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Introduction

In vivo, cells reside in an extracellular matrix (ECM)-
based microenvironment consisting of fibril-forming 
proteins, such as collagens, laminin, and fibronectin,1 
making the insoluble protein component of the ECM and 
polysaccharide-based on glycosaminoglycans (GAGs) in 
particular hyaluronan and proteoglycans, which contain 
other GAGs such as chondroitin sulfate (CS), heparan 
sulfate, and others.2 In addition, various cytokines as 
soluble protein components are contained in the ECM or 
bound to the cell surface by support from sulfated GAGs.3 
The ECM proteins can interact with cells via integrin 
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adhesion receptors,4 which are involved in cell signaling 
transduction, and thus influencing cell adhesion, growth, 
and differentiation.5 Moreover, interaction of proteogly-
cans having GAGs side-chains of heparin and CS, but 
also fibronectin with growth factors (GFs) including 
bone morphogenic proteins (BMPs) provides the basis 
for GF-related signal transduction processes, too.2,6 
Hence, the ECM acts not only as a structural support of 
cells, but provides chemical and mechanical cues 
involved in the regulation of cellular responses.6,7

Biomaterials for use as scaffolds in tissue engineering 
should meet important characteristics, such as bioactivity 
and biodegradability. Many synthetic materials such as 
polylactic or polyglycolic acids have been widely used 
because of their good mechanical properties, low cost, and 
biodegradability.8 However, those synthetic materials have 
poor bioactive properties, because they lack the necessary 
cues to guide cellular behavior in a desired manner.9 
Furthermore, the bio-integration, which is the interaction 
between an implant and the host tissue, occurs always at 
the interface or surface of the implant materials.10 
Therefore, despite the importance of bulk properties of a 
biomaterial, the surface properties arise to play a critical 
role in the process.11 Hence, several physiochemical sur-
face modification methods have been established to alter 
the surface properties of biomaterials in a desired manner. 
While physical and chemical treatments of implant materi-
als often modulate biocompatibility to improve engrafting 
or reduce adverse effects, biomimetic modifications aim at 
reestablishing an ECM-like microenvironment for tissue 
cells12 to resemble the mechanical and chemical cues 
required to control cell behavior and tissue regeneration.13

Among a variety of methods for surface modification, 
layer-by-layer (LbL) assembly of polyelectrolytes has 
emerged as a very simple, cost-efficient, and versatile 
strategy in fabricating biogenic thin films and for the 
immobilization of bioactive molecules such as growth fac-
tors on biomaterial surfaces.14–16 Matrix components such 
as fibrillar glycoproteins (e.g. collagens, fibronectins, 
laminins) and GAGs such as CS, heparin, and HA have 
gained an increasing interest for making of bioactive sur-
face coatings and three-dimensional (3D) systems,15,17,18 
implementing that as a step toward mimicking the native 
ECM. However, some of these polysaccharide and pro-
tein-based multilayer systems have been found to be rela-
tively unstable under physiological conditions19 that may 
require subsequent or concurrent cross-linking to improve 
their stability. To enhance stability of multilayers from bio-
genic polyelectrolytes, we introduced recently intrinsic 
cross-linking by formation of imine bonds between alde-
hydes of oxidized GAGs with pendant amino groups of 
proteins resulting in improved stability.20

Mesenchymal stem cells (MSCs) represent a multipo-
tent type of cells, which lineages result in all kinds of con-
nective tissues. Hence, they have been considered for 

regenerative therapies of musculoskeletal diseases and 
traumata.21 Indeed, programming of MSCs differentiation 
has been done by tailoring physical and chemical cues 
expressed by man-made material surfaces including appli-
cation of ECM components22 and growth factors.23 
However, proliferative capacity of MSCs is limited to a 
few passages24 and studies of fundamental effects of sur-
face modifications may be hampered by use of several pas-
sages and donors. However, cell lines derived from 
multipotent mesenchymal cells such as the C3H10T1/2 
cell line established in 1973 from C3H mouse embryos of 
14- to 17-day-old mice25 that share many features of 
MSCs, may be an alternative source of cells for studies on 
development of biomimetic surfaces for tissue engineering 
of bone, cartilage, and other types of connective tissues. In 
fact, C3H10T1/2 cells are able to develop into different 
cell lineages under specific cell culture induction media 
including osteoblasts,26 chondrocytes,27 and also adipo-
cytes.28 For example, bone morphogenic protein 4 (BMP-
4) has been found to promote the adipogenic differentiation 
of C3H10T1/2 cells28 while a high cell density micro-mass 
culture with a specific medium (supplemental with a 
purified mixture of osteoinductive proteins, ascorbic acid, 
and β-glycerophosphate) regulates commitment to the 
chondrogenic lineage.27 In addition, previous studies 
found that BMP-2 was capable of triggering commitment 
of multipotent C3H10T1/2 cells to adipocyte29 and osteo-
cyte26 lineages. Moreover, others observed that these cells 
respond to chemical and mechanical cues differentiating 
into osteoblasts, chondrocytes, and tenoblasts.30 Hence, 
they seem to represent a suitable model to study the effect 
of biomimetic surface modifications on differentiation of 
multipotent cells.

So far, the effect of composition of biomimetic multi-
layers that resemble matrix composition of connective tis-
sues such as bone and cartilage using collagen and either 
CS or HA on differentiation of C3H10T1/2 cells has not 
been studied yet. In addition, no studies exist that investi-
gate the effect of intrinsic cross-linking of multilayers on 
adhesion, growth, and differentiation of C3H10T1/2 cells. 
Hence, in the present work, biomimetic multilayers pre-
pared by pairing collagen I (Col I) with HA or CS in either 
native or oxidized form were used as substrate for studying 
adhesion, growth, and multipotent differentiation of 
C3H10T1/2 cells to learn about the effect of ECM-like 
microenvironment of differentiation of multipotent cells 
into mesenchymal tissues.

