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Controlling Differentiation of Stem Cells via Bioactive Disordered 
Cues 

Yujie Zhang a, Murielle Remy a, Evgeny Apartsin a, Emilie Prouvé a, Cécile Feuillie a, Christine 
Labrugere b, Nithavong Cam b, Marie-Christine Durrieu a* 

Ideal bone tissue engineering is to induce bone regeneration through the synergistic integration of biomaterial scaffolds, 
bone progenitor cells, and bone-forming factors. Biomimetic scaffolds imitate the native extracellular matrix (ECM) and are 
often utilized in vitro as analogues of the natural ECM to facilitate investigations of cell-ECM interactions and processes. In 
vivo, the cellular microenvironment has a crucial impact on regulating cell behavior and functions. PET surface was activated 
and then functionalized with mimetic peptides to promote human mesenchymal stem cell (hMSC) adhesion and 
differentiation into osteogenic lineage. A spray technology was assessed to randomly micropattern peptides (RGD and BMP-
2 mimetic peptides) on PET surface. The distribution of the peptides grafted on the surface, the roughness of the surfaces 
and the chemistry of the surfaces at each step of the treatment were ascertained by Atomic Force Microscopy, fluorescence 
microscopy, Time-of-flight secondary ion mass spectrometry, Toluidine Blue O assay, and X-ray Photoelectron Spectroscopy. 
Subsequently, cell lineage differentiation was evaluated by quantifying the expression of immunofluorescence markers: 
osteoblast markers (Runx-2, OPN) and osteocyte markers (E11, DMP1, and SOST). In this article, we hypothesized that a 
unique combination of bioactive micro/nanopatterns onto polymer surface improves the rate of morphology change and 
enhance the hMSC differentiation. In DMEM medium, after 14 days, disordered micropatterned surfaces with RGD and BMP-
2 led to a higher osteoblast marker expression than surfaces with a homogenously dual peptide conjugation. Finally, hMSC 
cultured in osteogenic differentiation medium (ODM) accelerated cells’ differentiation. In ODM, our results highlighted the 
expression of osteocyte markers when hMSCs were seeded on PET surfaces with random micropatterns.  

 

Introduction 
Stem Cells (SCs) are involved in the structuration or regeneration 

of all body tissues and have numerous foreseen applications in tissue 
engineering.1-3 Mesenchymal stem cells (MSCs), multipotent cells, 
have been widely used in experimental cell therapy and tissue 
engineering because of their ability to differentiate into various 
lineages such as cartilage cells (chondrocytes), bone cells 
(osteoblasts), fat cells (adipocytes), or muscle cells (myocytes). An 
overview of the clinical status of relevant MSCs is available through 
the public clinical trials database (http://clinicaltrials.gov).4, 5 There 
are currently 9,572 cell-based clinical trials, of which 1,141 are MSC-
based projects. There are 93 items based on MSC for treating bone 
diseases and 9 for bone repair. Many of these completed trials 
demonstrated the safety and efficacy of MSC.1, 6 

Recent advances in tissue engineering and regenerative medicine 
are based on protocols inducing ex vivo stem cell differentiation of 
MSCs before in vivo transplantation. However, ex vivo production of 

clinically relevant quantities of differentiated functional cells remains 
problematic in such tissue engineering applications. Indeed, the 
scarcity of MSCs coupled with inefficient differentiation protocols 
makes it currently difficult to obtain usable tissue and organoids. It 
has been shown that the stem cell microenvironment (biochemical, 
topographical & mechanical features) impacts the differentiation 
yield.7, 8 The microenvironments surrounding stem cells are 
structurally complex, which renders experiments to explore the 
effects of this structure on cell function difficult. Thus, it is not trivial 
to independently vary and control biophysical and biochemical 
properties, making it challenging to study the impact of, for example, 
various micro and nano-environmental biochemical properties on 
stem cell function.  

One strategy to efficiently induce cell differentiation involves 
integrating bioactive principles that favor stem cell adhesion and 
differentiation, which are naturally present in the extracellular 
matrices (ECM) and have a crucial role.9  The ECM provides nutrients 
and growth factors that stimulate cell proliferation, migration, 
differentiation, and maturation, resulting in functional tissue. Stem 
Cells (SC) reside in a niche of neighboring cells, and the ECM is 
infused with autocrine and paracrine soluble growth factors.10 
Cellular behavior depends on the abundance and distribution of 

a.  Univ. Bordeaux, CNRS, Bordeaux INP, CBMN, UMR 5248, F-33600 Pessac, France 
b.  Univ. Bordeaux, CNRS, PLACAMAT, UAR 3626, F-33600 Pessac, France 
Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x 



ARTICLE Journal Name 

2 | Biomater. Sci., 2023, 00, 1-3 This journal is © The Royal Society of Chemistry 2023 

Please do not adjust margins 

Please do not adjust margins 

bioactive factors in the ECM, 9, which undergoes remodeling as a 
result of cell self-renewal and differentiation.11, 12 For instance, 
during MSCs proliferation, the native ECM has a higher concentration 
in fibroblast growth factor-2 (FGF-2), 12 while the ECM is richer in 
bone morphogenic protein-2 (BMP-2) during osteogenic 
differentiation.  

The interplay between SCs and these components seems rather 
intricate, and SC-ECM interactions are extensively studied.13, 14 
During the past decade, cell-material interactions have emerged as a 
leading research area in regenerative medicine.1, 4, 15, 16 Material 
scientists, including our group,9, 17-31 have been designed a variety of 
biomimetic materials to reproduce cell-ECM interactions.32, 33 
Cellular behaviors are influenced by chemical cues, such as chemical 
composition,9, 17-24, 27, 30, 31, 33-37 and ligand density.38 Based on this 
knowledge, many strategies which translate native ECM features to 
in vitro models use growth factors to control the fate of MSCs.39, 40  

Biochemical cues are the most explored and best-characterized 
stimuli. Their distribution and abundance within the native ECM 
depend on the type of the targeted cell response as well as the 
location of stem cell niche.12 Bioactive factors can be spatially 
patterned onto synthetic surfaces using micro-contactor inkjet.18, 41-

46 As an example, photolithography offers an efficient and 
convenient method to generate protein micropatterns on any 
substrate. In this technique, the substrate is first uniformly coated 
with a photoresist.47-49 This homogenous coat is then precisely 
etched by UV light source and a photomask to allow specific 
immobilization of the protein of interest.50-53 While broadly adopted, 
this method has the inconvenient feature that each time one wants 
to make a novel micropattern, a new mask has to be manufactured 
by adding cost and time to the scientific process. In addition, only flat 
materials can be used. Multiprotein micropatterning is much more 
tedious to achieve with masks or protein stamps due to difficulties in 
alignment.54 55 

Wang et al. studied how to obtain gold nanoarrays on glass by 
block copolymer micellar nanolithography to fabricate RGD 
micro/nano patterns onto a bioinert poly(ethylene glycol) (PEG) 
hydrogel surface. 56 Their group proposed a new point of view: not 
only peptide nanospacing but also cell size impact on cell 
differentiation. However, this is the first time someone compared 
separately the impact of these two factors on stem cell 
differentiation. The results reveal that RGD nanospacing, 
independent of cell spreading size, acts as a potent regulator of cell 
tension and stem cell differentiation. So far, no definitive conclusions 
about stem cell differentiation can be drawn based on 
micropatterning or nanopatterning alone. Padiolleau et al. used 
photolithography technique to synthesize bioactive micropatterned 
polymers on PET to mimic the microenvironment of stem cells in the 
ECM.35, 36 RGD and BMP-2 mimetic peptides were combined 
according to different shapes (squares, rectangles, hexagons) or 
different square sizes (from 100 x 100 μm2 to 25 x 25μm2). Potential 
changes in hMSC phenotype seeded on bioactive micropatterned 

surfaces with different-sized square patterns were assessed by RT-
qPCR. Not only the patterns geometry but also the bioactivity of the 
surfaces (one or two peptides were immobilized onto PET surfaces) 
significantly impacted on the differentiation of hMSCs into an 
osteoblastic lineage. Matthew et al. highlighted the effect of MSCs 
differentiation by cells on random nano topologies vs on highly 
ordered nano topologies. 57 In this work, they used electron beam 
lithography (EBL) to fabricate five different patterns on 
polymethylmethacrylate (PMMA), all with a center-to-center spacing 
of 300 nm. These patterns were square array, hexagonal array, 
disordered square array with dots displaced randomly by up to 50 
nm on both axes from their position in a square (DSQ50), disordered 
square array with dots displaced randomly by up to 20 nm on both 
axes from their position in a square (DSQ20), pits placed randomly 
over a 150 μm by 150 μm field, repeated to fill a 1 cm2 area (RAND). 
After 21 days, MSCs on RAND had a more typical polygonal osteocyte 
morphology, while DSQ20 had typical osteoblast morphology and 
expressed OPN foci. These results showed that highly ordered 
nanotopographies produce negligibly low cell adhesion and 
osteoblast differentiation. However, cells on random 
nanotopography exhibited a more osteoblast morphology. Crucially, 
they showed that a novel nanodisplaced topography significantly 
increases bone-specific differentiation. This enhanced differentiation 
suggests that random cues may be an effective strategy to favour the 
differentiation of MSCs into bone cells for regenerative medicine and 
tissue engineering. 57 

