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A B S T R A C T

Distinctively directing endothelial cells (ECs) and smooth muscle cells (SMCs), potentially by surface topography
cue, is of central importance for enhancing bioefficacy of vascular implants. For the first time, surface gradients
with a broad range of nano-micrometer roughness are developed on Mg, a promising next-generation biode-
gradable metal, to carry out a systematic study on the response of ECs and SMCs. Cell adhesion, spreading, and
proliferation are quantified along gradients by high-throughput imaging, illustrating drastic divergence between
ECs and SMCs, especially in highly rough regions. The profound role of surface topography overcoming the
biochemical cue of released Mg2+ is unraveled at different roughness ranges for ECs and SMCs. Further insights
into the underlying regulatory mechanism are gained at subcellular and gene levels. Our work enables high-
efficient exploration of optimized surface morphology for modulating favored cell selectivity of promoting ECs
and suppressing SMCs, providing a potential strategy to achieve rapid endothelialization for Mg.

1. Introduction

Cardiovascular disease has been a dominant threat to human health
and death globally for decades [1]. Stent implantation and vascular
grafts serve as the primary treatments of the fatal disease. Since the first
case of percutaneous transluminal coronary angioplasty in 1977 [2],
the percutaneous coronary intervention has experienced a cascade of
development from simple balloon dilation, bare metal stent (BMS), to
drug-eluting stent (DES) [3]. However, accumulative clinical evidence
indicates the occurrence of adverse problems, in particular, post-
operative in-stent restenosis (ISR), leading to a relatively high re-
intervention rate. Previous reports have demonstrated that ISR is pre-
dominately caused by the excessive proliferation of smooth muscle cells
(SMCs) and neointima hyperplasia [4]. While the DES approach inhibits
SMCs and consequently diminishes ISR to some extent via releasing

anti-proliferation drugs [5,6], it could also indiscriminately impair the
viability and growth of endothelial cells (ECs) and thus delaying re-
endothelialization post stenting. Such suppression effect on ECs is un-
desirable, as ECs play an essential role in regulating coronary function,
controlling SMCs migration and proliferation, and preventing platelet
activation. Furthermore, re-endothelialization promotes the healing of
the arterial wall and facilitates the maintaining of vascular integrity and
functions [7]. On the contrary, inadequate re-endothelialization is re-
ported to be closely correlated to the increased rate of late restenosis
and thrombosis [8]. Therefore, fostering rapid re-endothelialization,
meanwhile impeding SMCs proliferation, is essential in determining the
clinical outcomes.

In addition to (bio)chemical cues such as growth factors and cyto-
kines [9], increasing reports suggest that cells respond to physical cues
as well, especially surface topography at the subcellular scale of

https://doi.org/10.1016/j.bioactmat.2020.08.004
Received 4 July 2020; Received in revised form 5 August 2020; Accepted 8 August 2020

Peer review under responsibility of KeAi Communications Co., Ltd.
∗ Corresponding author.
∗∗ Corresponding author.
∗∗∗ Corresponding author.
E-mail addresses: m.tan@fudan.edu.cn (J. Tan), gyyuan@sjtu.edu.cn (G. Yuan), jpei@sjtu.edu.cn (J. Pei).

1 These authors contributed equally to this work and should be considered co-first authors.

Bioactive Materials 6 (2021) 262–272

2452-199X/ © 2020 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/biomat
https://doi.org/10.1016/j.bioactmat.2020.08.004
https://doi.org/10.1016/j.bioactmat.2020.08.004
mailto:m.tan@fudan.edu.cn
mailto:gyyuan@sjtu.edu.cn
mailto:jpei@sjtu.edu.cn
https://doi.org/10.1016/j.bioactmat.2020.08.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2020.08.004&domain=pdf


micrometer and nanometer range [10], which in turn display altera-
tions in proliferation, adhesion, differentiation, apoptosis, and other
functions in a directed manner, namely contact guidance [11]. Cellular
responses are intensively specific to topographic parameters of shape,
size, and arrangement, as well as cell type. In the last decade, extensive
efforts have been made to study the interactions of ECs, SMCs, or both
with varying topography stimuli, with some reported to achieve se-
lective modulation of the vascular cells. Among them, the influence of
various surface morphology profiles including regular grooves [12],
pillars [13], and pits [14], and irregular morphology of defined
roughness parameters have been investigated [15], where substrates of
polymers (PDMS, PVC, PS and PLA), ceramics (silicon, bulk metallic
glass) and metals (Al2O3, TiO2, stainless steel and CoCr) were em-
ployed. For example, Ding et al. reported 1 μm groove pattern on silicon
wafers coated with a thin layer of titanium oxide was able to improve
the ECs attachment and proliferation in vitro [14]. Similar surface
morphology was prepared by Liang et al. on 316L cardiovascular stent
and indicated enhanced re-endothelialization post-implantation into
the iliac artery of rabbits [16]. Nevertheless, some of the findings ap-
peared contradictory or remained controversial due to the intervention
of different surface chemistry or other factors. Besides, a large portion
of the utilized substrates had little relevance to the vascular implant
materials in clinical use. To date, systematic investigation of adhesion
and proliferation of both ECs and SMCs in response to defined surface
roughness in the entire nano to micro range on implant-relevant sub-
strates has rarely been reported, and thus requires in-depth elucidation.

