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a b s t r a c t 

Biomaterials offer a promising approach to repair bone defects. Whereas traditional studies predomi- 

nantly focused on optimizing the osteogenic capacity of biomaterials, less focus has been on the immune 

response elicited by them. However, the immune and skeletal systems extensively interact, a concept 

which is referred to as ‘osteoimmunology’. This realization has fuelled the development of biomateri- 

als with favourable osteoimmunomodulatory (OIM) properties, aiming to modulate the immune response 

and to support bone regeneration, thereby affecting the success of an implant. 

Given the plethora of in vitro assays used to evaluate the OIM properties of biomaterials, it may be chal- 

lenging to select the right methods to produce conclusive results. In this review, we aim to provide a 

comprehensive and practical guide for researchers interested in studying the OIM properties of bioma- 

terials in vitro . After a concise overview of the concept of osteoimmunology, emphasis is put on the 

methodologies that are regularly used to evaluate the OIM properties of biomaterials. First, a description 

of the most commonly used cell types and cell culture media is provided. Second, typical experimen- 

tal set-ups and their relevant characteristics are discussed. Third, a detailed overview of the generally 

used methodologies and readouts, including cell type-specific markers and time points of analysis, is 

given. Finally, we highlight the promise of advanced approaches, namely microarrays, bioreactors and 

microfluidic-based systems, and the potential that these may offer to the osteoimmunology field. 

Statement of Significance 

Osteoimmunology focuses on the connection and communication between the skeletal and immune sys- 

tems. This interaction has been recognized to play an important role in the clinical success of bioma- 

terials, which has resulted in an increasing amount of research on the osteoimmunomodulatory (OIM) 

properties of biomaterials. However, the amount of literature makes it challenging to extract the infor- 

mation needed to design experiments from beginning to end, and to compare obtained results to existing 

work. This article intends to serve as a guide for those aiming to learn more about the commonly used 

experimental approaches in the field. We cover early-stage choices, such as cell types and experimental 

set-ups, but also discuss specific assays, including cell markers and time points of analysis. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

.1. The concept of ‘Osteoimmunology’ 

The interplay between the skeletal and immune systems was 

arly identified by the role of immune cells in the regulation of 

steoclastic activity [1–4] , and later coined as osteoimmunology 
c. This is an open access article under the CC BY-NC-ND license 

actical guide for evaluating the osteoimmunomodulatory proper- 

021.05.038 

https://doi.org/10.1016/j.actbio.2021.05.038
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gemma.mestres@angstrom.uu.se
https://doi.org/10.1016/j.actbio.2021.05.038
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.actbio.2021.05.038


G. Mestres, S.D. Carter, N.P. Hailer et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; June 29, 2021;1:3 ] 

b

u

e

b

g

v

w  

i

s

n

m

a

r

o

a

i

c

t

O

m

s

t

1

a

r

p

d

m

T

i

t

t

s

o

m

t

t

t

t

o

p

E

o

w

t

g

d

g

w

c

2

2

t

i

c

i

r

a

s

b

i

o

T

i

b  

o  

c

s

W

b

r

b

p

p

[

b

a

t

2

c

n

t

m

r

a

l

t

c

t

t

t

c

1

o

N

t

p

b

i

u

t

l

(

d

5

t

c

r

n

g

t

s

t

b

d

f

i

y Arron and Choi when demonstrating that T lymphocytes reg- 

late osteoclast activation [5] . Since then, osteoimmunology has 

volved into an active field of research, addressing the cross-talk 

etween immune and skeletal systems, aiming to improve strate- 

ies for bone healing. 

From a physiological perspective, bone provides the microen- 

ironment for the development of hematopoietic stem cells (HSC), 

hich give rise to cells of the immune system [6] . Despite the abil-

ty of bone to remodel or repair, both processes can be impaired by 

evere trauma or diseases. In case of severe bone defects that can- 

ot heal intrinsically, so called ‘critical size defects’, biomaterials 

ay be used. Biomaterials can replace the bone defects, but can 

lso be used in the form of resorbable implants that enhance bone 

egeneration. 

Many biomaterials that performed promisingly in the setting 

f reductionist in vitro -models have never made it into clinically 

pplicable implants [7] . This is mostly due to their disappointing 

n vivo -behaviour, which, quite often, is related either to insuffi- 

ient stimulation of osteogenic cells or to triggering of inflamma- 

ory reactions and excessive bone resorption ( i.e. osteolysis) [8] . 

ptimally, biomaterials should synergistically stimulate both im- 

une and skeletal cells towards successful bone healing and avoid 

timulation of detrimental inflammatory pathways that may lead 

o bone resorption. 

.2. Motivation and scope of the review 

Knowledge of the complex interactions between the immune 

nd skeletal systems upon biomaterial implantation is still only 

udimentary. In addition, the methodologies to evaluate such com- 

lex biological events are heterogeneous and difficult to stan- 

ardize. Proof of that is the available literature on the osteoim- 

unomodulatory (OIM) potential of specific biomaterials [6 , 9–12] . 

he aim of this review is to provide practical guidelines for the 

n vitro evaluation of biomaterials in terms of their OIM proper- 

ies. The different approaches used to culture immune and skele- 

al cells are discussed, after which special attention is given to the 

pecific experimental settings used to evaluate the OIM properties 

f biomaterials. This includes suggestions for potential advanced 

ethods that could be further explored in the future to deepen 

he understanding of the complex triad: biomaterial, immune sys- 

em, and skeletal system. 

The methodologies described in this review are a fair represen- 

ation of those performed to evaluate the OIM properties of bioma- 

erials. The included articles were selected based on a structured 

nline search in three scientific databases (Web of Sciences, Sco- 

us, and PubMed). The search was restricted to articles written in 

nglish and covering the in vitro evaluation of the OIM properties 

f biomaterials, using both immune and skeletal cells. Articles in 

hich the in vitro studies did not comply with the strict defini- 

ion of osteoimmunology were excluded. Moreover, articles investi- 

ating particles instead of bulk materials and articles investigating 

rug-loaded biomaterials were also excluded, since the methodolo- 

ies may differ substantially from bulk biomaterials. In vivo studies 

ere beyond the scope of this review and were therefore not in- 

luded. 

. Background knowledge 

.1. Bone remodelling and fracture healing 

Bone turnover is a constant and lifelong process that is main- 

ained by the balance between mainly osteoblasts (bone deposit- 

ng cells), and osteoclasts (bone resorbing cells). However, the 

ross-talk between these cell types is strongly orchestrated by 

mmune cells. For instance, fracture healing is initiated by the 
2 
ecruitment of immune cells such as granulocytes, lymphocytes 

nd macrophages, within the fracture hematoma, orchestrating the 

ubsequent chondro- and osteogenic responses [13] . Physiological 

one turnover can be hampered by several diseases which mainly 

nvolve an altered activity of immune or skeletal cells such as 

steoporosis, hyperparathyroidism, and immune diseases [14–18] . 

hese diseases often lead to a reduced bone mineral density that 

ncreases the risk of fractures. Furthermore, non-union after long 

one fractures can occur in up to 10% of clinical cases [19] , and in

pen tibial fractures they can be as common as 40% [20] . In such

ases, the restoration of bone homeostasis and bone function is 

ometimes overcome by the implantation of synthetic bone grafts. 

hen this happens, bone remodelling has a new actor in play, the 

iomaterial. Hence, the importance of understanding how biomate- 

ials can modulate bone remodelling by favourably interacting with 

oth immune and skeletal systems. 

When a biomaterial is implanted in bone, a hematoma will ap- 

ear and the immune system will be activated, leading to overlap- 

ing stages of inflammation, bone formation and later remodelling 

21] . The first event, inflammation, occurs by the formation of a 

lood clot around the biomaterial, and the adsorption of proteins 

t the biomaterial surface. These first events are highly driven by 

he immune system. 

.2. Immune cells in the remodelling process 

Several leukocytes (T lymphocytes, B lymphocytes, dendritic 

ells (DC), natural killer (NK) cells, macrophages, monocytes, and 

eutrophils) hosted in bone [22] are involved in the inflamma- 

ion process as well as in the subsequent bone repair and re- 

odelling stages after biomaterial implantation. Upon biomate- 

ial implantation, lymphocytes, monocytes and neutrophils arrive 

t the wound site from circulating blood. These cells are stimu- 

ated by pro-inflammatory cytokines such as tumour necrosis fac- 

or alpha (TNF- α), and interleukins (IL-1, and IL-6) that are se- 

reted by the platelets aggregated around the hematoma. Neu- 

rophils clear damaged cells and debris [23] and become apop- 

otic within hours to days, while monocytes become adherent and 

urn into macrophages. Macrophage differentiation from mononu- 

lear cells is highly dependent on colony stimulating factor 1 (CSF- 

) [24] released by osteoblasts. In addition, the chemical balance 

f factors such as reactive oxygen and nitrogen species (ROS, and 

OS, respectively) dictate the first response to inflammation, and 

he modulation towards repair and remodelling is signalled by the 

henotype changes of macrophages. 

Macrophages are key modulators of both inflammation and 

one remodelling. Enormous attention has been paid to their role 

n healing, especially their plasticity to adapt to exogenous stim- 

li that can influence the healing cascade [10 , 25–28] . In addi- 

ion, macrophages are responsible for guiding the soft-to-hard cal- 

us formation through the release of matrix metalloproteinases 

MMPs) [29] . Upon biomaterial implantation and eventual degra- 

ation and debris, macrophages are able to engulf particles below 

 μm [30] or fuse together into foreign body giant cells (FBGC) 

o engulf particles up to 100 μm [31] . In addition, macrophages 

an adopt different phenotypes upon activation through toll-like 

eceptors (TLRs) and nuclear factor- κB (NF- κB) [32] , known as dy- 

amic polarization. The acquired phenotypes can broadly be cate- 

orized into pro-inflammatory or anti-inflammatory, often referred 

o as M1 and M2, respectively. Both phenotypes are needed for 

uccessful healing; key being the timing of the switch between 

hem, which depends on the composition and kinetics of the total 

iochemical milieu they are exposed to. M1 macrophages are pre- 

ominant during the early stages of acute inflammation, they per- 

orm cleaning duties, release oxidative metabolites [28] , and pro- 

nflammatory cytokines such as IL-1 β , IL-6 and TNF- α, and ROS 
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Fig. 1. MSCs formation and differentiation into osteogenic lineage and the different stages of osteoblasts maturation and differentiation [62 , 67] . 
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33] . In opposition, M2 macrophages, which are predominant dur- 

ng later stages of fracture healing and remodelling, express im- 

ortant anti-inflammatory cytokines such as IL-4 or IL-10, or en- 

ymes such as arginase-1. Nowadays, M2 macrophages are divided 

n 4 subsets depending on their role during repair ( Table 1 ). Gen-

rally, they are classified as M2a, stimulating fibroblast and extra- 

ellular matrix formation (ECM) [34 , 35] ; M2b, responsible for bal- 

ncing the inflammatory process [36] ; M2c, responsible for matrix 

enovation and vascularization [37 , 38] ; and M2d, important pro- 

ngiogenic modulators [39] . 

Macrophage polarization towards M1 or M2 phenotypes is 

nfluenced by biomaterials [40 , 41] . More specifically, porosity 

42 , 43] , surface nanotopography [44] and roughness [45–48] , sur- 

ace chemical cues [49–51] , mechanical cues [52] , and biomate- 

ial dimensions/geometry [53] modulate inflammation and bone 

ealing. For instance, neutrophils, as early colonizers of fracture 

ites, have been suggested to be relevant modulators of the anti- 

nflammatory switch in macrophages [54] . The time switch from 

1 to M2, driven by IL-4 stimulation, has been shown to be crucial 

or enhanced osteogenesis at later periods [55] . Prolonged presence 

f M1 macrophages and their characteristic cytokines may result in 

hronic inflammation and lead to fibrous encapsulation. However, 

nder physiological conditions, M1 macrophages have been found 

o promote bone formation, especially in trabecular bone sites 

timulated by receptor activation of NF- к B ligand (RANKL) [56] . 

everal reviews on the OIM potential of biomaterials are available 

or more detailed information on this topic [40 , 57 , 58] . 

