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faced challenges in orthopedic surgeries. 
Such defects, which occur after fractures 
or tumor resections, do not heal on their 
own and often require surgical interven-
tion.[1] Since the gold standard method 
using bone autografts or allografts to 
regenerate bone still has its drawbacks 
and limitations, tissue engineering has 
emerged as an alternative approach.[2] 
Further, biomaterials used for tissue 
engineering approaches are mostly of 
synthetic origin.[3] Therefore, lacking bio-
chemical cues that are usually present in 
the extracellular matrix (ECM). In native 
tissues, cells reside in the ECM which 
is a microenvironment filling the space 
among cells and varies from one tissue 
type to another providing each tissue 
with unique characteristics and plays 
many important key roles in cell adhe-
sion, migration, proliferation, and differ-
entiation through presentation of crucial 
biochemical and biomechanical cues.[4] 
Glycosaminoglycans (GAGs) and fibrous 
proteins (e.g., collagen I) are major com-

ponents of the ECM.[5] Collagen I (Col I) does not only provide 
topographical cues and mechanical strength for tissues but 
also exhibits many biological functions such as mediating cell 
attachment and spreading.[6] GAGs such as chondroitin sulfate 
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1. Introduction

Unlike the usual nature of bone tissue, which is capable to 
regenerate by itself, large bone defects are one of the most 
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(CS) and hyaluronic acid (HA) play many important roles in 
cell growth and differentiation when interacting with cytokines, 
proteins, and cell receptors.[7] Hence, the ECM plays a role as a 
reservoir for storage and release of growth factors (GFs) such as 
bone morphogenetic protein-2 (BMP-2),[1,8] which induces the 
differentiation of mesenchymal stem cells (MSCs) and nonoste-
ogenic cell lines such as C2C12 myoblasts into osteoblasts.[9] 
Therefore, scaffolds and biomaterials that mimic the ECM con-
stitute a very promising strategy to induce tissue regeneration 
due to the unique properties of the ECM. Efforts to tailor the 
biocompatibility and to introduce biochemical cues to synthetic 
biomaterials have been made through physical, chemical, and 
biological surface modification techniques that were employed 
to modify biomaterials’ surfaces due to their importance in 
creating the very first response when implanted in the body.[10] 
Layer-by-layer (LbL) is a physical modification technique that 
relies on alternative adsorption of oppositely charged polyelec-
trolytes to produce thin polyelectrolytes multilayers (PEMs)[11] 
that vary in their thickness, surface charge, wettability, viscoe-
lasticity, and topography by varying the assembly conditions, 
medium characteristics, and the polyelectrolytes used.[12,13] In 
bone repair field, metals, ceramics, and polymers are used as 
implant materials. Since, multilayers can be deposited by LbL 
on any kind of substrate, it is an attractive surface modification 
technique for implantable devices; particularly when bioactive 
coatings mimicking composition of bone matrix and delivery 
of bioactive molecules are desired.[14] Due to its versatility, sim-
plicity, low cost, and the use of water as a solvent, LbL enables 
the insertion of sensitive biomolecules like proteins and GFs 
and release them in a sustained manner over-time while pre-
serving their bioactivity.[13] Using ECM biomolecules as poly-
electrolytes in LbL is one of the strategies used to mimic the 
ECM properties for tissue regeneration. In that regard, GAGs 
and Col I are suitable candidates representing polyanion and 
polycation, respectively, which permits their use as building 
blocks for PEMs to create a biomimetic environment offering 
specific interactions with cell receptors and GFs.[10] Moreover, 
chemical cross-linking has been widely used to improve the 
stability of multilayers.[15–17] However, it causes changes in the 
physiochemical properties of the multilayers[18] and leads to 
cytotoxicity.[19] In a previous work, it was found that function-
alization of GAGs with aldehyde groups through oxidation 
allows their immobilization on amino functionalized surface at 
which the bioactivity of the oxidized GAGs was not altered.[20] 
This functionalization method made the oxidized GAGs useful 
candidates to be used for generation of bioactive surface coat-
ings. Further, Zhao et al. employed the latter functionalization 
method to fabricate multilayers with intrinsic cross-linking 
(covalent bond) between the aldehyde groups on the oxidized 
GAGs and the amino groups of Col I. An enhanced stability, 
Col I fibrillization, and cell adhesion were the characteristics 
of the intrinsically cross-linked multilayers compared to native 
GAGs multilayers.[21] Hence, we thought of using the same 
cross-linking method not only to enhance the multilayers prop-
erties but also to study it as a tool to control BMP-2 release 
and presentation to cells in order to achieve osteogenic dif-
ferentiation of cells using multilayers exhibiting both physical 
and biochemical cues like the natural ECM. It is also worth 
mentioning that the cytotoxicity of this intrinsic cross-linking 

method of PEM using different cell types was already studied 
previously and revealed no toxic effect.[8,21,22] Thus, cytotoxicity 
measurements will not be performed again in this study.

Since Col I is a major protein in bone tissue[23] that has a 
significant impact on osteogenesis, it was used in this study as 
a polycation. Here, we studied multilayers composed of either 
oxidized chondroitin sulfate (oCS100), native chondroitin sul-
fate (nCS), or a 50:50 mixture of both (oCS50) together with 
Col I as polycation. The 50:50 mixture was introduced in this 
study to see the effect of the molecular composition on mul-
tilayers’ characteristics and cellular behavior. The efficiency of 
the intrinsic cross-linking in controlling BMP-2 release and 
presentation was studied, in addition to physiochemical prop-
erties of the multilayers as well as the biological studies using 
C2C12 cells. C2C12 cells were chosen due to their potency to 
differentiate into either myotubes or osteoblasts. They have 
been used previously by other groups for studying BMP-2 
signaling because of the presence of BMP receptor on C2C12 
cells.[24] Therefore, C2C12 cells are responsive to both soluble[9] 
and matrix-bound BMP-2[25] with alkaline phosphatase (ALP) 
and Osterix expression being measurable after 3 days, while 
MSCs need at least 1 week to have detectable expression.[26] 
Results show that oCS/Col I multilayers are superior in many 
aspects, particularly in controlling BMP-2 release, presentation, 
and osteogenic differentiation of C2C12, compared to nCS/Col 
I multilayers. Figure 1 illustrates the various multilayers used 
in this study and the occurring molecular interactions.

2. Results

2.1. Characterization of PEMs Properties

2.1.1. Multilayers Formation and Thickness

The multilayers formation of the various systems was con-
trolled in a real-time measurement via quartz crystal micro-
balance with dissipation monitoring (QCM-D) as shown in 
Figure 2A–D. In general, it was shown that the frequency was 
decreasing after each layer for all PEMs, indicating that mass 
is added during deposition. However, the oCS50 PEMs exhib-
ited higher decrease in frequency compared to the nCS and 
oCS100 PEMs. A rapid decrease in frequency from the base line 
was observed after the adsorption of the cationic poly(ethylene 
imine) (PEI). This also corresponded to a rapid increase in the 
energy dissipation in the layer, as shown in Figure 2B. It was 
possible to obtain information about the viscoelastic properties 
of the PEMs in term of change in dissipation. The increase in 
the energy dissipated through the multilayers formation was 
the highest for oCS50 PEMs followed by oCS100 and the lowest 
energy dissipation was observed for nCS, indicating that oCS50 
PEMs have the softest layers. The PEM thickness was calcu-
lated using two types of equations: Sauerbrey equation, which 
is usually used with rigid, evenly distributed layers, and the 
Voigt model, which takes into consideration the contribution 
of the viscoelasticity to the sensed mass.[27] The latter is most 
probably more reliable to calculate the thickness in our study, 
since the change in energy dissipation is quite high and the 
analyzed PEMs are assumed to be viscoelastic layers.
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The detected change in resonance frequency as a function 
of multilayers’ build-up has been converted to the Sauerbrey 
adsorbed amount, as shown in Figure 2D. Further, by assuming 
that the density of the layer, viscosity of the bulk liquid, and fixed 
density layer are 1000 kg m−3, 1 mPas, and 1400 kg m−3, respec-
tively,[27] it was possible to estimate the thickness as a function of 
the number of layers during the build-up of the PEMs as shown in 
Figure 2C. Value of ≈155, 140, and 128 nm for the final thickness 
was obtained for oCS50, oCS100, and nCS PEMs, respectively.