In order to comprehensively probe the cell behaviors in response to
various surface cues, surface gradients with physical or chemical
properties that gradually change over a given distance on samples can
provide an efficient and high-throughput platform. The deployment of
gradients allows for exploring the effect of continuously varying surface
parameters within a single experiment [17], with minimized system
errors and saved cost. Previous reports have demonstrated the feasi-
bility and advantages of the surface gradient approach in the study of
the response of a variety of cells, including endothelial colony-forming
cells [13], MC3T3-E1 osteoblastic cells [18], and human mesenchymal
stem cells [19]. While methods to fabricate morphological gradients
mainly include particle binding, electrochemical etching, erosion/che-
mical polishing—replica [17], the substrates used are often limited to
silicon or glass with entirely different characteristics from biodegrad-
able materials. Meanwhile, most of these approachs could not si-
multaneously cover a broad nano-micrometer range. Moreover, prop-
erties such as corrosion resistance and cytocompatibility should also be
taken into consideration when constructing topological gradients to
study interfacial cell interactions, which poses considerable restrictions
on suitable fabrication methodology.

Magnesium and magnesium alloys, as a promising candidate for the
new-generation biodegradable material [20,21], are capable of miti-
gating chronic inflammation caused by the long-term retention of non-
degradable materials (i.e., NiTi and CoCr alloys) in the human body.
Moreover, the main degradation products, Mg2+, one of the most

abundant intracellular cations, is known to play a regulatory role in the
viability, proliferation, and functions of ECs and SMCs [22]. To date,
how vascular cells respond to topography cues in the presence of bio-
chemical cue of Mg2+ remains unresolved. Herein, a Mg-Nd-Zn-Zr alloy
(denoted as Mg) previously developed with desirable mechanical
properties, acceptable biocompatibility, and uniform degradation
characteristics, was used as the substrate [23]. A facile and re-
producible method of dip-etching into citric acid was implemented to
obtain surface roughness gradients (denoted as GR) on Mg, where the
uniformly distributed, nanophasic second phase was employed as the
template to generate ridge/valley features [24]. Moreover, this ap-
proach is also compatible with the subsequent surface modification.
The as-prepared gradients provided a broad roughness range of Sa be-
tween 0.1 and 2.0 μm, following the anti-corrosion treatment of MgF2/
Polydopamine (PDA) coating to maintain mild Mg degradation and
enhance cytocompatibility [25], as shown in Fig. 1. The behaviors of
vascular ECs and SMCs, including adhesion, spreading, and prolifera-
tion, could be directly microscopically observed along the obtained
roughness gradients. Uniform roughness samples (denoted as UR) were
used for examination of sample degradation and for further confirma-
tion of obtained cellular results on gradients.

2. Material and methods

2.1. Preparation of coated gradient samples

Mg-Nd-Zn-Zr alloy previously developed was used as the substrate
Mg alloy material, of which the chemical composition and the proces-
sing could be found in the report [26]. Mg disk samples were cut from
the extruded rod to the size of Φ20 mm × 3 mm for gradient samples
preparation, and Φ14 mm × 3 mm for uniform roughness samples.
Afterward, samples were ground progressively with SiC grinding paper
up to 7000 #, followed by further polishing with magnesium oxide
powder slurry. Polished Mg substrates were consecutively ultra-
sonically cleaned in acetone and ethanol for 10 min and dried with a
stream of air.

The preparation process of coated Mg roughness samples was con-
ducted as follows. Firstly, surface roughness feature was generated. For
the roughness gradient samples (GR), Mg substrates were gradually
dipped into 0.25 mol/L citric acid solution (Sinopharm Group Co., Ltd.,
Shanghai) controlled by a programmed dip-coater (SYDC-100,
Shanghai Yanyan Materials Technology Co., Ltd, China) at room tem-
perature. By the end of the dipping process, samples were immediately
removed and rinsed with a copious amount of DI water. Following that,
samples were ultrasonically cleaned in ethanol for 3 min and dried with
a stream of air. Meanwhile, uniform roughness samples (UR) were
fabricated according to the corresponding etching time in citric acid.