.3. Bone cells in the remodelling process 

Four main cell types are naturally residing in bone tissue: bone 

ining cells, osteocytes, osteoblasts and osteoclasts. The most stud- 

ed cells in terms of osteoimmunology with regards to interactions 

ith biomaterials are osteoblasts, and their precursors, mesenchy- 

al stem cells (MSCs). The relevance of MSCs lies in their active 

ross-talk with the immune system and their ability to further 

odulate inflammation and repair. Through the release of chemo- 

nd cytokines and their receptors, immune cells enable the mi- 

ration and activation of MSCs to the injured site [59] . Interferon 

amma (IFN- γ ), TNF- α, IL-1, IL-8, IL-17, as well as TLRs [60] are

he main responsible proteins for MSC migration and activation. At 

ater stages of inflammation, MSCs are responsible for controlling 

he influx of regulatory T cells, a subpopulation of T lymphocytes 

nown for their immune regulatory potential, to the injured site. 

SC induce their apoptosis, downregulate B cells, NK cells and DC, 

nd finally, modulate macrophage response [61] . 

Successful bone repair and remodelling entails the differenti- 

tion of MSCs into the osteogenic lineage at later stages. This 

ifferentiation into the osteogenic lineage can be systemically 

timulated via parathyroid hormone (PTH) [62] , or vitamin D3 

63] ( Fig. 1 ). Secondly, factors such as bone morphogenetic pro- 

eins (BMPs), insulin growth factor (IGF) or transforming growth 

actor beta (TGF- β) can also stimulate the differentiation of MSCs 

nto the osteoblastic lineage [64 , 65] . The common mechanism for 
3 
steoblast differentiation is through autocrine pathways via Wnt- 

atenin, Runt-related transcription factor 2 (RUNX-2) and osterix 

OSX) [66] . The expression of RUNX-2 and OSX transcriptional fac- 

ors in MSCs represents their commitment towards the osteogenic 

ineage. Subsequently, committed pre-osteoblasts proliferate and 

ecrete fibronectin (FN), collagen proteins ( e.g. type I, COL-1) and 

xpress TGF- β receptors. In a second stage, pre-osteoblasts differ- 

ntiate into immature osteoblasts and continue secreting COL-1, to- 

ether with alkaline phosphatase (ALP) and bone sialoprotein (BSP) 

o trigger bone deposition [67] . Finally, mature osteoblasts release 

steonectin (ON), osteocalcin (OCN) and osteopontin (OPN) pro- 

eins, which regulate calcium binding and mineralization allowing 

he formation of calcium deposits. Although not implicitly stud- 

ed when evaluating the OIM potential of biomaterials, bone lining 

ells and osteocytes (both derived from mature osteoblast s, Fig. 1 ) 

re natural ‘switches’ to initiate and mediate bone remodelling 

rocess [68–70] . Osteocytes, which are osteoblasts engulfed by un- 

ineralized osteoid, can sense and respond to mechanical loads, 

dentify microdamages in bone tissue and secrete cytokines to ac- 

ivate the healing cascade [71] . Bone lining cells are also relevant 

uring the coupling of bone resorption and bone deposition, en- 

bling new bone formation by the deposition of fibrillar collagen, 

hich is later mineralized by osteoblasts [72] . 

Osteoclasts, which are the cells responsible for the catabolic ac- 

ivity in bone tissue, play a crucial role in osteoimmunology, al- 

hough they are until now mostly disregarded in studies on this 

opic. Osteoclastogenesis occurs upon the stimulation of mononu- 

lear precursors from the immune system by paracrine factors se- 

reted by leukocytes, osteoblasts or MSCs [73 , 74] . Osteoclast for- 

ation is highly dependent on macrophage colony stimulating fac- 

or (M-CSF) and receptor activation of NF- к B ligand (RANKL), to- 

ether with osteoprotegerin (OPG) antagonist, factors secreted by 

steoblasts and MSCs. Usually, bulk biomaterials that do not elicit 

rolonged inflammation, lead to the formation of osteoclasts, af- 

er which extracellular degradation will take place [57] . Osteoclast- 

ediated degradation balanced with new bone growth is the de- 

ired scenario for resorbable biomaterials. However, exacerbated 

steoclast activity surrounding biomaterials may lead to reduced 

ontact between bone and implant and eventually osteolysis [75] . 

lthough beyond the scope of this review, several studies have in- 

estigated biomaterial-modulated osteoclastogenesis [76–80] . 

More recently, bone residing macrophages, known as osteo- 

acs, have gained interest. These cells are particularly interesting 

ue to their versatile functions, including phagocytosis, detection 

f bacteria, activation of bone remodelling and modulation of os- 

eoblast activity [27 , 81] . 

. The basics of cell culture studies 

.1. Cell types 

In research, cell models are used to evaluate cellular interac- 

ions with a biomaterial. The type of cells and their origin are the 

rst decisions that have to be made when planning an experi- 
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4 
ent. While the selection of a cell type depends on the applica- 

ion planned for the biomaterial, choosing their origin may be less 

traightforward. Generally, two main groups can be defined: pri- 

ary cells and cell lines. Primary cells are isolated from human 

r animal tissue and therefore represent more realistic and com- 

lex physiological behaviour. However, these cells are more sensi- 

ive and can only be used for a relatively short number of passages, 

ince they undergo senescence processes and have limited poten- 

ial for self-renewal and differentiation. In contrast, cell lines are 

erived from genetically modified tissue or spontaneous tumours, 

hich grants them immortality and offers unlimited amounts of 

ells, while bypassing ethical concerns associated with the use of 

nimal and human tissue. Other advantages related to cell lines 

re their low cost, easy manipulation and possibility to keep them 

n culture for longer periods. However, the main problem associ- 

ted with cell lines is that their phenotype is modified, meaning 

ative functions and cell response to stimuli may also be altered. 

or this reason, cell lines rarely replicate the behaviour of primary 

ells, which causes controversy regarding the relevance of the re- 

ults obtained although cell lines are widely used [82] . The general 

ecommendation is to use cell lines as a tool to set up experiments 

nd afterwards validate the results with primary cells. 

Multiple cell types within the family of immune and skeletal 

ells, both primary and cell lines, have been used to study the 

IM properties of biomaterials. Among the immune cells, the com- 

ercially available monocyte/macrophage cell line RAW 264.7 has 

een used in the majority of studies in the field. The main reasons 

xplaining this choice are that macrophages are one of the primary 

mmune cells involved in osteoimmunology and that this particu- 

ar cell line, is considered an appropriate model of macrophages 

83] . As alternative cell lines, a porcine macrophage 3D4/21, a 

urine monocyte/macrophage J774A.1, human monocyte such as 

937 and THP-1, and a murine-derived dendritic cell line DC2.4 

ave been used. Apart from these cell lines, a variety of primary 

mmune cells can be isolated from peripheral blood mononuclear 

ells (PBMCs), the most common source being buffy coats. These 

nclude monocytes (used either directly after isolation or after fur- 

her differentiation towards macrophages), NK cells and T lympho- 

ytes. In the case of monocyte-derived macrophages, different pu- 

ification methods have been used, such as plastic adhesion and 

agnetic bead-based immunoisolation kits to for instance isolate 

D14 + cells. Noteworthy, the isolation methods can influence the 

ells’ phenotype, subsequently altering the results of the experi- 

ents performed [84] . A summary of the immune cells that are 

ypically used to assess the OIM properties of biomaterials is dis- 

layed in Table 2 . 

Regarding the skeletal cells, two main cell types have been 

sed: primary MSCs and bone cells, which are either directly iso- 

ated from human or animal tissue (primary cells), or cell lines that 

re commercially available, as previously explained. The most com- 

only used skeletal cells are bone marrow MSCs isolated from hu- 

ans. Among the bone cells, osteoblasts clearly dominate the stud- 

es over osteoclasts and osteocytes, which are both in fact almost 

bsent in the field. The osteoblast-like cell lines used are from both 

uman and animal origin, mouse cells being the most common 

ource for animal cells. Similar to immune cells, MSCs’ potential 

or differentiation into an osteogenic lineage and subsequent min- 

ralization relevant to study OIM is dependent on several factors, 

uch as patient-related factors, harvest site (femur or iliac crest) 

nd isolation methods ( e.g. enzymatic digestion or explant out- 

rowth) [85] . A compilation of the different skeletal cells used in 

tudies testing the OIM properties of biomaterials is presented in 

able 3 . Noteworthy, angiogenesis, another crucial process during 

one regeneration, is also triggered by immune and skeletal cells. 

he role of endothelial cells in osteoimmunology has been mainly 

tudied using a human umbilical vein endothelial cell (HUVEC cell 
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Table 2 

Overview of the immune cell types that are typically used to evaluate the osteoimmunomodulatory properties of biomaterials, including their origin and typical cell culture medium supplements. 

Fetal bovine serum (FBS) Human plasma 

Regular FBS Heat-inactivated FBS N.I. Regular plasma 

Cells’ origin Cells type (name) 10% 20% N.I. 5% 10% N.I. 10% 

Primary 

cells 

Human 

buffy coat 

Monocytes [186] [100] [50] 

Macrophages derived from 

monocytes 

[100] 

Neutrophils [50] 

Peripheral blood mononuclear 

cell (PBMC) 

[100] 

Natural killer (NK) cells [100] [122] 

T cells [122] 

B cells [122] 

Mouse Pan T lymphocytes [187] 

Cell lines Human Monocytes (U937) [109] [112] 

Monocytes (THP-1) [113 , 114 , 116] 

Mouse Macrophages (RAW 264.7) [87–90 , 113 , 118 , 121 , 134–137 , 139] [126] [86 , 98 , 123 , 133] [48] [110] 

Monocytes/macrophages (J774A.1) [107] 

Dendritic cell line (DC2.4) [124] 

Porcine Macrophages (3D4/21) [115] 

N.I. not indicated. 

Table 3 

Overview of the skeletal cell types that are typically used to evaluate the osteoimmunomodulatory properties of biomaterials, including their origin and typical cell culture medium supplements. 

Fetal bovine serum (FBS) 

FBS 

Heat-inactivated 

FBS 

Cells’ origin Cells type (name) 10% 20% N.I. 10% N.I. 

Primary 

cells (MSCs) 

Human bone marrow MSCs [86 , 87 , 90 , 100 , 110 , 113 , 114 , 116 , 121 , 123 , 125 , 133 , 139 , 186] [126] 

Cord blood MSCs [122] 

Human teeth MSCs (SHED) [187] 

Rat bone marrow MSCs [50 , 88 , 98 , 136] [134] 

Mouse bone marrow MSCs [137] 

Pigs (tissue source N.I.) MSCs [115] 

N.I. Osteoblasts [107] 

Cell lines 

(bone cells) 

Human Bone osteosarcoma (MG-63) [109] [112] 

Osteoblast (Saos-2) [48] 

[110] 

Calvaria murine Pre-osteoblast (MC3T3-E1) [89 , 99 , 118 , 124 , 135] 

SHED: stem cells from human exfoliated deciduous teeth; N.I. not indicated. 
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ines) [86–90] . However, the detailed evaluation of methods using 

ndothelial cells was beyond the scope of this review. 

.2. Cell culture medium 

Cell culture medium supports cell survival, proliferation and 

 variety of cellular functions. Since each cell type has specific 

rowth requirements, it is crucial to choose the right cell cul- 

ure medium, as this will directly affect the cells’ performance and 

herefore the results of a study. Today, in the majority of scien- 

ific studies, commercially available culture media is used. It is 

enerally accepted that most adhesive cells can be cultured with 

 single basal medium of the family of Eagle media or Ham me- 

ia, whereas RPMI-1640 medium is often used in suspension cul- 

ures [91] . For this reason, choosing the right culture media for 

steoimmunology-related co-cultures using both suspension and 

dherent cells may be an extra challenge. This may require opti- 

izing the combination of media to ensure the best cell growth for 

oth cell types [91 , 92] , as is further elaborated on in section 4.1.2 ,

Indirect co-culture’. 

