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 During the past decades, there have been major advances in the fi eld of 
biomaterials, thereby generating a vast variety of materials for a broad range 
of tissue engineering and regeneration applications. Although gene expression 
profi ling has been used occasionally in biomaterial research, its usefulness for 
understanding cell–biomaterial interactions should be further explored for it 
to fulfi ll its promise as a tool to assess and improve material properties. Here, 
the transcriptional landscape induced by 23 materials is explored with a variety 
of properties within the scope of bone regeneration. An osteoblast cell line is 
used to identify the gene expression profi les that can be adopted in response 
to biophysical and chemical cues. It is shown that TGF-β and WNT signaling 
may be involved in the cellular response to osteoinductive materials along with 
differential cell adhesion kinetics via attenuated FAK signaling. The previously 
reported effect of calcium and phosphate on BMP2 and TGF-β signaling is 
confi rmed and the biological effect of the addition of nanohydroxyapatite in 
poly ( D , L -lactic acid) polymer particles is studied. Together with future applica-
tions, this approach will help researchers understand cellular responses in 
relation to material properties, which will promote the development of more 
effective biomaterials for applications in tissue regeneration. 

been subject to extensive research in the 
last decade. A body of work has emerged 
on the modulation of cell morphology and 
behavior by material properties such as 
surface roughness, topography, chemistry, 
and elasticity. [ 1–3 ]  Increasingly, instead of 
assessing cellular responses to individual 
material properties or material candi-
dates, investigations have adopted a high-
throughput approach with the emergence 
of libraries of varying chemistries, topo-
graphies, and stiffness for instance. [ 4–8 ]  
Combinatorial libraries were also designed 
to investigate the multifactorial effect of 
material properties. [ 9–11 ]  With these devel-
opments, the biomaterials fi eld has begun 
to undertake a high-throughput materi-
omics approach to address the biological 
effects of material properties. [ 12 ]  

 The characterization of cellular 
responses to various materials and proper-
ties has been mainly focused on cell adhe-
sion, proliferation, self-renewal, migration, 
and differentiation. Indeed, only a limited 

number of studies have attempted to unravel the biological 
mechanisms preceding the observed functional readouts. While 
mostly low-throughput techniques such as quantitative RT-PCR 
and western blotting have been used, gene expression micro-
arrays allow the investigation of the biology underlying the 
cellular responses to material properties in a high-throughput 
fashion. Historically, this technique has shown its usefulness 
for investigating biological signaling pathways, studying mech-
anisms involved in development, disease and cell niches, and 
in investigating the effect of therapeutics in pharmacology. [ 13–19 ]  
Gene expression microarray technology allows a global meas-
urement of nearly all known protein-coding genes. Within the 
context of biomaterials research, the cellular responses to dif-
ferent surface structures have been investigated using gene 
expression profi ling. [ 5,20–22 ]  Also, gene expression and networks 
were analyzed on ceramic/collagen composites, electrospun 
and spin-coated materials, and different ceramics in order 
to understand the cellular response to the presented physico-
chemical stimuli. [ 23–25 ]  

 We previously observed an effect of different ceramic mate-
rials at the gene expression level and have shown that gene 
expression profi ling can provide insights into molecular mecha-
nisms involved in the phenotypical effects. [ 25–28 ]  In this study, 

  1.     Introduction 

 Material properties dictate biological responses in vitro and 
in vivo. Understanding these cell–material interactions has 
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we report the cellular response to a set of 23 varying materials 
using a genomics approach. These materials include a wide 
variety commonly used in the context of bone repair and regen-
eration such as ceramics, demineralized bone matrix (DBM), 
composites, and metals. The biological effect of the majority 
of these materials has been previously investigated in vitro 
(e.g. cell proliferation and osteogenic differentiation) or in vivo 
(e.g. bone-forming capacity). Based on transcriptional profi les, 
we correlated material properties to biological responses (i.e. 
in vivo osteoinductive capacity and known molecular mecha-
nisms) in order to understand the molecular effects of cell–bio-
material interactions. This study shows a genomic approach to 
study material properties in relation to their biological effect.  

