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Good hemocompatibility and cell compatibility are essential requirements for coronary stents, especially for bio-
degradable magnesium alloy stents, which could change the in situ environment after implanted. In this work,
the effects of magnesium ion concentration and pH value on the hemolysis and cytotoxicity have been evaluated.
Solution with different Mg2+ concentration gradients and pH values of normal saline and cell culture media
DMEM adjusted by MgCl2 and NaOH respectively were tested for the hemolysis and cell viability. Results show
that even when the concentration of Mg2+ reaches 1000 μg/mL, it has little destructive effect on erythrocyte,
and the high pH value over 11 caused by the degradation is the real reason for the high hemolysis ratio. Low con-
centrations of Mg2+ (b100 μg/mL) cause no cytotoxicity to L929 cells, of which the cell viability is above 80%,
while high concentrations ofMg2+ (N300 μg/mL) could induce obvious death of the L929 cells. The pH of the ex-
tract plays a synergetic effect on cytotoxicity, due to the buffer action of the cell culture medium. To validate this
conclusion, commercial pureMg using normal saline and PBS as extract was testedwith the measurement of pH
and Mg2+ concentration. Pure Mg leads to a higher hemolysis ratio in normal saline (47.76%) than in buffered
solution (4.38%) with different pH values and low concentration of Mg2+. The Mg extract culture media caused
no cytotoxicity, with pH= 8.44 and 47.80 μg/mLMg2+. It is suggested that buffered solution and dynamic con-
dition should be adopted in the hemolysis evaluation.

© 2014 Published by Elsevier B.V.
1. Introduction

Due to the character of biodegradability, magnesium alloys have
attracted interest as biodegradable coronary stents or bone implants
for recent years [1–12]. Coronary stents and bone implants belong to
Class III Medical Devices, of which good cytocompatibility and good
hemocompatibility are essential requirements. According to ISO
10993-5 [13], ISO 10993-4 [14] andASTMF756-00 [15], the cytotoxicity
should be Grade 0 or Grade 1 (cell viability N80%), and the mean hemo-
lysis from the replicate test samples should be less than 5%. However,
among the novel developed magnesium alloys, many of them cause
more death of the cells [16–18] and severe hemolysis which are much
higher than 30% [8,19,20] in in-vitro tests.

Many factors such as bacterial toxins, pH and metabolic changes in-
duced by temperature can compromise the erythrocyte membrane and
kill the cells. As to the magnesium alloys, the main possible factors for
terials and Tissue Engineering,
g University, Beijing 100871,
the harmful performance are the increased Mg2+ concentration and
pH values during the degradation of magnesium alloys. In a former
report [21], the authors only change the pH values of saline extract of
magnesiumalloys tofindwhether pHorMg2+ is the reason for high he-
molysis ratio, ignoring the influence of Mg2+ concentration changes in
the extract. Meanwhile, little work has been done on whether pH or
Mg2+ concentration influence the cell viability. Therefore, in the pres-
ent work, both different concentration gradients of Mg2+ concentra-
tions and different pH values will be evaluated to find the reasons
why magnesium and its alloys cause such a high hemolysis and also
the effects on cell viability.

2. Material and methods

Normal saline and Dulbecco's modified Eagle's medium [DMEM,
Gibco, supplemented with 10% fetal bovine serum (FBS, Gibco),
50 μg/mL L-glutamine, 100 IU/L penicillin and 100 μg/L streptomycin]
were adjusted by NaOH to different pH value solutions (pH = 7.0, 8.0,
9.0, 10.0, 11.0, 12.0, 13.0), and different Mg2+ concentration gradients
of normal saline and DMEM were adjusted by MgCl2 to 10, 20, 50,
100, 200, 500 and 1000 μg/mL, respectively. Hemolysis ratio tests of
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different saline solutions with various Mg2+ concentrations and pH
values were taken under the procedure in a former work [19], with de-
ionized water as positive control and normal saline as negative control.