Equally important as choosing the correct basal medium is se- 

ecting the right supplemental components to maintain the cells. 

his mainly includes, but it is not restricted to, an antibiotic solu- 

ion ( e.g. penicillin/streptomycin) and a serum. Although the use of 

ntibiotics is common in research, especially when working with 

ell lines, concerns regarding their potential to alter the gene ex- 

ression and regulation of cells have been raised. This should be 

specially taken into account when performing genetic, genomic 

r other biological assays involving cell cycle regulation, differen- 

iation, and growth [93] . Regarding the serum, the most popular 

ne nowadays is foetal bovine serum (FBS), which, among other 

ompounds, consists of amino acids, proteins, vitamins, carbohy- 

rates, lipids, hormones and growth factors. FBS promotes the pro- 

iferation of cells and is commonly added to cell cultures in stud- 

es that evaluate the OIM properties of biomaterials. However, the 

eported studies differ in the FBS concentration (often between 5 

nd 20%) and whether the FBS was heat-inactivated before use, as 

s reflected in Table 2 and 3 for immune and skeletal cells, respec- 

ively. 

Heat-inactivating FBS is a simple process in which the FBS 

s heated at 56 °C for 30 minutes before adding it to the basal

edium [94] . The purpose of heating FBS is mainly to inacti- 

ate both the complement system, a number of small proteins 

resent in the serum that are part of the immune system, and 

ipopolysaccharide (LPS)-binding proteins (LBP), which could ac- 

ivate immune cells [95] . For studies on osteoimmunology with 

iomaterials, most of them use heat-inactivated FBS for primary 

mmune cells, whereas both regular and heat-inactivated FBS has 

een used for studies with cell lines, showing the lack of consen- 

us in the field ( Table 2 ). In contrast, the large majority of stud-

es using skeletal cells do not use heat-inactivated FBS ( Table 3 ). 

owever, previous studies have indicated that some of the proteins 

resent in the serum can affect the behaviour of osteoblasts and 

SCs, meaning that the results can be indirectly influenced by the 

ype of FBS used [96 , 97] . While most of the studies use the same

oncentration of FBS for cell maintenance and the subsequent ex- 

eriments, there are a few experiments that use a serum-free cul- 

ure medium when immune cells are extrinsically activated with 

ipopolysaccharide (LPS) [90 , 98 , 99] or during a particular study 

uch as migration [100] . 

Noteworthy, since a couple of decades there is a strong push 

o use synthetic serum instead of FBS. There are several rea- 

ons behind this, such as the presence of many unidentified sub- 

tances, batch-to-batch variation including different growth factors 

nd growth inhibitors, and the potential to transfer viral and bac- 
6 
erial contaminations. On top of that, the procedure to obtain FBS 

s ethically debatable [101] . 

In addition to the serum and antibiotics, supplementing the 

edium with other components may be crucial to provide a spe- 

ific environment to the cells during an experiment. In particu- 

ar, chemical substances can be added into the immune cells to 

rigger their pro-inflammatory response, while growth factors or 

hemical compounds may be added to promote the differentiation 

f MSCs towards a skeletal cell type. The most common chemi- 

al compounds to extrinsically induce the activation of immune 

ells are LPS and phorbol 12-myristate 13-acetate (PMA). LPS is the 

ain component of the outer membrane of gram-negative bacteria 

nd triggers the activation of macrophages and other cells of the 

mmune system [102 , 103] . PMA is a synthetic chemical compound 

hat strongly activates protein kinase C, resulting in the activation 

f several immune cells. Upon activation, certain immune cells can 

espond by expressing pro-inflammatory cytokines and releasing 

OS [103 , 104] . 

Based on the relevant articles selected for this review, a trend 

n the use of LPS and PMA was observed. The addition of LPS 

nto a cell culture often aims to create an inflammatory environ- 

ent that activates the immune cells, skewing them towards a 

1 phenotype [105–107] . LPS can therefore be used to produce 

 set of activated inflammatory cells that can serve as a posi- 

ive control [108 , 109] or to evaluate the anti-inflammatory proper- 

ies of biomaterials [110] . LPS has occasionally been used to stim- 

late skeletal cells such as MSCs [107] or pre-osteoblasts [111] . 

n contrast, PMA is usually added to non-adherent cells such as 

HP-1 and U937 to differentiate them into adherent macrophages 

109 , 112–114] . The range of concentrations in which these com- 

ounds are applied varies significantly between studies. The most 

ommon concentration for LPS is 1 μg/ml [99 , 105 , 107 , 110 , 115] , al-

hough there are studies using it at both lower (1 ng/ml [50] , 100

g/ml [116] , 200 ng/ml [106] ), and higher (2 μg/ml [109] , 10 0 0

g/ml [90 , 98] ) concentrations. Cells are usually incubated with LPS 

or a short period between 6-24 hours. For PMA, more disperse 

oncentrations have been used, with values ranging from 80 nM 

o 10 0 0 nM [50 , 109 , 112–114] . Cells are usually incubated with PMA

or a period of 24-72 hours. Other activators such as 20 ng/ml M- 

SF (20 ng/ml) [117] , IL-4 (10-20 ng/ml) [106 , 118] , and a combi-

ation of activators such as IL-4 combined with IL-13 (20 ng/ml) 

116] or LPS and IFN- γ [115 , 116] are also reported. 

When skeletal cells ( e.g. MSCs or pre-osteoblast-like cells) are 

ultured with/in/on biomaterials, supplements are often added into 

he medium to enhance their differentiation towards bone cells. 

he combined addition of ascorbic acid, β-glycerophosphate and 

examethasone is a particularly effective combination to enhance 

he differentiation of MSCs or pre-osteoblasts towards mature os- 

eoblasts, which increase the number of bone nodules formed as 

 sign of mineralization in a time-dependent manner [119] . The 

otential mechanisms involved have been already discussed else- 

here [120] . The most common concentrations used experimen- 

ally are the following: between 8 and 50 μg/ml of L-ascorbic acid 

48 , 50 , 88 , 108 , 110 , 113 , 121–126] , but values of one order of mag-

itude higher have also been used [89 , 98] ; mainly 10 mM β- 

lycerophosphate [48 , 50 , 89 , 108 , 110 , 113 , 121 , 125 , 126] but values be-

ween 1 and 5 mM are also reported [88 , 98 , 122–124] ; and 10 and

00 nM of dexamethasone [48 , 50 , 89 , 98 , 122] . The classical protocol

o induce osteogenic differentiation involves culturing a monolayer 

f cells in combination with the mentioned compounds over sev- 

ral weeks. However, the majority of studies are evaluated over a 

wo-week period, although one and three-week intervals are also 

sed. Importantly, the timing for the addition of osteogenic sup- 

lements in monolayer formation is often omitted, and only few 

tudies indicate osteogenic supplements were added after 24h of 

ell seeding [88 , 110] . 
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Fig. 2. Schematic of the main experimental configurations to study the osteoimmunomodulatory properties of biomaterials: simplified methods, indirect co-culture using 

conditioned medium or transwells, and direct co-culture. 
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Beyond the addition of exogenous biochemical signals into the 

ell culture media, more recent strategies have explored the stimu- 

ation of MSC differentiation through intrinsic properties of bioma- 

erials. For example, biomaterials with tailored mechanical prop- 

rties, mainly stiffness, induce cell differentiation through extra- 

ellular matrix mechano-stimulation, mimicking the native tissue 

nvironment of the cells [127 , 128] . In addition, skeletal cells can 

lso be extrinsically stimulated by the addition of exogenous fac- 

ors in the media or their release by a biomaterial [129] , as is fur-

her elaborated on in section 4.1.1 . ‘Simplified methods to study 

steoimmunology’. 

. In vitro assessment of the OIM properties of biomaterials 

.1. Experimental approaches 

Multiple strategies have been explored to assess the OIM po- 

ential of biomaterials in vitro . These range from more simplified 

pproaches, in which one of the key cell types ( i.e . immune cells 

r skeletal cells) is exposed to regulatory factors expected to af- 

ect this cell type, to more complex approaches in which both 

ell types are involved. Such co-culture studies can be subdivided 

nto indirect co-culture studies, typically using either conditioned 

edium (CM) or transwells, and direct co-culture studies, where 

wo cell types are grown simultaneously with/in/on the same bio- 

aterial ( Fig. 2 ). Based on the literature selected for this review, 

he CM approach has shown to be the most common experimental 

et-up used to assess osteoimmunology in the context of bioma- 

erials, followed by the direct contact studies and indirect contact 

tudies employing transwells ( Table 4 ). 

.1.1. Simplified methods to study osteoimmunology 

In this approach, the cells are extrinsically stimulated by sup- 

lementation of commercially available regulatory factors, which 

re either added directly to the cell culture medium or incor- 

orated in/on a biomaterial ( Fig. 2 ). For example, in a study 

erformed by Mountziaris et al ., the dose-effect of the pro- 

nflammatory cytokine TNF- α on the osteogenic differentiation of 

SCs was investigated [130] . Rat MSCs were pre-treated with dex- 

methasone to induce osteogenic differentiation and subsequently 

rown on biodegradable polycaprolactone scaffolds. Afterwards, 

he cells were exposed to a continuous delivery of 0.1, 5 or 50 

g/ml TNF- α and assessed for osteogenic differentiation. Whereas 
7 
he lowest dose of TNF- α inhibited osteogenic differentiation, ex- 

osure to the intermediate and highest concentrations resulted in 

 stimulation of differentiation and significant mineralized ma- 

rix deposition, respectively. This study was elaborated on in later 

ork, in which it was shown that temporal variations in TNF- α af- 

ect osteogenic differentiation of rat mesenchymal stem cells [131] . 

n example of adding relevant factors to biomaterials, rather than 

upplementing these to the medium, is given by Lv et al. [129] . In

heir work, high mobility group box 1, a chemoattractant that di- 

ects the migration of among others inflammatory cells and MSCs, 

as immobilized on the surface of poly-L-lactide/polycaprolactone 

caffolds. One key finding in this work was that such scaffolds ac- 

elerated the adhesion and osteogenic differentiation of MSCs in 

itro . Although offering a relatively simple method to mimic and 

valuate the OIM properties of biomaterials, these simplified ap- 

roaches lack the real-time interplay between biomaterials and the 

wo families of cells. 

.1.2. Indirect co-culture 

onditioned medium (CM). In this approach, one cell type, typically 

n immune cell type, is grown with/in/on a biomaterial, modify- 

ng the surrounding cell culture medium with cell-secreted factors. 

fter incubation, this modified medium ( i.e. CM) is collected and 

dded to skeletal cells, which either grow on standard tissue cul- 

ure plastic or on the biomaterial ( Fig. 2 ). The CM may also be

upplemented with extrinsic osteogenic compounds ( e.g. ascorbic 

cid, β-glycerophosphate and dexamethasone) to further enhance 

he differentiation, as mentioned before in section 3.2 ‘Cell culture 

edium’. Multiple studies have used CM as the approach to study 

he interplay between macrophages and skeletal cells ( Table 4 ). For 

xample, Sadowska et al. studied the influence of the inflammatory 

nvironment generated by the physicochemical features of calcium 

hosphate substrates and its effect on the osteogenic differentia- 

ion of human MSCs and Saos-2 cells [110] . In their work, CM was

repared by culturing RAW 264.7 cells on different calcium phos- 

hate substrates. This CM was subsequently fed to MSCs and Saos- 

 cells, which had been growing either or both on the calcium 

hosphate substrates. The results showed that calcium phosphates 

ith different physicochemical properties modulate the immune 

ell response differently, which on its turn also affected osteogenic 

ifferentiation. Interestingly, the substrate that caused the most 

rominent decrease in pro-inflammatory cytokines, was not the 
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Table 4 

Overview of the experimental approaches and characterisation/analysis methods used to evaluate the osteoimmunomodulatory properties of biomaterials. In case that both monoculture (M) and a co-culture (C) were performed, 

only the latter is indicated. 