2.1.2. Wettability and Dry Thickness Measurements

As shown in Figure 3, all PEM systems showed moderate water 
contact angle (WCA) values around 50°, indicating that all 

PEMs are moderately hydrophilic compared to the plain glass 
(control) that showed WCA below 35°. Further, after measuring 
the dry thickness via ellipsometry, significantly thicker multi-
layers were obtained for oCS100 PEMs (≈32  nm) and oCS50 
(≈31 nm) in comparison to nCS PEMs (≈24 nm).

2.1.3. Topography, Stiffness, and Roughness of PEMs

The surface topography, stiffness, and roughness of clean Si 
wafers and all PEMs were analyzed by atomic force micros-
copy (AFM) in wet state and under ambient laboratory condi-
tions. Figure 4A shows that the topography of final layers of 
all PEM systems was characterized by the presence of Col I 
fibers. The fibrillization of Col I was supported on all BMP-2 

Figure 1. Illustration of the multilayers used in this study. Total of 17 layers. nCS is nCS/Col I multilayers, oCS50 is oCS50/Col I multilayers, and oCS100 
is oCS100/Col I multilayers with oCS having oxidation degree of 2.77%. nCS depends mainly on ion pairing while oCS50 relies mainly on covalent 
binding and to a smaller extent on ion pairing, resulting in free negatively charged groups that lead to electrostatic repulsion, attraction of more water, 
and swelling. oCS100 is depending only on covalent binding.
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nonloaded multilayers with slight differences. oCS100 and 
oCS50 PEMs had significantly thicker Col I fibers than nCS 
PEMs (Figure  4B). On nonloaded samples (BMP-2-), oCS100 
PEMs were showing the highest stiffness and roughness while 
oCS50 PEMs had the softest surface. A noticeable decrease in 
Col I fibers’ thickness was observed after BMP-2 loading on all 
BMP-2-loaded PEMs. This decrease was reflected in a decrease 
in Young’s modulus as well. However, oCS100 and oCS50 

PEMs were more resistant and stable than nCS PEMs which 
were prone to complete loss of Col I fibers after BMP-2 loading. 
This Col I loss on nCS PEMs could have led to some rearrange-
ment making the silicone substrate more prominent, which 
was reflected in a false positive increase in Young’s modulus 
of nCS PEMs (Figure 4C). Further, the roughness of nonloaded 
PEMs was the highest for oCS100 PEMs, lesser for oCS50, 
and the least for nCS PEMs. The dissolution of Col I fibers 

Figure 3. A) Static WCA measurements after multilayers formation up to 17 layers. Multilayers of oxidized chondroitin sulfate (oCS100), native chon-
droitin sulfate (nCS), or a mixture of both (oCS50) were prepared with Col I as polycation. Results are presented as means ± SD of four measurements 
taken from each sample for each multilayers system. B) Measurements of dry thickness taken by ellipsometry after formation of 17 layers of the various 
multilayers. Results represent means ± SD. n = 4. (*) data are significantly different.

Figure 2. Film growth monitored in situ by QCM-D for oCS100, oCS50, and nCS multilayers. PEMs of oxidized chondroitin sulfate (oCS100), native 
chondroitin sulfate (nCS), or a mixture of both (oCS50) were prepared with Col I as polycation. A) Change in frequency shifts. B) Change in dissipa-
tion. C) Representation of viscoelastic thickness calculated in (nm) using voigt-based model. D) Representation of the attached mass calculated using 
Sauerbrey equation. The 1st layer is PEI, even numbers refer to native or oxidized CS and odd numbers refer to Col I. n = 2.
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Figure 4. A) Surface topography of type I collagen (Col I) terminated multilayers (17th layer) visualized by atomic force microscopy (AFM). Multilayers of 
oxidized chondroitin sulfate (oCS100), native chondroitin sulfate (nCS), or a mixture of both (oCS50) were prepared with Col I as polycation. (Scale bar: 
500 nm.) (*) data are significantly different. B) Quantification of Col I fibers diameter on the various multilayers using FSegment program. The program 
traces all fibers and measures the width of each fiber every 5 pixel (equals 48.5 nm). All measuring points per sample were then cumulated and analyzed. 
BMP+ refers to BMP-2 loaded multilayers and BMP- refers to BMP-2 nonloaded multilayers. C) Young’s modulus (elasticity) measurements by AFM. 
The Young’s modulus E for each pixel was determined. All data are significant to each other except # (p ≤ 0.05 Kruskal–Wallis-ANOVA, Dunn post hoc, 
n = 131.072). D) Surface roughness measurements of BMP-2 nonloaded multilayers. E) Surface roughness measurements of BMP-2 loaded multilayers.
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affected the surface roughness, hence, a decrease in rough-
ness was observed after loading BMP-2 to all types of PEMs 
(Figure 4D,E).

2.2. BMP-2 Adsorption and Release Studies

From the confocal laser scanning microscopy (CLSM) images 
and the quantification of BMP-2 adsorbed by the multilayers’ 
surfaces (Figure 5A,B), it was concluded that BMP-2 adsorbed 

the most on oCS100 PEMs followed by oCS50 while the least 
was on nCS PEMs. However, a significant decrease of adsorbed 
BMP-2 was noticed after 7 days of incubation in Dulbecco’s 
modified Eagle’s medium (DMEM) for all PEMs. Further, 
regarding BMP-2 release, all PEMs were releasing the loaded 
BMP-2 over time in a sustained release manner. However, 
oCS100 PEMs with intrinsic cross-linking were able to store 
and present the majority of the loaded BMP-2 to the cells in a 
matrix-bound manner through releasing the least amounts over 
time (47 ng mL−1 on day 7) compared to oCS50 and nCS PEMs; 

Figure 5. Multilayers of oxidized chondroitin sulfate (oCS100), native chondroitin sulfate (nCS), or a mixture of both (oCS50) were prepared with Col I 
as polycation. Neg Ctrl is plain glass and no BMP-2 was added. A) CLSM images of BMP-2 adsorbed at the various multilayers surfaces, after 24 h (the 
first row) and 7 days (the second row) of incubation in DMEM. (Scale bar: 20 µm.) B) Semiquantification of BMP-2 adsorbed on multilayers surface by 
quantifying the fluorescence intensity in CLSM images. The mean intensity was extracted by ImageJ 1.53c. (*) refers to significant difference, p ≤ 0.05. 
C) Cumulative BMP-2 release from the various multilayers measured by ELISA over 7 days after loading BMP-2 (10 µg mL−1) for overnight. Results are 
means ± SD. n = 6 replicates of each multilayers system.
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as illustrated in Figure 5C. Released GFs have short life-time[28] 
while matrix-bound is the effective form of GFs presentation 
to cells, as shown in previous studies by the group of Picart.[29] 
Further, since the initial differentiation of C2C12 cells into func-
tional osteoblasts is detectable during the first 3–7 days, char-
acterized by upregulation of ALP,[26] BMP-2 release was only 
measured for 7 days. Despite that all PEMs were having a sim-
ilar first release value (between 20 and 29 ng mL−1), nCS PEMs, 
which lack intrinsic cross-linking and are mainly dependent 
on ion pairing, could not retain the loaded BMP-2 but rather 
released it much faster to the solution (97 ng mL−1 on day 7). 
However, oCS50 PEMs, partially depending on ion pairing and 
more on covalent binding, could balance this high release to 
a more moderate behavior (≈70  ng mL−1 on day 7). Moreover, 
after checking the BMP-2 release kinetics fitting from the multi-
layers, it was concluded that the BMP-2 release in this study fits 
to the Higuchi model (see the Supporting  Information). This 
means that the release was diffusion dependent and was not 
relying on the degradation of the matrix or the multilayers.[30] 
Therefore, the type of binding inside the multilayers is mainly 
affecting and controlling the BMP-2 release and presentation.