Materials and methods

Materials

Glass coverslips (Roth, Germany) of size ⌀12 mm and 
⌀15 mm were treated with 0.5 M sodium hydroxide (Roth) 
dissolved in 96% ethanol (Roth) to clean the surfaces for 
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2 h at room temperature. Subsequently, the samples were 
thoroughly washed with ultrapure water and dried under 
nitrogen flow. Silicon wafers (Silicon materials, Germany) 
were cut to a size of (10 × 10) mm2 and (37 × 17) mm2 and 
cleaned with a solution of hydrogen peroxide (35%, Roth), 
ammonium hydroxide (25%, Roth), and ultrapure water 
(1:1:5, v/v/v) at 75°C for 15 min.31 Thereafter, the wafers 
were thoroughly rinsed with ultrapure water and dried with 
nitrogen. New gold-coated quartz sensors (QT 
Quarztechnik GmbH, Germany) for quartz crystal micro-
balance (QCM) measurements were cleaned with ethanol 
p.a. (99.8%, Roth), and extensively rinsed with ultrapure 
water. After drying with nitrogen, the sensors were kept in 
2 mM mercaptoundecanoic acid (MUDA, 95%, Sigma, 
Germany) diluted in ethanol p.a. at room temperature to 
obtain a negatively charged surface overnight owing to the 
formation of carboxylate-terminated monolayer.32

Native hyaluronic acid (nHA MW ~ 1.3 MDa) was pro-
vided by Innovent (Jena, Germany) while native chondroi-
tin sulfate (nCS, MW ~ 25 kDa) was purchased from 
Sigma. Polyelectrolyte solutions were prepared as follows: 
poly (ethylene imine) (PEI, MW ~ 750 kDa, Sigma, 
Germany) was dissolved in a 0.15 M sodium chloride 
(NaCl, Roth) solution at a concentration of 5 mg mL−1 and 
adjusted to a pH value of 7.4. The native and oxidized 
GAGs (nGAGs and oGAGs) were used as polyanions and 
were dissolved under stirring in a 0.15 M sodium chloride 
to obtain a final concentration of 0.5 mg mL−1. Collagen I 
(Col I) from porcine skin (polycation, MW ~ 100 kDa, 
Sichuan Mingrang Bio-Tech, China) was used as 

polycation and was dissolved in 0.2 M acetic acid (Roth) at 
a concentration of 2 mg mL−1 at 4°C. After dissolution, the 
Col I solution was centrifuged at 9000g for 10 min and 
then diluted to a final concentration of 0.5 mg mL−1 using 
0.2 M acetic acid supplied with NaCl (final concentration 
to 0.15 M NaCl). The pH value of the polyelectrolyte solu-
tions was adjusted to pH 4.0.

Polyelectrolyte multilayer assembly

Cleaned glass coverslips or silicon wafers were used as 
substrate for deposition of polyelectrolyte multilayers. A 
first anchoring layer of PEI was formed on the substrate to 
obtain a surface with positive charge, which was then fol-
lowed by adsorption of nGAGs (nCS, nHA) or oGAGs 
(oCS, oHA) as the anionic layer and then Col I as the cati-
onic layer. Polyelectrolyte multilayers were fabricated by 
immersing the glass coverslips in polyanions for 15 min 
while in polycation for 20 min followed by three times 
rinsing with a solution of NaCl (0.15 M, pH 4.0) for 5 min. 
By alternating adsorption of Col I and nGAGs or oGAGs, 
multilayers with eight total layers (eighth) on top of the 
PEI layer were fabricated. The four different systems (Col 
I terminated, see Figure 1) were designated as: nHA–Col I, 
oHA–Col I, nCS–Col I, and oCS–Col I.

Physicochemical characterization of multilayers

The layer growth was monitored in situ using surface plas-
mon resonance (SPR, iSPR from IBIS Technologies, 

Figure 1. A concept figure illustrating the differences among the four multilayer systems.
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Hengelo, The Netherlands), which is based on the detec-
tion of changes in the refractive index (RI) caused by the 
adsorption of molecules at the gold–liquid interface of the 
sensor. The resulting change in the SPR angle shift (m°) is 
proportional to the mass (ΓSPR) of adsorbed molecules on 
the surface given as33

 122 m 1 ng mm 1° ≈ −  (1)

The measurements were performed in situ in the flow 
cell of the device using gold sensors treated with MUDA 
(see above). Shifts in resonance angles from 10 regions of 
interest (ROI) defined on the sensor surface were recorded 
using the IBIS SPR software. To obtain a stable baseline, 
0.15 M NaCl (pH 4.0) was injected into the flow cells. 
Then, the polyelectrolyte solution was brought to the sen-
sor surface for 15 min followed by 15 min rinsing with 
0.15 M NaCl solution (pH 4.0). Afterwards, polyelectro-
lyte solutions of nGAGs or oGAGs and Col I were 
adsorbed up to eight layers with incubation times of 15 min 
for nGAGs and oGAGs, while 20 min for Col I. Each 
adsorption step was followed by a rinsing step described 
above to remove unbound or loosely bound material.

QCM measurements were conducted using a LiquiLab 
21 (ifak e.V., Germany) with MUDA-modified gold sen-
sors mounted in the flow cells of the device to monitor the 
damping shift after each single adsorption step. The damp-
ing shift reflects the mechanical properties of multilayers 
with higher values for softer adsorbed mass.34,35 The flow 
regime (3 µL s−1) and time periods for pumping the differ-
ent polyelectrolyte and washing solutions from reservoirs 
were programmed with the device.

The presence and organization of Col I in multilayers 
was characterized after in situ labelling with fluorescein 
isothiocyanate (FITC, Sigma)36 using a confocal laser 
scanning microscope (CLSM 710, Carl Zeiss Micro-
Imaging GmbH, Germany). Briefly, the multilayer-coated 
glass slides were placed in 24-well plates (Greiner, 
Germany). Then, 500 µL of 0.6 mg mL−1 FITC (Sigma) 
dissolved in pure dimethyl sulfoxide (DMSO, Sigma) 
solution was added to each well, followed by incubation at 
room temperature for 10 h. Then, samples were washed 
extensively with 0.15 M NaCl to remove any residual 
FITC. After a final short washing with water, samples 
were mounted with Mowiol (Merck, Germany) and exam-
ined with CLSM.

