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Abstract

Proper regulation of the innate immune response to bone biomaterials after implantation is pivotal for 
successful bone healing. Pro-inflammatory M1 and anti-inflammatory M2 macrophages are known to have 
an important role in regulating the healing response to biomaterials. Materials with defined structural and 
topographical features have recently been found to favourably modulate the innate immune response, 
leading to improved healing outcomes. Calcium phosphate bone grafts with submicron-sized needle-shaped 
surface features have been shown to trigger a pro-healing response through upregulation of M2 polarised 
macrophages, leading to accelerated and enhanced bone regeneration. The present review describes the 
recent research on these and other materials, all the way from benchtop to the clinic, including in vitro and 
in vivo fundamental studies, evaluation in clinically relevant spinal fusion models and clinical validation in 
a case series of 77 patients with posterolateral and/or interbody fusion in the lumbar and cervical spine. This 
research demonstrates the feasibility of enhancing biomaterial-directed bone formation by modulating the 
innate immune response through topographic surface features.
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et al., 2020). While bone biomaterials research 
previously focused predominantly on the response 
of bone-lineage cells to materials (Jablonská et al., 
2020; Thalji and Cooper, 2014), the recent interest 
in osteoimmunology has resulted in an increasing 
number of studies evaluating the response of the 
immune system (Chen et al., 2016; Miron and 
Bosshardt, 2016).
 The initial response from cells of the innate 
immune system is pivotal for the further healing 
cascade after implantation of a graft material 
(Wynn and Vannella, 2016). During this response, 
macrophages are among the first cells to colonise 
an implant and are known to have a key regulatory 
role during healing and the subsequent reaction to 
implanted materials (Klopfleisch, 2016; Klopfleisch 
and Jung, 2017). Macrophages are highly plastic cells 
that swiftly respond to their micro-environment by 
adopting distinct phenotypes, broadly categorised 
into a pro-inflammatory subtype (classically activated 
or M1 macrophage) and an anti-inflammatory 
subtype (alternatively activated or M2 macrophage). 
Although both subtypes have an important role in the 
normal healing response, the prolonged presence of 
inflammatory M1 macrophages can exacerbate tissue 
injury and prevent biomaterial integration (Chen et 
al., 2016; Klopfleisch, 2016; Wynn and Vannella, 2016). 
M2-like osteal macrophages (OsteoMacs) have been 
shown to have an important regulatory role in bone 
tissue and M2 macrophage activation during bone 
repair with biomaterials has been associated with 
enhanced healing outcomes (Hachim et al., 2017; 
Mahon et al., 2020).
 The present review is a bench-to-bedside 
translational analysis of osteoinductive calcium 
phosphate bone grafts with submicron surface 
topography that can modulate the innate immune 
response. It discusses recently published and 
unpublished research on how materials with specific 
structural features or surface topographies direct 
M2 macrophage polarisation, resulting in enhanced 
bone healing characteristics in vivo. This analysis of 
the literature may provide useful insights for future 
biomaterial design for bone-graft surgery.

Empirical data indicate that size and shape of a 
surface topography dictate the osteoinductive 
potential of calcium phosphates
Around the mid-20th century, research by Marshall 
Urist on decalcified bone led to the discovery and 
definition of the process of osteoinduction, i.e. 
the induction of de novo bone formation through 
cellular differentiation into bone-forming cells, often 
demonstrated by ectopic implantation of tissues or 
materials (Barradas et al., 2011; Urist, 1965). Although 
Urist and Strates (1971) identified BMPs as the sole 
trigger of osteoinduction, later discoveries indicated 
that synthetic materials, such as poly-HEMA 
sponges, titanium and different ceramics, could 
trigger ectopic bone formation without apparent 
involvement of BMPs (Barradas et al., 2011). The 

ROCK  rho-associated protein kinase
RT-qPCR quantitative reverse transcription
    polymerase chain reaction
SEM  scanning electron microscopy
SLA  titanium sandblasted, large grit,
    acid-etched surface
Src   proto-oncogene tyrosine-protein
    kinase Src
TCP  tricalcium phosphate
TCPμm  TCP with surface features in the
    micron range
TCP<μm  TCP with surface features in the 
    submicron range
TGF-β1  transforming growth factor β1
TNF-α  tumour necrosis factor α
TRAP  tartrate-resistant acid phosphatase
μCT  micro-computed tomography

Introduction

Over the past two decades, the number of spinal 
fusions performed annually has risen rapidly to 
more than 770,000 procedures in the USA alone 
(Millennium Research Group, 2016). Considering that 
non-union rates of spinal fusion are reported as high 
as 17 % and the average rate of revision surgery rate 
is 10 %, it is evident that there is an increasing need 
for improved treatment modalities (Hsu et al., 2012; 
Mabud et al., 2017). Bone-graft type affects spinal 
fusion rates by up to 60 % and certain bone-graft 
categories, including synthetic bone-graft substitutes, 
have shown relatively good outcomes (Hsu et al., 
2012; Morris et al., 2018). An additional benefit of 
synthetic bone-graft substitutes is that they eliminate 
the need for invasive harvesting of autologous bone, 
which can lead to donor-site morbidity (Scheufler 
and Diesing, 2015).
 Calcium phosphates have been extensively 
researched as synthetic bone-graft materials due 
to their excellent biocompatibility and innate 
osteoconductive properties, related to their similar 
chemical composition to native-bone mineral 
(Dorozhkin, 2013). Calcium phosphate bone grafts 
with submicron surface features have been shown 
to also have osteoinductive capacity and have 
demonstrated enhanced orthotopic bone formation 
when compared to conventional graft materials 
(Habibovic et al., 2006; Van Dijk et al., 2020). Therefore, 
osteoinductive calcium phosphate bone grafts 
provide a promising solution for spinal fusion and 
other bone grafting surgery.
 To better understand which of the many bone 
graft properties lead to an optimal healing response, 
graft materials should be evaluated by biomaterials 
science, i.e. the study of the interaction between 
physicochemical material factors and biological 
factors. Indeed, the biological response to implanted 
materials is dependent on the material properties 
and associated cell and tissue responses following 
implantation (Brown et al., 2012; Davenport Huyer 
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osteoinductive potential of synthetic materials was 
linked to specific physical properties such as three-
dimensional architecture, macropore configuration 
and surface structure (Heughebaert et al., 1988; Klein 
et al., 1994; Ripamonti et al., 2011; Yamasaki and Sakai, 
1992; Yuan et al., 1999). Recently, material scientists 
have managed to enhance this biological outcome by 
tuning the physical properties of biomaterials using, 
in particular, surface features – resulting in materials 
with enhanced osteoinductive potential (Duan et 
al., 2019; Yuan et al., 2010). Osteoinductive calcium 
phosphate bone grafts have demonstrated superior 
bone-healing potential compared to conventional 
bone graft materials in challenging bone-defect 
models, without the drawbacks associated with 
autograft harvesting or the application of exogenous 
growth factors (Habibovic et al., 2006; Yuan et al., 
2010).
 This line of research demonstrated that including 
surface features at the submicron-sized level has a 
striking impact on osteoinduction. Duan et al. (2019) 
prepared calcium phosphate materials with surface 
topographies comprising either grain-shaped (TCP) 
or needle-shaped surface crystals (BCP) of either 
μm - (TCPμm, BCPμm) or submicron-scale dimensions 
(TCP<μm, BCP<μm), which were then implanted in the 
paraspinal muscles of canines (Fig. 1). Fluorochrome 
labels injected at week 3 (calcein), week 6 (xylenol 
orange) and week 9 (tetracycline) post-implantation 
were used to visualise bone formation dynamics. 
After 12 weeks, animals were sacrificed and implants 

