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Abstract
Purpose  An increasing body of evidence suggests that bone resorbing osteoclasts are important—but as yet underrated—
cellular initiators of bone formation. Furthermore, macrophages also have shown stimulatory effects on the osteogenic dif-
ferentiation of mesenchymal stromal cells (MSCs). Consequently, we here investigated whether human macrophage- and 
osteoclast-laden carrier materials can induce ectopic bone formation upon subcutaneous implantation in nude mice.
Methods  Human osteoclast precursors were isolated and differentiated toward macrophages. Subsequently, these mac-
rophages were seeded onto two types of cell carrier materials (i.e., electrospun polymeric scaffolds and devitalized bovine 
bone granules) and differentiated for 14 days toward osteoclasts. DNA assay and fluorescent nuclei staining were performed. 
Osteoclast differentiation was assessed by a tartrate-resistant acid phosphatase (TRAP)-activity assay, TRAP, and immuno-
cytochemical staining for β3 integrin. After 60 days of implantation into nude mice, specimens were retrieved, histologically 
processed, and stained with hematoxylin and eosin (HE) as well as for TRAP to study ectopic bone formation and osteoclast 
activity, respectively.
Results  Osteoclast precursors limitedly adhered to both material types. Osteoclast-laden samples showed increased intra-
cellular gross TRAP-activity on both cell carrier types, TRAP staining on polymeric electrospun scaffolds, and positive β3 
integrin staining on decellularized bovine bone granules compared to the macrophage-laden materials. We observed that 
only the positive control samples loaded with bone morphogenetic protein-2 (BMP-2) induced ectopic bone formation and 
TRAP signal.
Conclusion  We conclude that neither human macrophage- nor osteoclast-laden constructs are capable to induce ectopic bone 
formation under the current experimental set-up.
Lay summary  Interestingly, increasing amounts of evidence suggest that osteoclasts—the cells responsible for breaking 
down bone tissue—can trigger bone formation. Therefore, we here aimed to study whether blood-derived macrophages and 
osteoclasts can induce bone formation in vivo. Consequently, we generated human macrophage- and osteoclast-laden con-
structs using two types of scaffold materials and implanted them underneath the skin of nude mice. Although we confirmed 
the presence of macrophages and osteoclasts on the materials, we found no signs of bone formation.
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Introduction

Impaired or delayed healing of bone injuries due to pre-
existing co-morbidities (e.g., diabetes, osteoporosis) or life-
style choices (e.g., smoking, alcohol abuse) and non-healing 
of critical-sized bone defects resulting from trauma or tumor 
resection are a major clinical challenge [1, 2]. In fact, bone 
is one of the most frequently transplanted tissues in Europe 
with more than 1 million transplantations occurring annually 
[3]. This is primarily related to the growth and aging of the 
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world population and secondly due to an increase in cases 
of trauma, bone tumor resection, infection, and congenital 
bone malformations [1, 4]. Current treatment options for 
such injuries include implantation of auto-/allo-/xenografts, 
or synthetic bone substitute materials (alloplasts). However, 
all of these are associated with specific shortcomings; while 
autografts for example are only limitedly available, allo- or 
xenografts might induce an immunogenic response and lack 
osteogenic or -inductive properties [5–7].

In view of these limitations, bone tissue engineering 
(BTE) is a promising treatment strategy for this type of bone 
injuries by tackling shortcomings of (synthetic) bone sub-
stitute materials [8]. To this end, BTE combines 2 or 3 of 
the main elements of TE (i.e., biomaterials, differentiation 
factors, and cells) to generate constructs for improved bone 
healing compared to the sole use of biomaterials [8]. Gener-
ally, biomaterials are combined with a potent osteoinductive 
differentiation factor such as bone morphogenetic protein-2 
(BMP-2) to trigger bone formation upon implantation [9]. 
However, clinical application of BMP-2 was reported to be 
associated with several potential life-threatening side effects, 
such as cervical swelling (reviewed by [9]), particularly 
when used off-label [10–13]. Alternatively, biomaterials 
loaded with autologous mesenchymal stromal cells (MSCs) 
were assumed to accelerate bone regeneration due to the 
active role those cells have in bone formation. However, the 
invasive harvesting procedures, time-consuming in vitro 
manipulation, and—most importantly—the inconsistent 
therapeutic efficacy have so far hampered widespread imple-
mentation of MSC-laden biomaterials in clinics [2, 14].