Here, we describe a method to enable random micro or 
nanopatterning of any protein/peptide onto a 2D or 3D scaffold, 
which can be envisaged using spray technology. Our goal is to 
provide a new insight into the impact of the arrangement of bioactive 
micropatterns (ordered vs disordered) on the surface to control stem 
cell differentiation.58, 59 Our spray technology allows to cover 2D or 
3D scaffolds with controlled size and shape of bioactive 
micropatterns in a time-effective and economical manner at low 
cost.60 To investigate the effects of density and distribution of 
adhesion and differentiation ligands on the osteoblastic 
differentiation of MSCs, Polyethylene terephthalate (PET) was used 
as a model material. RGD and BMP-2 mimetic peptides were used to 
favour MSC adhesion and differentiation into an osteoblast lineage, 
respectively.19 61, 62  As extracellular matrix-derived peptides, they 
are both involved in a synergic manner in MSC osteogenic 
differentiation.9, 56 
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In the present study, we synthesized micro, nanopatterned PET 
with different bioactive pattern size, surface coverage, and pattern 
shape. The bioactive surfaces were carefully characterized by 
Toluidine Blue test (TBO), X-ray photoelectron spectroscopy (XPS), 
Atomic Force Microscopy (AFM)), fluorescence microscopy and time-
of-flight secondary ion mass spectrometry (ToF-SIMS). 
Immunocytochemical analysis allowed the evaluation of expression 
of markers related to osteogenic differentiation of hMSCs, namely 
Runx2, expressed during early osteoblast differentiation, 
osteopontin (OPN), expressed in late osteoblast differentiation, E11 
and DMP-1, expressed in early stage of hMSC differentiation into 
osteocytes and SOST, expressed in late stage of hMSC differentiation 
into osteocytes.  

Results 

Evaluation of carboxyl density by using Toluidine Blue assay 

Toluidine blue O (TBO) was used to determine the carboxyl group 
density onto PET surface after different modification steps. The 
absorbance of desorbed dyes in the solution allowed us to assess 
surface carboxyl groups' density onto PET surface.63 COOH densities 
obtained for PET, PET-activated, PET-BMP and PET-RGD are 30 ± 7 
pmol/mm2 (~18 COOH/nm2), 20 ± 8 pmol/mm2 (~12 COOH/mm2), 13 
± 0 pmol/mm2 (~8 COOH/mm2) and 17 ± 7 pmol/mm2 (~10 
COOH/nm2) respectively.  

XPS 

The chemical compositions on each surface were evaluated by XPS. 
The XPS results indicate that PET is composed of atomic C (72.2%) 
and O (27.7%) (Table 2). The experimental C/O ratio is 2.6, close to 
the theoretical value of 2.5 taking into account which is challenging 
to avoid surface contamination from atmosphere. This result is 
consistent with previous publications (C=71.0 at.%, O=27.0 at.%, 
C/O=2.6).36, 63 A slight contamination of nitrogen (N= 0.1 at.%) was 
detected on the PET surface. As reported by Fang et al., the 
components of PET mainly exist in C-C/C-H (284.8 eV), C-O (286.4 eV), 
and O-C=O (288.8 eV) bonding. In addition, the faint C1s peak 
generated by the benzene ring-related π-π* oscillation process in PET 
has the highest binding energy.64 

 Figure 2A shows the fitted C1s spectra is based on five 
components: C-C at 284.8 eV, C-CO at 285.2 eV, C-O at 286.5 eV, and 
O-C=O at 288.9 eV, π-π* at 291.3 eV (carbon bonding proportions are 
displayed in Table 2 and Fig. 2A). In addition, the ratio of C-C/COOR, 
C-CO/COOR, C-O/COOR, and O-C=O/COOR peak area is 2.4, 1.0, 1.1, 
1.0 respectively, which is consistent with the chemical characteristics 
of PET. As expected for PET-Activated materials, nitrogen was 1.7% 
(Table 2). A new component at around 287.3 eV is required for fitting 
(Fig. 2A); therefore, assigned to the N−C=O bonds due to the NHS 
ester generated after the activation reaction, thus showing a surface 
modification efficiency. After EDC-NHS grafting, C/NPET‑Activated was 
42.2 (Table 2) with a slight decrease in oxygen content (i.e., OPET=27.7 
at. % vs. OPET-Activated=26.5 at. %). 

 

 

Figure 1. Peptide immobilization onto PET surfaces: A) PET functionalization with different peptides: PET-RGD, PET-BMP, PET-RGD-TAMRA, PET-BMP-TAMRA, PET-MIX, PET-MIX-
TAMRA; B) Schematic drawing of PET micropatterning approaches. 
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Following the grafting peptide (Fig. 2A), the C1s spectra provide 
evidence of a slight increase of the characteristic peptide bond 
N−C=O at 287.3 eV and a slight decrease of C-O and O−C=O 
environments. Considering PET-BMP, N-C=O represent 2.2% carbon 
proportion vs. 1.1% for PET-activated (Table 2), and O−C=O represent 
11.3% carbon proportion vs. 12.4% for PET-activated. The smallest 
peptides RGD (7 amino acid residues)4 exhibit the lowest nitrogen 
composition (1 at. %) and the highest C/N ratio value equal to 72.4 
(Table 2). In contrast, the surface grafted with the longest peptide 
BMP-2 (22 amino acid residues) gives the highest nitrogen content 
2.6 at. %, and the lowest C/N ratio of 27.5. 

ToF-SIMS 

ToF-SIMS is a surface-sensitive analytical method.65, 66 Figure 2B 
shows the surface images of CN- at m/z 26 and CNO-at m/z 42 after 

different modification steps. For experimental comparability, all 
samples were carried out under the same conditions, time, and the 
intensity level of CN- and CNO-. 

Figure S2 shows the high mass resolution spectra of ToF-SIMS. The 
ToF-SIMS negative spectra (m/z 25 - m/z 175) of PET can provide us 
with information on the composition of PET. To study the surface 
composition properties of the materials more precisely after 
different modification steps, we focused on high mass resolution 
spectra from m/z 25 to m/z 50 (Fig. S2). Typically, we set the Y-axis 
as the signal intensity or ion count and the X-axis as the m/z plot. The 
height of the signal is proportional to the number of ions present in 
the spectrum. And the m/z of an ion is the mass of that ion. The 
material can determine the material's molecular formula by 
measuring the exact mass of the ions or the m/z difference between 

 

Figure 2. Characterizations of peptide immobilization onto PET surfaces A) Fitted C1s XPS spectra of PET, PET-Activated, PET-BMP, and PET-RGD; B) ToF-SIMS surface mapping 
of CN- (B, i) and CNO- (B, ii) ions on PET, PET-Activated, PET-BMP, PET-Spray. scale bar: 100 μm; C) Fluorescence microscopy images of RGD-TAMRA (in red) and BMP-2 -TAMRA 
(in red) grafted onto PET after sonication, scale bar: 200 μm; C) AFM height images measured after the different surface modification steps; obtained with a scanned area of 20 
µm×20 µm (D, i), and 1 µm×1 µm (D, ii) from PET, PET-Activated, PET-BMP, PET-RGD, PET-Mix1, PET-Spray1. 
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ions. S2 observes C7H5O2- at m/z 121 and C8H4O4- at m/z 165. And 
these two fragment ions (C7 H5 O2- and C8 H4O4-) are specific peaks 
belonging to the typical polymer PET ((C10H8O4) n).67, 68 Then, the PET 
surface was activated by EDC/NHS to obtain PET-Activated. This 
activation modification introduced NHS esters to PET (Fig. 2B). 
Therefore, the characteristic ions of nitrogen-containing functional 
groups (CN-, CNO-) can be detected in the high mass resolution 
spectra of PET-Activated.69  

At first sight, we can observe that PET is homogenously black, PET-
Activated is homogenously red, and PET-BMP-2-TAMRA is 
homogenously yellow （ Fig. 2B ） . Interestingly, the PET-Spray 
showed some yellow circular spraying cues on the red background 
(Fig. 2B). And the diameters of these yellow patterns ranged from 1 
μm to 160 μm, with 4% surface coverage. Therefore, we preliminarily 
infer two areas on PET-Spray: the yellow area is the BMP-2-TAMRA 
pattern area created by spray, the red area is the area of activated 
pattern without BMP-2-TAMRA, and its composition is similar to PET 
-Activated. The distribution of patterns from the ToF-SIMS image 
(Fig. 2B) is identical to the image obtained by our fluorescence 
microscopy (Fig. 2C). 

According to the signal intensity labels in Figure 2B, yellow has 
stronger CN- and CNO- signals than red. The signals of CN- and CNO- 
represented by black are considered the background. Since it is 
difficult to avoid surface contamination, a small amount of CN- and 
CNO- were detected on the PET surface. Figure 2B allowed us to 
clearly and intuitively observe that all sample surfaces are 
homogenously modified. Next, as shown in Figure S2, the mass 
spectra were normalized by the peak at 49m/z (C4H-). We can 
evaluate CN- and CNO- signals by the ratio of CN-/CH4- (the peak at 26 
m/z /49 m/z) and CNO-/CH4- (the peak at 42 m/z /49 m/z). Combined 
with Table 3 and Figure 2B, PET-BMP has the most CN- and CNO-( CN-

PET: CN-PET-Activated: CN-PET-BMP: CN-PET-Spray with Activated pattern: CN-PET-Spray with 

BMP-2-TAMRA pattern = 0.00: 0.53: 1.63: 0.33: 0.63; CNO-PET: CNO-PET-Activated: 
CNO-PET-BMP-2: CNO- PET- Spray1 with Activated pattern: CNO-PET-Spray1 with BMP-2-

TAMRA pattern = 0.10: 0.63: 1.92: 0.42: 0.73).  