  2.     Results and Discussion 

 In order to map the material-induced molecular responses 
elicited in cells, the transcriptional profi les of an osteosar-
coma-derived osteoblast cell line (MG-63) cultured on a set of 
23 different materials were studied and compared. The mate-
rials, summarized in  Table    1  , are commonly used or studied 
as potential bone substitute materials. In order to understand 
the molecular mechanisms induced upon interaction with the 

biomaterial, early gene expression variations were assessed. As 
such, the gene expression profi les induced in the osteoblasts by 
different calcium phosphate ceramics, polymers, and compos-
ites thereof, titanium, ceramic coated surfaces, demineralized 
(DBM), and decellularized bone matrices (bECM) were com-
pared after 48 h of culture. We have previously shown that this 
osteoblast cell line, commonly used in biomaterials research, 
is highly responsive at the gene expression level to ceramics 
with varying surfaces. [ 29 ]  In the work reported here, the biolog-
ical effects of the materials are studied with the aim of dem-
onstrating the use of transcriptional profi ling in investigating 
cell–material interactions and cellular responses to materials in 
relation to their properties. 

   2.1.     General Transcriptional Differences Induced by Materials 

  2.1.1.     General Observations 

 DNA microarrays assess the expression of over 47 000 probes 
(Illumina), simultaneously representing nearly all the protein-
coding genes (over 20 000) from the human genome. In order 
to explore the general expression variations induced by the dif-
ferent materials (i.e. the similarities and differences between 
the gene expression profi les), principal component analysis 
(PCA), and t-distributed stochastic neighbor embedding (t-SNE) 
were applied. [ 30 ]  These tools give an indication on the gen-
eral (PCA) and the local structure, through minimizing the 
infl uence of large differences (t-SNE), of the data. Both PCA 
( Figure    1  A) and t-SNE plot (Figure  1 B) show a clustering of the 
biological replicates of each material, confi rming the accuracy 
and reproducibility of gene expression profi ling in this context.  

 The fi rst principal component (PC1, X-axis in Figure  1 A) 
encompasses the largest variations in the dataset (66.4% of the 
total variation) and reveals a cluster of two polymer/ceramic 
composite materials on the right of PC1 (cluster 1), whereas 
the majority of the materials (i.e. all ceramics, polymers, tita-
nium, DBM, and bECM) cluster together, having a more sim-
ilar expression profi le (in cluster 3), with respect to PC1 than 
to the profi les represented by cluster 1. The second principal 
component accounts for 6.7% of the total observed variation 
and is uncorrelated to the variation represented by PC1. This 
PC2 reveals the variations within the different classes of mate-
rials. MG-63 cultured on polystyrene and OCP coated titanium 
cluster separately (in cluster 4). Furthermore, the local structure 
of the data, refl ected by the t-SNE plot (Figure 1B), confi rms 
that the ceramics generally cluster with each other and with 
a group containing the PLA, the PLA composite, and bECM 
(cluster 3). In addition to the information obtained by PCA, 
t-SNE reveals that titanium, DBM, polystyrene, OCP coated 
titanium, and TCPa do not cluster with the other materials and 
BCPa. Moreover, the different composites cluster separately in 
two distinct clusters (PCa,b in cluster 1 and PCc,d,e in cluster 2 
in Figure  1 B). 

 The aforementioned results indicate that the differential 
transcriptional profi les induced by the materials in cluster 1 
in the PCA (polymeric composites PCa and PCb) and cluster 
4 (OCP-coated titanium and tissue culture polystyrene) mask 
the smaller differences between the different material types. 

  Table 1.    Overview of the 23 materials included in this study that were 
subjected to transcriptional profi ling in osteoblasts.  