Consequently, to improve therapeutic efficacy and reduce 
complexity (i.e., cell harvesting), it might be worthwhile 
to explore other cell types for BTE approaches. As of 
recently, cells involved in the initiation of bone formation 
are increasingly considered for this purpose, instead of using 
cells which can directly form bone such as MSCs. Interest-
ingly, during physiological bone remodeling, a tight coor-
dination ensures that the exact amount of old or damaged 
bone resorbed by osteoclasts is replaced by new bone tissue 
deposited by osteoblasts, a process also known as osteoclast-
osteoblast coupling [15]. Osteoclasts mediate this process 
either indirectly by releasing bone matrix-derived factors 
(e.g., transforming growth factor-β (TGF-β), insulin-like 
growth factor-1 (IGF-1)) following resorption, or directly 
via secretion of so-called clastokines (e.g., collagen triple 
repeat containing-1 (CTHCR1), complement component 3a 
(C3a), sphingosine-1-phosphate (S1P)) [15–17]. The release 
of these factors is critical for the subsequent attraction and 
differentiation of osteoprogenitor cells [15–17]. The par-
ticular importance of the direct contribution of osteoclast-
osteoblast coupling was unveiled by preclinical and clini-
cal studies on osteoclast-rich osteopetrosis, a bone disorder 
characterized by impaired osteoclast resorption activity [16, 

18]. Interestingly, patients [19–21] and experimental ani-
mals [22–32] suffering from this condition show normal or 
even increased bone formation rates, suggesting that these 
dysfunctional osteoclasts are still able to couple osteoblastic 
activity. In contrast, patients [21] and experimental animals 
[33–36] with osteoclast-poor osteopetrosis demonstrate 
reduced bone formation, which suggests that coupling is 
impaired in the absence of osteoclasts. Furthermore, the 
ability of non-resorbing osteoclasts to secrete anabolic 
factors was confirmed by in vitro studies where medium 
collected from osteoclast cultures was reported to induce 
either migration [37] or osteogenic differentiation of osteo-
progenitor cells [37–42]. Lastly, several preclinical animal 
studies suggest that osteoclasts are relevant for the initiation 
of bone formation at ectopic sites. For instance, implanta-
tion of osteoinductive biomaterials was previously reported 
to not only result in successful bone induction at ectopic 
sites, but also induce native osteoclast activity [43–47]. 
Similarly, osteoclasts were also observed when biomateri-
als were implanted in combination with either BMP-2 [48] 
or human MSCs [49]. More importantly, the dependence of 
ectopic bone formation on native osteoclast activity follow-
ing implantation of cell-free [44] or MSC-loaded biomateri-
als [49] was demonstrated. This dependence was indicated 
following inhibition of osteoclast formation upon systemic 
administration of either liposomal clodronate [44] or mono-
clonal anti-RANKL antibody [49] to the experimental ani-
mals, which caused a significant reduction in ectopic bone 
formation. While these findings are generally interpreted as 
confirming the importance of developing “resorbable” bone 
replacement materials that can be remodeled in situ into new 
bone tissue upon implantation [50–52], we here hypothesize 
that osteoclasts can actually be considered cellular initiators 
of bone formation, which can be used (as initiators) instead 
of osteoblasts (as bone-forming cells) for cell-based con-
struct preparation.

Therefore, we here aim to investigate whether constructs 
loaded with osteoclasts are also able to induce ectopic bone 
formation (Fig. 1). Due to their clinical relevance, we here 
used primary human osteoclast precursors which were iso-
lated and differentiated toward macrophages. Those cells 
were then seeded on different types of materials (i.e., Bio-
Oss granules and electrospun polymeric scaffolds) to assess 
whether different types of organic and inorganic biomateri-
als can be rendered osteoinductive by loading osteoclasts. 
Those macrophages were subsequently stimulated to form 
osteoclasts according to a previously established protocol 
[53]. After 14 days of osteoclast differentiation, osteoclast 
formation was confirmed by tartrate-resistant acid phos-
phatase (TRAP)-activity assay, TRAP, and immunocyto-
chemical staining for integrin β3, and these osteoclast-laden 
constructs were implanted subcutaneously in nude mice. 
Macrophage-laden constructs were implanted as additional 
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experimental group in addition to BMP-2-loaded and cell-
free scaffolds as positive and negative controls, respectively. 
After 60 days of implantation, constructs were retrieved and 
analyzed for ectopic bone formation and presence of osteo-
clasts following histological processing and staining.

Materials and Methods

For composition of used buffers and media, see Supplemen-
tary Table 1.

