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ABSTRACT: High levels of reactive oxygen species (ROS) during stem cell expansion often
lead to replicative senescence. Here, a polydopamine (PDA)-coated substrate was used to
scavenge extracellular ROS for mesenchymal stem cell (MSC) expansion. The PDA-coated
substrate could reduce the oxidative stress and mitochondrial damage in replicative senescent
MSCs. The expression of senescence-associated β-galactosidase of MSCs from three human
donors (both bone marrow and adipose tissue-derived) was suppressed on PDA. The MSCs on
PDA-coated substrate showed a lower level of interleukin 6 (IL-6), one of senescence-associated
inflammatory components. Cellular senescence-specific genes, such as p53 and p21, were downregulated on PDA-coated substrate, while the stemness-related gene, OCT4, was upregulated.
The PDA-coated substrate strongly promoted the proliferation rate of MSCs, while the stem cell
character and differentiation potential were retained. Large-scale expansion of stem cells would
greatly benefit from PDA-coated substrate.

INTRODUCTION
Mesenchymal stem cells (MSCs) have been applied in clinical trials for treating diverse
human diseases 1-2. MSC treatment demands a large number of cells to achieve robust therapeutic
benefits. For example, 100 million MSCs are required for intra-articular injection to treat
osteoarthritis of the knee 3 and 20-200 million MSCs need to be delivered via transendocardial
injection to treat ischemic cardiomyopathy 4. Since the number of MSCs freshly isolated from

an adult tissue is insufficient for clinical applications, a large-scale in vitro or ex vivo expansion
is necessary for MSC therapy. However, the long-term cultivation often leads to premature
cellular senescence and epigenetic modifications and impairs their proliferation and
differentiation capacity 5-6. More than 50% MSCs presented senescence marker after passage 10
under standard culture conditions 7-8. Various approaches have been applied in MSC expansion
to suppress the cellular senescence with gene transduction and growth factors such as bFGF.
High levels of reactive oxygen species (ROS) in the cell microenviroment is the key trigger
for the premature senescence 9. ROS are highly reactive molecules and therefore are implicated
in various important pathological processes including programmed cell death, inflammation, and
aging

10-11

. Stem cells are highly vulnerable to oxidative stress

12

. Accumulation of oxidative

damage in stem cells can lead to the alteration of the epigenetic landscape and differentiation
potential and enhanced cellular senescence and mitochondrial dysfunction 10, 13. Senescent MSCs
gradually lose their high proliferation and differentiation capacity

14-15

, greatly limiting their

therapeutic efficacy. Therefore, it is important to develop an effective substrate to inhibit the
local accumulation of ROS and limit the cellular senescence.
Polydopamine (PDA) coating has been reported as an effective approach to improve the cell
compatibility of culture substrates

16-17

. Dopamine (DA) as a monomer in the solution can be

polymerized under alkaline condition in the presence of oxygen, generating a PDA layer on a
material surface. The polymerization process and the property of PDA layer are highly dependent
on the dopamine concentration, pH value, and oxygen level in the solution

18-19

. The active

catechol and amine groups in PDA not only anchor PDA onto materials but also increase the
adhesion of functional biomolecules onto the layer, which consequently improves cell
attachment 20-21. Oxidation plays a critical role in PDA polymerization, which can be accelerated
by oxidants

22

. ROS generated by UV light or Cu2+/H2O2 can accelerate DA polymerization

process, while the inhibition of ROS by ascorbic acid prevents the polymerization of DA 23-24. A
recent study showed that PDA could reduce oxidative stress in H9c2 cells and protect cells by
scavenging free radicals and reducing ROS 25. PDA can serve as an antioxidant, due to its distinct
hydroquinone moiety in the layer 26.
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Given these advanced properties and multiple functions of PDA, we hypothesized that
coating the cell culture substrate with PDA could be a promising strategy to improve the quality
of MSCs during large-scale expansion. First, PDA could functionalize almost any material
surface, even those with chemical and biological inertness

17, 27

. Second, PDA could facilitate

the adhesion of functional biomolecules, which was expected to promote MSC attachment and
proliferation. Lastly, PDA could scavenge extracellular ROS, which might play a key role in
reducing oxidative stress in MSCs and preventing their senescence (Fig. 1). In this study, a PDAcoated substrate was created on polystyrene-based standard tissue culture plates (TCPs) with
polymerization of dopamine solution in an alkaline buffer. The hydrophilicity and protein
adsorption of the substrate were evaluated with altered dopamine concentrations and coating
times. Senescent human MSCs from different donors and sources were cultured on the PDAcoated substrate. Cell surface marker for phenotypes, apoptosis, senescence, proliferation,
differentiation, gene expression, and production of ROS were evaluated. We found that a PDA
coating not only enhanced protein adhesion on a substrate but also improved the cell proliferation
and inhibited cellular senescence of senescent MSCs via reducing ROS production.
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Fig. 1 Schematic illustration of the in situ polymerization process of dopamine on the cell culture
substrate. The PDA layer on the substrate enhanced protein adsorption, stimulated proliferation,
and decreased the cellular senescence of MSCs. ROS produced by senescent MSCs could be
removed by the oxidation process of PDA residuals.

RESULTS AND DISCUSSION
Characterization of PDA-Coated Substrate
The properties of the substrate, such as surface chemistry and hydrophilicity, greatly
influence the major behavior of stem cells 28. In this study, the effect of PDA-coated substrates
with different dopamine concentrations (0.1 and 0.5 mg/mL, denoted as PDA-0.1 and PDA-0.5,
respectively) and coating periods (2 and 24 hours) on the surface properties was evaluated. Noncoated and poly(L-lysine) (PLL)-coated TCPs were used as the control.
During PDA coating, the deposition process on the material surface and the aggregation
process in solution occur simultaneously 29. A higher initial dopamine concentration and a longer
coating time might increase the size of aggregates, whereas it might be difficult for the large
PDA aggregates to incorporate into the layer of PDA deposition, all of which could influence
the surface topography of the PDA substrate. Here, atomic force microscopy (AFM) was used
to confirm the morphology of PDA layers. Both dopamine concentration and coating time could
affect the nano-morphology of the PDA-coated substrates. More nano-aggregates were found on
PDA-0.1 than on PDA-0.5 substrates, and the longer coating time resulted in the increased size
of these aggregates (Fig. 2A). It should be noted that the micro/nano-scaled texture pattern on
the pristine TCP surface was not conspicuous in the three-dimensional (3D) height images at a
scan size of 2 µm × 2 µm. The nano-roughness of the PDA-coated substrates was higher than
that of TCP and PLL-coated substrates, and the higher roughness was observed in the groups
with a longer coating time (Fig. 2B). The lower roughness of PDA-0.5/24h substrate than PDA0.1/24h could be explained by the larger PDA aggregates formed in solution at the higher DA
concentration, which were difficult to incorporate into the deposited PDA layer and thereby
contributed to the decreased roughness 29.
4

Given that PDA can facilitate the adhesion of functional biomolecules, one could expect
that PDA could change the hydrophilicity of the substrate. The water contact angle on PDAcoated substrates (except for PDA-0.5/24h) was lower than on TCP (84.1 ± 2.3°) and higher than
that on the PLL substrate (64.9 ± 1.3°) (Fig. 2C). The water contact angle on PDA-0.5/24h (52.1
± 4.0°) was much lower than those on the other PDA substrates (71.4 ± 4.6°~ 75.8 ± 2.4°), which
might be due to the different quantity of PDA deposited on the PDA-0.5/24h substrate. It has
been reported that the optimal water contact angle for cell adhesion on different polymer surfaces
was approximately 70°

30

. Therefore, the PDA layer could favor cell attachment onto the

substrates.
Cell compatibility of a substrate is highly dependent on its protein adsorption capacity. For
example, the proteins in the culture medium could form a layer on the material surface via
adsorption to facilitate cell attachment

31-32

. The process of protein adsorption is regulated by

multiple factors of the surface, such as the hydrophilicity, surface chemistry, and roughness 3335