Experimental approach Characterisation and analysis methods 

Materials 

Properties 

evaluated Direct Transwells CM Morphology 

Cell viability & 

proliferation Gene expression ELISA Western Blot 

ALP 

activity Mineralization Immunofluorescence 

Flow 

cytometry Oxidative comp. Migration Microarray References 

IM SK IM SK IM SK IM SK IM SK SK SK IM SK IM IM SK SK IM SK 

Ceramics β-TCP _ X M C M C M C C [124] 

β-TCP + heparine Chem X M M M C M M M [50] 

Mg/ β-TCP Chem X M M C M C C C M [123] 

β-TCP and CDHA Cry, Rou X M C M C M C C C [110] 

HA/TCP _ X C C M M M M C [122] 

HA Rou, 

Chem 

X M M M C C C M [121] 

HA Rou X M M C M [87] 

Sr-HA + phospho- 

serine 

Chem X M M C M C M [135] 

CDHA Rou X M M M C C C C [48] 

CPC, MCPC, MPC Chem X M C M C C M [88] 

BCP _ X X M C M M C M [139] 

Bioactive glass _ X M M M C C C [118] 

Cu-bioactive glass Chem X M M M C [86] 

Alumina Por X M M M C M M C M [98] 

Polymers PGA/PLA _ X C C C [115] 

PLA; chitosan Chem X M M M C M [100] 

Chitosan Chem X C C C C M [107] 

Hyaluronic acid _ X C C C C [186] 

Zn-PEEK Chem X C C M M M M C C M C M M [136] 

SBS-PEEK Chem X M C M C C M C M [134] 

PEEK Che, Rou, 

Wet 

X M M M M M M M C M M M [113] 

Silk fibroin PCL Rou X C C M C M C [112] 

Composites Mineralized 

collagen 

_ X M M C M [114] 

Coll-HA Por, Mech X M M M C M C C [116] 

Bioactive glass 

coated collagen 

Rou X M M C C C [133] 

Nanoparticle 

fibroin 

Chem X C C M C M M [109] 

Transglutaminase 

gelatin 

Mech X X M M M M M M C C M [126] 

Metals Titanium Rou X M M C M C C [137] 

Titanium Chem, 

Rou, Crys, 

Wet 

X M M M C M [99] 

316L stainless 

steel 

Rou X M C M C M C C [90] 

Magnesium alloy Chem X M M M C M M C [89] 

Abbreviations material: β-TCP: beta-tricalcium phosphate; BCP: bicalcium phosphate; CDHA: calcium deficient hydroxyapatite; CPC: calcium phosphate cements; HA: hydroxyapatite; HMW: High molecular weight; MCPC: 

magnesium-calcium phosphate cements; MPC: magnesium phosphate cements; PEEK: polyetheretherketone; PCL: polycaprolactone; PLA: polylactic acid; SBS: sodium buryrate-sulfonated; Abbreviations types of culture: M: 

monoculture; C: co-culture; Abbreviations cell types: IM: immune cells; SK: skeletal cells, Abbreviations properties evaluated: Chem: chemistry; Cry: crystalline phases; Mech: mechanical; Por: porosity; Rou: roughness; Wet: 

wettability. 
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ne resulting in the most favourable environment for osteogenic 

 ifferentiation. 

Despite offering an accessible way to study the interactions be- 

ween biomaterial, immune and bone cells, it should be noted that 

M may not only be altered in terms of the desired cell-secreted 

actors, but may also show variation in other medium components, 

uch as glucose and serum proteins. These factors can impact the 

iological outcome and can easily be overlooked. In addition, for all 

o-culture configurations, medium optimization may be required 

o select a common medium that sustains all the cell populations 

o a desirable degree [132] . This can be a challenging and lengthy 

rocess, especially when considering that cells that would make 

ense to culture together from a physiological point of view, do 

ot necessarily share the same basal medium and supplements 

n vitro . A way to tackle this is to dilute CM with the complete

edium of skeletal cells at different ratios, such as 1:1 [86 , 88 , 90] ,

:2 [48 , 50 , 118 , 133–137] , or 1:3 [123] . The observed variety in ra-

ios seems to point at prior optimization experiments, in which the 

atios between the different cell media were evaluated before per- 

orming the final studies for publication. However, data supporting 

he reasoning behind choosing a certain medium or media combi- 

ation is unfortunately o mitted. 

Lastly, it should be mentioned that although CM has been 

idely used in studies on osteoimmunology, this set-up does not 

llow real-time cross-talk between the cells, but instead, cell- 

ecreted factors accumulate in the medium over time. To circum- 

ent this, transwells may be used. 

Transwells. Transwells are inserts that contain a porous mem- 

rane at the bottom and can be positioned inside the wells of a 

ell culture plate. They have been used to provide physical isola- 

ion of different cell types, while allowing bidirectional exchange 

f secreted molecules within each well. In the context of osteoim- 

unology, the biomaterial is usually placed at the bottom of the 

raditional well plate, together with one of the cell types of in- 

erest. The other cell type is seeded on the porous membrane in 

he transwell insert, often without the biomaterial, enabling the 

iffusion of cell-secreted factors ( Fig. 2 ). Apart from real-time ex- 

osure to secreted factors, using a transwell has the advantage 

f capturing the two-way dynamic interaction between immune 

nd bone cells, thereby more closely mimicking the in vivo en- 

ironment. An example of such a set-up is provided by Wang et 

l ., who studied how mouse bone marrow-derived MSCs respond 

o chemokines secreted by macrophages that had been in contact 

ith a biphasic calcium phosphate biomaterial [138] . The biomate- 

ial was placed in a well and subsequently seeded with RAW 264.7 

ells. The transwell insert was placed into the well and seeded 

ith bone marrow-derived MSCs. When membranes with suffi- 

iently large pore sizes are used, cell migration could also be stud- 

ed using this same set-up [86 , 100 , 118 , 139] . 

Noteworthy, to adequately cover the cells in a transwell insert 

ith medium, larger volumes than in traditional well plates may 

e needed. This may dilute factors of interest and should there- 

ore be considered when designing experiments. In addition, the 

elected cell culture medium itself could affect the experimental 

esults. 

.1.3. Direct co-culture 

In the direct co-culture approach, the two cells types are grown 

imultaneously with/in/on the same biomaterial, allowing direct 

ell-to-cell contact ( Fig. 2 ). This strategy was chosen in a study 

iming to determine the OIM properties of chitosan-based scaf- 

olds. Co-cultures of osteoblasts and J774A.1 macrophages with 

nd without LPS stimulation were used as a model for an in- 

amed bone environment and a regular environment, respec- 

ively [107] . The results showed that the chitosan-based scaf- 

olds had the ability to inhibit pro-inflammatory cytokine (IL- 
9 
 and IL-6) production, indicating the potential of such materi- 

ls to promote bone regeneration under favourable inflammatory 

onditions. 

Although offering an environment even closer to the in vivo sit- 

ation, having two cell types in close vicinity on the same bio- 

aterial has its challenges. Not only is there a need for compat- 

bility of the two cell types, optimizing cell densities and corre- 

ponding culture conditions ( e.g. basal medium and supplements), 

ut working with direct co-cultures also increases the complexity 

f analysis. This is particularly relevant when aiming to separate 

he effects from either of the cell types on the other, and to si- 

ultaneously ascribe the effects to the biomaterial, based on using 

ommon cell-secreted factors or other non-cell type specific meth- 

ds. Moreover, similarly to other approaches, the general choice 

f cell culture medium is also important for the outcome of the 

tudy. 

.2. Methodologies used to assess osteoimmunology 

.2.1. General overview 

The OIM properties of many different types of biomaterials have 

een tested, using either novel biomaterials or well-known bio- 

aterials with modified physicochemical properties ( e.g. chemistry, 

oughness and stiffness). The materials, classified by their chemi- 

al nature (ceramics, polymers, composites and metals) and their 

hysicochemical property under study, are listed in Table 4 , ac- 

ompanied with the methods that have been used to test the OIM 

roperties of the material. 

Generally, the in vitro evaluation of biomaterials’ OIM prop- 

rties includes an assessment of cell viability and/or cellular 

orphology. Regardless of the experimental setup, the more 

pecific evaluation often focuses first on determining the im- 

une cell response upon biomaterial contact, and subsequently 

xamines how this response affects the differentiation of os- 

eoblasts/MSCs. The immune response is assessed by identify- 

ng the inflammatory profile of macrophages as either M1 (pro- 

nflammatory) or M2 (anti-inflammatory) through the study of 

xpressed genes, released cytokines or surface markers. The 

valuation of osteoblast or MSC differentiation comprises the 

etection of osteogenic genes, ECM proteins and calcium de- 

osition. Moreover, migration of MSCs triggered by cytokines 

nd chemoattractants has been evaluated with some migration 

ests. 

The mentioned cellular responses are evaluated using a 

lethora of biochemical methods and techniques ( Table 4 ). A more 

etailed overview of the different methodologies, including factors 

nd time points assessed, are included in Tables 5 and 6 for in- 

ammatory and skeletal cells, respectively. Noteworthy, for those 

o-culture studies using indirect contact approaches (CM or tran- 

wells), the characterisation could be directly performed and fo- 

used on the cell family of interest, meaning that the time points 

nd factors are only indicated in one of the tables ( Table 5 or 6 ). In

he case of direct approaches, since both cell types were cultured 

ogether, the output from the characterisation, could in principle 

riginate from either of the two cell types. Therefore, information 

egarding morphology may be indicated in both tables. On the con- 

rary, specific markers (inflammatory or osteogenic) were added to 

he corresponding table based on the current knowledge of the 

actors and which cell type they originate from. Last but not least, 

hile the general characterisation methods employed in each arti- 

le are indicated in Table 4 , due to the high number of specific fac-

ors evaluate d, Tables 5 and 6 gather those factors tested in more 

han one work (using either the same or different techniques). Fac- 

ors that have only been tested once have been included in Table 

.1 and S.2, since these may serve as inspiration for future studies. 
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Table 5 

Methodologies used to evaluate immune cells, including the factors and the time points at which they are commonly evaluated. 

Method Factor/assay Monoculture Co-culture 

Morphology Fluorescence/confocal microscopy 1 day [90 , 110 , 114 , 126] 

2 days [100] 

3 days [110 , 126] 

7 days [126] 

9 days [100] 

1 day [112] 

3 days [109] 

4 days [107] 

SEM 

(Scanning electron microscopy) 

6 hours [50 , 110] 

1 day [50 , 87 , 90 , 98 , 99 , 113 , 114 , 121 , 123 , 133 , 137] 

2 days [50] 

3 days [50 , 110] 

4 days [136] 

1 day [136] 

4 days [136] 

7 days [112] 

Cellular viability & 

proliferation 

Resazurin-based assays, live-dead 

imaging, etc. 

