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A B S T R A C T   

Modulation of the immune response following the implantation of biomaterials can have beneficial effects on 
bone regeneration. This involves complex interactions between the inflammatory and osteogenic cells. Therefore, 
the study of cell-cell interactions using direct co-culture models integrated with biomaterials is of great interest. 
This research aimed to study the viability, morphology, and osteogenic activity of preosteoblasts (OBs) co- 
cultured with pro-inflammatory macrophages (M1s) on the 3D printed (non)patterned surfaces. OBs and M1s 
remained alive and proliferated actively for 14 days in the mixture of Dulbecco's Modified Eagle's Medium 
(DMEM) and alpha Minimum Essential Medium (α-MEM) (1:1), regardless of the cell ratio in the co-cultures. The 
spatial organization of the two types of cells changed with the time of culture from an initially uniform cell 
distribution to the formation of a thick layer of OBs covered by clusters of M1s. On day 7, the expression of PGE2 
and TNF-α were upregulated in the co-culture relative to the mono-culture of OBs and M1s. The inflammation 
decreased differentiation and matrix mineralization of OBs after 28 days of culture. Interestingly, the incorpo
ration of 3D printed submicron pillars into the direct co-culture model enhanced the differentiation of pre
osteoblasts, as shown by relatively higher RUNX2 expression, thereby revealing the osteoimmunomodulatory 
potential of such surface patterns.   

1. Introduction 

Upon implantation, biomaterials invariably elicit an inflammatory 
response. The type, severity, and evolution of this inflammatory 
response are dependent on the properties of the implanted biomaterial. 
Recently, there has been increasing evidence suggesting that bio
materials can actively modulate the response of inflammatory cells with 
potentially favorable effects on osteogenesis [1]. Such an osteoimmu
nomodulatory (OIM) process involves complex surface-cell and cell-cell 
interactions that require suitable in vitro cell culture models to be 
studied [2]. 

Among the various kinds of cells involved in OIM, macrophages play 
a major role. Since macrophages can be polarized towards both pro- 
inflammatory (M1) and prohealing (M2) phenotypes, a timely M1-to- 
M2 switch is required to prevent acute inflammation and promote tis
sue healing [1]. The specific molecules secreted by M1/M2 macro
phages, such as transforming growth factor β (TGF-β), prostaglandin E2 
(PGE2), and tumor necrosis factor α (TNF-α) can influence the fate of 

bone cells [1]. TNF-α is reported to hinder the differentiation of pre
osteoblast cells (OBs) by binding to TNF-α receptors in OBs [3] and 
suppressing the expression of bone morphogenetic protein 2 (BMP2) 
[4,5]. Furthermore, a high concentration of TNF-α in conditioned me
dium (CM) is reported to enhance the production of PGE2 in preosteo
blasts, thereby promoting bone resorption [6]. At physiological 
concentrations, however, the matrix mineralization by mesenchymal 
stromal cells (MSCs) has been shown to be upregulated in the presence 
of four inflammatory cytokines, namely TNF-α, interferon gamma (IFN- 
γ), interleukin-17 (IL-17), and TGF-β [7]. Under such physiological 
conditions, TNF-α activates the nuclear factor kappa-light-chain- 
enhancer of activated B cells (NF-κB), consequently promoting the 
expression of osteogenic proteins, such as BMP2 and alkaline phospha
tase (ALP) [7–10]. The effects of inflammatory cytokines on bone 
regeneration are, therefore, both dose- and time-dependent [7]. 
Unraveling the landscape of such dependencies requires co-culture 
models that are geared towards the study of such OIM responses. 

Indirect and direct co-culture models are currently being used to 
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study OIM [11]. In indirect co-culture models, either the target cells are 
exposed to the conditioned media of the other cell type [12] or a barrier, 
such as a membrane [13], hydrogel [14], or transwell systems [15], is 
used to physically separate the different cell types [12,16]. This type of 
models have been most widely used due to their simplicity and effec
tiveness in studying paracrine signaling pathways [12]. Indirect co- 
culture models, however, exclude any direct communications between 
different cell types. Furthermore, it is difficult to reproduce the con
centration of secreted factors in the conditioned medium [11,16]. In 
direct co-culture models, different cell types can be seeded simulta
neously or in sequence [11]. Direct co-culture models can, therefore, 
better mimic the in vivo conditions. Nevertheless, distinguishing the 
function of each cell type is more complicated in such models and the 
distributions of all cell types need to be controlled [11]. 

