and 
molecular mechanisms underlying bone remodeling and bone disease.  

Because bone remodeling is a 3D process involving both osteoblasts and osteoclasts, a 3D 
in vitro co-culture would be well-suited for studying bone remodeling. 3D osteoblast-
osteoclast co-cultures have been in development for many years but are routinely 
analysed using destructive techniques. Earlier, a 3D in vitro model in which mesenchymal 
stromal cells differentiated into osteoblasts and deposited mineralized matrix onto silk-
fibroin scaffolds was developed where mineralized matrix deposition was monitored over 
time using micro-computed tomography (Melke et al., 2018). The model was shown to be 
capable of monitoring formation over time but did not include osteoclasts and was 
therefore not capable of monitoring resorption over time. This model was used as the 
foundation of the work reported in this thesis. 

The aim of this thesis was to develop a human in vitro 3D osteoblast-osteoclast co-culture 
model in which both bone formation and resorption could be monitored over time.  

To develop this model, we first assessed the base of knowledge available on osteoblast-
osteoclast co-cultures. A systematic review was conducted identifying all available 
osteoblast-osteoclast co-cultures. Their methods were analyzed and extracted into two 
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databases, which resulted in a comprehensive interactive systematic map. This systematic 
map provided an unprecedented amount of information on cells, culture conditions and 
analytical techniques used in literature for osteoblast-osteoclast co-cultures. 
Simultaneously, this map highlighted the large variation and lack of consensus on various 
methodological aspects of osteoblast-osteoclast co-cultures.  

Due to the complexity and difficulties of analyzing of 3D cultures, we first needed to be 
able to reliably obtain functional osteoclasts in 2D. The findings of the systematic map 
were applied to investigate the effect of seeding density and osteoclastic culture medium 
supplement concentration on osteoclastogenesis and osteoclastic resorption. This gave 
valuable insight into the cells’ requirements for differentiation and resorption and 
provided the foundations necessary to translate 2D in vitro osteoclastogenesis and 
resorption to a 3D environment. 

Then, the learnings from our work on osteoclasts were combined with earlier work on 
silk-fibroin scaffold mineralization to develop a human in vitro 3D osteoblast-osteoclast 
co-culture model, in which we were able to quantify, localize and visualize both formation 
and resorption in parallel over time using micro-computed tomography. Finally, this 
model was further developed into a model in which remodeling was in a state of 
equilibrium. Here we showed that the response of the model could be tuned towards 
showing an excess of either resorption or formation by applying corresponding stimuli. 
Although the stimuli used in this study were not based on physiological conditions or 
disease models, they confirmed that the 3D co-culture model in equilibrium can respond 
to biochemical stimuli, which manifests as a quantifiable effect on resorption and 
formation. The model presented in this thesis can be used as an in vitro co-culture model 
of human bone remodeling and can be further developed for various applications in 
fundamental research, drug development and personalized medicine.  

To summarize, this thesis provides an unprecedented amount of readily accessible 
information on osteoblast-osteoclast co-cultures, culminating in the development of a 
human in vitro 3D osteoblast-osteoclast co-culture model of bone remodeling in which 
formation and resorption can be monitored over time non-destructively. The model is 
capable of pronouncing states of near-equilibrium, resorption, and formation after 
application of the corresponding stimuli. The 3D osteoblast-osteoclast co-culture model 
presented in this thesis can be used as an in vitro co-culture model of human bone 
remodeling and can be further developed for various applications in fundamental 
research, drug development and personalized medicine.
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1.1 Bone tissue and remodeling 
At first glance, our bones may appear like static structural elements of our body that no 
longer change after reaching adulthood. This could not be further from the truth. Bone is 
a highly dynamic tissue with both mechanical and metabolic functions. As the mechanical 
demands placed upon bones change, bones adapt and optimize their structure and 
strength by removing obsolete or damaged tissue and producing new or stronger tissue 
when and where needed. Examples thereof are spaceflight-induced reduction in bone 
mineral density in astronauts (Sibonga, 2013), or exercise-induced increase in bone 
mineral density in athletes (Bellver et al., 2019). 

The cells directly responsible for bone remodeling are the bone forming osteoblasts and 
bone resorbing osteoclasts (Fig 1.1). These cells are closely linked, and together form the 
basic multicellular units (Frost, 1969). The process of bone remodeling is regulated by 
osteocytes. Osteocytes are the regulators of bone remodeling and comprise about 90 to 95 
% of all cells in bone (Parfitt, 1977). They form an intricate inter-cellular network of 
filopodia through so-called canaliculi, that can sense and react to interstitial fluid flow 
caused by biomechanical changes in their local environment (Bonewald, 2011; Klein-
Nulend et al., 2013). Osteoclasts differentiate from circulating blood monocytes. These 
monocytes are attracted to the site of resorption though biochemical signalling by 
osteocytes and differentiate near or at the bone surface into osteoclasts to remove old or 
damaged bone. These cells are believed to be short-lived (Parfitt, 1994) and disappear after 
their job is completed. Recently however, new evidence has disputed the long-standing 
expected lifespan of approximately 2 weeks, suggesting that the in vivo lifespan can be 
extended by supplying new nuclei (Jacome-Galarza et al., 2019) and that osteoclasts can 
relocate by de- and refusing into osteomorphs (McDonald et al., 2021). Tightly coupled to 
resorption, bone lining cells clean and prepare the resorbed surface for bone formation 
(Everts et al., 2002). Osteoprogenitor cells derived from mesenchymal stromal cells are 
recruited to the site of bone formation most notably from nearby capillaries and canopies 
through chemotaxis (Dirckx et al., 2013; Kristensen et al., 2014). After differentiating into 
osteoblasts that can live for up to 200 days (Manolagas and Parfitt, 2010), these cells 
deposit new mineralized matrix to repair the bone tissue. During the process of bone 
formation, some osteoblasts entomb themselves into lacunae within the mineralized 
matrix and transition to become new osteocytes (Bonewald, 2011). In healthy tissue, bone 
resorption and formation are in equilibrium, with the bone strength and structure 
optimized to meet the demands placed upon the body. In diseases such as osteoporosis 
this equilibrium is disturbed, leading to pathological decrease in bone mineral density that 
adversely affect the bone’s mechanical functionality (Feng and McDonald, 2011).  
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Fig. 1.1. Bone remodeling. Osteoclasts (purple) are the bone resorbing cells derived from blood-borne 
monocytes (grey). Monocytes travel to the site of activity and differentiate into multinucleated osteoclasts 
through cell-fusion. Osteoblasts (blue) are the bone forming cells. During bone formation, some osteoblasts 
become entombed in the newly-formed matrix and become osteocytes (orange), which have a regulating role. 
Others become lining cells (green) with a role in coupling resorption and formation.  

Many of the biochemical players in these processes have been identified and studied 
(Deschaseaux et al., 2010; Matsuo and Irie, 2008; Sims and Gooi, 2008), and are being 
targeted by treatment options for osteoporosis (Bellido, 2014; Matsuo and Irie, 2008). 
Regrettably, these treatment options are not yet capable of reversing the degenerative 
nature of the disease, in most cases merely slowing the progression thereof. This indicates 
that there is a need for more accurate, reproducible, and translatable model systems to 
study the cellular and molecular mechanisms underlying bone remodeling and bone 
disease, which could be used to find better drug targets. 

1.2 Bone models 
In a preclinical setting, available options to study bone remodeling are limited to the use 
of either animal models or in vitro cell culture experiments. Animal models are frequently 
used for studies on bone disease and drug development and are considered a fundamental 
part of preclinical research. Using animals raises many ethical concerns (3R principles to 
reduce, refine and replace the use of animals) and is generally more time-consuming and 
expensive than in vitro research. While animal physiology is similar to that of humans, the 
differences are often large enough to result in poor translation of results from animal 
studies to human clinical trials (Burkhardt and Zlotnik, 2013; Contopoulos-Ioannidis et 
al., 2003).  

While In vitro cell-culture models do not share the same ethical concerns, the use of animal 
cells can still lead to a different response compared to human cells (Jemnitz et al., 2008). 
The most substantial advantages of in vitro cell culture models are that they open up the 
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possibility to use cells of human origin, both from healthy human donors or even from 
diseased patients (Jemnitz et al., 2008; Langhans, 2018). Most cell culture experiments are 
conducted with a single cell type. These are perfect for thoroughly studying that particular 
type of cell but are limited to the degree in which they can be used to study interaction 
between different cell types. Because bone formation and resorption occur simultaneously 
and both osteoblasts and osteoclasts are known to interact with each other through 
paracrine signalling (Matsuo and Irie, 2008), a co-culture of both osteoblasts and 
osteoclasts is generally considered the best way to mimic bone remodeling in vitro (Owen 
and Reilly, 2018). Many types of co-culture exist (Goers et al., 2014; Paschos et al., 2015; 
Zhu et al., 2018), but only a direct co-culture within the same microenvironment allows 
the two-way signalling necessary for real-time interaction and thus the ability to affect 
both formation and resorption in real time. 

1.3 Osteoblast-osteoclast co-culture models 
Osteoblast-osteoclast co-culture models have been used in some form for over forty years. 
The development of these models progressed slowly because the precise origin of the 
osteoclast was long unknown. T.J. Chambers in 1982 was the first to co-culture isolated rat 
osteoclasts with osteoblasts in an attempt to reverse their quiescence through direct cell 
contact (Chambers, 1982). At that time, osteoclasts could only be obtained by isolation 
from fragmented (animal) bones. Six years later, Takahashi cultured mouse spleen cells 
and osteoblasts together and published the first account of osteoclastogenesis in 
osteoblast-osteoclast co-cultures (Takahashi et al., 1988). Their methods were used by 
virtually all others in the next decade, although at this point the purpose of the osteoblast-
osteoclast co-cultures was merely to generate osteoclasts. Using the co-culture as a model 
for bone remodeling became possible only after the discovery in 1999 by Suda (Suda et al., 
1999) that Receptor Activator of Nuclear Factor Kappa Ligand (RANKL) and Macrophage 
Colony Stimulating Factor (M-CSF) were the necessary and sufficient cytokines required 
for differentiating cells from the monocyte/macrophage lineage into functioning 
osteoclasts (Simonet et al., 1997; Teitelbaum, 2000; Udagawa et al., 1990). From that point 
onward, osteoclasts could be generated without osteoblasts. At the same time, osteoblast-
osteoclast co-cultures started to develop from tools for osteoclastogenesis into models in 
which the interaction with and function of osteoblasts were studied as well. 

Most in vitro cultures are conducted in 2D monolayer (Amizuka et al., 1997; Marino et al., 
2014), because this is usually easier to conduct and analyse, cheaper and less time 
consuming, while still providing useful data. However, in vivo bone remodeling is a three-
dimensional process where cells likely respond differently than in 2D (Edmondson et al., 
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2014; Li and Kilian, 2015). Therefore, quantification of bone formation or resorption in co-
culture in vitro should ideally be done in a 3D environment (Owen and Reilly, 2018). Many 
groups have done 3D osteoblast-osteoclast cultures in the last 15 years, mostly using 
hydrogels (Heinemann et al., 2011) or scaffolds (Papadimitropoulos et al., 2011). Due to 
the additional complexity of the 3D environment, analytical techniques for measuring 
formation or resorption are commonly destructive in nature, using for example Alizarin 
Red mineralized nodule staining (Rossi et al., 2018) or Scanning (Hayden et al., 2014) and 
Transmission (Domaschke et al., 2006) electron microscopy for surface metrology.  

Instead of using end-point destructive techniques for each timepoint, ideally the same 
cultures are monitored over time to detect and localize remodeling events in both three-
dimensional space and time. Micro-computed tomography, a variant of the commonly 
used CT scan, is an X-ray-based scanning technique that has proven effective for detecting 
mineralized tissue and was recently used to monitor bone remodeling in animal models 
(Brouwers et al., 2008; Schulte et al., 2011a, 2011b) and in vitro bone formation on scaffolds 
(Hagenmüller et al., 2007). 
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1.4 Outline of this thesis 
The aim of this thesis was to develop a human 3D osteoblast-osteoclast co-culture model 
in which both bone formation and resorption could be monitored over time. An earlier 
developed 3D model in which mesenchymal stromal cells differentiate into osteoblasts 
and deposit mineralized matrix on a silk-fibroin scaffolds was used as the foundation of 
this work (Melke et al., 2018). This thesis describes the work that was done to study and 
implement functional osteoclasts into this model. 

The current chapter presents a general introduction building up to the relevance and need 
for a 3D osteoblast-osteoclast co-culture model. In chapter 2 the lack of consensus on 
culture conditions for osteoblast-osteoclast co-cultures is highlighted, culminating in a 
systematic review of all available osteoblast-osteoclast co-cultures, and a systematic map 
in which all relevant details and experimental conditions are presented in a structured 
and accessible manner. This systematic map provides an unprecedented amount of 
information on cells, culture conditions and analytical techniques for using and studying 
osteoblast-osteoclast co-cultures.  

Due to the complexity and difficulties of analyzing of 3D cultures, we first needed to be 
able to reliably obtain functional osteoclasts in 2D. Chapter 3 describes how the findings 
of the systematic map were applied to investigate the effect of seeding density and 
supplement concentration on osteoclastogenesis and osteoclastic resorption, providing 
the context and foundations necessary to translate in vitro osteoclastogenesis and 
resorption to a 3D environment. 

In chapter 4, we applied all that was learned to combine earlier work on silk-fibroin 
scaffold mineralization with our work on osteoclasts to develop a 3D osteoblast-osteoclast 
co-culture, in which we were able to quantify, localize and visualize both osteoblastic and 
osteoclastic activity in parallel over time using micro-computed tomography. This model 
was developed further in chapter 5, where we showed that the response of the model can 
be tuned towards formation, resorption and equilibrium by applying different seeding 
densities and different culture media.  

The results obtained in this thesis are discussed in chapter 6 and provide a solid 
foundation of readily accessible knowledge invaluable for anyone venturing into the 
realm osteoblast-osteoclast co-cultures and describe our path to understanding and 
manipulating the amazing osteoclast to develop an in vitro 3D co-culture model of bone. 
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Chapter 2 
Osteoblast-osteoclast co-cultures: A systematic 
review and map of available literature 

The contents of this chapter are based on: (Remmers et al., 2021) 
Remmers, S.J.A., de Wildt, B.W.M., Vis, M.A.M., Spaander, E.S.R., de Vries, R.B.M., Ito, K., 
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2.1 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 co-cultures. The use of osteoblast-osteoclast co-cultures 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 co-
culture 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 co-cultures. 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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2.2 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 (Feng and McDonald, 2011).  

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 (Burkhardt and Zlotnik, 2013; Contopoulos-Ioannidis et al., 2003) and 
subsequent failure of promising discoveries to enter routine clinical use (Montagutelli, 
2015; Thomas et al., 2016). These limitations and the desire to reduce, refine and replace 
animal experiments gave rise to the development of in vitro models (Holmes et al., 2009; 
Owen and Reilly, 2018). Over the last four decades, significant progress has been made 
towards developing OB-OC co-culture models. 

The development of in vitro OB-OC co-cultures started with a publication of T.J. Chambers 
in 1982 (Chambers, 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. 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 co-culture was 
realized in 1988 when Takahashi and co-authors (Takahashi et al., 1988) cultured mouse 
spleen cells and isolated mouse OBs in the presence of 1α,25-dihydroxyvitamin D3 and 
found TRAP-positive dentine-resorbing cells. 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 co-cultures as a tool for achieving osteoclastogenesis, as opposed 
to a model for bone remodeling. At that time, a co-culture of OBs with spleen cells or 
monocytes was the only way of generating functional OCs in vitro. It wasn’t until 1999 that 
Suda (Suda et al., 1999) 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 (Simonet et al., 1997; Teitelbaum, 2000; Udagawa et al., 1990). 
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This discovery marked the start of co-culture models developed for studying bone 
remodeling.  

In recent years, many research groups have ventured into the realm of OB-OC co-cultures 
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 + co-culture’ show only a fraction of available studies using OB-OC co-
cultures. Finding and comparing different co-culture 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 co-cultures 
published up to January 6, 2020. With this systematic review, we aimed at identifying all 
existing OB-OC co-culture 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 co-culture 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) (S1_File_Database_1). A sub-selection of studies that investigated these 
relevant outcome measures on both OBs and OCs in the co-culture was included in 
Database 2, accompanied by additional details on methods, culture conditions and cells 
(S2_File_Database_2). The collection of the two databases will further be referred to as a 
systematic map. The complete systematic map can be accessed through the following DOI: 
https://doi.org/10.1371/journal.pone.0257724 

 

2.3 Methods 
For this systematic map a structured search protocol was developed using the SYRCLE 
protocol format (de Vries et al., 2015). The protocol and search strings were made publicly 
available before completion of study selection via Zenodo (S. J. A. Remmers et al., 2020) 
to ensure transparency of the publication. 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 (Fig. 2.1): 1) identification of 
OB-OC co-cultures, 2) identification of relevant outcome measures, 3) categorization in 
Databases 1 and 2 (Fig. 2.2), 4) search for additional articles in the reference lists of studies 
included in Database 2 and relevant reviews.  
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Fig. 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 co-cultures. Screening step 2: OB-OC co-cultures 
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. Abbreviations: outcome measures (OM), Database 2 (DB2), osteoblast (OB), osteoclast (OC). 
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Fig. 2.2. Schematic overview of Databases 1 and 2. All identified studies were searched for OB-OC co-
cultures, where co-culture 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 co-culture 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). 
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2.3.1 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 [co-culture], 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 (S. J. A. Remmers et al., 2020). 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 (Ouzzani et al., 2016). The entire screening and data collection 
process was performed independently by two researchers. 

2.3.2 Screening step 1: Identification of OB-OC co-cultures 
This step was performed to identify and extract OB-OC co-cultures 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 (Ouzzani et al., 2016), the titles and abstracts were screened for the 
presence of primary studies using OB-OC co-cultures. 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.  

In the selection process, co-culture 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. 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 
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excluded because these do not allow real-time two-way exchange of cell signals. Explant 
cultures, organ cultures 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 co-culture as defined above, the study was 
included. When, based on the title and abstract, it was possible that there was a co-culture 
but this was not described as such, the full-text publication was screened.  

2.3.3 Screening step 2: Identification of relevant outcome measures in 
the co-culture experiments 

This step was used to identify co-cultures 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 (S1_File_Database_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. 

2.3.4 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 
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included. When, based on the title and abstract, it was possible that there was a co-culture 
but this was not described as such, the full-text publication was screened.  

2.3.3 Screening step 2: Identification of relevant outcome measures in 
the co-culture experiments 

This step was used to identify co-cultures 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 (S1_File_Database_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. 

2.3.4 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 
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the co-culture. These studies were also included in the in-depth screening for Database 2 
(S2_File_Database_2). 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 co-culture, the other cell type was neglected. 

2.3.5 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. 

2.3.6 Database 1 generation and analysis – All co-cultures 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.  

2.3.7 Quality assessment and scripting 
Database 1 only reports the methods used for analyzing relevant outcome measures, and 
not the data obtained from them or the results described in the publication. Quality 
assessment in Database 1 is thus limited to assessing the completeness of the necessary 
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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 related 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, and ‘undefined kit’, when a commercial kit was 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.  

A script was written in Excel Visual Basics programming language to analyze Database 1 
and extract relevant statistical information on the collected information. On sheet 2 “Data” 
of the Database 1 excel file, the descriptive statistical data and collected information are 
presented in the form of lists and tables and together with a button to re-run the analysis 
based on the reader's requirements. The script is integrated within the excel file and can 
be used only when the file is saved as a ‘macro-enabled’ file (.xlsm). 

2.3.8 Database 2 generation and analysis – All co-cultures 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 (Jemnitz et al., 2008), 
origin (cell line or primary) and cell type (Owen and Reilly, 2018) of both the OBs and 
OCs, seeding numbers, densities (Bitar et al., 2008) and ratios (Jolly et al., 2018) were 
collected or calculated. The culture surface (bio-)material (Jones et al., 2009), sample size, 
culture duration, medium refreshing rate, environmental conditions and pre-culture 
duration (De Vries et al., 2015) were collected if available. The medium components 
(Kyllönen et al., 2013) and supplements were extracted, as well as medium components of 
any monoculture prior to the co-culture. Finally, the tested genes of all studies applying 
PCR and any proteins studied with ELISA or other supernatant analyses executed on the 
co-culture were noted.  

2.3.9 Quality assessment and scripting 
In Database 2, the culture conditions, cells and materials used are reported, and not the 
data obtained from them or the results described in the publication. Quality assessment 
in Database 2 is thus limited to assessing the completeness of the necessary elements of 
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the collected methodological details, to the extent that the description of used methods is 
complete enough to be properly represented in Database 2 and related figures and tables. 
Publications in which information was missing are here represented as ‘not reported’ (NR) 
if no information was provided, or ‘reference only’ if no information was provided but 
another study was referenced. If studies were missing information critical to reproduce 
the outcome measures (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.  

Three scripts were written using Excel Visual Basics programming language to analyze 
and process Database 2. One script counts all instances of cells labeled as ‘missing info’ 
and present this number in two dedicated columns (missing critical or non-critical info). 
One script counts the frequency of occurrence of all (co-)authors and years of publication. 
Finally, one script analyzes this database and extracts relevant descriptive statistical data 
on the collected information. On sheet 2 “Data” of the Database 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).  

2.4 Results 
2.4.1 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.  

2.4.2 Studies included into Database 1 and 2 
After screening step 1, 694 studies remained as OB-OC co-cultures. A list of these studies 
is available as a supplementary file (S4_File_List of all OB-OC co-cultures). 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 
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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 co-cultures 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 Fig. 2.1.  

2.4.3 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 (Fig. 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 (Suda et al., 1999). The included publications in Database 2 span the time between 
1997 and 2019, with only 8 publications before 2010 (Fig. 2.3b). This coincides with the 
progress in development of in vitro co-cultures of OBs and OCs, moving beyond co-
cultures with OBs to generate OCs, and moving towards co-cultures of OBs and OCs to 
study for example cell-cell interactions (Owen and Reilly, 2018).  

Fig. 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). 
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2.4.4 Database 1 results 
Database 1 provides an overview of all OB-OC co-culture 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). 

2.4.4.1 Resorption 
Out of all 255 OB-OC co-culture publications included in Database 1, resorption was 
studied directly on 188 occasions in 181 studies and quantified 142 times (Table 2.2 + Table 
2.3). In some publications, more than one material or method of analysis for resorption 
was used. Different materials in the same publication were counted as different studies, 
resulting in a counted number of studies that is higher than the actual number of 
publications.  

Most studies used discs or fragments of either bone or dentine, visualizing resorption pits 
directly or after contrast enhancement with stainings. Resorption on bone fragments was 
quantified using radioimmunological assays measuring the release of in vivo pre-labeled 
3H-proline or type I collagen telopeptide. Synthetic resorbable discs or coatings on culture 
plates will further be referred to as ‘osteologic’ plates or discs. Their exact composition is 
usually not revealed. Resorption of osteologic plates reveal the translucent culture plate, 
while unresorbed areas are less translucent and can be contrast-enhanced with for 
example von Kossa’s method, facilitating image analysis.  

Hydroxyapatite (HA) and other calcium phosphates were used in the form of discs, films, 
coatings, or scaffolds and were analyzed using various types of microscopy, both with 
and without prior staining. Resorption of ECM or nodules produced by OBs and scaffolds 
mineralized by OBs were investigated with transmission electron microscopy (TEM), light 
microscopy after staining, 2-photon Second Harmonic Generation microscopy (Hikita et 
al., 2015), supernatant phosphate levels, or with an ELISA for C-terminal telopeptide 
(CTx) or N-terminal telopeptide (NTx), which are bone turnover marker more commonly 
used for testing urine and serum samples.  

2.4.4.2 Formation 
Out of all OB-OC co-cultures included in Database 1, formation was studied directly 39 
times in 37 studies and quantified 29 times (Table 2.4). In some studies, more than one 
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method of measuring, analyzing and quantifying formation was used. In those cases, all 
methods are counted as individual studies. The methods were divided into 5 types: 
nodule analysis, volume analysis, surface analysis, supernatant analysis and 3D scans.  

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 

Se
co

nd
ar

y 
ou

tc
om

es
 

m
ea

su
re

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 

 Table 2.2. Occurrences of resorption on different types of substrates and subsequent analyses. Each 
column signifies a different material used as a substrate for measuring resorption. The first rows show how
many instances of each material were included into this systematic map in total, and how many times the results 
were quantified. The final column shows incremental totals per material type or analysis type. This table
consists of two sections. The top section shows in what form or shape the corresponding materials were used as 
a substrate for resorption. The bottom section shows the techniques that were used to study the resorption
described on the materials described in the top section. Each individual study is represented exactly once in the 
top section of the table to signify the type and form of the substrate used, and exactly once in the bottom section 
of the table to signify the method used to analyze the resorption that occurred on these substrates. This required 
the selection of the most ‘important’ part of the methods used. In the cases where first a staining was used
followed by microscopy, only the staining is listed. Only in those cases where resorption was investigated
directly with a microscope without prior staining, the type of microscopy is listed. ‘Mineralized’ = A priori
mineralized matrix by other cells. 