1 day [48] 

3 days [48 , 89] 

5 days [48] 

7 days [88 , 89 , 109 , 112] 

14 days [109 , 112] 

21 days [112] 

6 days [122] 

Gene expression (PCR) Arg-1 

(Arginase 1) 

1 day [114] 

2 days [88] 

3 days [87 , 114 , 137] 

7 days [126] [114] 

1 day [115] 

BMP-2 

(Bone morphogenetic protein 2) 

6 hours [98] 

1 day [113 , 123 , 124] [99] 

36 hours [123] 

2 days [88] 

3 days [113 , 137] 

4 days [134 , 136] 

5 days [113] 

CCL2 (C-C Motif Chemokine Ligand 2) 

/ MCP-1 

1 day [139] 

3 days [89 , 135 , 139] 

5 days [139] 

CCL3 (C-C Motif Chemokine Ligand 3) 

/ MIP-1a 

1 day [139] 

3 days [135 , 139] 

5 days [139] 

CCL5 

(C-C Motif Chemokine Ligand 5) / 

RANTES 

1 day [139] 

3 days [135 , 139] 

5 days [139] 

CCR-7 

(C-C Motif Chemokine Receptor 7) 

6 hours [98] 

3 days [87 , 137] 

4 days [136] 

CD11c 

(Cluster of differentiation 11c) 

6 hours [98] 

2 days [121] 

3 days [137] 

CD80 

(Cluster of differentiation 80) 

1 day [124] 

CD86 

(Cluster of differentiation 86) 

6 hours [90 , 98] 

1 day [124] [99] 

2 days [121] 

4 days [134] 

CD163 

(Cluster of differentiation) 

1 day [99] 

3 days [89 , 137] 

4 days [134] 

CD206 

(Cluster of differentiation 206) 

6 hours [90 , 98] 

12 hours [48] 

1 day [99 , 113 , 126] 

2 days [121] 

3 days [87 , 113 , 137] 

4 days [136] 

5 days [113] 

7 days [126] 

CTSK 

(Cathepsin K) 

1 day [99 , 110] 

12 hours [48] 

3 days [110] 

IFN- γ

(Interferon gamma) 

1 day [123 , 124] 

36 hours [123] 

3 days [137] 

IL-4 

(Interleukin 4) 

1 day [124] 

3 days [137] 

IL-6 

(Interleukin 6) 

6 hours [90 , 98 , 110] 

12 hours [48] 

1 day [99 , 113 , 114 , 123 , 124] 

36 hours [123] 

2 days [88 , 121] 

3 days [113 , 114 , 118 , 135 , 137] 

5 days [113] 

7 days [114] 

24 hours [115] 

( continued on next page ) 
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Table 5 ( continued ) 

Method Factor/assay Monoculture Co-culture 

IL-10 

(Interleukin 10) 

6 hours [90] 

1 day [99 , 114 , 123 , 124] 

36 hours [123] 

2 days [88] 

3 days [87 , 89 , 114 , 118 , 137] 

7 days [114 , 126] 

24 hours [115] 

IL-18 

(Interleukin 18) 

6 hours [98] 

1 day [124] [99] 

IL-1 β

(Interleukin 1 beta) 

6 hours [90 , 98 , 110] 

12 hours [48] 

1 day [99 , 113 , 123 , 124] 

36 hours [123] 

2 days [88 , 121] 

3 days [113 , 118 , 135 , 137] 

5 days [113] 

7 days [126] 

N.I. [86] 

24 hours [115] 

IL-1ra 

(Interleukin 1 receptor antagonist) 

1 day [123 , 124] 

36 hours [123] 

2 days [88] 

3 days [118 , 137] 

N.I. [86] 

iNOS 

(Inducible nitric oxide synthase) 

6 hours [98 , 110] 

12 hours [48] 

1 day [99 , 114] 

2 days [88 , 121] 

3 days [87 , 114 , 118 , 137] 

7 days [114 , 126] 

24 hours [115] 

MMP-9 

(Matrix metallopeptidase 9) 

6 hours [98 , 110] 

12 hours [48] 

OSM 

(Oncostatin M) 

6 hours [98] 

12 hours [48] 

7 days [116] 

TGF- β1 

(Transforming growth factor beta 1) 

6 hours [98] 

12 hours [48] 

1 day [99 , 113 , 123 , 124] 

36 hours [123] 

2 days [88] 

3 days [113 , 137] 

5 days [113] 

24 hours [115] 

TLR-4 

(Toll like receptor 4) 

1 day [124] 

TNF- α

(Tumor necrosis factor) 

6 hours [90 , 98 , 110] 

12 hours [48] 

1 day [50 , 89 , 99 , 113 , 123 , 124] 

2 days [50 , 121] 

36 hours [123] 

3 days [50 , 87 , 89 , 113 , 118 , 135 , 137] 

5 days [113] 

7 days [126] 

24 hours [115] 

TRAP (Tartrate-resistant acid 

phosphatase) 

6 hours [98] 

1 day [99 , 123] 

36 hours [123] 

VEGF (Vascular endothelial growth 

factor) 

6 hours [98] 

12 hours [48] 

1 day [99 , 113 , 123 , 124] 

36 hours [123] 

2 days [88] 

3 days [113 , 137] 

4 days [134 , 136] 

5 days [113] 

Cytokines (ELISA) Arg-1 (Arginase 1) 1 day [114] 

3 days [114] 

7 days [114] 

CCL-2 (C-C Motif Chemokine Ligand 2) 

/ MCP-1 (monocyte chemoattractant 

protein 1) 

1 day [139] 

2 days [100] 

3 days [89 , 135 , 139] 

CCL3 (C-C Motif Chemokine Ligand 3) 

/ MIP-1 α (macrophage inflammatory 

protein 1-alpha) 

24 hours [139] 

48 hours [100] 

3 days [116 , 135 , 139] 

( continued on next page ) 
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Table 5 ( continued ) 

Method Factor/assay Monoculture Co-culture 

CCL4 (C-C Motif Chemokine Ligand 4) 

/ MIP-1 β

1 day [139] 

2 days [100] 

3 days [139] 

CCL5 (C-C Motif Chemokine Ligand 5) 

/ RANTES 

2 days [100] 

3 days [135] 

IL-1 β (Interleukin 1 beta) 6 hours [50] 

12 hours [109] 

1 day [50 , 98] 

2 days [50 , 121] 

3 days [50 , 135] 

12 hours [109] 

1 day [115] 

4 days [107] 

IL-4 (Interleukin 4) 4 days [134 , 136] 

IL-6 (Interleukin 6) 6 hours [48 , 110] 

1 day [98 , 114] 

2 days [88 , 100 , 121] 

3 days [114 , 116 , 135] 

4 days [134 , 136] 

7 days [114] 

4 days [107] 

IL-10 (Interleukin 10) 3 hours [126] 

6 hours [110 , 126] 

12 hours [126] 

24 hours [114 , 126] 

2 days [88 , 126] 

3 days [114 , 116 , 126] 

4 days [134 , 136] 

7 days [114] 

1 day [115] 

4 days [107] 

iNOS (Inducible nitric oxide synthase) 3 hours [126] 

6 hours [126] 

12 hours [126] 

1 day [114 , 126] 

2 days [126] 

3 days [114 , 126] 

7 days [114] 

TGF- β1 (Transforming growth factor 

beta 1) 

4 days [107] 

TNF- α (tumor necrosis factor) 3 hours [113] 

6 hours [48 , 50 , 110 , 126] 

12 hours [109 , 126] 

1 day [50 , 98 , 126] 

2 days [50 , 88 , 121 , 126] 

3 days [50 , 113 , 116 , 126] 

4 days [134 , 136] 

12 hours [109] 

Western Blot CD86 (Cluster of differentiation 86) 6 hours [98] 

IkB α (Inhibitor of nuclear factor kappa 

B) 

6 hours [98] 

7 days [123] 

Immunofluorescence Arg-1 (Arginase 1) 24 hours [126] 

4 days [134] 

CCR-7 (C-C Motif Chemokine Receptor 

7) 

4 days [134] 

CD206 (Cluster of differentiation 206) 24 hours [136] 

4 days [136] 

24 hours [115] 

IL-10 (Interleukin 10) 24 hours [126] 

iNOS (Inducible nitric oxide synthase) 24 hours [126 , 136] 

4 days [136] 

TNF- α (tumor necrosis factor) 24 hours [126] 

Cell surface markers (flow 

cytometry) 

CCR-7 (C-C Motif Chemokine Receptor 

7) 

24 hours [123] 

3 days [88] 

4 days [134 , 136] 

CD80 (Cluster of differentiation 80) 3 days [87] 

CD163 (Cluster of differentiation 163) 24 hours [123] 

CD206 (Cluster of differentiation 206) 3 days [87 , 88] 

4 days [134 , 136] 

7 days [186] 

Oxidative molecules ROS (Reactive oxygen species) 2 hours [50] 

6 hours [98] 

3 days [113] 

Microarray Cytokine array (40 factors) 7 days [100] 

Gene expression array ( > 10 factors 

and 111 factors) 

3 days [139] 

4 days [136] 

Whole genome analysis 3 days [113] 

N.I. not indicated. 
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Table 6 

Methodologies used to evaluate skeletal/bone cells, including the factors and the time points at which they are commonly evaluated. 

Method Factor/assay Monoculture Co-culture 

Morphology Fluorescence/confocal microscopy 1 hour [99] 

4 hour [99] 

1 day [99 , 126] 

3 days [126] 

7 days [109 , 126] 

21 days [112] 

1 day [90 , 112] 

3 days [109 , 110] 

4 days [107] 

7 days [136] 

14 days [136] 

SEM 

(Scanning electron microscopy) 

1 day [99 , 113 , 136] 

2 days [118] 

3 days [99] 

4 days [136] 

7 days [109] 

7 days [112] 

Cell viability & proliferation Resazurin-based assays, live-dead 

imaging, etc. 

6 hour [50] 

1 day [86 , 89 , 99 , 109 , 112 , 118 , 126] 

3 days [50 , 86 , 89 , 99 , 118 , 126] 

5 days [86 , 89 , 99 , 112] 

7 days [50 , 89 , 109 , 112 , 118 , 126] 

14 days [50 , 109 , 112] 

21 days [109 , 112] 

1 day [90 , 124 , 135] 

3 days [90 , 124 , 135] 

5 days [124] 

6 days [122] 

7 days [90 , 135] 

Gene expression (PCR) ALP (Alkaline phosphatase) 3 days [89] 

7 days [89 , 113 , 126 , 137] 

14 days [113] 

21 days [122] 

1 day [50 , 124] 

3 days [50 , 89 , 99 , 110 , 123 , 135] 

7 days [88 , 114 , 118 , 123 , 137] 

14 days [118 , 134 , 136] 

BMP-2 

(Bone morphogenetic protein 2) 

1 day [89] 

3 days [87 , 89] 

7 days [89] 

1 day [50] 

3 days [48 , 50 , 99 , 110] 

7 days [88] [116] 

14 days [134] 

BMPR-1a 

(Bone morphogenetic protein receptor 

type 1A) 

3 days [98 , 123] 

BMPR-2 

(Bone Morphogenetic Protein Receptor 

Type 2) 

3 days [98 , 123] 

COL-1 

(Collagen 1) 

3 days [87 , 89] 

7 days [89 , 113 , 137] 

14 days [113] 

1 day [50] 

3 days [48 , 50 , 89 , 99 , 110 , 123 , 133 , 135] 

7 days [88 , 118 , 121 , 123 , 186] 

14 days [118 , 136] 

IBSP 

(Integrin binding sialoprotein) 

3 days [48 , 110 , 133] 

7 days [123] 

OCN 

(Osteocalcin) 

3 days [89] 

7 days [89 , 113 , 126 , 137] 

14 days [113] 

21 days [122] 

1 day [90 , 124] 

3 days [48 , 89 , 99 , 110 , 123 , 133 , 135] 

7 days [114 , 118 , 121 , 123] 

14 days [118 , 134 , 136] 

OPG 

(Osteoprotegerin) 

3 days [99 , 123 , 135] 

OPN 

(Osteopontin) 

7 days [137] 1 day [50 , 90] 

3 days [50 , 133] 

7 days [116 , 118 , 123] 

14 days [118 , 121 , 134] 

OSX (Osterix) / 

SP7 (SP7 transcription factor-2) 

7 days [126] 

21 days [122] 

3 days [99] 

RUNX-2 

(Runt-related transcription factor 2) 

3 days [87] 

7 days [113 , 126 , 137] 

14 days [113] 

21 days [122] 

1 day [90 , 99 , 124] 