Direct co-culture studies of the interactions between macrophages 
and (pre)osteoblasts/MSCs in the presence of topographies are currently 
very limited [17,18]. In one such study, the adhesion of osteoblasts on 
the titania surface is found to be inhibited in direct co-culture with 
macrophages [17]. The same study found that titania surfaces coated 
with non-mulberry silk fibroins enhance the mineralization of osteo
blasts and reduce the expression of the inflammatory cytokine TNF-α in 
macrophages [17]. Surface topographies can provide physical cues that 
have been found to affect the paracrine interactions of MSCs with 
macrophages [18]. For example, MSCs seeded on microporous topog
raphies (2 μm < pores diameter < 25 μm) have been shown to promote 
the expression of anti-inflammatory cytokines (interleukin-10 (IL-10)) 
in macrophages and attenuate the activity of bone resorption mediators 
[18]. 

In our previous studies, we investigated the role of 3D printed sub
micron pillars [19] on the inflammatory response of macrophages [20] 
and the osteogenic response of preosteoblasts [21] in mono-cultures. We 
observed that arrays of submicron pillars with specific sizes and spatial 
arrangement could promote the polarization of M1 macrophages to
wards prohealing M2 phenotype and enhance the expression of osteo
pontin (OPN) in both osteogenic and non-osteogenic media [20,21]. 
Therefore, in this study, we assessed the OIM potential of such patterns. 
Towards this aim, we first established a direct co-culture model and used 
it to investigate the interactions between murine M1 macrophages 

(J774.A1) and murine preosteoblasts (MC3T3-E1) at various cell ratios 
and over different culturing times. The direct co-culture model was then 
applied to study the effects of 3D printed submicron pillars on both types 
of cells. 

2. Materials and methods 

2.1. Cell preculture 

2.1.1. Macrophages preculture and polarization 
Murine macrophages (J774A.1, passage 15, Merck KGaA, Germany) 

were incubated in 25 cm2 flasks (1 × 104 cells/cm2) (Greiner Bio-One 
GmbH, Austria) containing 10 mL Dulbecco's Modified Eagle's me
dium (DMEM), 10 % (v/v) fetal bovine serum (FBS) and 1 % penicillin- 
streptomycin (pen-strep) (ThermoFisher Scientific, US). The culture 
medium was refreshed every 2–3 days until the cells reached con
fluency. Confluent cells, at a density of approximately 1 × 105 cells/cm2, 
were stimulated towards the M1s by the addition of 100 ng/mL LPS 
(Sigma-Aldrich, Germany) and 10 ng/mL IFN-γ (Sigma-Aldrich, Ger
many) for 3 days [22]. Polarization towards M2s was stimulated by 
adding 10 ng/mL interleukin-4 (IL-4) (Sigma-Aldrich, Germany) for 3 
days [22]. Next, (non)polarized macrophages were scraped and seeded 
alone or with OBs on the substrates. Day 3 of M1 polarization is 
considered as day 0 in experiments that the M1 cells co-cultured with 
osteoblasts. Unstimulated macrophages (M0) (Fig. 1a) were used as a 
control group. 

2.1.2. Preosteoblasts preculture 
Murine preosteoblasts MC3T3-E1 (OBs) (passage 13) were incubated 

in a 25 cm2 culture flask (5 × 103 cells/cm2) in alpha Minimum Essential 
Medium (αMEM; ThermoFisher Scientific, US) without ascorbic acid but 
supplemented with 10 % FBS and 1 % pen-strep. The culture medium 
was changed every 2–3 days until confluency was reached. Next, the OBs 
were trypsinized and seeded alone or with macrophages subsets 
(Table 1). 