Name Materials Type

HAa HA – Ts = 1150 °C Ceramic

HAb HA – Ts = 1250 °C

HAc HA – Ts = 1100 °C

BCPa HA/TCP (80/20) – Ts = 1150 °C

BCPb HA/TCP (80/20 ) – Ts = 1300 °C

BCPc HA/TCP (80/20 ) – Ts = 1150 °C

BCPd HA/TCP (70/30 ) – Ts = 1150 °C

BCPe HA/TCP (60/40) – Ts = 1150 °C

TCPa β TCP – Ts = 1050 °C

TCPb β TCP – Ts = 1100 °C

PLA PLA Polymer

PLA-OCP PLA-OCP coated CaP coating

PLAC PLA/nCaP (50 wt%) Composite

PCa PLA/nCaP (50 wt%), 0  M  NaOH

PCb PLA/nCaP (50 wt%), 0.125  M  NaOH

PCc PLA/nCaP (50 wt%), 0.25  M  NaOH

PCd PLA/nCaP (50 wt%), 0.5  M  NaOH

PCe PLA/nCaP (50 wt%), 1  M  NaOH

bECM Decellularized trabecular bone

DBM Demineralized and decellularized trabecular bone

Ti Porous titanium Titanium

Ti-OCP Porous titanium-OCP coated CaP coating

PS Polystyrene Polymer

   The type of material is listed in the third column. Detailed fabrication processes 
and descriptions of these materials are provided in the Supporting Information.   
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In general, we observed that the gene 
expression differences are dominated by the 
material chemistry. However, it is not only 
chemistry that plays a role, since a general 
cluster is observed both in PCA and t-SNE 
that contains ceramics, polymers and bone 
ECM (bECM). Indeed, it is reported that the 
biophysical properties of materials, such as 
surface structure and mechanical properties, 
largely infl uence cellular behavior. [ 31–34 ]   

  2.1.2.     Effects Induced by Surface Treatment 

 PCA shows that the largest variation, repre-
sented along PC1, is signifi cantly infl uenced 

by the difference between the composite materials treated with 
varying concentrations of NaOH (Figure  1 A). The composite 
materials treated without NaOH (0 M NaOH; PCa) cluster with 
the ones treated with the lowest concentration (0.125 M; PCb) 
in cluster 1, in contrast to the composites treated with three 
higher concentrations (0.25, 0.5, and 1 M; PCc-e), which group 
with the rest of the materials (cluster 3 in Figure  1 A). This clus-
tering suggests that the composite of PLA and nanohydroxyapa-
tite without any surface treatment or with only a mild surface 
treatment induces a specifi c but broad effect that is absent when 
the surface is etched with higher concentrations of NaOH. Dif-
ferential expression between these two clusters of composites 
revealed 17 173 probes (representing 11 148 detected genes) 
with a  p -value below 0.05. As a reference, only 2145 probes are 
signifi cantly differentially expressed between cells cultured on 
bECM and DBM, illustrating the massive changes occurring 
between these composite materials. SEM images ( Figure    2  ) 
indicate a difference in surface roughness paralleling the alkali 
NaOH treatment; however, no apparent distinction based on 
these surfaces can be made between the materials assembled 
in both clusters. Generic and qualitative chemical characteriza-
tion of the surfaces shows the presence of both calcium and 
phosphate in all fi ve materials, but no major differences in ele-
mental composition (Figure S1, Supporting Information).  

 However, conclusive observations on the differences 
between the surfaces require more precise and quantitative 
chemical and surface characterization methods. Previously, it 
was reported that this specifi c alkali treatment of similar com-
posite materials did not alter the chemistry of the surface. [ 35 ]  It 
removes the polymer from the surface by hydrolysis and hence 
exposes uniformly nanostructured apatite particles. Increasing 
NaOH concentration increases the surface roughness, surface 
hydrophilicity, and thickness of the apatite layer. It was shown 
that the increasing surface roughness of PLA composites by 
means of NaOH treatment resulted in decreased proliferation 
and increased ALP activity in hMSCs. [ 35 ]  Moreover, the gene 
expression profi les of MG-63 cultured on the uncoated or OCP-
coated PLA with a lower molecular weight clustered with the 
ceramics and the PLA composites etched with higher concen-
trations of NaOH (Figure  1 A). The composite from this low 
molecular weight PLA, PLAC, is fabricated similarly to the 

 Figure 1.    Relationship between the genetic profi les of osteoblasts 
induced by the different materials. a) PCA plot representing the gen-
eral transcriptional differences between the materials and B) t-SNE plot 
focused on the local differences between the samples without emphasis 
on the large variations.

 Figure 2.    SEM images showing the surface structure of the fi ve polymeric-calcium phosphate 
composites treated with increasing concentrations of NaOH, PCa-e treated with 0, 0.125, 0.25, 
0.5, and 1  M , respectively.
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composites PCa-e and induces an expression profi le that more 
closely resembles the composites with low NaOH treatment 
(cluster 1) than the uncoated PLA (in cluster 3). This obser-
vation is confi rmed in the t-SNE plot where PLAC occupies 
cluster 1 together with the non- or mildly surface treated com-
posites (Figure  1 B). 