3 days [48 , 89 , 110] 

7 days [88 , 114 , 116 , 118 , 121] 

14 days [118 , 136] 

SMAD1 

(Mothers against decapentaplegic 

homologue 1) 

3 days [98 , 99 , 123] 

SMAD4 

(Mothers against decapentaplegic 

homologue 4) 

3 days [98 , 99 , 123] 

SMAD5 

(Mothers against decapentaplegic 

homologue 5) 

3 days [98 , 99 , 123] 

Alkaline phosphatase (ALP) ALP assay 

(Alkaline phosphatase) 

(quantitative) 

6 hours [50] 

3 days [50 , 88 , 89 , 113] 

7 days [50 , 89 , 99 , 109 , 112 , 113 , 116 , 126] 

10 days [123] 

14 days [50 , 109 , 112 , 113] 

21 days [112] 

3 days [113] 

7 days [88 , 113 , 116 , 118 , 126 , 137] 

10 days [123 , 124] 

14 days [113 , 118] 

ALP staining 

(Alkaline phosphatase) 

(qualitative) 

7 days [88] 

21 days [122] 

7 days [88 , 118 , 136] 

14 days [118 , 134 , 136] 

3 weeks [121] 

( continued on next page ) 
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Table 6 ( continued ) 

Method Factor/assay Monoculture Co-culture 

Calcium deposits indication of 

mineralization 

Alizarin Red 7 days [89 , 99 , 109] 

14 days [113] [99] 

21 days [113 , 122] 

28 days [116] 

7 days [88 , 112 , 126 , 136 , 137] 

10 days [123] 

14 days [48 , 88 , 98 , 110 , 112 , 133 , 134 , 136] 

21 days [112 , 121 , 124] 

28 days [116] 

Western Blot β-catenin 3 days [98] 

7 days [133] 

ALP 

(Alkaline phosphatase) 

3 days [48 , 98 , 110] 

7 days [133] 

14 days [123] 

Axin-2 3 days [98] 

7 days [133] 

COL-1 

(Collagen 1) 

3 days [48 , 98 , 110] 

7 days [121 , 133] 

OCN 

(Osteocalcin) 

7 days [121] 

OPN 

(Osteopontin) 

3 days [98] 

7 days [133] 

14 days [123] 

RUNX-2 

(Runt-related transcription factor 2) 

21 days [122] 3 days [48 , 110] 

7 days [121 , 133] 

Immunofluorescence ALP 

(Alkaline phosphatase) 

3 days [110] 

7 days [136] 

14 days [134 , 136] 

COL-1 

(Collagen 1) 

7 days [89] 

OCN 

(Osteocalcin) 

14 days [136] 

OPN 

(Osteopontin) 

1 day [90] 

RUNX-2 

(Runt-related transcription factor 2) 

7 days [89] 

Migration Real-time cell analysis 8 hours [139] 

Scratch assay 12 hours [118] 

24 hours [118] 

Transwell assays 8 hours [118] 

24 hours [100] 

Microarray Gene expression array (17 factors) 3 days [186] 

7 days [186] 
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The methods recurring in the literature are explained below 

n separated subsections depending on whether they are used for 

oth skeletal and immune cells or for either family of cells. 

.2.2. Methods used for both skeletal cells and immune cells 

ell morphology. By studying the morphology and attachment of 

ells, one can obtain information about their responses to a bioma- 

erial. In the case of macrophages, their polarization can result in 

ramatic changes of cell shape in vitro . For example, macrophages 

ith an anti-inflammatory M2 profile exhibit an elongated shape, 

hereas pro-inflammatory M1 macrophages display a rounded 

orphology [110 , 140 , 141] . 

Cell morphology on a biomaterial is generally assessed us- 

ng microscopy, which often involves fluorescent labelling of the 

ells. A common example is the cytoplasmic staining CellTracker TM , 

hich is a fluorescent dye that passes the cell membrane and is 

etained within the cells. This method allows for live monitoring 

f the cells for several generations. CellTracker TM can be used to 

tain immune cells and skeletal cells in different colours before 

eing seeded on a biomaterial, allowing for convenient visuali- 

ation of both cell types [107 , 112] . Alternatively, the cytoskeleton 

r cell nucleus can be stained using, for example, phalloidin and 

 

′ ,6-diamidino-2-phenylindole (DAPI) staining, respectively. While 

ellTracker TM is intended to be used over the culture time, both 

ytoskeleton and cell nucleus staining are typically performed af- 

er fixation at the en d point of a study. 

Another commonly employed method is scanning electron mi- 

roscopy (SEM). Although requiring additional sample preparation 

teps and only allowing end-point analysis, SEM provides higher 
14 
esolution than fluorescence microscopy. SEM has also been used 

o visualize the morphology of two cell types on a biomaterial 

103] even though it does not come with the advantage of clearly 

isualizing the different parts of the cells as is otherwise easily 

one with counterstaining in f luorescence microscopy. 

Nowadays, with advanced image analysis techniques, images 

an be post-processed to obtain quantitative data. For accurate 

nalyses, image stitching can overcome the inaccuracy of select- 

ng a representative area/image by composing a full map of a sam- 

le, although requiring long acquisition times and post-processing. 

hile SEM reaches resolutions of 10-100 nm [142] and provides 

nformation regarding the microstructure of both cell and bioma- 

erial, coupling SEM to focused ion beam (FIB) allows for further 

nalysis of the cell-biomaterial interphase [143 , 144] . While both 

EM and FIB-SEM may provide valuable insights, such in-depth 

haracterisation is often not needed to evaluate the osteoimmuno- 

ogical properties of biomaterials. 

ell viability and cell proliferation. There are several methods to 

valuate cell viability, the most common ones being colorimet- 

ic metabolic assays, which are often resazurin-based reagents or 

uorescent labelling of living and dead cells. There are several 

esazurin-based assays on the market ( e.g. MTT, Alamar Blue and 

ell Counting Kit – 8), which are all based on assessing the re- 

uction of a substrate during cell metabolism. By plotting the 

etabolic activity or cell number over time, information regarding 

ell proliferation is obtained. To evaluate cell viability by means 

f fluorescence labelling, a LIVE/DEAD staining method ( e.g. cal- 
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ein acetoxymethyl ester (calcein-AM) and propidium iodide) is 

ener ally used. 

Noteworthy, many of these reagents measure the metabolic 

ctivity of cells, rather than the cell number. To correlate the 

etabolic activity to a cell number, a standard curve with se- 

ial dilutions of cells is often used. A concern when using such 

ssays is the assumption that all cells have the same metabolic 

tate, which might not always be the case. In other words, dif- 

erences observed may be attributed to changes in cell number, 

hanges in cell metabolism, or a combination thereof. Hence, com- 

inations with qualitative methods ( e.g. cell staining) might pro- 

ide more complete and accurate results. Finally, for some bio- 

hemical reagents it is claimed that repeated measurements can 

e performed. Whereas this would bring the great advantage of re- 

ucing the number of samples needed and being able to track the 

ame sample, our experience is that the cells’ signal may decrease 

ver time. Therefore, one should perform preliminary studies to as- 

ess that the cells of interest are not affected by being repetitively 

xposed to a biochemical reagent, thereby influencing the results. 

ene expression. Quantitative real-time polymerase chain reaction 

qPCR, also called quantitative PCR or real-time PCR), either involv- 

ng a reverse transcription step (qRT-PCR) or not (qPCR), combines 

he amplification of mRNA and detection into a single step. This 

s achieved by using a variety of different fluorescent chemistries 

hat allow to detect the target DNA, and are characterized by the 

oint in time (or PCR cycle) where the target amplification is first 

etected (referred to as cycle threshold, C t ) [145] . In the context 

f osteoimmunology, it is relevant to determine the polarization of 

acrophages and the differentiation of skeletal cells into the os- 

eogenic lineage. Specifically, for the immune cells, qRT-PCR/qPCR 

re used to determine mRNA encoding inflammatory factors such 

s TNF- α (associated with the pro-inflammatory M1 phenotype) or 

L-10 (associated with the anti-inflammatory M2 phenotype). For 

he skeletal cells, typical markers for osteogenic differentiation in- 

lude, but are not limited to, ALP, RUNX-2, COL-1, OCN and OPN. 

There is no doubt that qPCR is widely used in experimental re- 

earch due to its accurate and unprecedented sensitivity to quan- 

ify mRNA. However, such extreme sensitivity also implies that 

alse positives can originate from contaminations. Experimentally, 

he process is long and tedious, with several delicate steps ( e.g. cell 

ysis, RNA extraction, DNA transcription) where the conservation of 

he target DNA is crucial to produce reliable results [146] . 

ell surface markers. The detection and localization of a wide va- 

iety of antigens on the cell surface can be evaluated using im- 

unofluorescent labelling and analysed using microscopy or flow 

ytometry. Flow cytometry is a technique that can be used to 

haracterize and sort cells, based on their physical and chemical 

haracteristics. In short, a sample of cells in solution passes one 

r multiple lasers, after which light scattering differentiates the 

ells by their size and granularity together with a fluorescence sig- 

al. The fluorescence signal is provided by immunofluorescence 

tainings and can therefore also be assessed by imaging. For ex- 

mple, M1 pro-inflammatory macrophages can be recognized by 

igh expression of the cell surface marker CD68, while M2 anti- 

nflammatory macrophages can be recognized by CD206 ( Table 1 ). 

or skeletal cells/MSCs, imaging of immunofluorescent staining has 

lso been used to evaluate ALP a nd OCN. 

Some of the limitations of the analysis of cell surface markers is 

hat it is challenging to compare samples obtained in different ex- 

eriments, although standardizing the samples by the unit of flu- 

rescence intensity can potentially allow such comparisons [147] . 

hile immunofluorescence only requires a fluorescence micro- 

cope and provides images relatively easy to interpret, flow cytom- 
15 
try requires sophisticated equipment and produces large amounts 

f information to process. 

 estern blot. Western blot can be used to assess protein produc- 

ion down to picogram level. With this analytical technique, a mix- 

ure of proteins is separated based on their molecular weight using 

el electrophoresis and characterized using antibodies specific to 

he protein of interest. A protein of interest for the immune cells 

s I κB α (inhibitor of NF- κB). For the skeletal cells, some typically 

nalysed proteins are ALP, COL-1, OPN or RUNX-2. 

Although Western blot has a huge potential, several limitations 

ave been reported for this technique. For instance, the off-target 

nteraction of antibodies with other proteins and the large inter- 

perator variability due to the technical demand of the techniques 

hould be kept in mind [148] . 

icroarrays. High-throughput methods such as microarrays have 

een used to evaluate a large group of proteins or expressed 

enes. The advantage of this method is that many proteins are 

valuated in parallel, consuming small quantities of samples and 

eagents. In osteoimmunology studies, proteins expressed by im- 

une cells have been evaluated using microarrays to screen mul- 

iple cytokines in a semiquantitative manner [100 , 139 , 149] . Simi- 

arly, microarrays have been used to evaluate the gene expression 

rofile [136] and even to analyse the whole genome of immune 

ells [113] . 

The few producers of necessary equipment and buffers as well 

s the experimental complexity, not only in terms of experimental 

esign and set-up, but also in terms of data analysis, should be 

amed among the limitations of this technique. In addition, this 

echnology has limited accessibility and high cost [150] [151] . 

.2.3. Methods specific for immune cells 

nzyme-linked immunosorbent assay (ELISA). ELISA is a technique 

ased on the specific recognition of an antigen, usually by an an- 

ibody. ELISA tests can be performed using commercially available 

its that are accompanied by a well-defined protocol and sensitiv- 

ty limits. Although multiple types of ELISAs are on the market, the 

ntibody-antigen detection is typically based on colorimetric anal- 

sis. ELISAs are often used to evaluate the cytokine release pro- 

le of inflammatory cells, for instance to determine macrophage 

olarization. An M1 pro-inflammatory profile is characterized by 

he release of for example IL-1 β , IL-6 and TNF- α, while M2 anti- 

nflammatory macrophages can be identified by IL-10 and TGF- β
 Table 1 ). 