The rough samples were subsequently subjected to a thin coating to
enhance anti-corrosion ability and biocompatibility. Briefly, the etched
samples were treated with 40 wt% hydrofluoric acid (Sinopharm Group
Co., Ltd., Shanghai) for 12 h to form a dense conversion layer of MgF2

Fig. 1. Illustration of the preparation process of coated Mg samples with defined surface roughness.
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(GR-MgF2). Subsequently, samples were dipped into 1 mg/ml of do-
pamine hydrochloride solution (95% vol. ethanol, Alfa Aesar, USA) for
24 h, where a slight amount of NH3·H2O (25–28 wt%, Sinopharm Group
Co., Ltd., Shanghai) was added to trigger DA polymerization and PDA
deposition. Finally, the coated roughness gradient samples (GR-MgF2-
PDA) were ultrasonically cleaned in ethanol and DI water for 1 min,
respectively, and dried with a stream of nitrogen.

2.2. Surface characterizations of gradient samples

Surface roughness and morphology of the as-prepared GR-MgF2-
PDA samples were measured with an Optical Surface Metrology System
(Leica DCM8, Leica, Germany) in confocal mode. The arithmetical
mean deviation of the surface (Sa) was calculated using Leica Map
software with measurements of at least five points on each position
along a gradient sample and at least three samples for a batch.

Surface microstructure and element composition of gradient sam-
ples were evaluated by scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM-EDS, Mira3 & Aztec X-
MaxN80, TESCAN, Czech Republic). Prior to SEM observation, samples
were coated with a thin layer of gold by a sputter coater (SHINKKU VD
MSP-IS, Japan).

To obtain surface chemical information upon surface modification,
UR samples, and UR-MgF2-PDA samples were subjected to microscopes
Fourier-transform infrared spectroscopy (FT-IR) measurement using a
Nicolet iN 10 MX spectroscopy (Thermo Fisher Scientific, USA). Scans
were performed from 675 to 4000 cm−1, and data were analyzed by
OMNIC software (Version 8.2, Thermo Fisher Scientific, USA).

Static contact angle measurements along the gradient samples were
performed by a contact angle instrument (JC2000D1, Powereach,
China), utilizing the sessile drop method. The mean value was obtained
from at least three individual measurements at different positions along
each gradient sample.

2.3. In vitro degradation

Uniform samples of varying roughness (UR-MgF2-PDA) were im-
mersed in cell culture medium (DMEM, Gibco, USA) and placed in a cell
incubator at 37 °C with 5% CO2 to obtain the supernatants (sample
extracts) at 1 day, 3 days and 5 days. The ratio of the sample area to
solution volume was set as 1.25 cm2/mL, according to ISO 10993–5.
The concentrations of Mg2+ in the sample extracts at 1 day, 3 days, and
5 days were analyzed with an inductively coupled plasma atomic
emission spectrometer (ICP-AES, iCAP6300, USA). The pH and osmotic
pressure were measured with a pH meter (B711, Horiba, Japan), and
freezing point osmometer (Osmomat 3000, Gonotec, Germany), re-
spectively.

2.4. Cell culture

ECs (EA.hy926 cell line) and SMCs (A7r5 cell line) (Cell Bank,
Chinese Academy of Sciences) were respectively cultured in 10% fetal
bovine serum (FBS, Gibco, USA) and 1% Penicillin & Streptomycin (PS,
Hyclon, USA) DMEM medium and placed in a cell incubator at 37 °C in
a humidified atmosphere with 5% CO2. The culture medium was re-
freshed every 2 days. After reaching ~80% confluence, cells were sub-
cultured using 0.25% trypsin-EDTA (Gibco, USA). Cells of passage 3rd-
7th were used for the experiments. The cell seeding density for the
experiments was determined utilizing the Automated Cell Counter
(IC1000, Countstar, China).

2.5. Cell viability assay

The extracts of UR-MgF2-PDA samples were prepared as previously
described in the 2.3 section. Cells were seeded in 96-well plates at a
density of 1 × 104 cells/mL with 100 μL of DMEM medium for each

well and allowed for attachment for 24 h. Subsequently, the medium
was replaced with the sample extracts supplemented with 10% FBS.
After cultured for 1 day and 3 days, respectively, 10 μL of CCK-8 kit
solution (Beyotime Biotechnology, China) was added into each well and
incubated for 2 h in a cell incubator. Finally, the optical density (OD)
value of each well was measured at 450 nm wavelength with a mi-
croplate reader (iMARK, Bio-Rad, USA). Cell viability was calculated
according to Equation (1).

=

−

−

×

OD OD
OD OD

Cell viability ( %)      100%samples blank

negative control blank (1)