Fig. 1. Characterization of macrophages on day 0: (a) morphology of the M0, M1-stimulated and M2-stimulated macrophages. Expression of (b) TNF-α, (c) PGE2, 
and (d) IL-10 by the M0, M1 and M2 macrophages (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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2.2. Direct co-culture of macrophages and OBs 

Co-cultures of OBs and M1s at the ratio of 1:1 (CO11) and at the ratio 
of 1:2 (CO12) were studied in a direct co-culture system (Table 1). For 
CO11 co-cultures, 5 × 103 cells/cm2 of OBs were mixed with 5 × 103 

cells/cm2 M1s and seeded simultaneously in a 48-well plate in mixed 
medium (αMEM: DMEM (1:1), 10 % FBS, and 1 % pen-strep). The cells 
were incubated at 37 ◦C and 5 % CO2. For the CO12 co-cultures, 5 × 103 

cells/cm2 OBs were mixed with 1 × 104 cells/cm2 M1s and were 
cultured in αMEM:DMEM (1:1) under similar conditions. As controls, 
M0s, M1s, M2s, and OBs (5 × 103 cells/cm2) were seeded in the mixed 
medium. After 2 days, the mixed medium was supplemented with 50 μg/ 
mL ascorbic acid (AA; Sigma-Aldrich, Germany) and 4 mM β-glycer
olphosphate (β-GL; Sigma-Aldrich, Germany) to induce osteogenic dif
ferentiation. The culture medium was refreshed every 2–3 days until day 
14. 

2.3. Direct co-culture of M1s and OBs on the patterned surfaces 

2.3.1. 3D printing of submicron pillars 
A Nanoscribe Photonic Professional GT laser lithography system 

(Nanoscribe, Germany) working on the basis of two-photon polymeri
zation was used to fabricate the patterns. The general writing language 
(GWL) file of the designed pillars (diameter = 300 nm, height = 500 nm, 
and interspacing = 700 nm) was prepared as previously described 
[19,23,24]. A curable acrylate-based photosensitive resin, namely IP- 
L780, was polymerized under the exposure of an infrared laser beam, 
and submicron pillars were fabricated using a previously described 
protocol [22]. After polymerization, the samples were immersed in 
propylene glycol monomethyl ether acetate (PGMEA) (Sigma-Aldrich, 
Germany) for 25 min followed by 5 min rinsing with isopropyl alcohol 
(IPA) (Sigma-Aldrich, Germany) and blow-drying with air. 

The morphology of the pillars was characterized by scanning elec
tron microscopy (SEM) (Helios Nano Lab 650, FEI, USA). A gold-coater 
(JFC-1300, JEOL, Japan) was used to sputter-coat a thin layer of gold 
(layer thickness ≈ 5 nm) on the specimens prior to imaging. The images 
of the samples were acquired at a tilt angle of 30◦. 

2.3.2. Cell seeding on the submicron pillars 
The patterned samples were disinfected with 70 % ethanol (Sigma- 

Aldrich, Germany) followed by rinsing twice with phosphate-buffered 
saline (PBS) (ThermoFisher Scientific, US). OBs and CO12 co-cultures 
were prepared as described above and were seeded on the sterile 
patterned substrates (referred to as OBp and CO12p hereafter) and non- 
patterned control surfaces (referred to as OB and CO12 hereafter). In the 
mono-cultures, 5 × 103 cells/cm2 of OBs were seeded on the patterned 
and control surfaces. In the co-cultures, 5 × 103 cells/cm2 OBs and 1 ×
104 cells/cm2 M1s were seeded on the specimens. A mixed medium of 
αMEM:DMEM (1:1, supplemented with AA and β-GL) was used, which 
was refreshed every 2–3 days. 

2.4. Cytokine profiles 

The secretion of cytokines by the macrophages (M0s, M1s, and M2s) 
in response to the stimulating factors and preosteoblast cells was 
measured using a VICTOR X3 Multimode Plate Reader (PerkinElmer, 
Groningen, The Netherlands) on days 0, 1, 3, and 7. The expression of 

TNF-α, IL-10, and PGE2 in the supernatant of cells was measured by 
enzyme-linked immunosorbent assay (ELISA) following the manufac
turer's instructions (Abcam, UK). A mixed culture medium was used as a 
control. Each experimental condition was repeated 4 times (n = 4). 