20 | P a g e  

method of measuring, analyzing and quantifying formation was used. In those cases, all 
methods are counted as individual studies. The methods were divided into 5 types: 
nodule analysis, volume analysis, surface analysis, supernatant analysis and 3D scans.  

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 

Se
co

nd
ar

y 
ou

tc
om

es
 

m
ea

su
re

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 

 Table 2.2. Occurrences of resorption on different types of substrates and subsequent analyses. Each 
column signifies a different material used as a substrate for measuring resorption. The first rows show how
many instances of each material were included into this systematic map in total, and how many times the results 
were quantified. The final column shows incremental totals per material type or analysis type. This table
consists of two sections. The top section shows in what form or shape the corresponding materials were used as 
a substrate for resorption. The bottom section shows the techniques that were used to study the resorption
described on the materials described in the top section. Each individual study is represented exactly once in the 
top section of the table to signify the type and form of the substrate used, and exactly once in the bottom section 
of the table to signify the method used to analyze the resorption that occurred on these substrates. This required 
the selection of the most ‘important’ part of the methods used. In the cases where first a staining was used
followed by microscopy, only the staining is listed. Only in those cases where resorption was investigated
directly with a microscope without prior staining, the type of microscopy is listed. ‘Mineralized’ = A priori
mineralized matrix by other cells. 

21 | P a g e  

Materials used as a resorbable substrate for measuring resorption 
Shapes, structures and types of 
materials used as resorbable 
substrate for analysis of 
resorption. 
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Per-material total number of 
studies 76 66 6 5 2 4 1 1 19 6 2 188 
Per material quantified studies 55 52 3 4 1 4 0 0 17 4 2 142 

Sh
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or
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l 

Discs 76 63 2 2 13 156 

Films 2 4 1 1 8 

Coatings 2 1 3 

Scaffolds 1 1 3 5 

Hydrogels 1 1 

ECM 2 2 

Nodule 1 1 

Fragments 3 3 

Substrates 1 1 

Plates 6 6 

Not reported 2 2 
Analysis techniques for 
analzying resorption on 
resorbable substrates. 
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Toluidine Blue 36 19 55 

Haematoxylin 16 2 18 

Eosin 1 1 

H&E 1 1 

Alum / Coomassie Blue 1 1 

TRAP 1 1 

Von Kossa 2 4 1 7 

M
ic

ro
sc

op
y

Phase contrast 1 4 5 

SEM 12 37 5 3 1 1 59 

TEM 1 1 2 

2-Photon 1 1 

Atomic force 1 1 1 3 

Reflected light 8 2 10 

Dark field 1 1 

Light microscopy 6 6 

O
th

er
 

Assay 1 1 

Immuno-assay 3 3 1 7 

MicroCT 1 1 2 

Reference only 2 2 

Not reported 1 1 2 1 5 

Total per material 76 66 6 5 2 4 1 1 19 6 2 188 

2



22 | P a g e  

Table 2.3. Supernatant resorption techniques. This table presents five resorption analyses that can be 
measured in the culture supernatant and not on the material itself. They are presented separately because they 
were done in addition to ‘regular’ analyses. 

Table 2.4. Occurrences of different methods of formation detection and subsequent analyses. Each 
column signifies a different type of analysis used for measuring formation. The first rows show how many 
instances of each type of analysis were included into this systematic map in total, and how many times the 
results were quantified. The final column shows marginal totals per row of each row. This table consists of two 
distinct sections, each starting with a row showing all analysis types for convenience. The first section lists 
defining characteristics of studies such as using films, scaffolds, hydrogels or pellets, or using a technique to 
first stain tissue, and then releasing and measuring the released dye. Not each study had such defining 
characteristics, and the total of section one does not add up to 39 studies. Section two shows either which 
materials was measured, or which technique was used for measuring formation. Each instance of formation is 
represented in section two of this table exactly once.  

Type of analysis used to measure formation 
Technique Scan Nodule 

analysis 
Supernatant 
analysis 

Surface 
analysis 

Volume 
analysis 

Per-row 
Total 

Total 3 20 6 5 5 39 
Quantified 3 12 6 3 5 29 

M
ea

su
re

d 

Scaffold 2 1 1 3 2 9 
Film 1 1 1 2 5 
Hydrogel 1 1 
Pellet 1 1 2 
Dye release 5 5 
Analysis Scan Nodule 

analysis 
Supernatant Surface 

analysis 
Volume 
analysis 

Per-row 
Total 

St
ai

ni
ng

 H&E 1 1 
Von Kossa 2 1 3 
Alizarin Red 16 16 
Lentiv. Fluor. 1 1 

A
ss

ay

Calcium 3 3 
Ca + P 2 2 
CICP 6 6 

Sc
an

 SEM 1 3 4 

microCT 3 3 

Per-analysis Total 3 20 6 5 5 39 

Supernatant Analysis techniques 
per material used for analysis of 
resorption.  
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The most common method to quantify formation was investigating mineralized nodule 
formation by staining techniques and/or imaging. Alizarin Red staining could be 
quantified by releasing the dye from the minerals using acetic acid, followed by 
spectrophotometry (Schroder et al., 2012). Surface analysis was to study mineralization on 
scaffolds, films, or particles. Scaffolds were stained and/or imaged, and the area of matrix 
deposition was visualized or quantified. Volume analysis was used to describe the 
measurement of mineralized tissue components calcium and phosphate, which were 
released after destruction of the matrix. The types of formation measurement above are 
destructive methods, requiring sacrifice of the samples. 

Non-destructive methods include supernatant analysis to describe the measurement of 
Collagen type I C-terminal propeptide (CICP), a byproduct of collagen deposition, in cell 
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intracellularly or excreted into the medium, either by measuring its enzymatic 
phosphatase activity directly, or by quantifying the amount of TRAP molecules present. 
TRAP release was studied both on cell lysate and on supernatant, and in some cases on 
both. The most frequently used method to study TRAP activity was using 4-
nithophenylphosphate (pNPP). Others used the fluorophore Naphthol ASBI-phosphate 
(Vaughan et al., 1971) which shows specificity for TRAP isoform 5b (Janckila et al., 2001). 
Naphtol ASMX phosphate (Davidov, 1967) and an otherwise undisclosed diazonium salt 
function in a similar manner. Enzyme linked Immunosorbent Assay (ELISA) was used to 
detect TRAP using conjugated enzymes or fluorophores. Others used a kit to detect TRAP, 
but no description of the assay other than the manufacturer were given.  

2.4.4.4 ALP measurements as a surrogate marker of osteoblastic tissue formation 
Bone turnover marker ALP was studied in 42 publications (Table 2.6). ALP was most 
frequently measured using pNPP as substrate which is converted by ALP itself. Enzyme 
Immuno Assays (EIA) and ELISAs are immunoenzymatic assays (Lequin, 2005) that label 
ALP molecules with a detectable substrate or other enzymes. Others used a kit to measure 
ALP, but no description of the assay other than the manufacturer were given.  
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Table 2.5. TRAP measurement techniques and analyses. Each column in this table signifies a different 
technique to measure TRAP. This table consists of two distinct sections. The first section shows the number of 
studies that used each technique, and whether these were used on (lysed) cells or on culture supernatant. The 
second section shows with which method of analysis the TRAP content was analyzed. If one study measured 
TRAP on both cells and supernatant, then that study is represented twice in both sections resulting in a higher 
count of occurrences than number of studies that analyzed TRAP. In all other cases, each study is represented 
once in each section.  

Type pNPP N-ASBI-P N-ASMX-P ELISA Diazonium 
salt 

Undefined 
kit 

Reference Not 
reported 

Total

Total 33 5 1 9 1 9 4 1 63 

Lysed cells 29 5 1 1 3 2 41 

Supernatant 6 7 1 6 2 22 

Reference only 1 1 

Not reported 1 1 2 

Analysis pNPP N-ASBI-P N-ASMX-P ELISA Diazonium 
salt 

Kit Reference Not 
reported 

Total

absorbance 33 1 8 6 2 1 51 

Fluorescence 5 5 

Reference only 2 1 1 2 6 

Not reported 4 4 

Table 2.6. ALP measurement techniques and analysis. Each column signifies a different technique to 
measure ALP. The first rows show the occurrence of each technique and whether these were used on (lysed) 
cells, or on culture supernatant. The final three rows show with which method of analysis the ALP content was 
measured. In a single study ALP can be measured with the same technique on both cell lysate and culture 
supernatant, resulting in a higher count of occurrences than number of studies that analyzed ALP. 

ALP measurement techniques 

Type pNPP EIA ELISA Undefined kit Total 

Su
bs

tr
at

e Total 26 8 1 7 42 

Lysed cells 19 1 6 26 

supernatant 8 7 1 2 18 

D
et

ec
tio

n absorbance 25 8 1 3 37 

Reference only 2 2 

Not reported 5 5 
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2.4.5 Database 2 results 
While Database 1 provides an overview of all reported methods to study the relevant 
outcome measures (resorption, formation, TRAP and ALP), Database 2 provides more 
experimental details such as culture conditions used for co-cultures.  

2.4.5.1 Osteoblasts 
Database 2 included 39 studies. Table 2.7 presents the cell types at the start of the co-
culture. Most studies used human primary cells. Almost half of the studies started the co-
culture 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 
(Lindner et al., 2010), some cell descriptions in Table 2.7 might refer to identical cell 
populations. 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 (Lindner et al., 
2010). Those that used primary OBs purchased expandable human OBs (Clarke et al., 2013) 
or used OBs (Kadow-Romacker et al., 2013), undefined expanded bone cells (Hammerl et 
al., 2019), or differentiated MSCs (Bongio et al., 2016) from bones obtained during a 
surgical procedure. OB Seeding densities ranged from 0.9×103 cells/cm2 to 60×103 cells/cm2 
with a mean of 11×103 cells/cm2 (N = 26) in 2D (Fig. 2.4a) and from 0.3×103 cells/cm3 to 7×103 
cells/cm7 with a mean of 15×106 cells/cm3 (N = 6) in 3D (Fig. 2.4d).  
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Table 2.7. 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 primary 4 9 2 6 1 22 

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 

Fig. 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 co-cultures (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. 
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2.4.5.2 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 2.8). 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 
(Domaschke et al., 2006), all studies used cells of exclusively a single species for the OB 
and OC source. Only one study claimed to introduce OCs directly into co-culture but 
failed to provide any information regarding the cell source and was therefore ignored 
from further investigation. 

The OC seeding density ranged from 5×103 cells/cm2 to 15×106 cells/cm2 with a mean of 
190×103 cells/cm2 (N = 25) in 2D (Fig. 2.4b) and from 20×103 cells/cm3 to 70*106 cells/cm3 
with a mean of 17×106 cells/cm3 (N = 6) in 3D (Fig. 2.4e). Seeding ratios of OB:OC in 2D 
varied highly and ranged from 1:1500 to 1:1 (Fig. 2.4c). seeding ratios of OB:OC in 3D 
ranged from 100:1 to 1:25 (Fig. 2.4f).  

2.4.5.3 Co-culture 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. 8 different base (or complete) 
media were reported (Fig. 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% (Fig. 
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. 
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Table 2.8. 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.  
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Human primary 10 6 1 3 20 

Human cell line 4 4 

Mouse primary 2 2 2 6 

Mouse cell line 2 2 

Rat primary 3 1 4 

Chicken primary 2 2 

Reference only 1 1 

Total 16 11 5 5 1 1 39 

Fig. 2.5. Medium components used by studies in Database 2. (A) The occurrence of all identified base and 
complete media used during the co-culture phase of each study. (B) Serum concentrations during the co-culture 
phase of each study. (C) OC supplements administered during the co-culture phase of each study. Please note 
that the x-axis has a linear distribution. (D) Osteogenic supplements during the co-culture phase of each study. 
Please note that the x-axis has a logarithmic scale. Individual concentrations or molarities are shown as blue 
dots. 
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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 (Fig. 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 (Fig. 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.

2.5 Discussion 
In recent years, many research groups have ventured into the realm of OB-OC co-cultures 
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 co-cultures 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 co-culture 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 co-culture 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 (S1_File_Database_1). A sub-selection 
of studies that have relevant outcome measures investigated on both OBs and OCs in the 
co-culture are shown in Database 2, accompanied by additional details on methods, 
culture conditions and cells (S2_File_Database_2).  

2.5.1 Resorption 
Most studies in Database 1 investigating resorption did so in 2D cultures using a 
resorbable substrate such as bone, dentine, or synthetic osteological discs. This is not 
unexpected, as these three options are either the actual in vivo material (bone), a similar 
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material with excellent properties for studying resorption (dentine) (Boskey, 2007), or a 
material designed specifically for the purpose of studying resorption (osteologic discs or 
coated wells). Dentine is a component of ivory, usually obtained from elephants (Armour 
et al., 2001), hippo’s (Buckley et al., 2002) or sperm whales (Lalande et al., 2001). 
Regulations regarding ivory are strict and the material is rare, making it difficult to obtain. 
One crucial advantage of using dentine over bone is related to the native structure of 
dentine itself: it does not contain canaliculi and has fewer other irregularities, providing 
more contrast between the native structure and resorption pits to accurately visualize 
them (Boskey, 2007; Rumpler et al., 2013). The advantages of bone over dentine are that 
bone is the actual tissue of interest, it can be obtained from many different species in 
relevant quantities and sizes, it can be prelabeled in vivo with radioactive markers such as 
3H-proline (Teti et al., 1991), and could be used in conjunction with cells from the same 
species or even same animal, although the latter was not observed in this map. Synthetic 
osteologic discs have the advantage of being produced in a uniform manner and should 
show little sample-to-sample variation compared to discs made from animal tissue or 
hand-made discs. Using well plates with thin osteologic coatings has the advantage that 
once the coating is resorbed the translucent well below is revealed, which facilitates 
imaging with light microscopes. Combined with certain stainings, it makes quantifying 
resorbed area using conventional light microscopy easier.  

It is believed that the deposition of collagen type I by osteoblasts is a vital step in the 
formation of mineralized tissue (de Wildt et al., 2019), and similarly could play a role in 
the resorption thereof. When using collagen-based materials, techniques such as NTx 
(Rossi et al., 2018) and CTx (Krishnan et al., 2014) can be used. These bone turnover 
markers are used in the clinic and can quantify resorption by analyzing the liberated 
collagen fragments in the supernatant (Shetty et al., 2016). It is possible to generate the to-
be-resorbed material in vitro by OBs (Krishnan et al., 2014), even within the same 
experiment. This simulates a bone remodeling environment that is a step closer to the 
physiological process of bone remodeling versus only resorption, although in vivo the 
order is typically reversed: first, ECM is resorbed by OC, then new ECM is deposited by 
OB (Delaisse, 2014). However, the process of creating a mineralized matrix may introduce 
a variation in substrate size even prior to initiating the co-culture (S. Remmers et al., 2020). 

Because most studies were conducted in 2D, most resorted to using various types of 2D 
microscopy to analyze resorption, usually after staining to increase contrast. This can 
facilitate the quantification of resorbed area using image analysis software but is usually 
limited to a quantification of surface area, whereas resorption is a three-dimensional 
process. While methods exist to reconstruct a set of stereoscopic 2D images into 3D height 
maps (Chan et al., 2004), these were not identified within the studies in either database of 
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this systematic map. Instead, one could also consider techniques that can directly quantify 
the resorbed volume. Examples are 2-photon microscopy for thin samples and micro 
computed tomography (µCT) (Hagenmüller et al., 2007). Due to the non-destructive 
nature of µCT, it is well suited to monitor mineralized volume change over time within 
the same samples over a longer period of time (Hagenmüller et al., 2007; Melke et al., 2018; 
S. Remmers et al., 2020). 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 (S. Remmers et al., 2020). The
usefulness of such a monitoring tool is however dependent on the envisaged resolution
versus the corresponding potential cell-damage caused by radiation exposure
(Kraehenbuehl et al., 2010; Yang et al., 2012), and requires the use of sterile scannable
culture vessels, which poses some practical constraints. While µCT in this map is
predominantly used on 3D samples, one study used it to quantify the thickness of
mineralized films and combined that data with a surface metrological analysis (Hayden
et al., 2014).

Overall, the golden standard (bone and dentine discs) remains the most-used method to 
study 2D resorption, although alternatives such as osteological coatings offer new and 
easy ways of quantification. Compared to 2D cultures however, 3D cultures are under-
represented in this systematic map. Only 24 studies were labeled as 3D co-cultures in 
Database 1, the first being published only in 2006 (Domaschke et al., 2006). From these we 
learn that studying 3D resorption remains a challenge, with the only identified viable 
options for quantification being µCT imaging and supernatant analysis techniques such 
as NTx and CTx. 

2.5.2 Formation 
Bone formation is a multi-step process in which properly stimulated OBs lay down a 
framework of type I collagen, which in turn is mineralized with calcium phosphate (de 
Wildt et al., 2019). No single method of measuring formation confirms the occurrence of 
each step in this process, instead relying on the assumption that the confirmed presence 
of one step indicates the presence of the entire process.  

With most studies being 2D co-cultures, it is no surprise that most formation analyses 
were stainings. Of these, Alizarin Red is particularly interesting due to the possibility of 
quantifying the amount of bound dye, which correlates to the amount of calcium 
(Schroder et al., 2012). A risk when using this method on larger samples is that it is not 
certain how far both dye application and dye extraction penetrate the material. This 
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should not affect relative comparisons between different sample groups but could lead to 
underestimations of calcium deposition. By completely lysing the samples and directly 
measuring the exact amount of calcium or phosphate (Hayden et al., 2014a; Loomer et al., 
1998) this risk could be avoided, at the cost of not gaining information on the distribution 
of calcium or phosphate through the sample.  

The two types of non-destructive formation measurements, CICP and µCT, are 
coincidently well-suited for the analysis of three-dimensional co-cultures. Because of their 
non-destructive nature, they can be used to measure the same sample repeatedly and prior 
to destructive techniques. CICP measurements (Boanini et al., 2015) have no negative 
effects on the co-culture, requiring only a culture supernatant sample. The use of µCT 
leads to both quantification and visualization of mineralization within the same sample 
over time but needs some consideration because the same constraints described for 
resorption apply here as well.  

Overall, 2D nodule stainings were the most frequently used method to measure formation. 
Combined with Alizarin Red dye release these provide an easy way to quantify 
mineralization, though CICP supernatant analysis and µCT techniques provide a non-
destructive alternative that can also be used for 3D co-cultures.  

2.5.3 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 (Golub and Boesze-Battaglia, 2007) and TRAP has been associated with 
migration and activation of OC (Sheu et al., 2003). Their presence is not conclusive proof 
that formation and resorption are occurring because ALP is expressed already in 
differentiating MSCs (Kim et al., 2012) and TRAP is expressed on monocytes as well (S. 
Remmers et al., 2020). 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 (Vaughan et al., 1971) rely on a similar principle, and show an 
increased specificity for TRAP isoform 5B in particular (Janckila et al., 2001). 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 
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can be affected by for example freeze-thaw cycles and long-term storage, which is a likely 
occurence 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 (Engvall and Perlmann, 1971) detect the 
presence and not the activity of these enzymes instead. These methods have the capacity 
to detect low protein concentrations 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 (Halleen et al., 2006), whereas isoform 5a is also expressed by 
macrophages and dendritic cells (Halleen et al., 2002). While in a co-culture with pure 
populations of OB and OC this distinction would not be relevant, macrophages, 
macrophage-like cells and macrophage precursors (Young et al., 2015) can be used as 
precursors for OCs (Hikita et al., 2015), and thus express isoform 5a in co-culture. 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. 

2.5.4 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 
(Owen and Reilly, 2018), they can be obtained from human blood donations, and are 
thought to be better representatives for studying human physiology than cells of animal 
origin (Burkhardt and Zlotnik, 2013; Contopoulos-Ioannidis et al., 2003). 

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 
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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 
(Manolagas, 2000; Parfitt, 1994), 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 (Suda et al., 1999), 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 (Jemnitz et al., 
2008). Human donor cells tend to exhibit large between-donor variation compared to cell 
lines (Susa et al., 2004) and the number of cells acquired is limited and variable (Yang et 
al., 2018). 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 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.  

2.5.5 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 (Burkhardt and Zlotnik, 2013; 
Contopoulos-Ioannidis et al., 2003). 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 (Pittenger et al., 1999) and differentiate into OBs on a 1-1 ratio. The 
advantage of osteoprogenitors such as MSCs is that these are capable of extensive 
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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. 

2.5.6 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 co-culture 
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 (Vis et al., 2020).  

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 
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 (van der Valk et al., 2018) which can impact the 
results of an experiment tremendously. However, no study explains why each type and 
concentration of FBS was chosen.  
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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 (Suda et al., 
1999). However, OBs can produce RANKL and M-CSF themselves to trigger 
differentiation (Takahashi et al., 1988) and therefore the supplements are not necessarily 
required in co-culture. 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 (Langenbach and Handschel, 2013). 
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 co-culture 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.  

2.5.7 Seeding densities and seeding ratios 
Using the correct seeding densities plays a major role in proliferation and cell function of 
OBs (Bitar et al., 2008; Wiedmann-Al-Ahmad et al., 2002) and osteoclastic differentiation 
(Motiur Rahman et al., 2015). 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 
co-culture due to ongoing cell-division, differentiation, fusion and different expected life 
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spans 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 (Gruber et al., 1986), higher 
OC numbers than OB numbers are seen. 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. 

2.5.8 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 co-cultures have been included into the two databases. The search was 
limited by the necessary addition of a ‘co-culture’ search element. Co-culture 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.  
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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 co-culture. Instead, it allows searching through all relevant 
co-culture 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 that may have already (partly) studied one’s research question, or that 
can be used as a guide to design comparable experiments.  

2.6 Conclusion 
With this systematic map, we have generated an overview of existing OB-OC co-culture 
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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Chapter 3 
The effects of seeding density and supplement 
concentration on osteoclastic differentiation and 
resorption 

The contents of this chapter are based on: (Remmers et al., 2023b) 
Remmers, S. J. A., van der Heijden, F. C., Ito, K., Hofmann, S., 2023. The effects of seeding density 
and osteoclastic supplement concentration on osteoclastic differentiation and resorption. Bone 
Reports 18, 101651. https://doi.org/10.1016/j.bonr.2022.101651
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3.1 Abstract 
Much is still unknown about osteoclasts. Their limited in vitro availability, complex 
manner of differentiation and short lifespan make it challenging to study them. While 
many studies using osteoclast cultures have been done in the last decades, there is no 
consensus on the use of various culture parameters for in vitro research. The aim of this 
study was to investigate the effect of monocyte or peripheral blood mononuclear cell 
(PBMC) seeding density, osteoclastic supplement concentration and priming on the in 
vitro generation of functional osteoclasts, and to explore and evaluate the usefulness of 
commonly used markers for osteoclast cultures. Morphology and osteoclast formation 
were analyzed with fluorescence imaging for tartrate resistant acid phosphatase (TRAP) 
and integrin β3. TRAP release was analyzed from supernatant samples, and resorption 
was analyzed from culture on Corning® Osteo Assay plates. In this study, we have shown 
that common non-standardized culturing conditions of monocyte or PBMCs had a 
significant effect on the in vitro generation of functional osteoclasts. We showed how 
increased supplement concentrations support osteoclastic differentiation and resorption 
but not TRAP release, while priming resulted in increased TRAP release as well. Increased 
monocyte seeding densities resulted in more and larger osteoclasts, but not in more 
resorption or TRAP release. Increasing PBMC seeding densities resulted in more and 
larger osteoclasts and more resorption, although resorption was disproportionally low 
compared to the monocyte seeding density experiment. Exploration of commonly used 
markers for osteoclast cultures demonstrated that Iβ3 staining was an excellent and 
specific osteoclast marker in addition to TRAP staining, while supernatant TRAP 
measurements could not accurately predict osteoclastic resorptive activity. With 
improved understanding of the effect of seeding density and supplement concentration 
on osteoclasts, more reliable and reproducible osteoclast experiments can ultimately 
improve our knowledge of osteoclasts, osteoclastogenesis, bone remodeling and bone 
diseases. 
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study was to investigate the effect of monocyte or peripheral blood mononuclear cell 
(PBMC) seeding density, osteoclastic supplement concentration and priming on the in 
vitro generation of functional osteoclasts, and to explore and evaluate the usefulness of 
commonly used markers for osteoclast cultures. Morphology and osteoclast formation 
were analyzed with fluorescence imaging for tartrate resistant acid phosphatase (TRAP) 
and integrin β3. TRAP release was analyzed from supernatant samples, and resorption 
was analyzed from culture on Corning® Osteo Assay plates. In this study, we have shown 
that common non-standardized culturing conditions of monocyte or PBMCs had a 
significant effect on the in vitro generation of functional osteoclasts. We showed how 
increased supplement concentrations support osteoclastic differentiation and resorption 
but not TRAP release, while priming resulted in increased TRAP release as well. Increased 
monocyte seeding densities resulted in more and larger osteoclasts, but not in more 
resorption or TRAP release. Increasing PBMC seeding densities resulted in more and 
larger osteoclasts and more resorption, although resorption was disproportionally low 
compared to the monocyte seeding density experiment. Exploration of commonly used 
markers for osteoclast cultures demonstrated that Iβ3 staining was an excellent and 
specific osteoclast marker in addition to TRAP staining, while supernatant TRAP 
measurements could not accurately predict osteoclastic resorptive activity. With 
improved understanding of the effect of seeding density and supplement concentration 
on osteoclasts, more reliable and reproducible osteoclast experiments can ultimately 
improve our knowledge of osteoclasts, osteoclastogenesis, bone remodeling and bone 
diseases. 