Peripheral Blood‑Derived Mononuclear Cell 
Isolation and Macrophage Differentiation

A commercially available apheresis product (Sanquin) 
enriched in the mononuclear cell fraction was obtained 
from human whole blood of one donor. The apheresis 

product was diluted in dilution buffer. Next, 30 ml of 
the diluted product was distributed over 50-ml tubes 
and 12–14 ml lymphoprep (Axis-Shield Diagnostics) 
pipetted underneath. Cells were spun at room tempera-
ture (RT) for 25 min at 800 g with acceleration set to 
1 and deceleration to 1. The peripheral blood mononu-
clear cell (PBMC) interphase was collected into new 
50-ml tubes. Cells were diluted with dilution buffer 
and spun for 10  min at 650  g at RT with maximum 
brake. Following several washing steps at 500 g for 
5 min at 4 °C, cells were pooled until finally only one 
tube was left, and cells were resuspended in medium 
or proliferation medium (PM). Cells were counted and 
frozen until further use. Cells were thawed and seeded 
in PM at a concentration of ~ 0.5 × 106 PBMCs per 
cm2 into T175 cell culture f lasks (Greiner bio-one). 
After 1-h incubation at 37 °C and 5% CO2, cells were 
washed twice with PBS and macrophage differentiation 
medium was added. Cells were differentiated toward 
macrophages for 4 days.

Fig. 1   Experimental overview of the performed study. Monocytes 
were isolated from apheresis-derived PBMCs by adhesion and dif-
ferentiated toward macrophages for 4 days. Then, macrophages were 
detached and seeded onto FBS-soaked electrospun PLGA/PCL scaf-
folds and Bio-Oss granules for 2.5 h. Cell loading was evaluated by 
DNA assay and DAPI staining. Remaining samples were further dif-
ferentiated toward macrophages or osteoclasts for 14 days. Osteoclast 
differentiation on materials was assessed by TRAP-activity assay, 
TRAP, and immunocytochemical staining. Macrophage- and oste-
oclast-laden materials were implanted subcutaneously in nude mice 

for 60  days. Finally, bone induction and osteoclastic activity were 
evaluated by histological staining. Abbreviations: Mφ, macrophage; 
MC, monocytes; MCSF, macrophage colony stimulating factor; 
PLGA/PCL, poly(lactic-co-glycolic acid)/polycaprolactone; DAPI, 
4′,6-diamidino-2-phenylindole; RANKL, receptor activator of nuclear 
factor κB ligand; OC, osteoclast; TRAP, tartrate-resistant acid phos-
phatase; BMP-2, bone morphogenetic protein-2; HE, hematoxylin/
eosin; PBMCs, peripheral blood-derived mononuclear cells; FBS, 
fetal bovine serum. This illustration was created with BioRender.com
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Preparation of Cell‑Laden Constructs

Electrospun poly(lactic-co-glycolic acid)/polycaprolactone 
(PLGA/PCL) meshes were prepared as previously described 
[54, 55]. The electrospinning solution was prepared by 
dissolving PLGA (Purasorb® PDLG 8531, Corbion, The 
Netherlands) and PCL (Sigma-Aldrich) in a weight ratio of 
3:1 at a concentration of 0.12 g/ml overnight using a mag-
netic stirrer. 2,2,2-Trifluoroethanol (TFE, Sigma-Aldrich) 
served as organic solvent. Three-dimensional (3D) scaf-
folds were generated using the so-called wet electrospin-
ning technique in a commercially available electrospinning 
set-up (E-sprayer™ ES-2000S, Fuence). The processing 
parameters for stable formation of electrospun fibers were 
chosen based on an earlier publication [55]. In brief, the 
polymer solution was fed into a glass syringe and delivered 
at a feeding rate of 50 µl/min to an 18G nozzle. To gener-
ate a stable polymer jet, a voltage of 25 kV was applied at 
the tip. A grounded bath filled with 99.5% ethanol located 
15 cm under the nozzle was used to collect the resulting fiber 
meshes. The size of those was controlled by stopping the 
electrospinning process every 15 min for fiber mesh collec-
tion. Henceforth, the wet electrospun material was washed 
thoroughly several times in Milli-Q water and freeze-dried 
(VirTis BenchTop Pro with Omnitronics Freeze Dryer, SP 
Scientific) for 3 days. Scaffolds obtained using these param-
eters were previously reported to display an uncompressed 
structure with an average fiber diameter of 1.98 ± 0.51 µm 
and a porosity of 99% [55]. Disk-shaped scaffolds with a 
diameter of 4 mm were punched out from these PLGA/PCL 
meshes using a disposable biopsy punch (Kai Industries). 
Next, scaffolds were sterilized for 3 h in 70% ethanol and 
washed 4 times with PBS. PLGA/PCL scaffolds and Bio-
Oss granules (0.25–1 mm size, Geistlich) were soaked for 
3 days in FBS at 37 °C and 5% CO2. Scaffolds and gran-
ules were placed into ultralow attachment 24-well plates 
(Corning). To load cells onto scaffolds and granules, mac-
rophages were first enzymatically detached for 15 min with 
0.25% Trypsin–EDTA (Sigma-Aldrich) at 37 °C and 5% 
CO2 followed by mechanical detachment using cell scrap-
ers, respectively. Cells were counted and macrophages were 
seeded at a concentration of 0.5 × 106 cells in 20 µl onto 
each scaffold type and incubated for 2.5 h at 37 °C and 5% 
CO2 to allow initial cell attachment. Scaffolds and granules 
loaded with 20 µl PM served as cell-free negative controls. 
Additionally, two-dimensional (2D) control cultures to con-
firm osteoclastogenic potential of the donor were prepared 
by seeding macrophages at a concentration of 2.5 × 104 per 
cm2. Afterwards, cell-laden constructs were transferred in 
48-well cell suspension plates (Greiner bio-one) and 500 µl 
of RANKL-free control medium, osteoclast differentiation 
medium, or PM was added. Similarly, medium was changed 
to 200 µl macrophage or osteoclast differentiation medium 

