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The stem cell niche comprises soluble molecules and extracellular matrix
components which provide chemical and mechanical cues that determine
the differentiation of stem cells. Here, the effect of polyelectrolyte multilayer
(PEM) composition and terminal layer fabricated with layer-by-layer technique
(LBL) pairing either hyaluronan [in its native (nHA) and oxidized form (oHA)] or
chondroitin sulfate (CS) with type | collagen (Col 1) is investigated on
chondrogenic differentiation of human umbilical mesenchymal stem cells
(hUC-MSCs). Physical studies performed to investigate the establishment
and structure of the surface coatings show that PEM composed of HA and
Col | show a dominance of nHA or oHA with considerably lesser organization of
Col | fibrils. In contrast, distinguished fibrilized Col | is found in nCS-containing
PEM. Generally, Col I-terminated PEM promote the adhesion, migration, and
growth of hUC-MSCs more than GAG-terminated surfaces due to the presence
of fibrillar Col | but show a lower degree of differentiation towards the
chondrogenic lineage. Notably, the Col I/nHA PEM not only supports
adhesion and growth of hUC-MSCs but also significantly promotes
cartilage-associated gene and protein expression as found by histochemical
and molecular biology studies, which is not seen on the Col I/oHA PEM. This is
related to ligation of HA to the cell receptor CD44 followed by activation of ERK/
Sox9 and noncanonical TGF-B signaling-p38 pathways that depends on the
molecular weight of HA as found by immune histochemical and western
blotting. Hence, surface coatings on scaffolds and other implants by PEM
composed of nHA and Col | may be useful for programming MSC towards
cartilage regeneration.
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biomimetic multilayers, chondrogenesis, microenvironment, ERK/Sox9 pathway,
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1 Introduction

Cartilage generally does not mend after physical trauma or
degenerative diseases (e.g., osteoarthritis), because of its aneural,
avascular, and alymphatic nature, as well as the limited ability of
cells to migrate in the tissue for repair (Sophia Fox et al., 2009;
Medvedeva EAG et al,, 2018). Current techniques for treating
damaged cartilage primarily include surgical interventions
(Kwon et al, 2019), pharmacological therapies (Hellio Le
2009), cell-based
(Madeira et al,, 2015). Among them, tissue engineering, which

Graverand-Gastineau, and therapies
combines cells, biomaterials, and biochemical/physical factors,
has been regarded as a promising approach for addressing the
unsolved issue of cartilage regeneration (Vinatier et al., 2009).
Mesenchymal stem cells (MSCs) are one of the dominant cell
sources for tissue engineering and have been frequently used for
repairing cartilage defects and injuries (Goldberg et al., 2017).
Particularly, umbilical cord-derived MSC (UC-MSC) has
emerged as one of the most popular transplant cell source
owing to its high proliferation capacity, less affected by aging,
low immune rejection response, and noninvasively harvesting
method (Jo OSK et al., 2008; Balasubramanian PV et al., 2012).
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However, due to the multipotency of MSCs (Visweswaran et al.,
2015), a specific microenvironment that can provide lineage-
specific biophysical and biochemical cues for controlling the
chondrogenic differentiation of MSCs for subsequent cartilage
matrix production is required.

In vivo, MSCs reside in a niche composed of extracellular matrix
(ECM), cellular (e.g., adjacent cells and their secreted factors) and
mechanical components (Yin Li et al,, 2015). The microenvironment
regulates the fate of MSCs via biophysical stimulation and
biochemical induction (Kaivosoja et al, 2012), which is critical
for tissue morphogenesis and regeneration (Gjorevski and Nelson,
2009). The composition of the matrix has been shown to regulate
cell-matrix interactions by changing the expression profile of cell
adhesion molecules and the organization of the cytoskeleton, thus
guiding MSC differentiation into specific lineages (Yin Li et al., 2015;
Zhao et al., 2016). The physical properties of the niche are also found
to influence integrin ligation and formation of focal adhesions, both
of which regulate MSC differentiation (Mathieu and Loboa, 2012).
The topography and mechanical properties of the ECM have an
effect
mechanotransducers in cells, changing cell spreading, orientation,

on the interaction between mechanosensors and

and gene expression, hence guiding the differentiation of stem cells
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(Tay et al,, 2010; Abagnale et al., 2017). For example, it has been
shown that MSCs grown on a softer matrix have a stronger
chondrogenic potential, whereas those grown on a stiffer
substrata have a greater osteogenic potential (Steward and Kelly,
2015). Indeed, the tissue-specific extracellular niche is pivotal for the
optimal function of a specific cell type (Li et al, 2020), with
biochemical cues, such as cartilage-specific matrix proteins,
glycosaminoglycans (GAGs), and growth factors tailored into
scaffold materials or hydrogels showing great potential for
improving celllECM interactions and facilitating chondrogenic
differentiation and cartilage formation (Ragetly et al, 2010;
Levinson et al, 2019; Antich et al, 2020). Thus, simulating the
niche surrounding cells in vivo is a viable approach for controlling
the lineage specification of MSCs.

The native articular cartilage niche is characterized by a
specialized ECM composed primarily of collagens that form a
network with proteoglycans and a sparse distribution of
chondroprogenitors and chondrocytes (Sophia Fox et al, 2009).
Collagens are the most abundant proteins in mature articular
cartilage, which are critical to the organization of the ECM and
function to resist compressive forces (Guo et al., 2017). Type II
collagen (Col II) is the most abundant collagen in the ECM in
hyaline cartilage, forming fibrils and fibers intertwined with
proteoglycan aggregates, which is regarded as a candidate
biomaterial for articular cartilage regeneration (Pieper et al., 2002;
Mneimneh and Mehanna, 2021). Nevertheless, type I collagen (Col
I) was also found to maintain chondrocyte phenotypes and promote
cartilaginous matrix production by chondrocytes and MSCs (Ohno
et al,, 2004; Hoyer et al., 2014; Yang et al,, 2018). It is interesting to
note that no significant difference in promoting effect was found
between scaffold materials made from Col I and Col II (Ohno et al.,
2004). Proteoglycans are the predominant non-collagenous proteins
present in articular cartilage. The most abundant is aggrecan, which
is decorated with chains of chondroitin sulfate (CS) and keratan
sulfate, and then binds to hyaluronan (HA), forming large
aggregated proteoglycans (Guo et al., 2017). HA can also interact
with other cartilage proteoglycans mediated by the HA-binding
region of the core protein of the interactive proteoglycans (Hascall,
1977) and bioactive proteins, such as the type IV collagen and fibrin
precursor fibrinogen (LeBoeuf et al.,, 1986; Knudson and Knudson,
1993), which provides assembling stability to the ECM and exerts a
critical role in maintaining articular chondrocyte morphology and
proliferation (Allemann et al, 2001; Snyder et al, 2014).
Immobilization of HA on the surface of biomaterials forms a

(2D) HA-enriched  microenvironment
cartilage which MSCs
chondrogenesis via the CD44/ERK/Sox9 pathway in a molecular
weight (MW) dependent way (Wu et al, 2013; Wu et al,, 2018a). A
three-dimensional (3D) HA-enriched hybrid hydrogel with
encapsulated MSCs also increased the hyaline cartilaginous

two-dimensional

resembling  the niche, enhances

matrix formation in vitro (Moulisova et al, 2017; Wu et al,
2018b). In addition, previous studies have shown that the
presence of HA and HA-CD44 interactions can influence TGF-
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B1-dependent cell responses by recruiting alternative signaling
pathways (Ito et al, 2004; Soma Meran et al, 2008), whereas
TGE-B signaling can regulate chondrogenic differentiation of
MSCs (van der Kraan et al, 2009; Wu et al., 2015; Zhang et al,
2015). As a major GAG component of native cartilage tissue, CS also
possesses a remarkable bioactivity in the stimulation of proliferation
and matrix production of chondrocytes and MSCs (van Susante
et al,, 2001; Pieper et al., 2002; Radhakrishnan et al.,, 2018). However,
it is worth noting that CS also exists in osseous tissue units in certain
amounts, where it coordinates osteoblastic cell attachment and
inhibits osteoblast-mediated activation of osteoclasts through
upregulating of the OPG/RANKL expression ratio, which is
involved in the bone metabolic process (Pecchi et al., 2012; Kim
et al,, 2017). Previous studies reported a stimulatory effect of CS on
the osteogenesis of MSCs related to calcium phosphate deposition
and osteogenic marker gene expression, which were largely elevated
when MSCs were cultured on CS-containing materials (Murphy
et al,, 2012; Zhao et al., 2016).

To provide a microenvironment at the biomaterial’s interface
with cells and tissues, various surface functionalization techniques
have been used to make them more biomimetic and thus bioactive.
The layer-by-layer (LBL) technique, which is based on the
alternating deposition of biogenic polyelectrolytes, such as
polypeptides, proteins, and GAG for the fabrication of bioactive
multilayer coatings, has the greatest potential for easy, mild, and
diverse alteration of biomaterial surfaces (Zhao et al.,, 2014; Silva
et al, 2016; Wu et al,, 2016; Ren et al., 2019). Collagens combined
with negatively charged GAGs, such as CS or HA, represent an
interesting approach for forming multilayer coatings with a
composition similar to that of native cartilage. However, no
studies have been conducted to determine the effect of the
molecular composition and components of the terminal layers of
such biomimetic multilayers on the chondrogenic differentiation of
MSCs. Specifically, the mechanism by which such biogenic
multilayers regulate MSC differentiation has not been fully
elucidated. addition, crosslinking  between
polyelectrolytes has recently been introduced to enhance the
stability of biogenic multilayers (Zhao et al,, 2014; Esmaeilzadeh
et al, 2017), although the effect of intrinsic crosslinking of
multilayers on the chondrogenic differentiation of MSCs has not
been reported. To learn more about the effect of the matrix
composition on the chondrogenic differentiation of MSCs,

In intrinsic

biomimetic multilayer systems were prepared by pairing Col I
with either HA or CS as biogenic polyanions. Since HA is
involved in regulation of CD44 mediated chondrogenesis (Wu
et al, 2018a), we chose the following two different types of HA
for this study: oxidized HA (oHA), which is characterized by lower
molecular weight and the ability to form intrinsic cross-links with
collagen, and native HA (nHA). In contrast, CS was only used in its
native form to reduce the number of systems. To learn more about
the effect of these
differentiation of MSC, we characterized cell morphology and

microenvironment on chondrogenic

viability, hyaladherin CD44 clustering profile, and organization of
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cytoskeletal structures. Furthermore, the expression of major
chondrogenic markers at both the gene and protein levels by RT-
PCR, western blot (WB), immune and histochemical staining were
investigated. We also studied the involvement of related signal
pathways that control chondrogenesis of MSC. Findings of this
study indicate that multilayers composed of nHA and Col I promote
chondrogenic differentiation of MSCs related to an upregulated
signal transduction pathways of ERK/SOX9 showing that LBL
technique can be used to fabricate biomimetic ECM like
environments.