2.6. Direct cell adhesion and proliferation assay on gradient samples

Cells were seeded onto GR-MgF2-PDA samples in 12-well plates at a
density of 1 × 104 cells/mL and cultured for 6 h, 1 d, and 3 d.
Afterward, samples were gently rinsed twice with PBS solution
(Dulbecco's Phosphate Buffered Saline) pre-warmed to 37 °C, followed
by fixation in 4 wt% paraformaldehyde solution (PFA, Sigma-Aldrich,
USA) for 20 min. After rinsing with PBS, the adherent cells were per-
meabilized with 0.5% TritonX-100 for 5 min. Subsequently, samples
were incubated overnight with primary anti-vinculin antibody (V9131,
Sigma-Aldrich, USA) in 1% BSA/PBS solution, followed by incubation
with secondary goat anti-mouse antibody labeled with Alexa 594
(1:300 dilution in PBS, Invitrogen, USA) for 1 h and then rinsed with
PBS. Cells were subsequently stained with Alexa Fluor 488 phalloidin
(1:100 dilution in PBS, Invitrogen, USA) for 30 min and rinsed twice
with PBS. Cell nuclei were then stained with DAPI (1:1000 dilution in
PBS, Invitrogen, USA) for 10 min, followed by a gentle rinse with PBS.
Finally, samples were mounted and subjected to fluorescence micro-
scopy observation (IX71, Olympus, Japan). At least four images were
taken at each position along the gradient samples. The adherent cell
number and cell spreading area were analyzed with ImageJ software
(Java 1.8.0_112, NIH, USA).

For SEM observation of cell morphology and attachment, PFA-fixed
samples were dehydrated with graded concentrations of ethanol (30%,
50%, 70%, 90%, and 100%) for 15min each. Afterward, samples were
treated with critical point drying (Autosamdri-931, Tousimis, USA) in
auto-mode, then coated with a thin film of Au for conductivity and
finally observed with SEM.

2.7. Cell adhesion assay in simulated Mg degradation microenvironment

Cells were seeded in 6-well transwell plates at a density of
1.25 × 104 cells/mL in DMEM and allowed for attachment for 1 h.
Subsequently, a rough sample with coating was placed on the upper
compartment of transwell, immersed with culture medium to generate
a simulated Mg degradation microenvironment, while cells seeded on
the bottom plate could then be studied for adhesion and proliferation.
Cells cultured without Mg samples in DMEM were employed as blank
control. After incubated for 6 h, 1 day, and 3 days, the culture medium
was collected to analyze released Mg2+ concentrations with ICP-AES.
Meanwhile, the adherent cells on the bottom of the transwell plate were
PFA-fixed, stained, and subjected to fluorescence microscopy according
to the 2.6 section.

2.8. Real-time quantitative PCR (RT-qPCR) analysis

Cells were seeded on the uniform specimens (UR-MgF2-PDA) of
varying roughness at a density of 1.25 × 105 cells/mL for 24 h. Total
RNA was collected using Trizol reagent (Invitrogen, USA) according to
the manufacturer's instruction. The concentration and purity of total
RNA were examined by Nanodrop 2000 (Thermo Fisher Scientific,
USA). Subsequently, the cDNA synthesis was carried out according to
the protocol (TOYOBO, Japan). Finally, Bio-Rad C1000 was used for
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RT-qPCR analysis with SYBR® Green Real-time PCR Master Mix
(TOYOBO, Japan). The expressions of proliferating cell nuclear antigen
(PCNA) and vinculin (VCL) were analyzed for both ECs and SMCs. For
ECs, endothelial nitric oxide synthase (eNOs) was also measured.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed as
the reference gene for ECs, and β-actin was utilized for SMCs. The ex-
pression level of the genes was evaluated using the 2−ΔΔCt method and
normalized to the reference genes. The primers used for RT-qPCR are
shown in Table S1.

2.9. Statistical analysis

The results are expressed as the mean ± standard deviation of each
sample. All cellular experiments were independently repeated for at
least three times. The results were analyzed with Student's t-test or one-
way analysis of variance (ANOVA) using SPSS software (Version 24,
IBM, USA). *, ** and *** indicate the level of significance P < 0.05,
0.01 and 0.001, respectively.

3. Results

3.1. Surface physicochemical characterizations

A representative photograph of the surface roughness gradients
obtained through acid etching on Mg samples is shown in Fig. 2a, re-
vealing a macroscopic surface change in one dimension, from smooth
polished state to increasingly coarse morphology along the sample. The

3D surface metrology images of six different positions along the
roughness gradient samples (GR) are displayed in Fig. 2b. The Gaussian
distribution of surface height indicated the evolution of networks
comprised of ridge/valley-like structures on Mg samples, with in-
creasing feature density and height difference along the etched gradient
samples. In Fig. 2c, the statistical results of surface roughness demon-
strated a linear relationship (R2 = 0.987) between the Sa values and
the distance along the GR-MgF2-PDA samples, which verified a gradual
rise of surface roughness Sa between 0.12 and 2.0 μm, along with the
variation of Rz between 0.34 and 6.3 μm. Notably, subsequent surface
modifications of fluorination and PDA ultrathin coating barely caused
obvious alteration of the Sa values along the etched GR samples (Fig.
S1).