for the 2D control. Cells were cultured for 14 days with 
two full medium changes per week. Positive controls were 
prepared by incubating scaffolds and granules with BMP-2 
(R&D Systems, 100 µg/ml) for 24 h at RT. Thereafter, mate-
rials were air-dried for several hours and incubated at 4 °C 
until implantation.

Assessment of Cell Loading Efficiency

Additional cell-laden constructs were prepared for DNA 
quantification and nuclear staining. Samples for the DNA 
assay were transferred to an empty ultralow attachment 
24-well after 2.5-h incubation and rinsed twice with PBS, 
before being transferred in a new 1.5-ml tube. Next, 1 ml 
demineralized water was added per tube. In addition to load-
ing macrophages onto scaffolds or granules, 20 µl-containing 
0.5 × 106 cells were pipetted into new 1.5-ml tubes and 1 ml 
demineralized water was added. These samples served as 
reference for assessment of loading efficiency onto the cell 
carrier materials. Tubes were stored at − 20 °C. After two 
freeze/thaw cycles at − 20 °C/RT, the lysates were centri-
fuged for 1 min at 4000 g and the cellular DNA content was 
quantified using the QuantiFluor® dsDNA System Kit (Pro-
mega Corporation) as described previously [56]. Further-
more, samples were prepared for fluorescent nuclear stain-
ing. After rinsing samples with PBS and fixation using 3.7% 
formaldehyde (Boom), Bio-Oss granules were washed with 
PBS and incubated for 10 min with 4′,6-diamidino-2-phe-
nylindole (DAPI, Sigma-Aldrich, 0.4 µg/ml) diluted in PBS. 
After washing, granules were transferred onto microscopy 
slides (Marienfeld) and mounted [53]. Similarly, PLGA/PCL 
samples were stained with DAPI after histological process-
ing as described below. Samples were imaged using the 
ImagerZ.2 with the Axiocam 705 microscope camera and 
ZEN (blue edition) version 3.3 software (all from Zeiss).

Osteoclast Characterization

Gross TRAP‑Activity Assay

Cells and constructs were washed once with PBS, lysed 
using 300 µl of 50 mM sodium acetate lysis buffer, and 
stored at − 70 °C. After two repetitive freeze/thaw cycles 
at − 70 °C/RT, intracellular TRAP-activity of cell-loaded 
construct and 2D control lysates was determined using a 
previously described assay [53].

TRAP Staining

To visualize osteoclasts on the different cell carrier materi-
als, samples were stained for TRAP. Bio-Oss granules were 
stained using a previously described protocol [53]. PLGA/
PCL samples were dehydrated and infiltrated with Surgipath 
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Paraplast Plus paraffine using the TP1020 tissue processor 
(all from Leica). Following paraffine embedding, 5-µm sec-
tions were cut using the RM2165 microtome (Leica). Sec-
tions were melted to microscopy slides (Thermo Fisher Sci-
entific or Epredia), de-paraffinized in xylene, and rehydrated 
in a descending alcohol series. Next, samples were incubated 
for 2 h at 37 °C in a 0.2 M Tris (Serva)/magnesium chlo-
ride (Sigma-Aldrich) buffer with pH 9. After rinsing with 
demineralized water, sections were incubated up to 2 h in 
acid phosphatase medium at 37 °C. The composition of this 
buffer can be found in Supplementary Table 2. Finally, sam-
ples were rinsed in tap water, dehydrated, and mounted with 
DPX mountant (Sigma-Aldrich) before image acquisition.