2 Materials and methods
2.1 Materials

Native hyaluronan (nHA, MW~1.3 MDa) was supplied by
Innovent (Jena, Germany) while native chondroitin sulfate (nCS,
MW-~25kDa), poly (ethylene imine) (PEI, Mw~750kDa),
mercaptoundecanoic acid (MUDA, 95%), and sodium chloride
(NaCl) were supplied by Sigma (St. Louis, United States). Type I
collagen (Col I) (from porcine skin, MW~100 kDa) was supplied by
Sichuan Mingrang Biotech (Sichuan, China). Sodium hydroxide
(NaOH), potassium chloride (KCl), hydrochloric acid (HCI), acetic
acid (HAC), ammonium hydroxide (NH;-H,O), hydrogen peroxide
(H,O,), and ethanol were purchased from Roth (Karlsruhe,
Germany). Phosphate buffered saline (PBS) was supplied by
Gibco (Grand Island, United States). New gold coated quartz
(Goteborg,
were purchased from Menzel

sensors were purchased from Biolin Scientific
Glass
(Braunschweig,

Sweden). coverslips

Germany) and silicon wafers were from
Kaufering (Germany). Prior to use, new gold sensors were
cleaned with ethanol p. a. (99.5%) (Guangdong Guanghua
Chemical Factory Co., Ltd, Guangzhou, China), followed by
drying with a flow of nitrogen. Thereafter, the cleaned sensors
were incubated in 2 mm mercaptoundecanoic acid (MUDA, Sigma)
in ethanol p. a. at room temperature overnight to obtain a negatively
charged surface comparable to glass (Niepel et al, 2009). Glass
coverslips were cleaned for 2 h with NaOH (0.5 M in 96% ethanol),
then thoroughly rinsed with ultrapure water and dried under
nitrogen flow. Silicon wafers were cleaned with a solution of 25%
NH;-H,0, 35% H,0,, and ultrapure water at a volume ratio of 1:1:
5 at 75°C for 15 min, followed by thoroughly rinsing with ultrapure

water.

2.2 Formation of polyelectrolyte
multilayers (PEM)

The synthesis of oxidized HA (oHA, with an oxidation
degree of 38.8%) and the formation of polyelectrolyte
(PEM)  based
glycosaminoglycans (nGAG or oGAG) have been described

multilayers on native or oxidized
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previously (Zhao et al., 2014). nHA, oHA, and nCS polyanion
solutions (each 0.5 mg ml™ in 0.15 M NaCl solution, pH adjusted
to 4), as well as polycation solutions of Col I (0.5 mgml™ in
02M HAC supplemented with 0.15M NaCl) and PEI
(5mgml™" in PBS, pH adjusted to 7.4) were prepared. The
PEI solution was allowed to adsorb onto the substrata (either
cleaned glass coverslips, silicon wafers, or cell culture plates, as
specified later in each section) for 30 min, forming an anchoring
base layer with a positive net charge (Zhao et al., 2014), followed
by a 5-min wash in triplicate with ultrapure water. Following
that, the substrata were incubated in polyanion solutions of nHA,
oHA, or nCS for the first polyanion layer for 15 min, washed with
0.15 M NaCl (pH 4.0), and followed by a 20-min adsorption of
the polycation Col I layer. Each adsorption step was followed by a
wash with NaCl. Finally, PEM systems with eight layers (terminal
layer of Col I) or seven layers (outermost layer of nHA, oHA, or
nCS) on top of the PEI layer were obtained. These systems were
designated as nH/C, C/nH, oH/C, C/oH, nC/C, and C/nC.

2.3 Study of multilayer formation with
quartz crystal microbalance (QCM)

QCM measurements were performed using a QCM device
with dissipation measurement (QCM-D, Q-Sense Analyzer-E4,
Biolin Scientific, Goteborg, Sweden) to monitor the multilayer
formation process. The adsorption time for each polyelectrolyte
solution and the rinsing step were the same as described in
Section 2.2. The measurements were conducted in triplicate and
data were fitted using Q-Sense Dfind (version 1.2.7, Biolin
Scientific). Seven different harmonics (from the first to the
13th) and their corresponding dissipation factors were
recorded by the QCM-D. When applying an alternating
potential, the QCM-D sensor will oscillate at its resonance
frequency (f). Mass adsorbed at or desorbed from the sensor
surface causes a shift in this frequency in real-time, which was
quantified as frequency and dissipation shifts (Afand AD). When
the multilayer film is rigid, thin, and evenly distributed, changes
in adsorbed mass (Amqcm.p) and thickness (Ad) can be related to
Af, which can be determined by Sauerbrey Eqs 1, 2, respectively
(Sauerbrey, 1959), as given below:

C
AmQCM_D = —;Afn (1)
A C
ap = Bf/nx€ @
100
heren (n=1,3,5,...,13) represents the overtone number, C

represents the mass sensitivity constant depends on the quartz
crystal and Af, represents the frequency shift. The quartz
crystals used here were as follows: fp =5 MHz and C = 17.7 ng/
cm™ Hz.

When the driving potential is switched off, the dampening of
oscillatory motion is connected to the structural properties of the
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additional layer on the sensor surface, which can be quantified as
energy dissipation (AD).

2.4 Surface topography of polyelectrolyte
multilayers (PEM)

The surface topography of the various multilayers was viewed
by atomic force microscopy (AFM) using a device from Nano-R,
Pacific Nanotechnology (Santa Clara, CA). Clean and PEM-
coated silicon wafers (either Col I or GAG-terminated) with a
size of 10 x 10 mm® were investigated in close-contact mode
under ambient (air) conditions, with scans of approximately 3 x
3 um? for each sample. The software “Gwyddion v2.30” was used
for data post-processing.

2.5 Cell culture

Mesenchymal stem cells from human umbilical cord (hUC-
MSCs) were extracted and characterized as described in our
previous work (Gao et al., 2022). The isolated hUC-MSCs were
grown in low-glucose Dulbecco’s modified Eagle’s medium
(L-DMEM, Gibco, Beijing, China) supplemented with 10%
fetal serum (FBS, Gibco) 1%
streptomycin at 37°C in a humidified environment containing

bovine and penicillin-
5% CO,. When cells reached almost confluence, 0.25% trypsin/
0.02% EDTA (Gibco) was used to remove them from the flasks.
The harvested cells were centrifuged at 1,000 rpm for 3 min and
then resuspended in 10% FBS containing L-DMEM at a
predetermined concentration (described later in each section)

and seeded onto the various PEM.

2.6 Cell adhesion investigation

Before cell seeding, the plain or PEM-coated glass
coverslips were sterilized by UV irradiation (for 30 min on
each side) and then placed in 24-well tissue culture plates
(NEST, Wuxi, China). Serum-free suspensions of hUC-MSCs
at a concentration of 10,000 cells mL™' were prepared and
seeded on plain or PEM-coated samples. Cellular adhesion
complexes, such as CD44, and cellular structures, such as
filamentous actin and nuclei, were visualized using
immunofluorescence and fluorescence stains with confocal
laser scanning microscopy (CLSM). After incubation, cells
were fixed with 4% paraformaldehyde solution (RotiHistofix,
Sigma) and permeabilized with 0.1% Triton X-100 in PBS (v/
v) (Sigma) (each for 10 min). After rinsing the samples twice
with PBS, they were blocked by incubation for 1 h with bovine
serum albumin (BSA, 1% (w/v) in PBS, Sigma), followed by
washing with PBS. Hyaladherin CD44 was stained with a

monoclonal anti-CD44 antibody (1:200, CST, Danfoss,
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Massachusetts, United States) at room temperature for 1h
followed by AlexaFluor 488 goat anti-mouse (1:400, CST) as a
secondary antibody. Simultaneously, actin was visualized by
incubating with phalloidin-Alexa Fluor 568 (1:50, Life,
Eugene, OR, United States) for 1 h. Nuclei were stained and
mounted with DAPI (Vector Laboratories, Inc, Burlingame,
CA) after rinsing with PBS and distilled water. Finally, the
samples were examined and photographed using CLSM
(Olympus FV300, Tokyo, Japan). Images were processed
with the Olympas FV31S-SW. To quantify the expression
levels of CD44 in cells, images were analyzed by Image]J
according to a reported method with slight modification
(Ochsner MT et al., 2010). An outline was drawn around
each cell and area using the freehand selection tool, and the
area, mean, and integrated intensity were determined. Next,
using a rectangular selection tool, a region next to the cell of
interest was selected as the background signal, and the area,
mean, and integrated density were calculated in the same way.
Finally, the total corrected cellular fluorescence (CTCF) was
calculated following Eq. 3:

CTCF = ID - (AC x MFBR) 3)

Here ID represents the integrated intensity, while AC is the
area of selected cells and MFBR is the mean fluorescence of
background readings.

2.7 Induction of chondrogenic
differentiation

Chondrogenic differentiation was initiated after a confluent
monolayer was formed. The chondrogenic differentiation
composed of basal medium (L-DMEM
containing 1% penicillin-streptomycin and 1% FBS), 20 nm

medium  was

dexamethasone (Sigma), 5pugml™ ascorbic acid (Sigma), 1%
ITS (v/v), and 10ngml™” TGF-B1 (Peprotech, Rocky Hill,
United States). The medium was changed every 3 days. The
samples on which cells were grown with basal medium were
used as a reference.

2.8 Detection of chondrogenic
differentiation of hUC-MSCs

2.8.1 Gene expression of chondrogenic markers
by quantitative real-time PCR (qRT-PCR)

To evaluate the extent of differentiation of hUC-MSCs
toward a chondrogenic lineage, expression levels of major
chondrogenic markers, such as Sox9, Aggrecan, Col II, and
osteogenic markers Col I were studied. On day 7 and day
14 post-differentiation, cells were washed once with PBS, and
total RNA was extracted using RNAiso Rlus (Takara, Shiga,
Japan) following the standard protocols (Chomczynski and
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TABLE 1 Specific primers for qRT-PCR.

