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Abstract: Nowadays, tissue engineering vascularisation has become an important means of organ repair and treatment of
major traumatic diseases. Vascular endothelial layer regeneration and endothelial functionalisation are prerequisites and
important components of tissue engineering vascularisation. The present researches of endothelial functionalisation mainly
focus on tissue engineering scaffold preparation and implant surface modification. Few studies have reported the interaction of
endothelial functionalisation and scaled materials, especially the nanomaterials. Magnesium (Mg), as an essential cytotropic
active element in the human body, should promote the growth of endothelial cells. However, the authors’ previous work found
that the Mg in the alloys had a defect of delayed endothelialisation, which may be attributed to the non-uniform scales of the
degradation products from Mg alloys. To validate this hypothesis and fabricate a novel nanomaterial for tissue engineering
vascularisation, the authors prepared Mg-doped hyaluronan (HA)/polyethyleneimine (PEI) nanoparticles for endothelial cells
testing. Their data showed that the Mg-doped HA/PEI nanoparticle with small scales (diameter <150 nm) presented better ability
on improving endothelial cells growth, functionalisation and nitric oxide release.

1Introduction
The intake of essential elements in the human body is related to the
maintenance of normal metabolism and physiological function [1].
For instance, magnesium (Mg) can not only activate the activity of
various enzymes in the body, but also regulate nerve function,
maintain the stability of nucleic acid structure, participate in
protein synthesis, regulate body temperature, and also affect
people's mood [2–4]. Therefore, Mg is involved in almost all
metabolic processes in the body. Although the content of Mg in the
cell is less than that of potassium, it affects the ‘channels’ for the
transfer of potassium, sodium and calcium ions inside and outside
the cell, and maintains the function of biofilm potential [5, 6]. Mg
deficiency is bound to cause harm to human health. In addition, Mg
can also contribute to tissue regeneration and organ repair in the
treatment of major diseases through a variety of pathways [7].
Moderate intake of Mg can effectively inhibit the physical
discomfort caused by lactic acid accumulation and increase muscle
toughness/strength [8]. Mg as a metal material has also been used
in the development of various kinds of degradable absorbable
vascular stents (including pure Mg stent and Mg alloy stents) [9–
11]. However, both the pure Mg stent and Mg alloy stents had a
defect on vascular endothelial layer regeneration, which is an
important requirement for the vascular stent [12, 13]. Most
researches attributed the delayed endothelialisation to the
degradation of the pure Mg stent and Mg alloy stents and
developed series of anticorrosive coatings which do promote the
surface endothelialisation of Mg/Mg alloys to some extent [14–16].
For all that, few studies reported the influence of micro and/or
nanoscales, especially the nanoscales, of the degradation products
from the pure Mg stent or Mg alloy stents on the endothelial cells
behaviour [17], although it's a very difficult study. Thus, in this
contribution, we developed two Mg-doped hyaluronan (HA)/
polyethyleneimine (PEI) nanoparticles with different nanoscales to
investigate the role of scale effect in Mg involvement in endothelial
functionalisation.

HA is an acidic mucopolysaccharide with a linear single-chain
structure, which will form the secondary structure of double helix

and tertiary structure of network according to specific
concentrations [18]. HA constitutes the extracellular matrix and the
intercellular matrix, which have the biological functions of
influencing cell growth, survival and death, determining cell shape,
controlling cell differentiation and participating in cell migration
[19]. Under physiological conditions, carboxylic acids in
hyaluronic acids are dissociated into carboxylic anions, which
become negatively charged polyelectrolytes [20]. Monovalent
metal positive ions are required for each disaccharide unit to
maintain its electroneutrality. The interaction between polyanions
and cations is an important factor affecting the supramolecular
structure. Therefore, HA and its modification molecules have
natural advantages as Mg carrier. PEI is usually applied for surface
modification to endow the materials rich amino and positive charge
[21, 22]. It is often used in conjunction with some negatively
charged polymers to prepare polymer scaffolds [23, 24]. In
summary, both the HA and PEI have good biocompatibility to
ensure that the HA/PEI nanoparticles transport Mg to endothelial
cells.