41 | P a g e  

3.2 Introduction 
Osteoclasts are bone resorbing cells, that together with bone forming osteoblasts and 
regulating osteocytes are responsible for bone homeostasis. Monocytes are the main 
osteoclast precursors (Udagawa et al., 1990), and circulate in the peripheral blood 
(Henriksen et al., 2012; Kleinhans et al., 2015) as a portion of the peripheral blood 
mononuclear cells (PBMCs). Monocytes are recruited by osteoblasts and osteocytes 
(Graves et al., 1999; Kim et al., 2006) towards the site of resorption where they fuse 
together to form osteoclasts through biochemical signaling receptor activator of nuclear 
factor kappa-Β ligand (RANKL) and macrophage colony stimulating factor (M-CSF) 
(Takahashi et al., 1999; Teitelbaum, 2000; Yoshida et al., 1990).  

Much is still unknown about osteoclasts. Their limited availability, complex manner of 
attraction and differentiation, high between-donor variation (Flanagan and Massey, 2003; 
Husch et al., 2021) and short lifespan (Manolagas and Parfitt, 2010; Parfitt, 1994) make it 
challenging to study them. The use of immortalized cell lines such as murine RAW 264.7 
(Collin-Osdoby and Osdoby, 2012) or human THP-1 (Ke et al., 2019) partially mitigates 
the availability, between-donor variation and lifespan concerns. At the same time 
however, their unnatural immortality introduces a lifetime deviation from the in vivo 
situation, and they neglect the variation found in patients or healthy donors which 
ultimately limits translatability of the obtained results. The use of animal cells shares 
similar concerns for translation towards human health and disease (Burkhardt and 
Zlotnik, 2013; Contopoulos-Ioannidis et al., 2003). To study human bone remodeling, 
ideally human primary cells should be used (Owen and Reilly, 2018). 

Osteoclasts are defined as resorbing, multinucleated (≥ 3 nuclei), tartrate resistant acid 
phosphatase (TRAP) expressing cells with a clearly defined actin ring (Buckley et al., 
2005). TRAP, an enzyme secreted in the ruffled border, has been the dominant osteoclast 
marker for decades and has been linked to lacunar ATP hydrolysis, reactive oxygen 
species generation, and in vivo bone turnover (Hayman, 2008; Hayman et al., 1996; Kaunitz 
and Yamaguchi, 2008). However, TRAP expression is not exclusive to osteoclasts, as it is 
expressed in other cells (Hayman et al., 2001) including macrophages (Lord et al., 1990) 
who share a common monocyte precursor. More recently integrin β3 (Iβ3), an NF-κB-
associated cell-surface receptor (Antonov et al., 2011) with a role in actin ring formation 
(Lee et al., 2015) has been used as an osteoclast marker as well (Barbeck et al., 2017; 
Nakamura et al., 2007).  

While many studies using osteoclast cultures have been done in the last decades, there is 
no consensus on the various parameters that should be used for in vitro research such as 
seeding densities, medium composition and supplement concentrations (Remmers et al., 
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2021). However, it is generally agreed upon that so called ‘priming’ of monocytes with M-
CSF for a certain duration before the addition of RANKL has a beneficial effect on 
osteoclastogenesis (De Vries et al., 2015; Ross, 2006; Xu and Teitelbaum, 2013) in part 
because of its stimulatory effect on the expression of various genes including RANKL-
related tumor necrosis factor (TNF) (Hayes and Zoon, 1993; Lacey et al., 1998; Yasuda et 
al., 1998). A recent systematic map of osteoblast-osteoclast co-cultures showed that 
commonly used seeding densities ranged from 5 to 250 × 103 cells/cm2, and supplement 
concentrations of RANKL and M-CSF ranged from 10 to 100 ng/mL (Remmers et al., 2021). 
The large variation is surprising, considering that culture medium content (Mather, 1998; 
Shahdadfar et al., 2005) and cell seeding density (Kozbial et al., 2019) greatly affect 
osteoclastogenesis. Combined with the short lifespan of osteoclasts and the complex 
manner of obtaining them in meaningful numbers, these factors pose significant 
challenges to the design and execution of cell-culture experiments. A better understanding 
of the effect of these parameters on osteoclastogenesis, osteoclastic activity and resorption 
would result in more reliable and reproducible osteoclast experiments, ultimately 
improving our knowledge of osteoclasts, osteoclastogenesis, bone remodeling and bone 
diseases.  

The aim of this study was to investigate the effect of supplement concentration and 
seeding density on osteoclastogenesis and functionality. Additionally, we evaluated the 
usefulness of commonly used tests and markers for osteoclast cultures. 

3.3 Materials and Methods 
3.3.1 Materials 
Two human buffy coats were obtained from Sanquin (Eindhoven, Netherlands) after 
review and approval of the study by the Sanquin ethics review board. The buffy coats 
were collected by Sanquin under their institutional guidelines and with written informed 
consent per Declaration of Helsinki. Fetal Bovine Serum (FBS, batch F7524-500ML / lot 
BCBV7611) was from Sigma Aldrich / Merck (Zwijndrecht, The Netherlands). RPMI-1640 
medium was from Thermo Fisher Scientific (Breda, The Netherlands). 
Antibiotic/antimycotic (anti-anti) was from Life Technologies (Bleiswijk, The 
Netherlands). LymphoprepTM was from Axis-Shield (Oslo, Norway). MACS® Pan 
Monocyte Isolation Kit was from Miltenyi Biotec (Leiden, the Netherlands). Recombinant 
human M-CSF and recombinant human RANKL were from PeproTech (London, United 
Kingdom). Antibody Iβ3 (Orb248939, Mouse monoclonal) was from Biorbyt (Cambridge, 
United Kingdom). Antibody TRAP (Sc-30833, Goat polyclonal) was from Santa-Cruz 
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Biotechnology, Inc. (Heidelberg, Germany). Antibody Alexa 488 (715-545-150, Donkey-
anti-Mouse IgG H+L) was from Jackson ImmunoResearch (Cambridgeshire, United 
Kingdom). Antibody Alexa 488 (A11055, Donkey-anti-Goat IgG H+L) was from Molecular 
Probes (Eugene, OR, USA). Antibody Alexa 350 (A10035, Donkey-anti-Mouse IgG H+L) 
was from Invitrogen (Waltham, MA, USA). Thin bleach was from the local Jumbo grocery 
store (Stiphout, Netherlands). All other substances were of analytical or pharmaceutical 
grade and obtained from Sigma Aldrich / Merck (Zwijndrecht, The Netherlands). 

3.3.2 Methods 
3.3.2.1 Monocyte isolation 
Two human peripheral blood buffy coats from two separate healthy donors were obtained 
from the local blood donation center under informed consent. The buffy coats (±50 mL 
each) were processed independently in a similar manner as described previously (Bonito 
et al., 2019; S. Remmers et al., 2020). In short, they were diluted to 180 mL in sodium citrate 
dissolved in phosphate buffered saline (PBS) (0.6 % w/v) adjusted to pH 7.2 at 4 °C (citrate 
buffer). PBMCs were isolated by layering onto LymphoprepTM iso-osmotic medium 
(30 mL diluted buffy coat onto 16 mL LymphoprepTM) and centrifuging at 800 × g for 
30 min (lowest brake and acceleration). The PBMC layer was extracted using sterile 
Pasteur pipettes and PBMCs were washed 5 × with citrate buffer (350 × g for 10 min) to 
remove any remaining LymphoprepTM. PBMCs were used as is for one buffy coat, or 
further processed to isolate monocytes using the negative selection MACS® Pan Monocyte 
Isolation Kit as specified by the manufacturers’ instructions for the other buffy coat. Here, 
non-monocytes were labeled with magnetic microbeads and retained in a filter column 
(size LS) in a magnetic field, while unlabeled cells passed through and were collected to 
be used as monocytes in this study. 

3.3.2.2 Variation in RANKL and M-CSF supplement concentration 
250 × 103 monocytes per cm2 (n = 4 per group) were seeded in priming medium (De Vries 
et al., 2015) (RPMI-1640, 10 % FBS, 1 % Anti-Anti, 50 ng/mL M-CSF) on 24-well Corning® 
Osteo Assay plates and regular 24-well tissue culture plates in monolayer. Priming 
medium was replaced after 48 h with base medium (RPMI-1640, 10 % FBS, 1 % Anti-Anti) 
supplemented with 0, 12.5, 25, 50 or 100 ng/mL of both M-CSF and RANKL. Additionally, 
one group was seeded without priming medium and cultured directly in medium 
containing 50 ng/mL of both supplements. Medium was replaced 3 × per week for 2 
weeks. All wells received the same medium volume per medium change (1 mL per well). 
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3.3.2.3 Variation in monocyte/PBMC seeding density 
Monocytes were seeded at densities of 125, 150, 175, 200, 225 and 250 × 103 cells/cm2, and 
PBMCs were seeded at densities of 250, 300, 350, 400 450 and 500 × 103 cells/cm2 (n = 4 per 
group) in priming medium on 24-well Corning® Osteo Assay plates and regular 24-well 
tissue culture plates in monolayer. PBMCs were seeded at a higher density to partially 
compensate for the fact that only approximately 20 % of PBMCs are monocytes 
(Kleiveland, 2015). Priming medium was replaced after 48 h with osteoclast medium 
(RPMI-1640, 10 % FBS, 1 % Anti-Anti, 50 ng/mL M-CSF and RANKL). Medium was 
replaced 3 × per week for 2 weeks. All wells received the same medium volume per 
medium change (1 mL per well). 

3.3.2.4 TRAP release quantification 
Samples of cell culture supernatant were taken prior to each medium change and stored 
at -80 °C. 20 µL sample or p-nitrophenol standard in assay buffer (0.1 M sodium acetate, 
0.1 % (v/v) Triton X-100 in PBS adjusted to pH 5.5) were incubated for 90 min at 37 °C with 
100 µL para-nitrophenylphosphate (pNPP) buffer (1 mg/mL pNPP + 30 µL/mL tartrate 
solution in assay buffer). Stop solution (100 µL 0.3 M NaOH in ultra-pure water) was used 
to stop the reaction after 90 min. Absorbance was measured at 405 nm with a Synergy 
HTX Multi-Mode microplate reader (BioTek, Winooski, United States). 

3.3.2.5 Immunofluorescent labelling 
The cells cultured in plastic well-plates were fixed in 10 % neutral buffered formalin for 
10 min, permeabilized with 0.5 % Triton X-100 in PBS for 10 min, blocked with 10 % horse 
serum in PBS for 30 min, washed with wash buffer (50 nM Tris pH 7.4, 150 mM NaCl, 
5 mM EDTA, 0.05 % NP-40, 0.25 % gelatin). Cells were labeled with one of three marker 
combinations: TRAP + actin + DAPI with Alexa 488 donkey-anti-goat secondary antibody, 
Iβ3 + actin + DAPI with Alexa 488 donkey-anti-mouse secondary antibody, or TRAP + Iβ3 
+ actin with Alexa 488 donkey-anti-goat and Alexa 350 donkey-anti-mouse antibodies. The 
cells were incubated with primary antibodies for osteoclast markers TRAP and/or Iβ3
overnight at 4 °C (1:100 in wash buffer + 10 % horse serum). The next day, the cells were
washed with wash buffer and incubated for 1 h with the respective secondary antibodies
(1:300), TRITC-conjugated-Phalloidin (1:200) for actin and DAPI (1:1000) for nuclei in
wash buffer. The cells were washed with PBS and imaged with a thin layer of PBS in the
wells. Fluorescence images were taken with a Axiovert 200M microscope (Carl Zeiss
Microscopy, Oberkochen, Germany).
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3.3.2.6 Resorption on Osteo Assay plates 
Cells on the Corning® Osteo Assay plates were removed using thin bleach (5 %) for 5 min. 
The wells were washed with ultra-pure water and dried at 50 °C. Bright field images were 
taken with a Axio Observer Z1 microscope (Carl Zeiss Microscopy, Oberkochen, 
Germany). Multiple images were stitched together to cover the complete surface area of 
the wells. An area of 3 by 5 stitched images completely within the well was cropped and 
used for image analysis. Images were binarized manually or in small batches using a 
combination of Matlab R2022a, Ilasik version 1.0 (Berg et al., 2019), and ImageJ (Schneider 
et al., 2012) with Fiji (Schindelin et al., 2012) to create as accurate as possible binarizations. 
From these, the percentage of resorption was calculated. Staining was not necessary for 
this method. An area of 3 by 5 stitched images was selected to improve Ilastik machine 
learning and binarization results, because light and well-shape artifacts around the edges 
of the wells obstructed the machine learning algorithm. A pixel classification algorithm 
was used in Ilastik, where areas of resorption and unresorbed areas were manually labeled 
to teach Ilastik how to recognize these in the current and subsequent images. The result 
was visually judged per image, and the algorithm was corrected and reapplied as 
necessary. 

3.3.2.7 Statistical analysis 
Quantitative data is represented as mean ± standard deviation (SD) and was analyzed 
using GraphPad Prism version 8. Data used for statistical analysis was tested for normality 
using the Shapiro-Wilk normality test and was normally distributed. Resorption data was 
analyzed with a Student’s T-test or a One-Way Analysis of Variances (ANOVA). TRAP 
release data was compared using a Repeated Measures ANOVA. Bonferroni correction 
was used to account for multiple post-hoc comparisons. Geisser-Greenhouse correction 
was used to account for unequal variances. Differences were considered statistically 
significant at a level of p < 0.05. Where multiple comparisons were listed as a single 
difference, only the least significant (highest) p value was listed. Notable significant effects 
were numbered in the results section and in the figures using unique sequential 
numbering throughout this study. 
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3.4 Results 
3.4.1 Supplement concentration affected osteoclast generation, TRAP 

release and resorption in monocytes 
Monocytes were cultured in culture media with one of 6 concentrations of RANKL and 
M-CSF after a common priming phase of 2 days. Fluorescence imaging showed that at
0 ng/mL, minor TRAP expression was detected in monocytes, but Iβ3 expression or
multinucleated cells were not (Fig. 3.1a, f, k). TRAP and Iβ3 positive multinucleated cells
were detected at 12.5 ng/mL where all Iβ3-positive cells were small. Higher concentrations
led to more and larger multinucleated cells (Fig. 3.1b-e, g-j, l-o), but above 25 ng/mL this
increase seemed no longer proportional.

TRAP release analysis showed that TRAP release by monocytes increased sharply in all 
groups until day 7 (Fig. 3.2a). As expected, the 0 ng/mL group stopped releasing TRAP 
after this initial release that was likely caused by the priming phase. In all other groups, 
TRAP release continued and increased until the end of culture. Remarkably, TRAP release 
per well was similar for all concentrations except the 0 ng/mL group. Resorption data 
showed only resorption after culture with any non-zero concentration of added 
osteoclastic supplements (Fig. 3.2b). No resorption took place without these supplements, 
even though all cultures were primed for 2 d. Increasing supplement concentrations 
resulted in more resorption. 

Priming of monocytes resulted in more TRAP release (Fig. 3.2c) and resorption (Fig. 3.2d) 
compared to the control group without priming. The unprimed group was cultured 
directly in 50 ng/mL of both supplements and showed considerably less resorption than 
the primed 50 ng/mL group but similar resorption as the 25 ng/mL group. While the 
observed difference was substantial, it was not statistically significant. An example of fully 
imaged Osteo Assay well, the area selected for analysis and the binarized image thereof 
are shown in Fig. 3.2e – g respectively.  

3.4.2 Monocyte seeding density affected osteoclastic differentiation, 
but not TRAP release or resorption 

Monocytes were seeded at 6 densities (125, 150, 175, 200, 225 and 250 × 103 cells/cm2) to 
investigate how different seeding densities affect multinuclear cell generation, resorption, 
and TRAP release. TRAP- and Iβ3-positive cells were seen at all seeding densities. The 
number of large multinucleated cells increased slightly with seeding density, although 
their size and number of nuclei per cell did seem to increase substantially as monocyte 
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seeding density increased (Fig. 3.3). Unexpectedly, TRAP release results (Fig 3.4a) 
suggested that there is very little difference in TRAP release between monocyte seeding 
densities. Remarkably, there were some significant differences between the 125 and 150 × 
103 cells/cm2 groups vs. 200, 225 and 250 × 103 cells/cm2 groups, suggesting that lower 
seeding densities resulted in higher TRAP release. 

Resorption analysis matched these findings and showed that similar amounts of 
resorption occurred for all monocyte seeding densities (Fig. 3.4b), while increased seeding 
densities were expected to result in more resorption. The highest amount of resorption 
was measured in the 150 × 103 cells/cm2 group, one of the lowest seeding densities, 
although none of the differences between groups were statistically significant. 

3.4.3 PBMC seeding density affected multinuclear cell generation and 
resorption, but hardly affected TRAP release 

PBMCs were seeded at 6 densities (250, 300, 350, 400, 450 and 500 × 103 cells/cm2) to 
investigate how different seeding densities affected multinuclear cell generation, TRAP 
release and resorption. Fluorescence imaging revealed that TRAP expression was present 
at all seeding densities (Fig. 3.5g - r). While there were no clearly visible multinucleated 
TRAP positive cells until a PBMC seeding density of 400 × 103 cells/cm2 (Fig. 3.5j), Iβ3-
positive cells were already seen starting at 300× 103 cells/cm2 (Fig. 3.5b). Considering the 
qualitative nature of immunohistochemistry, this difference was likely a result of chance. 
Only at the highest seeding density, there was a similar number of large multinucleated 
cells as observed in the monocyte cultures (Fig. 3.5l + r). 

TRAP release showed no large differences between the seeding densities (Fig. 3.6a). On 
two occasions, the 250 and 300 × 103 cells/cm2 (*11 and *12) groups released significantly 
more TRAP than higher seeding densities, but these effects were not consistently present. 
Although remarkably, lower seeding densities seemed to release slightly more TRAP than 
higher seeding densities. This was in line with the observations made in the monocyte 
seeding density experiment. 

Resorption correlated with seeding density, and gradually increased as seeding density 
increased (Fig. 3.6b). Despite the high resorption of the 400 × 103 cells/cm2 group with large 
SD, resorption followed a linear trend that was almost significant (p = 0.079). While there 
were clear differences between the resorption of the seeding densities and a trend is 
evident, none of these were significant after post hoc Bonferroni correction for multiple 
comparisons. 
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 Fig. 3.1. The size and number of osteoclasts increases as supplement concentrations increased in
monocyte cultures. Monocytes were seeded at different densities, cultured, and stained in one of three ways
to compare TRAP and Iβ3 stains. (A – E) Iβ3, actin and DAPI staining showed that RANKL and M-CSF are
required for Iβ3 expression. At 12.5 ng/mL, Iβ3-positive cells were present, but remain small. At 25 ng/mL and 
higher, Iβ3-positive cells appeared larger and more numerous. It was not clear if concentrations of 50 and
100 ng/mL result in even more or larger Iβ3-positive cells than at 25 ng/mL. (F – J) TRAP, actin and DAPI
staining showed minor TRAP expression at 0 ng/mL but showed no evidence of multinucleated cells.
Multinucleated TRAP-positive cells were seen at 12.5 ng/mL, but only at 25 ng/mL they became larger with
many more nuclei. Concentrations higher than 25 ng/mL seemed to result in even more TRAP expression. (K 
– O) TRAP, actin and Iβ3 staining showed combined TRAP-Iβ3 expression predominantly in larger and
multinucleated cells. Examples of multinucleated TRAP or Iβ3 positive multinucleated cells were indicated 
with white arrowheads. 

Fig. 3.2. Supplement concentration affected resorption but not TRAP release in monocyte culture. (A) 
TRAP release increased near-equally in all groups except the 0 ng/mL group, which from day 9 onward deviated 
from all groups (*1: p ≤ 0.024). (B) Higher osteoclastic supplement concentrations resulted in more resorption 
after 14 days, showing a significant linear trend over all data (p < 0.001). The difference between 0 and 
12.5 ng/mL was not significant (ns) (p = 0.64). All other differences were statistically significant (*2: p = 0.004, 
*3: p = 0.032, *4 p < 0.001). (C) TRAP release of the primed group was significantly higher than that of the not 
primed group from day 4 onward (*5: p ≤ 0.024). (D) Resorption analysis shows a substantial but not
statistically significant difference of 1.93 percentage points (p = 0.241), with a much smaller SD in the primed 
group compared to the group without priming. (E) Resorption in an Osteo Assay well, imaged with light
microscopy and stitched together. The 3 images by 5 images area used for analysis is shown in the white
rectangle. Resorption is visible in white / light grey on an unresorbed dark grey background. (F) An enlargement 
of the area that was used for image analysis. (G) A binarized image of the selected area of interest, which allows 
easy quantification of the resorbed areas in white and the unresorbed areas in black. 
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 Fig. 3.3. Higher monocyte seeding density led to slightly more and larger osteoclasts. Monocytes 
were seeded at different seeding densities and stained in one of three ways. (A – F) Iβ3, actin and DAPI staining 
showed that all seeding densities resulted in Iβ3-positive cells. The size and number thereof increased as seeding 
density increased. (G – L) TRAP, actin and DAPI staining showed that TRAP positive cells were abundant in 
all seeding densities. While the size of TRAP positive cells increased with seeding density, the number of TRAP 
positive cells only increased marginally. (M – R) TRAP, actin and Iβ3 staining showed that not all TRAP
positive cells were also positive for Iβ3. Iβ3 was almost exclusively seen in the larger or multinucleated cells 
whereas TRAP was also seen in many small mononuclear cells as well. Numbers in the top left corners indicate 
the monocyte seeding density × 103 cells/cm2. Examples of multinucleated TRAP and / or Iβ3 positive cells are
indicated using white arrowheads. 

Fig. 3.4. Monocyte seeding density hardly affected total TRAP release and did not affect resorption. 
(A) TRAP release over time increased in all seeding densities and seemed to be higher in the lower seeding
densities. There were some significant differences that were inconsistent over time between the groups with one 
notable exception: the 125 × 103 cells/cm2 group was significantly different from at least one of the 200, 225 and 
250 × 103 cells/cm2 groups on all indicated significances (*6 - *10, p < 0.05). (B) Resorbed surface area at
different seeding densities. No significant differences in resorption were observed.
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 Fig. 3.5. Higher PBMC seeding density led to more osteoclasts. PBMCs were seeded at different
densities and stained in one of three ways. (A – F) Iβ3, actin and DAPI staining showed that all but the lowest 
seeding density resulted in Iβ3-positive cells. At seeding densities from 300 to 450 × 103 cells/cm2, only few Iβ3-
positive cells were seen. Only at the highest seeding density there were many Iβ3-positive cells. (G – L) TRAP, 
actin and DAPI staining showed that nearly all cells expressed TRAP, but only at a seeding density of 400 ×
103 cells/cm2 or higher, larger multinucleated TRAP-positive cells were seen, with their numbers and size
increasing at higher seeding densities. (M – R) TRAP, actin and Iβ3 staining showed that not all TRAP positive 
cells were also positive for Iβ3. Iβ3 was sporadically seen until 450 × 103 cells/cm2, and only at 500 ×
103 cells/cm2 Iβ3 was present in many cells. Numbers in the top left corners indicate the PBMC seeding density 
× 103 cells/cm2. Examples of multinucleated TRAP or Iβ3 positive cells are indicated by white arrowheads. 