Forward primer

GAPDH CAGACCACAGTCCATGCCATCAC
Sox9 AGGAGAGCGAGGAGGACAAGTTC
Aggrecan TGACACACACACCCCAGCTT

Col I CCTGGCAAAGATGGTGAGACAG
Col I GATTCCCTGGACCTAAAGGTGC

Sacchi, 1987). Thereafter, the extracted RN A was transcribed into
cDNA using PrimeScriptTM RT Master Mix Kit (Takara) based
on the manufacturers’ protocol. The SYBR Premix Ex TaqTM II
(Takara) was used for QRT-PCR. Reactions were conducted using
a LightCycler480 Real-Time PCR System (Roche, Basel,
Switzerland) according to the following protocol: 95°C for
5 min, 40 cycles of 95°C for 155, 60°C for 15s, and 72°C for
30 s. The expression of mRNA in hUC-MSCs was evaluated
using specific primers (see Table 1) and GAPDH as the
endogenous control. Data were calculated using the 274
method based on Livak (Livak and Schmittgen, 2001). The
plain glass coverslips on which cells were cultured with basal
medium or chondrogenic differentiation medium were used as
references.

2.8.2 Histochemical analysis

After 21 days of induction, aggregation of cells and formation
of larger clusters resembling cartilage microtissue were found on
PEM-coated surfaces treated with chondrogenic differentiation
medium, while no microtissue formed on plain or basal medium-
treated surfaces. As a result, samples were divided into the
following two groups: those with no microtissues (Samples 1)
were directly stained with Safranin O (Solarbio), while those with
microtissues (Samples 2) were harvested and fixed in 4%
formalin for 24 h. Furthermore, Samples one was rinsed once
with PBS and then fixed with 4% paraformaldehyde for 10 min.
Following that, the samples were rinsed twice with distilled water
and stained with Safranin O solution in the dark at room
temperature for 30 min. Finally, excess dye was washed away
with distilled water, and the images were captured using an
inverted fluorescence microscope. Samples two fixed with
formalin were dehydrated using a graded series of ethanol
solutions, cleaned with xylene (Tianjin Damao Chemical
China), and then
embedded in paraffin. Sections were cut to a thickness of

Reagent Factory Co., Ltd, Tianjing,
6 um and collected on glass slides before deparaffinization and
stained with Safranin O according to a defined method for
visualizing acidic GAG production. The stained sections were
shown and evaluated using an Olympus BX53 microscope
(Olympus) equipped with an Olympus DP74 digital camera.
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Reverse primer Size (bp)
GACGCCTGCTTCACCACCTTC 275
TGTTCTTGCTGGAGCCGTTGAC 120
ATAGGCGGACGTCTCACTGC 140
CCTGGTTTTCCACCTTCACCTG 149
AGCCTCTCCATCTTTGCCAGCA 107

2.8.3 Immunohistochemical analysis

The deparaffinized and redehydrated sections were boiled in
0.01 M citrate buffer (pH 6.0, Solarbio) for 10 min, and then washed
with distilled water. The immunohistochemistry staining was
performed following the manufacturer’s instruction (SP Rabbit &
Mouse HRP Kit (DAB), Cowin Bio, Beijing, China). Briefly, the
sections were cleared with xylene, rehydrated in graded ethanol
solutions, and then rinsed with 0.01 M PBS (pH 7.4). Antigen
retrieval was conducted by incubating these sections in citrate
buffer, heating them in a microwave oven for 15 min, and then
cooling them at room temperature. After rinsing again with 0.01 M
PBS, the endogenous peroxidase activity was quenched by
immersing in blocking buffer, and nonspecific binding sites were
blocked with normal goat serum in a moist chamber at room
temperature for 30 min. Next, the sections were incubated with
primary antibodies against Sox9 (1:100, ZEN-BIOSCIENCE,
Chengdu, China), Col II (1:100, Abcam, Cambridge, UK) and
Aggrecan (1:100, Sigma) overnight at 4°C, and then extensively
rinsed with PBS. Thereafter, the sections were incubated with
secondary antibodies for 60 min, washed again with PBS, and
incubated with streptavidin-HRP for 60 min. Finally, the antibody
binding sites were viewed using a 3,3’-diaminobenzidine
tetrahydrochloride (DAB) solution, and the sections were
counterstained with hematoxylin (Solarbio) and mounted with
coverslips for microscopy.

2.8.4 Western blot (WB) assay

To further investigate the expression levels of cartilage-related
proteins and to reveal the potential signaling pathways involved in the
regulation of chondrogenic differentiation of hUC-MSCs stimulated
by the PEM, WB assays were performed. After induction for 21 days,
cells grown on the different PEM were washed once with sterile PBS
and then treated with radio immunoprecipitation assay lysis buffer
(Thermo Fisher Scientific, Rockford, United States) to obtain cell
lysates. To ensure sufficient lysis, cells formed into the chondrogenic
microtissues were further ultrasonically disrupted using a Tissuelysey-
24 (Shanghai Jing Xin, China) at 60.0 Hz for 50s. Thereafter,
centrifugation was performed at 12,000 g for 15min on all cell
lysates to remove the cell debris. Protein concentrations were
determined by the BCA Protein Assay kit (Beyotime, Shanghai,
China). Equal amounts of protein were run on an 8% or 10%
sodium dodecyl sulfate polyacrylamide gel before transferring the
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FIGURE 1

(A,B) The mass increase and thickness of layers detected by QCM-D using the Sauerbrey equation. (C) The shift of dissipation (AD) during
multilayer formation determined by QCM-D. Odd layers: polyanion (nHA, oHA, or nCS), even layers: polycation Col I.

gels onto a polyvinylidene fluoride membrane (Merk Millipore, Cork,
Ireland). The membrane was then blocked in TBS containing 5%
skimmed milk (Becton, Dickinson and Company, Sparks,
United States) for 1h, followed by incubation with primary
antibodies against phosphorylated P38 (p-P38) (Santa Cruz, CA,
United States), total P38 (Santa Cruz), p-ERK1/2 (Cell Signaling
Technology, Massachusetts, United States), total ERK1/2 (Cell
Signaling Technology), TGF-B (Abcam), Sox9, Aggrecan, Col II,
and o-tubulin (Santa Cruz) at 4°C overnight. All primary
antibodies were used at a dilution of 1:1,000. Next, the membrane
was washed with tris-buffered saline with tween and incubated with
the horseradish peroxidase (HRP)-conjugated secondary antibodies
(diluted 1:5,000, Santa Cruz) at room temperature for 1h. The
antibody-reactive ~ bands  were  detected  with  the
WesternLumaxLight™ Superior kit (ZETA™ Life, Menlo Park,
CA, United States) and visualized using the BG-gdsAUTO0720 Gel
imaging system (Baygene Biotech Company Limited, Beijing, China).

2.9 Statistical analysis

Results were shown as the mean + standard deviation (SD).
The differences between groups were analyzed using One-way
ANOVA with Tukey’s multiple comparison test. A p value
0f<0.05 (*p < 0.05) was considered as statistically significant.

3 Results and discussion
3.1 QCM measurements

In order to show the establishment and structure of these
PEM surface coatings, QCM and AFM were performed. The
QCM-D measurements allowed the assessment of total layer

mass, layer thickness, and shift in dissipation (AD) as presented
in Figure 1. The total layer mass includes the amounts of
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adsorbed polyelectrolytes and solvent, while AD reflects the
properties of the adsorbed material, where rigid and thin
layers give rise to a smaller response than soft or thick and
loosely attached layers. The multilayer growth of all the systems
shows a staircase-shaped curve with lower mass increase by
GAGs (nHA, oHA, or nCS, odd layer number) but higher by
Col I (even layer number). However, unlike the steady increase in
adsorption for the nCS-containing PEM, the adsorption almost
reached a plateau for HA-based (both nHA and oHA) PEM,
indicating that mass adsorption achieved an equilibrium. In
addition, a significantly larger amount of Col I deposition was
observed for nCS-based PEM, probably owing to the higher
charge density of nCS compared to HA, which increased the
binding of Col I. Indeed, the adsorption and fibrillization of Col I
were strongly influenced by the type of GAG as it will be shown in
next sections. Furthermore, it was visible that the multilayer mass
and thickness of the oHA-based PEM were higher owing to
additional covalent crosslinking between the aldehyde groups of
oHA and amino groups of Col L. In contrast, nHA-containing
PEM showed a much lower mass and thickness increase, because
only ion pairing is the dominating mechanism (Zhao et al., 2014;
Esmaeilzadeh et al., 2017). The staircase pattern increase during
the assembly could be explained by the diffusion of GAGs into
the PEM that increased ion-pairing between functional groups
(e.g., carboxyl of GAGs and amino groups of Col I) displacing
counter jons and water molecules decreasing mass, which
resulted in almost no increase in the mass adsorption and a
lower film thickness. Indeed, a stiffening of multilayers with
lower hydration of PEM was also evidenced by a significant drop
in dissipation values (see Figure 1C) upon nHA, oHA, or nCS
adsorption caused by the increased ion painting inside PEM. It is
of note that the stiffening of multilayers was more pronounced
upon the adsorption of nCS than that of HA (both nHA and
oHA). The same phenomenon has been observed in previous
studies and is probably caused by the easier diffusion of nCS into
the underlying layers due to its low molecular weight and high
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FIGURE 2

AFM images of polyanion (nHA, oHA, and nCS) terminal layers and outermost Col | for the different PEM. Scan size of all the images is 3 X 3 pm.

charge density, resulting in stronger ion pairing with compaction
of multilayers (Lundin et al, 2011; Aggarwal et al, 2013).
Nevertheless, the overall AD values were higher on nCS-based
PEM as compared to HA-containing ones (both nHA and oHA),
which is probably caused by more adsorption of Col I that
increased the layer thickness and viscosity (Hiiseyin Deligoz
and Tieke, 2014). Figure 1C also demonstrates that the AD
values were lower for oHA-based multilayers compared to
nHA-containing ones, indicating that the additional chemical
crosslinking increased the stiffness of the multilayers, which
corresponds to previous findings (Wang et al., 2015).