. It has been reported that PDA could promote protein adsorption by reacting with amine groups

through Schiff-base reaction and Michael addition

17, 36

. Here, the PDA- and PLL-coated

substrates showed a stronger adsorption capacity of BSA and fibronectin than the TCP control
(Figure 2D, E). The dopamine concentration and coating period did not dramatically influence
protein adsorption. However, relatively lower BSA adsorption was observed on PDA-0.5/24h.
The reason for this might be that the higher hydrophilicity of such a surface decreased protein
adsorption

37-39

. Further studies are necessary to clarify this question. As a glycoprotein of the

extracellular matrix (ECM), fibronectin can be recognized and bound by MSCs through the
specific integrins present on the cell membrane. MSCs can also express and assemble fibronectin
to remodel their living microenvironment 40-41. Therefore, our results of the increased fibronectin
adsorption on PDA-coated substrates suggested that PDA should potentially regulate MSC
attachment and growth.
To verify our assumption that ROS could be removed by PDA, the PDA-coated substrates
were first incubated with PBS containing 1 µM hydrogen peroxide, followed by quantification
of the remaining peroxide in the solution. Compared to the TCP and PLL substrate, the peroxide
amount in the solution of PDA groups was substantially decreased (Fig. 2F), indicating that
peroxide could be removed by PDA.
5

Fig. 2 Characterization of PDA-coated substrate. 3D AFM height images (A) and roughness (B,
n = 3) of different surfaces. (C) Water contact angle for hydrophilicity examination (n = 4). (D,
E) Protein adsorption capacity of bovine serum albumin (BSA; n ≥ 4) and fibronectin (n ≥ 3) on
the substrates (*p < 0.05). (F) Removal of peroxide by PDA-coated substrate. After 2 hours of
incubation at 37 °C with phosphate-buffered saline (PBS) containing 1 µM hydrogen peroxide,
the relative level of peroxide remained in the solution was quantified (n ≥ 3, *p < 0.05).
Cell Compatibility of PDA
The long-term cultivation of MSCs often leads to increased cellular senescence. In this
study, in order to obtain the senescent MSCs, we first examined the cellular senescence of MSCs
at different passages with flow cytometry. Our results showed that under the standard in vitro
culture conditions, the senescence level of hADSCs increased with the increase of passage
number. The cells at passage 11 showed a significantly higher percentage of senescenceassociated β-galactosidase positive (SA-β-Gal+) cells than those at passage 4 and 8 (Fig. S1).
Therefore, in this study, we used MSCs at passage 11 as senescent cells, and the passage 8 was
considered as the onset of senescence. The hADSCs were characterized to elucidate the effect
of PDA on cell surface marker phenotypes. The cells on PDA-coated substrates did not show
remarkable alteration of their surface markers CD44, CD73, CD90, and CD105 compared to
TCP (Table S1).
The presence of DA could induce cell death42. Here, cell viability decreased as a result of
increasing either DA amount or incubation time (Fig. S2A). However, we did not observe the
6

cytotoxicity of PDA. The hADSCs showed similar viability to TCP on PDA-0.1/2h, PDA0.1/24h, and PDA-0.5/2h substrates after 24h of culture (Fig. S2B). The lower cell viability on
PDA-0.5/24h could be explained by its low protein adsorption, which resulted in poorer cell
attachment. The conditioned media collected from the cell cultures on PDA substrates did not
show toxicity (Fig. S2C), suggesting no DA monomer release from the PDA layer. In addition,
the hADSCs presented a similar apoptosis rate on PDA-coated substrates and TCP (Fig. S2D).

PDA Inhibits ROS Level
The oxidative stress induced by ROS results in cellular senescence

43

, and ROS

accumulation in MSCs leads to proliferation arrest and loss of homeostasis 44. Compared to TCP
control, the significantly lower levels of the intracellular total ROS and superoxide could be
maintained by PDA for 7 days (Fig. 3A, B). In addition, the amount of peroxide was lower in
the conditioned medium derived from the cells on PDA substrates, especially those coated for
2h (Fig. 3C). After 2 weeks of culture, the inhibition of ROS by the PDA coating was diminished,
which might be explained by the reaching of a saturation level for the oxidation of the reductive
functional groups on PDA. The higher level of ROS on PDA-0.5/24h might be due to its
relatively lower protein adsorption (Fig. 2D), which impacted cell attachment and induced
oxidative stress.
ROS is mainly produced in mitochondria

45

dysfunction and fragmentation of mitochondria

46

, where the oxidative stress can induce
. The mitochondria dysfunction leads to

cellular senescence denoted as MiDAS (mitochondrial dysfunction-associated senescence)

47

.

To examine the connection between mitochondria damage and ROS accumulation, we
investigated ROS accumulation and mitochondria morphology in senescent human adiposederived stem cells (hADSCs) on different substrates. After 24 hours of cultivation, there was a
much higher level of intracellular ROS on TCP, and the shape of the mitochondria was
segmented into a small balloon shape, while the mitochondria maintained the normal long
tubular shape on the PDA-coated substrate with a lower level of ROS accumulation (Fig. 3D).
The difference in mitochondrial morphology did not result from cytoskeleton organization, as
the cells on different substrates showed similar F-actin orientation and alignment (Fig. S3).
7

Therefore, the protective effect of PDA on mitochondria might be mainly due to its inhibition of
ROS.
Taken together, these results showed that the PDA-coated substrate reduced the oxidative
stress in hADSCs by decreasing the production of ROS and removing the released ROS, which
might contribute to the inhibition of cellular senescence.

8

Fig. 3 Effect of PDA-coated substrate on ROS production and removal. hADSCs#1 (passage 11)
were seeded, and the relative levels of total ROS (A) and superoxide (B) were quantified based
on the live-cell staining using a microplate reader (n ≥ 3, *p < 0.05). (C) Peroxide level in
conditioned medium of the cell cultures (n = 4, *p < 0.05). (D) Live-cell staining of total ROS
(green), mitochondria (red) and nuclei (blue) (scale bar = 20 µm).

PDA Prevents Cellular Senescence
Given the more homogeneous surface structure (lower roughness), increased protein
adsorption capability, high cell compatibility, as well as the prominent capacity for inhibiting
ROS, we focused on PDA-0.1/2h and PDA-0.5/2h substrates to study their effect on MSC
behavior and function. The effect of PDA-0.1/2h substrate on cellular senescence was first
examined by SA-β-Gal activity quantification and staining. The PLL-coated TCP was included
as a positive control, which has been shown to effectively prevent MSC senescence 48. After 2
weeks of cultivation of hADSCs, the level of senescence on PDA-0.1/2h was similar to that on
PLL-coated substrate and was lower than that on TCP (Fig. 4A, B). The cell surface markers
CD271, CD105, CD90, and CD73 were not affected by PDA-0.1/2h substrate after 2 weeks of
culture (Fig. S4). This result suggested PDA-0.1/2h substrate was sufficient to prevent cellular
senescence up to 2 weeks while still retaining its phenotype.
Upon senescence, cells could alter their morphology with a flattened cell shape and an
enlarged spreading area 49. Here, the cell spreading area was measured after 7 days of cultivation
on different substrates. The cells presented a smaller spreading area on PLL, PDA-0.1/2h and
PDA-0.5/2h, as compared to TCP (Fig. S6). It has been reported that adherent MSCs tended to
increase their area on the surface with high wettability 50. Here, we did not observe the correlation
between MSC area and substrate hydrophilicity, suggesting that the predominant effect might be
attributed to the status of cell senescence.
To investigate whether the PDA substrate could prevent cellular senescence, we used the MSCs
(passage 8) from three sources and quantified their senescence levels after culturing on the substrates
over different time periods. When the cells were cultured for 4 days without passaging, hADSCs#1
9

showed a higher level of senescence than hADSCs#2 and hBMSCs, which could be attributed to the high
individual difference of MSCs. The percentage of SA‐β‐Gal positive cells was lower on the PDA‐0.1/2h
and PDA‐0.5/2h substrates than on TCP and PLL in hADSCs#1 but not in the other two cell sources (Fig.
4C). To study the long‐term effect of PDA, the MSC culture on PDA was extended to 20 days with three
times of subsequent passaging. The prolonged MSC cultivation on TCP resulted in the dramatic increase
of SA‐β‐Gal positive cells in MSCs as compared to the cells at passage 8, confirming the senescent status
of MSCs at passage 11 (Fig. 4C). Notably, MSCs on PDA and PLL substrates showed a significantly lower
senescence level than those on TCP, suggesting the prevention effect of PDA and PLL on MSCs
senescence (Fig. 4C).