2.5. Cells viability 

The viability of cells in both mono and co-culture conditions was 
assessed by a LIVE/DEAD™ Viability/Cytotoxicity Kit (ThermoFisher 
Scientific, US) on days 3, 7, 10, and 14. In short, 48-well plates con
taining mono- and co-culture cells were retrieved from the incubator 
and were washed with 1× PBS. Next, a live/dead solution of 2 μM cal
cein acetoxymethyl ester (calcein AM) and 3 μM ethidium homodimer 
(EthD) diluted in PBS was added to the OB, CO11, and CO12 cultures. 
For M0s, M1s, and M2s, a live/dead solution of 0.8 μM calcein AM and 3 
μM EthD was used. The samples were placed in the incubator for 30 min. 
Subsequently, the solution was discarded and replaced by 1× PBS. 
Fluorescent images were taken with a ZOE Fluorescent Cell Imager 
(BioRad, US) at 5 random locations. For each condition, four different 
samples were analyzed (n = 4). 

2.6. Osteogenic and mineralization markers 

2.6.1. RUNX2 staining 
The effects of the M1 cells and patterned surfaces on the osteogenic 

differentiation of the preosteoblasts were assessed using Runt-related 
transcription factor (RUNX2) and ALP assays. For RUNX2, the cells 
were washed twice with 1× PBS and were fixed with 4 % para
formaldehyde (PFA; Sigma-Aldrich, Germany) for 15 min at room 
temperature. After rinsing twice with 1× PBS, the cells were per
meabilized with 0.5 % Triton/PBS (Sigma-Aldrich, Germany) for 5 min 
at 4 ◦C followed by blocking with 1 % bovine serum albumin in PBS 
(BSA/PBS; Sigma-Aldrich, Germany) for 5 min at 37 ◦C. Primary rabbit 
RUNX2 antibody (Abcam, UK) was diluted in BSA/PBS (1:250) and was 
added to the wells. After 1 h incubation at 37 ◦C, the cells were rinsed 3 
times with 0.5 % Tween/PBS (Sigma-Aldrich, Germany). Alexa 488 
donkey anti-rabbit (ThermoFisher Scientific, US) was added to the wells 
as a secondary antibody in 1 % BSA/PBS (1:200), which were then 
incubated for 1 h at room temperature. Subsequently, the cells were 
washed 3 times with 0.5 % Tween/PBS (Sigma-Aldrich, Germany) and 
once with 1× PBS. The specimens were mounted on a glass slide using 
Prolong gold antifade reagent (containing 4′,6-diamidino-2-phenyl
indole (DAPI), ThermoFisher Scientific, US). Fluorescent images were 
taken using a ZOE Fluorescent Cell Imager (BioRad, US) at 5 random 
locations of each sample. For each condition, two different specimens 
were analyzed (n = 2). 

2.6.2. ALP activity 
The analysis was performed according to the manufacturer's in

struction kit (ALP Assay Fluoremetric kit, Abcam, UK). Briefly, 100 μL 
culture supernatant was collected on days 7, 11, 14, 21, and 28 and was 
added to a 96-well plate (n = 4/group). The mixed medium was 
considered as a control sample. Next, 20 μL of the ALP enzyme solution 
was added to the standard wells; 20 μL of the ALP reaction mixture (2 μL 
of 5 mM non-fluorescent 4-methylumbelliferyl phosphate disodium salt 
(4-MUP) + 18 μL ALP assay buffer) was added to the specimens followed 
by incubation for 30 min at 25 ◦C. Next, the stop solution was added to 
all the samples. After thorough mixing, the fluorescent absorbance was 
read (Ex/Em = 360/440 nm) using a VICTOR X3 multimode plate reader 
(PerkinElmer, Groningen, The Netherlands). 

2.6.3. Alizarin red staining (ARS) 
After 28 days of culture, the samples were washed twice with 1× PBS 

and were fixed with 4 % paraformaldehyde (PFA; Sigma-Aldrich, Ger
many) for 15 min at room temperature. Next, the cells were washed 
twice with distilled water. A 2 % ARS/PBS (Sigma-Aldrich, Germany) 

Table 1 
The density of M1 and OB cells in the direct co-culture model.  

Groups M1 density (#/cm2) OB density (#/cm2) 

M1 5 × 103 – 
OB – 5 × 103 

CO11 5 × 103 5 × 103 

CO12 1 × 104 5 × 103  
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solution was added to the specimens, which were then shaken with a 
thermal shake Lite plate shaker (VWR, USA) at 300 rpm for 20 min. 
Next, the cells were washed 5 times with distilled water on a plate shaker 
at 300 rpm for 5 min. The specimens were then dried at room temper
ature and were imaged with a WIFI digital microscope (Rotek, China) at 
five random locations for each specimen. The average mineralized area 
(%) was reported (n = 4). 