3.2 Atomic force microscopy studies of
multilayer surface topography

The surface topography of the outermost Col I and
of different PEM was
investigated by AFM in a dry state. Figure 2 demonstrates

polyanion terminal layers
that the surface topography of multilayers is highly dependent
on the type of GAG as well as the terminal layer. The Col I
aggregates forming fibrillar structures were found in
multilayers with Col I as the terminating layer, while a
granular surface structure was observed in the outermost
polyanion layer (Niepel et al., 2009; Aggarwal et al., 2013).
However, it is also visible that the surface morphology of the
terminal polyanion layers greatly differed when different
GAG was used for multilayer formation. A dense and
evenly-distributed granular structure was observed for
nHA-terminated multilayers, while the presence of nCS as
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a polyanion led to an increased granularity of these
multilayers, which might be explained by the higher charge
density of nCS compared to HA, which encouraged the
binding of more nCS. Interestingly, the outermost oHA
layer is still organized into granules, but these are larger,
which could be due to aldehyde groups that form more bonds
with the Col I chain than ion pairing only in nHA-based PEM.
Furthermore, for all Col I-terminated PEM, it is of note that a
significant fibrous structure was observed on nCS-containing
multilayers, forming a network-like structure, while rather
short and sparse fibrils were found in HA-based (both nHA
and oHA) PEM, which formed rather discrete aggregates than
fibers. Col I fibrillogenesis is a rather complex process affected
Col 1
concentration, electrolyte type, and pH value but also by

not only by environmental factors, such as
the presence of polysaccharides and other naturally derived
polyanions. Particularly, the presence of CS accelerated the
fibril formation of collagen (Wood, 1960). In addition,
previous studies have shown that the concentration of
collagen also highly affects fibril formation, the higher
concentration (24 ug ml™') dramatically promoted collagen
fibrillogenesis, while the lower concentration (6 pg ml™") was
not (Cisneros et al., 2006). We could show with QCM
and WCA S1)

investigations here that considerably less Col I was present

(Figure 1) (Supplementary  Figure
in multilayers with HA (both nHA and oHA) as polyanion,
while an apparently larger amount of Col I was deposited in
nCS-based PEM. In line with this, rather elongated globules
were observed in HA-based multilayers, while distinguished
fibril formation was found in nCS-containing ones.
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The adhesion of hUC-MSCs grown on different PEM (A) CLSM with staining of CD44 (green) of hUC-MSCs after 4 h incubation on the different
PEM, and the fluorescence signals of CD44 (B) was quantified by ImageJd and corrected total cell fluorescence was calculated by fluorescence signal
with elimination of background signal [PEM were prepared with terminal layer of nHA, oHA and nCS (C/nH, C/oH, C/nC) or outermost layer of Col |

(nH/C, oH/C, nC/C). Cells were seeded in serum free medium for 4 h]

3.3 Initial interactions of hUC-MSCs with
polyelectrolyte multilayers (PEM)

Since the interaction between HA and CD44 is crucial for
mediating chondrogenesis of MSCs (Wu et al., 2018a), here,
we investigated the CD44 clustering of hUC-MSCs on the
various PEM. As shown in Figure 3A, CD44 was considerably
more expressed and organized in hUC-MSCs adhering on Col
I/nHA surfaces, while on nCS-based PEM,
expression of CD44 with no tendency for clustering was
observed. The highest expression of CD44 on Col I/nHA
was further demonstrated by quantification, as shown in

a weaker

Figure 3B. It is also interesting to note that signs of
CD44 clustering contacts with neighboring cells were
visible in cells on the Col I/nHA surface. In addition, with
respect to the expression of CD44, no difference was found
between the HA-based PEM (both nHA and oHA) when Col I
was used as the terminal layer. However, the pericellular
accumulation of CD44 was considerably stronger in cells
grown on the Col I/nHA surface as compared to Col I/
oHA. After oxidization, the molecular weight of HA was
1,300 kDa to 55kDa (See
Supplementary Table S1), which might reduce the binding

drastically decreased from

between HA and its receptor, and thus, reduce the clustering
of CD44 on Col I/oHA. Indeed, it has been demonstrated that
the concentration of HA and its molecular weight are of great
importance for the interactions between HA and the
membrane receptors (Amorim et al, 2018). Due to the
multitude of possible binding sites, the higher molecular
weight HA can effectively crosslink several CD44 receptors,
and thus, stimulate CD44 clustering, whereas lower molecular
weight HA with reduced binding sites disrupts it (Yang et al,,
2012; Amorim et al., 2018; Julio, 2018).
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3.4 Chondrogenic differentiation of hUC-
MSCs

3.4.1 Characterization of chondrogenesis of
hUC-MSCs

To determine the effect of molecular composition and
terminal layer on the chondrogenic differentiation of hUC-
MSCs, we investigated the expression of cartilage-specific
genes, such as Sox9, Aggrecan, and Col II at different time
points. As shown in Figure 4, even for the cells cultured in
basal medium, the chondrogenesis-associated genes were
upregulated on Col I/nHA, although some of them were
statistically insignificant compared to the control on day 7 of
differentiation. For the cells cultured in either basal medium or
chondrogenic differentiation medium, the highest expression of
Sox9 was found on Col I/nHA, while no large difference in the
expression of Sox9 was found among the other PEM. However,
the expressions of Aggrecan and Col II varied greatly among the
different PEM, particularly when cells were treated with
chondrogenic differentiation medium. Interestingly, the HA-
containing (both nHA and oHA) multilayers showed a
significant promoting effect on the expression of cartilage-
specific genes compared to the nCS-based PEM. It is also of
interest to note that, generally, the expression of these genes is
higher in the GAG-terminal layers in comparison to the
outermost Col I layer. After induction for 14 days, the
expressions of chondrogenic-specific markers are still slightly
higher on Col I/nHA compared to control in basal medium, and
a significant difference is found with respect to the expression of
Col II. For the cells treated with chondrogenic differentiation
medium, the expressions of chondrogenesis-associated genes,
particularly Col II, are further enhanced by the HA-
containing (both nHA and oHA) multilayers when compared
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Relative expression levels of chondrogenic-associated genes in hUC-MSCs grown on different PEM at different time points. [BM: basal medium;
CM: chondrogenic differentiation medium]. The multilayers are the same as described in Figure 3.

to the control group. Again, HA-based multilayers (both nHA
and oHA) show a positive effect on increasing expression of Sox9,
Aggrecan, and Col II genes compared to nCS-containing
Col I/nHA the
upregulated expression of these genes, indicating that this
PEM has the strongest promoting effect on enhancing the
hUC-MSCs.  Another
interesting finding is the always lower expression of the Col I

multilayers. Specifically, induces most

chondrogenic  differentiation  of

gene on Col I/nHA during the observation time, indicating this
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PEM may induce cell differentiation into hyaline cartilage but not
fibrocartilage, which is desirable for cartilage tissue engineering
(Ohno et al., 2004). Col II is the major component of hyaline
cartilage that is present on the articular surface of the bone, while
Col I fibers are contained in fibrocartilage, which is found on the
meniscus.

To confirm the cartilage matrix formation of hUC-MSCs on
the different PEM, Safranin O staining was performed to
visualize the acidic GAG deposition after 21 days of induction
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The determination of chondrogenic differentiation of hUC-MSCs placed on the different PEM (A) Safranin O staining for acidic
glycosaminoglycans (GAGs) in hUC-MSCs placed on the different PEM treated with chondrogenic differentiation medium. After induction for
21 days, the cells formed microtissues were embedded in paraffin and sliced into sections and then stained with Safranin O; (B)
Immunohistochemical staining images for Sox9, Aggrecan and Col Il in cell microtissues formed on the different multilayer surfaces after

21 days culture in chondrogenic differentiation medium; (C) Representative blots showing the expression levels of chondrogenic-related proteins in
hUC-MSCs placed on the different multilayer surfaces after 21 days of induction in chondrogenic differentiation medium, and the associated bar
plots displaying the ratios of Aggrecan and Col Il to tubulin as evaluated by densitometric analysis of western blots. The multilayers are the same as

described in Figure 3.

(Supplementary Figure S4; Figure 5A). As in correspondence
with the PCR results, when cells are treated with basal medium,
no positive staining was found on control and nCS-containing
samples, while a slight staining was observed on HA-based
multilayers, particularly on Col I/nHA (Supplementary Figure
S4). Nevertheless, though the chondrogenesis-related genes are
slightly more expressed on the Col I/nHA, only some small cell
aggregates but no cartilage-like microtissues were formed on this
PEM. In contrast, except for the control group, microtissues are
developed on all the PEM-coated surfaces (Figure 6A) and show
positive staining for Safranin O when cells are cultured in
chondrogenic differentiation medium, indicating that the
the
chondrogenic

is not sufficient to
of hUC-MSCs that
supplementals are needed. It is also interesting to note that
the intensity of staining greatly varied among the different
PEM, with the strongest staining visible on Col I/nHA,

multilayer  alone support

chondrogenesis and
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suggesting the most cartilage matrix deposition. Generally, the
staining of Safranin O was more intense on the HA-based
systems compared to the nCS-containing ones, and the GAG-
terminated systems showed more acidic GAG deposition than
the Col I-terminated ones.

The expression of cartilage-specific markers at the protein
level was also evaluated after 21 days of induction using
immunohistochemical staining and a WB assay to further
investigate the effect of molecular composition and terminal
layer on the chondrogenic differentiation of hUC-MSCs. As
the cells cultured in basal medium and on the plain coverslips
failed to form cartilage-like microtissue and could not favor the
differentiation of hUC-MSCs into chondrogenic lineage, we
studied only the cells grown on PEM-coated surfaces treated
with chondrogenic differentiation medium. As shown in
Figure 5B, a significant staining of Aggrecan and Col II was
visible on HA-based PEM, while only weak staining was

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.991855

Zhao et al.