2Materials and methods
2.1 Preparation and characterisation of Mg-doped HA/PEI
nanoparticles

Hyaluronic acid (HA, MW: 4000 Da or 100,000 Da, Bloomage
Biotechnology Corporation Limited, China) was dissolved in
deionised water (dH2O) to prepare 0.5 mg/ml solution [25]. After
activation of carboxyl groups in the HA molecular structure [26],
0.95 mg/ml magnesium chloride (MgCl2) solution (dissolved in
dH2O by ultrasonic for 5 min) was added to the HA solution with a
volume ratio of 10:1 (VMg: VHA = 10:1), and then the mixtures
were placed onto a shaker and shaken at 60 r/min for 30 min. Next,
0.5 mg/ml polyethyleneimine (PEI, MW: 10,000 Da or 1800Da,
Aladdin, China) was added to the HA/Mg mixture to form white
colloids instantaneously. Finally, the white suspension solution was
centrifuged at 3000 rpm for 15 min, thereafter the precipitates
centrifugally cleaned with dH2O for three times, and the cleaned
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precipitates were the Mg-doped HA/PEI nanoparticles (both
samples were labelled as MgNP). Wherein if the diameters of the
MgNP ranged <150 nm, we named them as MgNPs; if the
diameters of the MgNP ranged bigger than 150 nm, we named
them as MgNPb. The pure HA/PEI nanoparticles and MgCl2 were
also applied here as the reference samples to investigate the
function of the two MgNPs.

Particle size and zeta potential of nanoparticles were measured
by DLS particle size and potential analyser (ZS90, Malvern, UK),
and the content of Mg in MgNPs and MgNPb was quantified by
energy dispersion spectrometer (EDS, FEI Quanta 200, Eindhoven,
Holland) [27, 28].

2.2 Endothelial functional tests

Human umbilical vein endothelial cells (HUVEC, purchased from
Chengdu Hao Yi Biotechnology Co., Ltd., Chengdu, China) ranged
from the third to the fifth passages were seeded on the 6-well plate
with concentration of 7 × 103 cells/well, and cultured with the 1640
medium containing MgNPs, MgNPb, HA/PEIs (small size), HA/
PEIb (big size) and the pure MgCl2 at 37°C, with 5% CO2 [29].
After incubated for 1, 6, 12 h, 1 day, 3 days and 5 days, the
HUVEC were cleaned with phosphate buffer solution (PBS, pH
7.4) and fixed with 4% paraformaldehyde [30]. The fixed HUVEC
were fluorescence-stained with CD31 antibody (Sigma, USA) and
4, 6-diamino-2-phenyl indole (DAPI, Sigma, USA), and recorded
by a fluorescence microscope (DMRX, Leica, Germany) [19]. The
fluorescence intensity of CD31 on each sample was calculated by
the software ipwin32 [31]. An MTT method was also performed to
investigate the influence of the MgNP on HUVEC growth [32].
The nitric oxide (NO) released from the HUVEC was determined
by the Griess reagent method [33]. The HUVEC apoptosis was
stained with acridine orange (AO, green, Solarbio, China) and
ethyl bromide (EB, orange red, Solarbio, China), and random 15
images were applied for calculating the vital ratios of HUVEC in
each group [34]. The pure RPMI-1640 medium (Solarbio, China)
cultured HUVEC was also evaluated as the control sample.

2.3 Statistical analysis

Mean values ± SD are presented with their representative images.
Statistical analysis was applied as one-way analysis of variance
followed by the Tukey test, while P-values <0.05 suggesting
significant difference. The OriginPro 2018 software (OriginLab,
Northampton, MA, USA) was used in the study. Each sample was
detected at least three times in each characterisation.

3Results and analysis
3.1 Characterisation of MgNP

Fig. 1 and Table 1 depict the sizes and charge property of the HA/
PEIs, HA/PEIb, MgNPs and MgNPb: obviously both HA/PEIs and
HA/PEIb possessed negative charge which ensures the Mg ion
could be loaded in the nanoparticles via electrostatic interaction;
the MgNPs ranged their diameters around 144.8 nm (<150 nm),
which permitted them delivering the Mg into the interior of the
cells by across cell membrane and further influencing cells
behaviour; the MgNPb ranged their diameters around 913 nm
(>150 nm), and particles at this scale cannot enter cells, so they can
only affect the cells externally. The HA/PEIb particles and HA/
PEI's particles were obtained by the interaction of HA and PEI
with different molecular weights: HA of 4000 Da and PEI of
10,000 Da were prepared into HA/PEI's particles, and HA of
100,000 Da and PEI of 1800Da were prepared into HA/PEIb
particles; MW of HA plays an important role in nanoparticle size,
wherein higher MW contributes to larger particle size and lower
MW contributes to smaller particle size. In addition, the EDS
characterisation showed that MgNPb particle loaded more Mg
compared with MgNPs (Table 2). It may be another reason that the
MgNPb particle has a larger size than the MgNPs.

3.2 Effect of MgNP on endothelial function

Fig. 2 depicts that the Mg-doped samples showed an obvious
improvement on HUVEC growth, the MgNPs, MgCl2 and MgNPb
groups presented markedly higher HUVEC numbers compared
with HA/PEIb and control groups (green fluorescence labelled
cells). 