Pure magnesium were used in this work, which were cut into rect-
angular specimens of 10 × 10 × 1.5 mm3, and grounded by silicon car-
bide abrasive papers to 2000 grit, then ultrasonically cleaned in
alcohol for 5 min.

Healthy human blood from a volunteer containing sodium citrate
(3.8 wt.%) in the ratio of 9:1 was taken and diluted with normal saline
(4:5 ratio by volume). Samples were dipped in a 15 mL centrifuge
tube containing 10mL of normal salinewhich has been previously incu-
bated at 37 °C for 30min. Then 0.2mL of diluted bloodwas added to this
standard tube and the mixtures were incubated for 60 min at 37 °C.
Similarly, normal saline solution was used as a blank control and deion-
izedwater as a positive control. After that, all the tubeswere centrifuged
for 5 min at 3000 rpm and the supernatant was carefully removed and
transferred to the 96-well plates for spectroscopic analysis at 545 nm.
In addition, the hemolysis was calculated using an ultraviolet spectro-
photometer (UNIC-7200, China) following Eq. (1). The hemolysis was
calculated based on the average of three replicates.

hemolysis ¼ OD testð Þ−OD negative controlð Þ
OD positive controleð Þ−OD negative controlð Þ
� 100% ð1Þ

OD stands for optical density. OD (test) stands for the optical density
of test group, OD (negative control) stands for that of normal saline con-
trol group, and OD (positive control) stands for that of deionized water
group.

Meanwhile, the hemolysis test of another group using PBS instead of
normal saline as blood dilutionwas carried out in the sameprocedure as
above. Samples of Mg were dipped in a 15 mL centrifuge tube contain-
ing PBS and using PBS as blood thinner and negative control, and deion-
ized water as positive control

CCK-8 assay of murine fibroblast cell line (L929) were used to test
the cell viability in different Mg2+ concentration and pH values of
DMEM system following the ISO 10993-5 standard [13]. An extract of
the alloys was prepared according to ISO 10993-12 [22], in whichmag-
nesium samples were immersed in the culture medium with serum at
37 °C ± 1 °C for 24 h in humidified 5% CO2 atmosphere in an incubator.
The ratio of the surface area of the magnesium sample to the volume of
the medium was 1.25 cm2/mL. Cells were seeded in 96-well culture
plates at a density of 5000 cells/well, and incubated at 37 °C in
Fig. 1. Hemolysis ratio and optical photos of hemolysis caused by a) d
humidified 5% CO2 atmosphere for 24 h. Then the medium was
discarded. 100 μL of the extract, 100 μL of a negative control (medium
alone), and 100 μL of a positive control (10% DMSO dimethylsulfoxide)
were added in the wells, respectively. After incubated for 24 h in an in-
cubator, 10 μLWST-8 solutionwas added to eachwell and incubated for
another 2 h. Then the absorbance or the optical density (O.D.) wasmea-
sured at a wavelength of 450 nmwith a refereed wavelength of 630 nm
using an enzyme-linked immunoassay (ELISA) microplate reader.

The ion concentrations of Mg2+ and the pH values of the test sys-
temswere determined after the hemolysis test of pureMg by the induc-
tively coupled plasma atomic emission spectrometry (ICP, Profile ICP-
AES, Leeman) and pHmeter (PHS-3C, Lei-ci). An average of three mea-
surements was taken for each group.

3. Result and discussion

Fig. 1-a) shows the hemolysis ratio of differentMg2+ concentration.
It can be found that the hemolysis ratio increases as the Mg2+ concen-
tration increases, but is still lower than 5% evenwhen the concentration
of Mg2+ reaches 1000 μg/mL. The excesses of Mg2+ resulted in inhibi-
tion of hemolysis, probably because of the significant increase in total
ionic strength [23,24]. As Mg2+ concentration increases, the osmotic
pressure of the solution will be enhanced. These pressure differentials
can cause erythrocyte swelling and cell membrane rupture with release
of free haemoglobinwhich could lead to the hemolysis of red blood cells
[14].