2.3. BMP-2 Internalization Study

BMP-2 was internalized into the cells on all PEMs in general 
(Figure 6). However, more staining of BMP-2 molecules was 
observed on oCS PEMs than on nCS PEMs indicating more 
internalization on intrinsically cross-linked PEMs (oCS100, 
oCS50) due to the presentation of BMP-2 to cells in a matrix-
bound manner. Further, lesser BMP-2 internalization was 
observed on pos Ctrl where BMP-2 is present to the cells in a 
soluble state and not as matrix-bound like in the oCS PEMs, 
indicating much slower internalization of soluble BMP-2. 
Similar results were for nCS PEMs which were offering 
most of the BMP-2 in a released (soluble) state. The neg Ctrl 

containing no BMP-2 showed no staining of BMP-2. On all 
PEMs, the internalization of BMP-2 in permeabilized cells 
after 24 h was clear in the form of dots (green) representing 
BMP-2 molecules.

2.4. C2C12 Cell Adhesion Study

To explore whether the loaded BMP-2 has any effect on cell 
adhesion, two sets of samples were used, original (nonloaded) 
and BMP-2-loaded multilayers, as shown in Figure 7. All 
original PEMs supported cell adhesion in general with small 
variances regarding the number of C2C12 cells (Figure  7A). 
However, on original PEMs (nonloaded), cell spreading was 
higher on intrinsically cross-linked PEMs (i.e., on oCS100 and 
oCS50 PEMs) than on nCS PEMs and pos Ctrl, characterized by 
more spread and elongated cells with significantly longer actin 
filaments (red) which could be seen from the CLSM images as 
well as from the quantification of cell area and actin filaments 
length per cell. Nevertheless, no organization of vinculin mol-
ecules (green) in focal adhesions (FAs) could be detected there.

Interestingly, after BMP-2 loading, a general increase in cell 
adhesion and spreading was observed on all BMP-2-loaded 
PEMs, including the pos Ctrl, indicating a promoting effect of 
BMP-2 on cell adhesion and spreading. This enhancement was 
characterized by more spread elongated cells showing more 
alignment of longitudinal actin filaments (red) and organization 
of vinculin (green) in FA plaques, as illustrated in the CLSM 
images (Figure  7E, 2nd and 3rd row). Further, the increase of 
total length of actin filaments on loaded PEMs was significant 
for all PEMs compared to nonloaded ones (Figure  7D). None-
theless, oCS100 PEMs were still superior to oCS50 and nCS 
PEMs even after loading BMP-2. This was proven not only by 
showing the longest total actin filaments (Figure  7D) but also 
by the pronounced organization of the most vinculin in FA 
(Figure 7C) compared to oCS50 and nCS PEMs.

Figure 6. CLSM images show BMP-2 internalization into permeabilized C2C12 cells after 24 h of incubation on BMP-2-loaded PEM. PEMs of oxidized 
chondroitin sulfate (oCS100), native chondroitin sulfate (nCS), or a mixture of both (oCS50) were prepared with Col I as polycation. The samples were 
stained for BMP-2 (green) being internalized into the cells, filamentous actin (red), and nucleus (blue). As controls, cells were seeded on plain glass 
slides either without (neg Ctrl) or with BMP-2 (pos Ctrl) in the medium. Cells were imaged with CLSM 63× oil immersion objective (scale bar: 20 µm).

Adv. Mater. Interfaces 2023, 10, 2201596

 21967350, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202201596 by Fak-M
artin L

uther U
niversitats, W

iley O
nline L

ibrary on [13/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2201596 (8 of 17)

www.advmatinterfaces.de

Figure 7. Adhesion of C2C12 cells seeded on native and various cross-linked multilayers, after 24 h of incubation. PEMs of oxidized chondroitin sul-
fate (oCS100), native chondroitin sulfate (nCS), or a mixture of both (oCS50) were prepared with Col I as polycation. A) Quantification of cell count,  
B) and cell area obtained using ImageJ. C) Quantification of vinculin in FA plaques. Calculated FA plaques were related to the individual cell area and 
detected with a custom cell profiler pipeline. n > 15, *p ≤ 0.05 ANOVA, post-Tukey. D) Actin filament length quantification on both BMP-2-loaded and 
nonloaded multilayers. All actin fibers were detected by phalloidin. Filament sensor 0.1.7 was used to detect all fibers in each cell. n >15, *p ≤ 0.05 
ANOVA, post-Tukey. (*) data are significantly different. E) CLSM images show C2C12 cells adhesion after 24 h incubation on various native and cross-
linked multilayers. The cells were stained for vinculin (green) present in FAs, filamentous actin (red), and nucleus (blue) on multilayers without BMP-2 
(upper row) and with BMP-2 loading (lower row). As a control, cells were seeded on plain glass slides either without (nonloaded) or with BMP-2 (BMP-2 
loaded) in the medium. Cells were imaged with CLSM 63× oil immersion objective (scale bar: 20 µm).
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2.5. Quantitative and Qualitative Osteogenic  
Differentiation Studies

To understand whether it is the released BMP-2 or the matrix-
bound BMP-2 that is bioactive and able to trigger osteogenesis, 
quantitative real-time polymerase chain reaction (qRT-PCR) 
was performed to evaluate the expression of specific osteogenic 
markers (Figure 8). ALP was significantly upregulated in C2C12 
cells grown on oCS100 PEMs (≈4.5-fold increase) and oCS50 
PEMs (≈3.5-fold increase) compared to the weak increase (≈1.5) 
in gene expression on nCS PEMs. One exception was for pos Ctrl, 
where the high concentration (10 µg mL−1) of soluble BMP-2 in 
the medium triggered very high expression of ALP gene (≈11-fold 
increase). Further, Col I was also found to be strongly expressed 
in cells grown on oCS100 PEMs (≈3.5-fold increase) followed by 
oCS50 PEMs with 2.5-fold increase in Col I gene expression, 
while reduced expression was measured for cells on nCS PEMs 
(≈0.5-fold). Interestingly, the soluble BMP-2 in pos Ctrl could not 
trigger high Col I gene expression. Furthermore, the osteogenic 
marker Runx2 was upregulated in cells grown on all PEMs in 
general, with being more pronounced in cells on nCS PEMs 
and on pos Ctrl with ≈2.5-fold and twofold increase, respectively, 
and less on oCS100 (≈1.5-fold increase) and oCS50 PEMs (≈1.25-
fold increase). Similar finding goes for Osterix which was sig-
nificantly more upregulated in cells cultured on nCS PEMs and 
pos Ctrl than on oCS100 and oCS50 PEMs. Noggin which acts 
as a BMP-2 antagonist[31] was downregulated in cells grown on 
oCS100 and oCS50 PEMs (≈0.5-fold increase) and upregulated 
in cells on nCS PEMs and pos Ctrl. It is worth mentioning that 
a balanced BMP-2/ Noggin level is very important in regulating 
osteogenesis.[31] The more Noggin is expressed, the less osteo-
genesis occurs. However, since the expression of genes does not 
guarantee their translation into proteins,[32] further osteogenic 
markers on the protein or ECM level were screened.

In Figure 9A, it is worth noticing that significantly high ALP 
activity was observed in cells grown on oCS100 and oCS50 
PEMs and not on nCS or pos Ctrl which confirms the PCR data 
of ALP and Col I expression. These findings were also reflected 
in the ALP staining and alizarin red staining of the mineral-
ized matrix (Figure 9B) at which the most ALP staining (purple 
color) was observed for cells on oCS100 and oCS50 PEMs while 
very little ALP staining (purple) was observed for nCS PEMs 
and even for pos Ctrl. The same was noted for alizarin red. Big 
dark red oily spots, representing the mineralized matrix, were 
observed on oCS100 and oCS50 PEMs compared to the absence 
of this positive staining on nCS PEMs. Moreover, in the 
immune staining of Col I and Runx2 (Figure 9C), oCS100 and 
oCS50 PEMs were also superior to nCS PEMs at which more 
Col I and Runx2 staining existed on oCS100 and oCS50 PEMs, 
as visualized in the single channels of Col I (green) and Runx2 
(red), while very faint staining is observed on nCS PEMs.