Fig. 3.6. Increased PBMC seeding densities hardly affected TRAP release but seemed to increase total 
resorption. (A) TRAP release over time increased in all seeding densities and seemed to be higher in the lower 
seeding densities during week 2 of culture. Significant differences were inconsistent over the duration of the 
culture. *11: 250 vs. 350, 400, 450 & 500 (p ≤ 0.021). *12: 300 vs. 400 (p = 0.031). (B) Increased PBMC seeding 
densities seemed to lead to increased resorption. The linear trend that is visible is not significant (p = 0.079). 
While some differences were statistically significant, these significances disappeared after correcting for 
multiple comparisons.  

3



54 | P a g e  

3.5 Discussion 
The limited in vitro availability, complex manner of differentiation, high between-donor 
variation (Flanagan and Massey, 2003; Husch et al., 2021) and short lifespan (Manolagas 
and Parfitt, 2010; Parfitt, 1994) of osteoclasts and their precursors make it challenging to 
study them. Furthermore, there is no consensus on parameters such as seeding density 
(Kozbial et al., 2019) and supplement concentration (Mather, 1998; Shahdadfar et al., 2005) 
which greatly affect in vitro results. In this study, we investigated the effect of supplement 
concentration and priming in monocyte cultures and seeding density in PBMC and 
monocyte cultures on osteoclastogenesis, TRAP release over time and osteoclastic 
resorption and showed that these outcome measures not always tell the same story and 
may even contradict each other. 

3.5.1 Supplement concentration correlated with osteoclastogenesis 
and resorption. 

Concentrations of 25 ng/mL of both supplements were sufficient to achieve the classical 
osteoclast-like appearance (Buckley et al., 2005), although higher concentrations did not 
lead to a proportional increase of large multinucleated cells. This is not unexpected, 
because the typical osteoclast appearance was already reached. Resorption though did 
show a continuing increasing trend correlating with supplement concentration, 
confirming that the supplements are not only necessary for differentiation, but also for 
osteoclastic resorption. Surprisingly, TRAP hardly increased with higher concentrations 
of supplements, although lack of supplements in the control group ensured a sharp 
decrease in TRAP release as expected. This matches the findings of Halleen, who proposed 
that TRAP release is indicative of osteoclast number but not activity (Halleen et al., 2006). 
This would suggest that while increasing supplement concentration above the threshold 
of 25 ng/mL not necessarily increases the number of osteoclasts, their size and resorptive 
capacity still increase. Priming is known to trigger gene expression (Hayes and Zoon, 
1993) and benefit osteoclastogenesis (De Vries et al., 2015; Ross, 2006; Xu and Teitelbaum, 
2013). Both TRAP release and resorption were lower without priming compared with the 
same supplement concentrations with priming. This confirmed that priming is a vital step 
in obtaining functionally competent osteoclasts, and suggests that priming, in contrast to 
increasing the supplement concentration, does lead to more osteoclasts. 
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3.5.2 Monocyte seeding density affects osteoclastogenesis, but not 
TRAP release or resorption after a certain threshold 

Osteoclast size and number increased with monocyte seeding density, but remarkably, 
TRAP release and resorption did not, contrasting the findings of Halleen (Halleen et al., 
2006). Resorption between all seeding densities showed no significant differences and 
TRAP analysis even suggested an inverse relationship between seeding density and TRAP 
release. These results suggest that there is an optimal seeding density (or range) for these 
cells which likely was superseded in the lower seeding densities already. What exactly 
was the limiting factor preventing the increase of TRAP release and resorption is not clear, 
but there are several possibilities. A seeding density too high could lead to competition 
for available surface area or specific medium components. Sharing an implicit shortage of 
available supplements or other media components with more competing cells could result 
in a lower availability per cell, with a higher proportion of cells not reaching the required 
threshold to differentiate or resorb. This would mean that commonly accepted culture 
conditions (Gstraunthaler et al., 1999; Place et al., 2017) might not be suitable for osteoclast 
cultures at these seeding densities. Lastly, the presence of non-resorbing osteoclasts 
(Karsdal et al., 2007), or a non-proportional relationship between osteoclast size and 
resorptive capacity could also have contributed to these findings. While large osteoclasts 
generally show more resorptive capacity than small ones (Lees et al., 2001), it could be that 
a large number of small osteoclast-like cells resorbed similar quantities as a lower number 
of large ones. This was supported by the presence of many slightly enlarged TRAP 
positive cells in the lower seeding densities, but only relatively few large osteoclasts in the 
higher seeding densities. These findings suggest that increased seeding densities result in 
larger but not necessarily more osteoclasts, and that there is a plateau in seeding density 
above which no increase in osteoclastic resorption is seen anymore, that depending on the 
donor, could fall within commonly used seeding densities. 

3.5.3 PBMC seeding density affects osteoclastogenesis and resorption 
PBMCs are commonly used as a monocyte source. However, PBMCs have shown to be 
able to support osteoclastogenesis independent of external supplements (De Vries et al., 
2019; Salamanna et al., 2016). Excluding these cells may result in osteoclasts that are 
biochemically different from their in vivo counterparts, despite showing the correct 
markers and resorption in vitro. In this study, higher seeding densities of PBMCs led to 
more and larger TRAP- and Iβ3-positive multinucleated cells and a gradual increase in 
resorption, but not in increased TRAP release. Because osteoclast number and resorption 
did follow an increasing trend, it is unlikely that there was a competition for surface area 
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or medium components. While seeding densities were double, the absolute number of 
monocytes per well was expected to be between 20 and 40 % of those seeded in the 
monocyte experiment (Kleiveland, 2015), suggesting that the number of monocytes per 
surface area could still be limiting there. Similarly, non-specific medium components 
likely were not the limiting factor, but osteoclast supplements could have been 
considering the absolute difference in monocyte numbers. Resorption increased with 
seeding density but reached only 10 % of that in the monocyte experiment despite having 
20-40 % of the monocytes. This discrepancy could be explained by between-donor 
variation (Flanagan and Massey, 2003; Susa et al., 2004) or by the spatial constraints 
inherent to their cell fusion-based differentiation. At lower densities, the relationship 
between seeding density and resorption is likely closer to exponential than to linear, while 
the monocyte experiment suggested a maximum effective seeding density. Therefore, we 
propose that this relationship follows a logistic or S-shaped curve over the full spectrum 
of seeding densities. These findings suggest that PBMCs can be seeded at much higher 
densities than monocytes and still see increases in osteoclast formation and resorption, 
although the total amount of resorption is less-than-proportionate to the number of 
expected monocytes in the PBMC population. 

3.5.4 Method recommendations 
This study has shown that fluorescence imaging with either TRAP or Iβ3 effectively labels 
osteoclasts, although TRAP is expressed in undifferentiated mononuclear cells and 
monocytes as well (Park et al., 2012; Toyosaki-Maeda et al., 2001). Iβ3 staining appeared 
to exclusively target osteoclasts in these culture conditions and can thus be just as valuable 
for identifying osteoclasts (Husch et al., 2021). However, the visual estimation of number 
and size of osteoclasts did not accurately correlate to resorption, and therefore should not 
be used to estimate osteoclastic activity. TRAP release was shown to increase with 
expected osteoclast cell numbers (Rucci et al., 2019), but could not be used as a quantitative 
marker of resorptive activity, although both supporting and contradicting reports are 
available of this observation (Husch et al., 2021). While this was unexpected and 
diminishes the value of TRAP as an osteoclastic activity marker, TRAP still has a vital role 
as it can be accurately monitored in the cell culture supernatant.  

3.5.5 Limitations and future research 
The seeding densities of monocytes appeared too high to accurately show the effects of 
increases in seeding density despite being based on literature. Counting the number of 
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alive and dead cells in culture supernatant or even further analyzing them with flow 
cytometry could shed light on what caused the observed plateau in resorption. 
Quantitative resorption analysis was done using image analysis software, but due to 
lighting, stitching and contrast artifacts we were not able to accurately analyze complete 
wells. Instead, a same-size-for-all rectangle in the center of the well was analyzed. This 
resulted in missed resorption spots along the edges of the wells. Ideally, a method should 
be developed that can reliably analyze the complete well, possibly through additionally 
using a staining technique such as von Kossa. Osteoclast cultures show a large between-
donor variation (Susa et al., 2004). This means that any concrete number derived from 
these experiments is valid only for cells from this donor, and other donors should be 
characterized before use (Buenzli and Sims, 2015).  

3.6 Conclusion 
In this study, we have shown that common non-standardized culturing conditions 
of monocyte or peripheral blood mononuclear cells had a significant effect on the in 
vitro generation of functional osteoclasts. We showed how increased supplement 
concentrations support osteoclastic differentiation and resorption but not TRAP release, 
while priming resulted in increased TRAP release as well. Increased monocyte seeding 
densities resulted in more and larger osteoclasts, but not in more resorption or TRAP 
release. Increasing PBMC seeding densities resulted in more and larger osteoclasts and 
more resorption, although resorption was disproportionally low compared to the 
monocyte seeding density experiment. Exploration of commonly used markers for 
osteoclast cultures demonstrated that Iβ3 staining was an excellent osteoclast marker in 
addition to TRAP staining, while supernatant TRAP measurements could not accurately 
predict osteoclastic resorptive activity. With improved understanding of the effect of 
seeding density and supplement concentration on osteoclasts, more reliable and 
reproducible osteoclast experiments can ultimately improve our knowledge of osteoclasts, 
osteoclastogenesis, bone remodeling and bone diseases 
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Chapter 4 
Measuring mineralized tissue formation and 
resorption in a human 3D osteoblast-osteoclast co-
culture model 

The contents of this chapter are based on: (S. Remmers et al., 2020) 
Remmers, S., Mayer, D., Melke, J., Ito, K., Hofmann, S., 2020. Measuring mineralised tissue 
formation and resorption in a human 3d osteoblast-osteoclast co-culture model. Eur Cell Mater 40, 
189–202. https://doi.org/10.22203/eCM.v040a12 
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4.1 Abstract 
In vitro tissue engineered bone constructs have been developed, but models which mimic 
both formation and resorption in parallel are still lacking. In order to be used as a model 
for the bone remodeling process, the formation and resorption of mineralized tissue 
volume over time needs to be visualized, localized and quantified. The goal of this study 
was to develop a human 3D osteoblast-osteoclast co-culture in which 1) osteoblasts 
deposit mineralized matrix, 2) monocytes differentiate into resorbing osteoclasts, and 3) 
the formation and resorption of mineralized matrix could be quantified over time using 
micro-computed tomography (µCT). Mesenchymal stromal cells were seeded on silk 
fibroin scaffolds and differentiated towards osteoblasts to create mineralized constructs. 
Thereafter, monocytes were added and differentiated towards osteoclasts. The presence 
of osteoblasts and osteoclasts was confirmed using immunohistochemistry. Osteoclastic 
activity was confirmed by measuring the increased release of osteoclast marker tartrate 
resistant acid phosphatase, suggesting that osteoclasts were actively resorbing 
mineralized tissue. Resorption pits were visualized using Scanning Electron Microscopy. 
Mineralized matrix formation and resorption were quantified using µCT and subsequent 
scans were registered to visualize remodeling. Both formation and resorption occurred in 
parallel in the co-culture. The resorbed tissue volume exceeded the formed tissue volume 
after day 12. In conclusion, the current model was able to visualize, localize and quantify 
mineralized matrix formation and resorption. Such a model could be used to facilitate 
fundamental research on bone remodeling, facilitate drug testing and may have clinical 
implications in personalized medicine by allowing the use of patient cells. 
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4.2 Introduction 
Bone consists of three main cell types: bone forming osteoblasts, bone resorbing 
osteoclasts, and regulating osteocytes. As the mechanical demands placed upon bones 
change, bones adapt their structure by removing obsolete material or producing new 
material where it is needed to provide the required strength. This process is made possible 
by the organization of osteoblasts and osteoclasts into local bone remodeling teams called 
basic multicellular units (Frost, 1969). While the exact inter- and intracellular mechanisms 
underlying bone remodeling and bone diseases have not been completely elucidated, 
many factors and cytokines that play a role in these processes have been identified 
(Deschaseaux et al., 2010; Matsuo and Irie, 2008; Sims and Gooi, 2008), and are being 
targeted by treatment options for diseases such as osteoporosis (Bellido, 2014; Matsuo and 
Irie, 2008). Unfortunately, even with access to various forms of treatment, it is not yet 
possible to reverse the degenerative nature of osteoporosis, but merely to slow down the 
progression. In order to elucidate the cellular and molecular mechanisms underlying bone 
remodeling, as well as to facilitate the development of new and personalized treatments 
for bone diseases, accurate, reproducible and translatable model systems are needed. 

Animal models are considered a fundamental part of preclinical research, but using 
animals raises ethical concerns and is generally more time-consuming and expensive than 
in vitro research. Although human health and disease are the objects of interest, animals 
with a similar yet still different physiology are being used, which can lead to poor 
translation of results from pre-clinical animal studies to human clinical trials, and the 
failure of highly promising discoveries to enter routine clinical use (Burkhardt and 
Zlotnik, 2013; Contopoulos-Ioannidis et al., 2003). Those limitations and the desire to 
reduce, refine and replace animal experiments gave rise to the development of in vitro 
models. 

In vitro bone models come with both advantages and limitations. While animal cells are 
easily accessible and easy to work with, they can respond differently than human cells 
(Jemnitz et al., 2008). In vitro models have the advantage that they can make use of human 
cells. Many in vitro experiments are conducted in 2D monolayer (Amizuka et al., 1997; 
Marino et al., 2014), which is suitable for the research questions they address. However, 
in vivo bone remodeling occurs in a 3D environment where cells can deposit and resorb 
quantifiable volumes of mineralized tissue, and where cells likely respond differently than 
in 2D (Edmondson et al., 2014; Li and Kilian, 2015). Ideally, to study human bone 
remodeling and quantify bone formation or resorption in vitro, primary human cells 
should be cultured in a 3D environment (Owen and Reilly, 2018). As bone formation and 
resorption occur simultaneously, a co-culture of both osteoblasts and osteoclasts is 
required, in particular because it is known that these cells are capable of interacting with 
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each other through paracrine signalling (Matsuo and Irie, 2008). There are various 
methods to co-culture cells (Goers et al., 2014; Paschos et al., 2015; Zhu et al., 2018), but 
only a direct co-culture within the same construct allows a two-way exchange of signalling 
molecules and access to the same mineralized surface. Functionality of the cells could then 
be assessed by quantification of the net effect of stimuli on remodeling, as well as the 
individual effects of resorption and formation. 

Recently, 3D osteoclast models (Heinemann et al., 2010; Kleinhans et al., 2015; Perrotti et 
al., 2009) and 3D osteoblast-osteoclast co-culture models (Hayden et al., 2014; 
Papadimitropoulos et al., 2011)have been designed to specifically study 3D bone 
resorption or remodeling using a variety of end-point techniques such as histological 
imaging, electron microscopy, surface metrology, polymerase chain reaction and various 
cell marker assays. These studies provided first insights into human bone remodeling but 
should be improved by quantitatively monitoring bone remodeling over time. 
Registration of consecutive images similarly to in vivo bone studies in mice (Hagenmüller 
et al., 2007; Schulte et al., 2011a, 2011b) would allow assessing both formation and 
resorption in parallel, and thereafter separating the contribution of osteoblasts from those 
of osteoclasts. 

The aim of the present study was to establish a 3D co-culture of primary human 
osteoblasts and osteoclasts on silk fibroin (SF) scaffolds in which 1) osteoblasts first deposit 
a mineralized bone-like matrix, 2) monocytes are differentiated into resorbing osteoclasts, 
and 3) the mineralized matrix formation by osteoblasts and the resorption by osteoclasts 
can be both monitored over time. Such a human in vitro model would allow the 
localization and quantification of formation and resorption events over time to provide a 
powerful tool for fundamental research on osteoblast-osteoclast interaction and bone 
remodeling and could have implications for drug development and personalized 
medicine. 

4.3 Materials and Methods 
4.3.1 Materials 

Dulbecco’s modified Eagle medium (DMEM Cat. No 41966) and non-essential amino 
acids (NEAA) were from Life Technologies (Bleiswijk, The Netherlands). Fetal Bovine 
Serum (FBS, batch F7524-500ML / lot BCBV7611) was from Sigma Aldrich / Merck. 
Antigen retrieval citrate buffer, RPMI-1640 medium, poly-L-lysine coated microscope 
slides and SnakeSkin Dialysis tubing were from Thermo Fisher Scientific (Breda, The 
Netherlands). Disposable biopsy punches were from Amstel Medical (Amstelveen, the 
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Netherlands) Trypsin-EDTA (0.25%) and penicillin/streptomycin (P/S) were from Lonza 
(Breda, The Netherlands). Human bone marrow (healthy male subject, 24 years of age) 
was from Lonza (Walkersville, MD, USA). The human buffy coat was from Sanquin 
(Nijmegen, the Netherlands). LymphoprepTM was from Axis-Shield (Oslo, Norway). 
MACS® Pan Monocyte Isolation Kit was from Miltenyi Biotec (Leiden, the Netherlands). 
Recombinant human basic fibroblast growth factor (bFGF), macrophage colony 
stimulating factor (M-CSF) and receptor activator of nuclear factor kappa-B ligand 
(RANKL) were from PeproTech (Rocky Hill, NJ, USA). Bombyx mori L. Silkworm cocoons 
were from Tajima Shoji Co., LTD. (Yokohama, Japan). Thin bleach was from the local 
grocery store. All other substances were of analytical or pharmaceutical grade and 
obtained from Sigma Aldrich / Merck (Zwijndrecht, The Netherlands). 

4.3.2 Methods 
4.3.2.1 Silk fibroin scaffold fabrication 
Silk fibroin (SF) scaffolds were produced as previously described (Meinel et al., 2005; 
Melke et al., 2018; Nazarov et al., 2004). Bombyx mori L. silkworm cocoons were degummed 
by boiling in 0.2 M Na2CO3 in ultra-pure water (UPW) twice for 1 h, rinsed in boiling UPW 
followed by 10 × washing in cold UPW. The silk was left to dry overnight and was 
dissolved in 9 M LiBr in UPW (10 % w/v) at 55 °C for 1 h, cooled to RT and filtered through 
a 5 µm filter. Then, the silk solution was dialyzed against UPW for 36 h using SnakeSkin 
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4.3.2.2 hMSC expansion, seeding onto scaffolds and osteoblastic differentiation 
This study used human mesenchymal stromal cells (hMSC) at passage 5 that were isolated 
from human bone marrow (healthy male subject, 24 years of age) and characterized in a 
previous study (Hofmann et al., 2007). Cells were thawed, seeded at 2.5 × 103 cells/cm2 and 
expanded for 6 d in control medium (DMEM, 10 % FBS, 1 % P/S) supplemented with 1 % 
NEAA and 1 ng/L bFGF. Scaffolds pre-wetted in control medium were seeded with 1 
million hMSCs each in 20 µL control medium and incubated for 90 min at 37 °C. The 
constructs were then transferred to 4 custom-made spinner flask bioreactors (n = 4 per 
bioreactor) as described previously (Melke et al., 2018). Each bioreactor contained a 
magnetic stir bar and was placed on a magnetic stirrer plate (300 RPM, RTv5, IKA, 
Germany) in an incubator (37 °C, 5 % CO2). Each bioreactor was filled with 5 mL 
osteogenic medium (control medium supplemented with 50 µg/mL L-ascorbic-acid-2-
phosphate, 100 nM dexamethasone, 10 mM β-glycerophosphate) and medium was 
changed 3 times a week for 13 weeks. In this study the 3D mono-culture of hMSCs on SF 
scaffolds, differentiation into osteoblasts and matrix formation was designated as ‘3D 
osteoblast culture’. 

4.3.2.3 Monocyte isolation from peripheral blood 
A human peripheral blood buffy coat from a healthy anonymous volunteer who gave 
informed consent was obtained from the local blood donation centre (Sanquin, Nijmegen, 
the Netherlands). The buffy coats (~50 mL) was diluted to 180 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 30 mL diluted buffy coat onto 
16 mL LymphoprepTM iso-osmotic medium in 6 separate 50 mL centrifugal tubes, and 
centrifuging for 30 min with lowest brake and acceleration at 800 ×g at RT, as described 
previously (Bonito et al., 2019). Mononuclear cells were layered on top of the iso-osmotic 
layer, and were transferred to new tubes using a sterile Pasteur pipette. Isolated cells were 
washed (suspended in 50 mL Citrate-PBS and centrifuged for 10 min at 350 ×g) 5 × to 
remove all LymphoprepTM, diluted in freezing medium 1 (20 % FBS in RPMI-1640) and 
aliquoted into cryovials, 50 million cells in 750 µL per vial. Into each cryovial 750 µL 
freezing medium 2 (20 % dimethyl sulfoxide in freezing medium 1) was added and the 
cryovials were transferred to Nalgene® freezing containers overnight (-80 °C), before 
being transferred to liquid nitrogen tanks for long-term storage. Cells were taken out of 
liquid nitrogen and rapidly thawed before use without passaging. A purified monocyte 
fraction was isolated from the mononuclear cells using the negative selection MACS® Pan 
Monocyte Isolation Kit (Miltenyi Biotec) with LS columns according to the manufacturers’ 
instructions. After magnetic separation, the cells were centrifuged for 10 min at 350 ×g, 



64 | P a g e  

4.3.2.2 hMSC expansion, seeding onto scaffolds and osteoblastic differentiation 
This study used human mesenchymal stromal cells (hMSC) at passage 5 that were isolated 
from human bone marrow (healthy male subject, 24 years of age) and characterized in a 
previous study (Hofmann et al., 2007). Cells were thawed, seeded at 2.5 × 103 cells/cm2 and 
expanded for 6 d in control medium (DMEM, 10 % FBS, 1 % P/S) supplemented with 1 % 
NEAA and 1 ng/L bFGF. Scaffolds pre-wetted in control medium were seeded with 1 
million hMSCs each in 20 µL control medium and incubated for 90 min at 37 °C. The 
constructs were then transferred to 4 custom-made spinner flask bioreactors (n = 4 per 
bioreactor) as described previously (Melke et al., 2018). Each bioreactor contained a 
magnetic stir bar and was placed on a magnetic stirrer plate (300 RPM, RTv5, IKA, 
Germany) in an incubator (37 °C, 5 % CO2). Each bioreactor was filled with 5 mL 
osteogenic medium (control medium supplemented with 50 µg/mL L-ascorbic-acid-2-
phosphate, 100 nM dexamethasone, 10 mM β-glycerophosphate) and medium was 
changed 3 times a week for 13 weeks. In this study the 3D mono-culture of hMSCs on SF 
scaffolds, differentiation into osteoblasts and matrix formation was designated as ‘3D 
osteoblast culture’. 

4.3.2.3 Monocyte isolation from peripheral blood 
A human peripheral blood buffy coat from a healthy anonymous volunteer who gave 
informed consent was obtained from the local blood donation centre (Sanquin, Nijmegen, 
the Netherlands). The buffy coats (~50 mL) was diluted to 180 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 30 mL diluted buffy coat onto 
16 mL LymphoprepTM iso-osmotic medium in 6 separate 50 mL centrifugal tubes, and 
centrifuging for 30 min with lowest brake and acceleration at 800 ×g at RT, as described 
previously (Bonito et al., 2019). Mononuclear cells were layered on top of the iso-osmotic 
layer, and were transferred to new tubes using a sterile Pasteur pipette. Isolated cells were 
washed (suspended in 50 mL Citrate-PBS and centrifuged for 10 min at 350 ×g) 5 × to 
remove all LymphoprepTM, diluted in freezing medium 1 (20 % FBS in RPMI-1640) and 
aliquoted into cryovials, 50 million cells in 750 µL per vial. Into each cryovial 750 µL 
freezing medium 2 (20 % dimethyl sulfoxide in freezing medium 1) was added and the 
cryovials were transferred to Nalgene® freezing containers overnight (-80 °C), before 
being transferred to liquid nitrogen tanks for long-term storage. Cells were taken out of 
liquid nitrogen and rapidly thawed before use without passaging. A purified monocyte 
fraction was isolated from the mononuclear cells using the negative selection MACS® Pan 
Monocyte Isolation Kit (Miltenyi Biotec) with LS columns according to the manufacturers’ 
instructions. After magnetic separation, the cells were centrifuged for 10 min at 350 ×g, 

65 | P a g e  

resuspended in osteoclast control medium (RPMI-1640, 10 % FBS, 1 % P/S) and counted. 
The purified monocyte fraction will from now on be referred to as ‘monocytes’. 