ELISA is widely used due to its high specificity and selectivity 

o detect a wide variety of markers, using straightforward proto- 

ols. Some of the disadvantages are the relatively long experimen- 

al procedure and the need to fit the target values of the sample 

f interest into those of the ELISA kit detection range, which might 

equire certain optimization. 

xidative compounds. Some immune cells have the ability to re- 

ease reactive oxygen intermediates ( e.g. ROS, superoxides, perox- 

des and, hydroxyl radicals) or reactive nitrogen oxides ( i.e. nitric 

xide, NO, and peroxynitrite, ONOO-) [152] . The antimicrobial po- 

ential of these compounds is linked to the irreversible damage 

reated to the DNA due to the modification by oxidation of some 

ellular components. The effect is however local and can be re- 

uced by quenching the oxidative species with a sufficient amount 

f anti-oxidative molecules [153] . ROS levels can be determined by 

 variety of biochemical assays that assess the oxidation of a sub- 

trate, which can be measured by colorimetric, fluorimetric or lu- 

inescence analysis, for example by using a plate reader or f low 

ytometry. 
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While these assays are straight-forward to perform, they are 

lso challenging because the oxidative intermediates are released 

or a short period of time, reaching a peak only a few minutes af- 

er the start of the reaction. This can be overcome by monitoring 

he kinetics of the signal with an early start. 

.2.4. Methods specific for skeletal cells 

lkaline phosphatase activity (ALP). ALP activity in osteoblasts cor- 

elates well to their differentiation state and for this reason has 

een routinely used as an early marker of osteoblast differentia- 

ion in vitro [154] . In particular, ALP is an enzyme that regulates 

he local concentration of calcium and phosphate, which is impor- 

ant for bone mineralization. The three main possibilities to assess 

his differentiation marker are immunofluorescent staining, imag- 

ng ALP-stained cells or performing colorimetric ALP activity assay 

ith cell lysates. The ALP activity assay is based on the dephospho- 

ylation of a phosphatase substrate ( e.g. p-nitrophenyl phosphate) 

y ALP. 

ALP quantification, although being a valuable and straight- 

orward assay, requires cell lysis to release the intracellular ALP, 

aking it an end-point method. Moreover, ALP values require a 

orrelation to cell numbers, thus involving an additional measure- 

ent to normalize the obtained ALP values. These normalized val- 

es are often obtained by measuring total cell number or total pro- 

ein content in the same lysates prepared for ALP quantification. 

lizarin Red S. Another later-stage differentiation marker is ex- 

racellular calcium deposition (mineralization). This can be deter- 

ined using methods such as the Alizarin Red S staining, which 

inds to calcium forming a poorly soluble salt [155] . This calcium- 

lizarin red S appears as a bright red stain at the bottom of the 

ell where cells are cultured. The results can either be analysed 

ualitatively by imaging the cells or quantitatively by extracting 

he stain and quantifying i ts absorbance. 

Even though Alizarin Red S is a commonly used method to de- 

ermine osteoblast maturation and matrix deposition and miner- 

lization, concerns have been raised regarding its specificity and 

herefore its relevance. To obtain more conclusive results, it has 

een suggested to use this staining (or the other common alter- 

ative, von Kossa staining) in combination with other methods 

156 , 157] . In addition, although not typically used in the studies 

elected for this review, more recently, Raman and infrared spec- 

roscopy have been explored as tools for matrix deposition and 

ineralization analysis [158–160] . As these are label-free and non- 

estructive techniques, these methods have attracted increasing at- 

ention over the past years. 

igration. Within the context of osteoimmunology, it is impor- 

ant to unravel whether the chemokines released by the immune 

ells would attract MSCs into the damaged area. The assay basi- 

ally consists of placing transwells (with a pore size large enough 

o allow MSCs migration, generally 8 μm), immersed in a well con- 

aining a biomaterial and inflammatory cells, which may cause the 

elease of chemoattractive factors in the medium. The capability of 

ells to migrate can also be evaluated with a scratch assay, which 

n brief involves scraping a monolayer of cells and evaluating the 

igration of the cells repopulating the area [118] . 

Although these assays come with advantage of simplicity, one 

an argue that the significance of the results is limited. In the case 

f transwells, the cells have to cross a membrane that has poor 

hysiological relevance (membrane’s thickness is of hundreds of 

icrometres and pores of tens of micrometres). Moreover, time- 

apse data are difficult to obtain with conventional microscopy and 

ive cell imaging of this process is complex [161] . Some limitations 

o highlight regarding the scratch test are its low reproducibility 
16 
cell monolayer is scraped manually [86 , 118] ) as well as its inabil-

ty to evaluate non-adherent cells and to measure cell chemotaxis 

161] . 

.2.5. Discussion of the materials evaluated and the methods used 

Among the articles considered in this review, most of the stud- 

es on osteoimmunology were performed with ceramics and poly- 

ers, and a few with composites and metals. The ceramics that 

ere evaluated are hydroxyapatite, tricalcium phosphate, biphasic 

alcium phosphate and bioactive glass. A variety of different poly- 

ers were assessed, of which PEEK and chitosan materials were 

ssayed several times. Regarding the physicochemical properties, 

hemistry and roughness are the properties that are more com- 

only evaluated. Finally, there are also some articles that evalu- 

ted only a material type with a fixed physicochemical composi- 

ion. 

All three methodological approaches (direct co-culture and in- 

irect co-culture by means of transwells or CM) were used to eval- 

ate the OIM properties of polymers and composites. In contrast, 

he OIM properties of ceramics and metals were mainly evaluated 

ith CM. There is no clear reason accounting for the methodolog- 

cal choice since any material could in principle be evaluated with 

ny of the approaches. The choice may instead have to do with the 

amiliarity that a research group has with a certain methodology or 

ay be linked to existing work, for example to be able to compare 

he outcome with previous results. 

As can be visualized in Table 4 , most of the assays performed 

ith immune cells, which had the aim to analyse the cellu- 

ar viability, morphology, gene expression, protein characterization 

ELISA, Western blot, flow cytometry and protein array) and oxida- 

ive compounds, were performed in monoculture. For the skele- 

al cells, the assays evaluating the differentiation (gene expres- 

ion, ALP and mineralization) or migration of skeletal cells were al- 

ost always performed in co-culture with immune cells. In fact, in 

tudies on osteoimmunology, co-cultures are crucial to determine 

hether the exposure of immune cells with a biomaterial caused 

 release of factors that would in turn result in the differentiation 

f skeletal cells. For this reason, any monoculture study with im- 

une cells could actually be considered as a preliminary evalu- 

tion needed to understand the environment created by immune 

ells that in turn caused a specific response to skeletal cells. 

Up to now, all the studies described have been performed us- 

ng conventional cell culture methods. However, there are other 

ethodologies that are currently used to evaluate biomaterials, 

hich in the future could be adapted to evaluate the OIM prop- 

rties of biomaterials. These more recent approaches are explained 

n the next section. 

. Advanced approaches to assess the biological properties of 

iomaterials 

As mentioned in the introduction, the recognition of the im- 

ortance of osteoimmunology has led to a shift in the traditional 

valuation of biomaterials for bone repair. The focus is no longer 

olely put on osteogenesis and osseointegration, but instead also 

n the immune system and in particular its interaction with the 

keletal system. Even though this insight has increased the physi- 

logical relevance of in vitro evaluations, the typical experimental 

et-ups used to assess the biological properties of biomaterials, and 

ith that, their immunomodulatory capacity, are still strongly cen- 

red on conventional approaches that involve standard tissue cul- 

ure plastic. Nowadays, driven by the poor correlation between in 

itro and in vivo biomaterial assessments [162] , the added value 

f mimicking the natural in vivo microenvironment is widely ac- 

nowledged and fuelling the development of alternative in vitro 

latforms that capture the physiological characteristics of bone and 
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Fig. 3. Schematic of the advanced methods that can be used to evaluate biomaterials: biomaterial microarrays, bioreactors, microfluidic-based methods. 
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he bone environment. Moreover, stimulated by the rapid advances 

n the biomaterial field, the demand for high-throughput and cost- 

ffective screening methods is increasing. 

The goal of this section is to highlight advanced methods that 

re currently available and/or being explored to assess the biologi- 

al properties of biomaterials for bone repair. The methods covered 

re microarrays, bioreactors and microfluidic-based platforms, in 

articular those inspired by organ-on-chip technology for the latter 

 Fig. 3 ). Although not widely applied to the field of osteoimmunol- 

gy yet, the significant advances made in each of these methods 

ntil now show promising for translation to the field of osteoim- 

unology in the future. 

.1. Biomaterial microarrays 

As mentioned in Section 4.2.2 ‘Methods used for both skeletal 

ells and immune cells’, typically, microarrays are used to measure 

arge amounts of biological samples ( e.g. DNA, proteins) simulta- 

eously. However, microarrays have significantly evolved and are 

o longer only used to screen a myriad of biological samples, but 

lso tailored to evaluate a multitude of biomaterials at the same 

ime. These so-called biomaterial microarrays are generated by dis- 

ensing the biomaterials in a uniform arrangement on a microar- 

ay surface ( Fig. 3 ). This surface is a key factor in the success of the

pproach and should not only be non-toxic, but also prevent non- 

pecific adhesion of cells and be compatible with the differences 

mong the biomaterials of interest. Typically, the biomaterials are 

ispensed on the microarray surface using contact or non-contact 

rinting methods, the latter referring to whether the printing tip 

omes in contact with the microarray surface ( e.g. microstamping 

nd nano-tip) or not ( e.g. piezoelectric or thermal ink-jet). 

One of the first biomaterial microarrays was proposed more 

han 15 years ago by Anderson et al. [163] . Over 1,700 cell-material 

nteractions were screened, using an array with the size of a typ- 

cal microscopy slide. The biomaterial array, containing acrylate- 

ased biomaterials, was seeded with either human embryonic 

tem cells or mouse myoblasts and tested for each biomaterial’s 

bility to support cell growth. The results showed selective and 

ell-type specific support on the different biomaterials, which the 

uthors mentioned could be of particular interest when working 

ith multicellular tissue-engineered constructs. 

Since this early work, biomaterial microarrays have been ap- 

lied to a number of biomaterial-cell combinations, which also 
17 
nclude studies relevant to biomaterials for bone repair. For ex- 

mple, Khan et al. , developed a biomaterial microarray containing 

35 polymer blends to identify cell-compatible polymers that were 

ble to support several human skeletal cell types [164] . Very re- 

ently and for the first time, a biomaterial microarray approach 

as used to study the OIM properties of concave and convex nano- 

aterials [90] . In that work, RAW 264.7 cells were firstly grown 

n the different microarrays to prepare CM. This CM was subse- 

uently used to culture, among others, MSCs and assess their pro- 

iferation and expression of osteogenic-related markers. Although 

ot within the scope of this review, we would like to highlight 

he polysaccharide-based array containing 36 biomaterials that was 

mplanted into an animal model to capture the effect of the im- 

une response [165] . 

Even though biomaterial microarrays may offer a suitable tool 

or simultaneous screening of a large number of cell-biomaterial 

nteractions, there are certain factors that should not be over- 

ooked. Firstly, for high-throughput screening, an automated, rapid 

nd accurate patterning of biomaterials on the array is required, 

hich is not always that evident. In addition, although it would be 

esirable to miniaturize the biomaterials for high-throughput pur- 

oses, scaling down the biomaterials may be limited to the techni- 

al processing of biomaterials. Another non-trivial but very impor- 

ant factor is that crosstalk between different biomaterials should 

deally be avoided, this to prevent confounding effects from solu- 

le factors originating from neighbouring cells, biomolecule-loaded 

iomaterials, or biomaterial debris. This implies that the microar- 

ays should be carefully designed and/or optimized to distinguish 

etween cellular responses caused by the actual biomaterial of 

nterest or other factors. Moreover, for overall success, the high- 

hroughput set-up should be accompanied by suitable data collec- 

ion and analysis methods, which allow assessment of the whole 

rray. For more details on biomaterial microarrays and suggestions 

n how to address the above-mentioned challenges, the reader is 

eferred to two excellent reviews [166 , 167] . 