3. Discussion

3.1. Physical Studies on Multilayers Formation and Properties

The multilayers build-up was investigated by QCM-D, which 
provides information on the total adsorbed mass (containing 

water) and permits the study of the viscoelastic properties of the 
multilayers. In all PEMs, more deposition of Col I than of the 
polyanion was observed, which is probably related to the higher 
molecular weight of Col I. ∆D increased after addition of Col I 
followed by a decrease after addition of polyanion, indicating 
stiffening of PEM after CS adsorption. This is due to the diffu-
sion of CS into the underlying layers of Col I leading to compac-
tion and displacement of water. A similar effect was observed 
by others for heparin/poly(L-lysine) (PLL) and heparin/chitosan 
PEMs.[33,34] When an additional Col I layer is adsorbed and the 
system takes up water, the multilayers swell and become softer 
again.[35] The PEM assembly was performed at pH 4 at which 
Col I acquires a net positive charge since its isoelectric point 
is about 5.5[36] while CS is considered a polyanion with a pKa 
value of 2.5.[37] Therefore, our assumption is that the formation 
of nCS PEMs was mainly depending on ion pairing[38] between 
positively charged Col I and negatively charged CS whereas 
in oCS PEMs an additional covalent pairing mechanism was 
involved, which is the imine bond formation between the alde-
hyde groups in oCS and the amino groups of Col I.[21] There-
fore, in oCS50 PEMs, it is suggested that the polymer binding 
was mainly depending on the covalent pairing mechanism 
between oCS and Col I while most of other negatively charged 
groups on nCS and oCS are remaining free, causing electro-
static repulsion that leads to more swelling and attraction of 
water. The latter could be the reason behind the higher dissipa-
tion and viscoelastic thickness calculated for oCS50 PEMs. This 
was also proven when comparing the viscoelastic thickness to 
the dry thickness measured by ellipsometry. Here, oCS50 PEMs 
had a comparable dry thickness to oCS100 PEMs when water 
was excluded.

Surface properties of PEMs were studied with WCA and 
AFM measurements. This is related to the fact that both wet-
ting properties and topography have an effect on cell adhe-
sion and fate.[39] Biophysical cues such as topographical and 
mechanical features of ECM result in profound effects on 
cellular morphology and function, through mechanotrans-
duction mechanisms.[40] Cells possess the ability to recog-
nize and respond to the nano- and microscale organization 
of molecular signals in their ECM.[41] On nanostructured sur-
faces, cells tend to spread more on the smallest nanostruc-
tures accompanied by increased expression of FA while less 
spreading occurs on macrostructures.[39] Here in our study, 
the Col I fibers with the various densities and diameters repre-
sent both the chemical and topographical cues. The observed 
moderate wettability of all studied PEMs is favorable for cell 
adhesion.[42] While CS is known to be highly hydrophilic, Col 
I is more hydrophobic as a pure film (WCA ∼ 110°).[43] Thus, 
the reason behind these WCA values could be the high mass 
contribution of Col I in all studied multilayers. A similar WCA 
was observed by Zhao et  al. for CS-based PEMs compared 
to HA-based PEMs showing lower WCA for the latter due to 
lesser Col content.[21,22]

Col as ECM molecule plays an important role in cell adhe-
sion, spreading, and differentiation.[44] The soft nature of 
oCS50 PEMs detected by QCM-D with higher dissipation was 
confirmed by AFM measurements, which revealed that oCS50 
PEMs have the lowest elastic modulus. The intrinsic cross-
linking of oCS100 PEMs together with the observed density and 
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thickness of Col I fibers contributed to its high elastic modulus 
and roughness compared to nCS PEMs. Further, Col I is self-
assembling to form fibrils both in vivo and in vitro.[45] Col I 

fibrillization results from two successive processes. One is hap-
pening during the lag period (nucleation) and the other occur-
ring during the growth phase where nuclei grow into fibrils.[46] 

Figure 8. Relative expression of mRNA of osteogenic markers (ALP, Col I, Runx2, Osterix, and Nogging) after 14 days of C2C12 incubation on the various 
native and cross-linked multilayers. PEMs of oxidized chondroitin sulfate (oCS100), native chondroitin sulfate (nCS), or a mixture of both (oCS50) were 
prepared with Col I as polycation. qRT-PCR analyses were performed as described in the Experimental Section. Data represent mean ± SD values, n = 6, 
p ≤ 0.05 and Scheffe post hoc test. (*) data are significantly different. (#) all data are significantly different except. (###) all data are significantly different.

Adv. Mater. Interfaces 2023, 10, 2201596

 21967350, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202201596 by Fak-M
artin L

uther U
niversitats, W

iley O
nline L

ibrary on [13/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2201596 (11 of 17)

www.advmatinterfaces.de

Figure 9. PEMs of oxidized chondroitin sulfate (oCS100), native chondroitin sulfate (nCS), or a mixture of both (oCS50) were prepared with Col I as 
polycation. A) Measurements of ALP activity in C2C12 cells seeded directly on top of BMP-2-loaded multilayers fabricated in 24-well plate, determined 
via absorbance measurements at 405 nm after 7 days’ incubation time, using a plate reader. Measurements are normalized to the total protein amount 
(BCA values). ### indicates that all data are significantly different to each other. B) Bright-field images (10×) of C2C12 cells seeded on various native 
and cross-linked multilayers and stained after 7 days for ALP, and after 14 days with alizarin red-S solution to investigate the formation of mineralized 
matrix (scale bar: 100 µm). C) CLSM images show C2C12 cells after 14 days incubation on BMP-2-loaded multilayers. The cells were stained for Col I 
(green), Runx2 (red), and nucleus (blue). As a control, cells were seeded on plain glass slides either without (neg Ctrl) or with BMP-2 (pos Ctrl) in the 
medium. Cells were imaged with CLSM 63× oil immersion objective (scale bar: 20 µm).
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Col I fibrillogenesis is affected by several factors such as ionic 
strength, pH, temperature, and the presence of GAGs.[47] It was 
found that a pH value less than 5.5 enhances the formation of 
globular Col I structures while a pH value above 5.5 promotes 
fibrillogenesis.[47,48] However, since the fibrillogenesis occurred 
in our study even at pH 4, CS seems to play a remarkable role 
in regulating this process through facilitating the organization 
of mature Col I fibrils by enhancing Col I concentration.[49] 
While nCS PEMs rely mainly on ion pairing, it has been sug-
gested that strong electrostatic interaction between the used 
polyanion and Col I can produce a high number of nucleation 
sites, which in turn results in a long and retarded lag phase that 
results in fibers with smaller diameter.[50,51] On the other hand, 
in oCS50 PEMs, the electrostatic repulsion and steric hin-
drance resulting from the free charged groups in the mixture 
of nCS and oCS lead to less induction of nucleation making 
Col I more available. This higher availability of Col I permits 
then more lateral aggregation of it and shorter lag phase ending 
up with fibers of larger diameters.[51,50] Furthermore, the Col I 
fibrils were prone to either complete or partial dissolution after 
loading BMP-2, which is due to the acidic pH at which Col I 
has a net positive charge and is present in a soluble state.[36] 
However, oCS100 and oCS50 PEMs could save the fibrillar 
structure of Col I to a certain degree which could be related 
to the successful crosslinking of Col I in those PEMs. Further, 
this partial dissolution of Col I fibers led to a decrease in elastic 
modulus and roughness on all PEMs. One exception was the 
nCS PEMs, which showed an increase in elastic modulus after 
BMP-2 loading. We relate this to the function of the AFM can-
tilever, which interacts with the surface, hence, it could have 
given a false positive result after the dissolution of Col I fibers 
and started rather sensing the silicon substrate instead.