Fig. 1-b) displays the hemolysis ratio in normal saline with diverse
pH values, fromwhich it can be seen that the pH value has a great effect
on the hemolysis. When pH b 10, no hemolysis has been found. But the
hemolysis ratio soars to 53.8 ± 4.8% at pH = 12.

The Mg2+ concentrations, pH values and hemolysis ratios of pure
Mg are listed in Table 1. Results show that pure Mg in normal saline
(NaCl) induces high hemolysis, of which the hemolysis ratio is 47.8%.
On the contrary, in PBS pureMg causes only 4.4% hemolysis as distribut-
ed in Fig. 2. The Mg2+ concentrations in the normal saline and PBS test
systems are 25.93 and 9.23 μg/mL respectively, which are both less than
50 μg/mL. According to the results of Fig. 1-a), such a lowMg2+ concen-
tration would not lead to a high hemolysis ratio. At the same time,
though the pH values of the two test systems are below pH 11, of
which is 10.72 in normal saline and 9.37 in PBS, it is the real cause for
the high hemolysis. For the first reason, the corrosion product magne-
sium hydroxide is not hemolytic [25], so the corrosion surface of pure
Mg could not induce the hemolysis. For the second reason, the test
ifferent Mg2+ concentrations, and b) different pH concentrations.



Table 1
The Mg2+ concentrations, pH values and hemolysis ratios of pure Mg.

Mg2+ concentration
(μg/mL)

pH Hemolysis ratio
(%)

Mg–NaCl 25.93 ± 2.11 10.72 ± 0.05 47.77 ± 1.08
Mg–PBS 9.23 ± 0.13 9.37 ± 0.27 4.38 ± 0.64
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system is static that the great amount of OH− ions produced in the cor-
rosion reaction will remain and gather on the surface of Mg samples
rather than uniformly distributed in the test solution. This means that
the pH values of the solution around the magnesium samples will be
higher than 11 or even 12, and the excessive increase of pH leads to in-
stability of the membrane of the erythrocyte and results in the erythro-
cyte damage [26–28]. In addition, theMg2+ concentration in the whole
systems is much less than 1000 μg; therefore, even the enrichment of
Mg2+ nearby the sample surface could not incite severe hemolysis. In
summary, the pH is the undoubted reason of the magnesium alloys he-
molysis, which is in good agreement to the former report [21]. In normal
saline, high concentration of Cl− causes the serious corrosion of magne-
sium [29]; therefore, with no buffering in the solution, the pH increases
to a high level.While in in-vivo environment, the body fluid has a strong
buffer action, which maintains the acid–base balance. Consequently,
buffer solution in dynamic test is recommended to be blank substitute
for the normal saline.

In hemolysis test, the color of high pH solutions (pH N 11) turns to
claybank in Fig. 1-b), but that of low pH solutions (pH b 11) keeps the
original color. Then we can infer that the hemoglobin dissolved out
from red blood cell is denaturized in a high pH condition, and the iron
atom in the iron-containing oxygen-transport metalloprotein [30] will
dissociate in the formof Fe3+, inducing to the claybank. Themechanism
of spectrophotometer colorimetric method for hemolysis test is to de-
tect the optical density at 540 nm of the hemoglobin liberated from
destructed erythrocytes. Once the hemoglobin is denaturized, it will
precipitate at the bottom in centrifugation. Since the hemolysis test
only determines the absorbance of the supernatant, the denatured pre-
cipitated hemoglobinwill be excluded,which leads to lower absorbance
values than the real values. On the other hand, Fe3+ may also have ab-
sorbance at 540 nm, which disturbs the result as well.