Further characterization with SEM (Fig. 3a) confirmed the etched
ridge/valley-like patterns, gradually forming interconnected networks
as the Sa increased. Note that the large number of whitish, nano-scale
particles randomly distributed at Sa of 0.1 μm correspond to the second
phase Mg12Nd [24]. To further analyze the topography formation me-
chanism, surface element composition post etching was measured. EDS
results (Table S2) of high-magnification SEM (Fig. 3b and c) suggested
the composition of the ridges was quite close to that of Mg12Nd, while
the basic phase predominated the valley regions. As the second phase
was reported of a slightly higher electrode potential by ~25 mV [23],
Mg basic phase was preferentially attacked and eventually formed the
etched pits. It suggested the nano-phasic second phase served as the
template for acid etching to generate the structures on Mg.

To examine the subsequent anti-corrosion modification, Fig. 3d and

Fig. 2. (a) Photograph of an etched gradient sample, (b) 3D surface metrology images of six positions (corresponding to Sa = 0.1, 0.4, 0.7, 1.0, 1.5, and 2.0 μm) along
a gradient, and (c) statistical results of Sa values as a function of the distances along the gradients (statistical error presented).
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g revealed the cross-sectional SEM-EDS of samples after fluorination.
The variations of F and C implied an MgF2 conversion layer composited
with magnesium citrate, with a thickness of approximately 2 μm.
Sample preparation was completed after deposition on top of the MgF2
of an ultrathin PDA coating in a non-aqueous solution, as reported in
our previous work [27]. ATR-FTIR spectra in Fig. 3e demonstrated the

existence of polydopamine top coating (3288 cm−1: N–H and O–H;
2924 and 2854 cm−1: aliphatic C–H; 1634 cm−1: C]C; 1095 cm−1:
C–O; 937 cm−1: C–H (benzene ring)). Fig. 3f showed similar, moderate
wettability of 47–50° water contact angles along the gradients, gen-
erally in agreement with the work that reported of a complete PDA
coating [28]. It indicated that the surface wetting property was similar

Fig. 3. Surface morphological and chemical characterizations of generated samples. (a) SEM images at different positions along the gradient samples. High-mag-
nification SEM images of samples (b) prior to and (c) post chemical etching. (d) Cross-sectional SEM image and (g) EDS line scan of element profile. (e) ATR-FTIR
spectra of Mg samples before and after MgF2-PDA coating. (f) Static contact angle measurements at different positions along gradients. (h) Schematic illustration of
surface alterations after each step of modification.
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along the gradients. Based on these analyses, the surface chemical and
morphological evolution of Mg upon subjected to a series of mod-
ifications is schematically illustrated in Fig. 3h.

3.2. Sample degradation & cell viability

The uniform samples with various roughness (Sa = 0.1, 0.4, 0.7,
1.0, and 2.0 μm) were employed to analyze the in vitro degradation and
cell viability profiles. Sample extracts were collected and evaluated,
with results shown in Fig. 4. Notably, as previously proposed for the
MgF2-PDA anti-corrosion coating, the Mg degradation rate decreased
significantly compared to the naked Mg. The pH of all groups only
slightly elevated to ~7.6 due to a moderate release of OH−, and the
osmotic pressures maintained quite close to that of the physiological
medium, around 350 mOsm/kg. The cumulative Mg2+ concentrations
were generally similar for all the test groups, indicating the surface
roughness range under study exerted an inconspicuous effect on the Mg
degradation performance.

According to the ISO 10993–5, cytotoxicity of implant materials is
required to be no worse than grade Ⅰ, namely, viability between 75%
and 100%. The viability of ECs and SMCs cultured in 50% and 100%
concentration of extracts of samples with distinct surface roughness was
examined, shown in Fig. S2. The cell viability of all test groups was
above 75%. In consideration of the in vivo circulation system, it is re-
commended that extracts can be diluted 6–10 times for cytotoxicity
evaluation of degradable metals [29]. All the rough Mg groups basically
meet the cytocompatibility requirements. It is also noteworthy that the
extracts containing Mg degradation products would slightly inhibit EC
viability while barely on SMC.

3.3. Direct cell adhesion and growth on surface roughness gradients

The MgF2/PDA coating enhanced viability and adhesion of both ECs
and SMCs to a very similar extent (Fig. S3). To clarify cellular response
to the nano-micrometer roughness on Mg, adhesion and proliferation of
ECs and SMCs were assessed by seeding cells directly on the roughness
gradients. Fluorescence staining of nuclei and cytoskeleton was dis-
played in Fig. 5a and statistical results of adherent cell density and
projected cell area in Fig. 5b–f.

As shown in Fig. 5b, after 6 h and 1 day, the numbers of attached
ECs were similar on the entire gradients without significant difference
from the control. After 3 days, however, the ECs density revealed an
evident trend along the gradients. It appeared slightly lower than the
control for Sa between 0.1 and 0.7 μm, and no statistical difference was
observed between the 0.1, 0.4, and 0.7 μm groups. Nevertheless, the
cell density remarkably elevated with the increase of roughness at
Sa>0.7 μm. The adherent cell density at Sa = 2.0 μm was double that
of Sa = 0.1 μm. Notably, the ECs number at Sa between 1.0 and 2.0 μm
significantly exceeded that of the control (P < 0.05) by 29.5–43.8%,
which formed a nearly confluent monolayer.