4.3.2.4 2D osteoclast mono-culture 
A 2D culture was conducted to show the differentiation potential of the monocytes and 
the resorption potential of the osteoclasts. To verify that the monocytes can form 
multinucleated tartrate-resistant acid phosphatase (TRAP) expressing and resorbing 
osteoclast-like cells, 0.25 × 106 monocytes per cm2 (n = 4 per time point) were seeded in 
priming medium (osteoclast control medium + 50 ng/mL M-CSF) on 24-well Corning® 
Osteo Assay plates and regular tissue culture plastic 24-well tissue culture plates in 
monolayer (without scaffolds). Priming medium was replaced with osteoclastogenic 
medium (priming medium + 50 ng/mL RANKL) after 48 h. Osteoclastogenic medium was 
replaced 3 × per week for up to 19 d. This experiment was designated as ‘2D osteoclast 
mono-culture’. 

4.3.2.5 2D Resorption assay 
The Corning® Osteo Assay plate from the 2D osteoclast mono-culture was analysed for 
resorption according to the manufacturers’ instructions. Cells were removed by 
incubation in 5 % bleach for 5 min, and their removal was confirmed with light 
microscopy. The plate was incubated with 5 % (w/v) aqueous silver nitrate for 30 min at 
room temperature in the dark, washed with UPW for 5 min, followed by 5 % (w/v) sodium 
carbonate in neutral buffered formalin for 4 min. The plate was dried at 50 °C for 1 h. 
Bright field images were taken with a Zeiss Axio Observer Z1 microscope. 

4.3.2.6 Seeding monocytes onto tissue-engineered (pre-mineralized) constructs 
Constructs which had been in culture for 13 weeks (3D osteoblast culture) were incised to 
allow monocyte seeding to the centre of the constructs. An incision of approximately 4 mm 
deep was made into the constructs at 1.5 mm height in the transverse plane, allowing the 
construct to fold partly open. Constructs were submersed for 1 h in priming medium. 1 
million monocytes in 7.5 µL priming medium were seeded into the incision of the 
constructs and incubated for 180 min at 37 °C to allow the cells to attach. The constructs 
were then placed back into the bioreactors (n = 4 per bioreactor, one bioreactor per 
timepoint for histology and SEM, and one bioreactor that was scanned using µCT for the 
duration of the study). Each bioreactor was filled with 5 mL priming medium, resulting 
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in 1.25 mL of medium per construct. No stirring was applied. The 3D co-culture of 
osteoblasts with monocytes was designated as ‘3D co-culture’. Priming medium was 
replaced with osteoclastogenic medium (priming medium + 50 ng/mL RANKL) after 48h 
(De Vries et al., 2015). Osteoclastogenic medium was replaced 3 × per week for up to 22 d. 
Constructs were sacrificed at day 12, 18 and 25 for SEM, histology and 
immunohistochemistry. One bioreactor was used for µCT imaging of the co-culture. 

4.3.2.7 Micro-computed tomography imaging (μCT) 
µCT measurements were performed on a µCT100 imaging system (Scanco Medical, 
Brüttisellen, Switzerland) after 3, 4, 5 and 13 weeks of 3D osteoblast culture to monitor 
tissue mineralization. After 13 weeks, monocytes were seeded into the (now incised) 
constructs, and were scanned again after 4, 12 and 22 d of 3D co-culture to monitor 
mineralized tissue resorption. Scanning was performed at an isotropic nominal resolution 
of 17.2 µm, energy level was set to 45 kVp, intensity to 200 µA, 300 ms integration time 
and two-fold frame averaging, resulting in a computed tomography dose index (CTDI) in 
air of 230 mGy. A constrained Gaussian filter was applied to reduce part of the noise. Filter 
support was set to 1.0 and filter width sigma to 0.8 voxel. For all but the last 2 scans, a 
region of interest of 205 slices was selected within the bioreactor insert. This allowed to 
always scan the same regions of every scaffold and to limit the required scan time and 
thus x-ray exposure of the cells to 30 min per construct. For the last 2 scans, the whole 
construct was scanned to facilitate 3D registration, with a scan time of approximately 
60 min per construct. Filtered greyscale images were segmented at a global threshold of 
23 % of the maximal greyscale value and processed using image processing language 
(IPLFE v2.03, Scanco Medical AG) available on the PC supplied with the scanner. 
Unconnected objects smaller than 50 voxels were removed by component labelling 
(function: cl_nr_extract, min_number 50) and neglected for further analysis. Quantitative 
morphometry was performed using a Triangulation Metric Gobj DA Procedure (function: 
tri_da_metric, default settings) to assess the mineralized tissue volume of a region of 
interest of 205 slices per construct. 3D osteoblast culture quantitative µCT data was used 
as such, whereas 3D co-culture quantitative µCT data was transformed in such a way that 
the mineralized volumes of the first scan of each individual construct (d 4 of co-culture) 
was set to 100 %, and all successive scans were presented as percentages of change 
regarding the first scan. Rigid 3D registration was used to register the follow-up to the 
baseline image (images of day 22 and 12 respectively of the 3D co-culture) of the complete 
scans of the constructs (Ellouz et al., 2014). After registration, colour coding was used to 
label voxels only present at day 12 in blue (resorption), voxels only present at day 22 in 
orange (formation), and voxels present in both images in grey-purple (unaltered). 
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Unconnected objects smaller than 50 voxels were removed as before. The number of voxels 
for each colour was extracted by creating a histogram of all corresponding values 
(function: histo, screentab on, range from 0 to 123). Unaltered and resorbed voxels added 
together were used as 100 % baseline reference for each construct. Resorption, formation 
and unaltered volumes were expressed as percentage of the baseline. Background voxels 
were omitted from further analysis. All images shown are from component-labelled scans. 

4.3.2.8 Histology 
Constructs for histology and immunofluorescence were fixed in 10 % neutral buffered 
formalin for 24 h at 4 °C, dehydrated and embedded in paraffin (70, 80 and 96 % EtOH for 
1.5 h each, 3 × 100 % EtOH for 1 h each, 2 × xylene for 1.5 h each, 2 × paraffin for 2 h each), 
sectioned vertically and cut into 10 µm thick sections and mounted on poly-L-lysine 
coated microscope slides. Sections were dewaxed and rehydrated (2 × 5 min Xylene, 3 × 
100 %, 1 × 96 %, 70 % and 0 % EtOH in UPW for 2 min each). For overview, sections were 
stained with Haematoxylin and Eosin (H&E) (10 min Mayer’s haematoxylin, 1 min 
acidified tap water, 5 min running tap water, 3 min Eosin Y, 1 min running tap water). To 
visualize mineralized tissue, sections were stained with von Kossa (30 min in 1 % aqueous 
silver nitrate (w/v) under UV light, rinsed with UPW, 5 min in 5 % sodium thiosulfate 
(w/v), rinsed with UPW, 5 min in nuclear fast red, rinsed in UPW). Stained sections were 
dehydrated (10 dips in 70 %, 90 % and 3 × 10 dips in 100 % EtOH in UPW, 2 × 3 min 
Xylene) and coverslipped with Entallan®. 

4.3.2.9 Immunofluorescence 
Sections were dewaxed and rehydrated as described before. Antigen retrieval was done 
on paraffin sections with citrate buffer at 95 °C for 20 min and left to cool back to RT. 
Cross-reactions were reduced by blocking with 10 % donkey serum for 30 min. Primary 
antibodies were diluted in PBS and incubated at 4 °C overnight. Sections were rinsed in 
PBS and incubated with secondary antibodies at RT for 1 h. Sections were labelled with 
DAPI for cell nuclei and with antibodies for osteoblast marker osterix, osteocyte marker 
sclerostin and osteoclast marker integrin β3 (CD61), which was chosen in favour of TRAP 
because of its specificity towards differentiated osteoclasts, while TRAP is present in 
osteoclast-like cells as well (Barbeck et al., 2017; Nakamura et al., 2007). The 2D osteoclast 
monoculture in plastic well-plates was immunofluorescently labelled for osteoclast 
marker TRAP, with TRITC-conjugated-Phalloidin to stain the actin cytoskeleton, and 
DAPI for cell nuclei to study multinucleation. Stained wells were imaged with a layer of 

4



68 | P a g e  

PBS on top with the Zeiss Axiovert 200M microscope, and sections were coverslipped with 
Mowiol® and imaged with the Leica TCS SP5X microscope. Antibodies are listed in Table 
4.1. 

4.3.2.10 Scanning electron microscopy (SEM) 
Constructs for SEM were fixed at day 12 and 18 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 minutes 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 spot size 3.0, 5.00 kV, working distance 10 mm). 

4.3.2.11 TRAP quantification in supernatant 
Supernatant medium samples were taken and stored at -80 °C at each medium change 
during the 3D co-culture (n = 4 per bioreactor) and the entire 2D osteoclast monoculture 
(n = 4 per group). 100 µL pNPP buffer (1 mg/mL para-nitrophenylphosphate (pNPP), 
0.1 M 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 translucent 96-well plates at 37 °C. After 
90 min, 100 µl 0.3M NaOH was added to stop the reaction. Absorbance was read at 405 nm 
to obtain TRAP enzyme activity. The resulting values were transformed to amount of 
transformed pNPP per minute. 

4.3.2.12 Statistical analysis 
Quantitative data is represented as average ± standard deviation (SD). Statistical analysis 
was performed using SPSS version 26 (IBM Corp, Armonk, NY, USA). Timepoints and 
groups that were statistically compared were tested for normality using the Shapiro-Wilk 
normality test and were normally distributed. Homogeneity of variance was assessed with 
the Levene’s test for equality of variances. A repeated measures analysis of variances 
(ANOVA) was performed on the 3 consecutive scans with 205 slices each of the 3D co-
culture. Paired-samples t-tests were used to compare total volume change between day 12 
and 22 of the complete µCT scans, and the difference between quantified formation and 
resorption data. A one-way ANOVA with post-hoc Bonferroni correction for multiple 
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comparisons was used to compare differences between both culture surfaces and all 
relevant time points of the TRAP activity of cells seeded in 2D on plastic or Osteo Assay 
plates. Differences were considered statistically significant at a level of p < 0.05. 

Table 4.1. Antibodies used for immunofluorescence. 

Antigen Supplier Cat. No Conjugate Species Dilution 
Osterix Abcam Ab22552 - Rabbit 1:200 
Sclerostin ThermoFisher PA5-37943 - Goat 1:200 
Integrin β3 Biorbyt Orb248939 - Mouse 1:100 
TRAP Santa-Cruz Sc-30833 - Goat 1:100 
Anti-mouse IgG (H+L) Jackson 715-545-150 Alexa488 Donkey 1:300 
Anti-rabbit IgG (H+L) Jackson 711-605-152 Alexa647 Donkey 1:300 
Anti-goat IgG (H+L) Invitrogen A21432 Alexa555 Donkey 1:300 
Anti-goat IgG (H+L) Molecular Probes A11055 Alexa488 Donkey 1:300 

4.4 Results 
4.4.1 hMSCs differentiate into osteoblasts and form mineralized tissue 
hMSCs were seeded onto SF scaffolds and differentiated into mineralized matrix 
depositing osteoblasts for 13 weeks. Starting from week 3, mineralized matrix formation 
was monitored with consecutive µCT scans. Non-mineralized SF scaffolds were not 
visible on µCT images. Mineralization became detectable from week 4 onwards, and 
mineralization continued until week 13 (Fig. 4.1a). Mineralized volume increased over 
time to 17.62 ± 4.69 mm3 at week 13 (Fig. 4.1b). A cross-section revealed that mineralized 
tissue was present throughout the construct (Fig. 4.1c). Tissue formation on the outside of 
the construct completely concealed the original porous architecture, which would have 
prevented cells seeded on top to penetrate into the construct and necessitated incising the 
construct to seed cells inside for the co-culture (Fig. 4.1d). An SEM image of an empty 
scaffold without any seeded cells is provided to illustrate the effect of osteoblastic tissue 
formation on the geometry of the construct (Fig. 4.1e). 

4.4.2 Monocytes differentiate into resorbing TRAP expressing 
multinucleated osteoclasts in 2D 

To verify that the primary monocytes were capable to differentiate into TRAP expressing, 
resorbing, multinucleated osteoclasts, monocytes were seeded in 2D on tissue culture 
plastic and on Osteo Assay plates to visualize resorption. On the plastic surface, 
multinucleated cells with more than 3 nuclei that express osteoclast marker TRAP with a 
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well-defined actin cytoskeleton were seen (Fig. 4.2a, image of day 12), indicating that they 
differentiated into osteoclast-like cells. During the differentiation from monocytes to 
osteoclasts, TRAP release increased until approximately day 12. Interestingly, cells 
cultured on Osteo Assay plates continued to release TRAP throughout the culture period, 
whereas cells cultured on plastic showed a rapid decrease in TRAP release over time after 
day 12 (Fig. 4.2b). The highest peak TRAP activities were 16.62 ± 0.92 µM pNPP / min / 
well at day 14 on the Osteo Assay surface and 14.88 ± 0.64 µM pNPP / min / well at day 12 
on tissue culture plastic, but the difference was not statistically significant (p = 0.173). 
TRAP activity curves started to significantly deviate from each other from day 14 onward 
(p < 0.001). Cells were able to resorb parts of the mineralized layer (in black) creating 
resorption trails (in white) on Osteo Assay plates (Fig. 4.2c). At the first time point for the 
resorption assay (d 8), resorption was already visible. On later timepoints, more resorption 
was seen.  

Fig. 4.1. Formation of a mineralized matrix by osteoblasts on 3D SF scaffolds. (a) Non-mineralized SF 
scaffolds are not visible on μCT images. Mineralized matrix became detectable after 3 weeks of culture and 
increased in volume over time. Images are top-down views. Scale bars are 2 mm. (b) The mineralized tissue 
volume of the constructs continuously increased over time. (c) An inclined view on a digital cross-section of a 
μCT image shows the mineralized matrix distribution within a construct at week 13. (d) SEM example image 
of an SF scaffold after 9 weeks of osteoblast culture, showing that tissue formation completely concealed the 
pores of the SF scaffold, necessitating incising the construct to seed monocytes inside. A dashed line shows 
where the construct was incised for seeding. (e) SEM control image of an SF scaffold without any cells. 
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4.4.3 Monocytes differentiate into resorbing TRAP expressing 
osteoclasts in 3D 

Once a mineralized matrix was deposited by osteoblasts, monocytes were seeded into the 
centre of the construct by creating a transverse incision through the mineralized construct. 
The culturing environment was switched from an osteogenic medium with mechanical 
stimulation using a spinner flask bioreactor to a static environment with a medium 
inducing monocyte differentiation towards osteoclasts. The presence of resorbing 
osteoclast-like cells on the constructs was verified with SEM. Osteoclast-like cells were 
identified based on their size (> 50 µm in diameter) (Fig. 4.3a - b) and their proximity to 
what could be small resorption pits (Fig. 4.3a). The immediate surrounding area of the pits 
in Fig. 4.3a seemed morphologically different than the area surrounding it. Neither pits 
nor such areas were found on control constructs without seeded monocytes (Fig. 4.3c). 
Images of unseeded SF scaffolds illustrate the architecture of these scaffolds prior to the 
experiment (Fig. 4.3d + e). TRAP analysis in the supernatant showed an increasing release 
until day 12, followed by a continuous release of TRAP until the end of culture (Fig. 4.3f).  

4.4.4 Histology confirms the presence of bone cells and mineralized 
matrix in 3D co-culture 

Constructs for histological images were collected at day 12 to avoid a time point towards 
the end of the expected life expectancy of osteoclasts. The presence of cells throughout the 
construct was confirmed with H&E (Fig. 4.4a + d). Deposition of a mineralized matrix 
throughout the construct volume was confirmed with von Kossa staining (Fig. 4.4b + e) 
and has supported the threshold choice for the micro-CT analysis. The transverse incision 
for seeding monocytes can be seen in the histological images. The presence of osteoblast-
like-, osteoclast-like- and osteocyte-like cells was confirmed with fluorescent staining of 
markers typical for the respective cell type (osterix, integrin β3 and sclerostin, 
respectively) (Fig. 4.4c + f). Osteoblast- and osteocyte-like cells were abundantly found 
throughout the construct, whereas only few integrin β3-positive osteoclast-like cells were 
detected. Classical morphological features of the cells could not be visualised as a result 
of creating 2D sections of a 3D tissue, where the odds of a cell lying precisely within the 
cutting plate are slim. 
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Fig. 4.2. 2D verification of the capability of monocytes to differentiate into functional osteoclast-
like cells.  (a) After a 12 day 2D culture on tissue culture plastic, TRAP-positive (green) multinucleated (blue) 
cells with a clearly defined actin cytoskeleton (red) could be distinguished. A magnified image is shown to verify 
the presence of multinucleated TRAP-positive cells, two of which are marked with white arrowheads in both the 
complete image and magnified panel. (b) TRAP release into the medium increased until approximately day 12, 
and was dependent of the surface. On a resorbable surface (Osteo Assay plate, average activity indicated by 
black line and circles, and individual samples as red lines), TRAP was expressed longer than on tissue culture 
plastic (average activity indicated by dotted line and hollow squares, individual lines in green). (c) The cells 
were capable of resorbing a resorbable surface, and the resorbed area increased over time. Unresorbed surfaces 
are stained black, whereas resorption trails are white (transparent).  
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Fig. 4.3. Osteoclasts created resorption pits and released TRAP on tissue-engineered 3D constructs.  
(a) SEM image at day 12 of the 3D co-culture showing an osteoclast (arrow) and a series of pits (arrowheads,
not all pits are marked) on the mineralized matrix. The surface in close proximity to the pits (within brackets) 
is morphologically different from the surrounding surface, suggesting the presence of a larger but flatter
resorbed surface area, possibly an osteoclast trail. (b) SEM image at day 12 of the co-culture showing a flat
osteoclast (arrow) and several round and smaller cells, possibly monocytes based on their size and morphology
(arrowheads, not all cells are marked). (c) SEM image of a mineralized construct where no monocytes were
seeded. (d + e) low and high magnification SEM images of an empty SF scaffold prior to seeding MSCs. (f) 
TRAP release in the 3D co-culture increased until approximately day 12 after the seeding of monocytes. From
then on, TRAP activity stayed high until the end of the co-culture (day 23). 
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Fig. 4.4. Cells expressing typical markers for osteoblasts, osteoclasts and osteocytes were present at 
day 12 of 3D osteoblast-osteoclast co-culture. (a + d) Haematoxylin and Eosin overview staining showing 
the presence of cells throughout the construct. A dashed line shows the incision for monocyte seeding. (b + e) 
Von Kossa staining revealing mineralized matrix formation (in black) and mineralized SF (in brown) 
throughout the whole scaffold. A dashed line shows the incision for monocyte seeding. (c + f, g - j) Fluorescent 
composite images and individual channels showing cells expressing typical bone cell markers: osterix (osteoblast 
marker, red), integrin β3 (osteoclast marker, green), and sclerostin (osteocyte marker, yellow). Nuclei stained 
with DAPI (blue).  
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4.4.5 Formation and resorption of mineralized tissue were quantified 
in 3D co-culture 

During the 3D osteoblast-osteoclast co-culture, the constructs were subjected to 3 
additional successive µCT scans to monitor both mineralized tissue formation and 
resorption in parallel. The registration of the consecutive scans from day 12 and 22 after 
co-culture initiation revealed that both resorption (blue) and formation (orange) occurred 
in parallel throughout the construct volumes (Fig. 4.5a) Constructs were digitally sliced in 
halves to reveal the inside. Large areas coloured grey-purple indicate volumes that 
remained unchanged between scans. On the surfaces of the grey areas many resorption 
and formation events have taken place. The mineralized volume of the constructs 
increased on average by 8.35 ± 3.85 % (p = 0.023) from day 4 to 12 of the 3D co-culture (Fig. 
4.5b). This confirmed that osteoblasts were continuing to deposit mineralized matrix 
although they were not in their preferred environment anymore, while the monocytes 
likely had not yet reached their functional osteoclastic state. From day 12 to 22, the total 
mineralized volume decreased on average by 7.19 ± 0.99 % (p = 0.001). This indicates a 
switch from mainly osteoblastic formation to mainly osteoclastic resorption of mineralized 
tissue in this period. Nevertheless, although there was overall a net resorptive effect, the 
formation of tissue still continued but was significantly lower (p = 0.0017) than the 
resorption (21.16 ± 1.18 % versus 29.06 ± 2.68 %, respectively) (Fig. 4.5c). 

4.5 Discussion 
The aim of this study was to establish a 3D co-culture in which the formation of a 
mineralized extracellular matrix by osteoblasts and its resorption by osteoclasts could be 
localized, visualized and quantified after the application of the corresponding biochemical 
cues. A 3D in vitro co-culture system comprising human cells was created in which 
osteoblasts seeded onto SF scaffolds formed a mineralized matrix and osteoclasts resorbed 
the mineralized tissue when exposed to the right environmental conditions. With µCT 
monitoring, the simultaneous formation and resorption process could be localized, 
quantified, and monitored. Cells performed as anticipated when stimulated with their 
corresponding biochemical cues. Osteoclasts were active for longer than expected when 
cultured on resorbable surfaces. While cell interaction was most likely occurring in 
parallel, the artificial environment with selected biochemical cues imposed on them was 
sufficient to steer the processes of formation and resorption into the desired direction. 
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Fig. 4.5. Formation and resorption occurred simultaneously in the 3D osteoblast-osteoclast co-
culture.  (a) 3D μCT images of 4 constructs were registered between days 12 and 22 of co-culture, digitally 
cross-sectioned and color-coded to visualize the formation (orange), resorption (dark blue), and unaltered 
regions (grey-purple). Depth of the 3D image creates shadows that make the areas deeper inside the constructs 
appear darker. (b) The overall remodeling balance switched from mainly formation to mainly resorption after 
12 days of osteoclastic differentiation. Each line represents one construct. (c) Both formation and resorption are 
present between days 12 and 22 of co-culture, as determined by the voxel count per colour as percentage of the 
total number of voxels measured at d12. Both individual samples are plotted and their average +/- SD are 
plotted. The difference between formation and resorption is statistically significant (p = 0.0017). 

hMSCs differentiated towards osteoblasts, deposited a mineralized matrix over time in 
mono-culture, and continued to deposit mineralized matrix in co-culture. Matrix 
deposition was monitored with µCT, in a manner similar to what others have shown 
(Hagenmüller et al., 2007; Hofmann et al., 2013; Melke et al., 2018). Matrix deposition 
continued throughout the co-culture with monocytes, even after the medium was 
switched from osteogenic medium to osteoclastogenic medium and mechanical loading 
was stopped. While it has been shown previously that mechanical loading can promote 
mineralized matrix deposition both in vivo and in vitro (Klein-Nulend et al., 2013, 2012; 
Melke et al., 2018) an environment high in fluid flow does not represent the physiological 
environment of monocyte recruitment, attachment and differentiation into osteoclasts 
(Klein-Nulend et al., 2012; Kulkarni et al., 2012; Pathak et al., 2015). The continued 
mineralized matrix formation after the initiation of the co-culture until approximately day 
12 could indicate that osteoblasts, once activated with the correct mechanical or 
biochemical stimuli, continue to deposit mineralized matrix even after these stimuli have 
been removed. This could occur as a result of factors liberated from the matrix or 
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expressed by the newly seeded monocytes that are now differentiating towards 
osteoclasts (Pang et al., 2013; Tang et al., 2009; Xian et al., 2012). Alternatively, osteoblasts 
could be responsible for the creation of the collagen framework and biochemical 
environment necessary for mineralization, but not required for the subsequent 
mineralization thereof (Samal et al., 2014). Between day 12 and 22 of co-culture, the overall 
mineralized tissue volume decreased and the overall remodeling balance switched from 
mainly formation to mainly resorption. The registration of consecutive scans allowed 
localizing and visualizing that both formation and resorption processes were present 
between day 12 and 22 of co-culture, confirming that they occurred in parallel. 

A mineralized surface seems to prolong osteoclast activity beyond their expected lifespan 
of approximately 2 weeks (Owen and Reilly, 2018; Parfitt, 1994). Osteoclast activity was 
determined by measuring TRAP, a proteolytic enzyme secreted predominantly by 
osteoclasts which plays a role in osteoclastic activity (Hayman, 2008; Kirstein et al., 2006). 
TRAP samples were taken over time from the same cells, which allowed the determination 
of the moment of peak TRAP release. As TRAP release was elevated at day 7 in both the 
2D and 3D culture, and resorption was visualized in the 2D mono-culture at day 8 after 
initiating the differentiation, it is reasonable to assume that osteoclasts had formed already 
before 7 d, which would result in a projected life expectancy of 21 d. As expected, TRAP 
release by cells cultured on plastic decreased sharply within 3 weeks of culture. However, 
the TRAP release of cells cultured on a mineralized surface in 2D or on constructs in 3D 
continued until the end of the experiment. This suggests that the presence of a mineralized 
surface is sufficient to prolong the osteoclastic activity, and perhaps to extend the lifespan 
of osteoclasts. In 3D, in addition to the presence of a mineralized surface, other factors 
could have contributed to the prolonged TRAP release, such as biochemical signals 
released by sclerostin-expressing cells (Atkins et al., 2009; Simonet et al., 1997; Wijenayaka 
et al., 2011) and osteoblasts (Matsuo and Irie, 2008). These findings are in line with the 
µCT data, further reinforcing the findings that resorption exceeded formation after 12 d 
in the osteoblast-osteoclast co-culture. 