 To gain insights into the mechanisms behind the large differ-
ences induced by the composites in cluster 1, the top 500 probes 
contributing to the abovementioned PC1 were ranked based 
on their contribution weight and the differentially expressed 
genes with substantial effect size (absolute fold change >4) 
were subjected to pathway analysis using ingenuity pathway 
analysis (IPA) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) annotation database. The highly overrepresented sign-
aling pathways in PC1 are “eIF2 signaling,” “regulation of eIF4 
and P70S6K signaling”, and “mTOR signaling” ( Figure    3  A). 
Noteworthy, the genes in these three overrepresented pathways 
largely overlap, as can be observed in the Venn diagram rep-
resented in Figure  3 C. Also, the molecules contributing to the 
overrepresentation of “mTOR” and “eIF4 and p70S6K signaling” 
are nearly all involved in “eIF2 signaling”. [ 36 ]  The dominance 
of this pathway is mainly due to the negative contribution of 

60 ribosomal protein-coding and four eIF genes in the fi rst 
principal component. Eukaryotic initiation factor (eIF) is a 
family of proteins required for the initiation phase of protein 
translation. [ 37 ]  Mammalian target of rapamycin (mTOR) sign-
aling regulates cell growth, proliferation motility, and pro-
tein synthesis and translation, refl ecting the availability of 
growth factors, nutrients, ATP levels, and amino acids. Down-
stream effects include translation of mRNA, ribosome biogen-
esis, and activation of transcription leading to mitochondrial 
metabolism. [ 36,38,39 ]   

 This is further supported when the overrepresented metabolic 
pathways are considered: “oxidative phosphorylation,” “glycolysis 
I,” and “gluconeogenesis” are overrepresented metabolic path-
ways in PC1 (Figure  3 B), suggesting lower metabolic activity 
and energy production. Then, to address the directionality of 
the observed differences, we analyzed the specifi c differences 
between the composites in clusters 1 and 2, refl ecting the cel-
lular responses modulated by NaOH treatment. Analyzing the 
pathways affected in the differentially regulated genes resulted 
in four signifi cant signaling pathways, with minimum number 
of overlapping molecules. These pathways point again toward 
a lower transcriptional and metabolic state of the cells on the 
materials in cluster 1, similar to the PC1 analysis. Here, “RAN 
signaling” refers to protein and RNA transport into and from the 
nucleus, “mitotic roles in polo-like kinase” indicate a difference 
in cell cycle regulators and the “PI3K/AKT pathway” is important 
in signal transduction of cytokines, growth factors or extracel-
lular proteins (Figure S2A, Supporting Information). Similarly, 
ribosome pathway, DNA replication, cell cycle, and amino acid 
synthesis were enriched by these genes as evaluated by KEGG 
pathway analysis. [ 40 ]  (Figure S2B, Supporting Information). 

 Besides protein synthesis and metabolic pathways, other 
physiological processes were affected as a result of chemical 
etching. Specifi cally, the down regulation in cluster 1 of the 
main molecules involved in the overrepresented “remodeling 
of epithelial adherens junctions”, “actin cytoskeleton remod-
eling,” and “integrin signaling” (illustrated in Figure S3 in the 
Supporting Information) in both abovementioned analyses hint 
toward differential cell adhesion and cytoskeleton signaling. 
Notably, β1 integrin (ITGB1) is massively down regulated with 
a 14.9-fold change (average of three different microarray probes 
targeting ITGB1) in the two composites with no or low treat-
ment in comparison to the three other composites. Also inte-
grin alpha V is 7.15-fold down regulated. Besides, commonly 
assessed marker genes for osteogenic function (RUNX2, ALPL, 
BMP2, and COL1A1) did not reveal differences larger than 1.8-
fold between the two clusters. Osteocalcin was threefold up- 
and osteonectin was sixfold down regulated on the composites 
treated with higher concentrations of NaOH. 

 Using principal component analysis, we are able to com-
pare the cellular responses to various materials. Based on the 
aforementioned transcriptional analyses, we noticed that the 
addition of nanoHA to PLA infl uences the surrounding cellular 
environment, thereby negatively affecting cell metabolism and 
downstream translation, which is prevented by the alkali treat-
ment and removal of the polymer from the surface. Further 
analysis of these materials and their properties would unveil 
their infl uence on the large expression differences observed 
using genomic analyses.   