analysed. Ectopic bone formation took place only 
in the implants with submicron surface features 
(TCP<μm, BCP<μm), both having similar bone incidence 
(8 out of 8) and bone quantities (24.5 ± 4.3 % vs. 
23.9 ± 6.3). However, the kinetics of bone formation 
were significantly different in each submicron 
material, as demonstrated by fluorochrome marker 
deposition. The xylenol orange fluorescence marker, 
indicating bone formed between 3 and 6 weeks, 
was significantly more present in the submicron 
needle-shaped topography (BCP<μm) compared to 
the submicron grain-shaped topography (TCP<μm). 
Indeed, for BCP<μm, new bone formed between 3 and 
6 weeks was identified in 5 out of 8 implants and in 
a total of 21 independent locations in histological 
sections. This early bone formation was significantly 
enhanced compared to TCP<μm, where only 2 out of 
8 implants had incidence of bone formed between 3 
and 6 weeks, and was observed in only 2 locations in 
histological sections. In other words, the submicron 
needle-shaped topography led to accelerated bone 
formation in a non-bony environment without the 
aid of exogenous biological growth factors.
 The cellular events preceding early bone formation 
are likely to play a role in accelerated ectopic bone 
formation by calcium phosphate with submicron 
needle-shaped topography. This specifically entails 
the innate immune response to the material, 
involving macrophage recruitment and polarisation 
in reaction to the surface topography. This hypothesis 
is supported by results from Davison et al. (2014a), 

Fig. 1. Submicron needle-shaped topography induces ectopic bone formation. Top: SEM of calcium 
phosphate materials with submicron needle-shaped features (BCP<μm) and conventional micro-scale surface 
structure (TCPμm). Bottom: histology of BCP<μm and TCPμm explanted 12 weeks after ectopic implantation in 
paraspinal muscle of canines, indicating osteoinduction by BCP<μm (basic fuchsin/methylene blue). Adapted 
from Duan et al. (2019).
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who demonstrated that depletion of macrophages 
in the vicinity of calcium phosphate with submicron 
surface features directly inhibits ectopic bone 
formation in vivo. Other studies have shown that 
surface topography of implanted biomaterials can 
impact the phenotype of macrophages (Bota et al., 
2010; Hotchkiss et al., 2016; Luu et al., 2015).
 The next section of the review will describe 
published studies as well as unpublished findings 
by the authors showing macrophage polarisation 
in response to calcium phosphates and other 
biomaterials with defined structural features.

Structural and topographical features of calcium 
phosphate and other biomaterials can upregulate 

M2 macrophages in vitro

In recent years, an increasing number of studies 
have investigated the response of macrophages to 
biomaterials with specific structural or topographical 
features. These studies have consistently demonstrated 
a relationship between structural and topographical 
features and macrophage phenotype and associated 
regenerative microenvironment. Recently, Yang et al. 
(2019) have demonstrated that certain topographies 
of calcium phosphates can be used to modulate 
macrophage phenotype. They evaluated the response 
of murine RAW 264.7 cells to various surfaces of 
hierarchical, micropatterned nanoneedle-structured 
HA. They further determined that micro/nano 
hierarchical structures with defined pattern size could 
either promote or alleviate macrophage polarisation, 
which subsequently enhances or inhibits downstream 
osteogenic differentiation and angiogenic activity 
of cells in vitro. The influence of surface features on 
macrophage phenotype was further identified in a 
study by Li et al. (2019) who showed that porous 
HA with a microgrooved surface could suppress the 
inflammatory response in RAW264.7 cells compared 
to HA without microgrooves, leading to enhanced 
osteogenic differentiation of MSCs in vitro. Other 
studies have evaluated the response of macrophages 
to nano-HA, which contains a surface structure with 
a grain size of up to 100 nm. Nano-HA was shown to 
have an anti-inflammatory effect on RAW264.7 cells 
and mouse peritoneal macrophage in vitro (Linares 
et al., 2016). In another study, Mahon et al. (2020) 
demonstrated that biomimetic nano-HA, in contrast 
with micron-sized HA, can upregulate human 
M2 macrophages in vitro, leading to augmented 
downstream osteogenesis and angiogenesis. This 
material demonstrated accelerated bone formation 
following implantation into a rat femoral defect 
model. Lebre et al. (2017) reported that the size 
and shape of nano-HA and micro-HA particles can 
strongly influence the inflammatory response in 
vitro and in vivo by controlling innate immune cell 
recruitment and cytokine production. These findings 
clearly indicate the role of specific structural and 
topographical features of calcium phosphates in the 

inflammatory response as well as in the regulation of 
macrophage phenotype and associated regenerative 
microenvironment.