Cell culture

C3H10T1/2 embryonic fibroblasts (Clone 8) were pur-
chased from ATCC (CCL-226, LGC Standards GmbH 
Wesel, Germany) and grown in Dulbecco’s modified 
Eagle’s medium (DMEM, Biochrom AG, Germany) sup-
plemented with 10% fetal bovine serum (FBS, Biochrom 
AG) and 1% antibiotic–antimycotic solution (AAS, 

Promocell, Germany) at 37°C in a humidified 5% CO2/95% 
air atmosphere. Prior to reaching confluence, the cells 
were harvested from the culture flasks by treatment with 
0.25% trypsin/0.02% EDTA (Biochrom AG) followed by 
subsequent centrifugation and re-suspending in DMEM at 
a concentration of 20,000 cells mL−1.

Short-term interaction of C3H10T1/2 cells with 
multilayers

Cell adhesion and spreading. Adhesion of C3H10T1/2 cells 
was studied on glass coverslips coated with multilayer 
coatings of polyanion (nHA, oHA, nCS, oCS) and Col I. 
The serum-free C3H10T1/2 cell suspensions (1 × 104 
cells), were prepared as mentioned above, and seeded on 
samples and incubated for 4 h. After incubation, the cells 
were stained with crystal violet (Roth; 0.5% (w/v)) in 
methanol (Roth) at room temperature for 30 min, and then 
carefully washed with water and dried in air. Images were 
taken in transmission mode with an Axiovert 100 (Carl 
Zeiss MicroImaging GmbH, Germany) equipped with a 
charge-coupled device (CCD) camera (Sony, MC-3254, 
AVT-Horn, Germany). Cell count, cell area, and aspect 
ratio were calculated from five images per sample using 
image processing software “ImageJ 1.41o, NIH.”

Focal adhesion complex formation and organization of cellular 
integrins. The C3H10T1/2 cell suspensions (1 × 104 cells) 
were prepared and placed on samples and incubated for 
24 h. After incubation, the cells attached to the multilayers 
were fixed with 4% paraformaldehyde solution (Roth) for 
10 min followed by rinsing with phosphate-buffered saline 
(PBS). Thereafter, the cells were permeabilized with 0.1% 
Triton X-100 in PBS (v/v; Sigma) for another 10 min and 
washed again with PBS. The samples were further blocked 
by incubation with 1% (w/v) bovine serum albumin (BSA, 
Merck) at room temperature for 1 h. To study the formation 
of focal adhesions (FA) and distribution of integrins, the 
samples were stained by incubation with a rabbit poly-
clonal antibody against α2 (1:100, Santa Cruz, USA) and 
a mouse monoclonal antibody against vinculin (1:100, 
sigma), or incubated with a mouse monoclonal antibody 
against CD44 (1:100, Dianova, Germany) at room tem-
perature for 30 min. After rinsing with PBS, the samples 
were treated with a goat Cy2-conjugated anti-mouse or 
goat Cy3-conjugated anti-rabbit secondary antibody 
(1:100, Dianova) for another 30 min. In addition, actin 
cytoskeleton was labeled by incubating the samples with 
BODIPY-phalloidin (1:50, Invitrogen, Germany) at room 
temperature for 30 min. The samples were then rinsed 
again with PBS and mounted with Mowiol. Subsequently, 
the samples were examined using CLSM and images were 
processed with the ZEN2011 software (Carl Zeiss). The 
vinculin level in cells was quantified using ImageJ as 
described in our previous work.17
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Growth of C3H10T1/2 cells

A total 500 μL (2 × 104 cells mL−1) C3H10T1/2 cells sus-
pended in DMEM with 10% FBS were seeded either on 
multilayers or plain glass coverslips and cultured for 1, 2, 
and 3 days. Growth of cells was monitored using a phase 
contrast microscopy equipped with a CCD camera (Leica, 
Germany). Images were taken at the different days of cul-
ture. The quantity of cells was measured the same day with 
a Qblue fluorescence assay (BioChain, USA), which quan-
tifies the amount of metabolic active cells. On the measur-
ing day, the old medium was carefully removed and the 
samples were washed with sterile PBS once. Then, 400 μL 
of phenol red free DMEM supplemented with 40 μL of 
Qblue assay reagent was added to each well. After 2 h of 
incubation at 37°C, 100 μL of supernatant of each well was 
transferred to a black 96-well plate, and fluorescence 
intensity (excitation wavelength 544 nm, emission wave-
length 590 nm) was measured using a plate reader (BMG 
LABTECH, Fluostar OPTIMA, Germany).

Cell differentiation

Multi-lineages differentiation induction. For differentiation 
experiments, 1 mL C3H10T1/2 cells were plated on plain or 
multilayer-coated glass coverslips at a density of 2.5 × 104 
cells mL−1. After the cells reached almost confluence, dif-
ferentiation was induced with 100 ng mL−1 BMP-2; or with 
osteogenic media (OM) consisting of basal medium (BM, 
10% FBS and 1% penicillin–streptomycin-containing 
DMEM) supplemented with 10 nM dexamethasone (Sigma), 
20 mM β-glycerophosphate (Alfa Aesar, USA), 50 μM 
L-ascorbic acid (Sigma), and 50 ng mL−1 BMP-2 (Speed 
Biosystem, USA); or with chondrogenic media (CM) con-
sisting of BM supplemented with 0.1 μM dexamethasone, 
50 μg mL−1 l-ascorbic acid, 40 μg mL−1 l-proline, and 1% 
ITS (Sigma). The medium was changed every 3 days until 
end-point assay. Images were taken using a phase contrast 
microscopy during the different days of induction.