Fig. 4 Cellular senescence of MSCs on different substrates. Quantification of SA-β-Gal activity
(A, n = 4, *p < 0.05) and representative SA-β-Gal staining images (B, scale bar = 200 µm) of
hADSCs#1 (passage 11) after 2 weeks of cultivation on TCP, PLL, and PDA-0.1/2h substrates.
(C) Quantification of SA-β-Gal positive cells via flow cytometry. MSCs from three sources
(passage 8) were seeded and were cultured for 4 days without passaging (gray columns) or for
20 days with three times of passaging (black columns) (n ≥ 3, *p < 0.05).
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IL-6 Secretion and Gene Expression
Currently, the exact mechanism of cellular senescence of stem cells is not fully understood.
Multiple extrinsic factors in the microenvironment are involved in the process of senescence 51.
Here, we assume that the PDA-coated substrate might be able to regulate the secretion of
senescence-related factors and alter the profile of senescence genes. Given that the inflammatory
response is one of the hallmarks of cellular senescence 52, we then examined the interleukin 6
(IL-6) expression at the protein level after one week of cultivation. As one of the senescenceassociated inflammatory components, IL-6 can induce cellular senescence

53

. Here, a lower

concentration of IL-6 in the conditioned medium of the cell culture was detected in PDA groups
(Fig. 5A).
According to the real-time PCR array, the hADSCs on the PDA-coated substrate and TCP
presented a different expression profile of the senescence-related genes after one week of
cultivation (Fig. 5B). PDA suppressed the expression of inflammatory response genes (C3,
C3AR1, CFH, ANGEL2, and MBP) and increased the expression of toll-interacting protein
TOLLIP, a protein that can reduce the cellular inflammatory response 54. PDA downregulated
the expression of the thioredoxin interacting protein (TXNIP), an oxidative stress sensor for
regulating oxidative DNA damage and aging

55

. The expression of COL1A1, COL3A1 and

SIRT1 were upregulated on the PDA-coated substrate. Previous studies showed that COL1A1
and COL3A1 were expressed less in senescent cells 15, 56-57. As an inhibitor of cellular senescence
and promoter of cell proliferation, SIRT1 can delay the senescence of MSCs and is required for
long-term cell growth 58-59. MRPL43, a member of the mitochondrial ribosomal protein family,
is involved in protein synthesis within the mitochondrion and related to aging 60. The telomere
repeat-binding factor 1 (TERF1) can bind to the telomeric sequence (TTAGGG) and play an
important role in telomere end protection
rapid induction of cellular senescence

61

62

. Downregulation of TERF1 in fibroblasts caused

. Here, the downregulation of MRPL43 and up-

regulation of TEFR1 were found on PDA-coated substrate.
The cellular senescence program can be activated by a variety of stresses. The DNA-damage
response (DDR) induced by the stresses can activates the p53 and p16 pathways, resulting in the
inhibition of cyclin-dependent kinases (CDKs) and consequent cellular senescence 63. Here, we
11

examined the mRNA level of p53 and its transcriptional target p21, and found that PDA
effectively downregulated the expression of both p53 and p21. In addition, the hADSCs on PDAcoated substrates showed an increased expression of OCT4 (Fig. 5C), which is a well-known
stemness gene playing a critical role in the maintenance of self-renewal. A recent study reported
the function of OCT4 in reversing senescence in human MSCs through the downregulation of
p21 64. Taken together, these results indicated the mechanism at the gene level, through which
PDA-coated substrate inhibited the cellular senescence.

Fig. 5 PDA-coated substrate regulates IL-6 secretion and expression of senescence genes.
hADSCs#1 (passage 11) were seeded on different surfaces and cultured for 7 days. (A)
Quantification of IL-6 in the conditioned medium derived from different substrates (*p < 0.05,
n = 4). (B) Real-time polymerase chain reaction (PCR) array analysis of senescence-related
genes in hADSCs on the PDA-0.1/2h substrate. TCP served as a control, and the results are given
as log2 of fold change by comparing the expression level of each gene on the PDA-coated
substrate and TCP. (C) Real-time PCR quantification of p53, p21, and OCT4 mRNA in hADSCs
on different substrates (*p < 0.05, n ≥ 3).

12

PDA Promotes MSC Proliferation
Given that senescent cells usually represent the growth arrest, the cell proliferation on
different substrates was examined. The PLL-coated TCP was used as a positive control, as PLL
could enhance protein adsorption and stimulate stem cell expansion 65-66.
In spite of the similar cell morphology (Fig. S5), promoted cell proliferation was observed
on PLL and PDA-0.1/2h substrates compared to the noncoated TCP control (Fig. 6A). The
relatively lower cell number on PDA-0.5/24h at day 1 suggested the poor cell attachment on this
substrate. Further, we calculated the cell population doubling time (PDT) in the exponential
phase between day 1 and day 5. The cells on PDA-0.1/2h presented the significantly shorter PDT
than those on other PDA substrates (Fig. 6B), suggesting its prominent property for cell
expansion. After 3 days of culture, hADSCs on PDA-0.1/2h retained a similar proliferation
activity to PLL and noncoated TCP, as shown by the immunostaining and quantification of the
proliferation marker Ki67. When the culture was extended to 7 days, hADSCs on PDA-0.1/2h
showed a significantly higher percentage of Ki67+ cells (38.5 ± 8.6%) than those on PLL (26.5
± 7.8%) and noncoated TCP (22.1 ± 7.2%) (Fig. 6C-E). This observation was compliant with
the relatively faster cell expansion on PDA-0.1/2h from day 5 to day 9 (Fig. 6A).
Cells undergoing senescence present with proliferation arrest mostly in the G1 phase of the
cell cycle 67. Based on the observed inhibitory effect of PDA on cellular senescence, we next
analyzed the cell cycle. MSCs at passage 8 from three sources were seeded on different substrates
and cultured for 20 days. To maintain the cell growth, the MSCs were passaged three times until
passage 11, and newly prepared substrates were used for subculturing. Compared to TCP, the
cells cultured on PDA- and PLL-coated substrates presented a decreased percentage in G0/G1
phase and an increased percentage in S phase (Fig. 6F), which supported our result of cellular
senescence.
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Fig. 6. PDA-coated substrate promotes MSC proliferation. (A) Growth curves of hADSCs on
TCP, PLL and PDA-coated substrates (n = 4, *p < 0.05 (TCP vs PLL), #p < 0.05(TCP vs PDA0.1/2h), εp < 0.05 (TCP vs PDA-0.5/2h), γp < 0.05 (TCP vs PDA-0.1/24h), δp < 0.05 (TCP vs
PDA-0.5/24h)). (B) Cell population doubling time calculated between day 1 and day 5 (n = 4,
*p < 0.05). (C) Immunostaining of Ki67 (yellow) and cell nuclei (blue) of hADSCs at day 3 and
day 7 (scale bar = 100 µm). (D, E) Quantitative analysis of percentage of Ki67 positive cells
after 3 days (D) and 7 days (E) of cultivation on different substrates (n = 7, *p < 0.05). (F) Cell
cycle distribution of MSCs from different sources (n ≥ 3, *p < 0.05 (S phase), #p < 0.05 (G0/G1
phase), and δp < 0.05 (G2/M phase)). For (A) – (E), hADSCs#1 (passage 11) were used. For (F),
MSCs from three sources (passage 8) were seeded and were cultured for 20 days with three times
of passaging.
14

MSC Differentiation Potential
The in vitro trilineage differentiation was evaluated to investigate the influence of PDA on
the differentiation capacity of hADSCs. The PDA-0.1/2h substrate was chosen in this test
because of its more homogeneous surface structure, as well as its superior capacity for promoting
cell proliferation and inhibiting cellular senescence. PDA did not affect the expression level of
adipogenic markers (PPARγ and FABP4) and osteogenic marker Osteocalcin. However, cells on
the PDA-coated substrate showed enhanced gene expression for osteogenic marker ALP and
chondrogenesis-associated gene SOX9 (Fig. 7A). The hADSCs could be successfully induced
for adipogenic, osteogenic, and chondrogenic differentiation on both the PDA-coated substrate
and TCP (Fig. 7B, C), suggesting that PDA-coated substrate did not impact the differentiation
capacity of hADSCs.