M2 macrophage polarisation on BCP with submicron 
surface topography
In an unpublished work by the authors, the response 
of human macrophages to an osteoinductive BCP 
with submicron, needle-shaped topography was 
evaluated. Human macrophages derived from the 
monocytic cell line THP-1 were cultured for 4 d 
in vitro on BCP with submicron needle-shaped 
topography (BCP<μm), conventional tricalcium 
phosphate (TCPμm) and bioglass (BGμm). M2 and M1 
cytokines expressed by these cells were quantified 
by ELISA and macrophage morphology was 
analysed by SEM. M2 macrophage markers TGF-β1 
and CCL18 were expressed to a greater extent 
on BCP<μm than on TCPμm, while M1 macrophage 
markers TNF-α and IL-1β were expressed to a 
greater extent on TCPμm than on BCP<μm (Fig. 2). No 
cytokine signals could be detected in the BGμm group, 
which corresponded to the SEM observations, as 
macrophages were not found attached to the surface 
of BGμm. This in vitro experiment demonstrated 
that the submicron topography of BCP<μm could 
upregulate M2 macrophages after 4 d of culture.
 The  morphologica l  appearance  of  the 
macrophages on the needle-shaped surface texture 
was predominately large (> 20 μm in diameter) and 
appeared to have fused together, through several cell-
cell connections, into a highly networked population 
on BCP<μm (Fig. 3). These large macrophages were 
only observed on BCP<μm. This spreading and 
connecting cellular network is indicative of the M2 
macrophage phenotype when derived from THP-1 
monocytes (Kumar et al., 2016; Reeves et al., 2015). 
In contrast, mononuclear cells, 5-10 μm in diameter, 
dispersed on the surface with no evidence of fusion 
were exclusively observed on the standard TCPμm 
material (Fig. 3). The morphology of the macrophages 
and the lack of spreading on TCPμm are suggestive of 
the M1 macrophage phenotype (Kumar et al., 2016; 
Reeves et al., 2015). Cells were absent on the surface 
of BGμm, indicating an inability of this material to 
support cell attachment. The upregulation of M2 
cytokines and interconnected cellular network of 
macrophages in contact with BCP<μm confirmed M2 
macrophage polarisation, in contrast with the other 
graft materials, suggesting a pro-healing response to 
the submicron needle-shaped topography.
 In another unpublished work, a yet more 
relevant in vitro model of the human innate immune 
response was utilised. Primary human macrophages 
obtained from 3 human donors were used to assess 
the response to a submicron needle-shaped surface. 
M0 macrophages derived from primary CD14+ 
monocytes isolated from buffy coats were cultured 
for 4 d on BCP<μm discs and a tissue culture plastic 
control. The expression of M1 and M2 markers was 
compared with quantification at the protein level 
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by ELISA and at the gene level by RT-qPCR. The 
resulting cell morphology was analysed by SEM. This 
experiment confirmed earlier findings using THP-1 
cells. On BCP<μm, macrophages secreted high levels 
of the M2 marker CCL18, while the M1 marker CCL5 
could not be detected (Fig. 4). At the gene level, the 
same polarisation trend was observed (Fig. 5). The 

M2 gene markers CCL18, CD206 and CD163 showed 
higher expression on BCP<μm compared to the flat 
surface control. M2 gene upregulation on BCP<μm 
was significant for each of the 3 genes compared 
to macrophages cultured on flat surfaces, with a 
maximum fold increase of 27.5 for CD206, followed 
by 3.9 and 2.3 for CD163 and CCL18, respectively. 

Fig. 2. Levels of protein markers in cultures of human THP-1 macrophages on BCP<μm and TCPμm. 
Expression of pro-healing M2-markers (a) TGF-β1 and (b) CCL18 and pro-inflammatory M1-markers (c) 
TNF-α and (d) IL-1β at day 4 (n = 4, * p < 0.05). Original results from the authors (2021). 

Fig. 3. SEM images of human THP-1 macrophages cultured on BCP<μm and TCPμm. Pictured are macrophages 
on the needle-shaped topography of BCP<μm, at (a) low (b) and high magnification, and on TCPμm, at (c) 
low and (d) high magnification. No macrophages could be found on bioactive glass in BGμm (images not 
shown). Original results from the authors (2021). 
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The M1 gene markers CCL5, CCL2 and IL-1β showed 
a slightly higher expression on BCP<μm compared 
to the flat surface control (Fig. 5). Nonetheless, 
downregulation was observed for CCL5 (< 0.75) and 
upregulation was limited to 1.5 and 1.7 for CCL2 and 
IL-1β, respectively. Of the 6 genes analysed, 4 showed 
a significant trend towards a pro-healing mechanism, 
elicited by the surface features of BCP<μm.
 The morphology of the macrophages cultured 
on BCP<μm was prominently elongated (15-50 μm 
in length), connected with each other and with 
few protrusions (Fig. 6a-c). A limited subset of 
rounder granular cells of 5-10 μm in diameter 
could also be observed. The elongated morphology 
and connected cellular network confirmed the M2 
macrophage phenotype, as opposed to M1 polarised 
macrophages, which are less prone to elongation 
and spreading with high granulation when derived 
from CD14+ monocytes (Buchacher et al., 2015; Zarif 
et al., 2016). Therefore, based on the quantitative 

analysis of protein markers, gene expression and SEM 
observations of cell morphologies, the macrophages 
present on BCP<μm were mostly associated with the 
M2 macrophage phenotype, again confirming a pro-
healing response of macrophages cultured on the 
submicron needle-shaped surface structure.

M2 macrophage polarisation on other biomaterials 
with specific surface topographies
Besides calcium phosphates, other materials 
with specific surface features have the ability to 
upregulate M2 macrophages on their surfaces. 
Extensive research has been performed on titanium 
materials with specific surface topographies that 
have demonstrated this propensity. A recent study 
by Yang et al. (2021) evaluated the in vitro response 
of murine BMDMs to titanium with three different 
surface topographies created by various surface 
treatments. While the SLA control material had 
a surface with microscale irregular concavities 
and ridge structure, two experimental materials 
subjected to alkali-heat treatment had micro/nano-
net surface structures with different pore sizes. 
These experimental surface topographies induced 
an elongated phenotype in adherent macrophages 
and phenotype characterisation confirmed M2 
macrophage upregulation versus M1 activation on 
the control material. In in vivo evaluation, the micro/
nano-net surface topographies were associated 
with larger numbers of M2 macrophages, enhanced 
vascularisation, more bone formation at the material 
surface and enhanced osseointegration compared to 
SLA titanium surfaces (Yang et al., 2021).
 Other relevant research involving titanium has 
focused on macrophage response to topographies 
of TiO2 nanotubes. Several studies have consistently 
reported findings of M2 macrophage phenotype 
upregulation on surface topographies of TiO2 

Fig. 4. Expression of pro-healing M2-marker 
CCL18. Protein expression was measured after 4 d 
of culture (n = 3, p < 0.05) compared to flat tissue 
culture polystyrene (M0). Original results from the 
authors (2021).