 Figure 3.    Pathway analysis of the general differences between the mate-
rials. A) Signifi cantly overrepresented signaling and B) metabolic path-
ways in the top 500 probes contributing to the fi rst principal component 
of the PCA refl ecting the largest variations between the different mate-
rials. The  p -value indicates the probability of association of the mole-
cules with the pathways and the ratio is calculated between the number 
of genes of interest associated with the pathway and the total number of 
genes that make up the pathway. C) The Venn diagram represents the 
overlap between the different genes represented in the three highly over-
represented signaling pathways.
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  2.2.     Correlating Gene Expression to In Vivo Readouts 

 In vitro cellular behavior in response to a biomaterial may give 
useful insights into their observed in vivo responses. Corre-
lating gene expression profi les to a known in vivo observation 
(e.g. coagulation or fi brous capsule formation upon prosthesis 
implantation, or peri-implant pseudotumor formation) may 
lead to new pathways to improve the biomaterial. Osteoinduc-
tivity, i.e., the in vivo bone-inducing capacity upon implanta-
tion at heterotopic sites, is a very interesting material property 
for bone regeneration purposes. This phenomenon has been 
studied for decades in our group and by others, while a thor-
ough understanding of the underlying molecular mechanisms 
is still missing. In order to unravel these mechanisms, we cor-
related in vitro gene expression patterns on various materials to 
their in vivo osteoinductive potential. We studied fi ve ceramic 
materials with known osteoinductivity based on previously 
published data and observations from our group. Specifi cally, 
HAa, BCPa, and TCPa are able to induce bone formation when 
implanted intramuscularly in a large animal model, whereas 
HAb and BCPb are not. [ 33,41–45 ]  SEM images of the surface of 
these ceramics are depicted in Figure S4 (Supporting Informa-
tion). Interestingly, the remaining materials, not yet tested in 
vivo, can be compared in terms of genes differentially regulated 
in the materials with known osteoinductivity. It is important to 
note that the composite materials were removed as the large 
general differences might bias further analysis. 

 We fi rst compared the osteoinductive (OI) ceramics (HAa, 
BCPa, and TCPa) with the nonosteoinductive (nOI) ones (HAb 
and BCPb) resulting in a gene list of 2576 probes signifi cantly 
( p  < 0.05) differentially expressed. Then, we used this list to plot 
all materials using PCA to compare them relative to the OI and 
nOI ceramics. The resulting plot revealed that the OI materials 
are spread in the upper region and the nOI cluster on the lower 
right part of the graph ( Figure    4  A). Most of the remaining 
materials cluster together with the nOI materials, including 
PLA, PLA coated with OCP and DBM. When considering PC1, 
OI materials cluster in the middle, nOI are on the right, and 
OCP-coated titanium is observed together with MG-63 cultured 
on polystyrene on the left.  

 Next, we identifi ed the genes that correlate quantitatively 
to the osteoinductivity, because the above-discussed gene 
list appears to be highly infl uenced by the differential pro-
fi le induced by BCPa (Figure  4 A) as its induced profi le clus-
ters separately from the remaining OI materials which cluster 
toward the other materials. The quantity of osteoinduction 
refers to the amount of bone that is induced by the materials 
when implanted intramuscularly in diverse animal models. 
Indeed, the three OI materials have gradually increasing bone 
formation, from HAa to BCPa to TCPa. [ 33,41,45,46 ]  As such, genes 
were considered when their expression paralleled the extent of 
material-induced bone formation (i.e. increasing or decreasing 
expression from [HAb, BCPb] < [HAa] < [BCPa] < [TCPa]) by 
applying a linear fi ltering constraint to the profi le analysis. The 
resulting gene list contained 2269 probes (correlation  p  < 0.05). 
The subsequent PCA (Figure  4 B) for this list confi rmed a differ-
ence between the ceramics, with the most osteoinductive ones 
(TCPa and BCPa) in the top and the nonosteoinductive ceramics 
on the right (BCPb and HAb). Furthermore, the remaining 

ceramics are distributed between the OI HAa and the nOI BCPb 
and HAb. The expression profi le of MG-63 cultured on OCP 
coated titanium is shifted to the left and upward, toward the 
expression of OI ceramics, in comparison to titanium. Indeed, 
titanium coated with OCP has been reported to be osteoinduc-
tive when implanted intramuscularly, but it induces less bone 
in comparison to osteoinductive BCP after 6 weeks of implan-
tation. [ 47,48 ]  Moreover, as expected based on the effect of OCP 
coating, the expression profi le induced by PLA shifted slightly 
toward the OI side in the PCA plot when an OCP coating is 
applied (Figure  4 B). DBM, PLA, and titanium are clustered near 
the nOI ceramics. In conclusion, using correlations to in vivo 
observations, PCA on diverse gene lists may describe the in vivo 
osteoinductive capacity of other materials. 