Fig. 7 Trilineage differentiation of hADSCs on different substrates. hADSCs#1 (passage 11)
were seeded and cultured for 2 weeks in an adipogenesis, osteogenesis, or a chondrogenesis
induction medium. (A) Expression of adipogenesis (PPARγ, FABP4)-, osteogenesis (ALP,
Osteocalcin)- and chondrogenesis (SOX9)-related genes (n ≥ 3, *p < 0.05). (B) Representative
15

immunostaining images of FABP4, Osteocalcin, and Aggrecan (scale bar = 100 µm). (C) Oil red
O staining for adipogenesis (scale bar = 200 µm), Alizarin red S staining for osteogenesis (scale
bar = 5 mm), and Alcian blue staining for chondrogenesis (scale bar = 200 µm).

CONCLUSIONS
The method described here to functionalize a substrate by a PDA layer provides a simple,
cost-effective method to prevent MSCs from replicative cellular senescence. The nanomorphology of PDA was dependent on both the dopamine concentration and coating time. The
PDA-coated substrate reduced the oxidative stress in MSCs via suppression of ROS production
and removal of released ROS, which consequently contributed to the inhibition of senescence.
The PDA-coated substrate reduced MSC apoptotic rate, and facilitated their stem cell
characteristics and differentiation potential. The senescent MSCs, after culturing on the PDAcoated substrate, presented promoted proliferation with a higher percentage of cell distributed in
the S phase. Coating PDA with 0.1mg/mL dopamine for two hours was sufficient to prevent
cellular senescence and promote MSC proliferation for long-term cultivation (1-2 weeks),
suggesting the feasibility of the PDA-coated substrate for stem cell maintenance. Our results
demonstrated that coating of cell culture substrates with PDA could be a potential strategy for
large-scale in vitro expansion of high-quality MSCs. This system could also be applied to other
cell types to inhibit the oxidative stress-induced senescence. As the PDA coating could promote
the osteogenesis activity and reduce the inflammation 68-69, surface modification of orthopedic
implants with PDA could potentially accelerate and improve their favorable integration in the
bone.

EXPERIMENTAL SECTION
Cell Culture Substrates
A dopamine solution with different concentrations (0.1, and 0.5 mg/mL) was prepared by
dissolving dopamine (Alfa Aesar, Kandel, Germany) in 50 mM Tris buffer (pH = 8.5). The tissue
16

culture plates (TCP, TPP Techno Plastic Products AG, Trasadingen, Switzerland) were coated
with the prepared dopamine solution for 2 or 24 h at 37 °C to obtain the different PDA deposition
amounts. A noncoated TCP was used for comparison. The poly(L-lysine) (PLL)-coated TCPs
were used as a positive control for evaluation cellular senescence and proliferation. A PLL
solution (50 µg/mL) was prepared by diluting 100 µg/mL PLL solution (Sigma-Aldrich,
Hamburg, Germany) with sterile water, which was then used to coat TCP for 2 hours at 37 °C.
For coating 24-well, 48-well, and 96-well TCPs, 400 µL, 200 µL, and 100 µL of the prepared
solution were added into each well, respectively. After coating, the surfaces were washed twice
with PBS and once with cell culture medium and then covered with cell culture medium at 37 °C
until cell seeding.
Atomic Force Microscopy (AFM)
The substrate surfaces were characterized using an MFP-3D AFM (Oxford instruments
Asylum Research). Silicon cantilevers (OLYMPUS OMCL AC160TS-R3), having a tip radius
of 7 nm with back and side angles of 35º and 18º, respectively, a spring constant of 26 Nꞏm-1,
and a driving frequency of 300(±100) kHz, were used for measurements with a typical scan rate
of 0.5-1.0 Hz. AC mode was applied to characterize the surface morphology and nanoroughness. Samples were fixed by an adhesive coating on the AFM sample holder, and the
measurements were performed at room temperature. The arithmetic mean roughness (Ra) was
calculated according to DIN EN ISO 25178 using AR Version 15.09.112 software (Oxford
instruments Asylum Research).
Measurement of Surface Hydrophilicity
Surface hydrophilicity was determined by measuring the water contact angle using the
sessile drop method

70

. Briefly, 1 µL of water drops was placed on the dry surfaces at room

temperature, and the images were obtained immediately. The contact angle was analyzed using
ImageJ software (National Institutes of Health).
Protein Adsorption Assay
Protein adsorption on the substrates was investigated using bovine serum albumin (BSA,
Sigma-Aldrich, Hamburg, Germany) and fibronectin (Sigma-Aldrich, Hamburg, Germany)
17