SOX9 56kDa

, 42kDa

p-ERK1/2|. L P
42kDa

e D B — | 44100

ERK1/2

a-tubulin

S ——— - 5502

2.0 3

1.5

1.0

SOX9 expression
relative to a.-tubulin
relative to Erk1/2

A

AR IR
F TP

o
L]

o

FIGURE 6

10.3389/fbioe.2022.991855

48kDa

a-tubulin m.lsskoa
2.0 . 1.0 *
——— Y—
c *
5% 5 . L —
2 3 1.5 - 5w 08
g3 g5 06 L
&3 206
X o 1.0 2o
O = o .2 -
-3 wﬁo.4
- e
g3 a " 0.2
-
0.0~ 0.0 T T T T T
IR IR AR RN
L E T E

ERK/Sox9 and p38 pathways are involved in the multilayers-dependent differentiation of hUC-MSCs (A) Representative blots showing the
expression levels of ERK/Sox9 signal pathway involved proteins in hUC-MSCs placed on the different multilayer surfaces after 21 days of induction in
chondrogenic differentiation medium and the qualitative data showing the ratios of p-ERK/ERK and Sox9 to tubulin as evaluated by densitometric
analysis of western blots. (B) Representative blots showing the expression levels of p38 signal pathway involved proteins in hUC-MSCs placed

on the different multilayer surfaces after 21 days of induction in chondrogenic differentiation medium and the qualitative data showing the ratios of
TGF-p and p-p38/p38 to tubulin as evaluated by densitometric analysis of western blots. Data are representative and displayed as the mean + SD of
three independent experiments. The multilayers are the same as described in Figure 3.

detectable on the multilayer surfaces containing nCS. Again, the
most intensive staining of Aggrecan and Col II was found on Col
I/nHA, and the staining was always stronger on the GAG-
terminal layers in comparison to the Col I-terminated ones.
Further, as detected by the WB assay shown in Figure 5C, the
cartilage-associated proteins, such as Aggrecan and Col II, are
also considerably more expressed in cells cultured on HA,
particularly on the nHA-based multilayers compared to the
The data  further
demonstrated that generally, the expression of Aggrecan and

nCS-containing  ones. quantitative
Col I is higher on the nHA-terminated multilayers compared to
the Col I-ended surfaces and is significantly higher than that of
oHA and nCS-containing surfaces.

Overall, the chondrogenic differentiation of hUC-MSCs is
considerably more pronounced on HA particularly on Col I/nHA
than on nCS-containing surfaces, and the GAG-terminating
surfaces generally promote more chondrogenesis than the Col
I-terminated ones. These findings could be explained by the
matrix composition and terminal layer in the multilayers. The
incorporation of HA mimicking the cartilage niche has been
found to enhance MSCs’ chondrogenesis in both 2D and 3D
conditions in vitro (LeBoeuf et al., 1986; Knudson and Knudson,
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1993), and increase the hyaline cartilaginous matrix formation
in vitro (Allemann et al., 2001). Though nCS has been reported to
promote chondrogenic-related gene expressions and cartilage-
specific matrix production of MSCs (Varghese et al., 2008), it is
worth noting that nCS also exists in osseous tissue, which is
involved in the total bone metabolic process and has a
stimulatory effect on osteogenesis of MSCs (Schneiders et al.,
2012). When MSCs were cultured on nCS-containing materials
rather than HA-incorporated ones, calcium phosphate
deposition and osteogenic marker gene expression were
significantly increased (Mathieu and Loboa, 2012; Wu et al,
2015). In addition, probably, hUC-MSCs are not only attached
on the surface of the PEM but also penetrated into the underlying
layers, there, more interpenetrated and fuzzy layers with
significant more organized Col I fibrils underlying are found
in the nCS-terminated PEM as detected by AFM. Compared to
the cartilage-specific matrix GAG, Col I represents a major
component of bone tissue, which is well known for its
bioactivity in favor of osteogenesis (Kang et al, 2013; Zhao
et al, 2016), thus, the reduced chondrogenic
differentiation capacity of hUC-MSCs on Col I-terminated
surfaces is expected. However, compared to Col I/nHA, the

and
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Scheme of the proposed mechanism of multilayer-promoted differentiation of MSC. nHA as component of Col I/nHA induce the clustering of
CD44 which result in the activation of ERK/Sox9 and non-canonical TGF-p signaling pathways that are also related to induction of genes involved in
chondrogenesis. Opposite to that oHA with lower molecular weight disrupts the clustering of CD44 which results in reduced signal transduction
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activates the focal adhesion kinase (FAK)-mitogen activated protein kinase (MAPK) signaling pathways that induces mitosis of cells but also promotes

osteogenesis.

chondrogenesis of hUC-MSCs was significantly lower on Col I/
oHA. The previous study reported that increasing HA molecular
weight (80-2000 kDa) increases the HA-induced chondrogenic
effect on MSCs (Wu et al,, 2018a). HA with higher molecular
weight had the strongest chondrogenic effect on MSCs in vitro
and exhibited pronounced cartilaginous tissue formation in vivo.
However, after oxidation, the molecular weight of HA was greatly
decreased, and thus, the HA-induced chondrogenic effect might
also reduce.

3.4.2 ERK/Sox9 and p38 pathways in the
multilayer-dependent chondrogenic
differentiation of hUC-MSCs

Since the chondrogenic differentiation of hUC-MSCs differs
notably among different PEM, it is of great interest to understand
the underlying mechanism. To address this question, we
performed a WB assay to investigate the expression of
proteins linked to the ERK/Sox9 and noncanonical TGF-{
signal pathways. Sox9 is a cartilage-specific transcription
factor that directly regulates the expression of cartilaginous-
specific matrixes, such as aggrecan and Col II (Bell et al,
1997; T Sekiya et al., 2000). As predicted by the qPCR results,
Sox9 expression was considerably higher in cells grown on Col I/
nHA than in cells cultivated on the other PEM (see Figure 4).
According to a recent study, HA with a relatively large molecular
weight (2000 kDa) had the strongest chondrogenic effect on
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MSCs in vitro and induced remarkable cartilaginous tissue
formation in vivo, which was mediated through increased
CD44 clustering and the ERK/Sox9 signaling pathway (Wu
et al., 2018a). Meran and coworkers also found that enhanced
HA-CD44 binding promotes late ERK activation (Soma Meran
et al,, 2011). It is evident that, compared to the other PEM, the
protein levels of p-ERK1/2 and Sox9 are remarkably increased on
Col I/nHA (see Figure 6A), showing that ERK activity may
participate in Sox9-mediated chondrogenic differentiation of
hUC-MSCs in response to HA stimulation in this bioactive
PEM system. However, the protein levels of p-ERK1/2 and
Sox9 are not so pronounced in the other HA-containing PEM
(nHA/Col I, Col I/oHA, and oHA/Col I), since CD44 clustering is
responsible for the upregulation of ERK phosphorylation, which
positively ~regulates Sox9 expression and chondrogenic
differentiation of MSCs. Notably, compared to the other HA-
based PEM, CLSM showed that the clustering of CD44 was
considerably more pronounced on Col I/nHA. In addition, TGF-
B1 was added as a chondrogenic supplemental factor during the
induction in our study. Previous reports demonstrated that
CD44 can also function as a coreceptor of TGE-p, colocalizing
with TGF receptors, and thus, facilitating regulation of both
Smad-dependent and Smad-independent TGEF-B1-mediated
signal transduction (Ito et al., 2004; Soma Meran et al., 2008).
TGF-p signaling is known to regulate many cellular fates, such as
cell growth and differentiation, by activating either canonical
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(Smad-dependent) or noncanonical (nonSmad-dependent)
pathways (van der Kraan et al., 2009; Zhang, 2009; Wu et al.,
2015). According to a recent study, the p38 pathway, but not
PI3K or ERK1/2, is required for TGF-B1-induced chondrogenic
differentiation of mature MSCs in monolayer on plastic and in a
3D collagen-GAG scaffold (McMahon et al., 2008). As shown in
Figure 6B, the protein levels of TGF-p and p-p38 are generally
higher on HA-based multilayers than on nCS-containing
multilayers. More specifically, the protein level of TGF-f and
p-p38 are the highest on Col I/nHA which correlates also to the
increased CD44 clustering and most pronounced chondrogenic
differentiation, indicating the non-canonical TGF-p signaling
may also involve in regulating the chondrogenic
differentiation of hUC-MSCs on this PEM by activation of
p38 pathway.

We deduced, due to the multitude of possible binding sites,
the higher molecular weight nHA can effectively crosslink several
CD44 receptors, and thus, stimulate CD44 clustering that
activate the ERK/Sox9 pathway as well as the regulation of

TGE-B through p38
which promoted chondrogenesis

noncanonical pathway
7), of MSCs.
Nevertheless, the lower molecular weight oHA with reduced

signaling
(Figure

binding sites might disrupt CD44 clustering, and thus
downregulated the chondrogenic differentiation of MSCs. In
contrast, the presence of Col I fibrils on the Col I-terminated
PEM is known to interact with 1 integrins and has been shown
to trigger phosphorylation of focal adhesion kinase (FAK),
downstream signaling by mitogen activated protein kinase
(MAPK), which is correlated to the upregulation of osteogenic
transcription factors, and thus promote osteogenesis.

4 Conclusion

In this study, we investigated the effect of a cartilage niche
mimicking microenvironment fabricated by LBL technique,
including changes in the molecular composition (type of
GAG) and terminal component of PEM on the chondrogenic
differentiation of hUC-MSCs and to further show the underlying
mechanism. When chondrogenic medium supplements were
used, HA-based, particularly nHA-terminated PEM with
considerably less organized Col I fibrils, showed the higher
bioactivity on promoting the chondrogenic differentiation of
MSCs as in comparison to nCS-containing PEM, which is
related to HA-CD44 interactions that activate the ERK/
Sox9 pathway as well as the regulation of noncanonical TGF-
B signaling through p38 pathway. However, the promoting effect
of PEM was significantly decreased when nHA was replaced by
oHA, which might cause by the decrease in molecular weight that
reduced the clustering of CD44. These findings show for the first
time the potential mechanism behind MSC differentiation in the
presence of multilayers, which paved the way for the design of
bioactive coatings mimicking tissue-specific matrixes applicable
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in tissue engineering and regenerative medicine. In addition,
these cartilage niche mimicking multilayers based on HA and
collagen can be used to upload TGF-B1 as shown in one of our
recent publications using BMP-2 (Anouz et al, 2018) to
overcome the lack of chondrogenic supplements in vivo and
induce cartilage regeneration.

Data availability statement

The original contributions presented in the study are
the further
inquiries can be directed to the corresponding authors.

included in article/Supplementary Material,

Author contributions

MZ: conceptualization, investigation, methodology, writing

original draft preparation, writing review and editing,
supervision, funding acquisition; XG: investigation, software,
data curation and methodology; JW: investigation, data
curation and methodology; CT: investigation and software;
HZ: investigation and validation; KJ: methodology and
software; JC: methodology and resources; WY: resources; TG:
conceptualization, supervision, writing review and editing. All
authors have read and agreed to the published version of the

manuscript.