Immunocytochemistry

Besides TRAP staining, integrin β3 was used as a marker to 
confirm osteoclast formation on Bio-Oss granules by means 
of immunocytochemical staining. Staining was performed 
as described earlier, with small modifications [53]. Cells 
were incubated with the primary mouse anti-human CD61 
antibody (Biorbyt, 1:200) overnight at 4 °C, followed by 
incubation with a secondary biotin-conjugated donkey anti-
mouse antibody (Jackson, 1:500) diluted in 2% normal don-
key serum (NDS, GeneTex) for 1 h at RT. After rinsing with 
PBS supplemented with 0.05% Tween-20 (Sigma-Aldrich), 
granules were incubated for 45 min with ABC solution 
(VECTOR Laboratories) protected from light. Following 
another washing step, granules were treated for 10 min with 
3,3′-diaminobenzidine (DAB, Sigma-Aldrich). Samples 
were rinsed in demineralized water and incubated for 5 min 
in 0.5% copper sulfate in 0.9% sodium chloride (Merck) 
before staining with DAPI and mounting.

Animal Experiment

Ethical approval for the animal experiment was obtained by 
the French Department of Research under the license num-
ber 12/07/16-7B. Nine male 4-week-old BALB/cAnNRj-
foxn1nu/nu mice were obtained from Janvier. After 1 week 
of acclimatization, surgery was performed on 5-week-old 
mice with an approximate weight of 28–30 g. Animals 
were anaesthetized using vetflurane (isoflurane) inhala-
tion. Mice were placed in dorsal position. Six subcutane-
ous pockets per animal—3 pockets on each site of the ver-
tebral column—were created using blunt dissection in the 
back of the animal and constructs were inserted. For the 
cell-free condition, 6 constructs were included, while for 
the BMP-2-, macrophage-, and osteoclast-loaded condi-
tions, 7 constructs were implanted (n = 6–7). Wounds were 
closed using clamps. Animals were kept at a nycthemeral 
cycle with food and water being available at libitum. After 
60 days, animals were euthanized via cervical dislocation 

and samples collected. Samples were fixed for 26 h in 3.7% 
neutral-buffered formaldehyde, and stored in 70% ethanol 
until histological processing.

Histology

All Bio-Oss and 9 PLGA/PCL implants which showed min-
eral deposition upon X-ray radiography were decalcified in 
10% EDTA (Merck) for up to 10 days until no mineral was 
detected anymore. Next, decalcified samples and PLGA/
PCL implants without signs of mineral deposition were 
dehydrated and infiltrated with Surgipath Paraplast Plus 
paraffine using the TP1020 tissue processor. Following par-
affine embedding, 5-µm sections were cut using the RM2165 
microtome. Sections were melted to microscopy slides, de-
paraffinized, and rehydrated before staining.

For hematoxylin and eosin (HE) staining, sections were 
first incubated for 8 min in hematoxylin (Merck), followed by 
rinsing in running tap water for 10 min. Following dehydra-
tion up to 96% ethanol, sections were stained for 2 min with 
eosin (Merck). After complete dehydration, sections were 
incubated in xylene and mounted with DPX. To check for 
the presence of osteoclasts, sections were stained for TRAP 
as described afore. Finally, sections were scanned using the 
Pannoramic 1000 digitalization system at 20 × magnifica-
tion, and images from scans were prepared using the Case-
Viewer version 2.3 software (both 3DHISTECH).

Statistical Analysis

Statistical analysis of data was performed with SPSS Statis-
tics version 25 (IBM). Data were analyzed using independ-
ent t-tests and one-way ANOVA followed by Dunnett’s post 
hoc test with the loading control set as control group. p-val-
ues < 0.05 were considered statistically significant. Data are 
presented as mean ± standard deviation (SD).

Results

Cell Attachment to Both Cell Carrier Materials Is 
Limited

After seeding macrophages onto electrospun PLGA/PCL 
discs and Bio-Oss granules, samples were incubated for 
2.5 h to allow for initial cell attachment. To qualitatively 
confirm the presence of cells by fluorescent nuclear staining 
and quantitatively by performing a DNA assay, samples were 
collected after this incubation period (Fig. 2).

DAPI staining revealed that multiple nuclei were present 
on both material types (Fig. 2a). While nuclei on PLGA/
PCL were observed predominantly on one side of the mate-
rial, the distribution of nuclei showed to be heterogeneous 
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on Bio-Oss granules, which themselves showed strong 
autofluorescence.

The quantitative DNA assay indicated that the DNA con-
tent of both cell-loaded electrospun PLGA/PCL scaffolds 
(129 ± 21 ng/ml) and Bio-Oss samples (24 ± 14 ng/ml) was 
low compared to the loading control corresponding to the 
initial total cell number used at cell seeding (395 ± 67 ng/
ml, p < 0.001, Fig. 2b). Based on these data, the loading 
efficiency for electrospun PLGA/PCL scaffolds (33 ± 5%) 
and Bio-Oss granules (6 ± 4%) relative to the loading control 
was calculated (Fig. 2c).