solutions. For each noncoated or PDA- and PLL-coated well of a 96-well TCP, 100 µL of BSA
solution (1 mg/mL in PBS), or fibronectin solution (1 µg/mL in PBS) was added. After 2 hours
of incubation, the amount of BSA remaining in the solution was measured using a BCA protein
assay kit (Thermo Fisher Scientific, Schwerte, Germany). After overnight incubation, the
fibronectin in the solution was quantified using a fibronectin ELISA kit (Thermo Fisher
Scientific, Schwerte, Germany). The amount of protein remaining in the solution was then
subtracted from the initial amount to calculate the amount of protein adsorbed onto the surfaces.
Human Mesenchymal Stem Cells
Human adipose-derived stem cells (hADSCs#1) were isolated from adipose tissue of a 27
years old female donor (No.: EA2/127/07; Ethics Committee of the Charité –
Universitätsmedizin Berlin, approval from 17.10.2008) as described in a previous report 71. Other
hADSCs (hADSCs#2, catalog number SCC038, isolated from adipose tissue of a single female
donor) and the human bone marrow MSCs (hBMSCs, catalog number SCC034, isolated from
the iliac crest of normal human bone marrow (18-30 years old)) were purchased from Merk
Millipore (Merk Millipore, Darmstadt, Germany). The cells were maintained in a culture
incubator (37 °C, 5 vol% CO2) in Dulbecco's modified Eagle's medium (DMEM, Thermo Fisher
Scientific, Schwerte, Germany) supplied with 10 vol% fetal bovine serum (FBS, Sigma-Aldrich,
Hamburg, Germany) plus 100 U/mL penicillin (Merck Millipore, Darmstadt, Germany) and 100
µg/mL streptomycin (Merck Millipore, Darmstadt, Germany). The growth medium was changed
every 2 days, and the cells were passaged at a ratio of 1:3 when the cells reached ~90%
confluence. For analyzing cell cycle and the percentage of SA-β-Gal+ cells with flow cytometry,
MSCs at passage 8 derived from three sources were seeded. In other experiments, the hADSCs#1
at passage 11 was used if not indicated otherwise. All of the cells showed a viability higher than
90%, as determined with a CountessTM automated cell counter (Thermo Fisher Scientific,
Schwerte, Germany).
Reactive Oxygen Species (ROS) Detection
The total ROS and superoxide in living cells were detected using a cell-based
ROS/Superoxide detection assay kit (Abcam, Berlin, Germany). hADSCs (passage 11) were
cultured in coated and noncoated 96-well TCPs for 3, 5, 7, and 14 days, followed by staining
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with ROS/superoxide mixture for 1 hour at 37 °C according to the given protocol. The
fluorescence intensity of ROS/Superoxide was measured using a microplate reader (Infinite 200
Pro, Tecan Group Ltd. Männedorf, Switzerland). The mitochondria, F-actin cytoskeleton, and
cell nuclei were stained using the MitoTracker kit, ActinRed 555, and Hoechst 33342,
respectively (all are from Thermo Fisher Scientific, Schwerte, Germany). The images were
obtaines using a confocal microscope (LSM780, Carl Zeiss, Jena, Germany).
Peroxide was quantified using the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit
(Thermo Fisher Scientific, Schwerte, Germany). hADSCs (passage 11) were cultured for 3, 5, 7,
and 14 days on different substrates; then, the peroxide concentration in the conditioned medium
was measured.
To evaluate the removal of peroxide by PDA, the substrates were incubated with PBS
containing 1 µM hydrogen peroxide for 2 hours at 37 °C, followed by measurement of the
peroxide concentration in the solution.
Cell Senescence Assay
hADSCs (passages 11) were seeded onto the substrates at a density of 5.0 × 103 cells/well
of a 24-well TCP. After culturing for 2 weeks, the senescence-associated β-galactosidase (SAβ-Gal) was stained to identify the senescent cells using a staining kit (Cell Signaling Technology,
Frankfurt am Main, Germany). Cells were stained at 37 °C overnight, and the images were
obtained using a microscope (Axiovert 40C, Carl Zeiss, Jena, Germany).
The SA-β-Gal activity was quantified using a cellular senescence activity assay kit (Cell
Biolabs, San Diego, USA). hADSCs (passages 11) were seeded onto the substrates at a density
of 2.0 × 103 cells/well in 96-well TCP and cultured for 2 weeks. The fluorescence intensity of
SA-β-Gal was normalized by total protein using a BCA protein assay kit (Thermo Fisher
Scientific, Schwerte, Germany).
To investigate whether the PDA-coated substrates could prevent the senescence of MSCs,
MSCs at passage 8 from three different sources as the starting culture were used to evaluate the
onset of senescence and the subsequent senescence process. The cells were seeded at an initial
density of 1.0 × 104 cells/cm2. For the short-term culture group, the cells were cultured for 4 days
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without subculturing. For the long-term group, the cells were cultured for 20 days with three
times of passaging. For each passage, the cells were subcultured with a 1:3 splitting ratio and
reseeded onto the newly prepared PDA-coated substrates. To perform flow cytometry analysis,
the cells were harvested and fixed with 2 wt% paraformaldehyde (PFA) for 10 minutes, followed
by staining with the CellEvent Senescence Green Flow Cytometry Assay Kit (Thermo Fisher
Scientific, Schwerte, Germany). A flow cytometer (MACSQuant®, Miltenyi Biotec, Bergisch
Gladbach, Germany) was used to detect the cells, and the data were analyzed with FlowJo
software (Tree Star Inc., Ashland OR, USA).
Cytokine IL-6 Assay
hADSCs (passage 11) were seeded on TCP, PDA-0.1/2h, and PDA-0.5/2h substrates, and
the supernatants were collected after 7 days of cultivation. The concertration of IL-6 was
detected using the Bio-Plex Pro Human Cytokine lL-6 Set (BIO-RAD, Feldkirchen, Germany),
and the fluorescence intensity was measured using a microplate reader (Infinite 200 Pro, Tecan
Group Ltd. Männedorf, Switzerland).
Real-time PCR
hADSCs (passage 11) were cultured for 7 days, and then the total RNA was isolated using
a PureLink RNA kit (Thermo Fisher Scientific, Schwerte, Germany) following the given
protocol. The cDNA was synthesized using the RT2 first strand kit (Qiagen, Hilden, Germany),
and amplified using the RT2 SYBR Green ROX qPCR Mastermix (Qiagen, Hilden, Germany)
on a real-time PCR (StepOnePlus, Thermo Fisher Scientific, Schwerte, Germany).
A real-time PCR array (PAHS-178Z, Qiagen, Hilden, Germany) was used to analyze the
expression of aging-related genes, and the results were analyzed at the online GeneGlobe data
analysis center (Qiagen, Hilden, Germany) using GAPDH as a housekeeping gene.
The expression of the following genes was determined using real-time PCR with the
corresponding primers: OCT4: 5’-ACATCAAAGCTCTGCAGAAAGAACT-3’ and 5’CTGAATACCTTCCCAAATAGAACCC-3’; p21: 5’-GAGACTCTCAGGGTCGAAAA-3’
and 5’-TTAGGGCTTCCTCTTGGAGA-3’; p53: 5’-TGACTGTACCACCATCCACTA-3’ and
5’-AAACACGCACCTCAAAGC-3’;

PPARγ:

5’20

GATACACTGTCTGCAAACATATCACAA-3’

and

5’-CCACGGAGCTGATCCCAA-3’.

FABP4: 5’-GCTTTGCCACCAGGAAAGTG-3’ and 5’-ATGGACGCATTCCACCACCA-3’.
ALP: 5’-CCCCCGTGGCAACTCTATCT-3’ and 5’-GATGGCAGTGAAGGGCTTCTT-3’;
Osteocalcin: 5’-AGCAAAGGTGCAGCCTTTGT-3’ and 5’-GCGCCTGGGTCTCTTCACT3’;

SOX9:

5’-

AGTACCCGCACTTGCACAA-3’

and

5’-

CTCGTTCAGAAGTCTCCAGAGCTT-3’. GAPDH was used as a housekeeping gene to
normalize the ∆CT values of target genes (∆CT = CT, target - CT, GAPDH). The fold change of
expression (sample/control) was expressed as 2−∆∆CT (∆∆CT = ∆CT, sample - ∆CT, control).
Cell Proliferation
Cell proliferation was studied via cell number measurement, Ki67 immunostaining, and cell
cycle analysis. The cells (passage 11) were seeded at a density of 3.0 × 103 cells/well in a 96well TCP. The cell number at indicated time points was determined using a Cell Counting Kit-8
(CCK-8, Dojindo, Offenbach, Germany). In brief, the cell culture medium in each well was
replaced with 100 µL of a fresh culture medium, followed by adding 10 µL of CCK-8 and
incubating at 37 °C for 2 hours. Then, 100 µl of the mixture was transferred into each well of a
96-well TCP, and OD values at 450 nm were measured using a microplate reader (Infinite 200
Pro, Tecan Group Ltd. Männedorf, Switzerland). The cell number of each sample was calculated
using a standard curve, which was generated by measuring OD values of samples with known
cell numbers. The population doubling time (PDT) in the exponential phase of cell growth was
calculated according to the equation PDT = ∆T × log2 / (logNt - LogNt0) 72, where ∆T is the
duration of cell culture from t0 to t, while Nt and Nt0 are cell numbers at time t and t0, respectively.
For Ki67 immunostaining, cells (passage 11) cultured for 3 or 7 days were washed with PBS
and fixed using 4 wt% paraformaldehyde (Sigma-Aldrich, Hamburg, Germany). After
permeabilization with 0.25 vol% Triton X-100 (Sigma-Aldrich, Hamburg, Germany) and
blocking with 5 vol% normal goat serum (Thermo Fisher Scientific, Schwerte, Germany), the
cells were stained with primary Ki67 antibody (rabbit monoclonal, Cell Signaling Technology,
Frankfurt am Main, Germany) overnight at 4 °C. The secondary antibody (Thermo Fisher
Scientific, Schwerte, Germany) was incubated for 1 hour at room temperature. The nuclei were
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stained with Hoechst 33342 (Thermo Fisher Scientific, Schwerte, Germany). The images were
obtained using a laser scanning confocal microscope (LSM780, Carl Zeiss, Jena, Germany).
For cell cycle analysis, the MSCs (passage 8) from three different sources were seeded at a
density of 1.0 × 104 cells/cm2. The cells were cultured for 20 days with three times of passaging.
For each passage, the cells were split by 1:3 and reseeded onto the newly prepared PDA-coated
substrates. Then, the cells were harvested and fixed with cold 70 vol% ethanol and stained with
FxCycle™ PI/RNase Staining Solution (Thermo Fisher Scientific, Schwerte, Germany) at room
temperature for 30 minutes. Flow cytometry (MACSQuant®, Miltenyi Biotec, Bergisch
Gladbach, Germany) was applied to detect the stained cells, and the fractions of cells in different
phases were analyzed using ModFit LT software (Verity Software House).
Trilineage Differentiation
The hADSCs (passage 11) were seeded in PDA-coated substrate and TCP and cultured in a
growth medium (DMEM with 10 vol% FBS) until the cells reached to the desired confluence
for differentiation. Then, the medium was replaced with an adipogenesis, osteogenesis, or a
chondrogenesis differentiation medium (StemPro® Differentiation Kit, Thermo Fisher
Scientific, Schwerte, Germany) and the medium was changed in every 3 days. The group of cells
continuously cultured in the growth medium was used as a negative control.
After 2 weeks of culture, the cell differentiation was examined by immunostaining. The cells
were fixed with 4 wt% paraformaldehyde (Sigma-Aldrich, USA), permeabilized with 0.2 vol%
Triton X-100 (Sigma-Aldrich, USA), and blocked using 5 vol% normal goat serum (Thermo
Fisher Scientific, Schwerte, Germany). Then, the cells were incubated with the corresponding
primary antibodies (FABP4, rabbit polyclonal, Thermo Fisher Scientific, Schwerte, Germany;
Osteocalcin, mouse monoclonal R&D system, USA; Aggrecan, mouse monoclonal, Abcam,
Germany) overnight at 4°C, followed by incubation with the secondary antibodies (Thermo
Fisher Scientific, Schwerte, Germany) for 1 hour at room temperature. The nuclei were stained
with Hoechst 33342 (Thermo Fisher Scientific, Schwerte, Germany). The images were obtained
using a confocal microscope (LSM780, Carl Zeiss, Jena, Germany).
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The adipogenic, osteogenic, and chondrogenic differentiation was further assessed by staining
the cells with Oil red O, Alizarin red S, and Alcian blue, respectively. The cells were washed
with PBS and fixed with 4 wt% paraformaldehyde (Sigma-Aldrich, USA) for 15 min. After
washing with distilled water, the cells were stained at room temperature using 0.36 wt% Oil red
O (Sigma-Aldrich, USA) in 60 vol% isopropanol (Sigma-Aldrich, USA) for 15 min, 40 mM
Alizarin red S (Sigma-Aldrich, USA) in distilled water for 20 min or 1 wt% Alcian blue (SigmaAldrich, USA) in 0.1 M HCL for 1 hour.
Statistical Analysis
The number of replications is indicated in the figure legends for each experiment. The data
were expressed as mean value ± standard deviation. Statistical analysis was performed by oneway analysis of variance (ANOVA), followed by Tukey's test using GraphPad Prism (Version
7.0, San Diego, USA) software. A p value < 0.05 indicated statistical significance.
Supporting Information
The