AFM 

Figure 2d described the AFM height images after different 
modification steps. AFM images confirmed the overall homogeneous 
surface of the polymer before and after peptide grafting (Fig. 2D). 
Surface roughness after the different surface modification steps 
were presented in Table 4. According to the results obtained by 
scanning an area of 1 µm ×1 µm ((Fig. 2D (і)) and Table 4), surface 
functionalization with EDC/NHS did not show significant differences 
in the surface roughness of activated carboxyl-treated PET (RMSPET = 
1.6±0.6 nm, RMS PET-Activated= 1.7±0.3 nm). Furthermore, after peptide 
grafting, it was noted that the surface topography did not change 
significantly, resulting in RMS surface roughness from 1.7 ± 0.3 nm 
on the PET-Activated surface to 1.2 ± 0.1 nm, 1.9 ± 0.6 nm, and 1.1 ± 
0.1 nm after grafting of BMP-2-TAMRA, RGD-TAMRA, and a mixed 

solution of BMP-2-TAMRA and RGD-TAMRA, respectively. However, 
these differences were not statistically significant (at the level of 
p ≤0 .05).9, 63, 70 We can conclude that we have a homogeneous 
grafting of peptides on PET surface whatever the peptide without 
aggregates.71 

In addition, same conclusion was obtained by changing the 
scanning area. Figure 2d (ⅱ) highlights the AFM images with a 20 µm 
×20 µm scanning area which showing that the functionalized surface 
(PET, PET-Activated, and PET-Activated grafted with different 
peptides) were homogeneous with a similar roughness (Table 4).  

Fluorescence Microscopy 

TAMRA-coupled peptide density was quantified by fluorescence 
microscopy. No red fluorescence was observed on the PET surface 
before the grafting of fluorescent peptides (Fig. 2C). Moreover, the 
surface grafted with TAMRA-coupled peptide showed red 
fluorescence (Fig. 2C). The density of RGD-TAMRA peptide grafted 
onto PET was evaluated at 0.61±0.06 pmol/mm2 and 0.84±0.05 
pmol/mm2 for PET-BMP-2-TAMRA. In the case of PET-Spray1, the 
density of BMP-2-TAMRA in the patterns (red patterning in Fig. 2C) 
was 0.81±0.1 pmol/mm2. That means, we obtain similar BMP-2-
TAMRA density whatever the grafting protocol used (Spray 
technology or in solution). In the case of PET-MIX1 and PET-MIX2, we 
quantified not only the whole density of peptides using RGD-TAMRA 
+ BMP-2-TAMRA but also the density of each peptide using RGD-
TAMRA + BMP-2 or RGD + BMP-2-TAMRA. On bifunctionalized 
surfaces, the surface density of RGD-TAMRA and BMP-2-TAMRA 
mimetic peptides was estimated at 0.68 ± 0.1 pmol/mm2 and 0.03 ± 
0.01 pmol/mm2 for MIX1 and at 0.56 ± 0.05 pmol/mm2 and 0.13 ± 
0.03 pmol/mm2 for MIX2, respectively. 

The fluorescence images in Figure 2C demonstrate that the 
peptides were successfully grafted onto the PET surface and that 
these peptides were immobilized on the PET surface in a 
homogenous manner.  

Immunocytochemical analysis 

The use of immunocytochemistry staining permits the 
quantification of markers' expression and distributions and gives 
information about the cell shape and the percentage of cells with the 
same expression of markers. Here, we focused on five specific 
markers, RUNX2 (early osteoblast marker), OPN (late osteoblast 
marker), E11, DMP1 (early osteocyte marker) and SOST (later 
osteocyte marker), to evaluate the impact of ordered bioactive 
materials (with homogeneous RGD or/and BMP-2 peptides (PET-
RGD, PET-BMP, PET-MIX1 and PET-MIX2)) and disordered bioactive 
materials (PET-Spray with cues of BMP-2 and RGD around). In 
addition, F-actin staining and DAPI were used to observe not only the 
cells’ cytoskeleton and shape but also nuclei of cells seeded on 
different materials after 2 and 3 weeks of cell culture (Fig. 3). 
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Immunofluorescence assays were performed on cells to assess 
whether peptides and the distribution of the bioactive BMP-2 cues 
can impact on hMSC differentiation into osteogenic lineage. 
Osteoblast-seeded glass in osteoblast growth medium, hMSC-
seeded glass in DMEM and ODM were used as controls. 

To further investigate the effect of ordered and disordered 
bioactive cues on the osteogenic differentiation of hMSCs, hMSCs 
were seeded in DMEM medium for 2 weeks and in ODM medium for 
2 and 3 weeks. 

After 2 and 3 weeks, hMSCs cultured on glass in DMEM medium 
(Fig. 3A, B) proliferated rapidly, and the cells still exhibited a long and 
thin appearance. After 2 and 3 weeks, OBs are, as expected, cuboidal 
in shape and hMSC seeded on glass in ODM medium were cuboidal 
also in shape (Fig. 3A, B). On the other hand, after 2 weeks of culture, 
hMSCs cultured on the disordered BMP-2 cues (PET-Spray2 and PET-
Spray3) formed columnar or cuboidal cells, which indicated that 
more osteoblasts were generated. After 3 weeks, Phalloidin staining 
shows that for PET-MIX2, PET-Spray 2 and PET-Spray3 lead to star-

shaped cells with a dendritic morphology, which is typical of 
osteocytes (Fig. 3B). 

Figure 5 demonstrated the aspect ratio (AR) variation across all 
surfaces after 2 and 3 weeks of culture. As shown in Figure 5A, after 
2 weeks, the aspect ratios of PET-BMP, PET-MIX1, PET-MIX2, PET-
Spray2 and PET-Spray3 were all close to 2.0, and there was no 
significant difference between groups. However, the aspect ratios of 
these five conditions were significantly different from the 2 control 
groups (hMSC on glass with and without ODM medium) and from the 
AR of PET-RGD. Interestingly, the AR of the condition “OB on glass” 
was significantly different from PET-RGD, PET-BMP, and PET-MIX1, 
but not significantly different from PET-MIX2, PET-Spray2 and PET-
Spray3. It was mentioned that after 3 weeks’ culture, the AR of the 
control groups (hMSC on glass in DMEM) and PET-RGD significantly 
differed from PET-BMP, PET-MIX1, PET-Spray2 and PET-Spray3 (Fig. 
5B, and S5). Interestingly, the AR of the condition “OB on glass” was 
not significantly different from these conditions. However, the AR of 
each condition after 2 weeks in DMEM medium was not significantly 
different from the AR of the same condition after 3 weeks in ODM 
medium (Fig. 5, S5).  

Figure 5 showed the circularity results for all surfaces. After 2 
weeks in DMEM medium, there was no significant difference among 
PET-BMP, PET-MIX1, PET-MIX2, PET-Spray2 and PET-Spray3 (Fig. 5A). 
All these conditions were not significantly different from hMSC on 
glass in ODM medium. The condition “OB on glass” was significantly 
different with hMSC on glass in DMEM medium, PET-RGD, PET-MIX1 
and PET-Spray3 (Fig. 5A, S5). However, after 3 weeks’ culture in ODM 
medium (Fig 5B), PET-Spray3 had the lowest circularity value 
(0.26±0.20) and was significantly lower than PET-BMP and PET-MIX1. 
Furthermore, OB always showed stable and high circularity values, 
regardless of whether they were cultured for two weeks (0.56 ± 0.19) 
or three weeks (0.57 ± 0.19). 

In addition, F-actin appeared crisscrossed, robust, and thicker and 
their parallel orientation gradually disappeared as hMSCs exhibited 
more pronounced osteoblast phenotypic markers. In fact, the lowest 
anisotropies of F-actin were observed when hMSC were seeded on 
glass in DMEM medium (Anisority2W=0.45 ± 0.12; and 
Anisority3W=0.44 ± 0.13) or on PET-RGD (Anisority2W=0.36 ± 0.11; and 
Anisority3W=0.37 ± 0.13) (Fig. 5). The highest anisotropy was 
obtained for PET-Spray3 whatever the time points for 2 weeks 
(AnisorityPET-Spray3=0.28 ± 0.10) and 3 weeks (AnisorityPET-Spray3=0.20 ± 
0.09) respectively.   