The effect of different Mg concentration on the cell viability is
displayed in Fig. 3-a. The cell viability decreases with the increasing
amount of Mg concentration. In low Mg concentration (b100 μg/mL)
culture media, more than 80% cells are alive, meaning the cytotoxicity
level is Grad 0 or Grad 1[13]. Once the Mg concentration reached
300 μg/mL, it will induce obvious death of approximately 50% L929
cells. There may be two reasons for the phenomenon: firstly, the high
concentration of Mg2+ changed the osmotic pressure of the culture
media, resulting cell death due to rupture of cell membrane. Secondly,
Fig. 2. Hemolysis of pure Mg in normal s
magnesium is the antagonist of calcium [31–33]. Since the concentra-
tion of Mg2+ reaches to a very high level in the magnesium extract, it
will affect the biological action of Ca2+, which plays an important role
in the life process, such as membrane receptor, second messenger and
signal transporter [34,35]. Cellular Mg2+ transport and homeostasis in-
volve complex and unclear mechanisms. Only a few magnesium trans-
porters had been demonstrated, such as TRPM7, TRPM6 [36], Mg2+/

Ca2+ exchanger [37] and Mg2+/Na+ exchanger [38], most of which
also regulate the Ca2+ concentration in cells. Therefore, Mg2+ can
directly or indirectly regulate intracellular free Ca2+ concentration
([Ca2+]i) through its negative modulatory effects on Ca2+ channels
(such as T-type, L-type and calcium release-activated Ca2+ channels),
by influencing Ca-ATPase activity, by adjusting ryanodine receptors
and influencing the release of intracellular Ca2+ from reticular stores
[36]. For example, as one constitutively active ion channel of Mg2+

transporters, TRPM7 has specific permeation profile of cations: Zn2+≈-
Ni2+ N N Ba2+ N Co2+ NMg2+ NMn2+ N Sr2+ N Cd2+ N Ca2+ [39]. The
increased extracellular Mg2+ concentration could combine TRPM7
channel prior to Ca2+ since extracellular Mg2+ concentration has no in-
fluence on the concentration of intracellular [Mg2+]i according to a for-
mer study [40]. However increasing extracellular Mg2+ concentration
could resulted in an decrease of basal [Ca2+]i [41,42] by scrambling
for the channels and inhibiting Ca2+ influx [40]. Since the concentration
of Mg2+ reaches to a very high level in the magnesium extract, it will
disturbed the balance of Mg2+ and Ca2+, affecting the biological action
of Ca2+ and causing the disorders of biological function. For the previ-
ously reported novel bio-magnesium alloys such as Mg–Zn–Ca and
Mg–Sr, the Mg concentration of low cell viability (b80%) extracts is
about 150–300 μg/mL [16–18]. According to the results of Fig. 3-a, it
can be concluded that high concentration Mg2+ may be a potential fac-
tor for the cytotoxicity of the magnesium alloy extracts.

The influence of pH values of DMEM on L929 cell viability is more
complex. As displayed in Fig. 3-b. When the pH b 8, it has little effect
on the cell viability, while pH rises from 8 to 9, the cell viability dramat-
ically increases. Since pH rises over 9, the cell viability goes down se-
verely. This phenomenon has been observed by Taylor [43], reporting
that an appropriate raise of the pH value in a certain range could pro-
gressively increase cell activity. The possible explanations for the higher
viabilities of L929 at pH 9 than that at pH 8 are the following: 1, alkaline
environment to a certain extent could speed up activity of the margin,
pinocytosis, and themotion of granular cell inclusions [44]; 2, DNA syn-
thesis in crowded cultures is stimulated by pH values up to 8.2 and even
higher [44]; 3, the optimum pH varies for different type cells [45].
Mouse cells usually grow over a considerably broader pH range than
human cells, of which normal human fibroblasts have awell-defined al-
kaline pH optimum for the best growth [46]. However if the pH goes up
out of scope, contraction and detachment of cells occur [43]. The low
concentration of extracellular protons may affect the concentration of
aline and PBS system, respectively.