Alkaline phosphatase activity detection. At day 10 of induc-
tion with BM or OM, alkaline phosphatase activity (ALP) 
was measured to evaluate the osteoblastic differentiation 
of C3H10T1/2 cells. Cell lysates were obtained by treat-
ment with 0.2% (v/v) Triton X-100 (Sigma) in PBS at 4°C 
for 20 min, and then incubated with 2 mM p-nitrophenyl 
phosphate (pNPP, Sigma) in 1 M diethanolamine at pH 9.8 
in the dark at 37°C for 30 min. The absorbance at 405 nm 
was measured with a plate reader. The total protein content 
of the lysates was evaluated by BCA assay (Pierce, USA). 
The ALP activity was calculated by normalization to the 
protein content of the lysates.

Cytochemical staining
ALP staining. At day 24 of induction with BM or OM, 

ALP staining was performed. The samples were washed 

once with PBS and fixed with 5% glutaraldehyde for 
15 min. After washing twice with distilled water, a mix 
solution of BCIP (0.17 mg mL−1, Applichem, Germany) 
and NBT (0.33 mg mL−1, Applichem) in 0.375 M AMP 
buffer was added into each well, and left for 1 h in the dark 
at room temperature. The reaction was stopped by washing 
with 20 mM EDTA (Biochrom AG), and then thoroughly 
washed with distilled water to remove the excess dye. 
Images were taken in transmission mode with an Axiovert 
100 equipped with a CCD camera.

Alizarin red and Sudan black staining. Alizarin red stain-
ing was performed to observe the calcium phosphate depo-
sition of C3H10T1/2 cells. At day 24 of induction with BM 
or OM, the samples were washed once with PBS and fixed 
with 4% paraformaldehyde for 15 min. Thereafter, stain-
ing with Alizarin red (2%, pH 4.2, Roth) was performed 
for 45 min in the dark, and the excess dye was removed 
by rinsing twice with distilled water. Images were taken in 
transmission mode with an Axiovert 100 equipped with a 
CCD camera.

Sudan black staining was further performed to counter-
stain adipocyte-containing osteogenic cultures whose min-
eralized matrix has been stained with Alizarin red.37 
Briefly, the Alizarin red staining samples were incubated 
with 1.2% (w/v) Sudan black solution for 30 min in the 
dark followed by extensive washing with distilled water. 
Finally, images were taken in transmission mode with an 
Axiovert 100 equipped with a CCD camera.

Alcian blue staining. At day 24 of chondrogenic induc-
tion, the samples were fixed as described above and incu-
bated with 0.5% (w/v) Alcian blue (Roth) in 3% acetic acid 
for 1 h in the dark to detect the secretion of GAGs and 
mucopolysaccharides by C3H10T1/2 cells. The excess dye 
was removed by washing with distilled water and images 
were taken with an Axiovert 100 equipped with a CCD 
camera.

Oil red staining. Oil red staining was performed to inves-
tigate the presence of lipid vacuoles in C3H10T1/2 cells. 
Briefly, at day 14 of induction with 100 ng mL−1 BMP-2, 
the samples were fixed as described above and stained 
with 0.5% (w/v) Oil red (Roth) for 30 min in the dark. 
Then, the excess dye was removed by thoroughly washing 
with distilled water and images were taken in transmission 
mode with an Axiovert 100 equipped with a CCD camera.

Statistics

All the data are provided as mean values ± standard devia-
tions (SDs) from at least three independent experiments. 
Statistical analysis was performed using Origin with anal-
ysis of variance (ANOVA) test (one way) followed by post 
hoc Tukey testing. The number of samples has been indi-
cated in the respective figures and tables captions. 
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Statistical significance was considered for p < 0.05 and is 
indicated by asterisks.

Results and discussion

Physicochemical characterization of 
polyelectrolyte multilayers

The multilayer growth was performed under pH 4 condi-
tion as in some of our previous work.16 Considering the 
isoelectric point (pI) of Col I of around 5.5, it should pos-
sess a net positive charge at this pH condition. By contrast, 
both CS and HA represent polyanions at pH 4, because of 
the pKa values of about 2–2.5 for CS38 and 2.9 for HA.39 
Hence, the formation of nGAGs and Col I multilayers at 
pH 4 should be predominantly dependent on ion pairing. 
The multilayer growth, based on ion pairing for nGAGs–
Col I systems and additional cross-linking via the forma-
tion of Schiff’s base in oGAGs–Col I systems, was 
monitored using the surface-sensitive SPR technique. The 
accumulated layer mass of adsorbed polyelectrolytes with 
increasing layer number was calculated according to equa-
tion (1). The results are depicted in Figure 2. In general, 
the trend in layer growth was similar for polyelectrolyte 
multilayers based on the same GAG, either nHA–Col I and 
oHA–Col I, or nCS–Col I and oCS–Col I. However, slight 
differences were found in the growth regimes of HA-based 
multilayers when compared to CS-based multilayers.

For nHA–Col I and oHA–Col I systems, a linear 
increase in adsorbed mass was found up to three (nHA) or 
five adsorbed layers (oHA) on top of the PEI priming 
layer. After that, adsorption reached a plateau indicating 

that mass adsorption reached an equilibrium. It was visible 
that multilayer mass of oHA–Col I system was signifi-
cantly higher due to additional chemical cross-linking.