After 2 weeks, the RUNX2, OPN, E11, DMP1 and SOST nucleus's 
expressions of the condition “hMSCs on glass in DMEM medium” 
were very low (Fig. 4A, S4). Nevertheless, the OBs’ OPN expression in 
the nucleus was far superior to hMSC cultured on glass in DMEM and 
ODM medium (Fig. 4A, S4). The immunofluorescence results showed 
that cells seeded on PET grafted with both peptides (RGD + BMP-2) 
had a higher potential to induce osteogenic differentiation than the 

 

Figure 3. Fluorescence images of hMSC cultured for 2 weeks (A) and 3 weeks (B) on 
PET-RGD, PET-BMP, PET-Mix1, PET-Mix2, PET-Spray2 and PET-Spray3. The controls 
are: OB seeded on glass, hMSC on glass in normal medium and hMSC on glass in 
osteogenic medium. Cells were stained with conjugated phalloidin to detect F-actin 
and DAPI (nucleus). Objective 40x, scale bar is 50 μm. 
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single peptide without osteogenic differentiation medium (data not 
shown). Fluorescence images indicated that hMSC expressed RUNX2 
marker on all conditions (PET-MIX1, PET-MIX2, PET-Spray2 and PET-
Spray3) with no fluorescence intensity difference between them in 
DMEM and in ODM medium (data not shown). Our results 
highlighted an overexpression of OPN for all conditions in 
comparison with the control “hMSC seeded on glass in DMEM 

medium” (Fig. 3, S4). The 2 conditions with the highest 
overexpression of OPN were PET-Spray 3 and the control “OB on 
glass” (Fig. 3, S4). Our previous results highlighted an E11 
overexpression in the case of PET-MIX2 and PET-MIX1 in comparison 
with PET-RGD and PET-BMP (data not shown) that’s why we selected 
PET-MIX1 and PET-MIX2 for our future experiments which have the 
same peptide density as PET-Spray2 and PET-Spray3 respectively to 

 

Figure 4. Quantitative analysis of the immunofluorescence of OPN, E11, SOST, and DMP1 after 2 weeks (A) and after 3 weeks (B) of culturing on PET-MIX1, PET-MIX2, PET-
Spray2, PET-Spray3 in normal medium. Our controls: hMSC seeded on glass in normal and osteogenic medium and OB seeded on glass. The statistical analysis is presented on a 
supplementary data for clarity. 

 
Figure 5. Quantitative analysis of the cell morphology culture on PET-RGD, PET-BMP, PET-MIX1, PET-MIX2, PET-Spray2, PET-Spray3. Aspect，circularity, and anisotropy after 2 
weeks in normal medium (A), and after 3 weeks in osteogenic medium (B). Our controls: hMSC seeded on glass in normal and osteogenic medium and OB seeded on glass. The 
statistical analysis is presented on supplementary data for clarity. 
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assess the impact of the micro, nanodistribution of bioactive cues on 
hMSC differentiation. Fluorescence images revealed that PET-Spray2 
and PET-Spray3 had an overexpression of E11 and DMP-1 after 2 
weeks of culture in DMEM medium. Compared to all other 
conditions, PET-MIX2, PET-Spray2 and PET-Spray3 induced 
significantly higher expression of SOST. Immunostaining of 
osteogenic markers indicated that the surfaces with both peptides 
(homogeneous surfaces and PET-Spray) favored the osteogenic 
differentiation of hMSCs (Fig. 4). 

Cell commitment into an osteoblastic lineage was also 
investigated after 2 (data not shown) and 3 weeks after seeding in 
osteogenic medium. The expression of RUNX2, OPN, E11, DMP1, and 
SOST was assessed. The control group was hMSCs on glass cultured 
in DMEM and ODM medium, and OBs cultured on glass.  

All conditions overexpressed OPN compared with hMSC seeded on 
glass during 3 weeks in DMEM medium (Fig. 4, S4) which somewhat 
confirms the differentiation of hMSC into osteogenic lineage. A large 
number of hMSC maintained their stemness state on glass in DMEM 
medium. The OPN expression is higher in the case of PET-Spray3 (Fig. 
4, S4). The fluorescence intensity of E11, DMP1 and SOST was similar 
for the 3 controls. The same tendency was observed for E11, DMP-1 
and SOST for all the other conditions. A strong overexpression of the 
osteocyte markers was assessed in the case of PET-Spray2 and PET-
Spray3. The ranking upon the expression of osteocyte markers could 
be: PET- Spray3>PET- Spray2>PET-MIX2>PET-MIX1>OB on glass> 
hMSC on glass in ODM medium. Surfaces with higher BMP whole 
density (PET-Spray3 and PET-MIX2) showed a higher osteocyte 
induction. Furthermore, PET with disordered cues of BMP-2 induced 
higher osteocyte commitment of hMSC in comparison with 
homogeneous MIX surfaces with the same density of peptides. 

Discussion 
In vivo, the cellular microenvironment has a crucial impact on 

regulating cell behaviors and functions. The most common method 
to induce the differentiation of MSCs is the treatment of the cell 
culture plates with medium containing multiple growth factors, 
proteins, and chemicals that have been proven to be highly effective 
in guiding MSC differentiation toward specific lineages. Specifically, 
osteogenic differentiation factors include bone morphogenetic 
protein (BMP), basic fibroblasts, dexamethasone, vitamin D3, beta 
glycerophosphate, and ascorbic acid have been reported to convert 
MSCs into osteoblasts with high efficacy.72 But, cultured cells in Petri 
dishes and flasks receive completely different environmental cues 
compared to natural tissues, causing radical alterations in cell 
morphology and function.73 While traditional materials/molecules, 
known as ‘soluble cues’ continue to show its effectiveness in MSC 
differentiation, other ‘insoluble cues’ have been reported to 
successfully regulate physical/mechanical properties of substrates in 
which cells attach, grow, and differentiate. Micropatterns, 
nanopatterns, nanoparticles and biohybrid materials have been 

widely used as physicochemical factors in conjunction with proper 
functionalities on material surfaces in order to (i) maintain 
multipotency of the MSCs for long-term culture,74 (ii) control cell 
adhesion, migration and proliferation, and (iii) guide their 
differentiation into specific lineages.9, 17-21, 23, 31, 36, 70, 74-77 Among 
various materials available for stem cell studies, carbon-based 
materials, including fullerenes, carbon nanotubes, and 
graphene/graphene oxide have shown potential for cell-friendly and 
cell adhesive materials with lower toxicity.31, 76, 77 While both 
induction culture media and material mechanical properties have 
been reported to regulate the stem cell fate, little is known about 
which factor plays a more decisive role in directing the MSC 
differentiation lineage.78 The underlying mechanisms for both 
regulating effects remain to be elucidated. Stem Cells (SC) reside in a 
niche made up of neighboring cells and the ECM infused with 
autocrine and paracrine soluble growth factors.10 Cellular behavior 
depends on the abundance and distribution of bioactive factors in 
the ECM, which undergoes remodeling as a result of cells' self-
renewal and differentiation.12, 79 For instance, during MSCs 
proliferation, the native ECM has a higher concentration in fibroblast 
growth factor-2 (FGF-2),80 while the ECM is richer in bone 
morphogenic protein-2 (BMP-2) during osteogenic differentiation. 
The interplay between SCs and these components seems rather 
intricate, and SC-ECM interactions are extensively studied.14, 81 
During the past decade, cell-material interactions have emerged as a 
leading research area in regenerative medicine.14, 82, 83 Material 
scientists, including our group, 9, 17-21, 23, 31, 36, 37, 50, 71, 75, 77  have been 
designing a variety of biomimetic materials to reproduce cell-ECM 
interactions.32, 84 Cellular behaviors are influenced by chemical cues, 
9, 17-21, 23, 31, 36, 37, 50, 71, 75, 77 such as chemical composition, and ligand 
density,85 as well as physical parameters such as matrix stiffness,10, 

20, 86-88 surface topography,22, 26, 89, 90 and interfacial hydrophobicity of 
the microenvironment. Based on this knowledge,91 many strategies 
to translate native ECM features to in vitro models use growth 
factors to control the fate of MSCs.40, 92 BMPs induce the 
differentiation of mesenchymal cells towards chondrogenic and 
osteogenic lineages.8, 93 The differentiation of hMSCs and 
progenitors towards the osteoblastic lineage is usually accomplished 
in response to BMP proteins or their mimetic peptides. BMPs interact 
with BMPR-I and BMPR-II receptors leading to the phosphorylation 
of BMPR-I by BMPR-II, which in turn activates Smad 1/5/8 signalling 
pathways.94-96 This Smad-dependent pathway leads to an up-
regulation of Runx-2 transcriptional factor, which in turn regulates 
the expression of other osteoblast-specific proteins such as bone 
sialoprotein (BSP) and osteopontin (OPN).97 BMP-2 has been 
approved for clinical use by FDA in 2007.92, 98 The most recognized 
adverse event related to BMP-2 use is ectopic bone formation, 
associated with BMP-2 leakage outside the implant site. An 
innovative approach consists in grafting biochemical cues onto the 
surface of bioinert materials to mimic physiological conditions. In 
fact, coatings made of adhesion proteins and growth factors have 
been used since a combination effect between growth factors 
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receptors and integrins were shown to regulate multiple biological 
events, including osteogenesis.9, 17, 18, 20, 21, 31, 36, 50, 99  

In our work, PET was chosen as a model surface. Bioactive peptides 
able to favour not only MSC adhesion but also MSC differentiation 
into osteoblast lineage were grafted onto PET surface upon EDC/NHS 
activation. At each step of functionalization, TBO assay 36,100, 64, 67,68 
and XPS were used to quantify the density of functional groups on 
the PET surface.  