Funding

This work was supported by the National Natural Science

Foundation of China (32071326); the Natural Science
Foundation of Guangdong Province, China
(2019A1515011613,  2021A1515011196);  the  Zhanjiang

China (2020A01018); the
Characteristic innovation projects of Guangdong Province
universities  (2018KTSCX076); and the Science and
Technology Program of Zhanjiang (2019A01032), which are
greatly acknowledged.

Competitive Funding Project,

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2022.991855/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.991855

Zhao et al.

affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the
publisher.

References

Abagnale, G,, Sechi, A, Steger, M., Zhou, Q., Kuo, C-C., Aydin, G, et al. (2017). Surface
topography guides morphology and spatial patterning of induced pluripotent stem cell
colonies. Stem Cell Rep. 9 (2), 654-666. doi:10.1016/j.stemcr.2017.06.016

Aggarwal, N, Altgirde, N., Svedhem, S., Michanetzis, G., Missitlis, Y., and Groth, T.
(2013). Tuning cell adhesion and growth on biomimetic polyelectrolyte multilayers by
variation of pH during layer-by-layer assembly. Macromol. Biosci. 13 (10), 1327-1338.
doi:10.1002/mabi.201300153

Allemann, F., Mizuno, S., Eid, K., Yates, K. E., Zaleske, D., and Glowacki, J. (2001).
Effects of hyaluronan on engineered articular cartilage extracellular matrix gene
expression in 3-dimensional collagen scaffolds. J. Biomed. Mat. Res. 55 (1), 13-19.
doi:1041002/1097—4636(200104)55:1<13::aid—jbm20>340.c0;2—g

Amorim, S, da Costa, D. S., Freitas, D., Reis, C. A, Reis, R. L., Pashkuleva, L, et al. (2018).
Molecular weight of surface immobilized hyaluronic acid influences CD44-mediated
binding of gastric cancer cells. Sci. Rep. 8 (1), 16058. doi:10.1038/541598-018-34445-0

Anouz, R, Repanas, A., Schwarz, E., and Groth, T. (2018). Novel surface coatings using
oxidized glycosaminoglycans as delivery systems of bone morphogenetic protein 2 (BMP-2)
for bone regeneration. Macromol. Biosci. 18 (11), 1800283. doi:10.1002/mabi.201800283

Antich, C., de Vicente, J., Jiménez, G., Chocarro, C., Carrillo, E., Montanez, E.,
et al. (2020). Bio-inspired hydrogel composed of hyaluronic acid and alginate as a
potential bioink for 3D bioprinting of articular cartilage engineering constructs.
Acta Biomater. 106, 114-123. doi:10.1016/j.actbio.2020.01.046

Balasubramanian Pv, S., Sundarraj, S., Zakaria, Z, Majumdar, A. S,, and Ta, M. (2012).
Comparison of chemokine and receptor gene expression between Wharton’s jelly and bone
marrow-derived mesenchymal stromal cells. Cytotherapy 14 (1), 26-33. doi:10.3109/
14653249.2011.605119

Bell, D. M., Leung, K. K. H,, Wheatley, S. C., Ng, L. J., Zhou, S., Wing Ling, K.,
et al. (1997). SOX9 directly regulates the type-l collagen gene. Nat. Genet. 16 (2),
174-178. doi:10.1038/ng0697-174

Chomczynski, P., and Sacchi, N. (1987). Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162
(1), 156-159. doi:10.1006/abio.1987.9999

Cisneros, D. A., Hung, C., Franz, C. M., and Muller, D. J. (2006). Observing
growth steps of collagen self-assembly by time-lapse high-resolution atomic force
microscopy. J. Struct. Biol. 154 (3), 232-245. doi:10.1016/j.jsb.2006.02.006

Esmaeilzadeh, P., Kéwitsch, A., Heyroth, F., Schmidt, G., Fischer, S., Richter,
K., et al. (2017). Synthesis of thiolated polysaccharides for formation of
polyelectrolyte multilayers with improved cellular adhesion. Carbohydr.
Polym. 157, 1205-1214. d0i:10.1016/j.carbpol.2016.10.088

Gao, X., Huang, R, Jiao, Y., Groth, T., Yang, W., Tu, C,, et al. (2022).
Enhanced wound healing in diabetic mice by hyaluronan/chitosan multilayer-
coated PLLA nanofibrous mats with sustained release of insulin. Appl. Surf.
Sci. 576, 151825. d0i:10.1016/j.apsusc.2021.151825

Gjorevski, N., and Nelson, C. M. (2009). Bidirectional extracellular matrix
signaling during tissue morphogenesis. Cytokine & Growth Factor Rev. 20 (5),
459-465. doi:10.1016/j.cytogfr.2009.10.013

Goldberg, A., Mitchell, K., Soans, J., Kim, L., and Zaidi, R. (2017). The use of
mesenchymal stem cells for cartilage repair and regeneration: A systematic review.
J. Orthop. Surg. Res. 12 (1), 39. doi:10.1186/s13018-017-0534-y

Guo, T., Ferlin, K. M., Kaplan, D. S., and Fisher, J. P. (2017). “Chapter 33 -
engineering niches for cartilage tissue Regeneration=,” in Biology and engineering of
stem cell niches. Editors A. Vishwakarma and J. M. Karp (Boston: Academic Press),

531-546.

Hascall, V. C. (1977). Interaction of cartilage proteoglycans with hyaluronic acid.
J. Supramol. Struct. 7 (1), 101-120. doi:10.1002/jss.400070110

Hellio Le Graverand-Gastineau, M. P. (2009). OA clinical trials: Current targets
and trials for OA. Choosing molecular targets: What have we learned and where we
are headed? Osteoarthr. Cartil. 17 (11), 1393-1401. doi:10.1016/j.joca.2009.04.009

Hoyer, B., Bernhardt, A., Lode, A., Heinemann, S., Sewing, J., Klinger, M., et al.
(2014). Jellyfish collagen scaffolds for cartilage tissue engineering. Acta Biomater. 10
(2), 883-892. doi:10.1016/j.actbio.2013.10.022

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.991855

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.
991855/full#supplementary-material

Hiiseyin Deligoz, B. T., and Tieke, B. (2014). QCM-D study of layer-by-layer assembly
of polyelectrolyte blend films and their drug loading-release behavior. Colloids Surfaces A
Physicochem. Eng. Aspects 441, 725-736. doi:10.1016/j.colsurfa.2013.10.033

1 Sekiya, K. T., Koopman, P., Watanabe, H., Yamada, Y., Shinomiya, K., Nifuji, A.,
et al. (2000). SOX9 enhances aggrecan gene promoter/enhancer activity and is up-
regulated by retinoic acid in a cartilage-derived cell line, TC6. J. Biol. Chem. 275
(15), 10738-10744. doi:10.1074/jbc.275.15.10738

Ito, T., Fraser, D. ], John, D. W., and Phillips, A. O. (2004). Hyaluronan regulates
transforming growth factor-p1 receptor compartmentalization. J. Biol. Chem. 276
(24), 25326-25332. doi:10.1074/jbc.m403135200

Jo Osk, C. H,, Park, E. Y., Kim, B. ], Lee, J. H., Kang, S. B., Lee, J. H., et al. (2008).
Fetal mesenchymal stem cells derived from human umbilical cord sustain primitive
characteristics during extensive expansion. Cell Tissue Res. 334 (3), 423-433. doi:10.
1007/500441-008-0696-3

Julio, M. (2018). Rios de la Rosa AT, and nicola tirelli: Receptor-targeted drug
delivery and the (many) problems we know of: The case of CD44 and hyaluronic
acid. Adv. Biosyst. 1800049, 1-19.

Kaivosoja, E., Barreto, G., Levon, K., Virtanen, S., Ainola, M., and Konttinen, Y. T.
(2012). Chemical and physical properties of regenerative medicine materials controlling
stem cell fate. Ann. Med. 44 (7), 635-650. doi:10.3109/07853890.2011.573805

Kang, B-J., Kim, Y, Lee, S. H., Kim, W. H., Woo, H-M., and Kweon, O-K. (2013).
Collagen I gel promotes homogenous osteogenic differentiation of adipose tissue-
derived mesenchymal stem cells in serum-derived albumin scaffold. J. Biomaterials
Sci. Polym. Ed. 24 (10), 1233-1243. doi:10.1080/09205063.2012.745717

Kim, H. D,, Lee, E. A., An, Y-H., Kim, S. L,, Lee, S. S., Yu, S. ], et al. (2017). Chondroitin
sulfate-based biomineralizing surface hydrogels for bone tissue engineering. ACS Appl.
Mat. Interfaces 9 (26), 21639-21650. doi:10.1021/acsami.7b04114

Knudson, C. B., and Knudson, W. (1993). Hyaluronan-binding proteins in
development, tissue homeostasis, and disease. FASEB J. 7 (13), 1233-1241.
doi:10.1096/fasebj.7.13.7691670

Kwon, H., Brown, W. E,, Lee, C. A,, Wang, D., Paschos, N, Hu, J. C,, et al. (2019).
Surgical and tissue engineering strategies for articular cartilage and meniscus repair.
Nat. Rev. Rheumatol. 15 (9), 550-570. doi:10.1038/s41584-019-0255-1

LeBoeuf, R. D., Raja, R. H,, Fuller, G. M., and Weigel, P. H. (1986). Human
fibrinogen specifically binds hyaluronic acid. J. Biol. Chem. 261 (27), 12586-12592.
doi:10.1016/s0021-9258(18)67129-7

Levinson, C., Lee, M., Applegate, L. A., and Zenobi-Wong, M. (2019). An
injectable heparin-conjugated hyaluronan scaffold for local delivery of
transforming growth factor B1 promotes successful chondrogenesis. Acta
Biomater. 99, 168-180. doi:10.1016/j.actbio.2019.09.017

Li, J., Narayanan, K., Zhang, Y., Hill, R. C., He, F., Hansen, K. C,, et al. (2020). Role
of lineage-specific matrix in stem cell chondrogenesis. Biomaterials 231, 119681.
doi:10.1016/j.biomaterials.2019.119681

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2-AACT method. Methods 25 (4),
402-408. doi:10.1006/meth.2001.1262