3.2. Biological Studies

BMP-2 was expected to be bound to CS in all multilayers via 
its heparin binding domain, at which positively charged amino 
acids bind to negatively charged groups on GAGs.[52] Indeed, 
intrinsic cross-linking of oCS PEMs not only increased seques-
tering of BMP-2 compared to nCS PEMs as visualized by 
antibody staining of bound BMP-2, but also resulted in lesser 
BMP-2 release over time. Since the release of BMP-2 was fitting 
to the Higuchi model,[30] the release seems to be depending on 
the cross-linking density related to the mechanism of binding. 
In nCS PEMs, the multilayers formation (at pH 4) is based on 
ion pairing[38] and the BMP-2 can be easily entrapped inside 
the multilayers. When the pH is increased to physiological 
value (pH 7.4), Col I will be less charged with reduction of ion 
pairing[38] which leads to faster release of BMP-2. The faster the 
release is, the more BMP-2 in a soluble state exists (similar to 
pos Ctrl). Hence, less matrix-bound BMP-2 remains in the mul-
tilayers to be presented to the cells, which led to less BMP-2 
internalization in cells on nCS PEMs. Further, the imine bonds 
in oCS PEMs can be partly hydrolyzed at acidic pH permitting 
uptake of BMP-2 during loading (pH 4) while these bonds are 
formed and are more stable at neutral and basic pH.[53] There-
fore, the loaded BMP-2 is entrapped when the imine bonds are 
formed. This resulted in the very little release of BMP-2 from 

oCS100 PEMs and here it is worth pointing out that this very 
little release indicates that the majority of the loaded BMP-2 
is still stored and available to cells in a matrix-bound manner, 
which is the effective way of GF presentation to the cells that 
is similar to what happens in the native ECM.[10] The avail-
ability of BMP-2 as matrix-bound in oCS100 PEMs allowed its 
presentation in a spatial/temporal manner to the cells at their 
ventral side which resulted in more BMP-2 internalization. 
However, it has been found that BMP-2 signaling can be inde-
pendent of BMP-2 internalization where signaling can still take 
place at the plasma membrane even in the absence of BMP-2 
internalization.[16,54] Moreover, the swelling and the aqueous 
nature of oCS50 PEMs indicated previously by AFM and QCM 
data, resulted in more diffusion of BMP-2 compared to oCS100 
PEMs, i.e., more soluble BMP-2. This highlights the strong 
contribution of the intrinsic cross-linking in oCS100 PEMs in 
increasing the stability of the multilayers under physiological 
conditions,[21] and controlling BMP-2 release and presentation.[8]

Cell adhesion is considered as a prerequisite for a variety of 
cellular function including cell growth and differentiation.[55] 
C2C12 cells adhered generally on all nonloaded PEMs due to 
their moderate wettability, observed by WCA that is usually pre-
ferred by cells (WCA 40°–70°),[56] and the presence of Col I.[22] 
Moreover, Col I fibrils are known to promote the adhesion of a 
variety of cells via integrin-mediated interaction,[57] where α2β1 
is the main functioning integrin receptor for Col I fibrils.[58] 
Thus, on nonloaded PEMs, the thick Col I fibers present on 
oCS PEMs contributed to significant more cell spreading than 
on nCS PEMs, as shown by quantification of cell area. In addi-
tion, on BMP-2 nonloaded multilayers, cell attachment on con-
trol surfaces was the lowest which indicates that there is no 
intrinsic toxicity of multilayers particularly when using oxidized 
CS. Necrotic of apoptotic cells have a rather round shape[59] 
which was not seen there. Furthermore, more elongated cells 
and more cell spreading characterized by expression of longi-
tudinal actin filaments and vinculin molecules in FA sites were 
observed on all BMP-2-loaded samples indicating a promoting 
effect of BMP-2 on cell adhesion.[54] A crosstalk between BMP-2 
and integrin-dependent signaling pathways which promotes 
the formation of FA and stress fibers, was observed in other 
studies.[54] Additionally, the mechanical properties of the ECM 
or the substrata are strong modulators of cellular behavior.[60] 
On stiff surfaces, the cells exert stress by expansion of their 
FA and increase recruitment of vinculin.[61] This results in an 
extended and spread shape of cells together with alteration of 
stress fibers,[62] which goes on well with our findings regarding 
oCS100 PEMs (both loaded and nonloaded). Vinculin plays a 
role in strengthening adhesion by increasing the local mem-
brane stiffness, modulating by that bond stressing in the con-
tact area.[63] On the other hand, cell adhesion and spreading 
are suppressed on soft substrata because of suppressing sign-
aling via integrins regarding mechanotransduction.[35] Since 
oCS50 PEMs are the softest and most water containing, less 
vinculin organization was observed compared to oCS100 and 
even nCS PEMs. Such effect of PEM stiffness on FA and actin 
organization of C2C12 cells was already shown previously by 
others using PLL/HA PEM and ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC) for cross-linking[15] which fits to 
our findings here. In this study, it was made clear that not only 
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the topography matters but also the stiffness and the molecular 
composition together affect the behavior of cells.

The bioactivity of PEMs including the effect of BMP-2 on 
osteogenic differentiation of C2C12 myoblasts was investigated 
by qRT-PCR via studying the expression of early osteogenic 
markers ALP and Col I.[64] These markers were highly upregu-
lated in cells grown on both oCS PEMs compared to the ones 
on nCS PEMs and pos Ctrl. Ligation of collagen integrin recep-
tors α2β1 and β1 integrins in general is required for ALP induc-
tion as it increases ALP mRNA triggered by BMP-2.[65] Hence, 
the presence of thick Col I fibers and the more cell adhesion 
and spreading could be the reason triggering more osteogen-
esis in cells grown on oCS100 and oCS50 PEMs compared to 
nCS PEMs. In addition, the ALP gene expression levels from 
the qRT-PCR were closely related to ALP staining and activity 
except for the positive control. The reason for the lack of ALP 
gene translation could be phosphorylation, proteolysis of core 
components of the translation machinery, or specific factors 
such as RNA-binding proteins and miRNA.[32] Moreover, it has 
been reported that the activity but not the expression of Runx2 
is enhanced with osteoblast differentiation in some hMSCs,[66] 
which could, on one side, explain the reason behind the lower 
expression of Runx2 in cells grown on oCS PEMs compared to 
nCS PEMs and pos Ctrl. On the other side, post-transcriptional 
regulation by miRNAs may affect the expression of Runx2 and 
Osterix,[67] which could explain the lower level of Osterix expres-
sion in cells grown on oCS PEMs compared to nCS. Further-
more, Noggin is a specific antagonist of BMPs that was found 
to be expressed by osteoblasts to regulate the extracellular expo-
sure to BMP as part of the negative feedback mechanism that 
prevents the interaction of BMP with its receptor. Therefore, 
achieving a balance between BMPs and Noggin plays a critical 
role in regulating osteogenesis.[31] On pos Ctrl and nCS PEMs, 
cells are exposed to high amounts of soluble BMP-2, triggering 
by that the expression of osteogenic gene markers together 
with high Noggin expression. By contrast, matrix-bound BMP-2 
presented to cells from oCS PEMs triggered higher expression 
of osteogenic genes but reduced Noggin. Therefore, this bal-
anced BMP-2/Noggin ratio in oCS PEMs is expected to enable 
complete osteogenesis in comparison to the unbalanced ratio 
in pos Ctrl. Osteoblasts start synthesizing their ECM which 
consists mainly of Col I followed by ALP production and later-
stage ECM calcification occurs.[65] Hence, Col I expression and 
secretion is important for starting and increasing the minerali-
zation process.[66,68] Referring back to the qRT-PCR data, Col I 
and ALP expression were highly upregulated in cells grown on 
oCS PEMs while it was almost like the neg Ctrl on nCS PEMs. 
Thus, more mineralization is expected to occur on oCS PEMs. 
The latter was proven when looking at Alizarin red staining of 
the mineralized matrix that was more pronounced in cells cul-
tured on oCS than on nCS PEMs. The findings of qRT-PCR go 
well with the results detected from CLSM images of immune-
staining where more Col I and Runx2 staining were detectable 
for cells on oCS compared to nCS PEMs and pos Ctrl. Alto-
gether, this confirms that the osteogenic markers expressed in 
cells grown on oCS PEMs were efficiently translated into pro-
teins and were accompanied with real osteoblast development 
while this was absent on nCS and pos Ctrl despite offering the 
soluble BMP-2 in larger amounts.