 The transcriptional profi les can give insights into the molec-
ular mechanisms of in vivo biomaterial behavior. In order to 

 Figure 4.    Analysis of the genes correlating to the osteoinductive prop-
erty of ceramics. A) PCA plot based on genes differentially expressed 
(fold change > 1.4,  p  < 0.05) between the two non-osteoinductive (HAb 
and BCPb) and three osteoinductive materials (HAa, BCPa, and TCPa). 
B) PCA plot based on genes, with expression paralleling the extent of 
osteoinduction of the fi ve materials with known osteoinductive capacity.
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impinge on the molecular responses in relation to osteoin-
ductivity and quantity of bone formation, we further analyzed 
these two gene lists. To understand the differences between 
the two lists, we deconvolved them separating the overlapping 
molecules and analyzed the subsets individually ( Figure    5  ). 
First, IPA analysis on the 114 molecules that are differentially 
expressed between OI and nOI, without the overlapping mole-
cules from the quantitative OI list, pointed toward a role for cell 
adhesion and actin cytoskeleton remodeling (Figure  5 A,D).  

 Indeed, all the listed pathways are based on focal adhe-
sion molecules (ITGB1, VCL), cytoskeletal molecules (ACTB, 
ACTG1, TUBB), and PTEN. Notably, the overrepresentation 
of “VEGF signaling” pathway is also mainly based on a few 
of these cytoskeletal molecules. Second, the 1703 genes corre-
lating to the osteoinductive quantity (excluding the overlapping 
differentially expressed genes) revealed overrepresentation of 
signaling pathways such as “Wnt/B-catenin,” “regulation of epi-
thelial–mesenchymal transition,” and “molecular mechanisms 
of cancer” (Figure  5 B,D). “Molecular mechanisms in cancer” 
describes the signaling pathways involved in intra- and intercel-
lular communication leading to malignant tumor phenotypes. 
This broad pathway covers “GPCR signaling,” “ras/integrin 
signaling,” “AKT signaling,” “TGF-β/BMP signaling,” “WNT 
signaling,” “Notch and Hedgehog (Hh) signaling,” and “death 
receptor signaling.” The molecules contributing to this over-
representation are included in subsets of the other signaling 
pathways, mainly “BMP and TGF signaling” (e.g. BMP2, -4, 
and -6, BMPR2, TGFR2), “WNT/βcatenin signaling” (e.g. sev-
eral Frizzled and related genes, DKK1), “interferon signaling,” 
and several MAP kinases and Rho family members. Third, the 
235 overlapping molecules between the two gene lists converge 
into “oncostatin M signaling.” Activated monocytes and lym-
phocytes produce oncostatin M (OSM), a member of the inter-
leukin 6 (IL-6) hematopoietic cytokine family, acting locally on 
stromal cells, which in turn enhance their production of IL-6 
and LIF to stimulate the infl ammatory response. OSM has not 
only been shown to stimulate osteoblast mineralization and 
differentiation but also osteoblastic differentiation of MSCs. [ 49 ]  
Moreover, OSM has been shown to enhance osteoinduction, 
when exogenously added to a critical sized defect. [ 50 ]  

 The above analyses suggest that OI materials require oncos-
tatin M signaling and differential cell adhesion, plausibly 
enabled by their differential microstructured surfaces (SEM 
images in Figure S4 in the Supporting Information), and that 
the quantity of bone is determined by signaling pathways such 
as TGF and WNT. [ 31,33,43,44,51 ]  To support this, we observed 
that the mole cules involved in FAK signaling (Figure S5, Sup-
porting Information) are mainly down regulated in OI mate-
rials. Focal adhesions (FA) link extracellular signals, integrating 
growth factor and integrin signaling from the ECM via the 
actin cytoskeleton to the nucleus. [ 52 ]  FA kinase (FAK) sign-
aling controls cell adhesion and migration and together with 
downstream ERK/MAPK has been shown to be modulated by 
nano- and microtopographies, where more mature FA were 
observed on fl at surfaces. [ 53 ]  FAK signaling and high FAK 
turnover has been associated with the disassembly of adhesion 
sites and subsequently increased migration, whereas reduced 
FAK signaling has been associated with a less migratory phe-
notype. [ 54 ]  Both PTEN and the Rho family members, together 
with the cytoskeletal genes, regulate actin remodeling and cell 
shape, which might be a result of FAK signaling. [ 55 ]  Also, the 
analyses suggest that TGF-β and WNT signaling determine 
the amount of bone formation induced by ceramics. The link 
between molecules involved in TGF-β signaling, by means of 
BMP2 and -4 and BMPR2, WNT signaling and osteoblastic 
responses to rough titanium surfaces have been reported previ-
ously. [ 31,51 ]  Overall, correlating in vitro gene expression profi les 
with in vivo observed effects gives insights into the molecular 