With regard to SMCs, it displayed a completely distinct trend in
Fig. 5c. While the control group presented a pronounced proliferation
profile as expected, cell density on gradients exhibited a general ten-
dency of poor growth for the entire range of Sa between 0.1 and 2.0 μm.
After 3 days, SMC density along the gradient samples displayed quite
low, with only 36.8%–18.6% of the control.

Moreover, to evaluate the influence of surface roughness on the cell
selectivity, the ratio of the density of ECs to SMCs along the gradients
was calculated (normalized by that of the control), shown in Fig. 5f.
Initially, at 6 h and 1 d, no difference was observed as compared to the
control, while on day 3, the cell ratio was greatly enhanced for all the
Sa between 0.1 and 2.0 μm, whereas no statistical difference between
the 0.1, 0.4, and 0.7 μm groups. Notably, this ratio reached the highest
at Sa = 1.0 and 2.0 μm, which was approximately 4.4 times that of the
control (P < 0.001), implying a significantly enhanced selectivity of
ECs over SMCs.

Cell spreading on the roughness gradients presented a different
profile from adhesion and growth behaviors. In Fig. 5d and e, the initial
spreading area at 6 h and 1 day of both cells on gradients was similar to
that of the control. Upon 3-day culture, both cells expanded spreading
areas. At Sa between 0.1 and 0.7 μm, ECs and SMCs spreading both
tended to gradually reduce as the Sa increased, and remained close for
Sa of 0.7–2.0 μm.

3.4. Cell response to Mg kinetic degradation microenvironment

To rule out the influence of continuous release of Mg2+ on the
cellular response from the above results, ECs and SMCs cultured on
plates in Mg kinetic degradation microenvironment was examined for
comparison. Transwell inserts were utilized where samples and cells
were physically separated by the membranes, meanwhile maintaining
Mg2+ permeable (Fig. 6a). The instant Mg2+ concentration was mon-
itored of 49.9 ± 5.8 ppm (2.08 ± 0.24 mmol/L) after 6 h and
92.4 ± 10.2 ppm (3.85 ± 0.42 mmol/L) on day 1, and after re-
placement of medium, reached 90.7 ± 2.9 ppm (3.78 ± 0.12 mmol/
L) on day 3. There appeared no marked difference between the test
group and the control at 6 h and 1d for both cells (Fig. 6b and c). After 3
days, the EC density of the test group was slightly lower than that of the
control, specifically, of ~69%. As to SMCs, a negligible difference in
cell density was found. Additionally, for both cells, it revealed greater
spreading areas upon cultured under Mg degradation than in control,
which was more prominent on SMCs. These results demonstrated the
controlled release of Mg2+ in a range of ≤92.4 ± 10.2 ppm, would
induce slight inhibition in ECs proliferation, whereas barely in SMCs
growth but cause greater spreading.

3.5. The effects of Mg roughness on cell morphology and subcellular
organizations

To reveal more details of cell-substrate interactions,

Fig. 4. In vitro short-term degradation results of UR-MgF2-PDA samples with different surface roughness conducted in DMEM and cell culture conditions. The blank
group indicates DMEM culture medium. (a) Accumulative Mg2+ concentration, (b) pH value, and (c) osmotic pressure of the sample extracts.
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immunofluorescence staining and SEM imaging of adherent cells cul-
tured along the gradients were analyzed to provide information on cell
spreading morphology, actin cytoskeleton organization, focal adhesion
(FA), filopodia formation, and their attachment to the surface features

(Fig. 7a and b). Cell adhesion is regulated by dynamic assemblies of
structural and signaling proteins that couple the F-actin cytoskeleton to
the substrate, where vinculin represents an essential cytoskeletal pro-
tein associated with focal adhesion. Generally, large amounts of bright

Fig. 5. (a) Direct adhesion of ECs and SMCs on GR-MgF2-PDA samples observed with fluorescence microscopy for 6 h, 1 day, and 3 days, respectively (scale
bar = 100 μm). Statistical results of adherent cell density of EC (b) and SMC (c) and cell spreading area of EC (d) and SMC (e) after cultured for 6 h, 1 day, and 3 days
on GR-MgF2-PDA samples. (f) Calculated ratios of the density of ECs to SMCs at different surface roughness, normalized by the ratio of the blank control group.
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vinculin signals indicate strong binding strength (mature FA) [30].
For ECs, bright and strong actin expression was observed along the

gradients, similar to the control. Nonetheless, unlike the control pre-
senting many mature FAs, the vinculin expression along the gradients
appeared less and weaker. Particularly on the flattest part of
Sa = 0.1 μm, some cells were observed with only cytosolic vinculin,
usually inactive and not recruited to FA. The majority of ECs exhibited
normal spreading state, showing similar spread-out morphology as the
control. Intriguingly, as the Sa rose above 0.7 μm, a number of more
elongated cells appeared. Meanwhile, SEM observation displayed ECs
on the rougher part of Sa ≥ 1.0 μm tended to attach exclusively onto
the top of the ridges with extended protrusions and filopodia, and
bridge over several ridges to suspend over substrates. On the flatter
surface of Sa between 0.1 and 0.7 μm, cells appeared more flattened
and firmly attached to the surfaces.