The multilayer growth of the nCS–Col I and oCS–Col I 
systems here was roughly linear; this trend was in agree-
ment with a previous report for other polyelectrolytes.40 
Again, a higher mass increase was observed for the multi-
layer system when fabricated with oCS. Furthermore, here 
the SPR curves revealed a much larger amount of Col I 
(even numbers) in comparison to nCS and oCS deposition 
(odd numbers), which was in contrast to HA-based sys-
tems, probably due to the higher charge density of CS 
compared to HA, which enabled the CS-based systems to 
bind more Col I. Indeed, the fibrillization of Col I was 
strongly influenced by the type of GAG as studied by 
CLSM (see Figure 4). Similar findings were shown in pre-
vious work comparing heparin to CS-based multilayers 
regarding the layer growth and polycation adsorption.41 
Furthermore, the increase in angle shifts was higher for 
multilayers based on oGAGs compared to their natives, 
indicating that the intrinsic cross-linking capability makes 
a major contribution to multilayer formation.41

QCM measurements were performed to evaluate 
mechanical properties of polyelectrolyte multilayers on 
the sensor surface after each adsorption step. According to 
the damping shift, assumptions on the mechanical proper-
ties of multilayers can be drawn because the higher the 
damping shift, the softer is the substratum.34 As shown in 
Figure 3, the damping shift values for nGAGs and oGAGs 
multilayer systems varied significantly after each layer 
adsorption, indicating different mechanical properties of 

Figure 2. Surface plasmon resonance (SPR) measurements of 
the layer-by-layer assembly of polyelectrolyte multilayers up 
to eight layers. Multilayer mass Γ calculated from angle shifts 
are mean ± SD values of three independent experiments, the 
initial layer is poly (ethylene imine) (PEI), odd numbers refer to 
native or oxidized glycosaminoglycans (nGAG or oGAG), even 
numbers refer to collagen I (Col I).

Figure 3. Quartz crystal microbalance (QCM) measurements 
of damping shift with each polyelectrolyte adsorption steps. 
The odd numbers refer to native (nGAGs) or oxidized 
glycosaminoglycans (oGAGs) and even numbers refer to 
collagen I (Col I). Four bilayers of native hyaluronic acid (nHA), 
oxidized hyaluronic acid (oHA), native chondroitin sulfate 
(nCS), or oxidized chondroitin sulfate (oCS) were prepared 
with collagen I (Col I) as terminal layer.
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the polyelectrolyte multilayers. Softer multilayers were 
obtained when nGAGs were used, as indicated by the pro-
nounced higher damping shifts for both nHA and nCS. 
Conversely, multilayers made of oGAGs were more rigid 
because dampening shifts were much lower. Overall, the 
results demonstrate that the cross-linking significantly 
affects mechanical features of multilayers, giving rise to 
stiffer substrata.

To learn more about the ability of GAGs to support 
fibrillization of Col I in multilayers, the protein was labeled 
in situ by FITC and multilayers were viewed with CLSM 
(see Figure 4). Although Col I aggregates were present in 
all multilayer systems, a prominent fibrous structure was 
found mostly in CS-based multilayers (both nCS and 
oCS), showing a tendency to form a network-like struc-
ture. Conversely, rather sparse and short fibrils were 
observed in both nHA and oHA-based multilayers where 
Col I seemed to form rather discrete aggregates than fib-
ers. Col I fibrillogenesis is known to be affected not only 
by several environmental parameters such as collagen con-
centration42 and pH value,43 but also by the presence of 
GAGs such as CS and other naturally derived polyanions.44 
Generally, a pH value above 5.5 normally supports fibrillo-
genesis of Col I, while at pH value below 5.5 Col I forms 
more globular structures.43 Nevertheless, the presence of 
GAGs, particularly CS, seems to support Col I fibril for-
mation as happened even at pH 4. Furthermore, the con-
centration of Col I also affects strongly fibril formation as 
found previously.42 Presumably CS binds to Col I mole-
cules and promotes the organization of mature fibrils by 
increasing Col I concentration, as it was observed in the 

presence of 4,6-disulfated disaccharides structures, previ-
ously.44 In line with this, here, fibril formation in both nCS 
and oCS-based multilayers was observed, when more Col 
I was adsorbed.

Adhesion of C3H10T1/2 cells

C3H10T1/2 cells were seeded on the test samples in the 
absence of serum to allow a direct cell–surface interaction 
avoiding the interference with other proteins. The quanti-
tative data of cell adhesion and morphology visualized by 
crystal violet staining and image analysis are shown in 
Figure 5 and Table 1. It was observed that cells show a 
superior spreading on the multilayer-coated surfaces, com-
pared to cells on plain glass coverslips, which were used 
here as additional control to assure normal adhesion of 
cells. Furthermore, the cells were larger and more elon-
gated on CS-based multilayers in general, and more spe-
cifically on oCS-based multilayers when compared to 
HA-based systems, where cell spreading was significantly 
lower than on CS-based multilayers. Indeed, significantly 
more cells adhered on the CS-based multilayer systems 
(where Col I was dominating) when compared to HA-based 
systems, while no obvious differences were observed for 
multilayer systems based on the same GAG type (e.g. nHA 
and oHA, or nCS and oCS; see Table 1).

Adhesion and spreading of cells are considered as pro-
moters of gene expression and subsequent cell differentia-
tion.45 To learn more about the organization of C3H10T1/2 
cells adhesive machinery, the formation of FA was visual-
ized by staining of vinculin (green, see Figure 6(a)) and the 

Figure 4. Overall morphology of in situ FITC-labeled collagen I (FITC-Col I) terminated polyelectrolyte multilayers viewed with 
confocal laser scanning microscopy (CLSM) at (a) lower (scale 20 µm) and (b) higher (scale 2 µm) magnification. Four bilayers of 
native hyaluronic acid (nHA), oxidized hyaluronic acid (oHA), native chondroitin sulfate (nCS), or oxidized chondroitin sulfate (oCS) 
were prepared with Col I as polycation.
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development of actin cytoskeleton (red, see Figure 6(a)) 
after 24 h of incubation. Cells cultured on plain glass cov-
erslips displayed short length of vinculin-positive streaks 
(Figure 6(a)), which were weak in comparison to the cell 
plated on the multilayers. Though a pronounced cell 
spreading was observed on all multilayer-coated surfaces, 
the overall appearance of FA plaques was different. The FA 
plaques formed on HA-based multilayers were lesser and 

weaker, which were mainly present at the cell periphery. 
Conversely, more elongated FA plaques were found on 
CS-based multilayers and distributed all over the ventral 
cell side, which is again well in line with the presence of 
higher quantity and more fibrillar Col I since collagen pro-
motes cell adhesion via integrin-mediated mechanism.46 
Furthermore, the FA plaques were much more pronounced 
when cells adhered on oCS–Col I (Figure 6(a)). Particularly, 

Figure 5. Transmitted light microscopic images of crystal violet staining C3H10T1/2 cells adherent on different test surfaces for 4 h. 
The cells were seeded in serum-free medium. The four types of polyelectrolyte multilayers are the same as described in Figure 4.