Large osteoclast-like cells (around 50 µm in diameter) were identified throughout the 
construct, most often in proximity to small pits. These pits are believed to be resorption 
pits and, although small in diameter, are within the range of sizes that others have 
reported in in vitro studies (Halai et al., 2014; Kleinhans et al., 2015; Varghese et al., 2006). 
Their morphology is different than the observed resorption in the 2D culture, where 
resorption presented itself as classical resorption trails with a width of approximately 
osteoclast size (50 µm) and larger. It is likely that larger areas of resorption are present on 
the 3D constructs, but do not have enough distinguishing features to confirm that they are 
truly resorption pits or trails. Similar difficulties arise when using extracellular bone 
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matrix of for example bovine origin (Kleinhans et al., 2015). Small distinct pits can be 
distinguished easily, but the larger the resorbed area and the less steep the slope of the pit, 
the harder it is to discern on a non-flat surface whether it is an actual resorbed area or 
whether the feature is part of the original construct architecture, which by itself is 
irregularly shaped. In Fig. 4.3a, the area surrounding the small pits seems to be 
structurally different from the surrounding surface, with a width similar to that of the 
osteoclast next to it, suggesting the area surrounding the pits could be a resorption trail. 
Identification of osteoblasts on the SEM images proved difficult due to the used 
methodology (Shah et al., 2019; Wierzchos et al., 2008). Their presence within the 
constructs was confirmed with histology. 

The herein presented model contains the required cells to simulate bone crosstalk but has 
some limitations compared to natural bone. While the original porous scaffold mimics the 
geometry of trabecular bone, there are many aspects that do not accurately mimic bone 
tissue. There is no cortical bone, bone marrow or vasculature, and there is no systemic 
interaction with other tissues. Cells are introduced at discrete moments, whereas in bone 
there can be a continuous influx of cells in response to the correct biochemical cues. In the 
model, osteoblasts are introduced first to deposit mineralized matrix, followed by 
osteoclasts to resorb the deposited matrix. As a result, the phases of the bone remodeling 
cycle (resorption of damaged or old bone, followed by a reversal phase and formation of 
new bone) are actually reversed (Delaisse, 2014). Whereas in the bone remodeling cycle 
osteoblasts and osteoclasts are separated by a reversal phase, the current model provides 
the opportunity to manipulate and study osteoblasts, osteoclasts and their interactions 
together within the same environment at the same time. 

3D in vitro co-cultures are subject to certain limitations. To answer patient-specific 
questions using trabecular bone-like bone structures requires a high number of well 
characterized cells (Buenzli and Sims, 2015) preferably from a single donor or patient 
(Evans et al., 2006). While well-characterized MSCs are available because these cells can 
be expanded (Ferrin et al., 2017; Ma et al., 2014), the number of monocytes available from 
a single blood donation is limited by the donated volume and dependent on donor 
characteristics and state of health (Yang et al., 2018). Monocytes cannot naturally be 
expanded (Jacome-Galarza et al., 2013), although exposure to M-CSF (without RANKL) 
has been reported to allow limited expansion, accelerated differentiation and survival of 
monocytes (Ross, 2006; Xu and Teitelbaum, 2013; Yamada et al., 2005), at the risk of 
developing an insensitivity to RANKL (De Vries et al., 2015). Large between-donor 
variation in activity and resorption is another issue in particular in the case of monocytes 
(Susa et al., 2004) that necessitates choosing one out of several tested donors. 
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Future research should focus on switching from an artificial to a more physiological 
environment where the present cells can produce sufficient cytokines by themselves to 
regulate formation and resorption activity between each other to the extent that these 
changes are large enough to be detected using µCT, as is the case in vivo. This may 
necessitate the development of a completely functional bone remodeling unit including 
osteocytes, requiring additional validation of their presence and function. In future 
experiments, biochemical bone turnover markers such as P1NP and CTx could be 
included to corroborate the volume-based µCT findings, and optimization of cell seeding 
techniques and culture durations could reduce variation and increase throughput of the 
system. Further validation of the use of µCT for these experiments should be conducted, 
specifically regarding the effect of radiation on cell survival and activity. Certain doses of 
radiation can negatively affect osteoblast function (Kraehenbuehl et al., 2010), and may 
affect monocytes and osteoclasts as well (Yang et al., 2012). Combined with the monitoring 
technology, this model could provide important information on the fine balance between 
formation and resorption rather than just looking at the overall increase and decrease of 
tissue volume. The presented co-culture system is a first step towards the development of 
a 3D in vitro model that could be used for fundamental research on bone remodeling and 
related bone diseases. It may have clinical relevance for patient-specific disease diagnosis, 
therapies or drug development when used with patient-derived cells. 

4.6 Conclusion 
This study shows that human monocytes can differentiate into osteoclasts when co-
cultured with osteoblasts differentiated from hMSCs in vitro. In the co-culture, both cell 
types are simultaneously functional, osteoblasts form and osteoclasts resorb mineralized 
tissue. These processes can be quantified, visualized and localized using µCT. In this way, 
the effect of biochemical signals, drugs and other stimuli on bone crosstalk could be 
studied in a 3D in vitro model with unprecedented similarity to human in vivo bone 
remodeling. 
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Chapter 5 
Tuning the resorption-formation balance in an in 
vitro 3D osteoblast-osteoclast co-culture model of 
bone 

The contents of this chapter are based on: (Remmers et al., 2023a) 
Remmers, S. J. A., van der Heijden, F. C., de Wildt, B. W. M., Ito, K., Hofmann, S., 2023. Tuning 
the resorption-formation balance in an in vitro 3D osteoblast-osteoclast co-culture model of bone. 
Bone Reports 18, 101646. https://doi.org/10.1016/j.bonr.2022.101646 
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5.1 Abstract 
The aim of the present study was to further improve an in vitro 3D osteoblast (OB) – 
osteoclast (OC) co-culture model of bone by tuning it towards states of formation, 
resorption, and equilibrium for their future applications in fundamental research, drug 
development and personalized medicine. This was achieved by varying culture medium 
composition and monocyte seeding density, the two external parameters that affect cell 
behavior the most. Monocytes were seeded at two seeding densities onto 3D silk-fibroin 
constructs pre-mineralized by MSC-derived OBs and were co-cultured in one of three 
different media (OC stimulating, Neutral and OB stimulating medium) for three weeks. 
Histology showed mineralized matrix after co-culture and OC markers in the OC medium 
group. Scanning Electron Microscopy showed large OC-like cells in the OC medium 
group. Micro-computed tomography showed increased formation in the OB medium 
group, equilibrium in the Neutral medium group and resorption in the OC medium 
group. Culture supernatant samples showed high early tartrate resistant acid phosphatase 
(TRAP) release in the OC medium group, a later and lower release in the Neutral medium 
group, and almost no release in the OB medium group. Increased monocyte seeding 
density showed a less-than-proportional increase in TRAP release and resorption in OC 
medium, while it proportionally increased TRAP release in Neutral medium without 
affecting net resorption. The 3D OB-OC co-culture model was effectively used to show an 
excess of mineral deposition using OB medium, resorption using OC medium, or an 
equilibrium using Neutral medium. All three media applied to the model may have their 
own distinct applications in fundamental research, drug development, and personalized 
medicine. 
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5.2 Introduction 
Bone growth and homeostasis are regulated by bone forming osteoblasts (OBs), bone 
resorbing osteoclasts (OCs), and regulating osteocytes. These cells tightly regulate bone 
mass, bone strength and bone structure to continuously meet the requirements placed 
upon bone tissue. Disturbances to this balance can lead to diseases such as for example 
osteoporosis. While many treatment options are available for osteoporosis that can delay 
the progression of the disease, there is currently no cure to this degenerative disease 
(Bellido, 2014; Matsuo and Irie, 2008). Many of the biochemical actors in bone remodeling 
have been identified (Deschaseaux et al., 2010; Matsuo and Irie, 2008; Sims and Gooi, 
2008), but much remains to be learned on the precise nature of the biochemical interplay 
orchestrating bone remodeling before osteoporosis can be treated or even cured as 
opposed to merely slowing down the degenerative nature of the disease.  

Accurate, scalable, and translatable experimental models are needed to further study the 
mechanisms underlying bone remodeling. Options such as animal models are expensive, 
time consuming and far from scalable. They raise ethical concerns and often lead to poor 
translation from pre-clinical trials to clinical use (Burkhardt and Zlotnik, 2013; 
Contopoulos-Ioannidis et al., 2003; Swearengen, 2018). In vitro cell-culture models do not 
share those ethical concerns, can be developed into high-volume tests, and can use cells of 
various origins, including healthy human donors or even cells from patients suffering 
from bone diseases (Jemnitz et al., 2008; Langhans, 2018).  

In vivo bone remodeling is a three-dimensional process where the cells from the basic 
multicellular unit (Frost, 1969) deposit and resorb three-dimensional volumes of bone 
tissue. This makes the use of 2D in vitro models (Amizuka et al., 1997; Marino et al., 2014) 
less appealing for studying bone remodeling, especially when cells in 2D monolayer often 
respond differently than in a 3D environment (Edmondson et al., 2014; Li and Kilian, 
2015). Although usually easier to obtain, animal cells can respond differently than human 
cells (Jemnitz et al., 2008), possibly introducing errors due to interspecies differences. 
Consequently, to study remodeling and to quantify effects on both resorption and 
formation within the same model system, ideally a 3D environment is used in which at 
least both human OBs and OCs are co-cultured simultaneously (Owen and Reilly, 2018) 
and can interact freely with each other through both cell-cell contact and paracrine 
signaling (Matsuo and Irie, 2008).  

3D OB-OC co-culture models exist (Hayden et al., 2014; Papadimitropoulos et al., 2011) 
where resorption and formation are studied using destructive techniques such as using 
for example Alizarin Red mineralized nodule staining (Rossi et al., 2018) or Scanning 
(Hayden et al., 2014) and Transmission (Domaschke et al., 2006) electron microscopy for 
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resorbed surface metrology. Longitudinal monitoring of bone remodeling offers the 
advantages of measuring changes within the same constructs over time and localizing 
where formation and resorption events take place within constructs. Longitudinal 
monitoring using micro-computed tomography (µCT) has been used in animal models 
before (Hagenmüller et al., 2007; Schulte et al., 2011a, 2011b), and was recently applied to 
monitor scaffold mineralization by mesenchymal stromal cell (MSC)-derived OBs (Melke 
et al., 2018) and subsequent OC resorption (S. Remmers et al., 2020). In these studies, the 
crosstalk occurring in the cultures was biochemically ‘overruled’ to obtain maximal 
formation and resorption. In a healthy in vivo situation, crosstalk between cells results in 
an equilibrium between formation and resorption, while bone diseases manifest as a 
disbalance between formation and resorption. 

The aim of this study was to improve the earlier developed co-culture model by 
investigating how to steer the response of the co-culture model towards and away from 
resorption, formation, and equilibrium. 

5.3 Materials and Methods 
5.3.1 Materials 
Human bone marrow was commercially purchased from Lonza (Walkersville, MD, USA), 
collected under their institutional guidelines and with written informed consent. A human 
buffy coat was obtained from Sanquin (Eindhoven, Netherlands) after review and 
approval of the study by the Sanquin ethics review board. The buffy coat was collected by 
Sanquin under their institutional guidelines and with written informed consent per 
Declaration of Helsinki. Antigen retrieval citrate buffer, RPMI-1640 medium, poly-L-
lysine coated microscope slides and SnakeSkin Dialysis tubing (3.5 kDa molecular weight 
cut-off) were from Thermo Fisher Scientific (Breda, The Netherlands). Disposable biopsy 
punches were from Amstel Medical (Amstelveen, the Netherlands). Trypsin-EDTA 
(0.25 %) was from Lonza (Breda, The Netherlands). Dulbecco’s modified Eagle media 
(DMEM low glucose + high glucose), non-essential amino acids (NEAA) and 
antibiotic/antimycotic (anti-anti) were from Life Technologies (Bleiswijk, The 
Netherlands). Fetal Bovine Serum (FBS, batch F7524-500ML / lot BCBV7611) was from 
Sigma Aldrich / Merck. LymphoprepTM was from Axis-Shield (Oslo, Norway). MACS® 
Pan Monocyte Isolation Kit was from Miltenyi Biotec (Leiden, the Netherlands). 
Recombinant human basic fibroblast growth factor (bFGF), macrophage colony 
stimulating factor (M-CSF) and receptor activator of nuclear factor kappa-B ligand 
(RANKL) were from PeproTech (London, United Kingdom). Bombyx mori L. Silkworm 
cocoons were from Tajima Shoji Co., LTD. (Yokohama, Japan). Antibody Integrin β3 
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(Orb248939, Mouse, 1:100) was from Biorbyt (Cambridge, United Kingdom). Antibody 
tartrate resistant acid phosphatase (TRAP) (Sc-30833, Goat, 1:100) was from Santa-Cruz 
Biotechnology, Inc. (Heidelberg, Germany). Antibody Alexa488 (715-545-150, Donkey-
anti-Mouse IgG (H+L), 1:300) was from Jackson ImmunoResearch (Cambridgeshire, 
United Kingdom). Antibody Alexa488 (A11055, Donkey-anti-Goat IgG (H+L), 1:300) was 
from Molecular Probes (Eugene, OR, USA). Thin bleach was from the local Jumbo grocery 
store (Stiphout, Netherlands). All other substances were of analytical or pharmaceutical 
grade and obtained from Sigma Aldrich / Merck (Zwijndrecht, The Netherlands). 

5.3.2 Methods 
5.3.2.1 Monocyte isolation 
A human peripheral blood buffy coat from a healthy donor was obtained from the local 
blood donation center under informed consent. The buffy coat was processed in a similar 
manner as described previously (S. Remmers et al., 2020). The buffy coat was diluted to 
180 mL in 0.6 % (w/v) sodium citrate in PBS adjusted to pH 7.2 at 4 °C (SC buffer), 
carefully layered onto LymphoprepTM iso-osmotic medium and centrifuged at 800 × g for 
30 min without brake and with minimal acceleration at RT. Mononuclear cells were 
washed 5 × with SC buffer to remove all LymphoprepTM, and cryogenically stored in liquid 
nitrogen until further use. Upon use, cells were thawed and used without passaging. A 
purified monocyte fraction was isolated from the thawed cells using the negative selection 
MACS® Pan Monocyte Isolation Kit (Miltenyi Biotec) with LS columns according to the 
manufacturers’ instructions. After isolation, cells were resuspended in Neutral medium 
(Table 5.1). This purified monocyte fraction will from now on be referred to as 
‘monocytes’. 

5.3.2.2 2D OC culture and analysis 
To verify that the monocytes can form multinucleated TRAP expressing and resorbing 
OC-like cells, 0.25 × 106 monocytes per cm2 (n = 4 per group) were seeded in monocyte 
priming medium (Table 5.1) on 24-well Corning® osteo assay plates and regular tissue 
culture plastic 24-well medium (Table 5.1) tissue culture plates in monolayer. Monocyte 
priming medium was replaced with OC or Neutral medium after 48 h. Medium was 
replaced 3 × per week for 14 d. The Corning® osteo assay plate was analyzed for 
resorption. Cells were removed using 5 % bleach for 5 min. The plate was washed with 
UPW and dried at 50 °C. Bright field images were taken with a Zeiss Axio Observer Z1 
microscope and binarized with Matlab®. The 2D OC culture in plastic well-plates was 
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immunofluorescently labelled for OC markers (TRAP or Integrin β3), actin (TRITC-
conjugated-Phalloidin) and nuclei (DAPI). Fluorescence images were taken with a Zeiss 
Axiovert 200M microscope. Supernatant culture medium samples were taken and stored 
at -80 °C at each medium change and analyzed for TRAP enzyme activity as described 
later for the 3D co-culture.  

Table 5.1. Media names, components and functions within the context of this study. 

Name Components Function 
OB medium DMEM low glucose 

10 % FBS 
1 % anti-anti 
50 µg/mL L-ascorbic-acid-2-
phosphate 
100 nM dexamethasone 
10 mM β-glycerophosphate 

Osteogenic medium. One of three 
media compared during the co-
culture. This medium was 
expected to further stimulate 
mineralized matrix deposition by 
OB. 

Neutral medium RPMI-1640 
10 % FBS 
1 % Anti-Anti 

Unsupplemented medium. One of 
three media compared during the 
co-culture. This medium was 
expected to allow OB and OC 
crosstalk to control ongoing matrix 
deposition and resorption. 

OC medium RPMI-1640 
10 % FBS 
1 % Anti-Anti 
50 ng/mL M-CSF 
50 ng/mL RANKL 

Osteoclastogenic medium. One of 
three media compared during the 
co-culture. This medium was 
expected to stimulate OC 
resorption. 

MSC expansion 
medium 

DMEM high glucose 
10 % FBS 
1 % anti-anti 
1 % NEAA 
1 ng/L bFGF 

Used to expand MSCs prior to 
seeding onto scaffolds. 

MSC seeding 
medium 

DMEM high glucose 
10 % FBS 
1 % anti-anti 

Unsupplemented medium that is 
used for MSC seeding onto 
scaffolds and prewetting of 
scaffolds.  

Monocyte 
priming medium 

RPMI-1640 
10 % FBS 
1 % Anti-Anti 
50 ng/mL M-CSF 

Used to prime monocytes during 
the first two days of culture which 
benefits osteoclastogenic 
differentiation. 
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5.3.2.3 Fabrication of silk fibroin scaffolds 
Silk fibroin (SF) scaffolds were produced in a similar manner as described previously 
(Meinel et al., 2005; Melke et al., 2018; Nazarov et al., 2004; S. Remmers et al., 2020). Unless 
stated otherwise, solutions used were ultra-pure water (UPW) or dissolved in UPW. 
Cocoons from the Bombyx mori L. silkworm were degummed by boiling in 0.2 M Na2CO3 

twice for 1 h, rinsed (boiling UPW) followed by 10 × washing (cold UPW). After overnight 
drying the silk was dissolved in 9 M LiBr (10 % w/v) at 55 °C for 1 h and filtered through 
a 5 µm filter after cooling to RT. The filtered silk solution was dialyzed for 36 h using 
SnakeSkin Dialysis Tubing. UPW was refreshed at 1, 3, 12, and 24 h. The dialyzed solution 
was frozen (-80 °C), lyophilized and dissolved to a 17 % (w/v) solution in 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP). 1 mL silk-HFIP was added to 2.5 g NaCl (granule size 
between 250-300 µm) in a Teflon container and was allowed to dry at RT for at least 4 d. 
β-sheet formation (Tsukada et al., 1994) was induced by immersion in 90 % (v/v) methanol 
for 30 min. Silk-salt blocks were dried at RT overnight and cut into 3 mm discs using a 
precision cut-off machine (Accutom-5®, Struers GmbH Nederland, Maassluis, the 
Netherlands). NaCl was leached out in UPW which was refreshed after 2, 12, 24 and 36 h. 
Scaffolds were punched with a biopsy punch (5 mm) and sterilized by autoclaving (20 min 
at 121 °C) in phosphate buffered saline (PBS). Scaffolds were pre-wetted in mesenchymal 
stromal cell (MSC) seeding medium (Table 5.1) prior to use. 

5.3.2.4 Construct mineralization by MSC-derived OBs 
The human MSCs used in this study were previously isolated from human bone marrow 
and characterized (Hofmann et al., 2007). Briefly, 2.5 × 103 cells/cm2 (passage 5) were 
seeded and expanded for 6 d in MSC expansion medium (Table 5.1). 1 × 106 MSCs in 20 µL 
MSC seeding medium were seeded onto each pre-wetted scaffold and incubated for 
90 min at 37 °C. The cell-seeded scaffolds are from now on referred to as constructs. These 
constructs were then transferred to 8 custom-made spinner flask bioreactors (n = 4 per 
bioreactor) containing magnetic stir bars (Melke et al., 2018; S. Remmers et al., 2020) that 
were filled with 5 mL OB medium (Table 5.1). Each bioreactor was placed in an incubator 
(37 °C, 5 % CO2) on a magnetic stirrer plate (RTv5, IKA, Germany) rotating at 300 RPM 
(Melke et al., 2018). Medium was changed 3 times a week for 11 weeks. This culture is 
from now on referred to as ‘3D OB monoculture’, and the currently present cells are from 
now on referred to as OBs. 

5



88 | P a g e  

5.3.2.5 Initiation of 3D co-culture on pre-mineralized constructs 
Constructs which had been in culture for 11 weeks with osteogenically stimulated MSCs 
(from now on referred to as OBs) were incised with a 4 mm deep incision in the transverse 
plane to allow seeding to the center of the constructs. 1 million (M) monocytes, 1.5 M 
monocytes or no monocytes in 7.5 µL monocyte priming medium (Table 5.1) were seeded 
into the incision of constructs pre-wetted in monocyte priming medium. All constructs 
were incubated for 180 min at 37 °C to facilitate cell attachment. Then, all constructs were 
placed back into the bioreactors (n = 4 per bioreactor) with 5 mL monocyte priming 
medium per bioreactor. No stirring was applied during the co-culture to better stimulate 
monocyte attachment and differentiation (Klein-Nulend et al., 2012; Kulkarni et al., 2012; 
Pathak et al., 2015). The 3D co-culture of OBs with monocytes will be referred to as ‘3D co-
culture’. The 3D co-cultures were primed in monocyte priming medium for 48 h (De Vries 
et al., 2015; Hayes and Zoon, 1993). Monocyte priming medium was replaced after 48 h 
with one of three media for the remainder of the culture: OB medium, Neutral medium, 
or OC medium (Table 5.1). This resulted in bioreactors with constructs seeded with 0 M 
monocytes cultured in OB and OC medium, 1 M monocytes cultured in OB, OC and 
Neutral medium, and 1.5 M monocytes cultured in OB, OC and Neutral medium. Medium 
was replaced 3 × per week for 21 d.  

5.3.2.6 μCT imaging 
µCT images were taken on a µCT100 imaging system (Scanco Medical, Brüttisellen, 
Switzerland) every week except week 2 of the 3D OB monoculture to monitor tissue 
mineralization. After 11 weeks, co-culture was initiated and the scanning frequency was 
increased to twice per week (isotropic nominal resolution:17.2 µm, energy level: 45 kVp, 
intensity: 200 µA, integration time: 300 ms, two-fold frame averaging, computed 
tomography dose index (CTDI) in air: 230 mGy (S. Remmers et al., 2020). A constrained 
Gaussian filter was applied to reduce noise (Filter support: 1.0, filter width sigma: 
0.8 voxel). A fixed region of interest (RoI) of 205 slices was selected within each bioreactor. 
This ensured that the same RoI of every scaffold was scanned each time and limited the 
required scan time and radiation exposure to 30 min per scan. At the start of the co-culture, 
this RoI was reassessed for each bioreactor to contain as much of the constructs as possible, 
and this exact RoI of 205 slices was used for the remainder of the co-culture. Segmentation 
was done at a global threshold of 23 % of the max greyscale value. Image processing 
language (IPLFE v2.03, Scanco Medical AG) was used to further process the images. 
Component labelling was used to remove unconnected objects < 50 voxels. These were 
neglected from further analysis. The mineralized tissue volume of the RoI was assessed 
using quantitative morphometry. 3D OB monoculture quantitative µCT data was used as 
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measured, whereas 3D co-culture quantitative µCT data was normalized to the 
mineralized volumes of the first scan of each individual construct during the co-culture 
(d 4 of co-culture) counting that volume as 100 %. All successive scans were presented as 
relative volume with respect to this first scan. Rigid 3D registration was used to register 
the follow-up (d 7) to the baseline image (d 4) of the 3D co-culture (Ellouz et al., 2014). 
Color coding was used to label resorption (blue), formation (orange) and unaltered 
regions (grey). Unconnected objects < 100 voxels were removed as before using 
component labelling for registered images only.  