.2. Dynamic cell culture conditions 

One way of providing more in vivo -like conditions to cells 

rown with/in/on biomaterials is by offering dynamic cell culture 

onditions. In the context of screening the biological properties 

f biomaterials, this can be visualized as a flow of cell culture 

edium throughout or along a biomaterial to which cells are ad- 
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ered ( Fig. 3 ). Such dynamic conditions may not only allow a con- 

inuous (or otherwise predetermined) supply of nutrients, oxygen 

nd removal of waste, but also come with the great advantage of 

roviding mechanical stimulation. The latter is especially interest- 

ng when considering the mechano-responsiveness of bone cells, 

articularly to fluid-induced shear stress and deformation. To cre- 

te such a more physiologically relevant biomaterial testing envi- 

onment, bioreactors or microfluidic systems can be used. 

.2.1. Bioreactors 

For orthopaedic applications, three main types of bioreactors 

re typically explored [168] . These are the spinner flasks, rotating 

all vessels and perfusion systems. While the spinner flasks and 

otating wall vessels are mainly effective at providing a homoge- 

eous medium solution along the outer surface of a biomaterial, a 

erfusion system offers the possibility to perfuse media throughout 

 porous material, which more effectively exposes the cells to flow- 

nduced shear stress. Apart from that, design features that allow 

dditional mechanical stimulation ( e.g. compression and tension) 

f the biomaterial-cell construct may be incorporated [169] . For ex- 

mple, upon stimulation by local mechanical strain, mineralization 

f the ECM may be accelerated [170 , 171] . It has also been shown

hat the shear-stress that is intrinsically caused by the fluid moving 

long the bioreactor can enhance MSCs to mature towards bone- 

epositing osteoblasts [172] . It is worth mentioning that, gener- 

lly, the main driving force for using bioreactors is to facilitate 

ell cultures throughout entire (porous) materials, rather than to 

haracterize the biomaterial. However, few studies have specifi- 

ally put emphasis on the characterization of biomaterials using 

ioreactors and the potential benefits this can offer for in vitro 

valuations. 

For instance, some studies have shown significant differences 

etween cells grown in/on biomaterials cultured in bioreactors 

ompared to cells grown under static cell culture conditions. To 

ive an example, MC3T3-E1 cells cultured on polycaprolactone 

caffolds that had different scaffold architectures showed only 

inimal differences in cell response when evaluated under static 

onditions [173] . However, when the cells were grown under dy- 

amic conditions, osteogenic differentiation was correlated to scaf- 

old architecture. In another study, Kluge et al. implemented a ver- 

atile bioreactor system to simultaneously test a variety of bio- 

aterials and enable mechanical stretching [174] . In a relevant 

tudy by Seifert et al. , a bioreactor system was used to evalu- 

te the crosstalk between immune cells and mesenchymal stem 

ells that were seeded in an agarose matrix. The results showed 

nhanced proliferation of MSCs in the presence of immune cells 

nd suppressive effects of MSCs on pro-inflammatory cytokine 

elease [175] . 

Even though bioreactors provide the opportunity for more in 

ivo -like cell culture conditions, several challenges remain. For in- 

tance, maintaining cells on a biomaterial under dynamic condi- 

ions is more complex than when using a traditional well plate, not 

nly requiring additional or specialized equipment, but also highly 

nterdisciplinary expertise. Apart from the cell maintenance, the 

valuation of results may also be complicated, particularly when 

iming to decouple the effects of the biomaterial, different cell 

ypes and the dynamic culture conditions. This is especially chal- 

enging from a practical point of view, as being able to make con- 

lusive statements requires multiple controls. Moreover, depending 

n the bioreactor of choice, the type of biomaterials that can be 

nalysed is limited. For example, if perfusion is performed through 

 porous scaffold, the architecture and interconnectivity of the 

ores will affect the flow distribution, making it difficult to pre- 

isely control the stimulation by fluid-flow and therefore to opti- 

ize and study the consequent cell response. From the practical 
18 
oint of view, bioreactors may require a large amount of cell cul- 

ure media and biomaterials. 

.2.2. Microfluidic-based systems 

Another way to provide dynamic cell culture conditions is by 

sing microfluidic-based platforms, which, as recently highlighted 

y Mestres et al. , offer a promising approach to screen biomaterials 

176] . Microfluidic technology allows cells to be cultured on bioma- 

erials while being geometrically confined by channels of only hun- 

reds of micrometres, thereby providing a more physiologically rel- 

vant microenvironment compared to classical macroscale cultures 

 i.e. static well plate cultures or macroscale bioreactors). In addi- 

ion, microfluidic technology enables controlled perfusion of cells 

nd offers the advantage of adjusting relevant microenvironmen- 

al parameters, such as fluid shear stress, biochemical concentra- 

ion gradients and environmental cues. Apart from the shear stress, 

hich is intrinsically created upon fluid flow within microfluidic 

hannels, microfluidic systems provide the opportunity to incorpo- 

ate other mechanical stimuli, for example compressive strain by 

sing flexible membranes or magnets [177 , 178] . 

Although this field is still in its infancy, multiple studies have 

lready successfully integrated biomaterials in microfluidic systems 

nd shown the possibility for biological characterization [111 , 179–

82] . Recently, medical grade titanium was integrated into a mi- 

rofluidic system and subsequently characterized for its biological 

roperties over a period of 10 days [182] . Cell proliferation and dif- 

erentiation studies with MC3T3-E1 cells revealed an increase in 

ell proliferation, but not differentiation, of cells grown in this mi- 

rometric dynamic environment, suggesting that proliferation was 

he dominating process in detriment of differentiation. Interest- 

ngly, this trend was not found when the cells were grown on the 

iomaterial under static conditions on standard tissue culture plas- 

ic. Overall, this work illustrated the importance of optimizing in 

itro cell culture conditions and how this may affect biomaterial 

esting outcomes. Another example is given by Barata et al. , who 

ntegrated micropatterned polylactic acid on-chip, which allowed 

valuation of the effect of biomaterial geometries on human MG- 

3 osteosarcoma cell morphology and distribution, both under per- 

usion and diffusion flow regimes [181] . 

To date, multiple works have reported on the evaluation of 

one cells or immune cells in microfluidic systems. For bone cells, 

his is particularly in the context of bone cell function, bone re- 

eneration, cancer metastasis to bone and vascularization [183] . 

or immune cells, most work has focused on the interaction of 

mmune cells with tumour or endothelial cells and inflammation, 

ncluding single-cell analysis [184 , 185] . However, no studies have 

een reported that combine microfluidics with biomaterials and 

steoimmunology. 

In addition to providing a highly controlled cell culture envi- 

onment that can mimic physiological conditions more closely, mi- 

rofluidic approaches also require lower amounts of reagents and 

ells, making it a cost-effective technique. However, apart from the 

lready mentioned points related to working under dynamic condi- 

ions, such as the increased complexity in experimental set-up, op- 

ration of the system and interpretation of the results, working on 

uch a small scale brings other challenges. For example, the typi- 

al biochemical assays and instruments used for analysis are often 

argeting macroscale cultures, meaning that optimization may be 

ecessary to obtain data from the low amount of cells and vol- 

mes associated with the micron-scale. In addition, integration of 

ertain biomaterials may be more demanding than others. The in- 

egration may be particularly difficult for highly porous or fragile 

aterials, as the micrometric channels could be blocked by parti- 

les that detach from the biomaterial. Moreover, for heterogeneous 

iomaterials it may be difficult to include a biomaterial with small 
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nough dimensions that is representative of the whole chemistry 

r structure [176] . 

.3. Promise of the advanced methods in the context of 

steoimmunology 

Even though these advanced methods have not been widely ap- 

lied to assess the biological properties of biomaterials in the con- 

ext of osteoimmunology yet, their success to evaluate biomateri- 

ls could be potentially expanded to the complex field of osteoim- 

unology. In fact, in the majority of cases, the already existing ap- 

roaches could be translated to study OIM properties of bioma- 

erials in a relatively easy manner, namely by selecting different 

r additional relevant cell types and by taking the traditional ex- 

erimental approaches (as described in Section 4.1 ‘Experimental 

pproaches’) into account. 

Although these advanced approaches show great promise and 

ay offer an advanced tool to study osteoimmunology under more 

hysiologically relevant conditions, several general challenges ex- 

st, limiting their rapid and widespread use. These challenges are 

ainly related to the lack of standardization, which is on its turn 

inked to the fact that using these methods to screen biomaterials 

s a fairly new concept that is not fully explored yet. In most cases, 

hese platforms have to be adapted to a specific need or research 

uestion, requiring specific solutions for experimental set-up, data 

cquisition and data analysis, which could lead to different ver- 

ions of the same approach. This hinders the exchange among dif- 

erent research groups, as well as gaining general interest from the 

cientific community. Moreover, for these methods to advance and 

ccelerate their routine use, it should be proven that they have ad- 

itional value over the classical methods. This will require testing 

f multiple biomaterials and comparing the results to evaluations 

erformed using the classical in vitro methods and subsequently 

orrelating these with in vivo results. 

. Concluding remarks 

The success of implanted biomaterials is dependent on the os- 

eoimmunological response they elicit. Simply put, a biomaterial 

ntended to fill a critical size bone defect should induce bone for- 

ation which, in its early stages, involves a spatiotemporally lim- 

ted inflammatory response. In contrast, during later stages of bone 

esorption and remodelling, an induction of chronic inflammatory 

esponses must be avoided. Understanding the complex interaction 

etween biomaterials, skeletal cells and immune cells is therefore 

aramount for the biomaterial field to advance and move towards 

ew biomaterial designs that support the synergy between both 

ell types and enhance healing. 

In this review, we discussed the experimental approaches that 

re nowadays used to assess the OIM properties of biomaterials in 

itro . Based on the articles under study, we observed that the ver- 

atility of studies in the field of osteoimmunology has resulted in 

 long list of possible cell culture approaches and methodologies 

o analyse the cell response. The lack of consensus in this nascent 

eld makes it challenging to standardize experimental set-ups and 

o extrapolate results regardless of the type of biomaterial or cell 

ystem studied. By gathering the information relevant to the differ- 

nt stages of experimental design, we aimed to provide the reader 

ith an easy-to-use guide to the topic, intending to increase un- 

erstanding and facilitate the planning of an experiment on os- 

eoimmunology. 

From the different possible approaches to culture immune and 

keletal cells with a biomaterial, the most common one is to use 

 CM. This approach avoids the complexity of co-culture studies, 

ither directly or using transwells; however, it overlooks the direct 
19 
nd dynamic interactions between both cell types. In fact, the as- 

essment of the dynamic interactions between immune and skele- 

al cells in contact with biomaterials could be the cornerstone for 

he future of studies on osteoimmunology. Additionally, the role of 

ngiogenesis in inflammation and remodelling reinforce the need 

or such dynamic and multisystem approaches. 

Traditional approaches using tissue culture plastic to evaluate 

iomaterials may in the future be replaced by emerging advanced 

pproaches such as microarrays, bioreactors, and microfluidic- 

ased systems. Such approaches allow multiple measurements at 

nce and can provide dynamic cell culture environment, offering 

ore physiologically relevant screening conditions. Although not 

et applied to the field of osteoimmunology, research efforts so far 

ave demonstrated the added value that these methods can offer. 

espite the several challenges that remain, which are mainly re- 

ated to the lack of standardization of and experience with these 

ethods, we foresee that increasing the physiological relevance of 

n vitro biomaterial screening will help to design optimal biomate- 

ials for enhanced healthcare applications. 
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