As displayed on the control, SMCs along the gradients generally
revealed long, thick, and well-organized actin filaments at lower Sa
below 0.7 μm. It became slightly disordered upon Sa ≥ 0.7 μm, along
with decreased vinculin and FA densities compared with the control.
Generally, cell spreading on the gradients became greatly shrunken
with diverging morphology. At lower Sa between 0.1 and 0.4 μm, cells
exhibited either elongated or compact, polygonal shape. As Sa in-
creased to 0.7–2.0 μm, the majority displayed rhomboid-like mor-
phology of more suppressed spreading. SEM examination further
showed SMCs at higher Sa ≥1.0 μm tended to reduce spreading area
and adapt to the valley regions for close adhesion onto the substrates.
Long pseudopods were observed to extend and attach onto the adjacent
valleys, appearing disfavor of direct contact with the raised ridges.

3.6. RT-qPCR analysis of cell gene expressions on Mg rough samples

To further probe the mechanism of cell response to roughness at the
gene expression level, we then quantified the expressions of pro-
liferating cell nuclear antigen (PCNA) and vinculin (VCL) for both cell
types, and endothelial nitric oxide synthase (eNOs) specifically for ECs
[31] (Fig. 7c and d). The expressions of eNOs and PCNA genes for ECs
were both remarkably up-regulated at Sa = 2.0 μm by 2.5 and 3.6 folds
of the control, respectively (P < 0.001), whereas for Sa = 0.1 and
0.7 μm, both were much lower. Meanwhile, VCL expression was down-
regulated on all roughness samples. As for SMCs, PCNA gene expression
was significantly down-regulated for all roughness groups by more than
50%, consistent with the results of direct adhesion and growth.

4. Discussion

Interfacial cell-material interaction is key to the success of implants.
ECs cover the whole inner surface of blood vessels, playing an indis-
pensable role in facilitating endothelialization. In contrast, over pro-
liferation of SMCs is likely to cause hyperplasia, late restenosis, and
thrombosis. In view of the adverse events associated with the use of
conventional drug-eluting coatings, we sought to explore a distinct
approach to regulate vascular cells through engineering surface topo-
graphy. For the first time, our results demonstrated that ECs and SMCs
respond evidently to varying roughness on Mg-based implant material
of identical surface chemistry, wettability, and degradation profile.
While the MgF2/PDA anti-corrosion coating improved viability and
adhesion of both ECs and SMCs to a similar extent, it is evident that
higher surface roughness Sa between 1.0 and 2.0 μm with a network of

Fig. 6. Cell culture in simulated Mg degradation microenvironment via transwell plate, (a) the experimental device and the real-time Mg2+ concentration in the cell
culture medium, the cell density of ECs (b) and SMCs (c), the cell spreading area of ECs (d) and SMCs (e). *P < 0.05 vs. control.
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Fig. 7. Immunofluorescence staining (a) and SEM imaging (b) of ECs and SMCs after 1 day culture on the gradients, including F-actin (green), Vinculin (red), and
DAPI (blue) staining (scale bar of fluorescence images represented 50 μm, and scale bar of SEM images represented 20 μm). The gene expressions of vinculin (VCL),
eNOs and PCNA in ECs (c) and SMCs (d) measured with RT-qPCR (* indicates P < 0.05, **P < 0.01, and ***P < 0.001). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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ridge/valley structures provided a most favorable interfacial micro-
environment to specifically elicit ECs proliferation while disfavored by
SMCs.

Magnesium takes part in various vital cellular reactions to influence
viability and functions. It was reported that extracts with Mg2+ con-
centrations of 175 μg/ml (7.2 mM) led to sub-optimal viability of
human umbilical vein endothelial cells [32]. Excessive degradation
occurs under circumstances of naked Mg or inappropriate surface
modifications, causing elevated Mg2+, pH, and osmolality, leading to
cell apoptosis. The anti-corrosion MgF2-PDA coating significantly im-
peded Mg corrosion, achieving a moderate degradation rate for all the
roughness under study, which enhanced cell viability above an accep-
table level. Moreover, the PDA top coating could greatly enhance the
adhesion and proliferation of both ECs and SMCs to a similar degree
(Fig. S3). Nevertheless, there inevitably exists a notable, dynamic ele-
vation of Mg2+, which was monitored of ≤92.4 ppm (3.85 mM) during
cell culture. It hardly affected the adhesion and growth of SMCs, but
rather slightly suppressing ECs proliferation (p < 0.05 vs. control).
This result was generally consistent with the previous reports [33].
Apart from (bio)chemical factors, topographical cues play an equally
profound role in dictating cellular response. Numerous studies were
focused on the linear groove patterns on non-degradable substrates
[34]; nonetheless, the impact of other features appeared controversial
or unexplored [14]. In our work, in contrast to the insignificant/limited
effect of the mild Mg degradation on cells, we found a marked, differ-
ential cellular response along the roughness gradients, although the
initial cell adhesion displayed similarity. For ECs, at a lower roughness
range of Sa between 0.1 and 0.7 μm, cell proliferation remained slightly
lower than the control; while the roughness further rose to 1.0–2.0 μm,
EC growth was considerably promoted and gradually exceeded that of
the control. SMCs response revealed a general significant inhibition
trend with slightly higher suppression extent when Sa≥ 0.4 μm.