4. Conclusion and Outlook

The oCS PEMs with intrinsic cross-linking are superior to nCS 
PEMs in supporting cell adhesion, spreading, and triggering 
osteogenesis through storage and presentation of the loaded 
BMP-2 to the cells in a matrix-bound manner rather than 
releasing it in a soluble state. The intrinsic cross-linking sup-
ports the presence of an ECM-like microenvironment through 
enhancing the stiffness and stability of PEMs and preserving 
the structure of Col I fibers that represent an ECM-like topo-
graphical and chemical cue. The key to achieve the targeted cell 
differentiation is not only about the quantities of GF released 
but requires rather a combination between the availability 
of matrix-bound GF and a slow release profile. Moreover, the 
moderate releasing profile and the soft nature of oCS50 PEMs 
could allow their use for articular cartilage regeneration using 
the growth and differentiation factor-5 (GDF-5) that supports 
cell differentiation into chondrocytes. Overall, these multilayers 
with intrinsic cross-linking can be further used as coatings for 
implants to deliver GFs to the site of defects for bone regenera-
tion application and other tissue defects.

5. Experimental Section
Materials: Cell culture flasks and polystyrene well-plates were 

purchased from Greiner Bio-one GmbH & Co.KG (Frickenhausen, 
Germany). Round glass (Ø12 mm) were purchased from VWR (Germany) 
and glass object holders were provided by Karl Hecht GmbH & Co 
(Sondheim, Germany). Glutaraldehyde was obtained from AppliChem 
(Darmstadt, Germany). Collagen I was obtained from Sichuan Mingrang 
Bio-Tech (Sichuan, China). Chondroitin sulfate (CS), PEI, Triton X-100, 
and sodium periodate (NaIO4) were provided by Sigma-Aldrich Chemie 
GmbH (Steinheim, Germany). Trypsin/ethylenediaminetetraacetic 
acid (EDTA) solution and fetal bovine serum (FBS) were provided 
by Biochrom (Berlin, Germany). Penicillin/ streptomycin (pen/strep) 
was from Lonza (Walkersville, MD, USA). Sodium chloride (NaCl), 
bovine serum albumin (BSA), 4-nitrophenylphosphate disodium salt 
hexahydrate (p-NPP), hydrogen peroxide 35% (H2O2), and alizarin red-S 
were provided by Carl Roth GmbH & Co. KG (Karlsruhe, Germany). 
Schiff’s reagent was from Merck KGaA (Darmstadt, Germany). 
DMEM (phenol red) and paraformaldehyde 4% (PFA) were provided 
by Roth (Germany). Dialysis bags (Spectra/Por membrane, Mw 
cutoff = 3500) were provided by Spectrum Labs (CA, USA). 5-Brom-4-
chlor-3-idolylphosphate-p-toluidinsalt (BCIP) was purchased from Roth, 
Germany. While, p-Nitro blue tetrazolium chloride (NBT) was purchased 
from Applichem, Germany. AMP buffer was provided by Roth, Germany. 
2-phospho-L-ascorbic acid trisodium salt was from Sigma-Aldrich, 
Germany and β-glycerol phosphate was from Alfa Aesar, Germany. 
Mowiol was obtained from Calbiochem (Darmstadt, Germany).

Synthesis of oCS: Native CS (nCS) was used as a polyanion and as 
a native glycosaminoglycan (nGAG) in all experiments. According to 
previously published protocol, oxidized CS (oCS) was synthesized.[8] 
In short, to get 100% theoretical oxidation degree, 1  g of nCS (nCS 
Mw  ≈ 75  kDa) was dissolved in (200  mL) of ultrapure water and left 
to react with 0.5 g of NaIO4 for 3 h at room temperature (RT) under 
stirring and protection from light. Dialysis against distilled water using 
membrane of 3.5  kDa cut-off was used for 3 days at RT to purify the 
reacted CS and the final product was obtained by freeze-drying (ALPHA 
1–2 LDplus, Christ, Osterode am Harz, Germany) and stored at  
4 °C for further use. A photometric detection method known as 
“Schiff’s test” was used, as described previously,[69] to quantify the 
aldehyde groups present in oCS. Oxidation degree of 2.77% was 
obtained for oCS.
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Preparation of Substrata: Glass coverslips, silicon wafers, polystyrene 
well plates, and quartz chip Au were used when appropriate as 
substrate surface in the preparation of PEMs systems. Si wafers (Silicon 
Materials, Kaufering, Germany) with a size of 10 × 10 mm2 were used 
for ellipsometry, while round glass coverslips (ø12 mm) were used as 
substrata for WCA and cell experiments. Both glass and silicon were 
cleaned using RCA-1 cleaning method which aimed to removing organic 
contaminants, thin oxide layer, and ionic contamination.[70] Quartz chip 
Au purchased from 3T Analytik (Germany) were used for QCM-D studies 
and were cleaned with 70% ethanol and ultrapure water and dried with 
a stream of nitrogen before use. Ethanol 70% was used for 15  min to 
sterile glass before the formation of multilayers.

Preparation of Solutions and Formation of PEMs: The multilayers were 
built up by dip coating method on the previously mentioned substrata 
which were selected appropriately depending on the experiment to be 
done. PEI was dissolved in 0.15 mol L−1 sodium chloride (NaCl) solution 
at a concentration of 2  mg mL−1. Native chondroitin sulfate (nCS), 
oxidized chondroitin sulfate (oCS100), and oxidized/native chondroitin 
sulfate mixture (oCS50) were used as polyanions. oCS100 and nCS were 
dissolved in 0.15 mol L−1 NaCl solution at a concentration of 2 mg mL−1. 
oCS50 solution was obtained by mixing oCS100 and nCS in a 1:1 ratio 
to get a mixture which contained 50% oCS and 50% nCS. Collagen I 
(Col I) was used as a polycation and was dissolved at a concentration 
of 2  mg mL−1 in a 0.15  mol L−1 NaCl solution containing 0.2  mol L−1 
acetic acid and stirred at 4 °C overnight followed by centrifugation for 
10 min at max speed to eliminate insoluble precipitates. A final working 
concentration of 0.5 mg mL−1 working solution was obtained by diluting 
the stock solution in 0.15  m sodium chloride and 0.2  mol L−1 acetic 
acid solution.[21] 0.15 mol L−1 NaCl was used as a washing solution. All 
polyelectrolytes were adjusted to pH 4 with exception to PEI with pH 
7.4. A 0.2 µm pore size membrane filter (Whatman) was used to filter all 
polyelectrolytes and washing solution before use.

PEI was used as the first binding layer to obtain a net positive charge 
and was adsorbed for 30  min on the substrates. Then, for the various 
systems, alternating layers of polyanions (nCS, oCS100, or oCS50) and 
polycation (Col I) were used until reaching a total number of 17 layers 
with Col I being the terminating layer. Polyanions and polycation were 
alternatively incubated for 15 min followed by 2 × 4 min washing steps 
using 0.15 mol L−1 NaCl solution. All multilayers formation procedures 
were carried out at RT under gentle shaking (Heidolph, Polymax 1040, 
at 30 rpm).

Measurement of Multilayers Growth: The layer growth and 
multilayers formation were investigated via QCM-D monitoring, 
as previously described.[38] A qCell T temperature-controlled quartz 
crystal microbalance from 3T analytik (Tuttlingen, Germany) was 
used for QCM-D measurements. The principle of QCM-D was based 
on the sensitivity of the quartz sensor to the mass and properties of 
materials deposited on the surface. During the deposition of materials 
on the sensor or when an alternating voltage was applied, there was a 
change in resonant frequency and damping (dissipation). The change 
in frequency and damping was captured by the device in real-time.[71] 
Multilayers were built up in the QCM-D flow cell by injecting alternating 
polyanion/polycation solutions and this was monitored in real-time 
using quartz chip Au as the substrate surface. The change in frequency 
and evaluation of layer thickness were carried out using the qCell T 
device and qGraph software.