Fig. 5. Expression of gene markers in human primary macrophages cultured on BCP<μm compared to 
tissue culture polystyrene (M0). Gene expression relative to the housekeeping gene GAPDH by RT-qPCR 
of M2 markers (a) CCL18, (b) CD206, (c) CD163 and  M1 markers (d) CCL5, (e) CCL2, (f) IL-1β at day 4 
(n = 3). Original results from the authors (2021). 
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nanotubes (Wang et al., 2017; Xu et al., 2019; Yu et 
al., 2021; Zhu et al., 2021). In contrast, titanium SLA 
surfaces without fine surface texture have been 
demonstrated to upregulate the M1 macrophage 
phenotype (Wang et al., 2018; Yang et al., 2021). Some 
studies have reported that M2 macrophage activation 
on TiO2 nanotube topographies is associated with 
enhanced spreading or elongation of macrophages 
on the material surface (Yu et al., 2021; Zhu et al., 
2021). The upregulation of M2 macrophages on TiO2 
nanotubes has consistently been associated with a 
downstream regenerative microenvironment in vitro 
(Wang et al., 2017; Xu et al., 2019; Yu et al., 2021; Zhu 
et al., 2021).
 Certain microfibre polymer scaffolds with defined 
geometries have also been shown to induce M2 
macrophage phenotype upregulation. In a study 
using melt-electrowritten fibre scaffolds of PCL, Tylek 
et al. (2020) demonstrated that scaffolds with precisely 
defined pore sizes are able to induce primary human 

M2 macrophage activation. Other studies have 
shown that the diameter of PCL fibres can influence 
macrophage phenotype, with increasing fibre 
diameter resulting in M2 phenotype upregulation 
(Garg et al., 2013; Wang et al., 2014).

Relation between topographical features, cell shape 
and macrophage polarisation
The research on macrophage response to biomaterials 
has consistently observed that polarisation towards 
an M2 phenotype often is paired with a change in the 
morphology of the adherent macrophages. Indeed, 
many studies have reported enhanced spreading or 
elongation of macrophages in response to surface 
features. For example, several studies evaluating 
macrophage response to structured titanium surfaces 
have reported this behaviour (Yang et al., 2021; Yu 
et al., 2021; Zhu et al., 2021). This agrees with the 
observations made in the aforementioned in vitro 
studies of submicron-structured calcium phosphate 
using THP-1 monocytes and human primary 
monocytes. M2 polarised THP-1 macrophages on 
a needle-shaped topography had a spread-out 
morphology and primary human macrophages 
adopted an elongated morphology compared to 
macrophages on the material with micro-scale 
topography. Several groups have investigated 
the relationship between macrophage cell shape 
and phenotype. For example, several studies have 
demonstrated a correlation between elongated cell 
shape and M2 phenotype to such an extent that 
forcing elongation through topographical cues would 
induce the M2 phenotype (Luu et al, 2015; McWhorter 
et al., 2013; Wang et al, 2016). Other studies have 
reported similar observations of M2 macrophage 
elongation (Tylek et al., 2020; Wosik et al., 2018; Xiao 
et al., 2020).
 Because cell shape is inextricably linked to the 
cytoskeleton, several studies have assessed the effect 
of topographical features on cytoskeletal organisation. 
McWhorter et al. (2013) reported that cytokine- and 
topography-induced elongated M2 macrophages 
are associated with stronger phalloidin staining 
intensity than untreated cells, suggesting enhanced 
activation of the actin cytoskeleton. Subsequently, 
inhibition of cytoskeletal contractility using various 
pharmacological agents was shown to downregulate 
M2 phenotype in shape-induced macrophages. Zhu 
et al. (2021) reported that RAW 264.7 macrophage 
M2 polarisation on TiO2 honeycomb topography, 
exhibiting enhanced cell spreading, is associated 
with upregulation of the Rho family of GTPases, 
which controls contractility of the actin cytoskeleton. 
Likewise, Yang et al. (2021), who studied macrophage 
polarisation on various titanium topographies, 
determined that M2 macrophage activation by 
surface topography is associated with enhanced 
ROCK expression and reduced Src expression, which 
are a key up-regulator and down-regulator of actin 
cytoskeletal tension, respectively (Lee et al., 2010). 
In contrast, M1 macrophages exhibit an opposite 

Fig. 6. SEM images of human primary macrophages 
cultured on BCP<μm for 4 d. (a) 500×, (b) 1,000×, 
(c) 2,000× magnification. Original results from the 
authors (2021). 
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expression profile of ROCK and Src, suggesting a 
reduced activation of the actin cytoskeleton (Yang 
et al., 2021). Evidence indicates that topographical 
features of biomaterials can induce rearrangements 
of cytoskeletal organisation, resulting in a modulation 
of the macrophage cell shape. Cell shape influences 
downstream signalling and cell behaviour through 
various mechanotransduction pathways (reviewed by 
Haftbaradaran et al., 2020). Through this mechanism, 
specific structural and topographical features 
of biomaterials may ultimately transduce the 
upregulation of the M2 macrophage phenotype. 
Further research is necessary to identify the precise 
involvement of mechanotransduction in macrophage 
polarisation on biomaterials with structural features.