5.3.2.7 Histology 
At the end of the culture, constructs were fixed in 10 % neutral buffered formalin for 24 h 
at 4 °C. Fixed constructs were dehydrated with an EtOH and xylene series (1.5-2 h per 
step) and embedded in paraffin. 10 µm thick vertical sections were mounted on poly-L-
lysine coated microscope slides. Sections were dewaxed and rehydrated with a Xylene 
and EtOH to UPW series. These sections were used for histology and 
immunofluorescence. Sections were stained with von Kossa staining to visualize calcium 
phosphate deposition (30 min in 1 % aqueous silver nitrate (w/v) under UV light, rinsed 
with UPW, 5 min in 5 % sodium thiosulfate (w/v), rinsed with UPW, 5 min in nuclear fast 
red, rinsed in UPW). To visualize calcium deposition, sections were stained for Alizarin 
Red (2 min in 2 % Alizarin Red in H2O, pH 4.2). Stained sections were dehydrated using 
EtOH (von Kossa) or acetone (Alizarin Red) to Xylene and coverslipped with Entallan®. 
Bright field images were taken with a Zeiss Axio Observer Z1 microscope. 

5.3.2.8 Immunofluorescence 
Sections were prepared, dewaxed, and rehydrated as for histology. After antigen retrieval 
(citrate buffer at 95 °C for 20 min, then slowly cooled back to RT), cross-reactivity was 
blocked (10 % donkey serum for 30 min). Primary antibodies were incubated at 4 °C 
overnight, and secondary antibodies were incubated at RT for 1 h. Sections were labelled 
for OC marker (integrin β3) (Barbeck et al., 2017; Nakamura et al., 2007), actin (TRITC-
conjugated-Phalloidin) and nuclei (DAPI). Sections were coverslipped with Mowiol® and 
imaged with a Leica TCS SP5X microscope. 
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5.3.2.9 Scanning electron microscopy (SEM) 
Constructs for SEM were fixed using glutaraldehyde (2,5 % for 24 h at 4 °C), dehydrated 
with a graded EtOH series followed by a graded 1,1,1-Trimethyl-N-
(trimethylsilyl)silanamine (HMDS)/ethanol series, dried overnight at RT and sputter 
coated with 5 nm gold (Q300TD, Quorum Technologies Ltd, Laughton, UK). Sputter 
coated constructs were imaged with SEM (Quanta600, FEI Company, Eindhoven, the 
Netherlands, spot size 3.0, 5.00 kV, working distance 10 mm). 

5.3.2.10 Tartrate-resistant acid phosphatase (TRAP) quantification in supernatant 
Supernatant medium samples were taken and stored at -80 °C just before each medium 
change (n = 4 technical replicates per bioreactor, or 1 sample from each well). 20 µL of the 
supernatant medium samples or nitrophenol standard in PBS were incubated in 
translucent 96-well plates at 37 °C for 90 min with 100 µL para-nitrophenylphosphate 
(pNPP) buffer (1 mg/mL pNPP, 0.1 M sodium acetate, 0.1 % (v/v) triton-X-100 in PBS 
adjusted to pH 5.5 supplemented with 30 µl/mL tartrate solution). The reaction was 
stopped with 100 µl 0.3 M NaOH. TRAP enzyme activity was determined by measuring 
absorbance at 405 nm and recalculated to pNPP transformation per minute.  

5.3.2.11 Statistical analysis 
Quantitative data is represented as mean ± standard deviation (SD) and was analyzed 
using GraphPad Prism version 8. Data used for statistical analysis was tested for normality 
using the Shapiro-Wilk normality test and was normally distributed. Groups were 
compared using a Two-Way Analysis of Variances (ANOVA). Trends within groups over 
time were compared using a Repeated Measures ANOVA. Planned comparisons within 
groups were: volume increase within the 1st week of co-culture, volume decrease starting 
after the 1st week, TRAP release increase starting in the 1st week, TRAP release decrease 
starting after the 2nd week. Bonferroni post-hoc correction was used to account for multiple 
comparisons in all other comparisons. Geisser-Greenhouse correction was used to account 
for unequal variances. Differences were considered statistically significant at a level of 
p < 0.05. SDs that were much larger than others within the same dataset were tested with 
Grubbs test for outliers against other SDs within the dataset. If an SD was positively 
identified, the underlying data was searched for outliers. Statistical analyses were rerun 
with the identified datapoint replaced with the mean of the remaining datapoints. If this 
led to different significances, then figures show a ‘+’ indicating a relevant outlier. The 
original (unchanged) dataset is shown in all figures regardless of the outcome, but the 
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results of both analyses are described. Grubbs test was used for the TRAP results of 1 M 
monocytes seeded in both OC medium and Neutral medium, timepoints of d 7 and d 16 
respectively. Notable significant effects are numbered in the results section and in the 
figures using unique sequential numbering preceded by an asterisk throughout the study 
for easy referencing between texts and figures. 

5.4 Results 
5.4.1 Verification of osteoclastogenesis in 2D 
Monocytes were cultured in 2D to verify their capability to differentiate into 
multinucleated TRAP expressing resorbing cells. Monocytes cultured in OC medium 
continuously released increasing amounts of TRAP into the culture supernatant over a 
period of 14 d ending at 2.84 ± 0.29 µmol/min, whereas those cultured in Neutral medium 
released lower quantities of TRAP even at the peak of 1.37 ± 0.08 µmol/min at d 7 
(difference with OC group at d 7: 0.54 µmol/min, p = 0.0089, *1) after which the release of 
TRAP decreased again (Fig. 5.1a). After 14 d on Osteo Assay plates, cells cultured in OC 
medium showed extensive resorption, whereas those cultured in Neutral medium 
showed only minimal traces of resorption (Fig. 5.1b + c). Fluorescence imaging revealed 
that cells cultured in OC medium developed into large multinucleated cells with clearly 
defined actin rings, expressing OC markers TRAP (Fig. 5.1d) and integrin-β3 (Fig. 5.1f), 
although TRAP was also expressed in unfused monocytes. In Neutral medium some 
clusters of nuclei are seen, possibly small multinucleated cells that developed as a result 
of 2-day priming (Fig. 5.1e). Most monocytes in the Neutral medium group expressed 
TRAP like those in the OC medium group, whereas integrin-β3 was expressed almost 
exclusively in multinucleated cells and was not found in cells cultured in Neutral medium 
(Fig. 5.1g). These results confirm that the monocytes used in this study were able to 
differentiate into multinucleated TRAP expressing and resorbing OCs in 2D. 

5.4.2 Mineralized matrix is deposited onto SF scaffolds 
hMSCs were seeded onto SF scaffolds (Fig. 5.2a + b) and differentiated into mineralized 
matrix depositing MSC-derived OBs for 11 weeks. Matrix deposition was monitored using 
µCT for each individual construct until the start of co-culture (Fig. 5.2c + d). Non-
mineralized SF scaffolds were not detectable with the used µCT settings. Already after 
6 d, 0.002 ± 0.003 mm3 of mineralized matrix was detected with µCT. Mineralized matrix 
deposition continued steadily throughout the culture duration and throughout the 
construct reaching a mean mineralized volume of 9.67 ± 2.42 mm3 on d 69.  
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Fig. 5.1. Monocytes can differentiate into TRAP expressing resorbing cells in 2D mono-culture. (A) 
TRAP release by monocytes cultured in OC medium or Neutral medium. Both groups showed an initial increase 
of TRAP release, but only the osteoclastogenically stimulated group kept releasing more TRAP after d 7. (B) 
Resorption of Osteo Assay plate surfaces after 14 d of culture in OC medium or (C) Neutral medium. Images 
are binarized light microscopy images of the center of the well. Resorption was present in the OC medium group, 
whereas resorption in the Neutral medium group was negligible. (D) Multinucleated (blue) TRAP (green) 
expressing cells (white arrowheads) with a clearly defined actin ring (red) were seen when cultured with OC 
medium, whereas monocytes cultured in Neutral medium (E) mostly remained uninuclear and only lightly 
expressed TRAP. (F) Integrin β3 (green) was expressed almost exclusively in multinucleated cells (white 
arrowhead) in a culture with OC medium, whereas monocytes cultured in Neutral medium (G) did not express 
Integrin β3 at all.  
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Fig. 5.2. Mineralized matrix deposition over time onto SF scaffolds. (A) Top view of a freshly prepared 
SF scaffold. (B) Higher magnification view revealing the highly porous nature of the scaffolds. (C) μCT 
monitoring confirmed continuous mineralized matrix deposition and an increase in mineralized volume during 
the entire culture duration. Individual construct volumes are shown in red; the mean ± SD are shown in black. 
(D) The volumetric distribution and growth of an individual construct over time. 

Fig. 5.3. Construct morphology and histology after co-culture. (A) Mineralized constructs were sectioned 
in the transverse plane to seed the monocytes. The incision is marked with a dashed line. (B) After co-culture, 
ECM deposition into the pores of the construct was visible on SEM images. (C) Alizarin Red staining confirmed 
the presence of calcium throughout the constructs after co-culture in OC medium. (D) Von Kossa staining 
confirmed the deposition of (calcium) phosphates throughout the constructs after co-culture in OC medium. (E) 
Immunofluorescence for Integrin β3 (green), actin (red) and nuclei (blue) revealed the presence of OC marker 
Integrin β3 even after 21 d of co-culture in constructs cultured in OC medium. (F) Immunofluorescence for 
Integrin β3 (green), actin (red) and nuclei (blue) on a control construct without monocytes, cultured in OC 
medium. 
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Fig. 5.4. Cells and tissue after co-culture. (A) An OC on the edges of a pore, with likely remnants of MSC-
derived cells and ECM at the bottom of the pore. (B) OC with many filopodia stretching out in all directions. 
(C) Small OC-like cell moving away from a resorption trail. Its OC lineage is recognizable by the ‘frizzled’
appearance on the top surface like that of the OC in panels A and B, which contrasts with the smoother surface 
of MSC-derived cells and ECM that is marked in red in for example panels A and E. (D) Close-up of a monocyte. 
Round cells such as these were only found in constructs onto which monocytes were seeded and not on unseeded 
control constructs, regardless of media type. (E) A lone monocyte amidst deposited MSC-derived cells and/or
ECM. (F) Overview image of the native SF scaffold structure that has been filled with ECM. Images are digitally 
enhanced SEM images. OC are colored purple, monocytes are colored yellow, resorption trails are colored blue, 
MSC/OB derived ECM (possibly including cells) is colored red. 

5.4.3 Histology and SEM show calcium phosphates and ECM after co-
culture 

An incision in the transverse plane (Fig. 5.3a) was used to deliver cells to the center of the 
mineralized construct. This seeding strategy was chosen because otherwise, the deposited 
(mineralized) tissue (Fig. 5.3b) could have prevented the subsequently seeded monocytes 
from penetrating deeper into the construct if seeded on the outside surface. Alizarin Red 
(Fig. 5.3c) and von Kossa (Fig. 5.3d) stainings showed that calcium phosphate deposits are 
abundantly present in the ECM in all groups at the end of co-culture.  
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5.4.4 Confirmation of osteoclastogenesis on mineralized constructs 
Immunofluorescence imaging revealed the presence of OC marker integrin-β3 in 
constructs cultured in OC medium even after 3 weeks of co-culture while the marker was 
absent in constructs without seeded monocytes (Fig. 5.3e + f). SEM images were taken after 
3 weeks of co-culture to investigate the presence of monocytes and OCs (Fig. 5.4). Only in 
the groups cultured in OC medium, large OC-like cells were identified (Fig. 5.4a + b), 
sometimes in the presence of what could be resorption trails (Fig. 5.4c). Small round 
monocyte-like cells were also identified in all groups in which monocytes were seeded 
(Fig. 5.4d + e). MSC-produced extracellular matrix was present abundantly throughout all 
constructs, often completely filling pores in the SF scaffolds (Fig. 5.4f).  

5.4.5 Co-culture media affects the amount TRAP release 
Monocytes were co-cultured with OBs on constructs in one of three media: OC medium, 
Neutral medium, or OB medium. As expected, TRAP release (Fig. 5.5a) over time was 
highest in the group cultured in OC medium (1.58 ± 0.20 µmol/min at d 14). TRAP release 
in the OC medium group was significantly higher than in the Neutral medium group from 
d 7 to d 18 (p < 0.05 for all timepoints, d 7 only after outlier correction, *3). TRAP release 
in the Neutral medium group increased compared to the group cultured to OB medium 
only after 11 d (p = 0.04 at d 14, p = 0.02 at d 16 after outlier correction, p = 0.99 with outlier, 
*2), but TRAP release in the Neutral medium group followed a clear linear trend (p =
0.0185). This suggested that differentiation towards OCs and onset of increased TRAP
release occurred later in the Neutral medium group than in the OC medium group.
Remarkably, monocytes cultured in unfavorable OB medium still released TRAP into the
medium, as it is structurally higher than the ‘baseline’ TRAP measurement of constructs
onto which no monocytes were seeded (p < 0.05 at each timepoint).
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Fig. 5.5. Medium composition affects TRAP activity, mineralized tissue formation and resorption 
activity in co-culture in 1 M seeded monocytes groups. (A) TRAP release of the 1 M monocytes groups. 
Co-cultures in OC medium showed highest TRAP release, followed by those cultured using Neutral medium 
and OB medium. The 0 M group in OB medium serves as reference. (B) Mineralized volume increased in OB 
medium with or without co-culture, but no longer increased in OC medium without monocytes. (C) 
Mineralized volume change of constructs of co-culture in OC or Neutral medium. There was no resorption 
without monocytes. With monocytes, mineralized volume increased in the first few days, and then decreased. 
The OC medium group showed a large and early decrease in volume, while the Neutral medium group showed 
a small but steady decrease in volume until the end of culture. The OC medium (no monocytes) group is 
identical in panels B and C and is for reference. (D) Three sections of the same registered scans of d 4 and d 7 
of co-culture construct cultured in OC medium show many resorption (blue) and formation (orange) events on 
the pore surfaces, while the inside of the SF structure of the construct remains mostly unchanged (grey). The 
locations of the sections within the construct are shown on the top view.  

5.4.6 Co-culture medium affects mineralized matrix volume 
Mineralized volume was measured over time with µCT and normalized relative to the 
measurement at d 4 of co-culture. As expected from the mineralization curve before co-
culture (Fig. 5.2c), the amount of mineralized volume in constructs cultured in OB 
medium both with and without seeded monocytes increased for another 3 weeks (Fig. 
5.5b). With exception of d 11 (p = 0.025), the volume change per timepoint between these 
groups were not significantly different suggesting that the mere presence of monocytes 
did not influence OB activity. Switching from OB medium to OC medium or Neutral 
medium seemingly ended this trend regardless of monocyte presence (Fig. 5.5c). The 
presence of monocytes seemed to prolong mineralized matrix deposition by a few days, 
but this effect was only statistically significant for the co-culture in Neutral medium (p = 
0.0035, *4) and not for the co-culture in OC medium (p = 0.064), likely because of the large 
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SDs withing this group. In all individual constructs of the OC medium group, there was 
a significant decrease in mineralized volume between d 7 and d 14 (9.12 % decrease, p = 
0.003, *5), suggesting differentiation and peak OC resorption activity happened in this 
period. In the Neutral medium group, a smaller but gradual decrease in mineralized 
volume was seen between d 11 and d 21 (2.5 % decrease, p = 0.018, *6). Formation and 
resorption occurred both on the inside and the outside of the constructs. An example µCT 
image registration shows the difference between d 4 and d 7 in a co-culture in OC medium 
(Fig. 5.5d). 

5.4.7 Monocyte seeding density affects TRAP release but not 
resorptive activity 

Monocytes were seeded at a density of either 1 M or 1.5 M cells per construct. A higher 
seeding density led to a seemingly higher TRAP release (Fig. 5.6a + c), but these differences 
were only significant in the group cultured in Neutral medium (Fig. 5.6c) (p < 0.05 for all 
timepoints, d 16 only after outlier correction, *7) suggesting that the presence of more 
neighboring monocytes contributed to differentiation by giving more chances for cell 
fusion and subsequent TRAP release when no OC supplements were present. An excess 
of OC factors (Fig. 5.6a) partially bypassed the need to have many neighboring cells as it 
resulted in higher TRAP expression in the group seeded with only 1 M monocytes.  

In line with the TRAP results, the effects of seeding density did not result in significant 
differences in resorption between the groups cultured in OC medium (p > 0.05 at each 
timepoint) (Fig. 5.6b), although there was a slight downward trend in mineralized volume 
(indicating resorption) in both the 1 M monocytes (d 7 to d 11, p = 0.008, *8) and the 1.5 M 
monocytes (d 11 to d 21, p = 0.019, *9) group. This was not seen in the control group. In the 
groups cultured in Neutral medium (Fig. 5.6d), mineralized volume in the 1 M and 1.5 M 
monocytes group was significantly different from the control group without monocytes 
only at d 11 (1 M: p = 0.0023, 1.5 M: p = 0.0123, *10), around the time where OC are expected 
to become active as shown by TRAP results. Other than this there were no significant 
differences between groups. Both the 1 M monocytes group (5.2 % increase, p = 0.0035, 
*11) and the 1.5 M monocytes group (4.5 % increase, p = 0.043, *11) slightly but significantly 
increased in mineralized volume during the first 11 d of co-culture suggesting again that
monocytes briefly stimulate mineralization. The constructs of the 1 M monocytes group
slightly but continuously decrease in volume from d 11 until d 21 (p = 0.018, *12) as shown 
earlier in Fig. 5.5d.
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Fig. 5.6. TRAP release and resorption during co-culture at different seeding densities in different 
media. (A) TRAP release of all monocyte seeding densities cultured in OC medium. TRAP expression was 
higher in constructs with 1.5 M than in those with 1 M monocytes seeded, but not significantly. (B) 
Mineralized volume change of all monocyte seeding densities cultured in OC medium. The control constructs 
showed no net change in mineralized volume. Both monocyte seeding densities increased in mineralized volume, 
followed by a downward trend in mineralized volume. (C) TRAP release of all monocyte seeding densities 
cultured in Neutral medium. The co-cultures with 1.5 M monocytes showed more TRAP release than the co-
cultures with 1 M monocytes. (D) Mineralized volume change in co-cultures cultured in Neutral medium. The 
mineralized volume of the 1 M and 1.5 M groups increased significantly until d 11. The 1 M group steadily 
decreased in volume from d 11 to the end of co-culture. Note that the 0 M and 1 M lines from all panels of this 
figure were also shown in Fig. 5.5. The unseeded controls in Fig. 5.6A and B were cultured in OC medium and 
are show as a reference in these figures only. 
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5.5 Discussion 
If 3D OB-OC co-culture models are to be used for fundamental research, drug 
development or personalized medicine, it is imperative that these models can demonstrate 
(im)balanced matrix formation and resorption. Our earlier work has shown that both 
formation and resorption can be monitored within 3D constructs in co-culture (S. 
Remmers et al., 2020). Ideally, the model allows to investigate remodeling both in 
equilibrium or out of balance situations, mimicking a healthy state or a diseased state, 
respectively. It has previously been shown that both medium composition (Mather, 1998; 
Shahdadfar et al., 2005) and cell seeding density (Kozbial et al., 2019) affect intercellular 
communication, maturation, differentiation and cell activity. In this study, different media 
compositions and seeding densities were used to tune the direction and amount of 
remodeling to a state of equilibrium, forced formation and forced resorption. 

5.5.1 Co-culture in OB medium resulted in continued matrix 
deposition 

Co-culture in OB medium resulted in continued matrix deposition, which seemed 
unaffected by the presence of monocytes. This was expected because the co-culture of this 
group was provided with an excess of osteogenic supplements, effectively overruling OC 
signaling that could affect mineralized matrix deposition. At the same time, the TRAP 
measurements suggested that there was only a ‘basal’ expression of TRAP by monocytes 
(S. Remmers et al., 2020) and minimal OC differentiation ongoing (Hayman, 2008; Kirstein 
et al., 2006). This was in line with what was expected based on the bone remodeling cycle, 
where a resorption phase precedes a reversal phase (Delaisse, 2014) followed by a 
formation phase to repair the resorbed area. If OB stimulation simulates the formation 
phase, there would be no direct need for a new resorption phase, and OBs would not want 
to stimulate additional osteoclastogenesis. In vivo, this task is attributed to the osteocytes 
(Bellido, 2014; Bonewald, 2011). While the current study did not attempt to prove their 
presence, earlier work has shown indications of osteocyte-like cells in similar culture 
conditions (S. Remmers et al., 2020). The model with OB medium could be used to 
investigate the maximum mineralizing capacity of different cell donors (such as 
osteoporotic patients) within the context of the model.  

5.5.2 Monocyte presence prolonged OB mineralized matrix deposition 
 In both Neutral and OC medium, when monocytes were present, there was ongoing 
mineralized matrix deposition in the first 11 d. Compared to OB medium however, the 
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mineralization curve was flattened. This curve was absent in the group where no 
monocytes were seeded. This indicated that in the absence of osteogenic supplements, the 
presence of monocytes was able to marginally support further mineralization. The net 
effect of this activity dissipated after d 11, as monocytes started to differentiate into OCs 
and became capable of resorbing matrix, which likely resulted in formation and resorption 
masking each other’s changes in mineralized volume. This was further demonstrated by 
the µCT registrations revealing both resorption and formation occurring simultaneously. 
This confirmed that the model using Neutral or OC medium can be used to monitor both 
resorption and formation in co-culture simultaneously.  

5.5.3 In OC medium, resorption initiated faster than in Neutral 
medium 

The OC medium group had a large increase in resorption during week 2 of co-culture 
while the mineralized volume in Neutral medium decreased much slower over the 
remaining culture period. This is in line with the TRAP release results that showed a 
similar peak for the OC medium during week 2 of co-culture while the Neutral medium 
group gradually released increasing amounts of TRAP over time. The early increased 
TRAP release and faster onset of resorption in the OC medium group likely resulted from 
more OCs generated by an excess of osteoclastic supplements, which is in line with the 
identification of OC-like cells and resorption trails in SEM images especially in this group 
(Halai et al., 2014; Kleinhans et al., 2015; Varghese et al., 2006). Cell behavior in the Neutral 
medium group relied solely on the interaction with the matrix and on OB-OC crosstalk 
since no OC supplements supporting OC differentiation were added. Nevertheless, a slow 
build-up of TRAP release and by extension OC differentiation took place, although it did 
not reach the same level as in the OC medium group. This confirmed that when OC 
medium is used, monocytes are forcefully steered towards osteoclastogenesis, whereas 
Neutral medium allows exclusively OB-OC crosstalk and basic medium components 
(Ansari et al., 2022) to regulate remodeling. The model using OC medium would be 
suitable to study the maximum resorptive capacity of the applied cells, such as cells from 
osteoporotic patients. The model using Neutral medium provides a near-equilibrium 
situation under control of OB-OC communication, and open to external manipulation. 
Using Neutral medium, the model could be used to study the effect of drugs or other 
biochemical compounds on formation and resorption of donor cells, such as cells from 
osteoporotic patients. 
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5.5.4 Increased seeding density led to an increase in TRAP release 
Seeding density has been shown to affect the extent of intercellular communication, 
maturation and the fusion towards OCs (Kozbial et al., 2019). The TRAP results from the 
neutral medium groups were as expected; a more than 50 % increase in TRAP release with 
a peak that occurred earlier in the 1.5 M monocytes group. The increased monocyte 
seeding density likely also facilitated an increase in cell-fusion events (Song et al., 2019) 
although these were not directly measured in this study. The groups cultured in OC 
medium did not respond the same way. The increased TRAP release by the 1 M monocytes 
group was as expected, but the 1.5 M monocytes group did not increase its TRAP release 
proportionally. Instead, the 1 M and 1.5 M monocytes groups released almost equal 
amounts of TRAP, and coincidently approximately similar amounts as the 1.5 M 
monocytes group in Neutral medium. This could indicate that there is a maximum amount 
of TRAP that these cells can release, and that this amount was reached in both media. It 
could also mean that there was a maximum to the number of cells close to the surface of 
the constructs, and that remaining cells did not attach, detached again, or migrated further 
into the construct where TRAP diffusion into the culture supernatant could be more 
difficult (Leddy et al., 2004; Offeddu et al., 2020).  