2.7. Image analysis 

Image processing was performed using the open-source software FIJI 
(https://imagej.net/software/fiji/downloads). For counting live and 
dead cells, the living cells were selected by thresholding the green 
fluorescent images. The threshold was altered to fit all the green-stained 
cells present. The remaining part of the image was then segmented using 

the “watershed” function. Finally, all the particles bigger than the 
smallest cell present in the image were counted. The dead cells were 
counted by applying the same method to the red fluorescent images. 

RUNX2 expression was quantified as the sum of the green fluores
cence intensity in the cells present in a fixed area (234.4 × 234.4 μm2). 
Firstly, the cells were selected using the same thresholding method as 
the one applied to the live/dead images. Secondly, the intensity of the 
green marker was measured within each cell. Finally, the results of all 
the cells were summed up to obtain the total amount of RUNX2 
expression in the area. The mean and standard deviation (SD) of the 5 
random images were included in the graph. For all the images, the 
background noise was measured as well. The mean value of the back
ground noise was subsequently subtracted from the measured values. In 
order to quantify the mineralized area, the bright-field images were 
color thresholded in Fiji (HUE = 0–30, Saturation, 0–255, Brightness 

Fig. 2. Cell viability and growth in the mono- and direct co-cultures. (a) percentage of living cells on days 7, 10, and 14. (b) Live/dead staining of M1s and OBs in the 
mono and co-cultures (CO11 and CO12) after 10 days of culture. (c) Spatial distribution of OBs and M1s after 3 and 10 days of culture. White and red arrows indicate 
M1 and OB cells, respectively (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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0–255). 

2.8. Statistical analysis 

Data are reported as mean ± (SD). One-way ANOVA using the 
Sidak's multiple comparisons test was performed in GraphPad Prism 
version 8.0.1 for Windows (GraphPad Software, USA) to analyze the 
differences between mono- and co-cultures. For the tests with multiple 
conditions at multiple days, two-way ANOVA was used followed by the 
Sidak's multiple comparisons test. Probability values <0.05 were 
considered statistically significant. The outliers in the ELISA results were 
removed using the ROUT test with Q = 1 %. 

3. Results and discussion 

3.1. Macrophage activation 

After 3 days of macrophage polarization, elongated and flatter 
morphologies were mainly observed for the M1 cells while the M2 cells 
were less polarized (Fig. 1a). Similar morphologies of activated cells 
have been observed before [22,25]. The expressions of TNF-α, PGE2, 
and IL-10 were measured in the (non)activated macrophages. The M1 
cells expressed significantly higher levels of TNF-α and PGE2, confirm
ing the pro-inflammatory phenotype of the M1 cells (Fig. 1b,c) [26]. As 
expected, IL-10 was predominantly expressed in the M2 cells, which is in 
agreement with their prohealing state (Fig. 1d) [27]. 

3.2. Direct co-culture of M1 macrophages and MC3T3-E1 cells 

The viability of M0, M1, M2, and OB in mono-culture and of the OB- 
M1 in co-cultures (OB:M1 = 1:1 & 1:2) was very high and constant 
during the entire 14-days period of incubation, indicating that the 
proposed mixed culture medium (i.e., αMEM:DMEM, 1:1) provided the 
needed nutrients for both cell types (Fig. 2a, b). Finding a suitable cul
ture medium is essential in the direct co-culture models. Depending on 
the type, origin, and ratio of the (pre)osteoblasts and macrophages, 
different types of media have been used in previous studies [15,28,29]. 
For example, a mixture of α-MEM and RPMI 1640 (Roswell Park Me
morial Institute medium) (ratio 1:1) was applied for the direct co-culture 
of MC3T3-E1 preosteoblasts and murine bone marrow M1, followed by 
IL-4 treatment [15,29]. On the other hand, in indirect co-cultures, the 
conditioned medium of the macrophages seeded on the biomaterials was 
used to analyze its effect on bone cells [30]. However, reproducing the 
desired level of cytokines in the conditioned medium is problematic at 
the first step. It requires further dilution with a medium suitable for 
other cell types at the second step, leading to a prolonged in vitro pro
cedure [1]. On the other hand, the advantage of an indirect model is the 
flexibility it offers regarding the origin of preosteoblasts and immune 
cells. By comparison, cells should be from the same species in direct co- 
cultures to prevent unwanted immune reactions that are caused by 
xenogenic cells [31]. 