image of Fig.�2


Fig. 3. L929 cell viability of DMEMwith a) different Mg2+ concentrations, and b) different pH concentrations.
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intracellular protons, which might function as second messengers to
regulate cell signaling [47]. Apart from that, the alkaline environment
could destroy the structure of cell membrane and denatured the pro-
teins; 4, when the media were put in the incubator at 37 °C in humidi-
fied 5% CO2 atmosphere with cells, a series of reversible chemical
reactions such as Eqs. 1–4 among OH− ions generated by the corrosion
of Mg, buffer chemical NaHCO3 in DMEM and CO2 in the incubator
would take place to stabilize the pH of media. The pH changes of pre-
pared DMEM were tested before and after the cell culture (listed in
Table 2), from which we can find that the pH of prepared DMEM with
designed pH 9 is most closed to that of control DMEM after incubation,
Therefore it is easier to understand why in pH 9 the viability of L929
reached the apex. Since DMEM contains 3.7 g/L NaHCO3 [48], it requires
10% CO2 to maintain the pH at 7.4 [49]. However mostly it is used in 5%
CO2 atmosphere [50,51]; thus, the pH values of all themedia are above 8
no matter the original pH is higher or lower than 8. Nevertheless, pH
values of the extract are usually under 9 [16,17], due to the buffer effect
of culturemedia, which are in the range to activate cell. On the contrary,
the Mg2+ concentrations of low viability extracts are over 200 μg/mL
[16–18]. Therefore, referring to the results of Figs. 1 and 3, pH value
change may be a weaker factor for cytotoxicity of magnesium extracts,
and the main reason for the cytotoxicity of magnesium alloys should
be the high concentration of Mg2+.

H2Oþ CO2 gð Þ⇌H2CO3
−⇌HCO3

− þHþ ð1Þ

NaHCO3
−⇌Naþ þHCO3

− ð2Þ

OH− þ Hþ⇌H2O ð3Þ

2OH− þ CO2⇌H2Oþ CO3
2− ð4Þ
Table 2
Changes of prepared DMEM pH values before and after cell culture.

Designed pH Real pH before incubation pH after 1 d incubation with L929

7 7.075 8.013
8 7.995 8.090
9 9.010 8.198
10 10.005 8.348
11 10.995 8.513
12 11.990 8.570
13 13.035 8.680
DMEM 7.600 8.210
In fact, the changes of Mg2+ concentration and pH values are syn-
chronized in the corrosion procedure of magnesium alloys. The higher
pH values always accompanywith higher concentration ofMg2+. In ad-
dition, different degrees of sensitivity are presented by various kinds of
cells, so though the pHmaintains below9, it will not be borne by certain
kinds of cells. Consequently, to control the corrosion rate of themagne-
sium alloy is the ultimate goal to improve their cell compatibility.

In the CCK-8 test of pure Mg extract, no cytotoxicity was foundwith
the cell viability is 97.35% compared to theDMEMcontrol group. The pH
and Mg2+ concentration of pure Mg extract are 8.44 and 47.80 μg/mL,
respectively. Both the pH and Mg concentration are in the bearable
range according to the results of Figs. 1 and 3. So the results of the exper-
iment are in agreement with the expectation.
4. Conclusion

The effects ofmagnesium ion concentration and the pH value chang-
es on the hemolysis and cytotoxicity of magnesium and its alloys are
evaluated. The hemolysis ratio is increasing as the Mg2+ concentration
increases, but lower than 5% even when the concentration of Mg2+

reaches 1000 μg/mL. On the contrary, pH values have a great effect on
the hemolysis. The hemolysis ratio soar quickly from endurable 5% to
53.8% when pH N 11. Meanwhile, high pH values denaturize hemoglo-
bin to precipitate and release Fe3+, influencing the absorbance. In the
common applied hemolysis ratio test method, Cl− in normal saline in-
duces severe corrosion of magnesium alloys, and the resulting pH
value changed greatly, therefore causing high hemolysis ratio. Buffered
solution (such as PBS) and dynamic condition are suggested to be
adopted in the hemolysis evaluation for pH balance. Viability of the
cells treated with low concentration of Mg2+ (b100 μg/mL) is above
80%, revealing no toxicity to L929 cells, while high concentration of
Mg2+ (N300 μg/mL) could induce obvious death of the L929 cells.
When pH b 9 the cytotoxicity level is Grade 0, but once pH rises over
9, severe death will be induced. The high concentration of Mg2+ may
be the main result of L929 cytotoxicity of magnesium extracts. As to
other cells, the ultimate goal may be to improve the corrosion property
of the magnesium alloy.
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