As shown in Fig. S1, there is a significant difference in the COOH 
density between native PET and PET-Activated. The density of COOH 
dropped from 30 pmol/mm2 to 20 pmol/mm2 after EDC/NHS 
activation. This result is consistent with other publications36,64,67,68. 
The activated carboxyl group on the surface of PET-Activated can 
chemically react with the amino group on the peptide, thereby 
grafting the peptide onto the surface of PET-Activated. Our results 
highlighted that the density of COOH was not significantly different 
between PET-Activated, PET-BMP, and PET-RGD. Considering each 
peptide contains two carboxylic groups (Fig. S1), one could expect to 
observe an increase of the density of COOH groups onto PET after 
peptide grafting. A certain decrease that has been however observed 
is likely connected with the effects of charged side chains of grafted 
peptides preventing the interaction of TBO+ with the surface. 68 

We have also attempted to characterize the material at each 
functionalization stage by XPS. Basing on the previously published 
data, 36, 63 we have chosen nitrogen content (in atomic %), C/N (at. 
%/at.%) ratio and N-C=O content (mol. %) as characteristic values for 
functionalization monitoring. The nitrogen content values (NPET-

Activated: NPET-BMP: NPET-RGD= 1.7: 2.6: 1.0 at. %) was, as expected, slightly 
lower than those reported previously taking into account that no 
oxidation and hydrolysis were done on PET to increase the COOH 
density and then the peptide density 36 (2.8:3.1:2.1 at. %, 
respectively. As explained in Padiolleau’s publication),36 hydrolysis 
and oxidation of PET resulted in a higher COOH density on PET 
surface and then an increase of the hydrophilicity of virgin PET which 
was inconsistent with the spray technique. One of our objectives was 
to control the PET hydrophilicity before the spray process to avoid 
the coalescence of drops at liquid interfaces after spraying. However, 
using characteristic N−C=O band at 287.3 eV corresponding to 
peptide bonds, we could estimate the peptide content on the surface 
more precisely. The percentage of N-C=O is 1.1%, 2.2% and 0.7% in 
PET-Activated, PET-BMP and PET-RGD, respectively (Table 2). The 
increase of N-C=O content occurs due to the grafting of peptides on 
the surface (7 N-C=O groups per RGD peptide and 22 N-C=O groups 
per BMP peptide). However, the RGD and BMP-2 peptides likely have 
different accessibility to the surface due to the differences in size, 
that results in less efficient grafting of the latter.  

Peptide densities were evaluated by fluorescence microscopy on 
PET solely or dually functionalized with fluorescent peptides. On PET 
containing only one peptide, the total peptide surface density was 

estimated to 0.61 ± 0.06 pmol/mm2 and 0.84 ± 0.05 pmol/mm2 on 
RGD-TAMRA and BMP-2-TAMRA PET surfaces, respectively. In Royer 
et al.,63 the GRGDSK-TAMRA peptide density on the PET surface was 
evaluated at 1.9 ± 0.1 pmol/mm2. Here, PET surfaces were firstly 
hydrolyzed and oxidized in order to create –COOH groups on PET 
surfaces.63 As expected, our results showed lower peptide density 
immobilized onto PET surface without PET hydrolysis and oxidation 
to create more COOH groups. In previous work38, the RGDC peptides 
densities obtained varied between 0.6 ± 0.04 pmol/mm2 (using the 
same grafting conditions used in our work) and 1.7 ± 0.04 pmol/mm2 
(after hydrolysis and oxidation of PET). 85 Thus, our results are 
consistent with these results even though the evaluation of the 
density of peptides was performed with another technique (High 
resolution beta-imaging technique using radioelement). Kim et al. 
evaluated hMSCs osteogenic differentiation on modified tissue 
culture plastic (TCP) surfaces where the density of BMP-2 peptides 
was 0.69 pmol/ mm2 .63 In the same context, Moore et al. fabricated 
a linear gradient of BMP-2 peptide (0–1.4 pmol/mm2) on glass 
surfaces and showed that at least 0.8 pmol/mm2 is required to up-
regulate Runx-2 gene expression.63  

On the other hand, the dual peptide grafting; i.e. RGD + BMP-2 
surfaces led to lower individual peptide densities as compared to the 
sole peptide grafting, which was expected. Indeed, on 
bifunctionalized surfaces, the surface density of RGD-TAMRA and 
BMP-2-TAMRA mimetic peptides was estimated at 0.68 ± 0.1 
pmol/mm2 and 0.03 ± 0.01 pmol/mm2 for MIX 1 and at 0.56 ± 0.05 
pmol/mm2 and 0.13 ± 0.03 pmol/mm2 for MIX 2, respectively. In 
other words, the global peptide density on bifunctionalized surfaces, 
estimated at 0.71 pmol/mm2 for MIX1 and 0.69 pmol/mm2 for MIX2 
was close to that measured on surfaces containing only RGD-TAMRA 
or BMP-2-TAMRA (0.61 and 0.84 pmol/mm2 respectively). These 
results are consistent with previous literature data showing that the 
grafting of pre-mixed RGD and BMP-2 peptides at equimolar 
concentration leads to a 50:50 combination, such that each peptide 
covers half of the whole surface.101, 102,37,77 

To confirm the peptide grafting on geometrical cues, we used ToF-
SIMS which is a very sensitive tool to characterize the micropatterns. 
We have selected two characteristic ions of nitrogen-containing 
functional groups (CN-, CNO-) for consideration (Fig. 2B). Being 
present in all samples of functionalized PET, these two ions served as 
functionalization markers, making it possible to probe the surface of 
materials. As it may be expected, distribution patterns of both ions 
are very similar in the same samples, with the relative intensity of 
signals increases as a function of surface modification (compare Fig. 
2B). This result was further confirmed by XPS analysis (N-
C=O%PET=0.3%; N-C=O%PET-Activated=1.1%; N-C=O%PET-BMP=2.2%). 
Interestingly, using the same condition “PET-Spray1”, we obtained 
similar distribution of the BMP patterns using ToF-SIMS and 
fluorescence microscopy: the size of the BMP-2-TAMRA pattern 
ranges from 1 μm to 160 μm (Fig. 2B, C).  
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Furthermore, many researchers pointed that the surface 
roughness played an important role in directing cell differentiation.36 
AFM was used to evaluate the roughness of materials at each step of 
the functionalization. Interestingly, PET-Spray has similar surface 
topography and roughness (R PET-Spray = 1.2 ± 0.2 nm) with PET-BMP, 
although PET-Spray was prepared using the Spray technique to 
create disordered BMP-2-TAMRA micropatterns on PET-Activated. 
As concluded previously with fluorescence microscopy results, AFM 
results confirmed that all the peptides were grafted homogeneously 
onto PET.  

The grafted RGD onto surfaces favors cell adhesion. It was known 
that very few hMSC adhere on virgin PET surfaces38. After peptide 
grafting, using a sole (RGD or BMP-2) or a dual peptide grafting 
(RGD+ BMP (MIX1 or MIX2) or PET-Spray), hMSC adhere on PET 
surfaces. Interestingly, the higher overexpression of OPN was 
observed when hMSCs were seeded on PET with both peptides (Fig. 
4). The literature has recently demonstrated that homogeneously co-
conjugated RGD/BMP-2 peptides onto PET surfaces significantly 
enhanced hMSCs osteogenesis as compared to the solely 
homogeneous grafting of BMP-2 or RGD peptides. Biological results 
showed that the osteogenic commitment of hMSCs was enhanced on 
bifunctionalized surfaces as compared to surfaces containing BMP-2, 
while on RGD surfaces cells mainly preserved their stemness 
character. 9, 36, 63 Several parameters need to be taken into 
consideration, including the length of the linker between the 
carboxyl groups and cell-binding peptides moieties to ensure high 
accessibility of the peptide functional groups to the cell-surface 
receptors. 19-21, 35,36,103, 104 

Interesting findings have been reported regarding the 
specification of hMSCs into specialized phenotypes in response to 
microscale spatially distributed ligands. For example, Bilem et al.17,18 
provide clear evidence that hMSCs perceive geometric cues in their 
microenvironment, it is quite intriguing that RGD/BMP-2 
micropatterns shaped as triangles and squares significantly 
enhanced hMSCs osteogenesis, while those shaped as rectangles 
exerted no specific effect on hMSCs fate, as compared to 
homogeneous surfaces. One possible explanation is that triangular 
and square micropatterns elicit more drastic changes in cytoskeleton 
organization as compared to rectangular geometries. Padiolleau et 
al.37 demonstrated that the combinations of peptides with RGD and 
BMP-2 mimetic peptides could further induce stem cell 
differentiation when appropriately organized on the surface. The 
patterning must be relatively small (area less than 625 μm2) and 
sharp in terms of their shapes (such as rectangles). Among all the 
concentrations assessed, a 50/50 combination of RGD and BMP-2 
appears to be the best mixture to promote osteogenic 
differentiation. McBeath et al. cultured MSCs on different microsized 
fibronectin islands (1024, 2025, and 10 000 μm2) for 1 week in mixed 
osteogenic/adipogenic media. They found that MSCs seeded on the 
largest micro islands differentiate preferentially toward osteoblast 

phenotype, whereas those on relatively small microislands tend to 
differentiate into adipocytes. All these publications used 
photolithography technique to elaborate bioactive micropatterns of 
different geometries on the surface. It should be noted that the 
originality of our work is to elaborate disordered bioactive patterns 
on polymer surfaces using a low-cost technique. 