WCA Measurements: After the formation of multilayers on glass 
coverslips, they were stored in a desiccator before carrying out WCA 
measurements. The wettability properties of multilayer surfaces were 
determined by static WCA measurements using an OCA15+ device 
(Dataphysics, Filderstadt, Germany), as previously described.[72] The 
sessile drop method was implemented using five droplets of 3  µL 
ultrapure water for each sample. The software of OCA15+ device 
recorded for each droplet at least ten independent measurements. 
Measurements were fitted with the ellipse-fitting method and mean and 
standard deviations for all measurements were calculated.

Characterization of PEMs Dry Thickness: The thickness of PEMs built 
up on cleaned Si wafers was determined using an M-2000  V scanning 

ellipsometer (J.A Woollam Co. Inc., Lincoln, NE, USA) with an angle of 
incidence of 70°. The thickness of formed multilayers was determined 
by fitting the experimental data to an additional Cauchy layer and a 
refractive index of 1.36 was used to calculate layer thickness. Finally 
experimental data obtained were analyzed with the device’ software 
(WVase32).

Measurement of PEMs Surface Topography and Elastic Modulus: 
Topographical imaging as well as measuring local elasticity of the 
multilayers (deposited on silicon substrates) was performed using 
AFM (nanowizard IV, JPK-Instruments, Berlin, Germany) in quantitative 
imaging mode (QI). Here, a silicon cantilever (FMR, Nanosensors) in 
a standard liquid cell (JPK-Instruments) containing 0.15  mol L−1 NaCl 
was employed. JPK Data Processing V5.0.85 and (Gwyddion V2.49) 
software were used for postprocessing, calculation of elasticity, and 
analyzing roughness parameters. To measure the diameter of the Col I 
fibers present on the surface, the program FSegment was used.[73] While 
this program was originally developed for actin fiber detection, its line 
tracing algorithm was also successfully used to detect the Col I fibers 
found on top of the samples. All settings were kept equal for all samples. 
The program traced all fibers and measured the width of each fiber every 
5  pixel (equals 48.5  nm). All measuring points per sample were then 
cumulated and analyzed.

Uploading of Recombinant Human Bone Morphogenetic Protein 2 
(rhBMP-2) to Multilayers for Cell and Release Studies: After the formation 
of multilayers, rhBMP-2, produced in a heterologous host of Escherichia 
coli (E. coli) according to Hillger et al.,[74] was loaded onto the multilayers. 
A concentration of 10 µg mL−1 rhBMP-2 was used for all experiments and 
was obtained by diluting the stock solution (50 µg mL−1) with 1 mmol 
HCl. 200 µL rhBMP-2 was added to each PEM sample and incubated at 
4 °C overnight 1 day prior to cell seeding/enzyme-linked immunosorbent 
assay (ELISA) samples collecting. After incubation, rhBMP-2 was 
aspirated and layers were washed quickly with 0.15 mol L−1 NaCl solution 
pH 7.4. For positive controls in cell experiments, 10  µg mL−1 rhBMP-2 
was added directly to the medium and the stock solution was diluted 
using DMEM cell culture medium instead of 1 mmol HCl.

BMP-2 Release Studies via ELISA: 10 µg mL−1 BMP-2 in 1 mmol HCl 
(50 µL each well) was loaded for overnight at 4 °C to the PEMs which 
were fabricated in a 96-well plate. Samples were collected over 7 days, 
each time followed by adding new fresh phosphate-buffered saline (PBS, 
pH 7.4). An ELISA kit from PeproTech (Hamburg, Germany) was used to 
check the released amounts of BMP-2. A series of BMP-2 concentrations 
was used to obtain a standard curve which was used later to calculate 
the released amounts from the PEMs according to the absorbance 
values measured at 405 nm.

BMP-2 Staining on Multilayers for Semiquantification: Multilayers were 
fabricated on glass cover slips and loaded with BMP-2 as mentioned 
previously. After loading, the samples were incubated in DMEM + 10% 
FBS (the same medium used for cell experiments) at 37 °C. After 24 h 
(the first set) and 7 days (the second set), samples were washed with 
PBS and fixation was done for 15  min using 4% PFA and further 1% 
BSA was used as a blocking agent with two washing steps with PBS in 
between. Then, the staining of BMP-2 was done using a primary BMP-2 
mouse monoclonal antibody (1:50, Invitrogen) and a secondary CY2-
conjugated goat anti-mouse antibody (1:100, Jackson Immuno Research 
Laboratory, Inc.) for 30  min incubation each, and 3×5 washing times 
with PBS after each staining step. The samples were then mounted on 
cover slips with Mowiol (Calbiochem, Darmstadt, Germany) and placed 
on an object holder. After storage for overnight at 4 °C, samples were 
visualized with a CLSM (LSM 710, Carl Zeiss, Oberkochen, Germany). 
The samples were fixed completely flat on the sample holder of the 
CLSM. Pictures were taken using a 20× objective, open pinhole, and low 
laser energy to avoid bleaching and gather as much signal as possible. 
For each measurement, an area of 2125 × 2125  µm was evaluated by 
using the tiles add-in of Zen 2008 to take a matrix of 5 × 5 individual 
pictures. The focus was set where the highest mean intensity was 
reached. Under- and overexposure was avoided carefully. All settings 
were kept constant during measurements. Finally, the mean intensity of 
the 8 bit image was extracted by ImageJ 1.53c.
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C2C12 (Mouse Myoblast Cell Line) Cell Culture: Cryopreserved C2C12 
cells were thawed in a water bath at 37 °C and cultured in DMEM 
(phenol red) supplied with 10% FBS and 1% penicillin/streptomycin 
(pen/strep) in a F75 culture flask and incubated in a humidified 5% 
CO2/95% air atmosphere in a NUAIRE DH autoflow air-jacketed 
incubator (NuAire Corp., Plymouth, USA). When cells were about 80% 
confluence, cells were washed with PBS pH 7.4 and detached from the 
flask using 0.25% trypsin/EDTA for 3 min at 37 °C, then trypsin action 
was blocked using DMEM medium containing 10% FBS + 1% pen/strep. 
Cells were collected in a 15 mL falcon tube and centrifuged at 250 g for 
5  min, the supernatant was collected and pellet was re-suspended in 
1  mL (DMEM + 10% FBS + 1% pen/strep). A 1:100 dilution was made 
and cells were counted using the Neubauer counting chamber and 
seeded as needed.

C2C12 Cell Adhesion Studies: C2C12 cells were seeded on the various 
PEM made on glass cover slips and loaded with BMP-2 as mentioned 
previously. Two sets of samples were used here; BMP-2-loaded ones 
and non-BMP-2-loaded ones using positive and negative controls 
samples as defined above. The density of C2C12 used for each samples 
was 50 000 cells mL−1 in DMEM medium supplemented with 10% FBS. 
After incubating for 24  h at 37 °C, the same fixation, permeabilization, 
and blocking steps mentioned above, were employed. For the immune 
staining, cells were stained with ToPro3 (1:500, Invitrogen) for nucleus, 
Bodipy-Phalloidin (1:50, Invitrogen) for actin filaments and a primary 
mouse antibody against vinculin (1:50, Santa Cruz Biotechnology) which 
was followed by incubation with a CY2-conjugated goat anti-mouse 
antibody (1:100, Jackson Immuno research Laboratory, Inc.). Samples 
were incubated with each staining agent/antibody for 30  min in the 
dark at RT. After each staining step, 3 × 5  min rinsing steps with PBS 
were performed. Samples were mounted on cover slips with Mowiol as 
described before. Images were visualized using CLSM with 10x, 20x, and 
63x oil immersion objective lenses. Images were analyzed with ZEN 2011 
software (Carl Zeiss) and later with ImageJ (1.53c) for cell count and area. 
For actin length quantification, at least 15 pictures per condition were 
taken. Contrast of pictures was enhanced with the “Enhance Contrast” 
function of ImageJ 1.53c. Additionally, all cells touching the image borders 
as well as dead cell fragments were removed from each picture manually 
with ImageJ. Afterward, the program filament sensor 0.1.7 developed by 
Eltzner et al.[75] was used to detect the actin fibers automatically. The 
settings were kept the same for all samples of the experiment.