This result indicates that the Mg played a significant role in
promoting HUVEC adhesion and proliferation. Wherein the
MgNPs group showed a higher HUVEC number than the pure
MgCl2 group, while the MgNPb group presented a lower HUVEC
number than the MgCl2 group. This may be attributed to the
particle sizes difference between MgNPs and MgNPb: MgNPs
owned its size smaller than 150 nm, which permitted the particle to
cross the HUVEC membrane and deliver the Mg inside the cells;
MgNPb possessed its size bigger than 150 nm, which prevented the
particle from entering cells and delayed the Mg delivery [28]. In
addition, the HA/PEIs group also presented higher HUVEC
number, which may benefit from its small size (122 nm) and low
molecular weight hyaluronic acid (LMW-HA, 4000 Da). Lots of
previous studies have proven LMW-HA improves vascular
endothelial cells growth, activity and functions [18–20]. The
results of MTT (Fig. 3a) and vital ratio (ratio of living cells to all
cells) of HUVEC (Fig. 3b) indicated the MgNPs significantly
enhanced HUVEC activity and inhibited HUVEC apoptosis. 

To investigate the Mg-doped nanoparticles’ effect on vascular
endothelial cells’ function, we stained the HUVEC with CD31
antibody (Fig. 4) and further calculated the CD31 expression via
three-dimensional imaging technology by ipwin32 software
(Fig. 5). CD31 is a specific marker of vascular endothelial cells,
and it's up-regulated expression or down-regulated expression
represents the normal function or dysfunction of endothelial cells,
respectively [26]. Figs. 4 and 5 show that the Mg groups (MgNPs,
MgCl2 and MgNPb) and the small particle groups (MgNPs and
HA/PEIs) expressed stronger CD31 compared with other groups.
Wherein, MgNPs displayed stronger CD31 expression compared to
other groups, suggesting a better ability to improve endothelial
function.

NO is an important characteristic and a functional factor of
vascular endothelial cells [35]. It regulates vasodilation and is
involved in the suppression of thrombosis and hyperplasia [36].
NO is also a key signalling molecule involved in the cellular
cascade signalling pathways [37]. In this study, we detected the NO
released from the HUVEC that being co-cultured with HA/PEIs,
MgNPs, HA/PEIb and MgNPb to investigate the influence of the
Mg-doped particles on the anti-thrombosis and anti-hyperplasia
functions of HUVEC (Fig. 6). Fig. 6 shows that the MgNPs group
released significantly more NO compared with the other group,
which indicated both the Mg amount and the smaller particle size
(<150 nm) contributed to the anti-thrombosis and anti-hyperplasia
functions of the vascular endothelial cells.

4Conclusion
In this study, we prepared Mg-doped HA/PEI nanoparticles with
two different diameters (144.8 and 913 nm), aiming at improving
endothelial functionalisation. Wherein the MgNP with small
diameters (<150 nm) was proved to enhance the vascular
endothelial cells’ growth, CD31 expression, NO release, and
meanwhile inhibit cell apoptosis. Our data also indicated that the
novel nanoparticle's function simultaneously depended on the Mg
element and the particle sizes. We hope our study may provide
theoretical basis for the action pathway of Mg-containing drugs or
biomaterials in vivo, also offer inspiration for new drug design.
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Fig. 1 Scales and charge of the prepared nanoparticles
(a) Size measurements
(b) Charge property of HA/PEIs, MgNPs, HA/PEIb and MgNPb

 
Table 1 Sizes and zeta potential values of HA/PEIs, MgNPs, HA/PEIb and MgNPb
Group Size, nm ζ, mV
HA/PEIs 122 −23.5
MgNPs 144.8 −34.4
HA/PEIb 155.6 −24.7
MgNPb 913 −6.8
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Table 2 Quantitative determination of magnesium in MgNPs and MgNPb
Element Wt% At%
MgNPs
MgK 01.34 00.83
MgNPb
MgK 01.94 01.20
 

Fig. 2 AO/EB staining images of HUVEC co-cultured with culture medium containing HA/PEIs
 

Fig. 3 Quantitative characterisation of HUVEC in each group
(a) HUVEC activity in each group detected by a MTT assay (*p<0.05 compared with the other groups, mean ± SD, n = 3),
(b) Calculation of HUVEC vital ratios in each group (*p<0.05 compared with the other groups, **p<0.05 compared with MgNPb, HA/PEIb and control groups, mean ± SD, n = 15)
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Fig. 4 Immunofluorescence staining images of CD31 (green colour, vascular endothelial cell marker) and DAPI (blue colour, DNA marker) of the HUVEC
after being co-cultured with the HA/PEIs, MgNPs, HA/PEIb, MgNPb and MgCl2 for 1 day and 3 days, respectively

 

Fig. 5 Expression quantity of CD31 on HUVEC after being co-cultured with the HA/PEIs, MgNPs, HA/PEIb, MgNPb and MgCl2 for 1 day and 3 days by
calculating fluorescence intensity using ipwin32
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