Meanwhile, Matthew et al. used EBL technology to fabricate 
nanotopography with different symmetries and degrees of disorder 
on the PMMA surface. They studied the interaction of 
osteoprogenitor cells and mesenchymal stem cells with these 
materials' surfaces. Their results first presented that disordered 
topography may be an effective strategy for inducing differentiation: 
highly ordered nano topologies have negligible effects on cell 
adhesion and osteoblast differentiation, whereas with random 
nanocues cells exhibited a more osteoblastic morphology after 14 
days.60, 63, 102, 105 Previous studies have found that ordered nanopits 
can reduce cell adhesion. Moreover, disordered nanopits can better 
promote the osteogenic differentiation of embryonic stem cells .106 
Our results are in good agreement with this study: PET- Spray3 (with 
highly disordered bioactive patterns (drops with a large difference in 
diameter and a large difference in spacings between drops)) showed 
significantly higher OPN expression than PET-MIX2 (with ordered and 
homogeneous topography). In the same way, PET-Spray2 showed 
significantly higher OPN expression than PET-MIX1 (same density of 
peptides for both conditions). To sum up, not only the bioactivity of 
the surface (that means the selected peptides) but also the 
distribution of peptides' micropatterns impact on hMSC fate. More 
precisely, using DMEM or ODM medium, disordered bioactive BMP-
2 cues revealed a higher expression of osteocyte markers (early (E11 
and DMP-1) or late markers (SOST)) than PET functionalized with not 
only RGD but also BMP-2 peptides (with the same densities of each 
peptide in the 2 conditions) (Fig. 4A, B). 

This result convinced that a few cells on PET-Spray 3 already 
exhibited mature osteocyte characteristics, while most of cells still 
maintained the characteristics of pre-osteocytes or later osteoblasts. 

As an hMSC attached and spread on a surface, the morphology of 
the hMSC shifted from elongated spindle-shaped MSCs to a range of 
potential morphologies, such as: cuboidal or polygonal-shaped MSCs 
or MSCs demonstrating multiple large processes, referred to as 
stellate morphologies. Morphological results showed that hMSC 
morphology generally tended to have an elongated and flattened 
shape, characterized by high anisotropy, high aspect ratio, and low 
circularity.107, 108 Most of the induced cells grown to be cuboidal in 
shape, showing low anisotropy, low aspect ratio, and high 
circularity.109, 110 Few cells were induced to tend to stellate 
morphology, exhibiting low anisotropy, low aspect ratio, and 
moderate circularity.111-113  

We examined temporal changes in aspect ratio, circularity and 
actin anisotropy to assess the MSC morphology changes in response 
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to all PET surfaces functionalized with bioactive peptides 
homogeneously or with micro/nanopatterns. A quantitative 
assessment of cell morphology, summarized in Figure 5, confirmed 
these observations after 2 and 3 weeks of cell culture. After 2 weeks, 
hMSCs cultured in DMEM medium on glass had the highest 
anisotropy (0.45), most significant aspect ratio (2.73) and lowest 
circularity (0.34) (Fig. 5, S5). Gultian et al. found that the MSC had 
approximately an aspect ratio from 2.5 to 5 and a circularity from 0.4 
to 0.7 depending on the stiffness of the materials.2 OB on glass 
showed lower anisotropy (0.37), lower aspect ratio (1.58) and 
highest circularity (0.56) (Fig. 5).17, 114 The AR of PET-BMP, PET-MIX1, 
PET-MIX2, PET-Spray2, and PET-Spray3 were 2.26  0.81, 2.07  0.83, 
1.89  0.75, 1.85  0.70, 1.81  0.56; and their circularity were 0.50 
 0.14, 0.43  0.16, 0.48 0.14, 0.49  0.14, 0.43  0.15. These 
osteoblast values were consistent with the data of Rabel et al.: the 
aspect ratio was 2, the circularity was 0.6.115 This indicated that after 
2 weeks’ culture in DMEM medium, hMSCs on PET-BMP, PET-MIX1, 
PET-MIX2, PET-Spray2, and PET-Spray3 were induced to osteoblast, 
and their cell morphology was similar to OB. In contrast, more 
changes were observed after 3 weeks’ culture in differentiation 
medium. Previous studies have shown that MSC exhibit increased 
actin anisotropy when they undergo osteogenic differentiation.116 It 
is worth mentioning that hMSC on PET-Spray3 in differentiation 
medium had the lowest anisotropy value (0.20) and the lowest 
circularity value (0.26). Verbruggen et al. observed the circularity of 
osteocyte to be 0.23. In contrast, OB had higher anisotropy (0.37), 
lower aspect ratio (1.52) and highest circularity (0.57). These results 
showed that PET-Spray3 had lower anisotropy and circularity than 
OB, which means PET-Spray3 has a more disordered F-actin and an 
increasingly elongated shape trend. 

The clinical translation of mesenchymal stem cells (MSCs) is 
limited by population heterogeneity and inconsistent responses to 
engineered signals. Our objective is the fabrication of an innovative 
coating (a smart cell culture plate) for the rapid production at high 
yields of osteoblast cells from hMSC of a patient. To the best of our 
knowledge, our study represents the first in vitro differentiation of 
hMSCs into osteocytes using 2D disordered micropatterned surfaces, 
which therefore constitutes a major step forward for the study of 
hMSCs osteogenic differentiation and osteocyte function in bone, 
and for bone reconstruction. Moreover, this is the first time that a 
spray technology was used to synthesize disordered bioactive micro, 
nano patterned surfaces for the study of their impact on MSC 
differentiation. Most of the studies with a focus on disordered cues 
on surfaces are interested in topographical cues.90 Taken together, 
even though further investigations are required to fully elucidate 
these finding, these results obtained not only with 
immunocytochemistry but also cell shape analyses suggest that the 
combination of chemical and geometric cues was able to direct stem 
cell fate. Our results showed that culture and induction of hMSCs 
with conventional culture medium and conventional osteogenic 
medium resulted in a same conclusion: disordered bioactive micro, 

nano patterned PET surfaces with the highest density of BMP-2 was 
the best candidate. 

The spraying protocol described in the present work is easily 
adaptable to large-scale manufacturing, enabling control of the stem 
cell onto various 2D or 3D disordered bioactive micro, nanopatterns 
onto polymer surface. Traditional electron-beam lithography (EBL) 
nano, microfabrication was limited to patterning on planar 
substrates and often involves various chemicals in lithographic steps. 
Compared with EBL technology, it is easy with spray technique to 
obtain at low-cost patterns of bioactive molecules.90 We argue that 
the stacking of individually patterned 2D materials using spray 
technology could enable 3D printing at atomic resolution, even 
though this has not been demonstrated here .117 

Materials and Methods 
Materials 

PET samples were taken from a commercial crystalline biaxially 
oriented film obtained from Goodfellow. The bioriented film had a 
thickness of 0.1 mm. Dimethylaminopropyl-3-
ethylcarbodiimideethylcarbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), and 2-(N-morpholino)-ethanesulfonic 
acid (MES) were purchased from Sigma-Aldrich (France). Native and 
TAMRA-labelled peptides KGRGDSPC, K(TAMRA)-GRGDSPC (RGD), 
and KIPKASSVPTELSAISMLYLK, KIPKASSVPTELSAISMLYLK(TAMRA) 
(BMP-2) peptides were synthesized by GeneCust (Boynes, France). 
Bone marrow mesenchymal stem cells (hMSCs), human osteoblasts 
(OB), Mesenchymal stem cell growth medium 2, SupplementMix 
MSC growth medium 2, MSC osteogenic differentiation medium, 
SupplementMix MSC osteogenic diff. medium and osteoblast growth 
medium, and Supplement Mix osteoblast growth medium were 
purchased from PromoCell GmbH (Heidelberg, Germany). Dulbecco's 
modified eagle Medium (D-MEM), Dulbecco's phosphate buffered 
saline (1X) (PBS), Trypsin-EDTA, Fetal bovine serum (FBS), Alexa 
FluoroshieldTM 488 Phalloidin, Secondary antibodies (Goat anti-
Mouse lgG (H+L) Highly Cross-Adsorbed Secondary Antibody Alexa 
FluoroshieldTM 647 and Goat anti-Rabbit lgG (H+L) Highly Cross-
Adsorbed Secondary Antibody Alexa FluoroshieldTM 647), and DAPI 
were obtained from Thermo Fisher Scientific (USA). Primary antibody 
against RUNX2 Rabbit mAb was acquired from Cell Signaling (USA). 
Mouse anti-osteopontin (OPN) was bought from Santa Cruz 
Biotechnology (USA). Mouse monoclonal anti-podoplanin (E11) 
antibody and Rabbit polyclonal anti-Sclerostin (SOST) were 
purchased from Abcam (EL ROZENBURG, Germany). DMP1 
monoclonal antibody (DMP1) was purchased from Abnova (Taiwan, 
China) Tween 20, Triton X-100, Bovine serum albumin (BSA), and 
Trypan Blue solution were obtained from Sigma (USA). 
Antibiotic/Antimycotic solution were obtained from GE Healthcare 
Life Sciences (USA). 

Surface conjugation with mimetic peptides 
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PET was ultrasonically cleaned with ethanol for 1 h and immersed 
in a solution of EDC (0.2M), NHS (0.1M) and MES (0.1M) in MilliQ 
water at room temperature for 1 h to convert the surface’s 
carboxylic acid groups into activated esters.  

We used EDC/NHS/MES to activate the carboxyl groups on the 
PET surface (Figure 1). Since this cross-linking reaction must be 
performed in a buffer devoid of extraneous carboxyls and amine 
groups, we chose to use MES buffer (4-morpholinoethanesulfonic 
acid). The EDC/NHS coupling protocol was used to improve 
efficiency and generate dry, stable intermediates containing 
activated ester groups. The resulting materials were called “PET-
Activated”. All peptides were first dissolved in DMSO. The activated 
surface was immersed into the RGD-TAMRA, BMP-2-TAMRA or 
mixed RGD and BMP-2 solution (10 µM with MilliQ water) for 16 h 
at room temperature. After covalent immobilization, the surfaces 
were sonicated 6 times with Milli-Q water for 15 min to remove the 
physically attached peptides. The resulting materials were called 
“PET-RGD”, “PET-BMP”, “PET-MIX1” (3% BMP-2+97% RGD), “PET-
MIX2” (23% BMP-2+77% RGD). 