Table 1. Quantification of cell count, area, and aspect ratio of C3H10T1/2 cells seeded on the various multilayers and glass as 
a control. Results are mean ± SD values of three independent experiments. The four types of polyelectrolyte multilayers are the 
same as described in Figure 4.

Samples Cell count (mm−2) Cell area (μm2) Aspect ratio (a.u.)

Glass 36.7 ± 9.6 3127.9 ± 1602.4 0.73 ± 0.12
nHA–Col I 41.3 ± 6.3 4875.5 ± 2232.0 0.56 ± 0.14
oHA–Col I 42.6 ± 7.1 5292.0 ± 2952.4 0.53 ± 0.16
nCS–Col I 56.1 ± 6.2 5840.8 ± 2838.1 0.57 ± 0.14
oCS–Col I 54.7 ± 6.2 6025.5 ± 3412.6 0.51 ± 0.15

nHA: native hyaluronic acid; Col I: collagen I; oHA: oxidative hyaluronic acid; nCS: native chondroitin sulfate; oCS: oxidative chondroitin sulfate.

Figure 6. Confocal laser scanning micrographs (CLSM) of C3H10T1/2 cells on different test surfaces. (a) Staining of vinculin, α2, 
actin (red), and CD44 of C3H10T1/2 cells after 24 h of incubation on different polyelectrolyte multilayers; (b) fluorescence signals 
of vinculin in focal adhesions quantified by ImageJ and corrected total cell fluorescence was calculated by fluorescence signal with 
elimination of background signal. The four types of polyelectrolyte multilayers are the same as described in Figure 4.
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the quantitative analysis of vinculin-positive FA showed 
higher quantities in cells grown on CS–Col I compared to 
HA–Col I (Figure 6(b)). In addition, more vinculin was 
pronounced on oCS–Col I compared to the native system 
nCS–Col I, which is related to the stiffness resulting from 
intrinsic cross-linking occurring in oGAGs systems, as 
found by QCM studies (as shown in Figure 6(b)).

Since integrins play a pivotal role in connecting ECM 
proteins with the cell cytoskeleton and signaling com-
plexes, we further studied the expression and organization 
of α2 that is regarded as a main collagen receptor47 and 
CD44 that is known as a main HA receptor.48 As shown in 
Figure 6(a), α2 was more expressed and organized in 
C3H10T1/2 cells adhering on CS multilayer surfaces 
(either nCS–Col I or oCS–Col I), while on HA-based sur-
faces, a weaker expression of α2 with a tendency for peri-
nuclear accumulation was observed (see Figure 6(a) as 
well). In addition, no large difference was found on the 
multilayer-coated samples with respect to the expression 
of CD44, where Col I was used as the terminating layer 
(Figure 6(a)). However, the expression of α2 and CD44 
were always weaker in cells placed on the plain glass cov-
erslips, due to the lack of integrin receptor sites.

Overall, the adhesion, spreading, and α2 integrin organ-
ization of C3H10T1/2 cells were increased on CS-based 
multilayers, which can be explained with the composition 
of these multilayer systems. First, more Col I was assem-
bled in the CS-based multilayers and formed a well-inter-
connected fibrillar structure, resembling the natural Col I 

environment. Col I fibrils have been found to promote the 
adhesion of a variety of cells via α2 integrin-mediated 
interaction,46 which explains also the apparently higher 
organization of this integrin on CS-based multilayer sur-
faces. Conversely, apparently lower expression of integrin 
α2 was found on HA-based multilayers where GAG was 
dominant as shown also in our previous work leading to the 
formation of lower quantity of Col I fibrils. In addition, the 
increased hydrophilicity of HA-based coatings20 may also 
lead to the reduced adhesion and spreading of C3H10T1/2 
cells, as cells prefer to adhere on surfaces with moderate 
wettability.49 It is of note that both spreading and organiza-
tion of cell adhesion complexes was more pronounced on 
oCS surfaces when compared to nCS-based multilayers. 
The additional covalent cross-linking in oGAGs-based sys-
tems increased the multilayer stiffness (proven by QCM 
study), thus, effects on adhesion and spreading of cells can 
be expected.50 Nevertheless, the lack of such obvious dif-
ference between nHA and oHA multilayers may be due to 
the higher hydrophilicity of these systems that reduces 
spreading, and thus overriding the effect of different stiff-
ness of native and oxidized HA-based systems.

Growth of C3H10T1/2 cells on multilayers

To see the effect of multilayers during longer culture of 
cells, proliferation studies were done with C3H10T1/2 
cells for 24, 48, and 72 h. Figure 7(a) shows the morphol-
ogy and growth of cells during the culture period on plain 

Figure 7. Phase contrast images (a; 100× magnification) and (b) proliferation of long-term C3H10T1/2 cells cultured on plain 
glass and Col I-terminated multilayers prepared with nHA, oHA, nCS, or oCS as polyanion for 24, 48, and 72 h. Proliferation of 
C3H10T1/2 cells was assessed by the Qblue assay for determination of metabolically active cells. Results are mean ± SD values of 
three independent experiments.
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glass and Col I-terminated multilayers. As can be seen in 
Figure 7(a), cells were able to grow on all substrata and 
cell number increased over time from 24 (left lane) to 72 
(right lane) hours, while the cell number was always lower 
on the plain glass. It was also obvious that cell spreading 
was improved on CS-based multilayers and combined 
with a higher cell number as well.