After 3 days in mono-cultures, the preosteoblasts adopted a fully 
spread morphology whereas the M1 cells seemed to show a mixture of 
M1 and M2 morphologies in their colonies (Fig. 2c). In the co-cultures 
(CO11 and CO12), the preosteoblasts and the macrophages were 
clearly distinguishable and seemed to nicely co-exist. Both M1- and M2- 
like morphologies were observed with macrophages appearing smaller 
and thicker than the preosteoblasts (Fig. 2c). After 10 days of culture, 
thick and dense layers of cells were visible in all the cultures. The 
macrophages formed clusters of cells. In the co-cultures, they were 
present mostly on top of the preosteoblast cell layer. These findings are 
in agreement with the live/dead results, indicating the ability of both 
cell types to proliferate in the co-culture conditions of this study. 

Due to the different types of macrophage morphology observed and 
the high cell density, recognizing the dominant phenotype of macro
phages was not feasible. Therefore, we further analyzed the 

inflammatory cytokines in the culture media. 

3.2.1. Inflammatory response 
The pro- and anti-inflammatory cytokines secreted in the mono- and 

co-cultures were measured to determine whether the M1 macrophages 
retained their phenotype. At 1 and 3 days after seeding, the expression of 
TNF-α was similar in mono- and co-cultures (Fig. 3a), which was 
threefold lower than the amount of TNF-α expressed by M1 cells on day 
0 (i.e., day 3 of M1 polarization presented in Fig. 1b). Furthermore, the 
amounts of IL-10 expressed on days 1 and 3 (Fig. 3b) in all culture 
conditions were comparable with the levels produced by M0 cells on day 
0 (Fig. 1d), suggesting that M1 cells switched their phenotype to M0 
during the first 3 days of culture. This transition from M1 to M0 
phenotype that was observed in both the mono- and co-culture condi
tions may be related to the mechanical (scraping) stress that the cells 
experienced during the harvesting procedure [32]. To maintain the 
phenotypic stability of cells, the presence of polarization stimuli is 
required [27,32]. There is little information on the way OBs modulates 
the immune cells. Interestingly here, after 7 days of seeding, we 
observed a significant increase in the expression of TNF-α in mono- and 
co-cultures as compared to days 1 and 3 (Fig. 3a), verifying the 
continued M1 phenotype. The highest level of TNF-α was observed in the 
co-cultures (CO11, CO12), meaning that not only M1 cells but also OBs 
contributed to the enhanced inflammation. This was not observed in an 
indirect co-culture model (Fig. S1, supplementary information) where 
the TNF-a levels after 3 days were comparable with the M1 mono- 
culture, showing that the direct contact between M1s and OBs affects 
the inflammatory microenvironment with consequences on the differ
entiation of OBs. The concentration of IL-10 did not change during the 
first 7 days of culture, confirming the inflammatory conditions in co- 
cultures. Here, the expression of PGE2, a bone resorption marker, in 
OBs increased in the pro-inflammatory environment of day 7 (Fig. 3c, a). 
The amount of PGE2 released in the mono-culture was highest on day 1 
and then significantly dropped over time (Fig. 3c). While the level of 
PGE2 in the co-culture (CO11, CO12) was high on day 1, it dropped on 
day 3 but then rose again on day 7 (Fig. 3c). The high level of PGE2 on 
day 1 was most likely caused by the trypsinization of OBs before seeding, 
which could quickly stimulate the synthesis of PGE2 [33]. While on day 
7, high TNF-α concentration on co-cultures activated mediators to 
enhance the expression of PGE2 in OBs. Previous studies have also found 
a direct influence of TNF-α on the secretion of PGE2 in osteoblasts in 
indirect co-cultures [6,26]. Although inflammatory cytokines are pri
marily expressed by M1 cells, bone cells (e.g., OBs and MSCs) are known 
to produce pro-inflammatory cytokines too. OBs, hMSCs, and chon
drocytes produce IL-6, which has been reported to promote bone 
resorption in response to IL-1 and TNF-α both in vitro [34,35] and in vivo 
[36]. It should be noted that MSCs are considered the regulator of 
inflammation at the very early stages (i.e., after 3 days) [37,38]. MSCs 
are activated in response to inflammation, convert pro-inflammatory 
macrophages to anti-inflammatory ones, and reduce the inflammation 
through the expression of PGE2 via the COX2 signaling pathway [38]. 
Here, the expression of PGE2 in OBs increased in the pro-inflammatory 
environment of day 7 (Fig. 3c, a). 