5.5.5 Seeding density affected resorption in OC medium, but not in 
Neutral medium. 

After an initial differentiation phase from monocytes into OCs, resorption of mineralized 
volume exceeded formation in the OC medium groups. Interestingly, this switch was 
observed a little earlier in the 1 M monocytes group than in the 1.5 M group but continued 
for much longer in the 1.5 M group. In the Neutral medium group, resorption was less 
apparent, although there was resorption in the 1 M seeded group. One explanation of the 
higher resorption at lower seeding density group would be that the limited amount of 
osteoclastogenic signaling molecules released by OB were shared by a higher number of 
seeded cells of which fewer achieved the necessary threshold to differentiate into 
resorbing OCs (Song et al., 2019), although TRAP results do not directly support this 
hypothesis. Furthermore, the earlier shown mineralized matrix deposition could be 
masking low the levels of resorption, essentially creating again an equilibrium situation 
in tissue remodeling. This indicates that using a higher monocyte seeding density in OC 
medium leads to a less-than-proportionate increase in TRAP release and possibly an 
increase in resorption. Using a higher seeding density with OC medium could be useful if 
a model is needed that favors resorption above formation. Using a higher seeding density 
with Neutral medium increases TRAP release proportionally without forcing the model 
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into a state of net resorption, which could be useful to study the reaction of OC in a state 
of equilibrium. However, these conclusions are only valid for cells of this particular donor, 
because there may be a large variation in activity and resorption between donors (Susa et 
al., 2004). Until models are further qualified and validated to work with variable cell 
numbers and cells with unknown activity, it is strongly recommended to use well 
characterized monocytes (Buenzli and Sims, 2015).  

5.5.6 Osteoclasts exceeded their predicted lifespan 
The TRAP results showed that OCs exceeded their expected lifespan of 2 weeks (Parfitt, 
1994). Others have recently shown similar findings. Jacome-Galarza et al. showed that 
parabiont labelled OC were seen up to 24 weeks after parabiont separation (Jacome-
Galarza et al., 2019). They propose that OC are long-lived but need to acquire new nuclei 
from circulating blood cells. McDonald et al. showed that OC can ‘recycle’ into smaller 
cells called osteomorphs that can relocate through the bloodstream and re-fuse in the 
presence of soluble RANKL (McDonald et al., 2021). Both support the notion that OC can, 
under some circumstances, indeed die or disappear after 2 weeks, but that with the proper 
environment it is possible to have active OCs in co-culture for longer than 2 weeks. As in 
our 2D results, we have shown that in the 3D co-culture monocyte-like cells are present 
during the entire culture duration. These cells could serve as nuclei-donors as described 
by Jacome-Galarza to prolong the life of existing OCs and could contain next to monocytes 
also osteomorphs as described by McDonald to generate new OCs elsewhere in the 
constructs. These results underline that there is still much to be investigated about the 
lifespan of OCs. 

5.5.7 Limitations and future research 
The 3D in vitro OB-OC co-culture has certain limitations. In vitro differentiation of OB and 
OC precursors is largely dependent on using the correct supplements and media, but these 
are different for OBs and OCs. Differentiation within the co-culture is thus a compromise 
between multiple media, and an optimal medium has not been determined yet (Remmers 
et al., 2021). OC precursors are typically available in limited quantities and cannot be 
expanded (Jacome-Galarza et al., 2013), and OCs have a life limited life expectancy. This 
poses challenges regarding experiment size and duration. Increasing resolution 
(decreasing voxel size) of µCT measurements results in more accurate measurements, at 
the cost of increased scanning duration and radiation exposure of the cells which may 



102 | P a g e  

into a state of net resorption, which could be useful to study the reaction of OC in a state 
of equilibrium. However, these conclusions are only valid for cells of this particular donor, 
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affect both OBs (Kraehenbuehl et al., 2010) and OCs (Yang et al., 2012) and their function, 
especially when performing repeated measurements on the same cells.  

Future research should focus on refining the herein presented 3D co-culture model and 
three media to reflect specific states of health and disease (Ross and Wilson, 2014), possibly 
by introducing patient cells instead of healthy cells, thereby replicating the response of the 
model on diseases such as osteoporosis. This could pave the way for developing an 
invaluable tool for fundamental research, drug development and personalized medicine. 

5.6 Conclusion 
This study shows that the current 3D OB-OC co-culture model can be tuned towards 
pronouncing either matrix deposition, matrix resorption, or a state of equilibrium by 
applying one of three culture media. OB medium resulted in continued matrix deposition 
overshadowing any ongoing resorption, while OC medium forced the differentiation of 
monocytes towards OCs and resulted in resorption after a period of continuing 
mineralization. Neutral medium contained neither the osteogenic nor osteoclastogenic 
supplements and was shown to be closely mimicking a situation of equilibrium, 
facilitating the study of intricate cell-cell interaction and the result thereof on resorption 
and formation. The 3D OB-OC co-culture model can be used with either of the three media 
as an in vitro co-culture model of human bone formation and resorption for various 
applications in fundamental research, drug development and personalized medicine. 
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6.1 Introduction 
Bone is a highly dynamic tissue with both mechanical and metabolic functions. As the 
mechanical demands placed upon bones change, bones adapt and optimize their structure 
and strength by removing obsolete or damaged tissue and producing new or stronger 
tissue when and where needed. The process of bone remodeling involves among others 
bone forming osteoblasts, bone resorbing osteoclasts and regulating osteocytes. In healthy 
tissue, bone formation and resorption are in equilibrium, but in diseases such as 
osteoporosis this equilibrium is disturbed (Feng and McDonald, 2011). Despite the many 
treatment options available (Bellido, 2014; Matsuo and Irie, 2008) targeting a variety of 
players in this biochemical process (Deschaseaux et al., 2010; Matsuo and Irie, 2008; Sims 
and Gooi, 2008), osteoporosis remains a degenerative disease that can merely be slowed 
down. 

To study the intricate mechanisms underlying bone remodeling and disease, osteoblast-
osteoclast co-culture models have been developed. However, these commonly use animal 
cells which can respond differently than human cells (Jemnitz et al., 2008). While bone 
remodeling is a 3D process, these studies are often conducted in 2D because of the many 
advantages regarding to experimental cost, duration and complexity. However, cells in 
2D respond differently than in 3D (Edmondson et al., 2014; Li and Kilian, 2015). Finally, 
the most potent analytical techniques require the sacrifice of culture samples. The main 
drawback thereof is that any temporal information about formation and resorption within 
each culture sample is lost, leaving only the quantification of material at each time point 
as opposed to changes within samples with regard to previous time points. 

This led to the aim of this thesis, which was to develop a human 3D osteoblast-osteoclast 
co-culture model in which both bone formation and resorption could be monitored over 
time.  

6.2 Main findings and implications 
While osteoblasts have been reliably cultured in both 2D and 3D environments in the past, 
including the functionality of osteoclasts into these culture conditions proved difficult. 
After many experiments with irreproducible results, it became apparent that culture 
conditions favorable for osteoclasts were essential for obtaining functional osteoclastic 
resorption. Remarkably, culture conditions and analytical techniques varied 
tremendously in published literature. A systematic map was constructed by 
systematically identifying and analyzing all available osteoblast-osteoclast co-culture 
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studies and extracting these culture condition and analytical techniques. This systematic 
map is presented in Chapter 2.  

The systematic map provided a structured overview of both 2D and 3D co-culture 
analytical techniques, the latter of which were of particular interest for developing a 3D 
osteoblast-osteoclast co-culture model. Techniques suitable for monitoring resorption in 
3D were µCT imaging (Hagenmüller et al., 2007) and supernatant analysis techniques 
such as NTx (Rossi et al., 2018) and CTx (Krishnan et al., 2014), with only µCT capable of 
visualization within 3D cultures themselves. Formation in 3D could be quantified non-
destructively with either supernatant CICP analysis (Boanini et al., 2015) or, similar to 
resorption, with µCT imaging, making this the preferred choice for monitoring and 
visualizing both formation and resorption. Both osteoblast and osteoclast activity (alkaline 
phosphatase and tartrate resistant acid phosphatase respectively) were commonly 
measured using either pNPP-based or immunoenzymatic assays, both of which could be 
used non-destructively on supernatant samples. The systematic map showed that 
mesenchymal stromal cell-derived osteoblasts and monocyte-derived osteoclasts were the 
best candidates for obtaining relevant numbers of healthy human cells, with the 
possibility of replacing them with cells of patients for developing a personalized model if 
required. The map also revealed that there was no consensus whatsoever on seeding 
density and medium composition, especially in 3D studies.  

The large variation in culture medium composition and cell seeding densities was 
surprising, considering that culture medium content (Mather, 1998; Shahdadfar et al., 
2005) and cell seeding density (Kozbial et al., 2019) both greatly affect osteoclastogenesis. 
Chapter 3 describes a 2D study conducted to develop a better understanding of the effect 
of seeding density and osteoclastic supplement concentration on osteoclastogenesis from 
monocytes and PBMCs, which was essential for introducing osteoclasts into a 3D co-
culture model. This study showed that there was a clear relationship between osteoclastic 
supplement concentration and both the number and size of osteoclasts and osteoclastic 
resorption. Increasing seeding densities also led to more and larger osteoclasts, but due to 
experimental constraints only to more resorption in PBMCs. Remarkably though, TRAP 
release did not correlate to osteoclastic resorptive activity, although it seemed to correlate 
with osteoclast number instead (Halleen et al., 2006). 

Building upon these findings, Chapter 4 describes the proof-of-concept that formation and 
resorption can be monitored using µCT in a 3D co-culture. In this study, MSC-derived 
osteoblasts deposited mineralized matrix onto a porous silk-fibroin scaffold for 13 weeks, 
after which monocytes were introduced to initiate a co-culture. Osteoclastic supplements 
were used at a concentration in agreement with the results from Chapter 3 and co-culture 
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conditions used were in agreement with those identified in Chapter 2 to direct the 
differentiation of the cells towards osteoclastogenesis, which resulted in resorption and 
formation occurring in parallel during the co-culture phase, and even leading to a decrease 
in total mineralized volume. Using image registration on sequential µCT images, 
individual resorption and formation events could be visualized, localized, and quantified. 
While this proved that these culture conditions resulted in formation and resorption in a 
3D co-culture and µCT could be used to monitor these events, remodeling was not in 
equilibrium nor was it regulated from within the co-culture. Instead, the processes of 
formation and resorption were controlled externally through supplements in the culture 
media, overruling the intricate biochemical interplay between cells required for such a 
model to serve as a tool for fundamental research, drug testing or personalized medicine. 

In Chapter 5, the 3D co-culture model of Chapter 4 was further improved by tuning the 
response thereof towards formation, resorption and equilibrium. The main challenge of 
the 3D osteoblast-osteoclast co-culture consisted not of achieving osteoblastic 
mineralization, but of introducing functionally competent osteoclasts capable of resorbing 
relevant volumes of mineralized tissue detectable by µCT. Thus, the osteoclastic aspect of 
the model required further finetuning to on one hand maximize the attainable resorptive 
capacity within the model, and on the other hand present a state of equilibrium open to 
respond to any internal or external stimuli. To investigate this, monocytes were seeded at 
different seeding densities, and the co-cultures were cultured with one of three culture 
media: an osteoclast-stimulating, a neutral or an osteoblast-stimulating medium. Culture 
in the osteoblast-stimulating medium resulted in continued matrix deposition, proving 
that mineralization could still take place in co-culture, and showing that the co-culture 
itself did not influence the osteoblasts’ capacity to deposit mineralized matrix. Osteoclast-
stimulating medium resulted in resorption, in a similar manner as in Chapter 4 as 
expected. Here, more seeded monocytes led to a slightly higher TRAP release, which 
according to Chapter 3 correlated with an increase in osteoclast number and to more 
resorption. The culture in neutral medium showed TRAP release indicative of osteoclast 
presence, formation and resorption events in µCT registration indicative of ongoing 
remodeling, but hardly any change in total mineralized volume, closely mimicking a state 
of equilibrium. The 3D osteoblast-osteoclast co-culture model presented in this thesis thus 
was shown capable of reaching a state of near-equilibrium, and with the correct stimuli 
capable of showing an excess of either resorption or formation. Although the stimuli used 
in this study were not based on physiological conditions or disease models, this study 
proves that the 3D co-culture model in equilibrium can respond to biochemical stimuli, 
having the capacity to show a quantifiable effect of a stimulus on resorption and 
formation.  
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The 3D osteoblast-osteoclast co-culture model presented in this thesis can be used as an in 
vitro co-culture model of human bone remodeling and can be further developed for 
various applications in fundamental research, drug development and personalized 
medicine.  

6.3 Remaining Challenges and future work 
6.3.1 Experimental optimization and limitations 
The dependency on human primary cells is tied to certain practical challenges. Because 
human osteoblasts and osteoclasts cannot easily be extracted from healthy donors in the 
required numbers, they must be generated from available precursor cells. These 
precursors must differentiate into the required cell types, usually within the final culture 
environment, adding an additional layer of complexity to the model. In vitro 
differentiation is largely dependent on supplying the correct biochemical signals, usually 
through specialized media composition. However, the requirements for differentiation are 
different for osteoblasts and osteoclasts, creating a conflicting situation that must result in 
a compromise between the various media components required by the cells. An optimal 
co-culture medium has not been determined yet (Remmers et al., 2021), and may very well 
be dependent on specific donor characteristics.  

The between-donor variation of monocytes and osteoclasts greatly limits translation of 
experimental results (Flanagan and Massey, 2003; Susa et al., 2004) to the general 
population. Any experimental results can be the result of chance, being applicable only to 
cells of one donor in one particular experimental setting. The same experimental setup 
with cells from different donors may lead to inexplicably different results. Similarly, any 
results that are obtained can only reliably be translated to the cell donor itself. This is not 
necessarily an issue if the research question is of a ‘personalized’ nature related to that 
specific donor or patient, but severely limits the translational value of such results to make 
claims about osteoclast biology in general. Repeating the experiments with cells from a 
large number of independent donors or even pooling cell populations from multiple 
donors only partially solves this, because the subject of translation in the clinic will still be 
a single person or patient with his or her own cell characteristics. Only when a predictor 
is identified that can account for this between-donor variation, will the translation of 
results be dramatically improved. 

6.3.2 Extending the effective duration of co-culture 
One of the main limitations of in vitro osteoclast cultures is their short lifespan of 
approximately 2 weeks (Manolagas and Parfitt, 2010; Parfitt, 1994), especially combined 
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with their complex manner of differentiation and inability to expand in vitro (Jacome-
Galarza et al., 2013). Remarkably, this lifespan was exceeded in Chapter 5. Recently, others 
have shown similar findings. One study proposed that osteoclasts are in fact long-lived, 
but need to acquire new nuclei from other cells to extend their life-span (Jacome-Galarza 
et al., 2019). Another study showed that osteoclasts can recycle into so-called osteomorphs 
to relocate and re-fuse elsewhere in the body (McDonald et al., 2021). This suggests that 
using the right conditions, it should be possible to extend the duration of cultures 
involving osteoclasts. How this could be achieved in vitro remains to be elucidated. Until 
then, the only way to extend an osteoblast-osteoclast co-culture with human primary cells 
would be to replenish the culture with fresh monocytes capable of differentiating into new 
osteoclasts, and potentially serving as nucleus-donors for existing osteoclasts. 

Alternatively, it is possible to use immortalized cell lines such as murine RAW 264.7 
(Collin-Osdoby and Osdoby, 2012) or human THP-1 (Ke et al., 2019) to extend osteoclast 
life-span. While convenient, this option has several major drawbacks. The extended 
lifespan is a deviation from the in vivo situation where osteoclasts are still considered 
short-lived. Using an animal cell-line introduces additional concerns regarding the 
translation from animal cells to the human situation (Burkhardt and Zlotnik, 2013; 
Contopoulos-Ioannidis et al., 2003). Finally, monocyte and osteoclast experiments have 
shown a large between-donor variation (Flanagan and Massey, 2003; Susa et al., 2004), 
which is neglected when using a cell line. And finally, the shift from using healthy cells to 
using patient cells cannot be made, because cell lines for individual patients do not exist. 

6.3.3 Inclusion of osteocytes and bone lining cells into the model 
While earlier iterations of the mineralized silk-fibroin constructs (Melke et al., 2018) and 
the first 3D osteoblast-osteoclast co-culture (S. Remmers et al., 2020) have suggested the 
presence of osteocyte-like cells, the model presented in this thesis was not validated to 
contain functional osteocytes. Given the role that osteocytes play in bone remodeling 
(Bonewald, 2011), but also the role they play in regulating osteoclastogenesis (Xiong et al., 
2015), this is a considerable limitation of the model. Similar concerns can be raised about 
the role bone lining cells play in coupling resorption and formation (Everts et al., 2002). 
While it is possible that osteoblasts eventually differentiate into osteocyte- or bone lining-
like cells, this is at this moment still a welcome but unintentional side effect. Proper 
introduction of either or even both additional cell types into the model is desired but 
considering the experimental challenges and limitations of maintaining a mere two 
different cell types in functionally competent states, this poses a considerable challenge 
that has yet to be overcome.  
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6.3.4 Validation of the model to simulate in vivo conditions 
The work in this thesis describes the development of a co-culture model of bone 
remodeling where certain stimuli manifest as changes in formation or resorption. The 
concept was proven to work in Chapter 7 with osteoclastic supplements RANKL and M-
CSF as stimuli, but the model has not been validated using physiologically relevant stimuli 
yet (Liao et al., 2021). The next step to further develop and validate this model is to apply 
other stimuli to the model which are physiologically relevant and compare these to the in 
vivo situation (Mollentze et al., 2021). This could be a type of mechanical loading to 
simulate exercise, or certain drugs or cytokines known to affect bone remodeling in vivo 
such as bisphosphonates. 

6.3.5 Using patient cells for disease research and drug effectiveness 
The 3D osteoblast-osteoclast co-culture model presented in this thesis replicates the 
assumed healthy state of anonymous donors. This is well-suited for fundamental research 
on bone cells and bone remodeling, but not necessarily applicable to study bone diseases 
such as osteoporosis. Replacing both cell types with cells from ideally a single diseased 
donor (Evans et al., 2006) would facilitate fundamental research on the corresponding 
disease state (Ross and Wilson, 2014). This is particularly interesting from a personalized 
medicine point of view, as the same model can be used to test the response of diseased 
cells to a variety of drugs or drug combinations. This way the drug effectiveness for a 
single patient can be evaluated or predicted to optimize treatment plans and prevent or 
reduce treatment courses of ineffective drugs. For using the model as a predictive tool in 
a clinical setting, it has to be further developed in to a faster, lower-cost and higher-
throughput tool, because in its current state, the time required, cost and manual labor 
needed make it vastly unsuitable for routine clinical prediction (Sieberath et al., 2020). One 
of the major challenges to overcome in developing this model into a clinical tool is to 
efficiently obtain both precursor cell types from the patient. While monocytes were 
obtained from peripheral blood, the mesenchymal stromal cells used in this model were 
isolated from bone marrow, which requires a more invasive procedure. Under normal 
conditions, a type of mesenchymal stromal cells circulates in the blood in extremely low 
numbers but could be extracted after using a mobilization procedure (Park et al., 2019; Xu 
and Li, 2014). Other points for improvement could be off-the-shelf availability of 
(mineralized) constructs to reduce the duration of the culture, construct size reduction to 
reduce the amount of cells needed, and (partially) automated culture and analysis 
techniques to reduce the cost of manual labor. 
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6.3.6 Towards tissue-engineered bone for healing critical-sized defects 
The first thing that comes to mind when thinking about tissue engineering (Langer and 
Vacanti, 1993) in the context of bone is its application in healing critical-sized bone defects. 
Autologous bone grafts are still considered the gold standard of bone regeneration and 
repair (Brown and Cruess, 1982; Habibovic and de Groot, 2007), but drawbacks such as 
donor site morbidity and limited availability prevent wide-spread use thereof. Synthetic 
or lab-grown grafts do not have these drawbacks. While the idea of implanting live tissue 
engineered bone is incredible, the transition from such novel techniques into routine 
clinical applications on a large scale has still not taken place (Henkel et al., 2013). Most 
discoveries disappear into the ‘valley of death’ because of the immense funding required 
for design and manufacturing, pre-clinical studies and clinical trials (Hollister, 2009). 
Acquiring regulatory approval becomes more challenging, time consuming and expensive 
as the products become more complex and contain more biological elements, with most 
tissue engineered products being regulated as class III medical devices or drugs (Ratcliffe, 
2007). Even if a product passes these challenges, the product must still be accepted by 
surgeons and insurance companies as a viable alternative considering practicality, 
functionality and cost. Although never intended for that purpose, the model presented in 
this thesis is vastly unsuitable for clinical implantation because it uses a myriad of animal 
or human-derived components such as silkworm-derived silk, fetal bovine serum, various 
bacteria-derived culture supplements and anonymous human donor cells, each possibly 
adding years to the development and approval processes. 

Instead of implanting the full-blown scaffold-biomolecule-cell tissue engineering triad 
(O’Brien, 2011), many other approaches are being developed based around the concept of 
osteoinductivity (Urist, 1965). Many materials including calcium Phosphate (Yuan et al., 
2001a), titanium (Fujibayashi et al., 2004) and glass (Van Gestel et al., 2015; Yuan et al., 
2001b) have shown various degrees of osteoconductivity and osteoinductivity, a process 
largely dependent on materials having a porous macro- and microstructure and having a 
chemical composition that can calcify in situ or already contains calcium phosphate 
(Habibovic and de Groot, 2007). These materials and technologies can be further 
functionalized by manipulating the surface architecture to mimic those occurring in 
nature (Honig et al., 2020) or specifically control the inflammatory response (Vassey et al., 
2020). These materials can be combined with for example calcium phosphate coatings to 
improve bioactivity (Nandakumar et al., 2013), sucrose to improve tissue ingrowth 
(Lodoso-Torrecilla et al., 2018), or they can be implanted with ions such as Cu2+ to reduce 
infections (Cordeiro et al., 2022) or Co2+ to stimulate neovascularization (Birgani et al., 
2016). The diverse development of these cell-free implantable materials for bone 
regeneration has shown promising results. Such materials can generally be produced 
faster, easier and cheaper for clinical use than those with embedded cells such as our 
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donor site morbidity and limited availability prevent wide-spread use thereof. Synthetic 
or lab-grown grafts do not have these drawbacks. While the idea of implanting live tissue 
engineered bone is incredible, the transition from such novel techniques into routine 
clinical applications on a large scale has still not taken place (Henkel et al., 2013). Most 
discoveries disappear into the ‘valley of death’ because of the immense funding required 
for design and manufacturing, pre-clinical studies and clinical trials (Hollister, 2009). 
Acquiring regulatory approval becomes more challenging, time consuming and expensive 
as the products become more complex and contain more biological elements, with most 
tissue engineered products being regulated as class III medical devices or drugs (Ratcliffe, 
2007). Even if a product passes these challenges, the product must still be accepted by 
surgeons and insurance companies as a viable alternative considering practicality, 
functionality and cost. Although never intended for that purpose, the model presented in 
this thesis is vastly unsuitable for clinical implantation because it uses a myriad of animal 
or human-derived components such as silkworm-derived silk, fetal bovine serum, various 
bacteria-derived culture supplements and anonymous human donor cells, each possibly 
adding years to the development and approval processes. 

Instead of implanting the full-blown scaffold-biomolecule-cell tissue engineering triad 
(O’Brien, 2011), many other approaches are being developed based around the concept of 
osteoinductivity (Urist, 1965). Many materials including calcium Phosphate (Yuan et al., 
2001a), titanium (Fujibayashi et al., 2004) and glass (Van Gestel et al., 2015; Yuan et al., 
2001b) have shown various degrees of osteoconductivity and osteoinductivity, a process 
largely dependent on materials having a porous macro- and microstructure and having a 
chemical composition that can calcify in situ or already contains calcium phosphate 
(Habibovic and de Groot, 2007). These materials and technologies can be further 
functionalized by manipulating the surface architecture to mimic those occurring in 
nature (Honig et al., 2020) or specifically control the inflammatory response (Vassey et al., 
2020). These materials can be combined with for example calcium phosphate coatings to 
improve bioactivity (Nandakumar et al., 2013), sucrose to improve tissue ingrowth 
(Lodoso-Torrecilla et al., 2018), or they can be implanted with ions such as Cu2+ to reduce 
infections (Cordeiro et al., 2022) or Co2+ to stimulate neovascularization (Birgani et al., 
2016). The diverse development of these cell-free implantable materials for bone 
regeneration has shown promising results. Such materials can generally be produced 
faster, easier and cheaper for clinical use than those with embedded cells such as our 

113 | P a g e  

model and will have less trouble obtaining regulatory approval. Once approved, they are 
likely more practical to integrate into routine clinical use and are more easily adopted by 
surgeons and insurance companies.  

6.4 Conclusion 
This thesis provides an unprecedented amount of readily accessible information on 

osteoblast-osteoclast co-cultures, culminating in the development of a human in vitro 3D 
osteoblast-osteoclast co-culture model of bone remodeling in which formation and 
resorption can be monitored over time non-destructively. The model is capable of 
pronouncing states of near-equilibrium, resorption, and formation after application of the 
correct stimuli. The 3D osteoblast-osteoclast co-culture model presented in this thesis can 
be used as an in vitro co-culture model of human bone remodeling and can be further 
developed for various applications in fundamental research, drug development and 
personalized medicine. 
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