Due to the primary amines and carboxylic acids in peptides, the 
activated carboxyl groups on the surface of the activated material 
are easy to link to the primary amines in the polypeptide. The steps 
of surface modification PET, PET-Activated, PET-BMP, and PET-RGD 
were shown in Figure 1. 

An automatic spray gun (PILOT WA 450, WALTHER Spritz- und 
Lackiersysteme GmbH, Germany) was mounted on a rail. Air cap (0.3-
1.8mm, V1136030050*) was connected to the spray gun. A pressure 
regulator (BD-26-8-6) was used to control air pressure. A syringe 
pump (R99-EB, Razel Scientific Instruments) was plugged between 
the spray gun and a 20 cc/mL Terumo syringe without needle 
(Terumo Europe N.V.). A controlled table (PROLABO) enables a 
maximum displacement of 10 cm to adjust the distance between the 
nozzle and the material. To prepare bioactive micro, nanopatterned 
PET (called “PET-Spray”), we used a Spray technology. A homemade 
prototype was fabricated. 

BMP-2-TAMRA peptide was sprayed at a concentration of 10 µM 
in 7.5% glycerol solution, which can control the viscosity to ensure 
that the patterned biomolecules were sufficiently grafted onto the 
material surface. The volume and flow of liquid were controlled by a 
micropump. The distribution of micropatterning can be controlled by 
adjusting the distance between the spray nozzle and material, the 
liquid flow speed, the spray time, and the air pressure. The PET-Spray 
surfaces were kept at 4°C for 4 days to obtain the higher peptide 
density onto PET surface. Then, the surfaces were sonicated 6 times 
with Milli-Q water for 15 min to remove the physically attached 
peptides. 

 For ToF-SIMS and AFM characterizations, the air pressure, flow 
speed, and spray time values were 0.5 bar, 50 μl/min and 3 s, 
respectively, to obtain drops from 3 to 152 µm in diameter and a 

value of 3% for BMP-2-TAMRA surface coverage. For cell 
experiments, we designed 4 spray conditions: PET-Spray1 (using the 
setup values of 0.5 bar, 50 μl/min, 3 s), PET-Spray2 (with 0.5 bar, 200 
μl/min, 1 s), PET-Spray3 (1 bar, 200 μl/min, 3 s), and PET-Spray4 (2 
bar, 150 μl/min, 1 s). As shown in Table 1, PET-Spray1 and PET-Spray4 
have similar BMP-2 peptide surface coverage but different peptide 
distribution. For example, PET-Spray1 has approximately 86.9%, 7.5 % 
and 3.7 % of drops between 0-10 µm, 10-20 µm and 20-30 µm, 
respectively. In contrast, PET-Spray2 and PET-Spray3 have different 
BMP-2 peptide surface coverage, but their distribution is similar. The 
PET-Spray materials had 2 different areas: patterns grafted with 
BMP-2-TAMRA peptide, the rest of the surface is functionalized with 
EDC/NHS.  

Toluidine Blue Assay 

A toluidine blue O (TBO) assay was performed on the surfaces to 
quantify the density of carboxylic acid groups on the PET surface 
after the different modification steps. Basically, square PET samples 
(1 cm × 1 cm) were immersed in 10 mL of TBO/ NaOH solution (0.5 
mM, pH = 10) for 6 h under stirring in the dark at room 
temperature. The main aim of this step was to obtain interactions 
between TBO molecules (positively charged) and COO- groups on 
the surface of PET. Then, the PET surfaces were washed once with 
10 mL of NaOH solution (pH 10) and twice with 10 mL of MilliQ 
water. The samples were then immersed in 5 mL of 50% acetic acid 
for 10 minutes to facilitate the release of the adsorbed complex 
dyes (TBO molecules) from the sample surface.100 Finally, the wash 
solutions from the different samples were transferred to wells of a 
96-well culture plate (200 μL/well), and the spectrometer measured 
the absorbance at 633 nm. Based on the assumption that 1 mol of 
TBO+ molecule is complexed with 1 mol of surface COO- groups, the 
concentration of carboxyl groups can be determined from the 
calibration curve.63, 118 To construct a calibration curve, we 
prepared TBO solutions ranging from 0.1 to 0.00001 mM by 
dissolving TBO powder in 50% acetic acid solution and measured 
their absorbance  

 at 630 nm using a spectrophotometer (Biotek, ELx808 absorbance 
reader). The recorded absorbance was then translated to the 
carboxyl groups’ density according to the calibration curve (Fig. S1). 
119 The carboxyl groups were quantified in triplicate for each surface 
modification condition. Furthermore, the sample’s surface carboxyl 
group concentration (pmol/mm2) was calculated according to the 
surface area.  

X-ray Photoelectron Spectroscopy (XPS) 
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 After each step of the peptide grafting, surface chemical 
compositions were determined by XPS using a Thermo Fisher 
Scientific K-ALPHA spectrometer. No fluorescent peptides were used 
for XPS analysis. PET materials were analyzed with a 
monochromatized Al-Kα source (hν = 1486.6 eV) and a 400 μm X-Ray 
spot size. Five measurements per sample were carried out to 
ascertain the reproducibility of the surface chemistry. The survey 
spectra (0-1100 eV) were recorded by using a constant pass energy 
of 200 eV, while high-resolution spectra were recorded with a 
continuous pass energy of 40 eV. Charge neutralization was applied 
during the analysis. High-resolution spectra (i.e., C1s, O1s, N1s) 
shifted versus the main C1s component at around 284.8 eV were 
quantified using the Avantage software provided by Thermo Fisher 
Scientific. The main attention was paid to the C1s and N1s spectra by 
fitting to discuss the chemical bonding. Three replicates per 
condition were tested and five measurements per sample were 
carried out to ascertain the homogeneity of the surface modification. 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

 ToF-SIMS analyses were performed using a ToF-SIMS (ION-TOF) 
instrument located at PLACAMAT (University of Bordeaux). We used 
an electron flood gun to compensate for charges on samples. To 
obtain high mass resolution spectra for these samples, we took a 
pulsed Bi3+ primary ion beam at 30 keV, and the current at 0.30 pA. 
The spatial resolution of the image acquired under this setting is 128 
x 128 pixels for a scanning area of 500 x 500µm. It means the pixel 
size is around 4 µm. This size corresponds to the primary beam size 
we used. For the mass resolution, the CN- peak width was around 1.7 
ns that corresponds to 0.007 m/z. For the references, we made 150 
scans. 

Atomic Force Microscopy (AFM) 

AFM was used to characterize the roughness and morphology 

(Dimension Fast scan AFM, Bruker). FastScan-C probes (40 μm long 
silicon nitride cantilevers with pyramidal silicon tips of 5 nm tip 
radius; resonance frequency : 300 kHz; nominal spring constant : 0.8 
N/m) were used in tapping mode to characterize the sample surface 
in air at room temperature. To better evaluate the surface roughness 
and morphology of the samples, we set two different image sizes of 
AFM scanning area: 20 μm× 20 μm and 1 μm × 1 μm. Figure 2d 
showed the AFM height image obtained by 1 μm × 1 μm (Fig. 2D(і)), 
and 20 μm × 20 μm (Fig. 2D(ⅱ)), respectively. The root-mean-square 
surface roughness (R) was calculated via Nanoscope analysis 
software. Three independent measurements were performed on 
each sample to ascertain the homogeneity of the surface 
modification. 

Evaluation of Peptide Density by Fluorescence Microscopy 

The density of peptides immobilized onto PET surfaces was 
evaluated by fluorescence microscopy (using a Leica DM5500B 
microscope, Germany). To do so, fluorescent peptides (peptides 
linked to fluorescent dyes through lysine (K)) were grafted onto PET, 
according to our protocol described above and our previous papers. 
9,36, 63, 85 To quantify covalently grafted peptides, PET surfaces were 
functionalized with RGD-TAMRA, BMP-2-TAMRA, BMP-2-TAMRA 
and RGD-TAMRA, BMP-2 and RGD-TAMRA, BMP-2-TAMRA and RGD. 
After the grafting of fluorescent peptides onto PET and after the 
washing step, images were taken at 2.5x Objective. The parameters 
set were: Bin1, Gain2 and 1000 ms for the exposure time. The same 
parameters were applied to all images. Each sample was in triplicate, 
and 10 different areas per sample were analyzed. The fluorescence 
intensity of peptide-TAMRA grafted onto the PET surface was 
quantified by Image J software. The surface density of each 
fluorescent peptide grafted was measured using the calibration 
curve in pmol/mm2 (Fig. S3 a, b). To do so, a series of droplets of RGD-
TAMRA and BMP-2-TAMRA peptides with known concentrations 
(from 10 nM to 10 µM) were deposited on virgin PET surfaces. These 

Table 1. Parameters used for spray technique and the obtained distribution of spots (% for each diameter) 

 
 

Air pressure 
(bar) 

Speed 
(μl/min) 

Time 
(s) 

0-10 
μm  

10-20μm 20-30μm 30-40μm 40-50μm 50+ 
μm 

Average 
diameter 

Surface  
coverage 

PET-Spray1 0.5 50 3 86.9 7.5 3.7 0 0.9 0.9 9.2 2.9 

PET-Spray2 0.5 200 1 54.4 23.5 8.8 1.5 4.4 7.4 16 4.5 

PET-Spray3 1 200 3 52.1 26.7 6.8 0.7 2.7 11 20.6 23.3 

PET-Spray4 2 150 1 51.5 28.7 14.9 4.0 1.0 0 13.2 3.2 

 

Table 2. XPS analyses of PET surfaces at each step of peptide grafting 

 C (%) O (%) N (%) C/N (%) C/O (%) C-C (%) C-CO (%) C-O (%) N-C=O (%) COOR (%) 

PET 72.3 27.7 0.1 \ 2.6 30.3 13.0 14.4 0.3 12.5 
PET-Activated 71.8 26.5 1.7 42.2 2.7 30.4 11.5 16.2 1.1 12.4 

PET-BMP 71.5 25.8 2.6 27.5 2.8 32.2 9.5 15.8 2.2 11.3 
PET-RGD 72.4 26.6 1.0 72.4 2.7 30.1 14.3 14.2 0.7 12.1 
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peptide droplets were then imaged at the same Objective and 
exposure time, and a standard curve was constructed for each 
peptide. Then, the fluorescence intensity on different peptide-
modified surfaces was quantified by  

Leica MMAF software, and the peptide density was evaluated 
according to the standard curve in pmol/mm2.  