Osteoclasts Form on Both Types of Cell Carrier 
Materials

Following loading of macrophages onto electrospun PLGA/
PCL discs and Bio-Oss granules, cell-laden carrier materi-
als were transferred to new 48-well cell suspension plates 
and differentiated in macrophage or osteoclast differentiation 
medium for 14 days. On the day of implantation, samples 
were collected to confirm osteoclast differentiation on the 
different cell carrier materials (Fig. 3).

A quantitative assay to determine intracellular gross 
TRAP-activity was performed with lysates of cells dif-
ferentiated on tissue culture-treated polystyrene which 
served as 2D control and on the two types of cell carrier 
materials (Fig.  3a). Lysed cells cultured with RANKL 
showed increased gross TRAP-activity for the 2D control 
(3.81 ± 0.19 mM vs. 0.32 ± 0.06 4-NP/h, p < 0.001), elec-
trospun PLGA/PCL discs (1.76 ± 0.28 vs. 0.17 ± 0.07 mM 
4-NP/h, p < 0.01), and Bio-Oss granules (2.89 ± 0.45 vs. 
0.19 ± 0.02 mM 4-NP/h, p < 0.01) compared to the respec-
tive RANKL-free control cultures.

Furthermore, electrospun PLGA/PCL discs and Bio-
Oss granules were fixed after 14 days of differentiation 
and stained for TRAP (Fig. 3b). While strong signal was 
observed for RANKL-supplemented electrospun PLGA/
PCL scaffolds and reduced signal in the respective RANKL-
free controls, hardly, any TRAP signal was observed for 
RANKL-supplemented and RANKL-free control Bio-Oss 
granules.

An additional immunocytochemical staining for the 
osteoclast marker integrin β3 on Bio-Oss granules revealed 
a clear signal in RANKL-supplemented granules and lack 
thereof in the RANKL-negative control (Fig. 3c). Moreover, 

Fig. 2   Cell attachment on different cell carrier materials after 2.5 h of 
static loading. Electrospun PLGA/PCL scaffolds and Bio-Oss gran-
ules were stained with DAPI (n = 1–2) (a). Asterisk (*) indicates 
PLGA/PCL scaffold. Images were taken with 20 × and 10 × magni-
fication, respectively. Scale bars indicate 100 µm. DNA content was 
assessed for the loading control consisting of 0.5 × 106 macrophages 
directly pipetted into 1 ml demineralized water and the same number 
of macrophages loaded onto electrospun PLGA/PCL scaffolds and 

Bio-Oss granules (n = 3–4) (b). Data were analyzed using one-way 
ANOVA with a Dunnett’s post hoc test with the loading control set as 
control. The asterisk symbol “***” indicates statistical significance at 
p < 0.001 level. Loading efficiency is expressed relative to the loading 
control for both material types (n = 3) (c). Abbreviations: PLGA/PCL, 
poly(lactic-co-glycolic acid)/polycaprolactone; DAPI, 4′,6-diamidino-
2-phenylindole
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besides mononuclear, integrin β3-positive cells, also multi-
nuclear osteoclasts were observed on the granules (Fig. 3d).

Only BMP‑2‑Loaded Carrier Materials Induce Ectopic 
Bone Formation

Cell-free, BMP-2-, macrophage-, and osteoclast-laden 
electrospun PLGA/PCL discs and Bio-Oss granules were 
implanted subcutaneously in nude mice and retrieved after 
60 days to investigate their capacity to induce ectopic bone 
formation.

Using HE staining, we observed that ectopic bone forma-
tion had occurred only for both types of BMP-2-laden carrier 
materials (Fig. 4). All other groups showed only soft tissue 
formation surrounding the granules or within the electrospun 
PLGA/PCL discs. A higher amount of new bone and bone 

marrow formation was observed for BMP-2-laden Bio-Oss 
granules compared to BMP-2-laden PLGA/PCL discs.

TRAP staining was performed as an indicator of osteo-
clast presence within the implanted cell carrier materials 
(Fig. 5). Only the BMP-2-laden positive controls for both 
types of carrier materials revealed a strong TRAP signal. 
All other groups hardly showed any TRAP signal, except for 
the PLGA/PCL scaffolds, which showed some weak TRAP 
staining in the vicinity of the scaffold.