M2 macrophage upregulation is essential during 
bone regeneration and precedes osteoinduction by 
calcium phosphate in vivo
Numerous published studies have described 
the intricate relationship between macrophages 
and bone homeostasis and healing. For example, 
M2-like tissue-resident osteal macrophages i.e. 
“OsteoMacs”, have been shown to play an essential 
role in the metabolism of bone tissue by directly 
regulating osteoblast survival and bone matrix 
deposition (Alexander et al., 2011; Raggatt et al., 2014). 
Besides their role in the bone tissue homeostasis, 
various research has indicated that macrophages 
are critical during the process of bone healing or 
regeneration. In bone repair, following an acute 
phase of inflammation characterised by an M1-
dominant macrophage population, a shift towards 
an M2-dominant population will occur during the 
later regeneration phases. For example, in a fracture 
healing model in mice, M1 macrophages were present 
until the early phase of healing (i.e. until day 3) 
and subsequently decreased in number while M2 
macrophages were present during the ossification 
phase (Schlundt et al., 2018; Stefanowski et al., 2019). 
Moreover, upregulation of M2 macrophages in 
fracture calluses by in situ application of IL-4 and 
IL-13 results in enhanced fracture healing (Schlundt 
et al., 2018). Correspondingly, a study by Zhang 
et al. (2018) on human patients has determined a 
positive correlation between the percentage of M2 
macrophages in clavicle fracture calluses and the 
rate of bone healing.
 In the context of biomaterials, augmenting the 
number of M2 macrophages during bone repair 
with various implants has been consistently linked 
to enhanced bone formation. For example, loading 
of different implant materials with IL-4, leading to 
M2 macrophage upregulation, results in enhanced 
bone defect regeneration or implant osseointegration 
(Hachim et al., 2017; Zhang et al., 2020; Zhao et al., 2021; 
Zheng et al., 2018). Moreover, Mahon et al. (2020) and 
Yang et al. (2021) also showed that M2 macrophage 
activation by materials in vitro corresponds to 
enhanced bone formation in vivo. Taken together, 
the evidence is clear that M2 macrophages are highly 

relevant in the context of bone healing. A study has 
recently shown that a pro-healing immune response 
precedes osteoinduction by calcium phosphates. Such 
results are described hereafter.

A pro-healing immune response precedes 
osteoinduction by calcium phosphate with 

submicron needle-shaped topography in vivo

After demonstrating M2 polarisation on calcium 
phosphate with submicron needle-shaped 
topography in vitro, the next step was to evaluate 
the innate immune response to this material in vivo. 
Using the same intramuscular implantation model 
as described above, a kinetic study was conducted 
on BCP<μm compared to conventional TCPμm to 
elucidate the mechanism and consequence of a pro-
healing innate immune reaction to submicron surface 
topography. At 3 d and 1, 3, 6 and 12 weeks after 
implantation, quantification of immune markers by 
ELISA (IL-10 for the M2 phenotype, TNF-α for the 
M1 phenotype) and bone markers by biochemical 
assays (ALP for osteoblasts, TRAP for osteoclasts) 
was performed after extraction from ex vivo implants. 
Histological observations were conducted for all time 
points to assess bone formation (methylene blue/
basic fuchsin); osteoblastic activity was assessed 
by ALP and osteoclastic activity by TRAP and 
CTSK. Following histological analysis, ectopic bone 
formation was observed in BCP<μm implants from 
6 weeks onwards, with increasing amounts of bone 
up to week 12 (Fig. 7). Osteoid was formed in 3 out of 
4 BCP<μm samples at week 6 (< 1 % by volume), while 
mineralised bone was observed in 4 out of 4 BCP<μm 
implants at week 12 (9.4 ± 3.7 %). In contrast, only 
fibrous tissue formation was observed by histology 
in the negative control (TCPμm). These findings 
confirmed the ability of BCP<μm to induce ectopic bone 
formation. Following histological analysis of bone-
related markers, osteoclastic activity was observed 
from 3 weeks onwards: TRAP+ multinucleated cells 
with large cell bodies were detected on the surface of 
BCP<μm at the edge of the implants and in the entire 
implant in all samples after 6 weeks. Such cells were 
also CTSK+, supporting the osteoclastic nature of 
these multinucleated cells (Fig. 7). Moreover, a strong 
ALP signal was noted near the newly formed bone 
in BCP<μm at weeks 6 and 12.
 As for the analysis of immune markers, both M1 
and M2 macrophage markers were detected from day 
3 onwards in both implants (Fig. 8). The pro-healing 
activity monitored by the M2 marker IL-10 showed 
a consistent increase up to 6 weeks, followed by a 
slight decrease thereafter. At nearly every time point, 
IL-10 expression was significantly higher on BCP<μm 
when compared to TCPμm, suggesting a favourable 
M2 polarisation response on the BCP<μm surface. 
The pro-inflammatory activity monitored by the M1 
marker TNF-α showed a consistent increase for up 
to 6 weeks with similar levels for BCP<μm and TCPμm. 
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After 12 weeks, the expression of TNF-α on BCP<μm 
strongly decreased on TCPμm but remained high on 
BCP<μm.
 The results of the biochemical assays on TRAP 
and ALP concurred with the results of the histological 
analysis. Significant osteoclastic TRAP activity 
was observed from 3 weeks onwards, gradually 
increasing until up to 12 weeks. TRAP expression 
was significantly higher on BCP<μm compared to 
TCPμm at every time point. Limited levels of ALP 
activity were detected between 3 d and 6 weeks 
following implantation. The absence of ALP staining 
in the histological analysis between 3 d and 6 weeks 
suggested that the early low levels of quantified ALP 
were mostly non-specific to bone. However, enhanced 
osteoblastic ALP activity was observed from 6 weeks 
onwards, with a substantial increase at 12 weeks 
for BCP<μm, concurrent with the bone formation 

observed by histology. No signal was measured in 
the extraction vehicle controls, indicating the validity 
of these tissue response assays.
 This kinetic in vivo study confirmed a pro-healing 
response on submicron surface structured calcium 
phosphate, as demonstrated by the higher M2 marker 
expression, which occurred prior to ectopic bone 
formation. In addition, the presence of osteoclasts 
from early time points onwards suggested that 
macrophages fuse together to become multinucleated 
osteoclasts before bone formation occurs. The 
study also confirmed a pro-inflammatory response 
immediately after implantation, as shown by the 
expression of the M1 marker TNF-α. However, 
it should be noted that TNF-α expression is also 
a marker for osteoclasts that are derived from 
monocytes (Adamopoulos et al., 2006; Aeschlimann 
and Evans, 2004; Miron and Bosshardt, 2016). 