Supporting

Information

is

available

free

of

charge

at

https://pubs.acs.org/doi/10.1021/acsami.0c22565: Additional data for method, cell marker,
morphology, and cell viability.

AUTHOR INFORMATION
Corresponding Author
* E-mail: nan.ma@hzg.de, andreas.lendlein@hzg.de. Tel.: +49 (0) 3328 352-450
Author Contributions

Z. D., W. W., X. X., N. M., and A. L. designed the research; Z. D., W. W., X. X., Y. N., and Y.
L. performed the experiments; all authors contributed to data analysis and interpretation; Z. D.,
W. W., X. X., Y. L., O. G., N. M., and A. L. wrote the paper. All authors have given approval to
the final version of the manuscript. ‡ These authors contributed equally.
23

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT
This work was financially supported by the Helmholtz Association of German Research Centers
(through program-oriented funding, Helmholtz Cross Program Initiative "Technology and Medicine
Adaptive Systems", Helmholtz Virtual Institute, Multifunctional Biomaterials for Medicine (grant no.
VH-VI-423), and the Federal Ministry of Education and Research, Germany, for funding through the
Program Health Research (grant no. 13GW0098, as well as project number 0315696A "Poly4BioBB").

REFERENCES

1. Trounson, A.; McDonald, C., Stem Cell Therapies in Clinical Trials: Progress and Challenges.
Cell Stem Cell 2015, 17 (1), 11‐22.
2. Lee, S. H., The advantages and limitations of mesenchymal stem cells in clinical application
for treating human diseases. Osteoporos Sarcopenia 2018, 4 (4), 150.
3. Jo, C. H.; Chai, J. W.; Jeong, E. C.; Oh, S.; Shin, J. S.; Shim, H.; Yoon, K. S., Intra‐articular
Injection of Mesenchymal Stem Cells for the Treatment of Osteoarthritis of the Knee: A 2‐Year
Follow‐up Study. Am J Sports Med 2017, 45 (12), 2774‐2783.
4. Hare, J. M.; Fishman, J. E.; Gerstenblith, G.; DiFede Velazquez, D. L.; Zambrano, J. P.;
Suncion, V. Y.; Tracy, M.; Ghersin, E.; Johnston, P. V.; Brinker, J. A.; Breton, E.; Davis‐Sproul, J.;
Schulman, I. H.; Byrnes, J.; Mendizabal, A. M.; Lowery, M. H.; Rouy, D.; Altman, P.; Wong Po
Foo, C.; Ruiz, P.; Amador, A.; Da Silva, J.; McNiece, I. K.; Heldman, A. W.; George, R.; Lardo, A.,
Comparison of allogeneic vs autologous bone marrow‐derived mesenchymal stem cells
delivered by transendocardial injection in patients with ischemic cardiomyopathy: the
POSEIDON randomized trial. JAMA 2012, 308 (22), 2369‐79.
5. Wagner, W., Implications of long‐term culture for mesenchymal stem cells: genetic defects
or epigenetic regulation? Stem Cell Res Ther 2012, 3 (6), 54.
6. Wagner, W.; Ho, A. D.; Zenke, M., Different facets of aging in human mesenchymal stem
cells. Tissue Eng Part B Rev 2010, 16 (4), 445‐53.
7. Estrada, J. C.; Torres, Y.; Benguria, A.; Dopazo, A.; Roche, E.; Carrera‐Quintanar, L.; Perez, R.
A.; Enriquez, J. A.; Torres, R.; Ramirez, J. C.; Samper, E.; Bernad, A., Human mesenchymal stem
cell‐replicative senescence and oxidative stress are closely linked to aneuploidy. Cell Death Dis
2013, 4, e691.

24

8. Wagner, W.; Horn, P.; Castoldi, M.; Diehlmann, A.; Bork, S.; Saffrich, R.; Benes, V.; Blake, J.;
Pfister, S.; Eckstein, V.; Ho, A. D., Replicative senescence of mesenchymal stem cells: a
continuous and organized process. PLoS One 2008, 3 (5), e2213.
9. Finkel, T.; Holbrook, N. J., Oxidants, oxidative stress and the biology of ageing. Nature 2000,
408 (6809), 239‐247.
10. Bigarella, C. L.; Liang, R.; Ghaffari, S., Stem cells and the impact of ROS signaling.
Development 2014, 141 (22), 4206‐18.
11. Schieber, M.; Chandel, N. S., ROS function in redox signaling and oxidative stress. Curr Biol
2014, 24 (10), R453‐62.
12. Lee, J.; Cho, Y. S.; Jung, H.; Choi, I., Pharmacological Regulation of Oxidative Stress in Stem
Cells. Oxid Med Cell Longev 2018, 2018, 4081890.
13. Chen, F.; Liu, Y.; Wong, N. K.; Xiao, J.; So, K. F., Oxidative Stress in Stem Cell Aging. Cell
Transplant 2017, 26 (9), 1483‐1495.
14. Lunyak, V. V.; Amaro‐Ortiz, A.; Gaur, M., Mesenchymal Stem Cells Secretory Responses:
Senescence Messaging Secretome and Immunomodulation Perspective. Front Genet 2017, 8,
220.
15. Yang, Y. K.; Ogando, C. R.; Wang See, C.; Chang, T. Y.; Barabino, G. A., Changes in phenotype
and differentiation potential of human mesenchymal stem cells aging in vitro. Stem Cell Res
Ther 2018, 9 (1), 131.
16. Xue, P.; Li, Q.; Li, Y.; Sun, L.; Zhang, L.; Xu, Z.; Kang, Y., Surface Modification of
Poly(dimethylsiloxane) with Polydopamine and Hyaluronic Acid To Enhance Hemocompatibility
for Potential Applications in Medical Implants or Devices. ACS Appl Mater Interfaces 2017, 9
(39), 33632‐33644.
17. Lee, H.; Dellatore, S. M.; Miller, W. M.; Messersmith, P. B., Mussel‐inspired surface
chemistry for multifunctional coatings. Science 2007, 318 (5849), 426‐30.
18. Singer, F.; Schlesak, M.; Mebert, C.; Hohn, S.; Virtanen, S., Corrosion Properties of
Polydopamine Coatings Formed in One‐Step Immersion Process on Magnesium. ACS Appl
Mater Interfaces 2015, 7 (48), 26758‐66.
19. Perikamana, S. K. M.; Lee, J. K.; Shin, Y. M.; Ahmad, T.; Kim, S. J.; Park, K. M.; Shin, H.,
Oxygen‐dependent generation of a graded polydopamine coating on nanofibrous materials for
controlling stem cell functions. J Mater Chem B 2017, 5 (44), 8865‐8878.
20. Chuah, Y. J.; Koh, Y. T.; Lim, K.; Menon, N. V.; Wu, Y.; Kang, Y., Simple surface engineering
of polydimethylsiloxane with polydopamine for stabilized mesenchymal stem cell adhesion and
multipotency. Sci Rep 2015, 5, 18162.
21. Patel, K.; Singh, N.; Yadav, J.; Nayak, J. M.; Sahoo, S. K.; Lata, J.; Chand, D.; Kumar, S.; Kumar,
R., Polydopamine films change their physicochemical and antimicrobial properties with a
change in reaction conditions. Phys Chem Chem Phys 2018, 20 (8), 5744‐5755.
22. Wei, Q.; Zhang, F. L.; Li, J.; Li, B. J.; Zhao, C. S., Oxidant‐induced dopamine polymerization
for multifunctional coatings. Polym Chem‐Uk 2010, 1 (9), 1430‐1433.
23. Du, X.; Li, L.; Li, J.; Yang, C.; Frenkel, N.; Welle, A.; Heissler, S.; Nefedov, A.; Grunze, M.;
Levkin, P. A., UV‐triggered dopamine polymerization: control of polymerization, surface
coating, and photopatterning. Adv Mater 2014, 26 (47), 8029‐33.
24. Gao, Z. F.; Wang, X. Y.; Gao, J. B.; Xia, F., Rapid preparation of polydopamine coating as a
multifunctional hair dye. Rsc Adv 2019, 9 (35), 20492‐20496.
25