Lundin, M., Solaqa, F., Thormann, E., Macakova, L., and Blomberg, E. (2011).
Layer-by-Layer assemblies of chitosan and heparin: Effect of solution ionic strength
and pH. Langmuir 27 (12), 7537-7548. doi:10.1021/1a200441u

Madeira, C., Santhagunam, A., Salgueiro, J. B., and Cabral, J. M. S. (2015).
Advanced cell therapies for articular cartilage regeneration. Trends Biotechnol. 33
(1), 35-42. doi:10.1016/j.tibtech.2014.11.003

Mathieu, P. S., and Loboa, E. G. (2012). Cytoskeletal and focal adhesion influences
on mesenchymal stem cell shape, mechanical properties, and differentiation down
osteogenic, adipogenic, and chondrogenic pathways. Tissue Eng. Part B Rev. 18 (6),
436-444. doi:10.1089/ten.teb.2012.0014

McMahon, L. A,, Prendergast, P. J., and Campbell, V. A. (2008). A comparison of
the involvement of p38, ERK1/2 and PI3K in growth factor-induced chondrogenic
differentiation of mesenchymal stem cells. Biochem. Biophysical Res. Commun. 368
(4), 990-995. doi:10.1016/j.bbrc.2008.01.160

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2022.991855/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.991855/full#supplementary-material
https://doi.org/10.1016/j.stemcr.2017.06.016
https://doi.org/10.1002/mabi.201300153
https://doi.org/10.1002/1097-4636(200104)55:1<13::aid-jbm20>3.0.co;2-g
https://doi.org/10.1038/s41598-018-34445-0
https://doi.org/10.1002/mabi.201800283
https://doi.org/10.1016/j.actbio.2020.01.046
https://doi.org/10.3109/14653249.2011.605119
https://doi.org/10.3109/14653249.2011.605119
https://doi.org/10.1038/ng0697-174
https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.1016/j.jsb.2006.02.006
https://doi.org/10.1016/j.carbpol.2016.10.088
https://doi.org/10.1016/j.apsusc.2021.151825
https://doi.org/10.1016/j.cytogfr.2009.10.013
https://doi.org/10.1186/s13018-017-0534-y
https://doi.org/10.1002/jss.400070110
https://doi.org/10.1016/j.joca.2009.04.009
https://doi.org/10.1016/j.actbio.2013.10.022
https://doi.org/10.1016/j.colsurfa.2013.10.033
https://doi.org/10.1074/jbc.275.15.10738
https://doi.org/10.1074/jbc.m403135200
https://doi.org/10.1007/s00441-008-0696-3
https://doi.org/10.1007/s00441-008-0696-3
https://doi.org/10.3109/07853890.2011.573805
https://doi.org/10.1080/09205063.2012.745717
https://doi.org/10.1021/acsami.7b04114
https://doi.org/10.1096/fasebj.7.13.7691670
https://doi.org/10.1038/s41584-019-0255-1
https://doi.org/10.1016/s0021-9258(18)67129-7
https://doi.org/10.1016/j.actbio.2019.09.017
https://doi.org/10.1016/j.biomaterials.2019.119681
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1021/la200441u
https://doi.org/10.1016/j.tibtech.2014.11.003
https://doi.org/10.1089/ten.teb.2012.0014
https://doi.org/10.1016/j.bbrc.2008.01.160
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.991855

Zhao et al.

Medvedeva Eag, E. V., Gornostaeva, S. N., Telpuhov, V. I, Lychagin, A. V.,
Timashev, P. S., Chagin, A. S, et al. (2018). Repair of damaged articular cartilage:
Current approaches and future directions. Int. J. Mol. Sci. 19 (8), 2366. doi:10.3390/
ijms19082366

Mneimneh, A. T., and Mehanna, M. M. (2021). Collagen-based scaffolds: An
auspicious tool to support repair, recovery, and regeneration post spinal cord injury.
Int. ]. Pharm. 601, 120559. doi:10.1016/j.ijpharm.2021.120559

Moulisovd, V., Poveda-Reyes, S., Sanmartin-Masid, E., Quintanilla-Sierra, L.,
Salmerén-Sanchez, M., and  Gallego  Ferrer, G. (2017). Hybrid
protein-glycosaminoglycan  hydrogels promote chondrogenic stem  cell
differentiation. ACS Omega 2 (11), 7609-7620. doi:10.1021/acsomega.7b01303

Murphy, C. M., Matsiko, A., Haugh, M. G., Gleeson, J. P., and O’Brien, F. J.
(2012). Mesenchymal stem cell fate is regulated by the composition and mechanical
properties of collagen-glycosaminoglycan scaffolds. J. Mech. Behav. Biomed. Mater.
11, 53-62. doi:10.1016/j.jmbbm.2011.11.009

Niepel, M. S., Peschel, D, Sisquella, X., Planell, J. A., and Groth, T. (2009). pH-
dependent modulation of fibroblast adhesion on multilayers composed of
poly(ethylene imine) and heparin. Biomaterials 30 (28), 4939-4947. doi:10.1016/
j.biomaterials.2009.06.014

Ochsner Mt, M., Vogel, V., and Smith, M. L. (2010). Dimensionality controls
cytoskeleton assembly and metabolism of fibroblast cells in response to rigidity and
shape. PLoS ONE 5 (3), €9445. doi:10.1371/journal.pone.0009445

Ohno, T., Tanisaka, K., Hiraoka, Y., Ushida, T., Tamaki, T., and Tateishi, T.
(2004). Effect of type I and type II collagen sponges as 3D scaffolds for hyaline
cartilage-like tissue regeneration on phenotypic control of seeded chondrocytes
in vitro. Mater. Sci. Eng. C 24 (3), 407-411. doi:10.1016/j.msec.2003.11.011

Pecchi, E., Priam, S., Mladenovic, Z., Gosset, M., Saurel, A. S., Aguilar, L., et al.
(2012). A potential role of chondroitin sulfate on bone in osteoarthritis: Inhibition
of prostaglandin E2 and matrix metalloproteinases synthesis in interleukin-1f-
stimulated osteoblasts. Osteoarthr. Cartil. 20 (2), 127-135. doi:10.1016/j.joca.2011.
12.002

Pieper, J. S., van der Kraan, P. M., Hafmans, T., Kamp, J., Buma, P., van Susante,
J. L. C, et al. (2002). Crosslinked type II collagen matrices: Preparation,
characterization, and potential for cartilage engineering. Biomaterials 23 (15),
3183-3192. doi:10.1016/s0142-9612(02)00067-4

Radhakrishnan, J., Manigandan, A., Chinnaswamy, P., Subramanian, A., and
Sethuraman, S. (2018). Gradient nano-engineered in situ forming composite
hydrogel for osteochondral regeneration. Biomaterials 162, 82-98. doi:10.1016/j.
biomaterials.2018.01.056

Ragetly, G., Griffon, D. J., and Chung, Y. S. (2010). The effect of type II collagen
coating of chitosan fibrous scaffolds on mesenchymal stem cell adhesion and
chondrogenesis. Acta Biomater. 6 (10), 3988-3997. doi:10.1016/j.actbio.2010.
05.016

Ren, K-F., Hu, M, Zhang, H., Li, B-C,, Lei, W-X,, Chen, J-Y,, et al. (2019). Layer-
by-layer assembly as a robust method to construct extracellular matrix mimic
surfaces to modulate cell behavior. Prog. Polym. Sci. 92, 1-34. doi:10.1016/j.
progpolymsci.2019.02.004

Sauerbrey, G. (1959). Verwendung von Schwingquarzen zur Wagung diinner
Schichten und zur Mikrowagung. Z. Phys. 155, 206-222. doi:10.1007/bf01337937

Schneiders, W., Rentsch, C., Rehberg, S., Rein, S., Zwipp, H., and Rammelt, S.
(2012). Effect of chondroitin sulfate on osteogenetic differentiation of human
mesenchymal stem cells. Mater. Sci. Eng. C 32 (7), 1926-1930. doi:10.1016/j.
msec.2012.05.036

Silva, J. M., Reis, R. L., and Mano, J. F. (2016). Biomimetic extracellular
environment based on natural origin polyelectrolyte multilayers. Small 12 (32),
4308-4342. doi:10.1002/smll.201601355

Snyder, T. N., Madhavan, K., Intrator, M., Dregalla, R. C., and Park, D. (2014). A
fibrin/hyaluronic acid hydrogel for the delivery of mesenchymal stem cells and
potential for articular cartilage repair. J. Biol. Eng. 8 (1), 10. doi:10.1186/1754-1611-
8-10

Soma Meran, D. D. L., Simpson, R., Martin, J., Wells, A., Steadman, R., Phillips, A.
0., et al. (2011). Hyaluronan facilitates transforming growth factor-p1-dependent

proliferation via CD44 and epidermal growth factor receptor interaction. J. Biol.
Chem. 286 (20), 17618-17630. doi:10.1074/jbc.m111.226563

Soma Meran, D. W. T,, Stephens, P., Enoch, S., Martin, J., Steadman, R., Phillip,
A. O, etal. (2008). Hyaluronan facilitates transforming growth factor-p1-mediated
fibroblast proliferation. J. Biol. Chem. 283 (10), 6530-6545. doi:10.1074/jbc.
m704819200

Sophia Fox, A. ], Bedi, A., and Rodeo, S. A. (2009). The basic science of articular
cartilage: Structure, composition, and function. Sports Health. 1 (6), 461-468.
doi:10.1177/1941738109350438

Steward, A. J., and Kelly, D. J. (2015). Mechanical regulation of mesenchymal
stem cell differentiation. J. Anat. 227 (6), 717-731. doi:10.1111/joa.12243

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.991855

Tay, C. Y., Yu, H, Pal, M., Leong, W. S,, Tan, N. S,, Ng, K. W, et al. (2010).
Micropatterned matrix directs differentiation of human mesenchymal stem cells
towards myocardial lineage. Exp. Cell Res. 316 (7), 1159-1168. doi:10.1016/j.yexcr.
2010.02.010

van der Kraan, P. M., Blaney Davidson, E. N., Blom, A., and van den Berg, W. B.
(2009). TGF-beta signaling in chondrocyte terminal differentiation and
osteoarthritis: Modulation and integration of signaling pathways through
receptor-Smads. Osteoarthr. Cartil. 17 (12), 1539-1545. doi:10.1016/j.joca.2009.
06.008

van Susante, J. L. C,, Pieper, J., Buma, P., van Kuppevelt, T. H., van Beuningen, H.,
van der Kraan, P. M., et al. (2001). Linkage of chondroitin-sulfate to type I collagen
scaffolds stimulates the bioactivity of seeded chondrocytes in vitro. Biomaterials 22
(17), 2359-2369. doi:10.1016/50142-9612(00)00423-3