Fig. 7. Histological observations at the surface of needle-shaped BCP<μm material (M). Osteoclastic 
activity observed from 3 weeks on by TRAP (yellow arrow) and CTSK (white arrow) samples. Bone formation 
observed from 6 weeks on by methylene blue/basic fuchsin (MB/F) staining (pink, b) and ALP staining (*). 
Original results from the authors (2021). 
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Together with the evidence of osteoclastic activity 
on BCP<μm demonstrated by CTSK and TRAP, this 
elevated TNF-α level may comprise the cumulative 
expression from both osteoclasts and M1 pro-
inflammatory macrophages.
 Previous research has indicated the involvement of 
osteoclast-like multinucleated cells in osteoinduction 
by calcium phosphate ceramics (Davison et al., 2014a, 
2014c, 2015). For example, osteoclasts differentiated 
from human primary monocytes survive, fuse, 
differentiate and resorb the substrate when cultured on 
osteoinductive calcium phosphate with a submicron 
surface structure. In contrast, calcium phosphate with 
a micron-structured surface attenuates osteoclast 
survival, fusion and differentiation (Davison et al., 
2014b). Furthermore, it has been suggested that 
osteoclast-like, multinucleated cells, which are 
commonly observed around bone biomaterials, 
can have an M2-like macrophage phenotype and 
function, based on the expression of M2 markers 
(Miron and Bosshardt, 2016). More research is needed 
to identify the exact profile and function of these cells.

A pro-healing response by calcium phosphate 
with submicron topography leads to reliable 

spinal fusion outcomes

Spinal fusion equivalent to “gold standard” and 
superior to conventional graft materials
The relevance of osteoinductive materials has been 
repeatedly demonstrated in several challenging 
preclinical implantation models (van Dijk et al., 
2018, 2019, 2020). In the more clinically relevant 
PLF indication, the performance of BCP<μm with 
submicron needle-shaped features was found 
equivalent to the gold standard autograft as a graft 
extender in a validated rabbit PLF model (Boden et 
al., 1995; van Dijk et al., 2019) and as a standalone 
graft in a sheep PLF model (van Dijk et al., 2018). In 
sheep, BCP<μm implanted as stand-alone for 6, 12 and 
26 weeks demonstrated rapid and reliable fusion. 
Only 6 weeks after implantation, new bone was 
formed in the centre of the fusion mass (distant from 
the host bone) and not solely in the vicinity of the host 
bone. Histology demonstrated bone bridging and 

Fig. 8. Biochemical assays of TNF-α, IL-10, TRAP and ALP extracted from ex vivo implants collected 
after 3 d, 1, 3, 6 and 12 weeks. An extract from serum was used as a control. Significant differences were 
shown only between materials at each endpoint with * p < 0.05. Red: BCP<μm, blue: TCPμm. Original results 
from the authors (2021).
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92 % to 100 % fusion at 12 and 26 weeks, respectively. 
Fusion masses showed evidence of a pseudo-cortex, 
as well as bone maturation and graft integration 
(Fig. 9). Additional assessment methods used to 
score fusion, that is, manual palpation, mechanical 
testing and radiographical examination following the 
Lenke scale, were in agreement with histology and 
the results were equivalent to the autograft used as 
a positive control (Lenke et al., 1992; van Dijk et al., 
2018).

 The enhanced fusion performance by BCP<μm was 
confirmed when compared to conventional bone graft 
materials, i.e. a BGμm material and a TCPμm with BGμm 
adjunct (TCPμm/BGμm), as well as the “gold standard” 
autograft in the same sheep PLF model (van Dijk 
et al. 2020). By μCT, only BCP<μm and autograft 
maintained an appropriate bilateral fusion mass 
volume of respectively 9.6 ± 0.4 cm3 and 5.7 ± 1.6 cm3. 
Significantly lower fusion mass volumes were 
observed for BGμm (3.0 ± 1.1 cm3) and TCPμm/BGμm 

Fig. 9. Histology of BCP<μm as bone graft in a sheep PLF model. The images show bone formation and 
neocortex formation (blue arrow) in the fusion mass at 6, 12 and 26 weeks post-implantation. Adapted from 
van Dijk et al. (2018, 2020).

Fig. 10. 3D μCT reconstructions of spinal levels treated with autograft, BCP<μm, BGμm and TCPμm/ BGμm. 
The panels present (a) autograft, (b) BCP<μm, (c) BGμm and (d) TCPμm/BGμm. The host spinal bone (off-
white) and fusion mass (grey) including (new) bone and residual implant material are shown as separate 
segmentations. Adapted from van Dijk et al. (2020). 
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Fig. 11. Histology of bone grafts at the treated spinal levels. Representative micrographs from histological 
sections of the spinal levels treated with (a-c) BCP<μm, (d-f) BGμm and (g,h) TCPμm/BGμm. Micrographs were 
obtained from regions near (a,d,g) the host transverse process and (b,c,e,f,h) the intertransverse central region. 
High magnification images show cellular processes observed near the graft materials, including osteoblasts 
(c,g – black arrows) depositing osteoid and cell-mediated resorption of materials by multinucleated cells 
(c,h – yellow arrows). Inflammatory foreign body reaction was observed in BGμm specimens, as evidenced 
by encapsulation of material and large numbers of lymphocytes and foreign body giant cells (i, yellow 
arrows). HB: host bone; NB: new bone; BM: bone marrow; O: osteoid; FT: fibrous tissue. Adapted from van 
Dijk et al. (2020).
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(2.4 ± 1.0 cm3) (Fig. 10). Correspondingly, histology 
revealed abundant bone tissue in direct contact with 
BCP<μm throughout the inter-transverse space. A large 
area of BCP<μm graft was integrated into newly formed 
trabecular bone with lamellar morphology and bone 
marrow spaces (Fig. 11a-c). Osteoblasts lining regions, 
osteoclasts and osteocytes were observed throughout 
the specimens (Fig. 11c). Multinucleated cells were 
observed resorbing the material on the surface that 
was not covered by bone (Fig. 11c). Histology on 
the TCPμm/BGμm and BGμm groups confirmed the 
absence of bone tissue and significant graft resorption 
through the implant site. Bone formation was very 
minimal and limited at the vicinity of host bone (Fig. 
11d,g). Throughout the implant site, residual BGμm 
particles were mostly encapsulated in fibrous tissue 
or granulomatous inflammatory tissue with the 
presence of lymphocytes and foreign body giant cells 
in 5 out of 6 specimens (Fig. 11e,f). Moreover, 3 out of 
6 BGμm specimens contained dense regions of particles 
of variable dimensions, which were revealed to be 
areas of severely fragmented material and evidence 
of foreign body reaction upon further inspection (Fig. 
11f). In the TCPμm/BGμm implantation sites, TCPμm 
particles were commonly observed in the process 
of disintegration due to cell-mediated resorption 
(Fig. 11h). The cellular and tissue reaction on the 3 
different bone grafts showed significant differences, 
emphasising the relevance of needle-shaped surface 
features of BCP<μm.
 The different immune responses for these 3 
graft materials in vivo were evident and led to a 
significantly different fusion performance. On the 
one hand, the abundant fibrous encapsulation, 
granulomatous inflammation and graft resorption 
observed on the TCPμm/BGμm and BGμm groups 
were characteristic of a pro-inflammatory reaction, 
which in turn resulted in poor bone formation and 
did not achieve fusion. On the other hand, material 
remodelling by multinucleated cells combined with 
new bone formation in direct contact with the BCP<μm 
material suggests a pro-healing reaction, resulting in 
early bone formation throughout the inter-transverse 
space favourable for fusion. The late endpoints 
and the lack of other histological immunostaining 
prevent any further insight on the nature of innate 
immunological reaction in vivo. However, these 
striking differences in foreign body reaction and bone 
healing, combined with the above in vitro results on 
the same materials, suggest a unique pro-healing 
mechanism orchestrated by the needle-shaped 
topographical features.