 Figure 5.    Pathway analysis of the genes correlating to the osteoinduc-
tive property of ceramics. A) The signifi cantly overrepresented pathways 
in the 114 genes solely differentially expressed between OI and nOI 
materials. B) The pathways signifi cantly overrepresented in 1703 genes 
with expression correlating with the gradually increasing bone formation 
between the OI materials. C) The signifi cantly overrepresented pathway 
in the 235 overlapping molecules between both gene lists. The  p -value 
indicates the probability of association of the molecules with the path-
ways and the ratio is calculated between the number of genes of interest 
associated with the pathway and the total number of genes that make up 
the pathway. D) The Venn diagram represents the overlap between the 
two abovementioned gene lists related to osteoinductivity.
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mechanisms induced by biomaterials. These insights may 
enable further hypotheses-driven in vitro and in vivo experi-
mental work to validate the hypothesized mechanisms under-
lying material-induced bone formation.  

  2.3.     Investigating Gene Expression in Relation to Material 
Properties 

 Correlating material properties to gene expression profi les 
improves the understanding and further development of mate-
rials. Here, chemistry is used as a readout to couple gene 
expression profi les to the presence of calcium and phosphate 
in the materials, since most materials studied in this dataset 
are calcium phosphate based ceramics or polymer-CaP (cal-
cium phosphate) composite materials. These ions (in solution 
or incorporated in a material) are known to greatly infl uence 
cellular responses, specifi cally for bone regeneration appli-
cations. [ 25,27,41,56–59 ]  Surface characterization revealed that in 
addition to all ceramics and composites, bECM, OCP-coated 
titanium and low molecular weight PLA contained calcium and 
phosphate, whereas DBM, titanium, and uncoated PLA did not 
(Figure S6, Supporting Information). 

 Generally, the transcriptional differences could not be attrib-
uted to the presence of calcium and phosphate in the materials, 
since PCA on all genes did not reveal a cluster with calcium 
and phosphate baring materials (Ca/P;  Figure    6  A).  

 Previous work on the biological effect of calcium phosphate 
ceramics has shown the upregulation of BMP2 in response 
to calcium. [ 27,60 ]  As such, we postulated that calcium and 
phosphate containing materials differentially affect BMP2 
signaling. To investigate this in the context of the biomate-
rials included in this study, three gene lists were produced. 
First, 425 genes were listed (represented by 651 microarray 
probes) on evidence-based interactions with BMP2, by annota-
tion, proven interaction, and pathway or functionally related, 
using the “endeavor” bioinformatics tool. [ 61 ]  Second, to obtain 
a list of probes that are selectively related to functional BMP2 
signaling, the full microarray probe set was fi ltered to obtain 
141 probes (representing 90 molecules) actively involved in 
TGF-β/BMP signaling based on information from the KEGG 
database (KEGG:04350). Last, this list of TGF-β/BMP sign-
aling molecules was extended with related genes (using the 
endeavor bioinformatics tool). Principal component analyses 
and plots revealed separate clusters of Ca/P and non-Ca/P 
baring materials based on BMP2 related (Figure  6 B) and 
TGF-β/BMP signaling molecules (Figure  6 C). However, this 
clustering was abolished when TGF-β/BMP signaling-related 
molecules were included (Figure  6 D). These fi ndings indi-
cate that the effect of calcium and phosphate incorporated 
in materials is specifi cally related to TGF-β/BMP signaling. 
Hence, the link between BMP2 and Ca/P via its specifi c sign-
aling pathway described in the literature is validated by this 
dataset and the analyses. 