Varghese, S., Hwang, N. S., Canver, A. C,, Theprungsirikul, P., Lin, D. W., and
Elisseeff, J. (2008). Chondroitin sulfate based niches for chondrogenic
differentiation of mesenchymal stem cells. Matrix Biol. 27 (1), 12-21. doi:10.
1016/j.matbio.2007.07.002

Vinatier, C., Mrugala, D., Jorgensen, C., Guicheux, J., and Noél, D. (2009).
Cartilage engineering: A crucial combination of cells, biomaterials and biofactors.
Trends Biotechnol. 27 (5), 307-314. doi:10.1016/j.tibtech.2009.02.005

Visweswaran, M., Pohl, S., Arfuso, F., Newsholme, P., Dilley, R, Pervaiz, S., et al.
(2015). Multi-lineage differentiation of mesenchymal stem cells - to Wnt, or not
Wnat. Int. J. Biochem. Cell Biol. 68, 139-147. doi:10.1016/j.biocel.2015.09.008

Wang, L-M., Chang, H., Zhang, H., Ren, K-F,, Li, H, Hu, M,, et al. (2015).
Dynamic stiffness of polyelectrolyte multilayer films based on disulfide bonds for in
situ control of cell adhesion. J. Mat. Chem. B 3 (38), 7546-7553. doi:10.1039/
c5tb01151e

Wood, B. C. (1960). The formation of fibrils from collagen solutions. 3. Effect of
chondroitin sulphate and some other naturally occurring polyanions on the rate of
formation. Biochem. J. 75 (3), 605-612. doi:10.1042/bj0750605

Wu, C,, Jiao, H., Lai, Y., Zheng, W., Chen, K., Qu, H,, et al. (2015). Kindlin-2
controls TGF- signalling and Sox9 expression to regulate chondrogenesis. Nat.
Commun. 6 (1), 7531. doi:10.1038/ncomms8531

Wu, K., Zhang, X,, Yang, W., Liu, X,, Jiao, Y., and Zhou, C. (2016). Influence of
layer-by-layer assembled electrospun poly (l-lactic acid) nanofiber mats on the
bioactivity of endothelial cells. Appl. Surf. Sci. 390, 838-846. doi:10.1016/j.apsusc.
2016.08.178

Wu, S-C,, Chen, C-H., Wang, J-Y,, Lin, Y-S., Chang, J-K., and Ho, M-L. (2018).
Hyaluronan size alters chondrogenesis of adipose-derived stem cells via the CD44/
ERK/SOX-9 pathway. Acta Biomater. 66, 224-237. doi:10.1016/j.actbio.2017.11.025

Wu, S-C., Huang, P-Y., Chen, C-H., Teong, B., Chen, J-W., Wu, C-W,, et al.
(2018). Hyaluronan microenvironment enhances cartilage regeneration of human
adipose-derived stem cells in a chondral defect model. Int. J. Biol. Macromol. 119,
726-740. doi:10.1016/j.ijbiomac.2018.07.054

Wu, S. C,, Chen, C. H.,, Chang, J. K, Fu, Y. C,, Ho, M. L., Eswaramoorthy, R,, et al.
(2013). Hyaluronan initiates chondrogenesis mainly via CD44 in human adipose-
derived stem cells. J. Appl. Physiology 114 (11), 1610-1618. doi:10.1152/
japplphysiol.01132.2012

Yang, C,, Cao, M,, Liu, H,, He, Y., Xu, ], Du, Y., et al. (2012). The high and low
molecular weight forms of hyaluronan have distinct effects on CD44 clustering*.
J. Biol. Chem. 287 (51), 43094-43107. doi:10.1074/jbc.m112.349209

Yang, X, Lu, Z., Wu, H,, Li, W., Zheng, L., and Zhao, J. (2018). Collagen-alginate
as bioink for three-dimensional (3D) cell printing based cartilage tissue engineering.
Mater. Sci. Eng. C 83, 195-201. doi:10.1016/j.msec.2017.09.002

Yin Li, YukT. H. C., FuHo, Chak, Chan, Pui Barbara, and Chan, P. B. (2015).
Scaffold composition affects cytoskeleton organization, cell-matrix interaction and
the cellular fate of human mesenchymal stem cells upon chondrogenic
differentiation. Biomaterials 52, 208-220. doi:10.1016/j.biomaterials.2015.02.037

Zhang, T., Wen, F,, Wu, Y., Goh, G. S. H,, Ge, Z,, Tan, L. P,, et al. (2015). Cross-
talk between TGF-beta/SMAD and integrin signaling pathways in regulating
hypertrophy of mesenchymal stem cell chondrogenesis under deferral dynamic
compression. Biomaterials 38, 72-85. doi:10.1016/j.biomaterials.2014.10.010

Zhang, Y. E. (2009). Non-Smad pathways in TGF- signaling. Cell Res. 19 (1),
128-139. doi:10.1038/cr.2008.328

Zhao, M., Altankov, G., Grabiec, U., Bennett, M., Salmeron-Sanchez, M.,
Dehghani, F., et al. (2016). Molecular composition of GAG-collagen I
multilayers affects remodeling of terminal layers and osteogenic differentiation
of adipose-derived stem cells. Acta Biomater. 41, 86-99. doi:10.1016/j.actbio.2016.
05.023

Zhao, M, Li, L., Zhou, C., Heyroth, F., Fuhrmann, B., Maeder, K., et al. (2014).
Improved stability and cell response by intrinsic cross-linking of multilayers from
collagen I and oxidized glycosaminoglycans. Biomacromolecules 15 (11),
4272-4280. doi:10.1021/bm501286f

frontiersin.org


https://doi.org/10.3390/ijms19082366
https://doi.org/10.3390/ijms19082366
https://doi.org/10.1016/j.ijpharm.2021.120559
https://doi.org/10.1021/acsomega.7b01303
https://doi.org/10.1016/j.jmbbm.2011.11.009
https://doi.org/10.1016/j.biomaterials.2009.06.014
https://doi.org/10.1016/j.biomaterials.2009.06.014
https://doi.org/10.1371/journal.pone.0009445
https://doi.org/10.1016/j.msec.2003.11.011
https://doi.org/10.1016/j.joca.2011.12.002
https://doi.org/10.1016/j.joca.2011.12.002
https://doi.org/10.1016/s0142-9612(02)00067-4
https://doi.org/10.1016/j.biomaterials.2018.01.056
https://doi.org/10.1016/j.biomaterials.2018.01.056
https://doi.org/10.1016/j.actbio.2010.05.016
https://doi.org/10.1016/j.actbio.2010.05.016
https://doi.org/10.1016/j.progpolymsci.2019.02.004
https://doi.org/10.1016/j.progpolymsci.2019.02.004
https://doi.org/10.1007/bf01337937
https://doi.org/10.1016/j.msec.2012.05.036
https://doi.org/10.1016/j.msec.2012.05.036
https://doi.org/10.1002/smll.201601355
https://doi.org/10.1186/1754-1611-8-10
https://doi.org/10.1186/1754-1611-8-10
https://doi.org/10.1074/jbc.m111.226563
https://doi.org/10.1074/jbc.m704819200
https://doi.org/10.1074/jbc.m704819200
https://doi.org/10.1177/1941738109350438
https://doi.org/10.1111/joa.12243
https://doi.org/10.1016/j.yexcr.2010.02.010
https://doi.org/10.1016/j.yexcr.2010.02.010
https://doi.org/10.1016/j.joca.2009.06.008
https://doi.org/10.1016/j.joca.2009.06.008
https://doi.org/10.1016/s0142-9612(00)00423-3
https://doi.org/10.1016/j.matbio.2007.07.002
https://doi.org/10.1016/j.matbio.2007.07.002
https://doi.org/10.1016/j.tibtech.2009.02.005
https://doi.org/10.1016/j.biocel.2015.09.008
https://doi.org/10.1039/c5tb01151e
https://doi.org/10.1039/c5tb01151e
https://doi.org/10.1042/bj0750605
https://doi.org/10.1038/ncomms8531
https://doi.org/10.1016/j.apsusc.2016.08.178
https://doi.org/10.1016/j.apsusc.2016.08.178
https://doi.org/10.1016/j.actbio.2017.11.025
https://doi.org/10.1016/j.ijbiomac.2018.07.054
https://doi.org/10.1152/japplphysiol.01132.2012
https://doi.org/10.1152/japplphysiol.01132.2012
https://doi.org/10.1074/jbc.m112.349209
https://doi.org/10.1016/j.msec.2017.09.002
https://doi.org/10.1016/j.biomaterials.2015.02.037
https://doi.org/10.1016/j.biomaterials.2014.10.010
https://doi.org/10.1038/cr.2008.328
https://doi.org/10.1016/j.actbio.2016.05.023
https://doi.org/10.1016/j.actbio.2016.05.023
https://doi.org/10.1021/bm501286f
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.991855

	Chondrogenic differentiation of mesenchymal stem cells through cartilage matrix-inspired surface coatings
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Formation of polyelectrolyte multilayers (PEM)
	2.3 Study of multilayer formation with quartz crystal microbalance (QCM)
	2.4 Surface topography of polyelectrolyte multilayers (PEM)
	2.5 Cell culture
	2.6 Cell adhesion investigation
	2.7 Induction of chondrogenic differentiation
	2.8 Detection of chondrogenic differentiation of hUC-MSCs
	2.8.1 Gene expression of chondrogenic markers by quantitative real-time PCR (qRT-PCR)

	2.8.2 Histochemical analysis
	2.8.3 Immunohistochemical analysis
	2.8.4 Western blot (WB) assay

	2.9 Statistical analysis

	3 Results and discussion
	3.1 QCM measurements
	3.2 Atomic force microscopy studies of multilayer surface topography
	3.3 Initial interactions of hUC-MSCs with polyelectrolyte multilayers (PEM)
	3.4 Chondrogenic differentiation of hUC-MSCs
	3.4.1 Characterization of chondrogenesis of hUC-MSCs
	3.4.2 ERK/Sox9 and p38 pathways in the multilayer-dependent chondrogenic differentiation of hUC-MSCs


	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