Clinically reliable spine fusion
The performance of submicron needle-shaped 
feature bone grafts has been validated clinically 
in a retrospective cohort study of 77 lumbar and 
cervical reconstruction patients receiving interbody 
and posterolateral spinal fusions (Level IV study by 
Poelstra et al. unpublished work). The bone graft 
BCP<μm was mixed with acellular allograft and BMA 

for the lumbar region and with local autograft for 
the cervical region. Radiographic evaluations and 
clinical outcomes for fusion were assessed at multiple 
intervals after surgery.
 The lumbar group consisted of 24 females and 
28 males. This cohort included posterior, lateral or 
anterior lumbar interbody fusions with or without 
posterior instrumented fusions. The bone graft 
BCP<μm was mixed with acellular allograft and BMA. 
The procedures included 22 one-level (42.3 %), 19 
two-level (36.5 %), 7 three-level (13.5 %) and 4 four-
level (7.7 %) procedures for a total of 97 treated 
levels. The average duration of follow-up was 
7.5 months (6.0-11.8 months). The mean age was 
60.9 years (28-83 years), with a mean BMI of 29.6 
(20.6-46.5). The modified Prolo scores (0-20 scale) 
improved significantly overall from an average of 
11.0 preoperatively to 16.1 postoperatively (68.3 %) 
in 51 out of 52 patients. Improvement in pain 
and function demonstrated successful outcomes 
following surgery, as Prolo scores were reported 
as excellent (47.1 %), good (49.0 %) or fair (3.9 %), 
with each reporting ≥ 3 points of improvement 
in the post-operative score compared to baseline 
scores. Successful fusion was confirmed 6 months 
postoperatively in 42 out of 52 patients (80.7 %) and 
12 months postoperatively in 49 out of 52 patients 
(94.2 %). Radiographic evidence of successful fusion 
was seen by 12 months in 94 out of 97 levels (96.9 %). 
A breakdown for this cohort is provided in Table 1. 
Pseudarthrosis was only observed in 3 out of 97 levels 
(3.1 %). Overall, the lumbar fusion cohort achieved a 
near 97 % (94 out of 97 levels) fusion rate with BCP<μm, 
which compared favourably to a recent meta-analysis 
using the same surgical technique (Li et al., 2017). 
Likewise, radiographic fusions through 3D-printed 
titanium cages in the cervical spine were achieved in 
75 out of 80 levels (93.8 %), of which 31 out of 32 levels 
(96.9 %) fused in one- to three-level reconstructions 
and 20 out of 24 levels (83.3 %) fused after four-level 
reconstructions, despite multiple comorbidities in the 
latter cohort. None of these patients required revision 
surgery within 18 months from the index operation. 
Overall, cervical fusion was reached in 21 out of 
25 patients with excellent clinical outcomes, which 
compared favourably with a recent publication by 
Arnold et al. (2016).
 The cervical group consisted of 9 males and 16 
females. The procedures included posterior fusions 
and anterior-posterior combined reconstructions. 
The submicron surface BCP<μm bone graft material 
was mixed with autograft placed either inside of 
the interbody cages or posterolateral, adjacent to 
the lateral-mass and pedicle screws. The average 
length of follow-up for the entire cervical cohort 
was 6.4 months (3-11 months). The mean age was 
61.2 years (33-80 years), with a mean BMI of 29.5 
(18.7-46.4). Modified Prolo average scores (0-20 
scale) improved overall from 10.8 preoperatively 
to 16.0 postoperatively (68.7 %) in 23 out of 25 
patients who reported proper follow-up. Prolo scores 
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Table 2. Results from 25 cervical fusion patients. 
Solid arthrodesis was noted in 75 out of 80 levels in 
21 out of 25 patients after 12 months; one-, two- and 
three-level ACDF cases fused in 31 out of 32 cases 
(96.8 %). Co-morbidities prevalent > 30 % in this 
cohort included: hypertension, gastro-oesophageal 
reflux disease, diabetes I or II, anxiety, depression, 
dyslipidaemia, generalised osteo arthritis, obesity 
and smoking.

Cervical group (n = 25)
Mean age (33 - 80 years) 61.2
Female 16 64.0 %
Male 9 36.0 %
Mean BMI (18.7 - 46.4) 29.5

Procedures
Anterior only
(ACDF = 19/corpectomy = 2) 21 84.0 %
Posterior only (PCF) 1 4.0 %
ACDF + PCF 2 8.0 %

Fusion results per procedure (n = 80)
PCF 20/20 100 %
Corpectomy surfaces 4/4 100 %
ACDF total 51/56 91.1 %
1 + 2 levels 14/14 100 %
3 levels 17/18 94.4 %
4 levels 20/24 83.3 %

Fusion results for all levels
Fusion success at 6 months 53/80 66.3 %
Fusion success at 12 months 75/80 93.8 %
Pseudarthrosis at 12 months 5/80 6.3 %

Table 1. Results from 52 lumbar fusion patients. 
Solid arthrodesis was noted in 94 out of 97 levels 
(96.9 %) in 49 out of 52 patients after 12 months. Co-
morbidities prevalent > 30 % in this cohort included: 
anxiety, depression, diabetes, hyperlipidaemia, 
gastro-oesophageal reflux disease, sleep apnoea, 
morbid obesity and smoking.