It should be noteworthy that the observed results actually present
the synergistic effects of dynamic Mg degradation and the varying
surface morphology. Through comparison with the results obtained in
the simply Mg degradation environment, it could be clearly seen that
for ECs, at lower roughness of Sa between 0.1 and 0.7 μm, the dynamic
release of Mg2+, rather than the surface topography, played a primary
role in determining cell response. In contrast, at higher roughness of Sa
between 0.7 and 2.0 μm, the significant impact of surface topography
overperformed the slight adverse effect of the elevated Mg2+, leading
to a pronounced boost of ECs proliferation. Moreover, this stimulation
effect appeared gradually intensified with increasing surface roughness,
which reached the maximum at the highest Sa = 2.0 μm, significantly
exceeding the control. This finding is generally consistent with some
previous reports on submicro-microscale rough samples, although with
different patterns and substrates [11,35]. As for SMCs, the entire range
of nano-micrometer roughness of Sa between 0.1 and 2.0 μm, instead of
the released Mg2+, induced suppression effect on cell growth.

Mechanical cue (topography, stiffness, etc.) is extensively reported
to have a substantial role in determining the fate of cells, where specific
signaling pathways (e.g., MAPK [36]) control the transduction of ex-
tracellular stimuli into a series of intracellular biochemical reactions.
We also found altered cell spreading, attachment mode, and focal ad-
hesion with varying surface topography dimensions. ECs and SMCs
formed interaction with the surface patterns in strikingly different
manners, particularly at a higher roughness range of Sa between 0.7
and 2.0 μm. While ECs spanned over several ridges through long, thick
protrusions and filopodia, SMCs appeared forced to decrease the
spreading morphology to adapt onto the valleys. Intriguingly, similar
phenomena were observed on aligned groove arrays for ECs adhesion
and spreading, but different from those on pillar patterns [14]. On the
other hand, SMCs revealed exquisitely sensitive to surface morphology
stimuli, as consistently reported with shrunk morphology on nanos-
tructured surface of Ra between ~20 and 300 nm [34], and micron-
scale patterns of grooves and pillars [14]. It is most probable that the

cell body does not directly interact with this topography cue, instead,
through a sensing mechanism performed by fundamental subcellular
structures of filopodia and focal adhesions, which not only act as bio-
chemical signal transducers but also mechanical sensors [37]. Conse-
quently, signal transduction for adaptive changes in gene expression
profile was generated to regulate cell behaviors and functions, as
manifested by the significant alterations in PCNA and VCL genes for
both ECs and SMCs in response to different roughness. Furthermore,
significant elevation of eNOs expression of ECs at higher roughness
suggested a potential increase of NO production, which would con-
tribute to EC growth [38], vasomotor function, and restrict thrombosis
and SMCs hyperplasia as well [39].

5. Conclusions

In summary, our work presented a facile, reproducible method for
fabricating surface roughness gradients with nano-micrometer rough-
ness variation on a biodegradable Mg. In a second step, the generated
gradients facilitated a comprehensive, high-throughput investigation of
the response of vascular cells to surface topography cues under con-
trolled Mg degradation. With confirmed homogeneous surface chem-
istry and wettability, the cellular assays on the obtained gradients
disclosed dramatically distinct behaviors of ECs and SMCs regarding
adhesion, spreading, and growth in a roughness-dependent manner.
The increase of roughness from nanoscale to submicro-microscale could
remarkably promote ECs proliferation and function under a slightly
adverse influence of Mg degradation. The entire nano-micrometer
roughness range greatly suppressed SMCs growth and spreading on Mg,
which was more conspicuous on submicro-micro texture. We were also
able to gain further insights into the underlying modulatory me-
chanism, presumably involving mechanical sensing and transduction
mediated with focal adhesion and filopodia to regulate related gene
expressions. In addition, an optimized micro-roughness range of Sa
between 1.0 and 2.0 μm with ridge/valley network texture was iden-
tified to most significantly enhance the selectivity of ECs over SMCs.
Thus, it may be of direct implications in bioresorbable vascular im-
plants, in particular, tailoring surface topography design to improve
endothelialization and enhance bioefficacy.
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