25. Wang, Q.; Zhang, R.; Lu, M.; You, G.; Wang, Y.; Chen, G.; Zhao, C.; Wang, Z.; Song, X.; Wu,
Y.; Zhao, L.; Zhou, H., Bioinspired Polydopamine‐Coated Hemoglobin as Potential Oxygen
Carrier with Antioxidant Properties. Biomacromolecules 2017, 18 (4), 1333‐1341.
26. Ju, K. Y.; Lee, Y.; Lee, S.; Park, S. B.; Lee, J. K., Bioinspired polymerization of dopamine to
generate melanin‐like nanoparticles having an excellent free‐radical‐scavenging property.
Biomacromolecules 2011, 12 (3), 625‐32.
27. Lee, H. A.; Ma, Y. F.; Zhou, F.; Hong, S.; Lee, H., Material‐Independent Surface Chemistry
beyond Polydopamine Coating. Accounts Chem Res 2019, 52 (3), 704‐713.
28. Wang, W.; Ma, N.; Kratz, K.; Xu, X.; Li, Z.; Roch, T.; Bieback, K.; Jung, F.; Lendlein, A., The
influence of polymer scaffolds on cellular behaviour of bone marrow derived human
mesenchymal stem cells. Clin Hemorheol Microcirc 2012, 52 (2‐4), 357‐73.
29. Ding, Y. H.; Weng, L. T.; Yang, M.; Yang, Z. L.; Lu, X.; Huang, N.; Leng, Y., Insights into the
Aggregation/Deposition and Structure of a Polydopamine Film. Langmuir 2014, 30 (41), 12258‐
12269.
30. Tamada, Y.; Ikada, Y., Cell‐Adhesion to Plasma‐Treated Polymer Surfaces. Polymer 1993, 34
(10), 2208‐2212.
31. Rapuano, B. E.; Wu, C.; MacDonald, D. E., Osteoblast‐like cell adhesion to bone sialoprotein
peptides. J Orthop Res 2004, 22 (2), 353‐61.
32. Benni, S.; Avramoglou, T.; Hlawaty, H.; Mora, L., Dynamic contact angle analysis of protein
adsorption on polysaccharide multilayer's films for biomaterial reendothelialization. Biomed
Res Int 2014, 2014, 679031.
33. Hartvig, R. A.; van de Weert, M.; Ostergaard, J.; Jorgensen, L.; Jensen, H., Protein Adsorption
at Charged Surfaces: The Role of Electrostatic Interactions and Interfacial Charge Regulation.
Langmuir 2011, 27 (6), 2634‐2643.
34. Akkas, T.; Citak, C.; Sirkecioglu, A.; Guner, F. S., Which is more effective for protein
adsorption: surface roughness, surface wettability or swelling? Case study of polyurethane
films prepared from castor oil and poly(ethylene glycol). Polym Int 2013, 62 (8), 1202‐1209.
35. Rechendorff, K.; Hovgaard, M. B.; Foss, M.; Zhdanov, V. P.; Besenbacher, F., Enhancement
of protein adsorption induced by surface roughness. Langmuir 2006, 22 (26), 10885‐10888.
36. Huang, N.; Zhang, S.; Yang, L. Q.; Liu, M. L.; Li, H. T.; Zhang, Y. Y.; Yao, S. Z., Multifunctional
Electrochemical Platforms Based on the Michael Addition/Schiff Base Reaction of
Polydopamine Modified Reduced Graphene Oxide: Construction and Application. Acs Appl
Mater Inter 2015, 7 (32), 17935‐17946.
37. Wang, K.; Zhou, C.; Hong, Y.; Zhang, X., A review of protein adsorption on bioceramics.
Interface Focus 2012, 2 (3), 259‐77.
38. Yu, L.; Cheng, C.; Ran, Q.; Schlaich, C.; Noeske, P. M.; Li, W.; Wei, Q.; Haag, R., Bioinspired
Universal Monolayer Coatings by Combining Concepts from Blood Protein Adsorption and
Mussel Adhesion. ACS Appl Mater Interfaces 2017, 9 (7), 6624‐6633.
39. Chen, J.; Yu, L. X.; Li, Y.; Cuellar‐Camacho, J. L.; Chai, Y. M.; Li, D.; Li, Y. G.; Liu, H. Y.; Ou, L.
H.; Li, W. Z.; Haag, R., Biospecific Monolayer Coating for Multivalent Capture of Circulating
Tumor Cells with High Sensitivity. Adv Funct Mater 2019, 29 (33).
40. Salzig, D.; Leber, J.; Merkewitz, K.; Lange, M. C.; Koster, N.; Czermak, P., Attachment,
Growth, and Detachment of Human Mesenchymal Stem Cells in a Chemically Defined Medium.
Stem Cells Int 2016, 2016, 5246584.
26