3.2.2. Osteogenic response 
We assessed the impact of inflammatory cells on the osteogenic ac

tivity of preosteoblasts. On day 7 after seeding, the expression of RUNX2 
in the mono-culture of OBs was two times higher than the one expressed 
in the co-culture CO12 (Fig. 3d), indicating that the inflammatory M1 
cells attenuated the differentiation of preosteoblasts. The ALP activity of 
OBs on days 21 and 28 was significantly higher than the level of ALP 
secretion in the co-cultures (Fig. 3f). In contrast, the ALP activity of 
preosteoblasts on days 7 and 11, was similar in both mono- and co- 
cultures (Fig. 3f). Furthermore, preosteoblasts deposited a higher 
amount of calcium in the mono-culture (Fig. 3g). The reduced matrix 
mineralization in the co-cultures can be explained by the increased 
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Fig. 3. (a) Secretion of pro-inflammatory, TNF-α, (b) anti-inflammatory cytokine, IL10, and (c) PGE2 after 1, 3, and 7 days of co-culturing OBs with M1s. (d) The 
expression level of RUNX2, (e) the immunostaining of nuclei and RUNX2 differentiation marker in OBs co-cultured with M1s. The expression level is normalized with 
respect to the level of expression of RUNX2 in preosteoblasts in the mono-culture. (f) ALP activity and (g) mineralization of preosteoblasts (ARS) in mono- and co- 
cultures over a culture period of 28 days (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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secretion of TNF-α and PGE2 after 7 days of culture. The effect of PGE2 
on the activity of preosteoblasts is dependent on the concentration of 
TNF-α [3,26]. At high TNF-α concentrations (i.e., pro-inflammatory 
conditions), PGE2 stimulates the activity of osteoclasts, whereas in the 
presence of low concentrations of inflammatory cytokines, PGE2 en
hances the proliferation of osteoblasts [3,26]. Ideally, an M1-to-M2 
polarization will shift high TNF-α towards low concentrations. 
Enhanced osteogenic activity is expected to follow. However, we did not 
observe the M1-to-M2 transition in co-cultured samples. Prolonged in
flammatory response, therefore, adversely affected osteogenesis in 
CO11 and CO12. The addition of exogenous growth factors to the culture 
media may promote OIM [39,40]. In the presence of biomaterials, sur
face modification may help in modulating the response of macrophages 
and osteoblasts [13,41]. 

3.2.3. Modulation of OIM response via submicron pillars 
We further investigated the influence of specific physical patterns on 

the response of both types of cells in the direct co-culture model estab
lished above. In our previous studies, we have extensively examined the 
effects of the spatial arrangement of submicron pillars on preosteoblasts 
[23] and macrophages [22]. Here, we studied whether submicron pillars 
can modulate the pro-inflammatory response observed in the co-culture 
towards stimulating the osteogenic response. Therefore, the growth of 
both cell types (CO12) on the patterned surfaces was assessed (Fig. 4a). 

On day 3 of culture, both macrophages and preosteoblasts were 
observed on the patterned area (CO12p). M1 macrophages in the co- 
culture tended to migrate to the patterned surface. On day 7 of cul
ture, a monolayer of preosteoblasts covered the patterned area and the 
macrophages, with a dominant round morphology (indicative of the M2 
phenotype [22]), were located on top of the preosteoblast layer. The 
level of RUNX2 expression on day 7 was significantly upregulated on the 
submicron patterned surface as compared with the flat control (Fig. 4b, 
c), indicating the potential of such nano-engineered surfaces to promote 
the differentiation of preosteoblast in inflammatory conditions possibly 
enabled through M1-to-M2 switching. In our previous studies with 
mono-cultures, this particular design of submicron pillars was observed 
to promote the matrix mineralization by preosteoblasts [23] and the 
prohealing response of macrophages [22]. In the direct co-culture model 
used in this study, the pillars may have played a similar role, effectively 
activating the anti-inflammatory state, and enhancing the differentia
tion of preosteoblasts. Nevertheless, the underlying mechanism involved 
is yet to be established. 