Quantitative data on cell proliferation were obtained 
with Qblue assay, which determines the metabolic activity 
of cells. Results in Figure 7(b) show a coincidence with that 
of adhesion studies and found the quantity of metabolically 
active cells on plain glass coverslips was lower than that of 
multilayer-coated surfaces. In addition, improved cell pro-
liferation was detected on CS-based multilayers in com-
parison to surfaces containing HA, during the first 48 h of 
incubation. This suggests that surfaces containing higher 
amounts of Col I fibrils mimic the ECM and thus, support 
initial cell attachment and growth. However, no obvious 
differences in amount of metabolically active cells were 
found between both types of GAG-based multilayers after 
48 h incubation. It is assumed that the ability of cells to 
secrete matrix proteins such as fibronectin may contribute 
to the lower differences.51 Furthermore, no significant dif-
ferences in cell growth were observed between native and 
oGAGs multilayers, which also indicate that the intrinsic 
cross-linking ability due to presence of aldehyde groups in 
oGAGs systems did not have any toxic or other adverse 
effects on cell proliferation.

Multi-lineages differentiation of C3H10T1/2 
cells

Osteogenic differentiation investigation. To see the effect of 
multilayers on osteogenic differentiation of C3H10T1/2 
cells, change of cell morphology was recorded after 
24 days of incubation. As can be seen in Figure 8(a), no big 
difference could be found between the cells cultured in 
BM, while aggregated vacuoles-like structures resembling 
probably lipid droplets were observed under OM condi-
tions, especially on the multilayer-coated surfaces.

To evaluate the osteogenic differentiation of C3H10T1/2 
cells on the various surfaces, ALP activity was normalized 
to protein content and investigated at day 10 of post-differ-
entiation (Figure 8(b)). The ALP activity of C3H10T1/2 
cells cultured in BM or OM was always lower on the plain 
glass as compared to the multilayer-coated surfaces. In 
addition, a higher activity of ALP was found on CS-based 
multilayers when cells were cultured in BM, though no 
significant difference was observed. Moreover, it is of note 
that cells in BM showed significantly higher ALP activity 
compared to OM, indicating an inhibitory effect of osteo-
genic supplements on driving osteogenic differentiation of 
C3H10T1/2 cells (Figure 8(b)). The staining of ALP 
(Figure 8(c)) was always weaker in cells growing on the 
plain glass, which is well in line with the quantitative 

study. Though no intensive staining of ALP could be found 
on all the samples (either in BM or OM), a slightly stronger 
staining was observed on CS-based multilayers when cells 
were cultured in BM that could be related to the higher 
expression of α2 integrin observed on CS multilayers. The 
collagen receptors signaling via α2β1 and β1 integrins is 
required for ALP induction process.52

Furthermore, at a later stage of osteogenesis, ECM cal-
cification occurs,52 hence, the deposition of calcium phos-
phate at day 24 post-differentiation was studied by Alizarin 
red staining. Figure 8(d) shows that no significant staining 
was observed when cells cultured in either BM or OM, 
indicating the limited osteogenic differentiation potential 
of C3H10T1/2 cells under these conditions. Since pro-
nounced lipid vacuoles were detected in C3H10T1/2 cells 
when cultured in OM (see in Figure 8(a)), we further stud-
ied the adipogenic differentiation of C3H10T1/2 cells by 
Sudan black staining to counterstain adipocyte-containing 
osteogenic cultures whose mineralized matrix has been 
stained with Alizarin red.37 Indeed, significant staining 
with Sudan black was observed when C3H10T1/2 cells 
were cultured in OM (Figure 8(d)), where no positive 
staining of Alizarin red was found. In addition, the staining 
with Sudan black was more intensive on oGAGs-based 
surfaces. This finding provided a hint to a dominating adi-
pogenic compared to osteogenic differentiation of 
C3H10T1/2 cells, when exposed to medium with osteo-
genic supplements, such as dexamethasone and BMP-2. 
By contrast, no significant staining with Sudan black was 
observed when C3H10T1/2 cells were cultured in BM 
(Figure 8(d)) indicating that the adipogenesis occurred 
because of an induction effect caused by the supplements 
added in case of OM. Previous studies found that BMPs 
such as BMP-229 and BMP-453 are capable of triggering 
commitment of multipotent C3H10T1/2 cells to the adipo-
cyte lineage, which might explain the positive Sudan black 
staining compared to the negative staining of mineralized 
matrix that was observed. Furthermore, the synthetic glu-
cocorticoid dexamethasone has a regulatory effect on mes-
enchymal cells commitment to various cell lineages.54 The 
promoting effect of dexamethasone on adipogenesis has 
been described by others.55 In cells that are not committed 
to osteogenic differentiation only, dexamethasone had a 
stimulatory effect on adipogenesis.56 Therefore, we con-
cluded that both dexamethasone and BMP-2 supplements 
in OM might trigger C3H10T1/2 cells more toward 
adipogenesis.

As the addition of BMP-2 might push C3H10T1/2 cells 
more toward adipogenesis, we further investigated the 
effect of BMP-2 alone (no OM or CM supplements) on 
driving C3H10T1/2 cells differentiation. The cells were 
cultured in 100 ng mL−1 BMP-2 and incubated for 14 days, 
and then histochemical staining was carried out to view the 
ECM deposition. As can be seen in Figure 9, no positive 
staining of Alizarin red or Alcian blue was observed in 
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samples indicating no osteogenic or chondrogenic differ-
entiation of C3H10T1/2 cells. By contrast, with respect to 
adipogenic markers, Oil red and Sudan black staining 
revealed lipid vacuoles in cells, especially when they were 
cultured on the multilayer-coated surfaces. This shows the 
effect of BMP-2 in directing C3H10T1/2 cells commit-
ment to adipogenesis, as it has also been observed by oth-
ers, too.57 BMP-2 initiates this adipogenic commitment via 
activating of downstream signaling intermediates of BMP 
signaling pathway through increasing their expression and 
phosphorylation.57 Moreover, the development of fat drop-
lets was more pronounced on the oGAGs multilayers.