Discussion

Based on previous work demonstrating the crucial role oste-
oclasts play in ectopic bone formation upon implantation 
of cell-free [44] or MSC-laden biomaterials [49], we here 

Fig. 3   Osteoclast characterization on different cell carrier materials 
after 14  days of in  vitro culture. Intracellular gross TRAP-activity 
was assessed for cells differentiated on tissue culture-treated polysty-
rene (2D control) and cell carrier materials (n = 3–4) (a). Data were 
analyzed using an independent t-test. The asterisk symbols “**” and 
“***” indicate statistical significance at p < 0.01 and p < 0.001 level. 
In addition, TRAP staining was performed to visualize differentiated 
cells on the cell carrier materials (n = 1) (b). Asterisk (*) indicates 
PLGA/PCL scaffold. Images were taken with 10 × magnification. 
Scale bars indicate 100 µm. Black arrow heads indicate the presence 

of TRAP-positive cells. Bio-Oss granules were also stained for integ-
rin β3 and DAPI (n = 1) (c). Integrin β3 signal appears as dark brown 
precipitate. Images were taken with 10 × magnification with scale 
bars indicating 100 µm. Magnified image of an integrin β3-positive, 
multinuclear osteoclast on a Bio-Oss granule (d). Scale bar indicates 
100 µm. White arrow head indicates an integrin β3-positive, mononu-
clear cell. Abbreviations: PLGA/PCL, poly(lactic-co-glycolic acid)/
polycaprolactone; TRAP, tartrate-resistant acid phosphatase; 4-NP, 
4-nitrophenol; 2D, two-dimensional; RANKL, receptor activator of 
nuclear factor κB ligand; DAPI, 4′,6-diamidino-2-phenylindole
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aimed to evaluate whether carrier materials directly loaded 
with human osteoclasts have osteoinductive capacity.

Cell loading on both types of carrier material appeared 
to be far from efficient despite soaking PLGA/PCL scaf-
folds and Bio-Oss granules in FBS for 3 days before load-
ing to increase cell attachment. Following fluorescent 
DAPI staining, we observed the presence of multiple 
nuclei on the different cell carrier materials, indicative for 
the presence of attached cells. While nuclei were observed 
on one side of the sectioned electrospun PLGA/PCL discs, 
likely the side onto which the cells were loaded, nuclei 
were heterogeneously distributed on and between Bio-Oss 

granules. We additionally determined the cell loading effi-
ciency for both cell carrier materials using a DNA assay 
based on reference values consisting of the same num-
ber of cells directly pipetted in demineralized water. This 
revealed a relatively low cell loading efficiency, particu-
larly for Bio-Oss granules. Although there is no consen-
sus on the optimal cell density for cell-based construct 
preparation, it is conceivable to speculate that a higher 
number of osteoclast precursors adhering to the material 
likely results in increased osteoclast fusion. Strategies to 
achieve increased cell loading efficiency include for exam-
ple the use of fibrin glue to retain all cells with the cell 

Fig. 4   HE staining of different cell carrier materials after 60 days of 
ectopic implantation. Electrospun PLGA/PCL scaffolds and Bio-Oss 
granules without cells (cell-free), loaded with BMP-2, human mac-
rophages, or osteoclasts were subcutaneously implanted into nude 
mice (n = 6–7). HE staining revealed ectopic bone formation only 
occurred in the BMP-2-loaded positive controls. Images were pre-

pared at 10 × magnification from scans obtained with the Pannoramic 
1000 digitalization system at 20 × magnification using CaseViewer 
version 2.3. Scale bars indicate 100 µm. Asterisks (*) indicate Bio-
Oss granules. Abbreviations: BMP-2, bone morphogenetic protein-2; 
M, macrophages; OC, osteoclasts; PLGA/PCL, poly(lactic-co-gly-
colic acid)/polycaprolactone; HE, hematoxylin/eosin

Fig. 5   TRAP staining of different materials after 60 days of ectopic 
implantation. Electrospun PLGA/PCL scaffolds and Bio-Oss with-
out cells (cell-free), loaded with BMP-2, human macrophages, or 
osteoclasts, were subcutaneously implanted into nude mice (n = 6–7). 
TRAP staining revealed strong signal in BMP-2-loaded positive con-
trols. Images were prepared at 20 × magnification from scans obtained 
with the Pannoramic 1000 digitalization system at 20 × magnifica-

tion using CaseViewer version 2.3. Scale bars indicate 50 µm. Black 
arrow heads indicate TRAP-positive cells and asterisks (*) indicate 
Bio-Oss granules. Abbreviations: BMP-2, bone morphogenetic pro-
tein-2; M, macrophages; OC, osteoclasts; PLGA/PCL, poly(lactic-co-
glycolic acid)/polycaprolactone; TRAP, tartrate-resistant acid phos-
phatase
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carrier material [57–59], or seeding of a higher number of 
osteoclast precursors.