The main signaling pathway revealed so far in OIM biomaterials is 
the TLR4-NF-κB pathway, in which toll-like receptor 4 (TLR-4) identifies 
the biomaterials and NF-κB regulates the inflammation and improves 
bone regeneration [42]. In the mono-cultures, titania nanotubes 
(diameter ~ 78 nm) suppressed the NF-κB pathway and reduced the 
inflammation in M1 macrophages (RAW 264.7) [43]. When 

Fig. 4. (a) Interactions of OBs and M1s in the mono- and direct co-cultures on the patterned and non-patterned substrates. Black and white arrows indicate M1s and 
OBs, respectively. The dotted lines indicate the edge between the patterned and non-patterned area. (b) The expression of RUNX2 in the OBs co-cultured with M1s on 
the non-patterned (CO12) vs. patterned (CO12p) surfaces. The expression level is normalized with respect to the level of expression of RUNX2 in preosteoblasts in the 
mono-culture. (c) Immunostained images of nuclei and RUNX2 expressed in the mono- and co-cultures on the patterned and non-patterned substrates (* p < 0.05, ** 
p < 0.01, *** p < 0.001). 
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macrophages (RAW 264.7) were co-cultured with MSCs (in transwells), 
titania nanotubes with a diameter of 110 nm activated the NF-κB 
pathway, leading to high inflammation [44]. As a result, MSCs were 
actively engaged in stimulating prohealing response, leading to higher 
matrix mineralization and ALP activity than nanotubes of 30 nm and 70 
nm diameter [44]. 

To date, the research on osteoimmunomodulatory biomaterials has 
been predominantly performed using indirect in vitro co-cultures 
models. This type of model facilitates assessing the paracrine effects of 
different cell types while neglecting the effects of direct cell-cell contact. 
Using such indirect models, it has been found that while nano- 
engineered topographies may promote the expression of osteogenic 
factors (such as BMP2/6) in macrophages, the resulting conditioned 
medium containing higher BMPs does not necessarily stimulate the 
mineralization of bone marrow-derived mesenchymal stem cells 
(BMSCs) [16]. Another approach for indirect co-culturing of bone and 
immune cells utilizes transwell systems that enable the co-culturing of 
two cell types by separating them via a membrane [13]. BMSCs seeded 
on titania nanowires in transwells have been found to decrease the level 
of inflammatory cytokines and polarize the M1 macrophages towards an 
M2 prohealing phenotype [13]. The titania nanowires were found to 
activate the ROCK-mediated cyclooxygenase-2 (COX2) pathway that 
modulates the secretion of PGE2, thereby enhancing the osteogenic 
activity of the BMSCs [13]. 

Despite the complexity of direct co-culture models, they are essential 
to closely mimic the in vivo conditions as closely as possible [16]. 
Furthermore, although mono-cultures and indirect co-culture models 
can reveal the signaling pathways behind cell-biomaterial interactions 
[13], the direct interactions between different cell types and the bio
materials should be assessed in such direct in vitro models to improve the 
design of biomaterials for in vivo studies. 

4. Conclusions 

We developed a direct co-culture model incorporating bone and in
flammatory cells to more closely mimic the interaction of those cell 
types in vivo. The spatial distribution of both cell types was homogenous 
until day 3, while from day 7 a layered distribution was observed with 
preosteoblasts occupying the space underneath the macrophages. 
Although preosteoblasts were cultured with inflammatory M1 cells, we 
barely observed inflammatory cytokines in the co-culture microenvi
ronment up until day 7, indicating the switch in polarization state from 
M1 to M0. On day 7, the high level of PGE2 in the inflammatory con
dition attenuated the preosteoblast differentiation, as revealed by a 
lower level of RUNX2 measured in the co-cultures as compared to the 
mono-culture. Consequently, the ALP activity and mineralization of 
preosteoblast decreased on day 28 of co-culture. Interestingly, the 
integration of submicron pillars in the co-culture system enhanced the 
differentiation of preosteoblasts, indicating the osteoimmunomodula
tory potential of such surface patterns. 
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