 Figure 6.    PCA plots based on several gene sets to address the relationship between BMP2 signaling and materials with calcium and phosphate. 
A) PCA on all genes (19 673 probes) detected in the microarray, B) BMP2 related genes (651 probes), C) TGF-β signaling molecules (141 probes), and 
D) molecules related to the genes involved in the TGF-β signaling pathway (1504 probes). The materials without calcium and phosphate are repre-
sented in red, and the materials containing these ions are represented in blue.
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 Differential expression analysis between the calcium and 
phosphate containing materials and the others revealed 
4225 signifi cantly different probes. While there are a large 
number of probes, their effect size is rather small. Only 22 genes 
showed differences higher than twofold (Table S1, Supporting 
Information). Since all calcium and phosphate containing mate-
rials are combined, it is possible that the comparison, involving 
various materials with diverse properties, may average out the 
gene expression differences related to calcium and phosphate 
presence. To illustrate, the expression pattern of two genes, 
SLPI and ASPM, from the top fi ve is represented in  Figure    7   
with an effect size of −3.2 and 2.7-fold respectively. A clear trend 
between the calcium-containing and calcium-free materials can 
be observed. Specifi cally, the regulation of these genes is con-
sistent over the different comparisons: between Ca/P-coated 
titanium and uncoated, between bone matrix and demineralized 
bone matrix and between PLA coated with Ca/P and uncoated 
PLA (Figure  7 ).  

 Using the aforementioned analysis, we not only confi rmed 
the previously known relationship between Ca/P and BMP2 
in different materials, but also hypothesized that the genes 
emerging from the differential expression analysis were regu-
lated specifi cally by calcium or phosphate.   

  3.     Conclusion and Outlook 

 This proof-of-concept study serves to illustrate the usefulness of 
a genomics approach in biomaterials research. Cell–biomaterial 
interactions are a subject of intense investigations and we pro-
pose transcriptomics as a tool with added value. Using defi ned 
analyses, correlations to material properties, and readouts, we 
discussed the effect of several materials and treatments on the 
biological response of cells. 

 General observations on gene expression profi les high-
lighted a dramatic effect of polymer/ceramic composite mate-
rials and alkali surface treatment, not observed in the expres-
sion of commonly used osteogenic markers, indicating the 
added value of genome-wide screening. Moreover, we obtained 
more insights into the molecular mechanisms induced by oste-
oinductive materials by correlating transcriptional profi ling 

to osteoinductivity, leading to defi ned hypotheses for further 
in vitro validations. Specifi cally, we hypothesize that besides 
oncostatin M signaling, a downregulation of FAK signaling is 
required in consort with differential TGF-β and WNT signaling 
for materials to be osteoinductive. Additionally, by coupling 
expression profi les to material properties, we were able to con-
fi rm a previous observation reported in the literature, showing 
that that BMP2 and BMP signaling is infl uenced by calcium 
and phosphate. 

 From this study, new hypotheses evolved from the observed 
and analyzed differential cell behavior induced by materials, 
which can be further validated in vitro. Together with future 
applications, this approach will aid researchers in under-
standing cellular responses in relation to material properties, 
which will promote the development of more effective biomate-
rials for applications in regenerative medicine.  

  4.     Experimental Section 
  Materials : Various materials considered relevant for bone regeneration 

applications (listed in Table  1 ) were characterized using scanning electron 
microscopy (XL30, Environmental SEM-Field Emission Gun, Philips) 
coupled to energy-dispersive X-ray analyzer (EDAX; Apollo X, Ametek). 

  Cell Culture : MG-63 (ATCC) were cultured on the different materials 
and on tissue culture polystyrene. 

  Transcriptional Profi ling : Total RNA was isolated using a Nucleospin 
RNA isolation kit (Macherey-Nagel), cRNA was synthesized using the 
Illumina TotalPrep RNA amplifi cation Kit (Ambion). Microarrays were 
performed using Illumina HT-12 v4 expression Beadchips. Further 
data processing and statistical tests were performed using R and 
Bioconductor statistical software and Ingenuity Pathway Analysis (IPA, 
Qiagen) was used to evaluate the signaling and metabolic pathways 
overrepresented in the differentially expressed genes. [ 62 ]  More details on 
the production and fabrication methods of the materials, cell culture, 
medium composition, and gene expression analysis are described in the 
Supporting Information.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

 Figure 7.    Expression profi les of two differentially expressed genes from the top fi ve between the calcium phosphate containing and defi cient materials. 
A) SLPI negatively and B) ASPM positively correlates to the presence of calcium and phosphate in the materials.
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