Chondrogenic differentiation investigation. To see the effect 
of multilayers on chondrogenic differentiation of 
C3H10T1/2 cells, cell morphology was recorded after 
24 days of incubation. No large differences could be found 
between cells cultured in BM as shown in Figure 10(a). 
However, in note contrast, only few cells adhered and 
mostly presented a round-shaped morphology under CM 
condition as it has been observed for MSCs in other 
studies.58

To further view the deposition of a cartilage-specific 
matrix, C3H10T1/2 cells were stained with Alcian blue at 
day 24 post-differentiation (Figure 10(b)). A positive stain-
ing with Alcian blue was observed on multilayer-coated 
surfaces when cells were cultured in BM. This staining 
was more intensive on HA-based multilayers, especially 
on nHA surfaces. In note contrast, no significant staining 

could be detected when cells were grown in CM, most of 
the cells seemed to detach or shrink on the multilayer-
coated surfaces, suggesting that chondrogenic supple-
ments, probably dexamethasone, impeded chondrogenic 
differentiation of C3H10T1/2 cells. Treatment of tendon 
stem cells with dexamethasone has been found to increase 
the expression of PPARγ gene, which is a specific marker 
for adipogenesis of adult stem cells.59 Other studies also 
showed that dexamethasone suppressed chondrocytes dif-
ferentiation when it was in combination with ITS by mod-
ulating the local environment,60 which could be the case 
here since our chondrogenic medium was supplemented 
with ITS together with dexamethasone.

Overall, the osteogenic differentiation of C3H10T1/2 
cells was increased on CS-based multilayers, while the 
chondrogenic differentiation was more pronounced on 
HA-based systems, but only when cells were cultured in 
BM. Conversely, C3H10T1/2 cells displayed a limited 
differentiation potential toward osteogenic and chondro-
genic lineages when cultured in media with osteogenic or 
chondrogenic supplements. C3H10T1/2 cells differenti-
ated more into an adipogenic lineage, when cultured in 
OM or with addition of 100 ng mL−1 BMP-2 to BM, and it 
was more pronounced on oGAGs multilayers. We assumed 
that the differed differentiation potential of C3H10T1/2 
cells in BM, toward osteogenic and chondrogenic line-
ages on multilayer-coated surfaces, was mostly dependent 
on the molecular composition of the multilayers where the 
observed effect on cells was only because of the intrinsic 

Figure 9. Histochemistry staining of C3H10T1/2 cells placed on various test samples with 100 ng mL−1 BMP-2 up to 14 days. The 
four types of polyelectrolyte multilayers are the same as described in Figure 4.
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properties of the multilayer surfaces without any external 
addition. The larger quantity and fibrillar structure of Col 
I, which is also a key component of bone, contributed to 
more osteogenic differentiation of C3H10T1/3 cells on 
CS-based multilayers. This was also evidenced by 
enhanced cell-material interactions, such as FA formation 
and α2 integrin clustering, while interaction of cells with 
Col I via α2 integrin has been shown to be important in 
regulating osteogenic differentiation.61 However, many 
studies demonstrated the benefits of HA and CS on carti-
lage formation and bone regeneration, respectively.62 It 
was found that the type of GAG can be used for control-
ling the lineage specification of MSCs, whereby CS 
enhanced the osteogenic differentiation of MSCs, and HA 
promoted chondrogenic differentiation.62 In addition, the 
differentiation of C3H10T1/2 cells toward adipocytes 
might be attributed to the presence of BMP-2,29 and dexa-
methasone,56 which have been found to promote adipo-
genesis. Furthermore, the ALP activity of cells in OM 
(Figure 8(b)) despite their adipogenic differentiation 
behavior observed by histochemical staining (Figure 
8(d)), does not contradict the overall findings. ALP has 

been shown to be upregulated during osteogenic and adi-
pogenic differentiation. It cannot be considered as lineage 
specific marker as it only proves the starting of differen-
tiation.63 Presumably, the most pronounced adipogenesis 
observed on oGAGs multilayers might be related to a dif-
ferent interaction of BMP-2 with oxidized multilayers, 
where the activity of the growth factor is extremely 
enhanced as shown in a previous study from our group.41

Conclusion

It was shown that the adhesion and differentiation of 
C3H10T1/2 cells were largely affected by the composition 
of polyelectrolyte multilayers. The CS-based multilayers 
rich in larger quantity and fibrillar structure of Col I have 
a superior effect on promoting cell adhesion in terms of 
increased FA formation and α2 integrin clustering, and 
osteogenic differentiation, when cultured in BM without 
any osteogenic supplements. It was also found that multi-
layers made of oGAGs and Col I possessed a higher rigid-
ity resulting from intrinsic cross-linking, which affected 
spreading of cells. By contrast, the chondrogenic 

Figure 10. Phase contrast images (a) and Alcian blue staining (b) of C3H10T1/2 cells placed on various test samples supplied with 
basal medium (BM) and chondrogenic medium (CM), respectively. Staining was performed at day 24 post-differentiation. The four 
types of polyelectrolyte multilayers are the same as described in Figure 4.
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differentiation of C3H10T1/2 cells was more pronounced 
on HA-based polyelectrolyte multilayers. Furthermore, it 
is of note that the CM and OM supplemented with BMP-2 
and dexamethasone, impeded the chondrogenic and osteo-
genic differentiation of C3H10T1/2 cells. Conversely, the 
BMP-2 and dexamethasone supplemented OM and BMP-2 
alone directed adipogenic differentiation of C3H10T1/2 
cells, which was more evident on oGAGs multilayers. 
These findings provided new insights to our understanding 
not only the importance of controlling matrix composition 
as an approach to manipulate cell fates but also the selec-
tion of C3H10T1/2 cells for differentiation investigations. 
Cautions are needed when using C3H10T1/2 cells for oste-
ogenic and chondrogenic studies.
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