41. Li, B.; Moshfegh, C.; Lin, Z.; Albuschies, J.; Vogel, V., Mesenchymal stem cells exploit
extracellular matrix as mechanotransducer. Sci Rep 2013, 3, 2425.
42. Ben‐Shachar, D.; Zuk, R.; Gazawi, H.; Ljubuncic, P., Dopamine toxicity involves mitochondrial
complex I inhibition: implications to dopamine‐related neuropsychiatric disorders. Biochem
Pharmacol 2004, 67 (10), 1965‐74.
43. Vono, R.; Jover Garcia, E.; Spinetti, G.; Madeddu, P., Oxidative Stress in Mesenchymal Stem
Cell Senescence: Regulation by Coding and Noncoding RNAs. Antioxid Redox Signal 2018, 29
(9), 864‐879.
44. Li, Y.; Wu, Q.; Wang, Y.; Li, L.; Bu, H.; Bao, J., Senescence of mesenchymal stem cells
(Review). Int J Mol Med 2017, 39 (4), 775‐782.
45. Wang, Y.; Nartiss, Y.; Steipe, B.; McQuibban, G. A.; Kim, P. K., ROS‐induced mitochondrial
depolarization initiates PARK2/PARKIN‐dependent mitochondrial degradation by autophagy.
Autophagy 2012, 8 (10), 1462‐76.
46. Miyazono, Y.; Hirashima, S.; Ishihara, N.; Kusukawa, J.; Nakamura, K. I.; Ohta, K., Uncoupled
mitochondria quickly shorten along their long axis to form indented spheroids, instead of rings,
in a fission‐independent manner. Sci Rep 2018, 8 (1), 350.
47. Wiley, C. D.; Velarde, M. C.; Lecot, P.; Liu, S.; Sarnoski, E. A.; Freund, A.; Shirakawa, K.; Lim,
H. W.; Davis, S. S.; Ramanathan, A.; Gerencser, A. A.; Verdin, E.; Campisi, J., Mitochondrial
Dysfunction Induces Senescence with a Distinct Secretory Phenotype. Cell Metab 2016, 23 (2),
303‐14.
48. Heo, J. S.; Kim, H. O.; Song, S. Y.; Lew, D. H.; Choi, Y.; Kim, S., Poly‐L‐lysine Prevents
Senescence and Augments Growth in Culturing Mesenchymal Stem Cells Ex Vivo. Biomed Res
Int 2016.
49. Wang, A. S.; Dreesen, O., Biomarkers of Cellular Senescence and Skin Aging. Front Genet
2018, 9, 247.
50. Arisaka, Y.; Yui, N., Investigating How Organic Solvents Affect Tissue Culture Polystyrene
Surfaces through Responses of Mesenchymal Stem Cells. Macromol Biosci 2019, 19 (10),
e1900165.
51. Itahana, K.; Campisi, J.; Dimri, G. P., Mechanisms of cellular senescence in human and
mouse cells. Biogerontology 2004, 5 (1), 1‐10.
52. Lasry, A.; Ben‐Neriah, Y., Senescence‐associated inflammatory responses: aging and cancer
perspectives. Trends Immunol 2015, 36 (4), 217‐28.
53. Ortiz‐Montero, P.; Londono‐Vallejo, A.; Vernot, J. P., Senescence‐associated IL‐6 and IL‐8
cytokines induce a self‐ and cross‐reinforced senescence/inflammatory milieu strengthening
tumorigenic capabilities in the MCF‐7 breast cancer cell line. Cell Commun Signal 2017, 15 (1),
17.
54. Zhang, G.; Ghosh, S., Negative regulation of toll‐like receptor‐mediated signaling by Tollip.
J Biol Chem 2002, 277 (9), 7059‐65.
55. Oberacker, T.; Bajorat, J.; Ziola, S.; Schroeder, A.; Roth, D.; Kastl, L.; Edgar, B. A.; Wagner,
W.; Gulow, K.; Krammer, P. H., Enhanced expression of thioredoxin‐interacting‐protein
regulates oxidative DNA damage and aging. FEBS Lett 2018, 592 (13), 2297‐2307.
56. Jung, J. Y.; Shim, J. H.; Choi, H.; Lee, T. R.; Shin, D. W., Human Dermal Stem/Progenitor Cell‐
Derived Conditioned Medium Improves Senescent Human Dermal Fibroblasts. Int J Mol Sci
2015, 16 (8), 19027‐39.
27

57. Guijarro, T.; Magro‐Lopez, E.; Manso, J.; Garcia‐Martinez, R.; Fernandez‐Acenero, M. J.;
Liste, I.; Zambrano, A., Detrimental pro‐senescence effects of vitamin D on lung fibrosis. Mol
Med 2018, 24 (1), 64.
58. Yuan, H. F.; Zhai, C.; Yan, X. L.; Zhao, D. D.; Wang, J. X.; Zeng, Q.; Chen, L.; Nan, X.; He, L. J.;
Li, S. T.; Yue, W.; Pei, X. T., SIRT1 is required for long‐term growth of human mesenchymal stem
cells. J Mol Med (Berl) 2012, 90 (4), 389‐400.
59. Sun, W.; Qiao, W.; Zhou, B.; Hu, Z.; Yan, Q.; Wu, J.; Wang, R.; Zhang, Q.; Miao, D.,
Overexpression of Sirt1 in mesenchymal stem cells protects against bone loss in mice by
FOXO3a deacetylation and oxidative stress inhibition. Metabolism 2018, 88, 61‐71.
60. Grondahl, M. L.; Andersen, C. Y.; Bogstad, J.; Nielsen, F. C.; Meinertz, H.; Borup, R., Gene
expression profiles of single human mature oocytes in relation to age. Hum Reprod 2010, 25
(4), 957‐968.
61. Kappei, D.; Scheibe, M.; Paszkowski‐Rogacz, M.; Bluhm, A.; Gossmann, T. I.; Dietz, S.;
Dejung, M.; Herlyn, H.; Buchholz, F.; Mann, M.; Butter, F., Phylointeractomics reconstructs
functional evolution of protein binding. Nat Commun 2017, 8, 14334.
62. Martinez, P.; Thanasoula, M.; Munoz, P.; Liao, C.; Tejera, A.; McNees, C.; Flores, J. M.;
Fernandez‐Capetillo, O.; Tarsounas, M.; Blasco, M. A., Increased telomere fragility and fusions
resulting from TRF1 deficiency lead to degenerative pathologies and increased cancer in mice.
Genes Dev 2009, 23 (17), 2060‐75.
63. Campisi, J.; di Fagagna, F. D., Cellular senescence: when bad things happen to good cells.
Nat Rev Mol Cell Bio 2007, 8 (9), 729‐740.
64. Lu, Y.; Qu, H. N.; Qi, D.; Xu, W. H.; Liu, S. T.; Jin, X. A.; Song, P.; Guo, Y. T.; Jia, Y. Y.; Wang, X.
Q.; Li, H. R.; Li, Y. L.; Quan, C. S., OCT4 maintains self‐renewal and reverses senescence in human
hair follicle mesenchymal stem cells through the downregulation of p21 by DNA
methyltransferases. Stem Cell Res Ther 2019, 10.
65. Park, K. S.; Ahn, J.; Kim, J. Y.; Park, H.; Kim, H. O.; Lee, S. H., Poly‐L‐lysine increases the ex
vivo expansion and erythroid differentiation of human hematopoietic stem cells, as well as
erythroid enucleation efficacy. Tissue Eng Part A 2014, 20 (5‐6), 1072‐80.
66. Heo, J. S.; Kim, H. O.; Song, S. Y.; Lew, D. H.; Choi, Y.; Kim, S., Poly‐L‐lysine Prevents
Senescence and Augments Growth in Culturing Mesenchymal Stem Cells Ex Vivo. Biomed Res
Int 2016, 2016, 8196078.
67. Martinez‐Zamudio, R. I.; Robinson, L.; Roux, P. F.; Bischof, O., SnapShot: Cellular Senescence
Pathways. Cell 2017, 170 (4), 816‐816 e1.
68. Zhao, H.; Zeng, Z. D.; Liu, L.; Chen, J. W.; Zhou, H. T.; Huang, L. L.; Huang, J.; Xu, H.; Xu, Y. Y.;
Chen, Z. R.; Wu, Y.; Guo, W. L.; Wang, J. H.; Wang, J.; Liu, Z., Polydopamine nanoparticles for
the treatment of acute inflammation‐induced injury. Nanoscale 2018, 10 (15), 6981‐6991.
69. Jia, L. L.; Han, F. X.; Wang, H.; Zhu, C. H.; Guo, Q. P.; Li, J. Y.; Zhao, Z. L.; Zhang, Q.; Zhu, X. S.;
Li, B., Polydopamine‐assisted surface modification for orthopaedic implants. J Orthop Transl
2019, 17, 82‐95.
70. Huhtamaki, T.; Tian, X.; Korhonen, J. T.; Ras, R. H. A., Surface‐wetting characterization using
contact‐angle measurements. Nat Protoc 2018, 13 (7), 1521‐1538.
71. Xu, X.; Wang, W.; Kratz, K.; Fang, L.; Li, Z.; Kurtz, A.; Ma, N.; Lendlein, A., Controlling major
cellular processes of human mesenchymal stem cells using microwell structures. Adv Healthc
Mater 2014, 3 (12), 1991‐2003.
28

72. Petrenko, Y.; Vackova, I.; Kekulova, K.; Chudickova, M.; Koci, Z.; Turnovcova, K.; Kupcova
Skalnikova, H.; Vodicka, P.; Kubinova, S., A Comparative Analysis of Multipotent Mesenchymal
Stromal Cells derived from Different Sources, with a Focus on Neuroregenerative Potential. Sci
Rep 2020, 10 (1), 4290.

29

For Table of Contents Only

30