Cell Culture 

hMSCs were thawed and cultured in mesenchymal stem cell 
growth medium in a humidified environment containing 5% (vol/vol) 
CO2 at 37 °C. Subsequently, cells were subcultured using 0.25% 
Trypsin/EDTA 1x detachment. hMSCs were seeded on sterilized 
material in DMEM medium without serum at a density of 750 
cells/cm2 and 3000 cells/cm2 for cell differentiation experiments in 
DMEM medium or in osteogenic differentiation medium, 
respectively. All the materials were sterilized with 70% Ethanol 
overnight. After 6 hours of incubation, the culture medium was 
replaced with supplemented 10% (vol/vol) FBS and DMEM. After 24 
hours, the culture medium was replaced with 10% FBS, DMEM 
medium and 1% antibiotic solution in cell experiments without 
osteogenic differentiation medium, and hMSC osteogenic 
differentiation medium supplemented with 1% antibiotic solution in 
cell experiments with osteogenic differentiation medium. The 
nomenclature used to identify the culture medium is: “ODM” for 
osteogenic differentiation medium and “DMEM” for DMEM medium. 
Cells were then cultured for 2 or 3 weeks, and all the media were 
replaced every 72 hours. Human osteoblasts (OB) were thawed and 
cultured in osteoblast growth medium. Then OB were seeded on 
sterilized glass slides at a density of 20,000 cells/cm2 in osteoblast 
growth medium and changed twice a week. Finally, the cells were 
fixed with 4% paraformaldehyde (PFA) at 24 h, 1 week, 2 weeks and 

3 weeks, and kept in PBS solution at 4℃ for immunofluorescence 
assays. 

Immunofluorescence Staining 

All samples were permeabilizated with 0.5 % Triton/PBS for 15 min 
at 4 ºC and saturated with 1% BSA/PBS for 30 min at 37 ºC. 
Afterwards, cells were incubated with various primary antibodies 
diluted in 1% BSA/PBS for 1h in a humidified chamber at 37 ºC: 
RUNX2 monoclonal antibody (Rabbit) at 1/1600 dilution, OPN 
monoclonal antibody (Mouse) at 1 μg/mL concentration, E11 
monoclonal antibody (Mouse) antibody at 2 μg/mL concentration, 
SOST monoclonal antibody (Rabbit) at 5 μg/mL concentration, and 
DMP1 monoclonal antibody (Mouse) at 10 μg/mL concentration. 
After washing samples with 0.05 % Tween 20 / PBS, cells were 
incubated with the secondary antibody at a concentration of 5 μg/mL 
in 1% BSA/PBS for 1h in a humidified chamber at 37 ºC: Goat anti-
Mouse lgG (H+L) Highly Cross-Adsorbed Secondary Antibody Alexa 
FluoroshieldTM 647 and Goat anti-Rabbit lgG (H+L) Highly Cross-
Adsorbed Secondary Antibody Alexa FluoroshieldTM 647. 
Subsequently, cells were incubated in Alexa FluoroshieldTM 488 
Phalloidin at a dilution of 1/40 for 1h at 37 ºC to describe cell 
morphology and cytoskeleton organization. Finally, cells were 
stained for nuclei by DAPI at 1/1000 dilution for 1h in the dark and at 
4°C. Fluorescently stained samples were observed by an 
epifluorescence microscope (Leica DM5500B) and taken by 
Metamorph software (10x and 40x Objective). Image files were 
opened with Image J (freely available from: www.nih.gov) and 
converted to 16-bit files. These fluorescence images were then used 
to determine the intensity of the red colour emitted by the label from 
which was subtracted the background signal measured on hMSCs 
cultures on PET or glass surfaces and only incubated with the 
secondary antibody Alexa Fluor 647. Fluorescence intensity 
measurements were performed on at least 40-60 cells per each type 

Table 3. Mass spectra normalized by the peak at 49m/z (C4H-) 

 PET PET-Activated PET-BMP PET-Spray1 with 
Activated pattern 

PET-Spray1 with 
BMP-2-TAMRA 

pattern 

CN-/C4H- 0 0.53 1.63 0.33 0.63 

CNO-/C4H- 0.10 0.63 1.92 0.42 0.73 

 

Table 4. Surface roughness after the different surface modification steps 

 Scanned Area PET PET-
Activated 

PET-BMP PET-RGD PET-MIX1 PET-Spray1 

Roughness 
(RMS)(nm) 

1 x 1 μm2 1.6±0.6 1.7±0.3 1.2±0.1 1.9±0.6 1.1±0.1 1.2±0.2 

20 x 20 μm2 1.8±0.5 1.7±0.8 1.8±1.3 1.4±0.2 1.5±0.5 4.0±3.9 
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of surface. 

Cell Shape 

After 2 and 3 weeks of culture, cytoskeletons and nuclei of cells 
were fluorescently stained, with F-actins labelled by Phalloidin and 
nuclei by DAPI. Aspect ratios (ARs), circularities and anisotropy were 
measured by outlining cells in fluorescence images with ImageJ. AR 
was defined as the ratio of the particle’s fitted ellipse, Major Axis 
/Minor Axis, which were obtained from the two eigenvalues of the 
corresponding cell profile calculated by the ImageJ software. 
Circularity is quantified by area multiplied by 4π divided by the 
square of the perimeter. A value of 1.0 indicated a perfect circle. As 
the value approaches 0.0, it indicated an increasingly elongated 
shape. The orientation of F-actin in cells (anisotropy) was quantified 
using an ImageJ plug-in “FibrilTool”, according to Boudaoud et al.120 
protocol. Briefly, raw images taken under fluorescence microscopy 
at 40× Objective were opened with ImageJ. A region of interest (ROI) 
was drawn using the tool to select one cell. Then, FibrilTool plug-in 
was used to measure the degree of F-actin orientation by means of 
anisotropy parameter that varies from 0 to 1. 0 corresponds to 
disordered F-actin (purely isotropic fibers), and 1 means that F-actin 
fibers are perfectly ordered (parallel fibers). The measurements were 
made on 40-60 individual cells per condition. 

Statistical Analysis  

Data are means ± SD of at least three independent trials. 
Significant differences between treatment means were assessed by 
one-way ANOVA in Origin (Origin Lab, Northampton, MA, USA). 
Significant differences were determined for p values of at least 
≤0.05. * p ≤0 .05, ** p ≤0 .01, and *** p ≤0 .001. 

Conclusions 
Here, we reported a rationally designed bioinspired coating with 

intrinsic biochemical cues that provides a suitable environment for 
bone regeneration. This work provides a robust strategy for directing 
mesenchymal stem cells differentiation into an osteogenic lineage, 
which can be utilized as a potential cell culture platform to 
understand cell–substrate or cell–cell interactions, further 
developing tissue repair and stem cell-based therapies. 

We aimed to offer a new insight on how the distribution of 
bioactive micro, nanopatterns on a surface can influence the 
regulation of stem cell differentiation. hMSCs were seeded on 
bioactive polymers homogeneously functionalized with RGD or/and 
BMP-2 peptides and on disordered bioactive materials with micro, 
nanopatterns of BMP-2 mimetic peptides. Our results showed that a 
bioactive homogeneous grafting co-conjugated with RGD and BMP-
2 peptides leads to higher osteoblast differentiation than a single 
peptide grafting. Seeding hMSCs on surfaces co-conjugated with 
higher BMP-2 content resulted in inducing osteogenic differentiation 
effectively. hMSCs seeded on surfaces with random bioactive nano, 
micropatterns exhibited more pronounced osteoblastic morphology 

after 14 days in DMEM medium without osteogenic factors. This 
finding opens further therapeutic avenues for development of 
research platforms and medical devices. Importantly, we showed 
that disordered bioactive micro, nanopatterns significantly increased 
the osteocyte differentiation upon culturing in the osteogenic 
differentiation medium for 21 days. The enhanced differentiation 
suggests that the disordered topography fabricated by spray could 
be an effective strategy to direct the hMSCs fate for bone 
regenerative medicine and tissue engineering. Our immediate 
perspectives involve performing qPCR analyses to study osteogenic 
differentiation genes and assessing mineral deposition using Alizarin 
Red and von Kossa stainings. 
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