The detection of FA was carried out with a custom cell profiler pipeline 
using Cell Profiler 2.2. The individual cells were segmented with the help 
of TwoPro3 staining, which was associated with the nuclei and phalloidin 
staining, which was used to quantify the cytoplasm area. This was done 
by an automatic thresholding of both areas, a subsequent deduction of 
the nucleus area from the cytoplasm area, and a parent–child association 
of the cytoplasm of each cell. FA plaques were made visible by a primary 
vinculin antibody and subsequent cy2 secondary antibody. To increase 
the contrast, an enhance feature texture function was used and the FA 
plaques were detected by thresholding in the individual cell cytoplasm 
areas. All settings were kept constant over all samples.

BMP-2 Internalization: Multilayers were fabricated on glass cover 
slips and loaded with BMP-2 as mentioned previously. After overnight 
incubation, BMP-2 was aspirated and PEMs were washed quickly with 
NaCl pH 7.4. C2C12 cells were seeded on the various multilayers at a 
density of 50 000 cells mL−1 in (DMEM + 10% FBS) for 24  h at 37 °C. 
Positive and negative controls were cells seeded directly on glass, with 
adding the 10  µg mL−1 BMP-2 directly to the medium and without 
adding any BMP-2, respectively. After 24  h, the medium was removed 
and cells were washed quickly with PBS followed by a fixation step using 
PFA 4% for 15 min. After that, the samples were divided into two sets: 
permeabilized and nonpermeabilized. The cell permeabilization was 
performed using 0.1% triton for 10 min. Thereafter, 1% BSA solution was 
used as blocking agent for both sets of samples for 1  h. Two washing 
times using PBS were employed after each step. Afterward, incubation 
with each antibody for 30  min took place, starting with a primary 
BMP-2 mouse monoclonal antibody (1:50, Invitrogen), a secondary 
CY2-conjugated goat anti-mouse antibody (1:100, Jackson Immuno 

Research Laboratory, Inc.), Bodipy-Phalloidin (1:50, Invitrogen) for actin 
filaments and ToPro3 (1:1000, Invitrogen) for the nucleus staining. 3×5 
washing times with PBS after each incubation step was performed. 
Stained samples were mounted on cover slips with Mowiol and placed 
on an object holder and stored at 4 °C for the next day. Using a CLSM, 
samples were visualized with 63x oil immersion objective lens. Images 
were processed with the ZEN 2011 software (Carl Zeiss).

Osteogenic Cell Differentiation Studies: ALP Assay: C2C12 cells were 
seeded at a density of 50 000 cells mL−1 in (DMEM + 10% FBS + 1% 
Pen/strep) on PEMs fabricated directly in a 24-well plate and loaded with 
BMP-2 as mentioned before. Positive/negative controls were cells seeded 
directly on well plate with and without BMP-2 addition, respectively, as 
mentioned previously. After 7 days of incubation, cells were washed with 
PBS and cell lysis was performed using 1% Triton X-100 for 30 min under 
slow shaking. Afterward, 1 mg mL−1 p-NPP was incubated with 50 µL of 
cell lysate in a 96-well plate for 30 min at 37 °C and the absorbance was 
measured using a plate reader (FLUOstar OPTIMA, BMG LABTECH) at 
405 nm wavelength. The alkaline phosphatase values were normalized to 
the total protein content that was measured using a Pierce BCA Protein 
Assay Kit from Thermo scientific (Rockford, IL, USA).

ALP Staining: The same cell seeding procedure used for ALP assay was 
used here. After 7 days of incubation, cells were washed with PBS and fixed 
using 2.5% glutaraldehyde solution for 10 min followed by a washing step 
with AMP buffer. ALP staining mixture included: 25  mg mL−1 NBT and 
25 mg mL−1 BCIP that were prepared in 70% and 100% dimethylformamide, 
respectively. For every 5 mL AMP buffer, 33 µL NBT and 16 µL BCIP were 
added to form the ALP staining reagents mixture. After fixation, cells were 
incubated with the staining reagents mixture in the dark for 1 h at RT. The 
reaction was then stopped with 20 × 10−3 m EDTA and images were taken 
using a bright-field NIKON microscope 10x lens and analyzed using NIS 
element imaging software version 5.10.00.

Alizarin Red Staining: Alizarin red staining was done to determine the 
deposition of mineralized matrix after 14 days following the same cell 
seeding procedure and BMP-2 loading, on PEMs made on glass. 1 g of 
alizarin red was dissolved in 50 mL ultrapure water and pH was adjusted 
to 4.1–4.3 with 0.5% NH3 and filtered before use. Cells were rinsed once 
with PBS and fixed with 4% PFA for 15 min then rinsed twice with water. 
1 mL of alizarin red was used to stain the fixed cells and incubated in the 
dark for 45 min at RT. After the incubation period, the stained cells were 
rinsed twice with ultrapure water and 1 mL PBS was added. Bright-field 
mages were taken using NIKON microscope with 10x lens and analyzed 
with NIS element imaging software version 5.10.00.

Immune Staining for Osteogenic Differentiation: PEMs made on glass 
were loaded with BMP-2 and C2C12 cells were seeded, fixed, permeabilized, 
blocked, and immune-stained as mentioned in the cell adhesion studies 
paragraph. For osteogenic differentiation, cells were incubated for 14 
days and were stained with ToPro3 for the nucleus, a primary mouse 
antibody against collagen I (Col I A2) (1:50, Santa Cruz) followed by a CY2-
conjugated goat anti-mouse antibody (1:100, Jackson Immuno research 
Laboratory, Inc.) and a primary rabbit antibody against Runx-related 
transcription factor 2 (Runx2) (1:50, Biorbyt) followed by a CY3-conjugated 
goat anti-rabbit antibody (1:100, Jackson Immuno research Laboratory, 
Inc.). Images were visualized using CLSM with 63x oil immersion objective 
lens and later were analyzed with ZEN 2011 software (Carl Zeiss).

Extraction of RNA and qRT-PCR: C2C12 cells were seeded at a density 
of 50 000 cell mL−1) on the various multilayers surfaces that were 
fabricated in a 24-well plate. After incubation of cells in DMEM medium 
supplemented with 2% FBS and 1% Pen/Strep for 14 days, RNA was 
extracted from the cultured C2C12 cells according to the manufacturer’s 
protocol using the Aurum Total RNA Mini Kit from BioRad (Hercules, 
CA, USA). The first strand of cDNA was synthesized in 20 µL reactions 
using an iScript Advanced cDNA Synthesis Kit for RT-qPCR according 
to manufacturer’s procedure (Biorad, Hercules, CA, USA). Quantitative 
Real-Time PCR was carried out under standard enzyme and cycling state 
on a CFX Connect Real-Time PCR Detection system (Biorad, Hercules, 
CA, USA). Primer sets were confirmed by PrimePCR Probe Assays for the 
transcription factors (ALP, COL1A1, Runx2, SP7, and Nog), mentioned in 
Table 1. RPLP0 housekeeping gene was used in this analysis. Data were 
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analyzed using the BioRad CFX Manager Software 3.0 (Hercules, CA, 
USA). qRT-PCR was carried out under the following conditions: 95 °C for 
30 s, then 39 cycles at 95 °C for 15 s and 60 °C for 30 s. The relative gene 
expression levels were calculated and normalized to the housekeeping 
gene RPLP0 by the DDCt method (2−ΔΔCt).

Statistics: Statistical calculations were carried out with Origin 8 
software. Mean, standard deviation, analysis of significance (analysis 
of variance (ANOVA)), Kruskal–Wallis, and Dunn post hoc were 
calculated and described in the respective figures. A value of p  ≤ 0.05 
was considered to be significantly different and was indicated by (*). On 
the other hand, (#) was used to indicate that all data were significantly 
different except the indicated ones. (###) meant that all data were 
significantly different to each other. Further, box-whisker diagrams 
were shown where appropriate. The box indicated the 25th and 75th 
percentiles, the median (line), and the mean value (square).
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