To achieve successful osteoclast formation, we devel-
oped an optimized differentiation protocol for 2D osteo-
clast cultures [53] which was then adapted for osteoclast 
differentiation on the different cell carrier materials. We 
demonstrated a clear increase in intracellular gross TRAP-
activity for both material types for RANKL-supplemented 
cultures compared to the negative control despite low cell 
numbers present on the cell carrier materials. However, 
those values were substantially lower compared to the 2D 
differentiation control cultured in a 48-well plate with much 
lower cell seeding density (i.e., 2.5 × 104 cells per well). 
These quantitative data were supplemented with visual con-
firmation of osteoclast differentiation following staining. 
While we confirmed presence of TRAP-positive cells on 
electrospun PLGA/PCL scaffolds visually by TRAP stain-
ing, hardly any TRAP signal was observed on Bio-Oss gran-
ules. While TRAP staining was hardly observed on Bio-Oss 
granules, we were able to confirm osteoclast differentiation 
by means of an immunocytochemical staining for the osteo-
clast marker integrin β3. Besides few multinuclear osteo-
clasts, also many mononuclear integrin β3-positive cells 
were present on the granules. Next to those mononuclear 
cells, also single nuclei without an integrin β3-positive cell 
body reflect the heterogeneity of osteoclast cultures as not 
all cells—also in 2D culture—will fuse to form osteoclasts. 
Thus, in vitro as well as in vivo experiments ideally require 
the inclusion of an additional undifferentiated macrophage 
control as presented in this study.

Herein, however, we demonstrated that using the cur-
rent experimental set-up, both human macrophage- and 
osteoclast-laden constructs did not induce in vivo ectopic 
bone formation. It remains unclear whether the low load-
ing efficiency, the limited number of formed osteoclasts, 
or construct transportation to another facility for several 
hours before implantation might be the cause for the lack 
of osteoinductive capacity observed in this work. The 
latter cause cannot be excluded, as samples to confirm 
osteoclast formation were collected before, and not after 
transport. Furthermore, even if cells survived transport 
and implantation, it was previously observed that for 
example human MSCs disappeared a few weeks after 
ectopic implantation [49]. However, despite clearance 
from the implantation site, those cells were still able to 
initiate an osteoinductive host response, likely via parac-
rine mechanisms [49]. Another explanation for our find-
ing might simply be that neither human macrophages nor 
human osteoclasts have the ability to induce bone forma-
tion. To our knowledge, there is only one earlier study 
available which describes seeding and osteoclastic prim-
ing of human monocytes on bone-derived MSC (BMSC)-
produced, engineered hypertrophic cartilage (HC) in an 

attempt to increase its endochondral ossification in vivo 
[60]. Such an approach is of particular interest as mono-
cytes can easily be isolated from patient blood. This 
would allow for the cell isolation and cell-based con-
struct preparation to occur on the day the patient under-
goes surgery [61]. Furthermore, these minimally manipu-
lated cells might trigger bone tissue regeneration in situ 
[61]. However, following subcutaneous implantation of 
living and devitalized HC with or without osteoclastic 
primed monocytes in nude mice, the authors of this study 
noted that the addition of these monocytes on either one 
did not enhance ectopic bone formation [60]. Moreover, 
besides several studies reporting on anabolic effects of 
osteoclast-derived clastokines [37, 40] or extracellular 
vesicles [62, 63] on osteoprogenitor cells, there is also 
a body of in vitro evidence that demonstrated a nega-
tive effect of osteoclast-derived factors on osteogenic 
cells. Furthermore, there are studies available reporting 
that osteoclasts are not only capable of releasing stimu-
latory, but also inhibitory signals (e.g., sclerostin [64], 
vesicular miRNAs [65–67]) acting on osteoprogenitor or 
osteogenic cells.

To clarify whether the absence of ectopic bone forma-
tion is due to low cell and/or osteoclast numbers, or due 
to lack of osteoinductive efficacy of implanted cells, fur-
ther experiments are required. To this end, another study 
using 2D polymer coverslips (e.g., Thermanox™) as car-
rier material instead of electrospun scaffolds or devitalized 
bone granules might be performed. Such coverslips can be 
seeded and cultured with human osteoclast precursors at 
concentrations typically used for 2D osteoclast differentia-
tion and therefore avoid any of the earlier issues associated 
with cell seeding and osteoclast differentiation on carrier 
materials. Furthermore, this also simplifies analysis of cell 
adhesion and osteoclast formation by quantitative assays and 
staining. Macrophage- and osteoclast-laden coverslips can 
then be implanted subcutaneously in nude mice and, after 
several weeks of implantation, retrieved and histologically 
processed to observe whether ectopic bone formation was 
induced.

Conclusion

We here aimed to study whether human macrophages and 
osteoclasts have osteoinductive capacity in vivo. Conse-
quently, we generated human macrophage- and osteoclast-
laden constructs using two types of cell carrier materi-
als and implanted them subcutaneously in nude mice. 
Although we confirmed osteoclast formation on the scaf-
fold materials after in vitro culture, we found no signs of 
ectopic bone formation.
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