Lumbar group (n = 52)
Mean age (28 - 83 years) 60.9
Female 44 46.2 %
Male 33 53.8 %
Mean BMI (20.6-46.5) 29.6

Procedures
ALIF + posterior fusion 23 44.2 %
Lateral + posterior fusion 12 23.1 %
ALIF only 5 9.6 %
Lateral only 9 17.3 %
Posterior only 3 5.8 %

Fusion levels per procedure
1 level 22 42.3 %
2 levels 19 36.5 %
3 levels 7 13.5 %
4 levels 4 7.7 %

Fusion results for all levels
Fusion success at 6 months 82/97 84.5 %
Fusion success at 12 months 94/97 96.9 %
Pseudarthrosis at 12 months 3/97 3.1 %

demonstrated positive outcomes with categories 
reported as excellent (61 %), good (35 %) or fair 
(4 %). Each reported at least a 3 points post-operative 
score improvement for pain and function. Fusion 
status was monitored using flexion/extension films 
and μCT-scan sagittal/coronal reconstructions 
as early as 3 months and as late as 12 months 
postoperatively, when indicated. Successful fusion 
was achieved by 6 months in 53 out of 80 levels 
(66 %). At 12 months, the remaining levels fused, 
except for 5 proven pseudoarthroses in 4 patients 
that all occurred in 1 three-level and 3 four-level 
anterior standalone reconstructions fitted with the 
titanium 3D printed cages and static locking plates. 
At 12 months, successful fusion was observed in 75 
out of 80 levels (93.8 %), with radiographic evidence 
(Table 2). Fusion was achieved in 18 out of 18 PCF 
levels, 4 out of 4 corpectomy surfaces and 51 out of 
56 ACDF standalone procedure levels (91.1 %). All 
single and two-level ACDF levels fused solid (14 out 
of 14). In the three-level cases, 94.5 % fused (17 out 
of 18), whereas 83.3 % of the four-level ACDF levels 
fused without posterior hardware (20 out of 24). All 
anterior-posterior reconstructions of five-levels or 
greater fused solidly. The confirmed pseudarthrosis 
cases remained clinically asymptomatic more 
than 12 months after surgery and each of these 4 
patients involved one or more comorbidities known 
to negatively affect fusion success, including two 

smokers (Table 2). None of them required additional 
surgical procedures to date (18 months post-
operatively). There were no instances of infection, 
product-related adverse events or hardware failures 
in both lumbar and cervical groups.
 These data demonstrated that this calcium 
phosphate bone graft material with submicron surface 
topography could deliver solid, stable and reliable 
fusions in real-world clinical applications, with a 
pseudo-arthrodesis rate comparable to autograft 
in both cervical and lumbar interbody applications 
(Levin et al., 2018; Li et al., 2017; McAfee et al., 2012; 
Shao et al., 2017). Future studies with longer-term 
follow-up and patient-reported outcomes are 
most certainly indicated, while level I prospective 
randomised studies (Web ref. 1) and additional level 
IV clinical investigations are currently underway 
(Web ref. 2).

Conclusion

The present review describes the sensitivity of 
macrophages to material surface features and the 
relevance thereof to bone regeneration. Materials 
with defined topographical features, such as a 
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submicron topography, upregulate macrophages 
with an anti-inflammatory, pro-healing phenotype in 
vitro and in vivo. Osteoinductive calcium phosphates 
with submicron-scale needle-shaped surface 
features favourably modulate the innate immune 
response by these means, leading to accelerated 
and enhanced bone regeneration. Within the first 
days after implantation, a submicron topography 
induces a pro-healing immune response that favours 
initial osteoclastic activity, followed by osteoblastic 
activity leading to bone formation. This mechanism 
of material-directed bone formation was translated 
into reliable spinal fusion outcomes in relevant 
pre-clinical models and human patients. Design of 
bone graft materials with specific surface features 
to modulate the healing response is feasible and can 
evidently improve healing outcomes. Control of the 
innate immune response appears to be a key factor 
in the efficacy of biomaterials.
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Discussion with Reviewers

Reviewer 1: Please discuss the effect of nanoparticles/
submicron- versus micron-sized calcium phosphate/
hydroxyapatite and the different shapes of these 
particles on bone repair.

Authors: As covered in the present review, recent 
research has been consistent in demonstrating a 
relationship between topography, cell shape and 
macrophage phenotype (McWhorter et al., 2013; Wang 
et al., 2016). Various materials with specific structural 
or topographical features have been shown to 
modulate the shape of adherent macrophages as well 
as their phenotype. Although the involved signalling 
pathways have not yet been fully identified, it is 
probable that material structural features can induce 
macrophage polarisation by modulating cell shape, 
which through mechanotransduction pathways may 
lead to altered downstream signalling.

Reviewer 2: Would the authors consider relevant 
the presence of osteoclast in the process of bone 
regeneration? Why?
Authors: The presence of osteoclasts is considered 
very relevant in the process of bone regeneration with 
calcium phosphate biomaterials. Previous research 
has suggested that osteoclastogenesis precedes 
material-directed bone formation by osteoinductive 
calcium phosphates (Davison et al., 2014a; Miron 
et al., 2016, additional reference). The in vivo data 
obtained in the canine model described in the 
present review also suggested a role of osteoclasts 
prior to osteoinductive bone formation. In addition, 
research that evaluated the response of macrophages 
to calcium phosphates with osteoinductive capacity 
has demonstrated clear effects of surface structure 
on osteoclast activity (Davison et al., 2014b; 2014c). 
Since osteoclasts are derived from the monocyte/
macrophage lineage, it is probable that when 
macrophages polarise in response to specific material 
topographies, this will similarly affect fusion 
behaviour of these macrophages to form osteoclasts. 
However, very little research has been done on the 
relationship between macrophage phenotype and 
differentiation into osteoclasts.
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